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Abstract——Nuclear receptors are ligand-activated
transcription factors and include the receptors for
steroid hormones, lipophilic vitamins, sterols, and bile
acids. These receptors serve as targets for development
of myriad drugs that target a range of disorders.
Classically defined ligands that bind to the ligand-
binding domain of nuclear receptors, whether they are
endogenous or synthetic, either activate receptor activ-
ity (agonists) or block activation (antagonists) and due

to the ability to alter activity of the receptors are often
termed receptor “modulators.” The complex pharmacol-
ogy of nuclear receptors has provided a class of ligands
distinct from these simple modulators where ligands
display agonist/partial agonist/antagonist function in
a tissue or gene selective manner. This class of ligands
is defined as selective modulators. Here, we review the
development and pharmacology of a range of selective
nuclear receptor modulators.

I. Introduction

The nuclear receptor (NR) superfamily constitutes a
group of 48 transcription factors in humans, which
includes the receptors for steroid hormones, thyroid
hormone, lipophilic vitamins, and cholesterol metab-
olites (Evans, 1988; Mangelsdorf et al., 1995) (Table 1).

Approximately half of NRs are classified as orphan
receptors because they do not have well characterized
ligands (O’Malley and Conneely, 1992; Mangelsdorf and
Evans, 1995; Giguere, 1999; Kliewer et al., 1999). The
NRs regulate a wide range of physiologic and deve-
lopmental processes, and virtually all the NRs that have

ABBREVIATIONS: A276575, 2,5-dihydro-9-hydroxy-10-methoxy-2,2,4-trimethyl-5-(1-methylcyclohexen-3-y1)-1H-[1]benzopyrano[3,4-f]quinoline; A-
348441, 4-[(3S,7R,12S)-7,12-dihydroxy-3-[2-[4-[(8S,11R,13S,14S,17S)-17-hydroxy-13-methyl-3-oxo-17-prop-1-ynyl-1,2,6,7,8,11,12,14,15,16-
decahydrocyclopenta[a]phenanthren-11-yl]-N-methylanilino]ethoxy]-2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17-hexadecahydro-1H-cyclopenta[a]phenanthren-
17-yl]pentanoic acid; AC-262536, 4-(3-hydroxy-8-aza-bicyclo[3.2.1]octyl)-naphthalene-1-carbonitrile; A/B, amino-terminal domain; AF, activation function;
AL-438, 10-methoxy-5-(2-propenyl)-2,5-dihydro-2,2,4-trimethyl-1H-(1)benzopyrano(3,4-f)quinoline; AP, activator protein; AR, androgen receptor; BMD,
bone mineral density; BMS-564929, (7R,7aS)-2-chloro-4-(7-hydroxy-1,3-dioxotetrahydropyrrolo[1,2-c]imidazol-2-yl)-3-methylbenzonitrile; BXL-2198, 1,25-
dihydroxy-16,23Z-diene-26,27-hexafluoro-19-nor vitamin D3; BXL-01-0029, 1,3-di-O-acetyl-1,25-dihydroxy-16,23Z-diene-26,27-hexafluoro-19-nor-
cholecalciferol; BXL-62, 1a,25(OH)2-16-ene-20-cyclopropyl-vitamin D3; CBP, CREB–binding protein; CDB-2914, ulipristal acetate; CDB-4124,
telapristone acetate; CE, conjugated estrogens; CETP, cholesteryl ester transfer protein; CGH 509A, 2-(4-(4-hydroxy-3-iodophenoxy)-3,5-
diiodophenyl)-2-(4-(3,7,12-trihydroxy-10,13-dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-yl)pentanamido)acetic acid; CGS 23425, N-
[3,5-dimethyl-4-(49-hydroxy-39-isopropylphenoxy)-phenyl]-oxamic acid; CKD, chronic kidney disease; CLX-0921 (THR0921), (E)-methyl 3-(3,5-
dimethoxyphenyl)-2-(4-(4-((2,4-dioxothiazolidin-5-yl)methyl)phenoxy)phenyl)acrylate; CNS, central nervous system; CpdA, Compound A; CREB,
cAMP response element-binding protein; Cyp24, 25-hydroxyvitamin D3-24 hydroxylase; DBD, DNA-binding domain; DBP, vitamin D-binding
protein; DHT, dihydrotestosterone; DIO1, type I iodothyronine 59-deiodinase; DIOII, type II iodothyronine 59-deiodinase; DRIP, vitamin D
interacting protein; DT56a, femarelle; EAE, experimental autoimmune encephalomyelitis; ED-71, 1a,25-dihydroxy-2b-(3-hydroxypropoxy)
vitamin D3; ER, estrogen receptor; ERBAa, v-erbA, c-erbA; FDA, Food and Drug Administration; FK614, 3-(2,4-dichlorobenzyl)-2-methyl-N-
(pentylsulfonyl)-3-H-benzimidazole-5-carboxamide; F-L-Leu, Fmoc-L-leucine; GC-1, 3,5-dimethyl-4(49-hydroxy-39-isopropylbenzyl)-phenoxy) acetic
acid; GR, glucocorticoid receptor; GRE, glucocorticoid-responsive element; GSK-9772, 4-[[N-butyl-4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)
anilino]methyl]-2,6-dichlorophenol; GW0072, 4-[4-[(2S,5S)-5-[2-(dibenzylamino)-2-oxoethyl]-2-heptyl-4-oxo-1,3-thiazolidin-3-yl]butyl]benzoic acid;
GW3965, 2-[3-[3-[[2-chloro-3-(trifluoromethyl)phenyl]methyl-(2,2-diphenylethyl)amino]propoxy]phenyl] acetic acid; GW9662, 2-chloro-5-nitro-N-
phenylbenzamide; HDL, high-density lipoprotein; HDX, hydrogen/deuterium exchange; HDXMS, hydrogen deuterium exchange mass spectroscopy;
Hsp, heat shock protein; IBD, irritable bowel disease; ICI 182,780, fulvestrant; IL, interleukin; INF-g, interferon g; INT-131, N-(3,5-dichloro-4-
quinolin-3-yloxyphenyl)-2,4-dihydroxybenzenesulfonamide; KAT-681, sodium; 3-[4-[3-[(4-fluorophenyl)-hydroxymethyl]-4-hydroxyphenoxy]-3, 5-
dimethylanilino]-3-oxopropanoate; KB141, 3,5-dichloro-4-[4-hydroxy-3-(propan-2-yl)phenoxy]phenyl acetic acid; KB2115, 3-[[3,5-dibromo-4-[4-
hydroxy-3-(1-methylethyl)-phenoxy]-phenyl]-amino]-3-oxopropanoic acid; KR-62980, 1-(trans-methylimino-N-oxy)-6-(2-morpholinoethoxy)-3-phe-
nyl-1H-indene-2-carboxylic acid ethyl ester; L-94901, 3,5-dibromo-3-pyridazinone-L-thyronine; LBD, ligand-binding domain; LBP, ligand-binding
pocket; LDL, low-density lipoprotein; LG100268, 6-[1-(3,5,5,8,8-pentamethyl-6,7-dihydronaphthalen-2-yl)cyclopropyl]pyridine-3-carboxylic acid;
LGD-2226, 6-(bis-(2,2,2-trifluoroethyl)amino)-4-trifluoromethyl-1H-quinolin-2-one; LGD-3303, 9-chloro-2-ethyl-1-methyl-3-(2,2,2-trifluoroethyl)-3H-
pyrrolo-[3,2-f] quinolin-7 (6H)-one; LGD-5552, (5Z)-5-[(2-fluoro-3-methylphenyl)methylidene]-10-methoxy-2,2,4-trimethyl-1H-chromeno[3,4-f]quino-
lin-9-ol; LH, luteinizing hormone; LPS, lipopolysaccharide; LSN, (R)-(+)-7,9-difluoro-5-[4-(2-piperidin-1-ylethoxy)phenyl]-5H-6-oxachrysen-2-ol;
LXR, liver X receptor; LXR-623, 2-[(2-chloro-4-fluorophenyl)methyl]-3-(4-fluorophenyl)-7-(trifluoromethyl)indazole; LXRM, liver X
receptor modulator; LY353381, arzoxifene; MB07811, (2R,4S)-4-(3-chlorophenyl)-2-[(3,5-dimethyl-4-(49-hydroxy-39-isopropylbenzyl)
phenoxy)methyl]-2-oxido-[1,3,2]-dioxaphosphonane; 2MD, 2-methylene-19-nor-(20S)-1a,25(OH)2D3; MK0533, (2R)-2-(3-3-[(4-methoxy-
phenyl)carbonyl]-2-methyl-6-(trifluoromethoxy)-1H-indol-1-ylphenoxy)butanoic acid; MK-2866, (2S)-3-(4-cyanophenoxy)-N-[4-cyano-3-
(trifluoromethyl)phenyl]-2-hydroxy-2-methylpropanamide; MMTV, mouse mammary tumor virus; MR, mineralocorticoid receptor;
MRL-24, 3-(3-((1-(4-methoxybenzoyl)-2-methyl-5-(trifluoromethoxy)-1H-indol-3-yl)methyl)phenyl)-2-methylpropanoic acid; NCoR, nu-
clear receptor corepressor; NFAT1, nuclear factor of activated T cells 1; NF-kB, nuclear factor kB; NR, nuclear receptor; 1a(OH)D3, 1-
a-hydroxyvitamin D3; 1,25-(OH)2D3, 1a,25-dihydroxyvitamin D3; OPG, osteoprotegerin; OVX, ovariectomized; P4, pregn-4-ene-3,20-
dione; PA-082, 1-(3,4-dimethoxy-benzyl)-6,7-dimethoxy-4-[4-(2-methoxy-phenyl)-piperidin-1-ylmethyl]-isoquinoline; PBMC, peripheral
blood mononuclear cell; PPARg, peroxisome proliferator-activated receptor g; PPRE, peroxisome proliferator-activated receptor response
element; PR, progesterone receptor; PRE, progesterone receptor DNA-response element; PRKO, progesterone receptor knockout/
null mutation; PTH, parathyroid hormone; PXR, pregnane X receptor; QRX-431, 3,5-dimethyl-4(49-hydroxy-39-isopropylbenzyl)-
phenoxy) acetic acid; RANKL, receptor activator of nuclear factor kB ligand; RBC, red blood cell; RIP, receptor-interacting protein; Ro-
26-9228, 1a-fluoro-16-ene-20-epi-23-ene-26,27-bishomo-25-hydroxyvitamin D3; RAR, retinoid acid receptor; ROR, retinoic acid receptor–
related orphan receptor; RTH, resistance to thyroid hormone syndrome; RU 24858, 3-((9R,10S,11S,13S,16R)-9-fluoro-11-hydroxy-
10,13,16-trimethyl-3-oxo-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopenta[a]phenanthren-17-yl)-3-oxopropanenitrile; RU24782, (9R,10S,11S,13S,16R)-
9-fluoro-11-hydroxy-10,13,16-trimethyl-17-(2-(methylthio)acetyl)-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopenta[a]phenanthren-3-one
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identified ligands are well-characterized targets for
the development of drugs to treat myriad diseases in-
cluding cancer, diabetes, atherosclerosis, inflammation,
and endocrine/reproductive disorders.

A. Discovery of Nuclear Receptors

Biochemical evidence for the existence of cellular
receptors for steroid hormones was first demonstrated
by the use of radiolabeled estrogens and examination
of specific binding within estrogen-responsive tissues
(Glascock and Hoekstra, 1959; Jensen and Jacobson,
1960, 1962). Autoradiographic analysis suggested
that these estrogen receptors (ERs) were nuclear in
localization rather than associated with the plasma
membrane as were the other receptors that were be-
ing characterized at the time (Jensen et al., 1967).
Localization of ER within the nucleus and experiments
that suggested that the receptor was associated with
chromatin (King et al., 1966; Maurer and Chalkley,
1967; Teng and Hamilton, 1968; Shyamala and Gorski,
1969; Mainwaring, 1971; Mainwaring and Peterken,
1971; Spelsberg et al., 1971; Steggles et al., 1971) were
consistent with the early suggestions that estrogen
action might be associated with regulation of RNA
synthesis (Mueller et al., 1958). Studies in the early to
mid-1960s suggested that ER was a protein, and in
1966, Toft and Gorski were the first to biochemically
isolate a steroid hormone receptor (Toft and Gorski,
1966). Characterization of purified ER as well as other
steroid receptors over the next two decades led to the
following key observations: 1) steroid receptors stimu-
late mRNA synthesis of specific genes by stimulating
RNA polymerase activity (Gorski, 1964; Greenman
et al., 1965; Means and Hamilton, 1966; O’Malley
et al., 1968a,b, 1972a,b; O’Malley and McGuire, 1968;
Comstock et al., 1972; Glasser et al., 1972; Means
et al., 1972; Mohla et al., 1972; Rosenfeld et al., 1972;
Chan et al., 1973; Parks et al., 1974; Ringold et al.,
1975, 1977; Scolnick et al., 1976; Young et al., 1977); 2)
steroid receptors bind to double-stranded DNA via
specific base sequences (hormone response elements)

(King and Gordon, 1972; Musliner and Chader, 1972;
Toft, 1972; Andre and Rochefort, 1973; Beato et al.,
1973; Gehring and Tomkins, 1974; Yamamoto and
Alberts, 1974, 1975; Yamamoto et al., 1974); and 3)
hormone response elements are located in the pro-
moters of steroid-responsive target genes.

Characterization of purified steroid receptor pro-
teins by limited proteolysis clearly indicated that the
receptors were composed of several domains that
retained specific functions (e.g., DNA binding or steroid
binding) when examined in isolation (Wrange and
Gustafsson, 1978; Carlstedt-Duke et al., 1982). Molec-
ular cloning of the glucocorticoid receptor (GR) in 1985
provided the first glimpse into the genetic organiza-
tion of a nuclear receptor (Hollenberg et al., 1985;
Weinberger et al., 1985a). On the basis of the predicted
amino acid sequence and domain structure of the
receptor, the location of the DNA-binding domain
(DBD) and steroid-binding domain (ligand-binding do-
main; LBD) was correctly predicted (Weinberger et al.,
1985b). The cDNAs for all of the steroid receptors
were rapidly identified, including the estrogen receptor
(ER) (Walter et al., 1985; Green et al., 1986; Greene
et al., 1986; Krust et al., 1986; Kumar et al., 1986), the
progesterone receptor (PR) (Conneely et al., 1986, 1987a;
Jeltsch et al., 1986; Loosfelt et al., 1986; Gronemeyer
et al., 1987; Misrahi et al., 1987), the mineralocorticoid
receptor (MR) (Arriza et al., 1987; Patel et al., 1989),
and the androgen receptor (AR) (Chang et al., 1988a,b;
Lubahn et al., 1988; Trapman et al., 1988; Tilley et al.,
1989). Comparison of the sequences of all of these re-
ceptors demonstrated a highly conserved structure
that was defined as six subregions (regions A through F;
Fig. 1) based on degree of homology (Krust et al., 1986).
The amino-terminal region, considered the A/B region,
was the most divergent among the receptors and was
shown to contain a hormone-independent transactiva-
tion function in many receptors (activation function 1;
AF-1). Region C, the most conserved domain, is rich in
cysteines and basic amino acids, with the position of
the cysteines absolutely conserved among the receptors

RU40066, (10S,13S,17S)-17-hydroxy-10,13-dimethyl-17-(prop-1-yn-1-yl)-6,7,8,10,12,13,14,15,16,17-decahydro-3H-cyclopenta[a]phenanthren-
3-one; RU486, mifepristone; RXR, retinoic acid X receptor; S-4, (2S)-3-(4-acetamido-phenoxy)-2-hydroxy-2-methyl-N-(4-nitro-3-trifluoro-
methyl-phenyl)-propionamide; S-23, (S)-N-(4-cyano-3-trifluoromethyl-phenyl)-3-(3-fluoro, 4-chlorophenoxy)-2-hydroxy-2-methyl-propanamide;
S-40503, 2-[4-(dimethylamino)-6-nitro-1,2,3,4-tetrahydroquinolin-2-yl]-2-methylpropan-1-ol; SARM, selective androgen receptor modulator;
SeGRA, selective glucocorticoid receptor agonist; SERM, selective estrogen receptor modulator; SGRM, selective glucocorticoid receptor
modulator; SHPT, secondary hyperparathyroidism; SLXRM, selective liver X receptor modulator; SMRT, silencing mediator for retinoid and
thyroid hormone receptor; SPPARgM, selective peroxisome proliferator-activated receptor g modulator; SPRM, selective progesterone receptor
modulator; SRC, steroid receptor coactivator; SREBP1c, sterol regulatory element-binding protein 1c; T-0681, 3-[4-[3-[(4-fluorophenyl)-
hydroxymethyl]-4-hydroxyphenoxy]-3, 5-dimethylanilino]-3-oxopropanoate; SR1664, (S)-49-((5-((1-(4-nitrophenyl)ethyl)carbamoyl)-1H-indol-1-yl)
methyl)-[1,19-biphenyl]-2-carboxylic acid; T0901317, N-[4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)phenyl]-N-(2,2,2-trifluoroethyl)benzene-
sulfonamide; T3, triiodothyronine; T4, thyroxine; TAZ, transcriptional coactivator with PDZ-binding motif; TDZ, thiazolidinedione drug; TGFb,
transforming growth factor b; TH, thyroid hormone; TH, T helper; TIF, transcriptional mediators/intermediary factor; TNFa, tumor necrosis
factor a; TR, thyroid receptor; TSH, thyroid-stimulating hormone; VDR, vitamin D receptor; VDRE, vitamin D3 response element; VDRM, vitamin D
receptor modulator; WAY-140424, bazedoxifene; WAY-252623, 2-[(2-chloro-4-fluorophenyl)methyl]-3-(4-fluorophenyl)-7-(trifluoromethyl)indazole;
YT-32, (22E)-ergost-22-ene-1a,2b diol; ZK156979, 22-ene-25-oxa-vitamin D; ZK216348, 3-dihydro-1-benzofuran-7-yl)-2-hydroxy-4-methyl-N-(4-
methyl-1-oxo-2,3-benzoxazin-6-yl)-2-(trifluoromethyl)pentanamide; ZK-245186, (2R)-1,1,1-trifluoro-4-(5-fluoro-2,3-dihydro-1-benzofuran-7-yl)-4-methyl-2-
[[(2-methylquinolin-5-yl)amino]methyl]pentan-2-ol.
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consistent with their function in coordination of Zn2+

ions within the two zinc-finger structures located
within this DNA binding domain. The D region, also
termed the “hinge domain” due to its localization be-
tween the DBD and the LBD, is a relatively short
region with a low degree of conservation. The hinge
domain plays a role in modulation of DNA binding for
some receptors. The E region encompasses the LBD
and contains the ligand-dependent transactivation

domain (activation function 2; AF-2). A region further
toward the carboxy-terminal to the E region, referred
to as the F domain, was noted in only some receptors;
to date, it still has an unclear role in receptor function.

Significant homology between the steroid receptors
and the v-erbA oncogene led to the prediction that
the c-erbA gene may encode a receptor for a steroid or
steroid-like molecule (Weinberger et al., 1985a; Green
et al., 1986). Functional analysis of the protein en-
coded by the c-erbA gene verified this prediction
when it was shown to encode a receptor for thyroid
hormone (TH) (Sap et al., 1986; Weinberger et al., 1986b).
Receptors for a range of lipophilic vitamins were
soon identified as belonging to the same class of mol-
ecules, including vitamin A (retinoic acid) (Giguere
et al., 1987; Petkovich et al., 1987) and vitamin D
(McDonnell et al., 1987; Baker et al., 1988). A number
of additional “receptors” also were identified based on
sequence homology to the steroid receptors but with no
known ligands. These include v-erbA-related receptor
and estrogen-related receptor, which were identified
based on low-stringency cross-hybridization strategies
(Giguere et al., 1988; Miyajima et al., 1988). More
orphan receptors would be identified with this method;
however, in addition, a number would be identified
with other methods including biochemical methods
(e.g., chicken ovalbumin upstream promoter transcrip-
tion factor) (Wang et al., 1989), positional cloning (e.g.,
DAX-1) (Zanaria et al., 1994; Burris et al., 1996), or
interaction cloning [e.g., receptor-interacting protein
(RIP) 14, RIP15 and SHP] (Seol et al., 1995, 1996).
Since their initial characterization as orphan nuclear
receptors, endogenous ligands have been identified for
many of these including bile acids for farnesoid X
receptor (Makishima et al., 1999; Parks et al., 1999),
oxysterols for liver X receptors (LXRs) (Janowski et al.,
1996; Lehmann et al., 1997), 9-cis-retinoic acid for
retinoic acid X receptor (RXR) (Heyman et al., 1992;
Levin et al., 1992; Mangelsdorf et al., 1992), heme for
REV-ERB (Raghuram et al., 2007; Yin et al., 2007),
xenobiotics for pregnane X receptor (PXR) and consti-
tutive active/androstane receptor (Willson and Kliewer,
2002), and fatty acids for peroxisome proliferator-
activated receptors (PPARs) (Keller et al., 1993; Yu
et al., 1995).

B. Ligand Regulation of Nuclear Receptor Function

As indicated earlier, NRs typically function as ligand-
dependent transcription factors. A number of or-
phan NRs still have no characterized endogenous or
synthetic ligands; however, this review focuses on the
action of ligands on NRs, so only those receptors that
have characterized ligands will be discussed. NRs rec-
ognize specific DNA-response elements in the promoters/
enhancers of their cognate target genes where they can
respond to ligands by altering their ability to recruit
a range of other transcriptional proteins that alter the

TABLE 1
Human Nuclear Receptor Superfamily

Common Symbol Endogenous Ligand

Subfamily 1
NR1A1 TRa Thyroxine
NR1A2 TRb Thyroxine
NR1B1 RARa Retinoic acid
NR1B2 RARb Retinoic acid
NR1B3 RARg Retinoic acid
NR1C1 PPARa Fatty acids
NR1C2 PPARd Fatty acids
NR1C3 PPARg Fatty acids
NR1D1 REV-ERBa Heme
NR1D2 REV-ERBb Heme
NR1F1 RORa Oxysterols
NR1F2 RORb Oxysterols
NR1F3 RORg Oxysterols
NR1H2 LXRb Oxysterols
NR1H3 LXRa Oxysterols
NR1H4 FXR Bile acids
NR1I1 VDR Vitamin D
NR1I2 PXR Xenobiotics
NR1I3 CAR Xenobiotics

Subfamily 2
NR2A1 HNF4a
NR2A2 HNF4g
NR2B1 RXRa 9-Cis-retinoic acid
NR2B2 RXRb 9-Cis-retinoic acid
NR2B3 RXRg
NR2C1 TR2
NR2C2 TR4
NR2E1 TLX
NR2E3 COUPTF1
NR2F1 COUPTF2
NR2F6 EAR2

Subfamily 3
NR3A1 ERa Estradiol
NR3A2 ERb Estradiol
NR3B1 ERRa
NR3B2 ERRb
NR3B3 ERRg
NR3C1 GR Glucocorticoids
NR3C2 MR Mineralocorticoids
NR3C3 PR Progestins
NR3C4 AR Androgens

Subfamily 4
NR4A1 NGFIB
NR4A2 NURR1
NR4A3 NOR1

Subfamily 5
NR5A1 SF-1
NR5A2 LRH-1

Subfamily 6
NR6A1 GCNF

Subfamily 0
NR0B1 DAX1
NR0B2 SHP

REV-ERB, reverse strand ERBA oncogene; FXR, farnesoid X receptor; CAR,
constitutive androstane receptor; HNF, hepatocyte nuclear factor; TLX, Tailless gene
homolog; COUPTF, chicken ovalbumin upstream promoter transcription factor; EAR,
erbA-related gene; ERR, estrogen receptor-related orphan receptor; NGFIB, nerve
growth factor-induced gene B; NURR, nuclear receptor related 1; NOR, neuron-
derived orphan receptor; SF1, steroidogenic factor 1; GCNF, germ cell nuclear factor;
DAX1, dosage-sensitive sex reversal, adrenal hypoplasia critical region, on
chromosome X, gene 1; SHP, short heterodimer partner.
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rate of gene expression (Fig. 1). Of course, the various
NRs have distinct preferences for both ligands and
DNA sequences that they recognize as response
elements within the genome, providing for the distinct
functions of the 48 members of this class of transcrip-
tion factors. Most of the NRs function as dimers, either
homodimers (as is the case for the steroid receptors)
or heterodimers with a common NR, the RXR. A subset
of NRs also functions as monomers and include many
of the orphan members of the superfamily.

Some NRs, including several steroid hormone recep-
tors, undergo a translocation from the cytoplasm to the
nucleus that is ligand dependent, as discussed in the
previous section. In this case, they are unable to exert
an effect on the transcription of target genes in the
absence of ligands. Most NRs appear to bind their
response elements both in the absence and presence of
ligand, and in many cases may take an active role in
the regulation of target gene regulation even in the
absence of ligand. One clear example of this is the

Fig. 1. Nuclear receptor domain structure and mechanism of action. (A) Nuclear receptors display a conserved modulator domain architecture with an
N-terminal AF-1 region (A/B region), followed by zinc-finger DBD (C region), a hinge domain (D region), an LBD containing the AF-2 region (E region),
and some receptors have a C-terminal F domain. (B) Mechanistically, nuclear receptors are regulated by small molecule ligands, which generally
stabilize the receptor into a conformation suitable to bind coregulator proteins (coactivators or corepressors). Ligands can also modulate
posttranslational modification of the receptor. Ultimately, these events have an impact on the expression of receptor-specific target genes by
modulating coregulator recruitment at specific DNA-response element sites in the target gene promoter. (C) Schematic illustrating the principle of
selective receptor modulation.
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thyroid hormone receptor (TR), which can actively
silence target gene transcription in the absence of TH
but transforms into a transcriptional activator in the
presence of TH (Cheng et al., 2010). These types of
functional transformations are due to induction of
conformational changes that alter the array of protein
cofactors to which the NR binds, as will be discussed in
detail later.
Based on the observation of transcriptional interfer-

ence or “squelching” of transactivation activity of PR by
overexpression of ER, it was proposed that limiting the
amount of accessory or coactivator proteins was re-
quired for NRs to regulate transcription (Meyer et al.,
1989). It became clear that NRs compete for coactivator
proteins within the cell, which mediates activation of
transcription, and it also appeared that distinct trans-
activation domains may use distinct coactivator proteins
(Tasset et al., 1990). Interestingly, transcriptional si-
lencing mediated by TR or the retinoic acid receptor
(RAR) could also be squelched, suggesting the exis-
tence of proteins that mediated suppression of target
gene transcription (corepressors) (Baniahmad et al.,
1995). By use of biochemical methods, putative in-
termediary proteins that interacted with the ER’s LBD
were identified that were potential coactivators as they
only interacted in the presence of an agonist, antago-
nists blocked the agonist-dependent interaction, and
the proteins could not interact with transcriptionally
defective ERs (Halachmi et al., 1994). Similar putative
coactivators were identified as GR-interacting proteins
that display ligand-dependent interaction (Eggert
et al., 1995). The first coactivator, steroid receptor
coactivator 1 (SRC1), was cloned using a two-hybrid
system using the LBD of PR as bait and shown to
function as a coactivator for a range of NRs (Onate
et al., 1995). SRC1 displayed all of the expected char-
acteristics of an authentic coactivator, including
agonist-dependent interaction with the LBD, which
could be blocked by an antagonist, and the ability to
rescue squelched NRs (Onate et al., 1995). It rapidly
became clear that SRC1 was only the first of a family of
coactivators, which includes SRC2 and SRC3 (Hong
et al., 1996, 1997; Voegel et al., 1996; Anzick et al.,
1997; Chen et al., 1997; Li et al., 1997a; Takeshita
et al., 1997; Torchia et al., 1997). Additionally, a range
of other classes of coactivators were soon characterized,
and the list of various proteins with transcriptional
coactivator activity is now in the hundreds (Horwitz
et al., 1996; Xu et al., 1999; McKenna and O’Malley,
2002, 2010; Lonard and O’Malley, 2006, 2007; Lonard
et al., 2007). Corepressor proteins were also identified,
such as nuclear receptor corepressor 1 (NCoR1) and si-
lencing mediator for retinoid and thyroid hormone
receptor (SMRT) (Chen and Evans, 1995; Horlein
et al., 1995), but this class of proteins appears to be
far fewer in number than coactivators. These coactivator/
corepressor proteins display an array of activities

associated with regulation of transcription, including
histone acetyltransferase activity, histone deacetylase
activity, arginine methyltransferase activity, ubiquitin
ligase activity, and ATP-dependent chromatin-remodeling
activity.

Structural studies of the LBD of NRs have provided
significant information about how ligands modulate the
structure of the receptor leading to recruitment of these
cofactors. The LBDs of NRs display a very conserved
tertiary structure, which is a globular domain composed
almost exclusively of a-helices arranged in a three-layer
“sandwich” (Wurtz et al., 1996). NR ligands bind to a
ligand-binding pocket (LBP) within the interior of this
globular domain, which is consistent with the typical
hydrophobic character of NR ligands. There are 11
a-helices within the globular structure that vary in size
between various NRs. Helix 12 (H12) forms a mobile
“lid” over the entrance to the LBP and contains critical
residues for the function of AF-2. Ligand-dependent
positioning of H12 proves to be critical for formation of
the coactivator-binding surface of the LBD that allows
for ligand-dependent recruitment of coactivator proteins.
In the absence of ligand, H12 is believed to be quite
mobile, but ligand binding stabilizes the position of
H12 against the globular domain so as to complete the
formation of a hydrophobic groove on the surface of the
LBD that recognizes a signature motif found on many
coactivator proteins known as an NR box or LXXLL
motif (L = leucine, X = any amino acid) (Feng et al., 1998;
Heery et al., 1997; Savkur and Burris, 2004). The
coactivator-binding surface of the LBD is composed of
helices 3, 5, and 12 and serves as a docking site for the
a-helical NR box (Fig. 2). The hydrophobic leucine side
chains of the NR box become buried within the
hydrophobic LBD groove while absolutely conserved
glutamic acid (H12) and lysine (H3) residues form
a charge clamp by forming hydrogen bonds with the
peptide backbones of the leucines flanking the NR box
(Nolte et al., 1998). Unexpectedly, corepressors were

Fig. 2. Coactivator binding surface in the LBD composed of a surface
formed at the intersection of several structural elements in the LBD,
including helices 3, 4, and 12. This surface is called the AF-2 site.
Coactivator regions containing a canonical LXXLL motif bind to this
surface, docking the three hydrophobic leucine side chains (show in
yellow) into a hydrophobic groove. Two key residues in the LBD form
a “charge clamp” that helps stabilize this interaction, including a Lysine
residue on helix 3 and a Glutamic acid residue on helix 12, which make
interactions with the backbone of the LXXLL motif peptide.
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found to use a similar signature sequence for recognition
of the LBD, a longer amphipathic a-helical sequence
known as a CoRNR box (Fig. 3) (Hu and Lazar, 1999; Hu
et al., 2001). As one would anticipate, H12 cannot be in
the agonist position, as we indicated earlier, for effective
CoRNR box binding to the LBD; in fact, agonist binding
places H12 into a position that physically precludes
binding of the CoRNR box motif. This was predicted
before a corepressor was cloned or the structure of the
LBD was determined, as deletion of the AF-2 region
(later determined to be H12) of TR created a constitutive
silencing receptor, which indicated that AF-2 (H12) was
required for displacement of a putative corepressor
protein (Baniahmad et al., 1995).

C. Nuclear Receptor Modulators and
Selective Modulators

Because of the role that many of the NRs play in
disease, these receptors have been a rich source for the
development of small molecule synthetic ligands that
either mimic the action of typical endogenous ligands
(agonists) or block the action of endogenous ligands
(antagonists). For the vast majority of receptors,
agonist binding to the LBD results in a conformational
change that leads to recruitment of coactivator pro-
teins, resulting in increased transcription of target
genes. An antagonist (in the purist sense, or as some
would call it, a “neutral” antagonist) simply binds to
the LBD and prevents the conformational change that
an agonist would cause, thus preventing coactivator
recruitment and subsequent stimulation of transcrip-
tion. This is the simplest case, but the pharmacology of
the NRs turns out to be much more complex. Partial
agonists bind to the LBD, and the resulting conforma-
tional change provides only a partial activation of
transcription, which is likely due to less proficient
recruitment of coactivators. Partial agonists will also

compete with full agonists so as to reduce the level of
transactivation intrinsic to that of the full agonist.
Inverse agonists are also commonly found, and they
are particularly important when a receptor has some
degree of basal activity (and basal level of recruitment
of coactivator); binding of this class of ligand results in
a conformational change that reduces the basal level of
activity (reduces basal coactivator binding). In many
cases, it has become clear that the conformation
induced by inverse agonists may also result in re-
cruitment of corepressor proteins, resulting in active
silencing of target gene transcription. In this case,
a particular NR may not need to display any basal
coactivator binding for the inverse agonist to cause
a decrease in target gene transcription.

The resulting positioning of H12 in response to
ligand binding is the critical determinate of the func-
tion of the ligand (agonist versus antagonist), and this
has been clearly shown in several cocrystal structures
of NR LBDs with various ligands. An example is shown
in Fig. 4 for ER. When ER is bound to an agonist
(estradiol), H12 is positioned in a manner to complete
the formation of the coactivator-binding groove, which
allows for recruitment of the NR box of coactivator
proteins. In the case of antagonist binding, such as
raloxifene or ICI 182,780 (fulvestrant), the LBD as-
sumes a conformation that does not allow coactivator
NR box recognition. In the case of raloxifene binding,
H12 is placed in such a position so as to physically
block NR box binding (Brzozowski et al., 1997; Shiau
et al., 1998); in the case of ICI 182,780 binding, the long
aliphatic extension of this compound itself exits the
LBP entryway and folds along the coactivator binding
groove, thus preventing NR box recognition (Pike et al.,
1999, 2001).

Significantly more complex is the situation of NR
ligands classified as selective modulators. Selective NR
modulators display tissue and/or target gene specificity
in terms of their agonist, antagonist, or inverse agonist
activity. The first examples of selective modulators
were identified targeting ER, where compounds such
as tamoxifen function as an antagonist in breast tissue
but as an agonist in bone and uterus. It is clear that the
tissue specificity can be altered, given that compounds
such as the selective ER modulator (SERM) raloxifene
were identified that had the clinically superior tissue
specificity profile of antagonist in the breast and uterus
but agonist in bone. These types of NR ligands are the
focus of this review; in the subsequent sections, the
pharmacologic profile of major modulators for several
NRs are described in detail. The mechanism of action
that underlies the tissue/target gene specificity is still
not clear, but several sound theories have been
proposed. It is highly likely that various selective
modulators function via distinct mechanisms and that
one mechanism will not be able to explain how they
all display their unique pharmacologic profiles. Before

Fig. 3. Corepressor binding surface in the LBD. This surface is similar to
the coactivator-binding surface but uses a conserved LXXIIXXXI motif to
interact with the LBD. The conserved hydrophobic residues (shown in
yellow) bind in a hydrophobic groove formed the intersection of helices 3
and 4, but this motif does not engage helix 12 via the “charge clamp.”
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turning to specific selective modulators, the potential
mechanisms that may be responsible for modulator
pharmacology will be discussed.
It is quite clear that various modulators with distinct

tissue/target gene specificity profiles induce unique
conformations within the LBD of the NRs. In many
cases ER is used as a model because the pharmacology
of selective modulators is most well developed with this
particular receptor. Using techniques such as phage
display or hydrogen deuterium exchange mass spec-
troscopy (HDXMS), it has been demonstrated that
binding of distinct classes of SERMs results in distinct
conformations on the surface of the LBD (Chang et al.,
1999; Norris et al., 1999; Dai et al., 2008, 2009). In fact,
we were able to predict the tissue specificity profile of
various SERMS using LBD conformation information
gleaned from HDXMS data (Dai et al., 2009). The
unique conformations induced by the various selective
modulators are believed to be associated with distinct
patterns of recruitment of coactivators and corepres-
sors that lead to the tissue/target gene specificity
profile. We and others were also able to demonstrate
this by showing that ER LBD bound to various
selective modulators displayed distinct affinities for
different coactivators and/or NR boxes (Gee et al.,
1999; Bramlett et al., 2001). Various cell types express
different levels of the coactivators and corepressors
that may lead to the tissue-specific activity. Variation
of the ratio of coactivator to corepressor in a particular
cell type modulates the agonist/antagonist activity
of the SERM tamoxifen (Smith et al., 1997). SRC1-
dominant expression over SMRT led to tamoxifen
displaying significant agonist activity, whereas in
the reverse conditions, tamoxifen functioned as an

antagonist (Smith et al., 1997). Shang and Brown
(2002) took this one step farther by comparing two
SERMs, raloxifene and tamoxifen, that display distinct
tissue specificity profiles. In mammary cells, both these
SERMS are effective in recruitment of corepressor to
target promoters (hence both are antagonists), but
in uterine cells SRC1 is at a much higher level of
expression than in mammary cells and tamoxifen is
much more sensitive to SRC1 than raloxifene in terms
of “transformation” into an agonist. This results in
tamoxifen effectively recruiting SRC1 to various ER
target genes in uterine cells (agonist) but not mam-
mary cells, whereas raloxifene is not effective in
recruitment of SRC1 in either cell type (antagonist).
In cases such as ER, where receptor subtypes (ERa and
ERb) mediate the action of the modulators, distinct
pharmacologic action at the various subtypes may also
play a role in tissue selective action. Receptor subtypes
are often expressed differentially; as a single modulator
may function differently on the various subtypes, dis-
tinct tissue specificity profiles may emerge (Barkhem
et al., 1998).

There are examples of differential, target-gene spe-
cific actions of a single modulator within a single cell
type (Bramlett and Burris, 2003). The distinct action of
the selective modulator cannot be attributed to dif-
ferential expression of cofactor proteins or receptor
subtypes in this case. One potential mechanism that
may explain these actions is the target gene itself may
convey specific information to the LBD so that it may
respond differentially to various selective modulator
ligands. For example, ER has been demonstrated to
alter its affinity for various coactivators depending on
the DNA-response element to which it is bound (Hall

Fig. 4. Agonist and antagonist LBD conformations observed in ER crystal structures. Crystal structures of the ER LBD have suggested structural
features contributing to ligand-induced agonism and antagonism. (A) The natural agonist, 17b-estradiol, docks in the LBP and positions helix 12 into
a conformation referred to as the agonist or active conformation. This conformation forms the coactivator-binding surface as described in Fig. 2. (B) In
contrast, when raloxifene is bound in the LBP, the position of helix 12 is rotated with respect to the agonist conformation such that it binds in the AF-2
coactivator-binding surface and thus blocks binding of coactivators via the LXXLL motif. This is referred to as the antagonist, repressive, or inactive
conformation. (C) Other ligands such as ICI 182,780 can physically block the AF-2 coactivator-binding surface and do not stabilize helix 12; thus, these
ligands are termed pure antagonists. In these panels, helix 12 is blue, and ligands are black.
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et al., 2002). In addition, the specific DNA-response
element to which GR is bound has been shown to
play an important role in its selection of coactivators
(Meijsing et al., 2009). Furthermore, the relatively re-
cent X-ray structure of an intact NR heterodimer
(PPARg/RXRa) complexed with DNA (Fig. 5) demon-
strated that the DBD of RXRa made critical contacts
with the LBD of PPARg that were required for function
of the complex, suggesting that critical communication
between DNA, DBD, and LBD occurs. HDXMS data
with intact vitamin D receptor (VDR)/RXRa on DNA
(Fig. 6) demonstrated that binding of the dimer to DNA
resulted in major conformational alterations in H12,
clearly demonstrating the potential for DNA to relay
critical information to regions of the LBD that are
important for coactivator recognition (Zhang et al.,
2011).
The molecular events underlying selective NR mod-

ulator pharmacology are myriad, and this discussion
has only touched on a few highlights of various mech-
anisms that have been implicated in this unique profile
of ligands that target the NRs. Posttranslational mod-
ifications of receptors and regulation of the modifi-
cations has been shown to lead to target-gene specific
regulation; additionally, the nongenomic actions (re-
ferring to actions of NRs independent of their classic

action as transcription factors, i.e., genomic action) of
various receptors are likely to also play a role in the
action of at least some of the selective NR modulators
that have been identified to date. This review will
summarize some of the key breakthroughs that have
been made in the development of selective modulators
for a range of NRs and will discuss how many of them
have been effective in targeting human diseases.

II. Selective Estrogen Receptor Modulators

A. Estrogen Receptor Structure

The estrogen receptors (ERs) have a deep history in
the realm of selective modulators, whose ligands are
referred to as selective estrogen receptor modulators
(SERMs). ERs were discovered in the laboratory of
Elwood Jensen in the 1950s and 1960s when experi-
ments suggested that estrogenic effects observed in the
uterus were mediated by a specific receptor. Since this
discovery, the field of ER pharmacology has exploded,
resulting in large numbers of synthetic ligands to explore
the biology of ERs. In 1996, a second ER isoform, ERb
(ESR2; NR3A2), was discovered in the laboratory of
Jan-Ake Gustafsson; the ER discovered earlier is now
known as ERa (ESR1; NR3A1) (Kuiper et al., 1996).

Fig. 5. Intact structure of PPARg/RXRa complex on DNA. At the time of
this review, only one crystal structure has been reported of an intact
nuclear receptor complex: PPARg/RXRa bound to DNA, ligands, and
coactivator peptides. In this structure, the receptors form an asymmetric
complex where the LBD of PPARg contacts not only the LBD of RXRa
through the canonical helix 11 heterodimerization surface but also
contacts the RXRa DBD, suggesting a feature that could allow molecular
communication between the LBD (the site of ligand binding) and DBD
(the site of DNA binding). The N-terminal AF-1 region of the receptors
was not captured in this complex due to its highly dynamic properties. In
this figure, PPARg is orange, RXRa is blue, ligands are green, and DNA is
white.

Fig. 6. HDX study of intact VDR/RXRa complex on DNA. HDX is
a powerful technique to monitor the effect of ligand and DNA binding
on the dynamics of intact receptor complexes. HDX studies on the in-
tact VDR/RXRa complex were the first to show that binding of the
heterodimer to DNA can allosterically permeate changes in receptor
dynamics, not only in the DBD but extending to the AF-2 regions in the
LBD of the receptors. In this figure, regions colored blue show protection
from HDX upon binding DNA, whereas regions colored yellow show
increased HDX upon binding DNA. Ligand binding to the LBD was also
observed to affect the dynamics of the DBD (not shown).
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ERs display the canonical domain organization found
in other members of the nuclear receptor superfamily.
However, the ERs have longer N-terminal (A/B domain;
contains the AF-1 region) and C-terminal (F domain)
domains. The F domain in particular appears to have an
effect on the function of ER ligands, though the exact
molecular mechanisms are not well understood (Kojetin
et al., 2008; Skafar and Zhao, 2008). In addition, ER
splice variants have been shown to influence the phar-
macology of synthetic ER compounds, and site-specific
phosphorylation of ER has been shown to modulate
the gene-specific transcriptional response (Taylor et al.,
2010; Duplessis et al., 2011).
The natural ligand for the ERs is the steroid

hormone 17b-estradiol, which binds to ERs with high
affinity (Kd ;0.2 nM) and activates the receptors, re-
sulting in increased transcription of genes containing
estrogen response element (ERE) promoter sequences
(59-GGTCANNNTGACCT-39) (Maurer and Notides, 1987).
ERs can function as homodimers (ERa-ERa; ERb-ERb)
or heterodimers (ERa-ERb) (Cowley et al., 1997). The
ER LBD is probably the most studied NR domain in
terms of NR structure, and, as discussed earlier and il-
lustrated in Fig. 4, these structural studies have served
as a model for understanding the molecular basis of NR
agonism and antagonism.

B. Estrogen Receptor Function

Both ERs are widely expressed, although ERa is more
abundant in breast, endometrial, ovarian, and hypo-
thalamus tissues, whereas ERb is more abundant in
brain, bone, endothelial, heart, intestine, kidney, lung,
and prostate tissues. Furthermore, ERa and ERb have
both overlapping and nonoverlapping functions, which
combine with the tissue-specific differences in the
relative abundance of the receptors. This suggests that
the specific targeting of ER isoforms could prove useful
in the therapeutic treatment of diseases with perhaps
limited cross-talk to other tissues or ER isoform-specific
genes—essentially the primary basis of selective ligand
modulation. The actions of ERb in many cases oppose
the actions of ERa, suggesting a role for a single ligand
to have different functional outcomes depending on the
specific ER target (Matthews and Gustafsson, 2003).
ERs work in concert with a variety of coregulator
proteins, many of which are differentially expressed in
various tissues, providing what is considered the mole-
cular basis of SERM activity: ligand-dependent and
tissue-specific coregulator recruitment.
A variety of ER splice variants and mutations have

been identified, some of which from were obtained from
clinical samples from patients with cancer and other
diseases (Herynk and Fuqua, 2004). The mutations
are primarily found in AF-1 and LBD/AF-2. Many of
the natural ER mutations found in clinical samples
were in fact derived from tissues deemed to be ER
negative in terms of their therapeutic classification

using a ligand-binding assay. This suggests that natural
mutations in ERs can affect the ligand-binding proper-
ties of ERs. Thus, while some cancers might be classified
as ER negative, this could mean either that ER is
not expressed or that a mutation has rendered ER
incapable of binding ligand or has reduced its binding
affinity and thus other modes of treatment are
warranted.

Because of their broad tissue expression patterns
and important roles in development and physiology,
ERs are drug targets for a variety of diseases (Riggs
and Hartmann, 2003). Breast tissue development and
physiology is substantially influenced by ERs, and
treatment of ER-positive breast cancer is currently
one of the primary clinical uses of SERMs. In these
treatments, SERMs are given as an adjuvant therapy
after a primary therapy such as a mastectomy or
lumpectomy and radiation therapy. ER-based adjuvant
cancer therapies focus on blocking estrogen action in
these tissues. As will be discussed more later, because
many breast cancers occur in postmenopausal women,
who may also suffer from diseases such as osteoporosis
and hot flashes, SERMs that display antagonist block-
ing action in the breast and agonist action in the bone
serve in a sense a dual role in these patients.

As discussed previously, estrogens also have a strong
influence in bone, which expresses both ER isoforms
(Bord et al., 2001; Riggs et al., 2002). ERa is highly
expressed in developing cortical bone, and ERb levels
are higher in developing cancellous bone. One of the
primary diseases affecting bone is osteoporosis, which
is in part caused by estrogen deficiencies in the body.
Cancellous bone (ERb rich) is less rigid compared
with cortical bone (ERa rich) and is affected more in
osteoporosis than cortical bone, supporting the selec-
tive targeting of ERb for osteoporosis treatment.

In the cardiovascular system, estrogens and SERMs
provide a generally favorable serum lipid profile.
Estrogen increases high-density lipoprotein (HDL)
and triglycerides and lowers low-density lipoprotein
(LDL) levels. SERMs can display both similar and
ligand-specific effects on lipids. SERMs generally de-
crease LDL and triglyceride levels, but some increase
HDL (toremifene) while others increase HDL levels
(Saarto et al., 1996). Estrogen and SERMs thus gen-
erally provide a benefit in cardiovascular disease in
postmenopausal women, among whom it is estimated
that about one-third die from coronary artery disease
(Wenger, 1997).

In the central nervous system (CNS), where ERb
expression levels are generally high, ERb function and
targeting has been linked to several brain processes,
including cognition and memory (McEwen and Alves,
1999). In addition, further, studies have implicated ER
agonism in affording relief from hot flashes associated
with the postmenopause period in women (Marttunen
et al., 1998; Johnston et al., 2000).
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C. Selective Estrogen Receptor Modulators

SERMs have been useful for clinical treatment of
a variety of disorders, including breast cancer, osteoporo-
sis, and menopausal health symptoms via hormone re-
placement therapy. However, the need for better SERM
therapeutics is illustrated by the complex pharmacology
of tamoxifen (Fig. 7), a commonly prescribed SERM for
breast cancer treatment. Tamoxifen displays mixed phar-
macology in different tissues, as it acts as an antagonist
in breast tissue but as an agonist in bone and the uterus.
Thus, patients who take tamoxifen as a breast cancer
therapy receive benefits in the breast where it acts as an
ER antagonist and in the bone where it acts as an ER
agonist (increased bone mineral density); however, pa-
tients also experience negative side effects, such as in the
uterus where tamoxifen acts as an agonist that increases
cell proliferation.
The notion that the same drug can have such op-

posing actions in different tissues, not all of which are
favorable for the patient, supports the need for SERMs

with better tissue-selective pharmacologic properties.
An ideal SERM may be one that antagonizes in breast
and endometrial tissues, but agonizes in bone and CNS
tissues (O’Regan and Jordan, 2001). On a molecular level,
an ideal SERM may be one that recruits a particular
coregulator protein over another, perhaps in a gene/
promoter-specific manner.

Tamoxifen, perhaps the most well known SERM, is
used in the treatment of ER-positive breast cancer.
Tamoxifen was discovered by ICI Pharmaceuticals
(now AstraZeneca, London, UK) under the internal
name ICI46474 (Harper and Walpole, 1967a,b; Jordan,
2006). It is a chemical derivative of the first non-
steroidal antiestrogen MER25, which was discovered
in the 1950s and identified as an inhibitor of estrogen
actions (Lerner et al., 1958). Both these compounds are
chemical derivatives of the highly potent synthetic
nonsteroidal estrogen diethylstilbestrol (Furr and
Jordan, 1984). Early studies revealed that tamoxifen
could compete with estrogens, in terms of preventing

Fig. 7. ER modulators.
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the accumulation of [3H]estradiol in ER target tissues
(e.g., uterine, vaginal, and mammary) of mice, rats,
and humans (Emmens, 1971; Lunan and Green, 1974;
Jordan, 1975; Jordan and Dowse, 1976). These studies
also provided insight into the pharmacokinetic/
pharmacodynamic properties of tamoxifen, including
its conversion into the metabolite 4-hydroxytamoxifen
(Fig. 7), which is the primary form that binds to ERs in
vivo (Rochefort et al., 1979; Rochefort and Borgna,
1981). Tamoxifen shows maximal levels in tissues
approximately 6-hours after dosing, with elevated
plasma levels detected for the entire duration of the
experiment (120 hours) (Major et al., 1976). Additional
biochemical studies in the form of [3H]estradiol com-
petition assays validated that tamoxifen binds directly
to ER and competes with 17b-estradiol. Later, struc-
tural validation via X-ray crystallography confirmed
this interaction and provided molecular details concern-
ing the interactions between ERa with 17b-estradiol
and tamoxifen (Brzozowski et al., 1997; Shiau et al.,
1998). Namely, helix 12 in the LBD acts as a molec-
ular switch, adopting an “active” conformation in the
presence of an agonist such as diethylstilbestrol or 17b-
estradiol, allowing the interaction of coregulator pro-
teins with the AF-2 coregulator-binding surface. In the
presence of 4-hydroxytamoxifen, helix 12 rotates and
occupies the AF-2 coregulator-binding surface, resulting
in transcriptional antagonism.
As already described, tamoxifen displays a mixed

agonist/antagonist pharmacologic profile in different
tissues. Generally, this is a good property for SERMs,
in the sense that it is possible to develop compounds
with differential actions that could potentially benefit
one tissue while not affecting others. However, for
tamoxifen these differential effects provide significant
side effects. Notable evidence suggests that the source
of this mixed pharmacology depends on the tissue-
selective expression of coregulator proteins, which
interact with ERs at the promotor and enhance or
repress transcription of ER-dependent genes. A pri-
mary example is the tamoxifen-dependent recruitment
steroid receptor coactivator 1 (SRC1/NCOA1) (Shang
and Brown, 2002). SRC1 is expressed at higher levels
in the uterus and lower levels in breast tissue. Tamoxifen
induces SRC1 recruitment to ERa-dependent gene pro-
moters in uterine tissue, which is not the case for other
SERMs including raloxifene. However, like many other
SERMs, tamoxifen induces corepressor recruitment to
ER gene promotors in breast tissue.
Raloxifene (Fig. 7) was discovered and is marketed

by Eli Lilly and Company (Indianapolis, IN) as a SERM
used in the prevention of osteoporosis in postmenopausal
women. Raloxifene also shows efficacy in reducing the
risk of invasive breast cancer without affecting the risk
of primary coronary events (Barrett-Connor et al., 2006).
Similar to tamoxifen, when raloxifene binds to the ER
LBD, it induces a conformation that repositions helix 12

to the AF-2 surface and blocks coactivator binding
(Brzozowski et al., 1997). Additionally, raloxifene pre-
serves or increases bone density and inhibits the growth
of breast cancer (Clemens et al., 1983; Gottardis and
Jordan, 1987; Jordan et al., 1987; Black et al., 1994;
Sato et al., 1994, 1995; Turner et al., 1994; Anzano
et al., 1996). Raloxifene does not agonize endometrial
growth to as large an extent as tamoxifen (Gottardis
et al., 1990). The reduced level of agonism in uterine
tissue is likely a consequence of its inability to stimulate
SRC1 recruitment to ER gene promotors in endometrial
cells as is the case for tamoxifen (Shang and Brown,
2002). However, both tamoxifen and raloxifene induce
recruitment of corepressors to ER gene promotors in
breast cancer cells (Shang and Brown, 2002).

Lasofoxifene (Fig. 7), discovered in a collaboration
between Pfizer (New York, NY) and Ligand Pharma-
ceuticals (La Jolla, CA), is currently under develop-
ment for the prevention and treatment of osteoporosis
and the treatment of vaginal atrophy. Lasofoxifene is
a potent SERM that does not agonize uterine cell
growth but decreases total cholesterol, fat body mass,
and bone loss in female rats, and displays similar
properties in male rats (Ke et al., 1998, 2000; Rosati
et al., 1998). In addition, lasofoxifene increases vaginal
mucus formation without inducing cell proliferation.
This suggests that it would be useful in the treatment
of vaginal and vulvar atrophy in postmenopausal
women (Wang et al., 2006). It is thought that these
effects are likely due to the ability of lasofoxifene
to increase the expression levels of ERb and AR in
vaginal tissues, which other SERMs do not (Wang
et al., 2006). Clinical data support the use of lasofox-
ifene in the prevention and treatment of osteoporosis
and treatment of vaginal atrophy in postmenopausal
women without an increased risk of endometrial cancer
but with an increased risk of venous thromboembolic
events (Bachmann et al., 2005; McClung et al., 2006b;
Taylor, 2009; Cummings et al., 2010; Gennari et al.,
2010). From a structural perspective, much like ta-
moxifen and raloxifene, lasofoxifene displaces helix 12
in the LBD from the agonist position to block the AF-2
coregulator-binding surface (Vajdos et al., 2007).

Toremifene (Fig. 7) is a tamoxifen analog licensed
under the brand name Fareston (marketed by GTx) as
a treatment approved by the U.S. Food and Drug
Administration (FDA) for advanced metastatic breast
cancer. It is also currently under development for
prevention of prostate cancer. Clinical studies have
shown that toremifene is equally as efficacious as
tamoxifen in the treatment of metastatic breast cancer
and may have fewer negative side effects (Holli, 2002;
Lewis et al., 2010). Biochemical studies have shown
that toremifene downregulates the expression of breast
cancer resistance protein (BCRP), which is a multidrug
resistance transporter for a variety of antitumor agents
(Zhang et al., 2010).
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Fulvestrant (ICI 182,780) (Fig. 7) is a selective
estrogen receptor downregulator (SERD) initially dis-
covered by ICI Pharmaceuticals and marketed under
the brand name Faslodex by AstraZeneca. Recently,
fulvestrant has been used for the treatment of metasta-
tic breast cancer in postmenopausal women (Wakeling
et al., 1991). Fulvestrant is considered a pure ER
antagonist, as it has no ER agonist effects. Interest-
ingly, fulvestrant has a greater binding affinity than
estradiol for ER, and is more effective than tamoxifen
at inhibiting MCF-7 breast cancer cell proliferation
and tumor progression in patients. Fulvestrant also
has a much longer half-life when compared with ta-
moxifen (Wakeling et al., 1991; Bundred et al., 2002;
Robertson et al., 2003; Robertson and Harrison, 2004).
Fulvestrant has been shown to be effective in tamox-
ifen sensitive and insensitive cell lines (Coopman et al.,
1994; Osborne et al., 1994). The mechanism of action
for fulvestrant involves the direct blocking of the ER
AF-2 coregulator-binding surface, impairing receptor
dimerization and increasing receptor degradation and
turnover, perhaps via fulvestrant-dependent inter-
action with cytokeratins 8 and 18 (CK8, CK18) and
colocalization to proteasomes (Robertson, 2001; Long
and Nephew, 2006; Long et al., 2010). It has been
suggested that resistance to fulvestrant is mediated by
the tyrosine kinase c-ABL (Zhao et al., 2011a). Clinical
trials revealed that fulvestrant is well tolerated in
breast cancer patients without the negative side effects
associated with most ER SERMS such as partial
agonist activity in the uterus (Addo et al., 2002;
Vergote and Robertson, 2004).
Clomifene (clomiphene) (Fig. 7) is marketed under

the brand names Clomid and Serophene. Since its
introduction in the 1960s, clomifene has been used in
the management of infertility via induction of ovula-
tion (Goldstein et al., 2000). Clomifene is a mixture E
and double-bond Z isomers, one of which is an ER
agonist/antagonist and the other a strict antagonist
(Glasier, 1990). In terms of isoform specificity, clomi-
fene has been shown to agonize and antagonize ERa
but only antagonize ERb (Kurosawa et al., 2010). The
mechanism of action ascribed to clomifene in infertility
treatment involves antagonism in the hypothalamus,
which increases levels of gonadotropin-releasing hor-
mone (GnRH) and subsequently increases follicle-
stimulating hormone (FSH) and luteinizing hormone
(LH) secretion (Dickey and Holtkamp, 1996; Tarlatzis
and Grimbizis, 1998). It has also been suggested that
clomifene may inhibit the estradiol-dependent pro-
liferation of endometrial epithelial cells by inhibiting
the recruitment of SRC1 to ERa and thus estradiol-
dependent ER transactivation (Amita et al., 2010).
A summary of several clinical trials revealed that
clomifene is as effective as tamoxifen in inducing
ovulation for infertility management, although re-
sults from another study suggest that the actions on

gonadotropin-releasing hormone levels may be non-
genomic in nature (Garas et al., 2004; Steiner et al.,
2005).

Ormeloxifene (centchroman) (Fig. 7) is a SERM that
has been licensed under the brand names Saheli,
Novex-DS, Centron, and Sevista by Torrent Pharma-
ceuticals (Ahmedabad, India) and later HLL Lifecare
(Thiruvananthapuram, Kerala, India) for birth control
and dysfunctional uterine bleeding. Ormeloxifene dis-
plays higher affinity and selectivity for ERa (Ki = 250
nM) versus ERb (Ki = 750 nM) (Blesson et al., 2006).
Early studies reported on the anti-inflammatory
properties of ormeloxifene in acute and chronic models
of inflammation, and both estrogenic and antiestro-
genic effects in the uterus at low and high doses,
respectively (Dhawan and Srimal, 1973; Kamboj et al.,
1973). Ormeloxifene shows estrogenic activity in the
uterus and fallopian tubes, which was suggested to
contribute to its antifertility efficacy (Imam et al.,
1975). Structure-activity relationship analysis revealed
regions of ormeloxifene important for ER binding and
function (Salman et al., 1983). Pharmacokinetic data
have revealed the half-life of a single dose of ormelox-
ifene (approximately 170 hours) as well as the tissue
distribution of ormeloxifene and its metabolite 7-
desmethyl ormeloxifene (Paliwal et al., 1989; Lal
et al., 1995; Paliwal and Gupta, 1996). Ormeloxifene
induces caspase-dependent apoptosis in both ER-positive
(MCF-7) and ER-negative (MDA-MB-231) breast cancer
cell lines (Nigam et al., 2008). However, the ER de-
pendency of these cell lines is in reference to ERa. Two
ERb variants are expressed in these cells, suggesting
an ERb-mediated effect. Ormeloxifene appears to
function by inhibiting the interaction of the coactivator
SRC1 with ERa while enhancing the interaction with
the coactivator RIP140 and corepressor NCoR as well
as interaction of NCoR with ERb in the rat uterus
(Daverey et al., 2009). Antimutagenic effects from
treatment with ormeloxifene have also been described,
as it reduces sister chromatid exchange and chromo-
some aberrations in female Swiss albino mice exposed
to genotoxic compounds (Giri et al., 1999). A phase 2
trial revealed that ormeloxifene has efficacy in the
treatment of advanced breast cancer (Misra et al.,
1989).

Femarelle (DT56a) is a SERM used for the treatment
of menopause and bone health (Somjen et al., 2007).
Femarelle is an extract of tofu and flaxseed oil con-
taining phytoestrogens, and is thus sometimes referred
to as the “Tofu pill” or a “natural” SERM. The exact
identity of the pharmacologically active phytoestrogens
in the extract are unclear, but femarelle competes
with 17b-estradiol and stimulates or agonizes creatine
kinase activity, which is an estrogenic marker, in rat
skeletal tissue in a manner similar to 17b-estradiol
(Malnick et al., 1983; Somjen and Yoles, 2003;
Somjen et al., 2007). However, unlike 17b-estradiol,
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femarelle does not agonize estrogenic activity in the
uterus or other reproductive tissues (Somjen and Yoles,
2003; Oropeza et al., 2005). In addition, femarelle does
not effect cell proliferation in the human MCF-7 breast
cancer cell line (Yoles and Lilling, 2007). Femarelle
shows efficacy in preserving bone mineral density
(BMD) in both female rats and clinically in post-
menopausal women without risk of thrombogenicity
(Yoles et al., 2003, 2004; Somjen et al., 2005, 2006;
Nachtigall et al., 2011). Femarelle and other ER
agonists have been shown to abolish fat cell content
in rat bone marrow. It has also been suggested that
femarelle can relieve menopausal vasomotor symptoms
not by affecting hormone levels or the endometrium
directly, but rather in brain responsiveness via
estrogenic action on the brain involved in regulating
mood, cognition, and homeostasis (Pluchino et al.,
2009).
Bazedoxifene (WAY-140424) (Fig. 7), discovered as

a result of collaboration between Wyeth (Madison, NJ)
and Ligand Pharmaceuticals, has been approved by the
FDA under the brand name Conbriza for the pre-
vention and treatment of osteoporosis in postmeno-
pausal women. Bazedoxifene was discovered using
a stringent preclinical selection process, as it was
understood that the discovery of a new ligand would be
compared with the already established SERM ralox-
ifene (Komm and Lyttle, 2001; Anonymous 2008).
Bazedoxifene displays general properties of a dual
ERa/ERb SERM, with Ki values of 0.1 and 0.3 nM,
respectively, with no cross reactivity with other nu-
clear receptors. In its early discovery, it displayed the
prototypical SERM gene-selective activation pheno-
type, where it antagonized expression on a 2�-ERE
(estrogen response element) promoter, but agonized
expression driven by a hepatic lipase promoter in the
same cell line (Komm and Lyttle, 2001). Bazedoxifene
antagonizes estrogen-stimulated proliferation of MCF-7
breast cancer cells with little to no effects in uterine
and CNS tissue, and also maintains bone density,
reduces cholesterol in rats, and causes regression of
endometriosis in mice (Komm and Lyttle, 2001;
Komm et al., 2005; Ronkin et al., 2005; Kulak et al.,
2011). Bazedoxifene inhibits the proliferation of
estrogen-dependent (MCF-7 and T47D) and estrogen-
independent (MCF-7:5C and MCF-7:2A) cell lines
(Lewis-Wambi et al., 2011). Its ability to antagonize
growth of MCF-7:5C cells in particular is unique
among SERMs and occurs as a result of downregula-
tion of ERa (via protein degradation) and suppress-
ing cyclin D1 expression. Bazedoxifene has also
shown some efficacy in inflammation, where it
reduces lipopolysaccharide (LPS)-induced expression of
interleukin-6 (IL-6) and interferon-g-inducible protein-
10 (IP-10) through ER-dependent inhibition of nuclear
factor kB (NF-kB) p65 transactivation (Cerciat et al.,
2010).

During early phase 1 and 2 clinical trials, it was
shown that bazedoxifene did not increase hot flashes,
which is a common side effect of SERMs. Bazedoxifene
also preserved bone density and lowered cholesterol
levels (Komm and Lyttle, 2001). It appears that this
SERM does not stimulate but rather antagonizes
endometrial growth in postmenopausal women (Ron-
kin et al., 2005). Other clinical trials revealed that
bazedoxifene treatment prevents bone loss and reduces
bone turnover with similar efficacy to raloxifene in
postmenopausal women who have normal-to-low BMD
without increasing mammographic breast density, the
incidence of hot flashes (Miller et al., 2008; Silverman
et al., 2008, 2012; Archer et al., 2009; Harvey et al.,
2009; Kanis et al., 2009; Pinkerton et al., 2009a;
Christiansen et al., 2010; Bachmann et al., 2011; de
Villiers et al., 2011; Xu et al., 2011). Bazedoxifene
also displays efficacy for treating vasomotor symp-
toms and preventing endometrial hyperplasia in post-
menopausal women (Pickar et al., 2009; Pinkerton
et al., 2009b).

Preclinical data have suggested that the combination
treatment of bazedoxifene and conjugated estrogens
(CE) might lead to a more favorable benefit-risk
profile in the treatment of menopause symptoms,
including favorable vasomotor, lipid, and skeletal
response with minimal stimulation in the uterus
(Kharode et al., 2008; Peano et al., 2009). This com-
bination therapy also shows efficacy in the treat-
ment of osteoporosis in a manner that prevents
uterine growth, with decreased uterine wet weight
and lower cholesterol levels (Komm et al., 2011). In
particular, gene expression analysis via microarray
experiments have revealed that a subset of CE-
inducible genes were antagonized by bazedoxifene
alone or in combination with CE (Chang et al.,
2010b). The combination of bazedoxifene and CE
[BZA-CE; or tissue-selective estrogen complex (TSEC)]
displays efficacy and was determined to be safe in
treating menopausal symptoms, decreasing bone
turnover and bone loss in postmenopausal women at
risk for osteoporosis, and treating vulvar/vaginal
atrophy (Lindsay et al., 2009; Lobo et al., 2009; Utian
et al., 2009; Bachmann et al., 2010; Kagan et al.,
2010).

Arzoxifene (LY353381) (Fig. 7), developed by Eli
Lilly and Company, is structurally related to ralox-
ifene; however, early studies revealed improved in vivo
potency and efficacy (Palkowitz et al., 1997; Sato et al.,
1998a). In addition, whereas raloxifene shows more
specificity for ERa versus ERb (21 versus 560 nM),
arzoxifene displays properties of a dual ERa/ERb
SERM (22 versus 66 nM) (Overk et al., 2007).
Arzoxifene binds directly to the ER and prevents
increased body weight and cholesterol levels in
ovariectomized rats with similar efficacy as estrogen
and raloxifene but with more potency than raloxifene
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in reducing these parameters (Sato et al., 1998a; Suh
et al., 2001). In addition, arzoxifene prevented bone
loss in ovariectomized rats with an efficacy similar to
parathyroid hormone (PTH), including during long-
term dosing (Sato et al., 1998b; Ma et al., 2002). It has
been reported that arzoxifene displays negligible
effects in uterine cells and increased efficacy in antag-
onizing uterine hypertrophy stimulated by estrogen
when compared with tamoxifen (Sato et al., 1998a;
Suh et al., 2001). Other studies have revealed that
arzoxifene shows some efficacy in activating insulin-
like growth factor I in uterine signaling. This causes an
increase in proliferating cell nuclear antigen expres-
sion and the number of mitotic cells in the uterus, as
well as simulation of EnCa101 endometrial tumors
that were previously stimulated with estrogen or ta-
moxifen (Klotz et al., 2000; Dardes et al., 2001).
Arzoxifene was also shown to act as a chemoprotective
agent in a rat model for mammary carcinogenesis (Suh
et al., 2001). It was shown that arzoxifene was 30–100
times more potent than raloxifene in regulating these
in vivo parameters. Arzoxifene also displayed several
advantages for use as a SERM over raloxifene, in-
cluding preventing increased body weight, cholesterol,
and bone loss, while also acting as an antagonist in the
uterus (Sato et al., 1998a). Arzoxifene antagonizes
estrogen-stimulated growth in ER-positive MCF-7
human breast cancer cells in a manner similar to ta-
moxifen, including the propensity for cross-resistance,
although resistance to either modulator is independent
of the other (Schafer et al., 2001; Detre et al., 2003;
Freddie et al., 2004b). This suggests that if a patient
becomes resistant to one SERM, another may be
beneficial for future treatments (Freddie et al., 2004a).
Resistance to arzoxifene has been linked to over-

expression of cyclin D1, which occurs in approximately
40% of all breast cancer patients, in a manner that
converts arzoxifene from an antagonist to an agonist as
a result of a ligand-dependent increase in the stabili-
zation of SRC1 complexed with ERa (Zwart et al.,
2009). Arzoxifene has also been shown to synergize with
the retinoid LG100268 (6-[1-(3,5,5,8,8-pentamethyl-6,7-
dihydronaphthalen-2-yl)cyclopropyl]pyridine-3-carboxylic
acid), which binds to RXRs, in prevention and treat-
ment rat models for breast cancer at concentrations
with treatment with one ligand alone displayed
negligible effects (Suh et al., 2002; Liby et al., 2006).
The mechanism by which the combined treatment of
arzoxifene and LG100268 influences apoptosis in
breast cancer involves the induction of transforming
growth factor b (TGFb) by arzoxifene and inhibition of
NF-kB and phosphatidylinositol 39 kinase signaling by
LG100268 (Rendi et al., 2004). One study suggests that
arzoxifene is an agonist of ERb within the serotonin
neuron, increasing the expression of tryptophyan hy-
droxylase and the serotonin reuptake transporter (SERT)
(Bethea et al., 2002).

A phase 1 clinical trial of arzoxifene determined
that daily oral dosing was safe and well tolerated; and
combined with all previous studies, this suggests that
arzoxifene may be useful in the treatment of meta-
static breast cancer (Munster et al., 2001; Fabian
et al., 2004). A phase 2 clinical trial determined that
arzoxifene is effective in treating tamoxifen-sensitive
and tamoxifen-refractory patients with advanced or
metastatic breast cancer (Chan, 2002; Baselga et al.,
2003; Buzdar et al., 2003). Other phase 2 trials have
revealed that arzoxifene is effective in the treatment of
recurrent or advanced endometrial cancer, as well as
suppressing bone turnover in the treatment of osteo-
porosis (Burke and Walker, 2003; McMeekin et al.,
2003). However, phase 3 clinical trials revealed that
arzoxifene did not significantly differ in terms of
clinical output compared with the standard mode of
treatment with tamoxifen for advanced and metas-
tatic breast cancer (Deshmane et al., 2007). In fact,
the results revealed that tamoxifen produced longer
survival and time-to-treatment failure rates. Despite
this, a clinical study revealed that arzoxifene might
still be useful for treatment of bone loss in post-
menopausal women at doses that do not have a signif-
icant effect in the uterus and endometrium (Jackson
et al., 2008). Another phase 3 trial revealed that
although arzoxifene displayed significantly greater
effects on BMD and turnover compared with ralox-
ifene, it did not translate into greater nonvertebral
fracture efficacy or a more favorable adverse event
profile (Kendler et al., 2012).

Afimoxifene (Fig. 7) is the 4-hydroxy derivative of
tamoxifen, the active metabolite of tamoxifen. Afimox-
ifene is typically formulated as a gel containing 4-
hydroxytamoxifen, and shows clinical efficacy in the
treatment of cyclical mastalgia (breast pain/discomfort)
in premenopausal women (Mansel et al., 2007).

SERM drug discovery has been categorized under
three broad categories. Tamoxifen is generally consid-
ered to be a first-generation SERM as it was the one of
the first discovered and is perhaps the most used
clinically. Because tamoxifen has less than optimal
tissue specificity, such as agonist activity in the uterus,
discovery efforts concentrated on second-generation
SERMs. Raloxifene is considered a second-generation
SERM, and it was selected for its selective tissue
specificity, such as its antagonist activity in the uterus,
as compared with tamoxifen. The third-generation
of SERMs include the compounds discovered after
raloxifene that display further improvements in tissue
specificity. An example is LSN2120310, (R)-(+)-7,9-
difluoro-5-[4-(2-piperidin-1-ylethoxy)phenyl]-5H-6-
oxachrysen-2-ol, which is based on the raloxifene
chemical scaffold; it displays agonist activity in the
bone and antagonist activity in the breast and uterus,
but unlike tamoxifen and raloxifene it may actually pre-
vent hot flashes (Wallace et al., 2006). Going forward,
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the next generation of SERMs will build upon our un-
derstanding of ligand-specific regulation of individual
genes within a single tissue, not only displaying tissue-
specific agonist or antagonist activity but also differen-
tial upregulation or downregulation of specific genes
within a single cell type (Bramlett and Burris, 2003).

III. Vitamin D Receptor Modulators

A. Vitamin D Receptor Structure

Similar to other NRs, the 427-amino acid vitamin D
receptor (VDR) protein can be functionally divided into
three regions with well-characterized functions. The
short amino terminus, also referred to as the A/B
domain, contains the ligand-independent transactiva-
tion function AF-1. However, unlike many other NRs,
the A/B domain is small, consisting of only 20 amino
acids. The AF-1 region with the A/B domain is not well
developed in VDR, and it remains to be determined
whether this region plays a significant role in VDR-
mediated transactivation (Sone et al., 1991). The
central region of VDR contains the DBD consisting of
two zinc-finger motifs, which target the receptor to
vitamin D3 response elements (VDREs), followed by
a flexible “hinge” region (D domain). This section
contains the nuclear localization sequence, which
allows the entry of the RXR/VDR heterodimer into
the nucleus. The carboxy terminus of VDR contains
a multifunctional domain harboring the LBD, the RXR
heterodimerization motif, and a ligand-dependent
transactivation function (AF-2). When ligand binds to
VDR, a conformational change ensues, resulting in the
enhancement of RXR/VDR heterodimer formation
(Cheskis and Freedman, 1994; Prufer et al., 2000;
Pinette et al., 2003; Sutton and MacDonald, 2003).
There is only one VDR isoform encoded by a single
gene in both humans and other organisms.
The amino acid residues 165–215 in the VDR LBD is

an “insertion” domain that is poorly conserved between
different species and does not appear to have any
biologic significance. Additionally, this region has
made resolving the crystal structure extremely diffi-
cult. In 2000, the Moras laboratory resolved the crystal
structure of a mutant VDR LBD, lacking residues
165–215, bound to 1,25-(OH)2D3, thus proving that
VDR bound this ligand and was capable of trans-
activation (Rochel et al., 2000). The crystal structure
VDR’s LBD resembles that of other NRs, displaying
a three-stranded b- and 12-a helices arranged to form
three layers that completely encompass the ligand,
resting in a hydrophobic core. The C-terminal helix 12
contributes to transactivation by forming the bottom
portion of a surface that has a high affinity for
coactivator molecules (Renaud and Moras, 2000; Xu
and O’Malley, 2002). Several laboratories published
follow-up studies describing the VDR LBD bound to
four superagonist analogs of 1,25-(OH)2D3 or other

known agonists, thereby confirming the original report
(Tocchini-Valentini et al., 2001, 2004; Shaffer and
Gewirth, 2002; Ciesielski et al., 2004; Vanhooke et al.,
2004). All the human VDR X-ray crystal structures
subsequently cited are of the mutant VDR LBD
protein, as residues 165–215 form an “undefined” loop
in the hinge region of domain D. This region has been
removed to facilitate crystal growth, and studies have
found that deletion of this region does not influence
VDR LBD structure or genomic function (Rochel et al.,
2001).

The crystal structure of the receptor-ligand complex
has revealed many aspects of VDR biology. The b-sheet
residues contact the ligand and Trp-286, which is
specific to VDR, plays an essential role in positioning
of the ligand (Rochel et al., 2000). The ligand-
binding pocket is composed of mainly hydrophobic res-
idues. The crystal structure has revealed that bound
1,25-(OH)2D3 curves around helix H3, with its A ring
interacting with the C terminus of helix H5, and the
25-hydroxyl end is close to helices H7 and H11 (Rochel
et al., 2000). Furthermore, Rochel et al. (2000) de-
termined that the positioning of helix H12 is critical
for coactivator binding and transcriptional activation
of VDR, and the position of helix H12 is stabilized by a
number of hydrophobic contacts and polar interactions.

Hydrogen/deuterium exchange (HDX) coupled with
mass spectrometry is a rapid and sensitive approach
for characterization of protein folding, protein-protein
interactions, and protein-ligand interactions. This
technique has provided complementary information
to that gained by X-ray crystallography (Hamuro et al.,
2006; Chandra et al., 2008; Hsu et al., 2009; Iacob
et al., 2009). HDX was used to probe the conforma-
tional dynamics of the LBD of VDR in complex with
three ligands, one being 1,25-(OH)2D3. While HDX anal-
ysis did not provide direct information about the position
of H12, it did indicate that ligand binding 1,25-(OH)2D3

did stabilize this domain, thereby aiding the ability of
the receptor to stimulate the classic AF-2-dependent
VDR transactivation (Zhang et al., 2011).

B. Vitamin D Receptor Function

VDR has traditionally been associated with calcemic
activities (modulation of calcium and phosphate ho-
meostasis involved in the development and mainte-
nance of bone) (Mizwicki and Norman, 2009). VDR
is a ligand-dependent transcription factor with the
hormonally active form of vitamin D3, the secosteroid
1a-25-dihydroxyvitamin D3 [1,25-(OH)2D3], or calci-
triol as its natural ligand (Mizwicki and Norman,
2009). However, the scope of VDR biology has ex-
panded due to the observations that VDR is present
in cells other than those of the intestine, bone, kid-
ney, and parathyroid gland leading to the conclusion
that there an noncalcemic actions of VDR ligands
that regulate a wide range of physiologic cellular
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responses including cell proliferation, differentiation,
and immunomodulation.
Thirty-seven tissues are known to possess a VDR,

the expression of which, coupled with the increased
evidence involving VDR in processes other than min-
eral homeostasis, has prompted the generation and
testing of therapeutic VDR ligands in inflammation,
dermatological conditions, osteoporosis, cancers, sec-
ondary hyperparathyroidism, and autoimmune dis-
eases (Corbett et al., 2006; Norman, 2008). These
efforts have led to the development of VDR ligands for
the treatment of psoriasis, secondary hyperparathy-
roidism, and osteoporosis (Nagpal et al., 2005). While
the therapeutic potential for targeting VDR is im-
mense, the limiting factor for the clinical application of
VDR ligands has been the increased incidence of
hypercalcemia/hypercalciuria (Cheskis and Freedman,
1994; Crofts et al., 1998; Prufer et al., 2000; Thompson
et al., 2002; Dong et al., 2003). Therefore, there is an
unmet clinical need for the identification of VDR
ligands that exhibit an improved therapeutic index
while limiting the untoward side effects. The goal of
this section is to review the biologic actions of vitamin
D and its analogs with future perspectives for the next
generation of noncalcemic vitamin D3 analogs.
In 1919, Sir Edward Mellanby’s observation that

rickets was caused by a nutritional deficiency led to
the isolation of a fat-soluble antirachitic substance in fish
oil and other foods that was further identified as vi-
tamin D2 (Mellanby, 1919). Concurrently, Huldschinsky
(1919) and Hess and Unger (1921) discovered that
exposing children to ultraviolet (UV) light could cure
them of rickets and that antirachitic activity could be
induced in various foods by ultraviolet radiation. Sub-
sequent studies led to the structural identification of
vitamin D2 (ergocalciferol) and vitamin D3 (cholecal-
ciferol) as secosterols, which were derived from the
photolytic cleavage of the B rings of ergosterol and
7-dehydrocholesterol. These two sterols were consid-
ered the biologically active forms of vitamin D until the
mid-1960s when 25-hydroxyvitamin D3 [25-(OH)D3]
was found to be the major circulating metabolite of
vitamin D3, produced primarily in the liver. Sub-
sequently, 1,25-dihydroxyvitamin D3 [1,25-(OH)2D3],
a metabolite more polar than 25-(OH)D3, was identi-
fied and is now known to be the most active metabolite
of vitamin D.
In 1968, the discovery of a high-affinity receptor for

1,25-(OH)2D3 in the intestine of vitamin D-deficient
chicks further advanced vitamin D research (Haussler
and Norman, 1969). This 50–70 kDa protein, found to
be associated with nuclear chromatin, displayed sat-
urable binding of 1,25-(OH)2D3 and had specificity for
other vitamin D metabolites. Cloning of VDR revealed
considerable similarity to other members of the NR
superfamily, as it possessed the characteristic two zinc-
finger motifs in the DBD. This sequence homology

suggested that VDR was also a ligand-activated tran-
scription factor. Although VDR was initially detected
in classic vitamin D target organs, including intestine,
bone, kidney, and parathyroid glands, all involved in
mineral homeostasis, VDR has since been demon-
strated to be present in many other tissues and cell
types as well.

Adequate availability of vitamin D3 depends on the
photochemical production of vitamin D3 in the skin
plus the dietary intake of vitamin D3. Few food sources
naturally contain significant amounts of vitamin D2

and D3, but many foods are now fortified with the
vitamin, so minimum daily requirements are easily
met. Vitamin D3 does not have significant biologic
activity and must be metabolized to its active form
1,25-(OH)2D3, which occurs in a two-step process. The
first step toward the activation of vitamin D3 occurs
primarily in the liver, where vitamin D3 is hydroxyl-
ated at carbon 25 by 25-hydroxylase, yielding 25-
hydroxycholecalciferol [25(OH)D3], or calcidiol. The
resulting 25(OH)D3 is the more stable metabolite and
is transported by the vitamin D-binding protein (DBP)
to the kidneys for the final step in vitamin D bio-
activation, where 25(OH)D3 serves as a substrate for
the 25(OH)2D3-1a-hydroxylase enzyme. The conversion
of 25(OH)D3 results in the steroid hormone 1,25-(OH)2D3,
or calcitriol, the active circulating metabolite, which is
released into the general circulatory system (Henry
and Norman, 1974; Bikle et al., 1975; Goltzman et al.,
2004; Chlon et al., 2008). DBP also delivers 25(OH)D3

to at least 10 other organs and tissues that have low
levels of the 25(OH)2D3-1a-hydroxylase enzyme, which re-
sults in the paracrine or local production of 1,25-(OH)2D3

(Norman, 2008). This restricted production produces
limited quantities of 1,25-(OH)2D3 in the local envi-
ronment to regulate a given biologic effect. The potency
of 1,25-(OH)2D3 requires the circulating levels to be
tightly regulated (Dreier et al., 2008; Nemere and
Hintze, 2008). Control of serum usually involves joint
reciprocal changes in the rate of synthesis and deg-
radation. Collectively, the VDR-containing tissues de-
fine locations where 1,25-(OH)2D3 can initiate biologic
processes via receptor-ligand complexes to produce bio-
logic responses through genomic mechanisms.

The natural ligand for VDR is the conformationally
flexible secosteroid 1,25-(OH)2D3, which binds VDR
with an affinity KD in the range of 0.1 nM to 5 nM
(Wecksler and Norman, 1980ab; Wecksler et al.,
1980ab). The parent vitamin D3 binds to VDR with
an affinity of .100 mM. VDR functions as a hetero-
dimer with another NR, the RXR. RXR, a nuclear
receptor for 9-cis-retinoic acid, is an obligate partner of
VDR in mediating 1,25-(OH)2D3 action (Yu et al., 1991;
Kliewer et al., 1992; Pinette et al., 2003; Sutton and
MacDonald, 2003). In the absence of ligand, the
majority of VDR is present in the cytoplasm (Barsony
et al., 1990). Upon ligand binding, VDR undergoes
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a conformational change that promotes RXR-VDR
heterodimerization and complex nuclear translocation
(Cheskis and Freedman, 1994; Prufer et al., 2000).
Once in the nucleus, the RXR-VDR complex binds to
VDREs present in the promoter regions of responsive
genes. Canonical VDREs are a direct repeat of 59-AGG/
TTCA-39 motifs or a minor variation of this motif
separated by three nucleotides and commonly referred
to as direct repeat-3 motifs. Upon binding to VDREs on
VDR target genes, the ligand-bound heterodimer
recruits or dissociates the coactivator/corepressor pro-
teins that ultimately modulate the transcriptional
activity of the complex. The molecular details sur-
rounding much of RXR/VDR transactivation have been
described, including the chromatin environment, inter-
acting protein partners, and temporal kinetics, all of
which are highly diverse, depending on the genomic
target and cellular context in which the regulation is
occurring (Meyer et al., 2007).
Ligand binding increases the RXR/VDR heterodimer

interaction with coactivators, transcriptional proteins
that mediate induction of gene transcription. Ligand
binding induces a conformational change in the re-
ceptor, creating a hydrophobic cleft that renders NRs
receptive to coactivator binding through their NR boxes,
distinct amino acid sequences (LXXLL motifs). Unable
to bind DNA itself, coactivator proteins enhance
transcriptional activity through a range of enzymatic
activities and protein-protein interactions. Several co-
activators have been identified that interact with VDR,
including those of the steroid receptor coactivator
family (SRC1, SRC2, and SRC3) as well as CBP [cAMP
response element binding protein (CREB) binding
protein]/p300, pCAF (p300/CBP-associated factor), and
thyroid receptor interacting protein 1/Sug1, to name a
few (Lee et al., 1995; Hermanson et al., 2002). VDR also
directly interacts with certain components of the basal
transcriptional machinery, including TF-IIB, TF-IIA,
and TAF (Lavigne et al., 1999; Mengus et al., 1997,
2000; Barry et al., 2003).
A multiprotein complex that functions as a transcrip-

tional coactivator for VDR is the vitamin D interacting
protein (DRIP) complex (Rachez et al., 1998). The RXR/
VDR heterodimer recruits the DRIP complex by ligand-
mediated recruitment of DRIP 205, a component of the
complex. Ligand-dependent targeted recruitment of
the VDR-DRIP and VDR-SRC complex occurs in a
sequential manner. The VDR-SRC complex is recruited
to the VDR responsive promoter to promote the
destabilization of the nucleosomal core, allowing the
VDR-DRIP complex to bind to the unwound DNA and
interact with basal transcriptional machinery (Rachez
et al., 2000).
In the absence of ligand, corepressor proteins bind

VDR, which results in chromatin compaction and gene
silencing. Three corepressors, NCoR-1, NCoR-2, and
Hairless, have been found to interact with VDR

(Hermanson et al., 2002). Motifs related to NR boxes
are present in the corepressors called CoRNR boxes
(I/LXXI/VI motifs). These motifs are shown to be essen-
tial for the interaction of corepressors with unliganded
NRs (Hu and Lazar, 1999; Webb et al., 2000; Hu et al.,
2001). The number of cofactors and corepressors
identified to date gives insight into the complexity of
VDR activity and have increased our understanding of
tissue- and gene-selective transcription mediated by
VDR and its natural and synthetic ligands.

By its very definition, a transcription factor mod-
ulates gene expression, and VDR is no exception
to that rule. However, in addition to its ability to
positively regulate the expression of genes, VDR can
also negatively regulate the expression of other genes
and antagonize the action of other transcription factors.
Genes that are positively regulated by VDR ligands
include those that regulate extracellular bone matrix
formation, bone remodeling, adhesion molecules, dif-
ferentiation, antiproliferation, and metabolism. Inter-
estingly, genes known to be downregulated in response
to VDR ligands are involved in hyperproliferation and
anti-inflammatory functions, and may indicate why
VDR ligands have therapeutic effects in inflammatory
diseases. VDR ligands have been demonstrated to
inhibit the expression of cytokines and chemokines,
including IL-12, IL-2, tumor necrosis factor a (TNFa),
and interferon g (INF-g), to name a few (Nagpal et al.,
2005). Genes involved in mineral homeostasis, in-
cluding PTH and PTH-related peptide (PTHrP), are
also downregulated by VDR ligands (Kremer et al.,
1991; Falzon, 1996). Negative regulation of PTH,
PTHrP, and Rel B appears to occur through a negative
DNA motif called a negative VDRE (nVDRE) (Demay
et al., 1992; Nishishita et al., 1998; Dong et al., 2003).
Finally, VDR can compete with nuclear factor of
activated T cells-1 (NFAT1) for binding to the NFAT1–
activator protein (AP-1) enhancer motif where it then
interacts with c-Jun. The displacement of AP-1 leads
to the inhibition of gene expression. Both RXR/VDR
heterodimers and VDR monomers have been demon-
strated to be involved in the inhibition (Alroy et al.,
1995; Harant et al., 1997; Takeuchi et al., 2002).

Vitamin D metabolism is strictly regulated to per-
form its principle function: govern calcium and phos-
phate homeostasis. This regulation occurs in the “classic”
mineral-regulating organs: the intestine, bone, para-
thyroid glands, and kidneys. Elegant genetic studies
in VDR-deficient mice have provided insight into the
physiologic function of VDR as well as confirmed its
crucial role in the regulation of bone development.
Although they are phenotypically normal at birth,
VDR2/2 mice develop hypocalcemia, hyperparathyroid-
ism, osteomalacia (rickets), and alopecia after weaning
(Li et al., 1997b; Yoshizawa et al., 1997; Kato et al.,
1999; Van Cromphaut et al., 2001; Zeitz et al., 2003).
These mice die between 4 and 6 months of age. However,
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all symptoms are abolished in these animals when they
are fed a diet rich in calcium phosphate and lactose,
with the exception of the hair abnormalities. These
findings suggest that intestinal calcium absorption is
critical for 1,25-(OH)2D3 action on bone and calcium
homeostasis.
We will summarize the role of vitamin D and VDR

activity in the classic mineral-regulating organs. The
intestine absorbs dietary calcium and phosphate. This
occurs along the length of the entire intestine, but
calcium transport occurs primarily in the duodenum and
phosphate absorption in the jejunum and ileum. The
absorption of calcium is facilitated by the presence of bile
salts, which increase the absorption efficiency to 50%.
The most crucial function of the active form of vitamin D
in mineral homeostasis is to enhance the small in-
testine’s efficiency in absorbing dietary calcium and
phosphate. Both hypocalcemia and hypophosphatemia
increase the production of 1,25-(OH)2D3, thereby in-
creasing the intestine’s efficiency in absorbing calcium
and phosphate. Vitamin D deficiency causes calcium
malabsorption and a negative calcium and phosphate
balance. In addition, 1,25-(OH)2D3 directly stimulates
intestinal calcium and phosphate transport by acting on
duodenal enterocytes to induce the calcium transport
protein 1, which channels calcium from the intestinal
lumen into the cell (Bronner, 2003).
In skeletal development, once the epiphyses and

metaphyses fuse, longitudinal growth ceases. From
this point forward, bone mineralization and turnover
occur to maintain skeletal strength and integrity.
Vitamin D is essential for the development and main-
tenance of a mineralized skeleton. Bone is one of
the major target organs of vitamin D, and VDR
ligands regulate bone formation and resorption.
Vitamin D deficiency results in rickets in the young
and osteomalacia in adults. Also, 1,25-(OH)2D3 stim-
ulates the mobilization of calcium stores from bone
by inducing the dissolution of bone mineral and
matrix (Holick, 1996). Therefore 1,25-(OH)2D3 can
enhance bone formation and growth. The primary
target cells of 1,25-(OH)2D3 are osteoblasts and os-
teoblast precursors. The effects of 1,25-(OH)2D3 are
mediated by VDR and lead to the expression of se-
veral genes associated with osteoblast proliferation
and differentiation.
VDR is expressed at high levels in primary osteoblasts

and various osteoblast cell lines. Thus, 1,25-(OH)2D3

is classically considered to be a stimulator of bone
resorption because it induces osteoclastogenesis by en-
hancing the expression of receptor activator of NF-kB
ligand (RANKL) in bone marrow and stromal cells
(Suda et al., 1999). Additionally, the human and mouse
RANKL promoter contains a functional VDRE that
demonstrates RXR-VDR heterodimer-mediated ligand-
dependent activation (Kitazawa and Kitazawa, 2002;
Kitazawa et al., 2003).

Given the profound role of VDR in bone formation; it
is no surprise that vitamin D insufficiency, particularly
in the elderly, results in osteoporosis and is thought to
be a major factor in fracture risk (Chapuy et al., 1997).
However, there is a large body of evidence suggesting
that VDR plays a role in regulating the neuromuscular
system, and that a combination VDR action in bone
and muscle increases the risk of falls and fractures in
the elderly (Fraix, 2012). Support for VDR in muscle
comes from analyses of myoblast cell lines generated
from VDR2/2 mice. These studies revealed that VDR2/2

mice had fiber sizes 20% smaller than wild-type con-
trols. VDR2/2 mice also exhibited increased expression
of the myogenic transcription factors myf5, E2A, and
myogenin (Endo et al., 2003). These findings support
a direct role for VDR transcriptional regulation of
skeletal muscle. Because calcium is a critical modula-
tor of skeletal muscle function, it is reasonable to
hypothesize that VDR would have a significant impact
on muscle function and fracture risk (Hamilton, 2010).

The parathyroid glands act as a calcium sensor in
the body and hence play a central role in calcium
homeostasis. The parathyroid glands sense the circu-
lating levels of calcium in the body and secrete PTH,
a calciotropic hormone that stimulates the release of
calcium from bone. PTH can stimulate 1,25-(OH)2D3

synthesis in the kidneys, whereas calcium is the
dominant regulator of PTH synthesis and secretion.
Therefore, PTH and calcium regulate the synthesis and
secretion of each other and act as an important
feedback loop in regulating calcium homeostasis.

In the kidney, vitamin D regulates calcium and
phosphate resorption and controls its own synthesis
and degradation. Perhaps the most important effect of
1,25-(OH)2D3 in the kidney is the suppression of 1a-
hydroxylase activity and the stimulation of 24-hydrox-
ylase activity. This homeostatic feedback loop ensures
that the proper amount of 1,25-(OH)2D3 will be released
by the kidney. Under conditions of hypocalcemia or
hypophosphatemia, renal VDR expression is decreased
to prevent feedback until mineral levels are normalized.

C. Vitamin D Receptor Modulators

Osteoporosis is a common metabolic disease charac-
terized by decreased bone mass due to deterioration of
bone tissue and loss of spatial architecture, thus
resulting in increase bone fragility and risk of deve-
loping fractures. Osteoporosis involves the loss of both
organic and mineral contents of the bone. Various con-
ditions that can lead to osteoporosis include estrogen
or androgen deficiency, glucocorticoid excess, hyper-
thyroidism, hyperparathyroidism, and/or severe in-
activity. A number of antiresorptive agents that treat
these various conditions are currently on the market
and prevent further bone loss, but they do not rebuild
bone once it has been lost. Currently, there is only one
FDA-approved anabolic bone-building agent for the
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treatment of osteoporosis, recombinant human para-
thyroid hormone (1-34) [rhPTH(1-34)], also known as
teriparatide. This agent rebuilds bone mass and
restores bone architecture while reducing the risk of
vertebral and nonvertebral bone fractures in osteopo-
rotic patients (Neer et al., 2001). However, teriparatide
use is limited because daily subcutaneous injections
are required, which may prove difficult for the elderly.
Additionally, its high cost, the warnings regarding
osteosarcoma, and the restriction of therapy to a max-
imum 2 years adds to this drug’s limitations. There-
fore, the need for bioactive bone-building agents with
reduced side effects persists.
A second, new antiresorptive agent emerged from

the discovery that RANKL is the principal regulator of
osteoclastic bone resorption. From this discovery came
the development of denosumab, a fully human mono-
clonal antibody to RANKL (McClung et al., 2006a).
This agent, which is administered at 60 mg sub-
cutaneously every 6 months, has recently received
regulatory approval for the treatment of women with
postmenopausal osteoporosis who are at high risk for
fracture (Lewiecki et al., 2010). Denosumab has been
shown to inhibit the resorptive component of the bone-
remodeling system, increase BMD, and reduce the risk
of vertebral fractures, hip fractures, and nonvertebral
fractures in women with postmenopausal osteoporosis
(Hattner et al., 1965; Gallagher and Sai, 2010).
The most commonly used osteoporosis treatments

are antiresorptive agents, including bisphosphonates
and selective estrogenmodulators (Lewiecki et al., 2010).
Less effective antiresorptive agents include calcitriol,
1-a-hydroxyvitamin D3 [1a(OH)D3] (Fig. 8), and 1a,25-
dihydroxyvitamin D3 [1,25-(OH)2D3]. VDR ligands
regulate both bone formation and resorption, and
1a,25-(OH)2D3 increases the expression and/or protein
levels of osteocalcin and osteopontin in osteoblasts, thus
supporting a role in bone matrix formation. Therefore,
designing drugs to target VDR for the treatment of
osteoporosis and osteomalacia is a viable option.
However, the use of VDR ligands is limited by its
margin of safety, as there is a high risk of developing
side effects such as hypercalcemia and hypercalciuria.
These side effects result from increased calcium ab-
sorption in the intestine, leading to increased plasma
and urine levels of calcium that can ultimately result
in the mineralization of soft tissue and kidney stone
formation. Osteoporosis is a debilitating disease, with
a growing prevalence among the elderly population.
Therefore, there is an urgent need for bone-building
agents that are orally bioavailable yet have reduced
side effects (Nagpal et al., 2005).
Several VDR ligands, both natural and synthetic,

have been used for the treatment of osteoporosis
and osteomalacia, including calcitriol, alfacalcidol,
ED-71 [1a,25-dihydroxy-2b-(3-hydroxypropoxy) vitamin
D3], Ro-26-9228 [1a-fluoro-16-ene-20-epi-23-ene-26,27-

bishomo-25-hydroxyvitamin D3], and 2MD [2-methy-
lene-19-nor-(20S)-1a,25(OH)2D3] (Fig. 8). These ligands
enhance their beneficial bone anabolic effects by en-
hancing intestinal calcium absorption and by inhibiting
the synthesis of PTH. Several reports have demon-
strated the prevention and decrease of vertebral frac-
tures and an increase in total body and spine BMD
in osteoporotic patients after calcitriol (1,25-(OH)2D3)
treatment. However, 2 years of calcitriol treatment
resulted in a 57% increase in intestinal calcium ab-
sorption, a 100% increase in urinary calcium, and a 32%
decrease in PTH serum levels. Several of the patients
treated with calcitriol also developed hypercalciuria.
Clearly, the treatment of osteoporosis with calcitriol is
limited by its margin of safety, which appears to be very
narrow (Sairanen et al., 2000).

Prodrug and medicinal chemistry approaches have
been explored in an effort to identify less calcemic
vitamin D3 analogs or VDRMs (selective VDR modu-
lators) that are suitable for the treatment of osteoporo-
sis. Using the prodrug approach, alfacalcidol (1a-
hydroxyvitamin D3), a precursor to 1,25-(OH)2D3, was
identified. This precursor gets enzymatically converted
to the active hormone 1,25-(OH)2D3 in the liver by the
action of 25-hydroxylase. Alfacalcidol is superior to 1,25-
(OH)2D3 because enterocytes, the intestinal absorptive
cells found in the small intestine and colon, lack 25-
hydroxylase. Therefore, alfacalcidol’s actions are reduced
compared with calcitriol because it does not induce
intestinal calcium absorption in the first pass when it is
absorbed from the intestine. It was determined that in
vivo, this analog is converted rapidly to 1,25-(OH)2D3 in
both the liver and bone. Thus, treatment with alfacalci-
dol reduced the incidence of vertebral fractures and
increased bone mass in several clinical trials (Lau and
Baylink, 1999). The success of this drug is believed to
be the result of the ability to administer higher doses of
alfacalcidol than calcitriol before hypercalcemia occurs
(Lau and Baylink, 1999; Shiraishi et al., 1999).

Calcitriol and alfacalcidol (Fig. 8) are currently used
in Japan for treatment of osteoporosis. Clinical evi-
dence of improvement of fracture rates after alfacalci-
dol and 1,25-(OH)2D3 treatment has been published,
although the results from these studies are still being
debated (Orimo et al., 1987; Gallagher et al., 1989;
Ott and Chesnut, 1989; Gallagher and Goldgar, 1990;
Papadimitropoulos et al., 2002; O’Donnell et al., 2008).
This mode of treatment is viable in Japan and other
countries outside the United States because their diets
have modest calcium intake, making the side effects
more manageable and hypercalcemia and hypercalciu-
ria less common. In a controlled environment, the use
of 1,25-(OH)2D3 and alfacalcidol incurs few side effects
and can effectively treat osteoporosis.

Not only does the risk of osteoporosis increase with
age, it is well recognized that muscle strength declines
with age (Iannuzzi-Sucich et al., 2002). This inverse
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correlation has led to many cross-sectional studies
evaluating the role of vitamin D in moderating the age-
related decline in muscle function and the increased
risk of falls. One study found that reduced 1,25-(OH)2D3

levels correlated with an increased risk of falls in the
elderly (Gerdhem et al., 2005). Another study de-
monstrated a dose-dependent (800 U/day) impact of
vitamin D supplementation with the reduction of fall
rates in the elderly (Broe et al., 2007). Several other
studies have demonstrated similar benefits with vita-
min D supplementation (Hamilton, 2010). However, the
direct effect of vitamin D on the neuromuscular system
in aged individuals has yet to be evaluated. Some
postulate that the effect of vitamin D on muscle may be
due to parathormone and not to a direct action of
vitamin D on muscle (Annweiler et al., 2010). This
mechanism needs to be addressed, but it is still con-
ceivable that use of VDR ligands may present more
benefit in the treatment of osteoporosis than originally
thought by acting on both bone and muscle.
Several synthetic analogs of 1,25-(OH)2D3 have been

developed in hopes of reducing the occurrence of
hypercalcemia. One such analog, ED-71 [1a,25-dihy-
droxy-2b-(3-hydroxypropoxy) vitamin D3] (Fig. 8),
bears a hydroxypropoxy substituent at the 2b-position.
This analog has one-eighth the binding affinity to VDR
and a 2.7-fold greater affinity for DBP (Kubodera et al.,

2003). In studies using normal, ovariectomized, and
prednisolone-treated rats, ED-71 increased calcium
resorption in the gut, decreased bone resorption, and
increased bone mineralization (Tanaka et al., 1996;
Ono et al., 1998). The osteopenic ovariectomized (OVX)
rat is a model of postmenopausal osteoporosis that has
been predictive of clinical efficacy for potential thera-
peutics and is required by the regulatory agencies for
consideration of new therapies. ED-71 has been found
to be as effective as PTH in several rat studies using
OVX rats. In a 5-week trial, a dose of 0.08 mg/kg per
day of ED-71 decreased bone resorption and increased
bone mass without inducing hypercalcemia. In phase 1
clinical trials, ED-71 given orally at doses of 0.1–1.0 mg
in healthy human male volunteers for 15 days resulted
in a dose-dependent increase in urinary calcium with
no sustained hypercalcemia more than 10.4 mg/dl or
hypercalciuria more than 400 mg/day. As a result of
this trial, a second phase 2 trial with ED-71 began.
Varying doses of ED-71 (0.25, 0.5, 0.75, and 1.0 mg/day)
were administered for 24 weeks to osteoporosis patients.
There was a dose-dependent increase in lumbar spine
and hip BMD with effects better than those obtained
from estrogen-treated patients or results from studies
using alfacalcidol or 1,25-(OH)2D3. Ultimately ED-71
was well tolerated, and a clinical dose of 0.75 mg/day
was effective (Kubodera et al., 2003).

Fig. 8. VDR modulators.
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One of the first tissue- and cell-type selective
secosteroidal VDRMs identified was Ro-26-9228 (1a-fluoro-
16-ene-20-epi-23-ene-26,27-bishomo-25-hydroxyvitamin D3)
(Fig. 8). This analog was identified based on the obser-
vation that specific structural changes to 1,25-(OH)2D3

led to alterations of VDR transcriptional output (Peleg
et al., 2002). In an OVX rat model of osteoporosis, Ro-
26-9228 demonstrated 17- to 27-fold improved thera-
peutic index over 1,25-(OH)2D3 (Peleg et al., 2002),
leading to a 3-fold separation between BMD effect
versus hypercalciuria over 1,25-(OH)2D3. More impor-
tantly, Ro-26-9228 was less potent than 1,25-(OH)2D3

in inducing the expression of 24-hydroxylase, calbindin
D-9k, and calcium pump 1 in the duodena of OVX rats
but was as efficacious as 1,25-(OH)2D3 in enhancing
the expression of osteocalcin, osteopontin, TGFb1, and
TGFb2 in trabecular bone (Peleg et al., 2002, 2003). An
increase in BMD was accompanied by a decrease in
type I collagen degradation products in the urine.
Tissue selective action was observed, as Ro-26-9228
was less potent than 1,25-(OH)2D3 in inducing the ex-
pression of a VDRE-containing reporter in intestinal
Caco-2 cells, but both compounds were equally effica-
cious in osteoblastic MG-63 cells (Peleg et al., 2002,
2003). Further characterization of Ro-26-9228 revealed
that its preference for osteoblasts over intestinal cells
was based on differences in the ability of the VDRs
from these two cell types to recruit coactivators to the
transcriptional complex (Ismail et al., 2004).
Another vitamin D analog, 2MD [2-methylene-19-

nor-(20S)-1a,25(OH)2D3], which was modified at the
2-carbon position of the A ring, is highly potent,
exhibiting an affinity for VDR equal to that of
1,25-(OH)2D3 (Sicinski et al., 1998) (Fig. 8). This
analog has been found to be potent stimulator of bone
formation in vitro and in vivo, with a preferential
activity on bone over intestine (Sicinski et al., 1998).
Analyses have found that 2MD is at least 30-fold more
effective than 1,25-(OH)2D3 in stimulating osteoblast-
mediated bone calcium mobilization, while being only
slightly more potent in intestinal calcium transport.
Over a 23-week period, 2MD (7 pmol/day) caused a 9%
increase in total body bone mass in OVX rats whereas
1,25-(OH)2D3 (500 pmol, 3 times a week) only prevented
bone loss and did not facilitate an increase in bone mass
(Shevde et al., 2002). Of great importance is the fact
that 2MD, at concentrations of 0.01 nM, stimulated
osteoblastic bone formation, whereas 1,25-(OH)2D3 at
100 nM did not (Shevde et al., 2002). Further work
characterizing 2MD revealed that it stimulates the ex-
pression of several vitamin D-sensitive genes, including
25-hydroxyvitamin D3-24 hydroxylase (Cyp24), osteo-
pontin, and RANKL, while suppressing osteoprotegerin
at concentrations 2 logs lower than 1,25-(OH)2D3

(Yamamoto et al., 2003). Also, 2MD was more potent
than 1,25-(OH)2D3 at inducing the interaction of VDR
with RXR and the coactivators SRC1 and DRIP205,

suggesting that the potency of 2MD is due to its ability
to enhance specific DNA binding to VDR (Yamamoto
et al., 2003). This enhancement is due to the modifi-
cation of carbon 20 stereochemistry to the unnatural
S-configuration. Further studies have confirmed that
this configuration, in the presence of a full-length side
chain, improves binding of specific proteins to the VDR
transcriptional complex (Schwinn and DeLuca, 2007).
Furthermore, replacement of the 20-methyl with
hydrogen did not affect VDR binding or transcriptional
activity, but it did eliminate the mobilization of
calcium from bone while leaving intestinal calcium
transport intact (Barycki et al., 2009). A clinical trial
was performed on groups of osteopenic women (pla-
cebo, 220 ng of 2MD, and 440 ng of 2MD) to measure
the effect of daily oral treatment with 2MD on BMD,
serum markers of bone turnover, and safety for 1 year.
Although 2MD was generally well tolerated, the re-
sults were contrary to those obtained in OVX rats.
Treatment with 2MD in osteopenic women did not
change BMD, although it did increase markers of both
bone formation and bone resorption. Although the lack
of change in BMD was discouraging, the investigators
concluded that 2MD likely stimulated both bone
formation and bone resorption, thus increasing bone
remodeling (DeLuca et al., 2011).

To date, most of the synthetic VDR ligands gener-
ated and used clinically have a secosteroidal backbone
and exert their effects on several tissues, including
those that can lead to hypercalcemia, as seen by
administration of VDR ligands resulting in hypercal-
cemia by increasing calcium absorption from the intes-
tine. Nonsteroidal structures have provided SERMS
that are agonist in bone and transcriptionally inactive
(antagonist) in breast and uterine cells, therefore,
synthesis of VDR ligands that were tissue selective
was warranted (Lin and Huebner, 2000; Smith and
O’Malley, 2004). Ma et al. (2006) describe the synthesis
of two nonsecosteroidal analogs of vitamin D, the
VDRMs LY2108491 and LY2109866 (Fig. 8), which
function as potent and efficacious agonists to VDR in
keratinocytes, human peripheral blood mononuclear
cells (PBMCs), and osteoblasts, but exhibited attenu-
ated transcriptional activity in intestinal cells. In vivo,
these drugs presented with reduced hypercalcemia
as well as an improved therapeutic index relative to
1,25-(OH)2D3. Compared with other vitamin D analogs,
LY2108491 and LY2109866 were more tissue selective
than Ro-26-9228 (Peleg et al., 2002, 2003).

Although many of the analogs presented here have
proven efficacy over calcitriol and alfacalcidol, they
still have been shown to elevate calcium in sera and
in urine in a dose-dependent manner, leading to con-
cerns about hypercalcemia and hypercalciuria. In
addition, these agents are not orally bioavailable
and do not rebuild bone once it has been lost. With
this in mind, Sato et al. (2010) identified VDRM2,
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a nonsecosteroidal, tissue-selective, orally bioavailable
VDR ligand. This analog induced VDR–RXR hetero-
dimerization (EC50 7.1 nM) and stimulated the ex-
pression of the bone genes (osteocalcin) in a manner
similar to ED-71 and alfacalcidol. Using the osteopenic
OVX rat model, VDRM2 was evaluated 5 times in an 8-
week study. It was generally well tolerated and restored
bone mass, spatial architecture, and bone strength, but
it was not as potent as ED71 or 1,25-(OH)2D3. How-
ever, hypercalcemia was not observed in animals until
4.6 mg/kg, indicating a therapeutic safety margin of
57-fold between bone efficacy and hypercalcemia, which
is significantly greater than ED-71, 1,25-(OH)2D3, and
alfacalcidol (Sato et al., 2010). If the data from this
study are relevant to the clinical trials with ED-71,
VDRM2 may have clinical efficacy to treat osteoporosis
as well as other disorders, either alone or in combina-
tion with other approved therapies.
Secondary hyperparathyroidism (SHPT) refers to the

excessive secretion of PTH in response to low blood
calcium levels. Suboptimal levels of vitamin D lead to
a reduction in intestinal calcium absorption, increased
PTH production, and parathyroid cell proliferation
(Sprague and Coyne, 2010). This disorder is prevalent
in patients with chronic renal failure. Control of SHPT
is important in managing the course of chronic kidney
disease (CKD). Studies have demonstrated that if the
hypocalcemia can be addressed, SHPT will resolve.
Inactive forms of vitamin D, ergocalciferol and

cholecalciferol, have been demonstrated to significantly
increase 25-dihydroxyvitamin D and 1,25-(OH)2D3 levels
in patients with stages 3 and 4 CKD while suppressing,
but not normalizing PTH levels (Al-Aly et al., 2007;
Chandra et al., 2007; Zisman et al., 2007). However, as
CKD progresses, the ability of these vitamin D supple-
ments to suppress SHPT is reduced (Al-Aly et al., 2007;
Zisman et al., 2007). Additionally, the biologically ac-
tive VDR agonists, calcitriol and paricalcitol, suppress
PTH in a dose-related fashion regardless of the stage
CKD. Paricalcitol is an analog of calcitriol but pre-
sents fewer calcemic and phosphatemic effects. In a
randomized, prospective, phase 3 study, 0.04–0.24 mg
of IV paricalcitol for 32 weeks, showed similar or im-
proved PTH suppression and fewer hypercalcemic epi-
sodes compared with 0.01–0.06 mg of IV calcitriol (Sprague
et al., 2003).
Doxercalciferol (Fig. 8), a prohormone that can be

converted in the liver into a VDR agonist, was orig-
inally investigated as a treatment of osteoporosis, but
it induced hypercalcemia at higher doses, precluding
it from use for osteoporosis (Gallagher et al., 1994).
However, doxercalciferol later demonstrated its effi-
cacy by reducing PTH in hemodialysis patients, albeit
with elevated serum calcium and phosphorus levels
(Frazao et al., 2000; Maung et al., 2001). Thus, the use
of VDR agonists can suppress SHPT in CDK patients
and is associated with significantly better survival. Use

of some VDR agonists over others is warranted, as
episodes of hypercalcemia and/or hyperphosphatemia
were more frequent in calcitriol recipients (Kovesdy
et al., 2008; Shoben et al., 2008).

CKD leads to increased cardiovascular mortality in
nondialyzed patients. Studies evaluating patients with
stage 3 and 5 CKD have demonstrated excessive cor-
onary artery calcification (Kramer et al., 2005). One
mechanism by which VDR agonists inhibit vascular
calcification is through inhibition of the inflammatory
response associated with the calcification process.
The effects of VDR activation on inflammation will
be discussed in greater detail later in this review. A
second mechanism is currently evolving regarding the
effects of VDR agonists on vascular calcification. This
mechanism involves an imbalance between calcifica-
tion inhibitors and activators in serum and its effect on
the differentiation of specific cells. As vascular smooth
muscle cells and osteoblasts are derived from a similar
mesenchymal precursor cell, the increased uremic
toxins present in the serum of dialysis patients may
lead to this imbalance and drive the differentiation of
the mesenchymal precursors toward a more osteoblast
cell type. VDRs are present in vascular smooth muscle
cells, and activation of these receptors has been shown
to inhibit the synthesis of type 1 collagen (Bellows
et al., 1999). Therefore, VDR agonists may help restore
the balance between inhibitory factors and inducing
factors present in vessels and the circulation.

Decreased vitamin D activity increases renin ex-
pression, renin levels, atrial natriuretic peptide levels,
and angiotensin II levels, and causes hypertension
and cardiac myocyte hypertrophy in mouse models.
Indeed, VDR2/2 mice also showed defects in the renin-
angiotensin system (Li et al., 2002). These data suggest
that VDR is a negative regulator of this system and
may play a critical role in blood pressure homeostasis.
Thus, intravenous treatments with calcitriol (twice
weekly, 2 mg) in patients on hemodialysis caused
regression of myocardial hypertrophy (Kim et al.,
2006a). Furthermore, treatment of nephrectomized
rats with paricalcitol was associated with suppression
of renin, renin receptor, angiotensin, and angiotensin
II type I receptors (Aihara et al., 2004). Therefore,
hypertension and the deterioration of renal function
were significantly improved with treatment of VDR
agonists.

It has been well established that the active form of
vitamin D, 1,25-(OH)2D3, plays a central role in cal-
cium and bone regulation. However, recent evidence
suggests that vitamin D exerts many immunomodula-
tory functions. Cells other than those of the intestine,
bone, and kidney possess VDR, 1a-hydroxylase, and
24-hydroxylase, including immune cells, which can
produce the active form of vitamin D and respond in an
autocrine or paracrine fashion. In fact, many animal
studies and early epidemiologic and clinical studies
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support a role for VDR action in maintaining the
immune balance. The effects of 1,25-(OH)2D3 on the
immune system include decreased TH1/TH17 CD4+

T cells and cytokines, increased T-regulatory cells,
downregulation of T cell-cell driven IgG production,
and inhibition of dendritic cell differentiation (Kamen
and Tangpricha, 2010).
Vitamin D has been used as a form of treatment for

infection for over 150 years, beginning with the obser-
vation that cod-liver oil, an excellent source of vita-
min D, induced favorable results in patients with
tuberculosis (Kamen and Tangpricha, 2010). Since that
time, vitamin D and its analogs have been proven to
be widely effective in treating various inflammatory
conditions, some of which we will describe here.
Multiple sclerosis, a chronic autoimmune disease of

the CNS, is characterized by inflammatory cell in-
filtration and subsequent axonal demyelination in
localized areas, known as multiple sclerosis lesions.
Experimental autoimmune encephalomyelitis (EAE)
is a widely used animal model for human multiple
sclerosis as EAE presents with similar pathologies to
the human disease. Specific self-antigen reactive T-cell
subsets, T helper 1 (TH1) and T helper 17 (TH17), have
been demonstrated to play a critical role in both the
induction and onset of the disease. TH1 and TH17 cell
differentiation is controlled by antigen stimulation and
cytokines, particularly IL-12 or TGFb and IL-6, which
subsequently drives the TH1 or TH17 specific tran-
scription factors T-bet (T-box expressed in T cells) or
RORa and RORgt (retinoic acid receptor–related orphan
receptor), respectively. Therefore, controlling and or in-
hibiting TH1 and TH17 cell development would be
beneficial in the treatment of multiple sclerosis. With
their regulatory effects on cell proliferation, VDR
ligands are an attractive strategy for the control of
these T helper subsets.
Vitamin D3 has a crucial effect on the immune

response. In fact, several groups have established that
1,25-(OH)2D3 inhibits both TH1 and TH17 cell differen-
tiation in vitro (Mattner et al., 2000; Chang et al., 2010a).
Using the EAE model, in vivo use of 1,25-(OH)2D3

(3 mg/kg) inhibited both TH1 and TH17 mediated
disease induction, as evidenced by decreased inflam-
matory infiltration and reduced demyelination of the
brain and spinal cord (Mattner et al., 2000; Chang
et al., 2010a). In addition, 1,25-(OH)2D3 has been shown
to inhibit macrophage accumulation in the CNS during
EAE development; thus, 1,25-(OH)2D3 is acting on var-
ious cell types, leading to the protective effects seen after
administration of vitamin D3 (Nashold et al., 2000).
Despite the beneficial effects seen with vitamin D3

treatment in the EAE model, marked hypercalcemia
was observed in the treated mice, which is a major
impediment in the clinical development of vitamin D3

and its analogs for the treatment of autoimmune
diseases. In an attempt to advance these findings

toward a more clinical use, one group identified com-
pound A, a nonsecosteroidal VDRM, that was tran-
scriptionally less active in intestinal cells yet retained
its modulatory effects on T-helper cells. Daily oral
administration of compound A to mice with EAE
(10 mg/kg per day) led to inhibition of the induction and
progress of the disease compared with treatment with
1,25-(OH)2D3 (0.05 mg/kg per day). Analysis of spinal
cords from the mice demonstrated that there were re-
duced demyelination areas compared with the vehicle
control. More importantly, serum calcium levels were
within the normal range after compound A treatment
versus 1,25-(OH)2D3. Ex vivo stimulation of total
splenocytes from diseased mice revealed that compound
A inhibited both TH1 and TH17 cell differentiation
(Na et al., 2011).

Irritable bowel disease (IBD), including ulcerative
colitis and Crohn’s disease, is an immune-mediated
disorder of unknown etiology that affects the gastroin-
testinal tract. Specifically, proinflammatory cytokine–
producing T cells are associated with IBD in humans
(Aranda et al., 1997; Bregenholt and Claesson, 1998).
Several mouse models of spontaneous and induced
colitis have demonstrated that VDR expression is
required to control inflammation. To this end, treat-
ment with 1,25-(OH)2D3 has been shown to ameliorate
spontaneous colitis by direct and indirect inhibition of
TNFa (Zhu et al., 2005) in a mouse model of inflam-
matory bowel disease. Furthermore, in a pilot clinical
study of IBD patients, the VDR agonists alfacalcidol
(twice daily doses of 0.25 mg) and cholecalciferol (1000 U
daily) had proven short-term beneficial effects on bone
metabolism and disease severity after 1 year of admin-
istration (Miheller et al., 2009). By performing mod-
ifications in the side chain of 1,25-(OH)2D3, one group
described the VDR agonist ZK156979 (22-ene-25-oxa-
vitamin D), which at normocalcemic doses effectively
improved the symptoms of colitis induced by 2,4,6-
trinitrobenzene sulfonic acid by inhibiting TNFa pro-
duction and increasing levels of anti-inflammatory
cytokines. In vivo experiments performed in rats showed
that ZK156979 exhibited 100-fold lower hypercalcemic
activity than 1,25-(OH)2D3 (Daniel et al., 2005, 2006).

Use of another VDR analog, TX527 [19-nor-14,20-
bisepi-23-yne-1,25(OH)2D3], proved efficacious at inhib-
iting cell proliferation and TNFa production in vitro in
human PBMCs from Crohn’s disease patients (Stio
et al., 2007). Through introduction of two moieties in
1,25-(OH)2D3, 20-cyclopropyl or 16-ene, one group char-
acterized a potent anti-inflammatory VDR agonist,
BXL-62 [1a,25(OH)2-16-ene-20-cyclopropyl-vitamin D3].
BXL-62 resulted in a marked increase in anti-
inflammatory cytokines in PBMCs from healthy sub-
jects in vitro and did not induce hypercalcemia in mice
after 4 days of oral treatment (1 mg/kg) (Laverny et al.,
2009). Further analysis of this analog demonstrated
in vitro inhibition of proinflammatory cytokines in the
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PBMCs and lamina propria mononuclear cells from
patients with IBD while still showing the capacity to
induce VDR primary response genes, including CYP24A1
and CAMP, at lower concentrations than 1,25-(OH)2D3.
In vivo analysis demonstrated amelioration of experi-
mental colitis (1 mg/kg daily for 4 days) (Laverny et al.,
2010). Currently, the clinical use of 1,25-(OH)2D3 and its
analogs has been hindered by its adverse effects on
calcium homeostasis. Perhaps the generation of or use of
novel VDR analogs similar to those we have described
will yield more promising therapeutics for the treatment
of IBD.
Psoriasis is a recurrent, inflammatory skin disorder

affecting approximately 2% of the population. Addi-
tionally, a small percentage of psoriasis sufferers deve-
lop psoriatic arthritis, with inflammation and swelling
in the hands, feet, and joints. Psoriasis is characterized
by keratinocyte hyperproliferation, abnormal kerati-
nocyte differentiation, and immune cell infiltration,
specifically CD8+ T cells and CD4+ T cells, into the
epidermis and dermis, respectively (Nagpal et al.,
2005). The notion that vitamin D and its analogs could
be used as a therapeutic for psoriasis was generated
from an observation that a patient undergoing treat-
ment of osteoporosis with oral 1a-hydroxyvitamin
D3 demonstrated remission of psoriatic lesions (Mor-
imoto and Kumahara, 1985). Subsequent clinical stud-
ies using oral 1a-hydroxyvitamin D3, oral and topical
calcitriol, and topical 1,24-(OH)2D3 (tacalcitol) have
yielded promising results in which 70–80% of the pa-
tients showed marked improvement while 20–25% of
the patients have complete clearance of lesions (Nagpal
et al., 2001). Topical calcitriol has shown safety and
efficacy at 3 mg/g, but 15 mg/g exhibits an increased risk
for hypercalciuria (Langner et al., 2001; Nagpal et al.,
2001).
By inducing minor modification of the secosteroidal

backbone, medicinal chemists have tried to develop
analogs of 1,25-(OH)2D3 with decreased hypercalcemia.
One analog, calcipotriol, is metabolized quickly in the
blood and results in 100–200 times less calcemia than
1,25-(OH)2D3 (Kragballe, 1995). Use of twice daily ap-
plications of calcipotriol leads to 70% improvement in
patients when used for 6 to 8 weeks (Kragballe, 1995).
One side effect, occurring in approximately 20% of
patients, was cutaneous irritation. However, topical
calcipotriol was tolerated better than topical steroids
for psoriasis treatments. The mechanism of action for
these VDR agonists appears to be via decreased pro-
inflammatory cytokine expression in cutaneous T cells,
as well as decreased T cell and keratinocyte prolif-
eration. Clearly, the development of more efficacious
oral and topical VDR agonists with improved side-effect
profiles is warranted for the treatment of psoriasis
patients.
Current therapies for graft rejection involve the use

of immunosuppressive drugs that specifically target

the immune cells, yielding numerous side effects. Among
the most significant of these side effects are opportu-
nistic infections and transplant-related malignancies,
due in part to the weakened immune system of trans-
plant recipients. Immunosuppressants, which aim to
decrease immunologic rejection of the transplant, inad-
vertently handicap the ability of the immune system as
a whole. The immune system thus has a decreased
capacity to protect the individual from microorganisms
and cancerous cells. These side effects make immuno-
suppression difficult for the patient and significantly
affect quality of life, as immunosuppressant therapy is
often lifelong.

VDR agonists may be useful as potential dose-
reducing agents for conventional immunosuppressants
because they behave as immunoregulators and help to
inhibit allograft rejection, as has been demonstrated in
several models of both acute and chronic allograft
rejection (Adorini, 2002; Amuchastegui et al., 2005).
Both VDR agonists, elocalcitol and BXL-01-0029, a
prodrug of BXL-2198 (1,25-dihydroxy-16,23Z-diene-
26,27-hexafluoro-19-nor vitamin D3, also known as
BXL-219 or Ro 26-2198), were used in models of al-
lograft rejection and were demonstrated to retain their
VDR activity while inducing less hypercalcemia. One
study looked at BXL-01-0029 efficacy on the suppres-
sion of proinflammatory stimuli in isolated human
cardiomyocytes and purified CD4+ T cells. BXL-01-
0029 inhibited INFg and TNFa-induced CXC chemo-
kine ligand 10 (CXCL10) secretion in human isolated
cardiomyocytes as well as CXC chemokine ligand 10
(CXCL10) secretion and gene expression in CD4+ T cells
(Sottili et al., 2009). Another study set out to inves-
tigate whether VDR activation, via BXL-01-229 and
elocalcitol, would be useful in kidney allograft re-
jection. BXL-01-229 proved to be the most potent drug
in isolated human proximal tubule endothelial cells
(human renal tubular cells) and could potentially be
used as a dose-reducing agent for conventional immuno-
suppressors of kidney rejection management (Sagrinati
et al., 2010).

The past two decades have yielded valuable insight
into the physiologic, molecular, structural, and bio-
chemical actions of 1,25-(OH)2D3 and VDRMs on VDR
activity. These studies have validated the therapeutic
potential of VDRMs for various diseases, including
those occurring in both classic and nonclassic VDR
tissues. Despite this recent progress, the major hurdle
still hindering the clinical use of VDRMs is the re-
sulting hypercalcemia/hypercalciuria that occurs with
VDRM treatment.

What is clear from recent studies is that in and of
itself, ligand binding may alter DNA-binding proper-
ties such that different classes of ligands may alter
DNA-binding abilities and give unique pharmacologic
profiles that may account for the tissue- and gene-
specific effects that some ligands have over others. In
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addition, the sequence of the DBD itself may relay
information to the LBD to alter its conformation,
suggesting that DNA-response element–dependent re-
sponsiveness may either activate or repress target-
gene transcription, depending on the specific DNA
sequence to which VDR is binding. Finally, it is obvious
from X-ray crystallographic and HDX studies that
specific moieties within each VDRM confer stability of
the LBD upon ligand binding. One clear example is the
25 hydroxyl group in 1,25-(OH)2D3, which results in
H12 stability upon ligand binding. With the recent
generation of VDRMs, which confer tissue specificity
but do not display hypercalcemia, even more exciting
compounds are sure to be discovered.

IV. Thyroid Hormone Receptor Modulators

A. Thyroid Hormone Receptor Structure

The thyroid hormones (THs) triiodothyronine (T3)
and thyroxine (T4) bind to and activate the nuclear
thyroid receptors TRa and TRb. As the other members
of the nuclear receptor family, TRs also act by inducing
or reducing the expression of target genes by binding
specific sequences in the genome. The use of radioactivity-
labeled TH has demonstrated binding activity in cells
and nuclear fractions, and thus reflects the first evidence
of a TH receptor (Samuels and Tsai, 1973). Differential
binding activity could be shown among various tissues,
with high binding in the liver, kidney, pituitary gland,
heart, and brain (Oppenheimer et al., 1974).
The TRa gene was subsequently cloned and identi-

fied as a cellular homolog of the virally encoded
oncogene v-erbA, c-erbA (or ERBAa) (Sap et al., 1986;
Weinberger et al., 1986a). Also, the TRb gene turned
out to be previously known as ERBAb. In humans.
THRA (or ERBAa or NR1A1) encodes TRa1, TRa2 and
TRa3, which are generated by alternative splicing
(Mitsuhashi et al., 1988). Only one of these gene
products, TRa1, displays T3-binding activity. DBD–

deficient but T3-binding TRa proteins have also been
described to occur through alternative promoter usage
(Plateroti et al., 2001). The biologic significance of the
TRa proteins lacking either DNA- or hormone-binding
activity needs to be clarified. The THRB (or ERBAb or
NR1B1) gene codes for the isoforms TRb1, TRb2, and
TRb3 (Hodin et al., 1990; Bradley et al., 1992;
Williams, 2000; Cheng et al., 2010). All three have
DNA- and TH-binding capacity and differ only in the
amino terminal domains.
The TRs can bind to their DNA-response elements

in the target genes as homodimers, monomers, or as
heterodimers together with another nuclear receptor,
RXR (Lazar, 1993; Zhang and Lazar, 2000; Yen, 2001).
TRs share the typical domain organization of the
protein with the other nuclear receptors, where the
hormone-binding E/F domain is located in the C ter-
minal, the DNA-binding C domain is centrally located,

and the N terminal A/B domain is where coregulator
proteins are recruited. The TRs have a high degree of
homology, with the most variation found in the A/B
domain (Yen, 2001; Cheng et al., 2010).

B. Thyroid Hormone Receptor Action

The endogenous ligands of the thyroid hormone
receptors TRa and TRb are commonly known as thy-
roid hormones. Studies dating back to the 19th century
showed that transplantation of sheep thyroid gland
tissue could rapidly improve the state of a patient
suffering from what later became known as hypothy-
roidism (Murray, 1891). Accordingly, extracts from
thyroid glands showed an improving effect on the same
disease condition when injected into patients. During
this time, similar treatments were also found to be
effective against childhood cretinism, characterized by
developmental deficits such as mental and growth
retardation (Osler, 1897). This condition is now known
as TH deficiency. In the same century, it was realized
that overt activity of the thyroid gland was the cause of
a pathologic state later to be known as hyperthyroid-
ism (Baumann, 1895–1896). In 1915, almost 100 years
ago, Kendall reported on the isolation of an iodine-
containing compound from the thyroid gland, now
known as TH; to date, it is the only known molecule in
terrestrial organisms that contains covalently incorpo-
rated iodine atoms (Kendall, 1915).

The thyroid gland produces two main forms of TH, T4

(3,5,3959-tetraiodo-L-thyronine), and T3 (3,5,39-tetraiodo-
L-thyronine). Thyroxine (T4), the main product of the
thyroid gland, displays less bioactivity but a longer half-
life compared with T3. The thyroid gland is the only site
in the body where T4 is produced, whereas only around
20% of T3, the more active variant, is generated in this
tissue. THs are highly pleiotropic hormones and have
the capacity to regulate development, growth, and
cellular metabolism in most tissues (Oetting and Yen,
2007; Moreno et al., 2008).

Different carriers in the blood, including transthyr-
etin, serum albumin, and thyroxine-binding globulin,
transport TH (Schussler, 2000; Hamilton and Benson,
2001). The uptake of TH into target tissues is thought
to occur mainly as an active process through the mono-
carboxylate anion transporters MCT8 and MCT10, and
also the organic anion transporter 1c, and possibly other
transporters as well (Heuer and Visser, 2009; van der
Deure et al., 2010).

The majority of the T3 is generated in the peripheral
tissues by enzymatic modification of T4 by deiodinases.
In adults, the type I and type II iodothyronine 59-
deiodinases (DIO1 and DIO2) remove the 59-iodine
from T4 on the outer ring, generating T3 (Gereben
et al., 2008). A third deiodinase, DIO3, can inactivate
both T4 and T3 through deiodination of the inner ring.
The enzyme encoded by the DIO1 gene can act both on
the inner and outer ring and is therefore able to both
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produce T3 as well as inactivate T3 (Gereben et al.,
2008). These deiodinases display different tissue dis-
tribution; DIO1 is expressed mainly in the peripheral
organs including the liver and kidney; DIO2 is present
in a variety of tissues, with high expression in the
pituitary gland, brain, and brown adipose tissue; and
DIO3 is found in placenta, brain, and skin. These
enzymes thus play an important role in regulating the
local and also systemic levels of TH. In addition, sul-
fation and glucuronidation can also modify the structure
of TH, thereby contributing to maintaining their bio-
active levels (Robbins, 1981; Kester et al., 2002).
A higher order of TH-level control is regulated by the

classic hypothalamus-pituitary-thyroid axis (Yen, 2001;
Chiamolera and Wondisford, 2009). Thyrotropin-
releasing hormone produced in the hypothalamus
induces the expression of thyroid-stimulating hormone
(TSH, or thyrotropin) in the anterior pituitary gland.
TSH then activates the production of TH in the fol-
licular cells of the thyroid gland. TH exert control over
of their own production through a feedback loop where
circulating TH can repress the TSH levels by acting on
both hypothalamus and the pituitary gland. TSH dis-
plays a circadian secretion profile, with highest levels
at the dark phase (Eisenberg et al., 2010; Kessler et al.,
2010). This implies an intricate network of control
mechanisms to keep the local and systemic levels of
TH within narrow concentration limits, under normal
physiologic conditions. Indeed, if these concentration
limits are not kept, severe disease may occur as a re-
sult. Symptoms of hypothyroidism, when levels of TH
are too low, are exemplified by a generally suppressed
metabolic profile with weight gain, decreased body
temperature, decreased cold tolerance, mental retar-
dation, mood disorders, constipation, myxedema, ele-
vated serum cholesterol levels, decreased lipolysis,
decreased sterol excretion. Additionally, hypothyroid-
ism is associated with an increased risk of coronary
artery disease (Bartuska and Dratman, 1973; Boyages
and Halpern, 1993; Shagam, 2001; Cappola and
Ladenson, 2003).
Individuals with hyperthyroidism largely display

symptoms opposite to that of hypothyroidism, with
elevated circulating TH levels, weight loss, intolerance
to heat, sweating, hyperdefecation, muscle wasting,
fatigue, anxiety, osteoporosis, and markedly increased
heart rate (tachycardia) with increased atrial arrhyth-
mia and heart failure (Shagam, 2001; Bettendorf, 2002;
Sharma et al., 2011). Hyperthyroid subjects also pre-
sent with lower serum total cholesterol levels, with
both LDL and HDL fractions reported to be reduced
(Scottolini et al., 1980; Muls et al., 1982; Lee et al.,
2004). Regarding changes in serum triglyceride levels,
for this group of patients no consistency can be found
because elevated, reduced, and unaltered levels have
been reported (Tulloch et al., 1973; Muls et al., 1982;
Friis and Pedersen, 1987).

Almost every cell expresses some variant of the TRs,
but the levels for a specific variant depend on the type
of tissue and stage of development (Bradley et al.,
1992; Cheng et al., 2010). TRa1 is found at highest
levels in skeletal muscle and brown adipose tissue but
is expressed in kidney, heart, and brain. TRa1 appears
early during development. TRb1 is the predominant
isoform in the liver and kidney, and is also found at
high levels in brain, heart, and thyroid tissues. TRb1 is
expressed in later stages of development, as opposed to
TRa1. TRb2 is located to the hypothalamus, anterior
pituitary, inner ear, and retina (Hodin et al., 1990;
Bradley et al., 1992, 1994; Cook et al., 1992; Sjoberg
et al., 1992; Cheng et al., 2010). TRb3 is predominantly
expressed in liver, kidney, and lung (Yen, 2001).

Mutations in the THRB gene are known to be asso-
ciated with a pathologic condition termed resistance to
thyroid hormone syndrome (RTH) (Refetoff et al., 1967;
Refetoff, 1994; Olateju and Vanderpump, 2006). RTH
shares several features with hypothyroidism, but high
levels of TH are detected. The THRB mutations found
in RTH seem to infer a dominant negative property to
the receptor function. Subjects with RTH frequently
display greater fat mass, insulin resistance, and lower
HDL cholesterol levels compared with normal subjects;
however, the RTH syndrome can be subdivided into
different categories, which display different symptoms.

A rather complex mix of information on the specific
roles of the individual TR isoforms has resulted from
work on mice with ablated and mutated variants of TR
(Forrest et al., 1996a,b; Wikstrom et al., 1998; Marrif
et al., 2005). Currently, at least seven mutant alleles
for THRA and nine for THRB exist, either as knockout
or knockin mutations (Flamant et al., 2006). A sub-
stantial redundancy in target gene activation seems to
be present when comparing different TR isoforms
(Flores-Morales et al., 2002; Yen, 2003). However,
distinct magnitudes of target gene activation have
been described for different TR isoforms, relating to
specific subsets of genes (Flores-Morales et al., 2002;
Yen, 2003). It has also been demonstrated that one TR
isoform will activate specific genes when bound to
ligand, whereas another TR variant will repress the
same genes under the same conditions (Ng et al., 1995;
Sjoberg and Vennstrom, 1995; Langlois et al., 1997;
Wan et al., 2005). Like other NRs, TRs can also
regulate gene expression in the unliganded state
(Sjoberg and Vennstrom, 1995). This is manifested by
the observations that hypothyroidism gives rise to
more severe developmental defects than do either TRa
gene deletion or combined deletion of both TRa and
TRb genes. These observations indicate mechanisms
driven by corepressor complexes recruited to the
unliganded TRa receptor.

Mice that lack the TRa1 form display problems with
maintaining a stable body temperature and also pre-
sent with bradycardia. Mice with defective TRa1
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and TRa2 have low serum TH, retarded growth, and
intestinal defects. TRb-deficient mice show a defect
in the feedback control exerted by TH on the
hypothalamus-pituitary-thyroid axis; they have high
thyrotropin-releasing hormone and TSH levels and
consequent increased circulating TH levels (Forrest
et al., 1996a,b; Wikstrom et al., 1998; Marrif et al.,
2005). TRb-deficient mice also display auditory and
visual defects, including deafness and colorblindness,
goiter, and defective hepatic response to triiodothyro-
nine, including inability to regulate cholesterol break-
down to bile acids (Forrest et al., 1996a,b; Wikstrom
et al., 1998; Gullberg et al., 2000, 2002; Marrif et al.,
2005). Elevated TH is also found in mice lacking both
TRa and TRb (Vennstrom et al., 2010). Some of the
phenotypes may become more pronounced in mice
deficient in both TRa and TRb. Importantly, many
neurologic functions and behavioral patterns have
been shown to be aberrant in both TRa and TRb
mutant mice (Vennstrom et al., 2010; Patel et al.,
2011). This is in line with an important role for TRs in
the development and function of the neural tissues
(Patel et al., 2011).
The work describing the X-ray crystal structure of

the TRa LBD with bound ligand was pioneering in the
NR field, because it was the first NR LBD structure to
be determined, and it revealed unexpected features of
a NR bound to its ligand (Wagner et al., 1995). Most
strikingly, it was discovered that the LBD was folded
in a conformation so that it enclosed the hormone,
which had not been envisioned previously.

C. Selective Thyroid Hormone Receptor Modulators

Pathologic conditions involving metabolic disorders,
including cardiovascular disease, diabetes, and mas-
sive obesity (i.e., metabolic syndrome), continue to be a
major cause of death despite massive efforts. With the
expected reduction of life span and quality of life for the
younger generation as a consequence, and an enor-
mous cost burden to future society, the need for im-
proved therapies targeting these disorders cannot be
underestimated.
Although some of the effects exerted by TH involve

an improved LDL cholesterol profile, increased meta-
bolic rate, and reduced adiposity, interest has been
long standing in separating these beneficial effects of
TH from the harmful and deleterious effects. The
efforts to design synthetic ligands for TRs must be
careful not to mimic the deleterious effects of TRa on
increased heart rate or of TH-induced bone turnover
and muscle wasting. Instead, the focus for the design of
synthetic selective TR modulators has been on creating
TRb-specific compounds because this TR is responsible
for the beneficial effects seen in lipid lowering. More-
over, studies have demonstrated that hepatic TRb re-
ceptors are largely responsible for these effects, hence
defining another level of selectivity in designing TR drugs.

Studies of the structures of TRa and TRb have found
it a rather cumbersome task to discover TRb-selective
compounds, and only a single amino acid differs in the
two LBDs of TRa and TRb (Darimont et al., 1998;
Wagner et al., 2001). Nevertheless, work with de-
signing TRb-selective compounds has been ongoing for
considerable time, and in recent years has become
remarkably successful.

In the 1950s, human trials with TH infusions
showed that TH therapy could lower serum cholesterol
levels (Strisower et al., 1954, 1955; Galioni et al.,
1957). Later, animal and human studies with TH
analogs, including triac, tertac, triprop and 3,5-diiodo-
thyropropionic acid, likewise demonstrated a capacity
to reduce serum lipids. However, these analogs were
not specific for either TR, so the adverse effects caused
by these compounds made further studies directed at
metabolic effects not feasible (Lerman and Pitt-Rivers,
1956; Rawson et al., 1959; Hill et al., 1960; Leeper et al.,
1961; Pennock et al., 1992; Sherman and Ladenson,
1992).

A large human trial using a TH variant was included
in the Coronary Drug Project to test the effects of
various lipid-lowering drugs on men who had un-
dergone at least one myocardial infarction (Coronary
Drug Project Research Group, 1972). The study was
terminated due to a higher number of deaths in the
group receiving the D-thyroxine (D-T4). However, a
serum cholesterol-lowering effect was seen in that
group. It was later discovered that the D-thyroxine may
have been contaminated with the more bioactive form
L-thyroxine (L-T4), so conclusions drawn from this arm
of the study may have been blurred by the severity of
condition of the patients at the start of the study
(Young et al., 1984). These results markedly reduced
the interest at the time in continued studies employing
T4 as a lipid-lowering drug.

More recently, several synthetic TH analogs have
been identified with the capability to reduce serum
cholesterol without adverse heart effects. One of these
compounds was L-94901, 3,5-dibromo-3-pyridazinone-
L-thyronine (Barlow et al., 1989) (Fig. 9) from Glaxo-
SmithKline (Research Triangle Park, NC). L-94901
lowered cholesterol while not affecting the heart (Ness
et al., 1998). The mechanism likely involves a liver-
selective uptake, as L-94901 binds both TRs with
similar affinity. CGH 509A, the conjugation of the
primary bile acid cholic acid to L-triiodothyronine, has
been evaluated as to gain a preferential liver uptake
(Stephan et al., 1992). CGH 509A was able to reduce
serum cholesterol in rats, although it is less potent
than L-T3 alone, without adverse effects on heart or T4

lowering (Stephan et al., 1992).
Another TH analog with cardiac-sparing proper-

ties, CGS 23425, N-[3,5-dimethyl-4-(49-hydroxy-39-
isopropylphenoxy)-phenyl]-oxamic acid (Fig. 9), was
shown to lower LDL in hypercholesterolemic rats and
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to increase the number of LDL receptors, decrease apo-
lipoprotein B (apoB)-100 levels, and increase apolipo-
protein A1 (apoAI) expression (Taylor et al., 1997; Wada
et al., 2000).
Based on insights from the structural studies on the

interaction TRs with ligands, the synthetic high-affinity
ligand GC-1, 3,5-dimethyl-4(49-hydroxy-39-isopropylbenzyl)-
phenoxy) acetic acid (Fig. 9), was designed through a
rational approach by Scanlan and Baxter and colleagues
(Chiellini et al., 1998). GC-1, also known as sobetirome
or QRX-431, was originally intended to improve the
synthesis of TH analogs. Referring to T3, the three
iodines were replaced by methyl and isopropyl groups,
the biaryl ether linkage was replaced by a methylene
linkage, and the amino acid side chain was replaced
by an oxyacetic-acid side chain (Chiellini et al., 1998).
GC-1 was demonstrated to bind TRs with an affinity
similar to that of T3 itself. Moreover, this TH analog
bound TRb with the same affinity as T3 but displayed a
10-fold lower affinity for TRa compared with T3. Later
studies revealed that the oxyacetic acid side chain is
responsible for the TRb selectivity by utilization of
the only nonconserved amino acid residue, Asn331, in
the TRb ligand-binding pocket, which is replaced by
Ser277 in TRa (Wagner et al., 2001; Yoshihara et al.,
2003).
A second level of specificity could also be attributed

to GC-1 when it was found to show a much higher
accumulation in the liver compared with other organs,
including the heart, because TRb is the predominant
form in the liver and also is largely responsible for the
lipid-lowering activities by THs (Trost et al., 2000). The
exact mechanisms of liver selectivity are not clear but
likely involve a higher degree of hepatic first-pass
extraction.
Since its appearance, GC-1 has become the best-

studied selective TR agonist. It has been demonstrated

to lower serum cholesterol in several animal models,
which include hypothyroid and euthyroid mice,
cholesterol-fed mice and rats, and also cynomolgus
monkeys, with up to 90% reductions in rats and 40% in
monkeys (Trost et al., 2000; Grover et al., 2004;
Johansson et al., 2005). In each case, the LDL fractions
are mostly affected. No major effects were seen on
the heart in GC-1-treated primates or rodents at
cholesterol-lowering doses. Serum triglycerides were
reduced by GC-1 treatment in mice; in rodents, de-
creased fat mass and increased metabolic rate and
steatosis were found (Johansson et al., 2005; Perra
et al., 2008; Villicev et al., 2007). Importantly, GC-1
was found to induce breakdown of cholesterol to bile
acids through induction of the rate-limiting enzyme in
bile acid synthesis Cyp7a1 (Johansson et al., 2005).

KB141, 3,5-dichloro-4-[4-hydroxy-3-(propan-2-yl)
phenoxy]phenyl acetic acid (Fig. 9), is a TRb selective
agonist that that uses the same principles as GC-1 to
achieve its higher affinity for TRb (Grover et al., 2003,
2005, 2007). This agonist has approximately 15-fold
higher binding affinity to TRb than TRa. KB141 is not
selectively enriched in the liver, but is capable of
lowering serum lipids in several rodent models and
cynomolgus monkeys like GC-1 (Grover et al., 2007). In
addition to inducing bile acid synthesis by regulating
Cyp7a1, KB141 was also shown to induce hepatic LDL
receptor expression in the mouse (Erion et al., 2007).
Both GC-1 and KB141 reduced the serum content of
the atherogenic Lp(a) in monkeys (Grover et al., 2003,
2004). Additionally, KB141 lowers weight and adipos-
ity, and reduces serum triglycerides and blood glucose
in rodent models of obesity-induced diabetes; however,
KB141 has not been tested further in clinical trials
(Erion et al., 2007; Bryzgalova et al., 2008).

The drug MB07811, (2R,4S)-4-(3-chlorophenyl)-2-
[(3,5-dimethyl-4-(49-hydroxy-39-isopropylbenzyl)phenoxy)

Fig. 9. TR modulators.
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methyl]-2-oxido-[1,3,2]-dioxaphosphonane (Fig. 9),
is a liver-selective prodrug that upon enzymatic activa-
tion in the liver becomes a selective TRb agonist (Erion
et al., 2007). MB07811 lowers both serum cholesterol
and triglycerides in rodents (Cable et al., 2009). More-
over, this drug displayed additive effects in statin-
treated rabbits, dogs, and monkeys with regards to
cholesterol (Ito et al., 2009). MB07811 also induces
LDL receptors and Cyp7a1 in rodents (Erion et al., 2007;
Cable et al., 2009).
The liver selective TR agonist T-0681, sodium;3-[4-

[3-[(4-fluorophenyl)-hydroxymethyl]-4-hydroxyphenoxy]-
3,5-dimethylanilino]-3-oxopropanoate (also known as
KAT-681), has recently been demonstrated to have be-
neficial effects on atherosclerotic lesions in cholesterol-
fed rabbits and mice deficient in apolipoprotein E
(Hayashi et al., 2004; Tancevski et al., 2009). T-0681
induced the LDL and HDL receptors in rodents and in
addition was found to significantly increase fecal excre-
tion of macrophage-derived neutral and acidic sterols
(Tancevski et al., 2010). Notably, no apparent positive
effects on the process of reverse cholesterol transport
could be found in CETP transgenic mice in the same
study.
GC-1, 3,5-dimethyl-4(49-hydroxy-39-isopropylbenzyl)-

phenoxy) acetic acid (also known as sobetirome or
QRX-431, licensed to QuatRx Pharmaceuticals, Ann
Arbor, MI), has been tested in human subjects during
a phase I clinical trial that was performed in 2008 (Lin
et al., 2008). The study showed that the compound was
well tolerated at all doses tested. In particular, at
a daily dose of 100 mg, GC-1 reduced serum LDL
cholesterol levels approximately 41% in healthy vol-
unteers without effects on heart rate or thyroid axis.
In a continued effort to develop a selective TRb

agonist, Karo Bio AB and collaborators discovered
KB2115, or 3-[[3,5-dibromo-4-[4-hydroxy-3-(1-methylethyl)-
phenoxy]-phenyl]-amino]-3-oxopropanoic acid, also called
eprotirome (Berkenstam et al., 2008) (Fig. 9). So far, no
in vitro or animal data for KB2115 have been published
so far. Compared with KB141, KB2115 appears to un-
dergo a high hepatic extraction. In the first human
study with subjects aged 18–60 years who were not
pregnant, had a body mass index of 25–35, and had a
total serum cholesterol .5.0 mM, KB2115 was admin-
istrated daily at doses of 100 and 200 mg for 14 days; the
study found a 40% reduction of total serum cholesterol
as well as LDL cholesterol (Berkenstam et al., 2008).
Treatment with KB2115 also induced CYP7A1, affect-
ing bile acid synthesis and cholesterol regulation, as
seen in previous rodent studies. However, no effect was
seen on cholesterol synthesis in this study. Additionally,
the doses used did not appear to cause adverse effects in
skeletal muscle or heart parameters or changes in body
weight or oxygen consumption.
This study was followed up by a phase 2, multicenter,

randomized, placebo-controlled, double-blind human

trial with the KB2115 compound (Ladenson et al.,
2010). Subjects in the study were between 18 and 65
years of age, not pregnant, and had received treatment
with simvastatin or atorvastatin for at least 3 months
before entry in study but had an serum LDL cholesterol
level .3.0 mM. Subjects already under treatment with
statins who received a daily dose of KB2115 of 100 mg
for 12 weeks showed an approximately 30% reduction of
serum LDL. Similar reductions were found in athero-
genic apolipoprotein B and Lp(a) lipoprotein serum
levels, and no apparent side effects were reported on
bone or heart. However, decreased levels of T4, but not
T3 and thyrotropin, were evident in subjects receiving
KB2115. Currently, phase 3 studies are underway to
further assess the efficacy and safety of KB2115.
Approximately 1100 patients with familial heterozygous
hypercholesterolemia, who frequently do not meet their
treatment goals with common cholesterol-lowering re-
gimens including statins, are being treated in this study
(Karo Bio AB, 2010; http://www.karobio.com/research-
development/en-substans-mot-hoga-blodfetter).

In summary, the progress with establishing selective
TR modulators has accelerated the last years, and
several compounds now being tested in human clinical
studies, with human hypercholesterolemia as the pri-
mary indication. These astonishing achievements have
been reached despite initial structural and functional
studies pointing at a very narrow window for selective
drug design aimed at TRb. The studies with TRb-
selective compounds have also contributed insights
into previously unanticipated properties of NR in-
teraction with ligands. It will be interesting to see
whether the findings demonstrating TRb agonist ef-
fects on parameters including blood glucose and fat
reduction in animal experiments can be translated to
human clinical studies in the future. Current lipid-
lowering regimens are in many cases insufficient, so
novel therapies that can synergize with the drugs in
present use are highly sought after in clinical practice.

V. Selective Androgen Receptor Modulators

A. Androgen Receptor Structure

The AR belongs to nuclear receptor subfamily 3,
group C (NR3C4), which also includes steroid receptors
GR, MR, and PR. AR plays a major role in the de-
velopment and maintenance of the male reproductive
organs by mediating the physiologic response to tes-
tosterone and dihydrotestosterone. Although a single
gene localized on the X-chromosome codes for AR, two
isoforms of AR have been identified. AR-A is an 87-kDa
protein, consisting of a truncated A/B resulting from
proteolytic cleavage of 187 amino acids; AR-B is con-
sidered the full-length protein at 110 kDa. Similar to
other nuclear receptors, AR consists of three major
structural and functional domains: the amino-terminal
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domain contains the activation AF-1 and is the major
transactivation domain, the DBD, and the LBD
that contains second transactivation function (AF-2)
(Jenster et al., 1991; Auwerx et al., 1999). In the
absence of ligands, the molecular chaperone complex is
critical for AR to maintain in a stable, inactive,
intermediate conformation. The 70-kDa heat shock
protein (Hsp70) functions as a negative regulator of
transactivation of AR, but Hsp40 is necessary for hor-
mone binding to the AR. Ligand binding causes a
sequential dissociation of molecular chaperones from
AR and activates the receptor. Receptor activation leads
to exposure of the nuclear localization signal, which
results in Hsp90-dependent translocation of the AR
to the nucleus and AR homodimer formation. The AR
dimers bind the androgen-responsive element in the
promoter of target genes, recruit coregulators, and ini-
tiate transcription (Prescott and Coetzee, 2006).

B. Androgen Receptor Function

AR is necessary for male sexual differentiation and
maintaining sexual function. It is also important in
maintaining skeletal muscle mass and strength, BMD,
hematopoiesis, and cognitive behavior (Heemers and
Tindall, 2007). Additionally, AR has been shown to
have a significant role in development and metabolism,
as most mutations in AR are associated with disease.
For example, androgen insensitivity syndrome is caused
by a mutation of the AR gene, and a CAG repeat
(trinucleotide repeat) in the first exon of the AR gene is
expanded in Kennedy’s disease (Holterhus et al., 2005;
Galani et al., 2008; Palazzolo et al., 2008). Somatic AR
mutations are also commonly found in prostate cancer
(Newmark et al., 1992).
AR requires the binding of endogenous ligands to

perform its physiologic function. Testosterone is the
major androgen, as it represents 90% of the androgens
available to bind to AR. Approximately 5–8% of tes-
tosterone is reduced to dihydrotestosterone (DHT) by
type-2 5a-reductase in the prostate and hair follicles.
The remaining endogenous androgens, which include
dehydroepiandrosterone (DHEA), androstenediol, and
androstenedione, are produced by the adrenal cortex
and can be converted into testosterone in peripheral
tissues (Rainey et al., 2002; Davison and Bell, 2006).
Circulating testosterone and DHT are critical for the
development and maintenance of male accessory
reproductive organs, the control of male sexual per-
formance, and the maintenance of male secondary char-
acteristics involving muscle, bone, and hair (Mooradian
et al., 1987).
As men grow older, their testosterone level gradu-

ally declines. Low levels of androgens can also result
from testicular diseases, inflammation, and chemo-
therapy used to treat cancer. Diseases affecting the
hypothalamus and pituitary glands can also decrease
the level of androgens in men. Often, a lower level of

androgens can lead to a decreased sex drive, erectile
dysfunction, fatigue, decreased physical activity, loss
of muscle mass and strength, and bone weakness,
which results in poor quality of life (Bhasin and
Jasuja, 2009).

Physicians have used androgen replacement therapy
for many years to treat male disorders. Unfortunately,
the clinical application of androgen is not widespread
because natural androgens and their derivatives tend
to have low efficacy by oral administration, or are
inconvenient to administer by intramuscular injection
or implant of testosterone and/or testosterone esters
(Negro-Vilar, 1999). The anabolic effects of androgens
can also be used to treat loss of muscle mass and
osteoporosis caused by aging and chronic diseases
(Bhasin and Jasuja, 2009). Unfortunately, long-term
and high-dose use of androgens is associated with
adverse effects, including erythrocytosis, increased
body weight, leg edema, and aggressive behavior. With
the limitation of natural androgens and derivatives,
the development of selective androgen receptor modu-
lators (SARM) has attracted attention from pharma-
ceutical companies (Negro-Vilar, 1999). In the early
1940s, the development of SARMs focused on the
modification of the testosterone molecule to improve
oral bioavailability and/or tissue selectivity. A collab-
oration between the University of Tennessee and
Ligand Pharmaceuticals developed the first nonsteroi-
dal SARMs in 1998 (Dalton et al., 1998; Edwards et al.,
1998). Since then, many major pharmaceutical compa-
nies have developed a large number of nonsteroidal
SARMs.

C. Selective Androgen Receptor Modulators

The development of SARMs is based on four
pharmacophores: aryl-propionamide, bicyclic hydantoin,
quinoline, and tetrahydroquinoline analogs. In contrast
with testosterone, the synthetic SARMs are not sub-
strates for aromatase or 5-reductase (Chen et al., 2005).
SARMs have been demonstrated to act as full agonists
in anabolic organs (e.g., muscle and bone), but they
only act as partial agonists in androgenic tissues (e.g.,
prostate and seminal vesicles). SARMs may provide op-
portunities to treat primary or secondary hypogonadism,
osteoporosis, frailty, chronic sarcopenia, and cachexia
as well as contributing to rehabilitation, anemia, hor-
monal male contraception, and sexual desire disorders.
This section describes some of the SARMs currently
used in treatment of AR-derived diseases.

S-4 or andarine, (2S)-3-(4-acetamido-phenoxy)-2-
hydroxy-2-methyl-N-(4-nitro-3-trifluoromethyl-phenyl)-
propionamide (Fig. 10), was developed using the non-
steroidal androgen antagonist bicalutamide as the lead
compound (Gao et al., 2005). Pharmacokinetics studies
demonstrated that S-4 is rapidly absorbed, slowly
cleared, and has a moderate volume of distribution in
rats (Kearbey et al., 2004). S-4 also showed in vivo both
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androgenic and anabolic activity that is tissue selec-
tive. Although S-4 appears to be less potent and
efficacious than testosterone propionate in its andro-
genic activity, its anabolic activity appears greater due
to its ability to increase muscle mass and strength in
castrated rats. It also restored castration-induced loss
of lean body mass and significantly increased BMD
(Gao et al., 2005; Kearbey et al., 2007, 2009).
Another SARM, ostarine [(2S)-3-(4-cyanophenoxy)-

N-[4-cyano-3-(trifluoromethyl)phenyl]-2-hydroxy-2-
methylpropanamide], also known as MK-2866 (Fig. 10),
was developed by GTx and is currently the most ad-
vanced clinical candidate since the completion of phase
2 trials for chronic sarcopenia and cancer cachexia. The
chemical composition of ostarine can be found in patent
databases, but GTx has not formally disclosed the
structure. Ostarine treatment leads to increased lean
body mass and improved muscle function but has no
apparent effects on the prostate, skin, or pituitary gland
(Zilbermint and Dobs, 2009).
S-23, (S)-N-(4-cyano-3-trifluoromethyl-phenyl)-3-(3-

fluoro, 4-chlorophenoxy)-2-hydroxy-2-methyl-propanamide
(Fig. 10), another SARM developed by GTx, acts as
a full agonist in vitro. In vivo rodent studies performed
with S-23 show the anabolic activity of this SARM. In
castrated male mice, S-23 was able to increase the body
weight of the levator ani muscle to the intact control
level, while its effects on the prostate were kept at a
much lower level. S-23 also suppresses the LH level in
the serum of intact rats; when combined with estradiol
benzoate, S-23 acted as an effective, reversible regimen
of hormonal male contraception in rats (Jones et al.,
2009).
Ligand Pharmaceuticals developed the SARM LGD-

3303 [9-chloro-2-ethyl-1-methyl-3-(2,2,2-trifluoroethyl)-
3H-pyrrolo-[3,2-f] quinolin-7(6H)-one] (Fig. 10). Similar
to other SARMs, LGD-3303 can act as a full agonist on
muscle but is a partial agonist on the preputial gland
and ventral prostate. LGD-3303 significantly increased
the muscle weight of castrated male rats above the

intact level while maintaining the ventral prostate
weight at a lower level than that of intact animals.
Additionally, tissue-selective activity was not affected
by different dose methods. LGD-3303 also demonstrated
the ability to increase muscle weight, bone density, and
bone mineral content in OVX female rats (Vajda et al.,
2009). With LGD-3303 treatment, female rats with
previous sexual experience showed an enhanced sexual
preference for males. LGD-3303 may offer a potential
therapy for women with sexual desire disorders (Vajda
et al., 2009).

LGD-2226 [6-(bis-(2,2,2-trifluoroethyl)amino)-4-tri-
fluoromethyl-1H-quinolin-2-one] (Fig. 10) is a nonaro-
matizable, highly selective AR ligand also developed by
Ligand Pharmaceuticals. LGD-2226 alters the confor-
mation of the AR LBD in a different pattern compared
with testosterone and fluoxymesterone. In a cell-based
assay, LGD-2226 showed full agonist activity on bone
and muscle. This anabolic activity was further con-
firmed in animal models, where bone strength above
control levels was noted. Oral dosing of rats with LGD-
2226 significantly increased the animals’ sexual func-
tion (Miner et al., 2007b).

Bristol-Myers Squibb Pharmaceutical Research Insti-
tute (Princeton, NJ) developed BMS-564929, (7R,7aS)-2-
chloro-4-(7-hydroxy-1,3-dioxotetrahydropyrrolo[1,2-c]
imidazol-2-yl)-3-methylbenzonitrile (Fig. 10), which
may be the first once daily, orally available treatment
of age-related musculoskeletal decline in men. BMS-
564929 is a subnanomolar AR agonist that does not
appear to exhibit significant interactions with sex hormone-
binding globulin or aromatase. Cell-based assays sug-
gest that BMS-564929 is approximately 20-fold more
potent in muscle cells than in prostate cells, which
correlates with in vivo rodent studies (Ostrowski et al.,
2007). In vivo studies suggest that BMS-564929 is
substantially more potent than testosterone in stimu-
lating muscle growth of castrated animals and is more
selective for muscle versus prostate. Additional studies
have demonstrated that the binding of BMS-564929 to

Fig. 10. AR modulators.
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the LBD of AR initiates differential cofactor recruit-
ment, which may be the molecular basis for tissue
selectivity and potency of this SARM. BMS-564929 has
advanced through preclinical safety testing and is now
in phase 1 clinical trials for age-related functional
decline (Ostrowski et al., 2007).
Kaken Pharmaceutical (Tokyo, Japan) generated the

SARM S-40503, 2-[4-(dimethylamino)-6-nitro-1,2,3,4-
tetrahydroquinolin-2-yl]-2-methylpropan-1-ol (Fig. 10),
using tetrahydroquinolines as the scaffold. This com-
pound has nanomolar affinity with AR. When adminis-
trated into orchiectomized rats, S-40503 increased the
BMD of the femur and the muscle weight of the levator
ani but had little effect on prostate weight. The
osteoanabolic activity of S-40503 also worked on female
OVX rats. The compound significantly increased the
BMD and biomechanical strength of the femoral cortical
bone (Hanada et al., 2003).
AC-262536, 4-(3-hydroxy-8-aza-bicyclo[3.2.1]octyl)-

naphthalene-1-carbonitrile (Fig. 10), was identified by
Acadia Pharmaceuticals (San Diego, CA) as a potent
and selective AR ligand with partial agonist activity
relative to testosterone. AC-262536 significantly improves
anabolic parameters in castrated male rats. The
compound stimulated the growth of the levator ani
muscle and suppressed elevated LH levels. AC-262536
has weak androgenic effects compared with testoster-
one (Piu et al., 2008).
Clearly, significant advances have been made in the

development of tissue-specific AR ligands. With the
demand for therapeutics to slow the aging process in
men, development of improved compounds will cer-
tainly remain an active area of research.

VI. Selective Glucocorticoid
Receptor Modulators

A. Glucocorticoid Receptor Structure

The GR is a glucocorticoid-activated member of the
NR superfamily of transcription factors. GR is ubiqui-
tously expressed and exerts diverse effects on physio-
logic processes, including endocrine homeostasis and
regulation of metabolism, development, stress, and
immune responses. Only partial or incomplete gluco-
corticoid resistance in humans has been reported to
date, suggesting that complete loss of GR signaling is
incompatible with life. Support for this comes from
studies using targeted deletion of GR in rodents, which
causes lethality at birth (Reichardt et al., 1998b;
Benecke et al., 2000). Both Addison’s disease and
Cushing’s syndrome/disease are associated with aber-
rant glucocorticoid activity. Addison’s disease results
when the body fails to produce sufficient glucocorti-
coids, whereas a high level of cortisol in the blood
causes Cushing’s.
The predominant glucocorticoid found in humans is

cortisol, a member of the steroid class of hormones,

which was first introduced as a therapeutic agent in
1948 for its anti-inflammatory and immunosuppres-
sive activities (Kirwan et al., 1999). The initial success
observed with cortisol led to the search for novel,
synthetic glucocorticoid derivatives. Synthetic glu-
cocorticoids are the most potent anti-inflammatory
agents available, and they are used to treat a wide
variety of allergic and inflammatory diseases, includ-
ing rheumatoid arthritis, inflammatory bowel disease,
and multiple sclerosis. However, their use is limited
due to the range and severity of their side effects. Long-
term use can lead to pleiotropic side effects, including
fat redistribution, obesity, and osteoporosis. Therefore,
the goal is to develop select GR ligands that preserve
the beneficial anti-inflammatory activity yet minimize
the side-effect profile.

The human GR is encoded by one gene, NR3C1,
which is located at chromosome 5q31-32. It is 777
amino acids in length and highly conserved across
species. Like all NRs, GR consists of a highly variable
N-terminal domain (A/B domain), a DBD containing
two zinc-finger motifs (C domain), a hinge region (D
domain), and a C-terminal LBD (E domain). GR
possesses two AF domains responsible for regulating
transcriptional activity. The N-terminal region of GR,
located between amino acids 77 and 262, contains the
AF-1 domain, which plays an important role in the
communication between itself and the molecules
necessary for transcription (Almlof et al., 1997). The
AF-1 domain, while relatively unfolded in the basal
state, forms a complex helical structure in response to
cofactor binding (Kumar et al., 2004). AF-1 is capable
of constitutively regulating 60–80% of transcriptional
activity in the absence of ligand (Dahlman-Wright
et al., 1994). AF-1 interacts with coregulatory proteins
essential for optimal GR activation, but the mechanism
through which this interaction occurs has yet to be
determined, given that the AF-1 lacks the canonical
LXXLL motif (Kumar and Thompson, 2012). The DBD
of GRa corresponds to amino acids 420–480 and
contains two zinc-finger motifs through which GRa
binds to glucocorticoid-responsive elements (GREs)
(Howard et al., 1990; Schule et al., 1990). The optimal
recognition DNA sequence is an inverted hexameric
palindrome (AGAACANNNTGTTCT) separated by
three base pairs (Lieberman et al., 1993). The DBD
contains two perpendicularly oriented a-helices, one of
which is responsible for DNA recognition (Luisi et al.,
1991). Alteration of the three-dimensional structure of
the DBD can occur depending on the base sequence of
the GRE to which it binds, influencing different
transcriptional responses and suggesting that DNA is
a sequence-specific allosteric modulator of GR-induced
transcriptional activity (Meijsing et al., 2009). Finally,
the LBD corresponds to amino acids 481–777 and
plays a critical role in the ligand-induced activation
of GRa. Interaction of the LBD with cytosolic proteins

742 Burris et al.



maintains the integrity of the domain and allows for
ligand binding. Ligand binding induces a conformational
change in the LBD, leading to the dissociation of its
accessory proteins, and unveils GRa’s nuclear locali-
zation sequences, enabling GRa to translocate to the
nucleus and initiate gene transcription. The LBD also
contains a second transactivation domain, termed AF-2,
the activity of which is ligand dependent. The AF-1
recognizes canonical LXXLL motifs through conforma-
tional rearrangement of helix 12. While either the AF-1
or AF-2 domains are capable of regulating transcrip-
tional activity, full GR-mediated transcription requires
synergy between the AF-1 and AF-2. Interestingly, this
synergy requires ligand binding (Hittelman et al., 1999).
Despite being the first nuclear receptor as well as the

first transcription factor cloned, the crystal structure
of GR bound to ligand took some time to solve due to
a longstanding problem of expressing and purifying
active GR protein. However, a single-point mutation,
F602S, in the GR LBD allowed for robust expression
of a soluble GR LBD, enabling it to be determined in
complex with dexamethasone and a coactivator motif
derived from the cofactor transcriptional mediator/
intermediary factor 2 (TIF2) (Bledsoe et al., 2002).
Cofactors such as SRC1 and TIF2 contain three LXXLL
motifs, whereas previous crystal structures of LBD/
coactivator complexes were solved with the first or the
second LXXLL motif. The LBD contains 11 a-helices
and 4 b-strands, which form into a three-layer helical
domain. Helices 1 and 3, and 7 and 10 form two sides of
a helical sandwich with the middle helices (4, 5, 8, and
9) shaping the top half of the protein and creating a
cavity for ligand. The AF-2 domain packs against
helices 3, 4, and 10 forming an “agonist bound” struc-
ture. Following the AF-2 is a small conserved b-strand
between helices 8 and 9 (Bledsoe et al., 2002). This
b-strand plays an important role in GR activity stabi-
lizing the AF-2 domain. When deleted, the receptor
loses its activity (Zhang et al., 1996).
These studies demonstrated that the GR LBD adopts

a surprising structure, involving the formation of an
intramolecular b-sheet such that GR LBD monomers
are arranged in a unique dimer conformation. The
central hydrophobic interface lies in the b turn of
strands 3 and 4. An extensive network of hydrogen
bonds surrounds the hydrophobic interface, which may
play a key role in stabilizing the GR dimer configura-
tion (Bledsoe et al., 2002). Additionally, the GR dimer
forms a second charge clamp that interacts with
residues only present in the third LXXLL motif of
coactivators. Mutational analysis of the two charge
clamps has revealed that both are critical for trans-
activation in vivo, providing an explanation for the
preferential binding of this motif to the receptor (Ding
et al., 1998).
In the crystal structure, dexamethasone is bound in

the bottom half of the LBD, occupying only 65% of the

volume (Bledsoe et al., 2002). The ligand is oriented
with its A-ring toward the b-strands 1 and 2 and its
D-ring toward the AF-2. The A-ring carbonyl forms
direct hydrogen bonds with Arg611 and Gln570. The
side chain of Asn564 is oriented in such a way as to allow
it to form hydrogen bonds to the C-ring 11-hydroxyl and
24-hydroxyl. Furthermore, the 21-hydroxyl and 22-
carbonyl form hydrogen bonds with residues Q642 and
T739, respectively (Bledsoe et al., 2002). Interestingly,
the presence of dexamethasone revealed an additional
side pocket formed by the structural rearrangement of
helices 6 and 7. Structure analysis determined that
dexamethasone made direct contact with the AF-2 helix
(Lys753) and the loop preceding the AF-2 (I747 and
Phe749), suggesting that this interaction, in addition to
the extensive hydrogen bond network between GR and
ligand, aids in stabilizing the AF-2 helix in the active
conformation. These interactions are likely the molecu-
lar basis for ligand-dependent GR activation (Bledsoe
et al., 2002).

B. Glucocorticoid Receptor Action

Glucocorticoids have potent anti-inflammatory and
immunosuppressive properties. The GR is expressed
in a wide variety of lymphoid cells, including T and
B cells, and macrophages. Because of its expression
pattern, GR is an extremely attractive drug target for
the generation of therapeutics aimed at ameliorating
inflammatory diseases caused by aberrant T cells,
B cells, and macrophage functions. During an inflam-
matory response, activation of GR leads to a decrease
in proinflammatory cytokine expression via a mech-
anism that involves both activation and repression
of gene transcription, termed “transactivation” and
“transrepression,” respectively. As is the case with most
NRs, transactivation occurs when ligand-bound NRs
bind their respective DNA-response elements, result-
ing in an increased rate of gene expression. Trans-
repression is a process where one protein represses or
inhibits the activation of a second protein through
protein-protein interactions, and it was first observed
with GR, where GR was found to bind to and inhibit
the transcriptional activity of the transcription factors
AP-1 and NF-kB (Lucibello et al., 1990; Herrlich and
Ponta, 1994). The anti-inflammatory effects of GR are
thought to be mediated through both of these events,
although whether transactivation plays a role in this
effect is still under debate (Clark, 2007; Newton and
Holden, 2007). Interestingly, glucocorticoids still in-
hibit inflammatory processes in a mouse model where
GR is defective in its dimerization and DNA-binding
potential (GRdim), which solidifies transrepression as
a critical mechanism underlying the immunosuppres-
sive effects of these hormones (Reichardt et al., 1998a;
Tuckermann et al., 1999).

Glucocorticoids also have major effects on energy
balance and carbohydrate metabolism. The term
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“glucocorticoid” is derived from the initial observation
that this hormone was involved in glucose metabo-
lism. During fasting, cortisol stimulates several pro-
cesses that lead to the increase and maintenance of
normal blood glucose concentrations. GR activity is
involved in the expression of glucose-6-phosphatase
and phosphoenolpyruvate carboxykinase. These en-
zymes are involved in gluconeogenesis, which ac-
counts for the diabetogenic effects of glucocorticoids
and also leads to the synthesis of glucose from other
nonhexose organic molecules including pyruvate,
lactate, glycerol, and amino acids (van Raalte et al.,
2009). GR activity is also the basis for the muscle-
wasting effects associated with long-term glucocorti-
coid use (Carballo-Jane et al., 2004). GR activity
increases the expression of key enzymes in gluconeo-
genesis and increases the availability of amino acids
essential for this process (Pilkis and Granner, 1992).
A second mechanism involved in glucocorticoid action
results in the conservation of glucose for neural tissues,
such that glucose uptake is inhibited by muscle and
adipose tissue (McMahon et al., 1988). Additionally,
glucocorticoids stimulate lipolysis in adipose tissue. The
fatty acids released from this process are used for
the production of energy in tissues, including muscle.
The glycerol released from lipolysis provides a substrate
for gluconeogenesis. Finally, glucocorticoids inhibit lep-
tin signaling, which is an important hormone in the
maintenance of body weight and reproductive function
(Zakrzewska et al., 1997).
Various synthetic glucocorticoids are available for

therapeutic use. The chemical structures of many of
these compounds are based on the natural cortico-
steroids, but modifications have been made to the
structures to improve efficacy compared with endoge-
nous hormones, while reducing mineralcorticoid-like
actions via MR (Schäcke et al., 2007). Prednisone and
prednisolone were generated by introducing a C=C
double bond into the first aromatic ring of cortisol,
improving potency and diminishing mineralcorticoid
activity (Lutsky et al., 1979). Further improvement
occurred when 1) a fluoro atom was introduced at
position 9a, yielding fludrocortisone, 2) an addition of
a hydroxyl group at position 16a yielded triamcinolone,
3) an addition of a methyl group at position 16a yielded
dexamethasone and betamethasone, or 4) a methyl
group was added at position 6a, which derived methyl-
prednisolone (Brattsand et al., 1982; Gessi et al., 2010).
These modifications were essential to improve affinity
for GR, minimize binding to the MR, and increase half-
life, thus increasing in vivo potency. However, despite
their anti-inflammatory effects, these “improvements”
did not minimize the side-effect profile typically seen
with classic glucocorticoid use, hence the search for
novel selective GR modulators that retain the potent
anti-inflammatory effects of classic glucocorticoids but
have negligible side effects.

Systemic glucocorticoids most commonly used are
hydrocortisone, prednisolone, methylprednisolone, and
dexamethasone. They display good oral bioavailability,
are eliminated/metabolized in the liver, and are ex-
creted by the renal system. However, due to their
profound effects on numerous tissues and organ sys-
tems, the therapeutic use of glucocorticoids is often
associated with a number of adverse side effects. The
side effects are often dose and duration dependent and
include such symptoms as alterations of fluid and
electrolyte imbalance, edema, weight gain, hyperten-
sion, muscle weakness, development of diabetes, and
osteoporosis. Some of these side effects may be severe
and/or life threatening. Numerous approaches have
been made to optimize the effects of the glucocorticoid
action and minimize the overall impact of the side
effects, including optimization of dosing regimens,
increasing nuclear receptor selectivity, and direct
delivery to the site of action. Despite these approaches,
the current therapies still suffer from significant risk of
side effects. Therefore, the quest for the development of
novel GR targets that will allow for longer and higher
dosing regimens while minimizing side effects contin-
ues (Buttgereit et al., 2005).

As discussed in a previous section of this review,
various synthetic ligands are available for therapeutic
use, many of which are similar in structure to the
natural corticosteroids. Modifications to the natural
structure have been made to optimize pharmacokinet-
ics, therapeutic potential, and minimize some of the
adverse side effects. While these modifications to the
natural structure have failed to minimize the negative
side effects, there has been increased interest in
identifying new compounds that would function as
such. These efforts have led to the generation of
compounds that can be grouped into four different
classes: selective glucocorticoid receptor modulators
(SGRMs), gene-selective compounds, dissociated com-
pounds, and soft steroids.

C. Selective Glucocorticoid Receptor Modulators

SGRMs and selective GR agonists are general terms
used to describe compounds that retain their anti-
inflammatory activity but have impaired activity
affecting bone metabolism or glucose and lipid metabo-
lism. Therefore, these compounds result in an improved
therapeutic index in vivo over classic glucocorticoids
(Miner, 2002; Schäcke et al., 2002).

The major goal for a number of years has been to
identify truly dissociated glucocorticoids, but the first
attempt to characterize a “dissociative” compound
resulted in the identification of several steroid based
compounds, RU24858, RU40066, and RU24782 (Fig.
11), that were capable of separating transcriptional
activation from repression in vitro. Vayssiere et al.
(1997) demonstrated that these compounds, specifi-
cally RU24858, not only bound GR with high affinity,
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they exerted strong AP-1 inhibition with little to no
agonist activity compared with dexamethasone-treated
cells in a variety of in vitro assays. However, while
RU24858 was very efficient at inhibiting both AP-1-
and NF-kB-mediated gene induction in vivo, and was
as potent an anti-inflammatory as prednisolone in a rat
asthma model, it also induced side effects similar to
prednisolone itself: loss of body weight and induction of
osteoporosis (Belvisi et al., 2001). Why RU24858 is
effective in vitro but not in vivo remains to be de-
termined. One possibility is that because the compound
is similar in structure to classic glucocorticoids, it may
be metabolized in vivo to yield a derivative, which
behaves like a classic glucocorticoid.
Another novel GR ligand, A276575 [2,5-dihydro-9-

hydroxy-10-methoxy-2,2,4-trimethyl-5-(1-methylcyclo-
hexen-3-y1)-1H-[1]benzopyrano[3,4-f]quinoline; Fig. 11],
discovered by Abbott Laboratories (North Chicago, IL),
displayed high repression but very low transactivation
activities, unlike traditional glucocorticoids. Much like
dexamethasone, and with a high affinity for GR,
A276575 was a potent anti-inflammatory as it inhib-
ited IL-1b and IL-6 production in human skin fibro-
blasts and human lung epithelial cells, and inhibited
Con A-induced proliferation of human PBMCs. Interes-
tingly, A276575 was a racemic mixture, containing
7:1 (2)-Syn to antidiastereomers, and the (+)-enantiomers
were 10-fold weaker than their respective (2)-enantiomers.
Additionally, the (2)-Syn enantiomer of A276575 was
inactive in repressing regulated and normal T cell ex-
pressed and secreted production whereas the (2)-Anti
enantiomer was highly active against regulated and
normal T cell expressed and secreted production (Gessi
et al., 2010). These data suggest that even subtle
effects of ligand can impact receptor function. However,
this compound displayed undesirable properties,
including a high affinity for PR and superagonist ac-
tivity in mouse mammary tumor virus (MMTV)-PR-B

transfection assays, which precluded it from further
use in vivo (Gessi et al., 2010). Further modifications of
this compound failed to separate the desired transcrip-
tional repression from the undesirable transactivation.
Although these compounds may not have been truly
“dissociative,” they present as valuable tools to dissect
the differential effects on GR-mediated gene regula-
tion. In fact, evaluation of these molecules revealed
that the substitution pattern on the C-5 aryl group
profoundly affected the compound’s functional activity.
Therefore, a series of compounds were developed to
investigate the effects of the C-5 aliphatic substitution,
leading to the discovery of a gene-selective compound,
AL-438 [10-methoxy-5-(2-propenyl)-2,5-dihydro-2,2,4-
trimethyl-1H-(1)benzopyrano(3,4-f)quinoline].

Gene-selective compounds act on the receptor to in-
fluence gene expression in a gene-specific or promoter-
specific manner. For instance, some genes might be
activated, some might be repressed, but the resulting
profile is different than that of classic glucocorticoids
(Coghlan et al., 2003). During the search for dissocia-
tive compounds, many gene-selective compounds were
designed by default. Screening activities identified
AL-438 (Fig. 11), a derivative of benzorano[3,4f]quinoline
that appears to have partial agonism at GR with re-
pressive activity as well. AL-438 had an almost iden-
tical binding affinity for GR as prednisolone (Kassel
et al., 2004). In vitro characterization of this compound
demonstrated that AL-438 efficiently inhibits the
production of IL-6 and E-selectin in transactivation
assays (Coghlan et al., 2003). Because of its in vitro
success, AL-438 was tested in vivo in both acute and
chronic models of inflammation. In the carrageenan-
induced paw edema assay in the rat, a model for acute
inflammation, AL-438 demonstrated almost equivalent
efficacy in reducing paw edema relative to prednisolone
treatment. Because glucocorticoids demonstrate desir-
able effects on joint swelling, synovitis, and periosteal

Fig. 11. GR modulators.
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new bone formation, the rat adjuvant-induced arthritis
model was used to study the effects of AL-438 in a
chronic model of inflammation. AL-438 had an efficacy
equal to that of prednisolone at 30 mg/kg per day, de-
spite lower potency. Additionally, mice treated with
AL-438 exhibited grooming behavior equivalent to
nonadjuvant-treated controls, meaning that the be-
havior of AL-438-treated animals is similar to that of
healthy control animals, whereas the prednisolone-
treated animals still exhibited signs of stress. Further-
more, AL-438 demonstrated a decreased potential to
increase blood glucose, a marker for diabetes induction,
and less likely to induce osteoporosis, both side effects
associated with long-term GR treatment (Coghlan et al.,
2003).
Molecular analysis of AL-438 elucidated the mecha-

nism by which this improved therapeutic potential was
observed, differential cofactor recruitment. AL-438
exhibits gene-specific regulation, capable of only fully
regulating a subset of the genes normally regulated by
GR. Using a two-hybrid assay, prednisolone was able
to efficiently induce the interaction with both peroxi-
some proliferator-activated receptor g coactivator 1
(PGC-1) and glucocorticoid receptor-interacting protein
(GRIP-1), whereas AL-438 was only able to induce the
interaction with GRIP-1, with an efficacy equal to
prednisolone. The ability of AL-438 to recruit PGC-1
was significantly reduced to that of prednisolone
(Coghlan et al., 2003). Because PGC-1 is involved in
the glucocorticoid regulation of hepatic glucose pro-
duction, the loss of this interaction may explain why
AL-438 causes less hyperglycemia in vivo compared
with prednisolone. Although these data did not char-
acterize a fully dissociative compound, they did demon-
strate that structural changes induced by AL-438
versus prednisolone are very different, and that these
differences are responsible for not only cofactor in-
teraction but altered pharmacology as well. These data
not only suggest that the mechanisms of transactivation
and transrepression are diverse processes, but that it is
possible to achieve therapeutic benefit without complete
separation between activation and repression.
After extensive high-throughput screening using a GR-

dependent cotransfection assay and extensive medicinal
chemistry efforts, LGD-5552, (5Z)-5-[(2-fluoro-3-
methylphenyl)methylidene]-10-methoxy-2,2,4-trimethyl-
1H-chromeno[3,4-f]quinolin-9-ol (Fig. 11), was identified
and synthesized. LGD-5552 is a nonsteroidal compound
similar in size to prednisolone. It exhibits selective
binding to human GR, antagonizes prednisolone-
induced transcriptional activation of theMMTV promoter,
and displays agonistic properties in repressing IL-1b/
TNF-induced activation of E-selectin and IL-6 promo-
ters. In an adjuvant-induced arthritis model, a strong
repression of serummonocyte chemoattractant protein 1
and a reduced mRNA expression of joint ankle cyclo-
oxygenase 2 was observed after LGD-5552 treatment.

In contrast to prednisolone, the anti-inflammatory cyto-
kine IL-10 was upregulated by LGD-5552 treatment.
Furthermore, LGD-5552 binding to the LBD resulted in
fundamental changes to the outer receptor structure,
which altered the ability of GR to interact with co-
activators and corepressors. The conformational change
resulted in effects on gene expression in a gene-
specific manner, leading to differential gene responses.
LGD-5552 demonstrates selectivity on bone growth,
blood pressure, and thymus organ weight and remains
a powerful anti-inflammatory agent (Miner et al., 2007a;
Lopez et al., 2008).

“Dissociated” compounds completely dissociate trans-
activation from transrepression by GR. Compounds in
this class fail to globally induce GR-mediated trans-
activation, but still significantly repress gene transcrip-
tion. In an effort to identify GR agonists with a
dissociative profile, several hundred compounds were
screened at Bayer Schering Pharma AG (Berlin-Wedding,
Germany). ZK216348, 3-dihydro-1-benzofuran-7-yl)-2-
hydroxy-4-methyl-N-(4-methyl-1-oxo-2,3-benzoxazin-6-yl)-2-
(trifluoromethyl)pentanamide (Fig. 11), was obtained
from this screen as it did not induce tyrosine amino
transferase (TAT) activity but was able to repress IL-8
expression (Schäcke et al., 2004). ZK216348 showed
higher potency and fewer side effects compared with
prednisolone after subcutaneous injection in mice. Sim-
ilar anti-inflammatory effects were observed with this
compound after systemic treatment. Although ZK216348
did not increase blood glucose in rats in a dose-
dependent manner, no differences in ACTH suppression
were observed compared with glucocorticoid treatment
(Schäcke et al., 2004).

The effect of ZK216348 on osteoprotegerin (OPG)
and RANKL in osteoblastic cells was evaluated as both
are pivotal proteins in the regulation of bone mass.
RANKL stimulates bone resorption by increasing
osteoclast differentiation, and OPG is a decoy receptor
for RANKL and inhibits bone resorption. Dexametha-
sone, prednisolone, deflazacort, RU24858, and other
RU compounds all inhibited OPG production by a
maximum of 70–80% whereas AL438 and ZK216348
inhibited OPG production by a maximum of 40–50% at
1mM (Humphrey et al., 2006). Therefore, these data
suggest that these compounds may induce less bone
loss than traditional glucocorticoid treatment. These
data also suggest that there is a difference in how these
two compounds cause GR to repress OPG compared
with traditional glucocorticoids. Further studies need
to be performed to determine whether ZK216348 and
AL-438 recruit cofactors differently than prednisolone
to both OPG and RANKL promoters. However, because
of its improved safety profile, ZK216348 is a promising
alternative for the treatment of inflammatory disorders.

The first example of a dissociated compound isolated
from a natural source was Compound A (CpdA). This
molecule is a stable analog of the hydroxyl phenyl

746 Burris et al.



aziridine precursor found in the Namibian shrub
Salsola tuberculatiformis. This compound lacks a ste-
roidal structure, but it is efficient at downregulating
NF-kB-driven genes via GR binding. What is most
intriguing about CpdA is that it does not stimulate
GRE-driven genes, suggesting that it is a completely
dissociated compound (De Bosscher et al., 2005). CpdA
interferes with the DNA-binding capability of NF-kB
and also directly inhibits the transcriptional capacity
of the NF-kB p65 subunit via activated GR. CpdA is an
equally effective anti-inflammatory agent in vivo as
dexamethasone, but it presents with a significantly
better side-effect profile because it does not stimulate
hyperglycemia (De Bosscher et al., 2005).
Recent evidence suggests that the transcriptional

activity of GR upon agonist stimulation is correlated
with an increase in the phosphorylation status of
Ser211 in the N-terminus of GR (Wang et al., 2002).
Interestingly, in contrast to dexamethasone, CpdA did
not affect the phosphorylation of Ser211, suggesting
that CpdA may induce a subtly different conforma-
tional change in GR than classic glucocorticoids. Thus,
the phosphorylation status of Ser211 may reflect dif-
ferences in transrepression versus transactivation and
may be a valid screening method for the identification
of dissociative compounds. Furthermore, it has been
demonstrated that CpdA could effectively suppress
experimental autoimmune neuritis, a helper T cell2
mediated autoimmune demyelinating inflammatory
disease of the peripheral nervous system, suggesting
that CpdA could be a potent candidate for treatment of
autoimmune neuropathies (Zhang et al., 2009).
The idea of completely dissociated GR compounds is

enticing, but mouse models containing GR mutants
suggest that complete abolishment of GR activity may
not yield the anticipated results. For example, a study
using the GRdim/dim mice demonstrated that while anti-
inflammatory effects were seen in these mice, they still
developed osteoporosis after a 2-week systemic treat-
ment with prednisolone (Rauch et al., 2010). These
results suggest that some but not all negative side ef-
fects might be eliminated with the complete dissociation
of transactivation with transrepression. Additionally,
GR transactivates some genes known to negatively
regulate the immune system, including thymosin b4
sulfoxide (Young et al., 1999), glucocorticoid-induced
leucine zipper (Berrebi et al., 2003), and macrophage
migration factor (Calandra et al., 1995). Complete
dissociation of transactivation from transrepression
would disrupt these genes anti-inflammatory activities.
Furthermore, the ability of GR to act as a “coactivator”
via tethering does not appear to be affected in the
GRdim/dim mice. For example, STAT5, a transcription
factor that regulates the expression of many proinflam-
matory cytokines, is not affected in the dimerization and
DNA-binding mutant (Stocklin et al., 1996). Thus, the
quest for dissociated anti-inflammatory glucocorticoids

with reduced side effects, although attractive, has some
limitations.

“Soft steroids” refer to a class of corticosteroids that
act at or near the site of administration but are rapidly
inactivated by enzymes, thereby reducing systemic
exposure and activity. Such compounds are used
topically or inhaled for dermatologic diseases and
asthma, respectively (Lee and Ko, 1999; Belvisi and
Hele, 2003). Glucocorticoids that follow this principle
have been designed. These drugs act locally by
enzymes in the skin (methylprednisolone aceponate)
or in the lungs (ciclesonide, butixocort 21-propionate)
and show a low systemic exposure. These glucocorti-
coids potently inhibit proinflammatory cytokines and
chemokines at the site of administration, while elicit-
ing limited systemic responses (Welker et al., 1996;
Gunther et al., 1998; O’Connell, 2003).

A selective, nonsteroidal GR modulator that was
identified by Bayer Schering Pharma well suited for
local application was ZK-245186, (2R)-1,1,1-trifluoro-4-
(5-fluoro-2,3-dihydro-1-benzofuran-7-yl)-4-methyl-2-[[(2-
methylquinolin-5-yl)amino]methyl]pentan-2-ol (Fig. 11),
also known as BOL-303242. This compound is expected
to have a favorable therapeutic index due to its low
systemic availability because of low metabolic stability
and high systemic clearance. ZK-245186 was examined
in a variety of in vitro and in vivo ocular models. Pri-
mary ocular cell cultures were challenged with ei-
ther LPS or interleukin-1b (IL-1b), and the effects of
ZK-245186 on NF-kB and mitogen-activated protein
kinases (MAPK) were assessed by Luminex technology.
ZK-245186 significantly reduced LPS- or IL-1b-induced
inflammatory cytokine release in a dose-dependent
manner. This compound also showed potency and acti-
vity similar to dexamethasone, with IC50 values in the
nanomolar range (Zhang et al., 2009). Furthermore,
the anti-inflammatory actions of ZK-245186 were de-
monstrated in in vitro assays to inhibit T-cell cytokine
secretion and proliferation. Using a T cell-mediated
contact allergy model, ZK-245186 showed anti-
inflammatory efficacy after topical application similar
to that of classic glucocorticoids. ZK-245186 also de-
monstrates a better safety profile than classic glu-
cocorticoids, as growth inhibition and induction of
skin atrophy after long-term application was decreased
(Schäcke et al., 2009).

Mapracorat, formerly known as ZK-245186 or
BOL-303242, was also evaluated in vivo in models of
dry eye and ocular disease. Mapracorat inhibited IL-6,
IL-8, and monocyte chemoattractant protein 1 secretion
from human corneal epithelial cells with potency simi-
lar to dexamethasone. Mapracorat treatment also de-
creased NF-kB and AP-1 activity (Cavet et al., 2010).
In experimental models of dry eye and postoperative
inflammation, mapracorat improved ocular inflamma-
tion similar to dexamethasone but demonstrated re-
duced effects in intraocular pressure and body weight
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(Shafiee et al., 2011). Collectively, these data indicate
that ZK-245186/BOL-303242/Mapracorat shows efficacy
similar to that of traditional steroids while exhibiting
improved side-effect profiles. Currently, ZK-245186 is
under phase 2 clinical trials for atopic dermatitis and
eye inflammation (Schäcke et al., 2009).
While glucocorticoids are widely used as potent anti-

inflammatory agents, their initial discovery was based
on the fact that their primary role is to regulate glucose
metabolism. Glucocorticoids raise blood glucose levels
by antagonizing insulin action, thereby inhibiting the
disposal of glucose and promoting hepatic glucose pro-
duction. This vicious circle is a hallmark of type 2
diabetes. GR antagonism has been a validated strategy
for regulating hepatic glucose output in vitro, in animal
disease models, and in humans. Most of the GR an-
tagonist validation studies have used mifepristone
(RU486), as this drug has been demonstrated to nor-
malize glucose levels and increase insulin sensitivity.
However, long-term systemic GR antagonism is not a
viable approach for the treatment of type 2 diabetes as
long-term use can lead to symptoms of adrenal in-
sufficiency (nausea, vomiting, exhaustion). In addition,
generalized GR antagonism results in activation of the
hypothalamic-pituitary-adrenal axis, causing stimulation
of the adrenal cortex and increasing cortisol secretion,
all undesirable symptoms from a patient’s perspective.
With this in mind, several researchers have attemp-

ted to design selective hepatic GR antagonists. Using
a novel in vivo assay that simultaneously evaluated
both heptic and systemic GR blockade, researchers at
Abbott Laboratories identified A-348441 [4-[(3S,7R,12S)-
7,12-dihydroxy-3-[2-[4-[(8S,11R,13S,14S,17S)-17-hydroxy-
13-methyl-3-oxo-17-prop-1-ynyl-1,2,6,7,8,11,12,14,
15,16-decahydrocyclopenta[a]phenanthren-11-yl]-N-
methylanilino]ethoxy]-2,3,4,5,6,7,8,9,10,11,12,13,14,15,
16,17-hexadecahydro-1H-cyclopenta[a]phenanthren-17-
yl]pentanoic acid] (von Geldern et al., 2004). This
compound was the first identified liver-selective GR
antagonist and was proven to reduce glucose levels and
improve lipid profiles in an animal model of diabetes
(von Geldern et al., 2004). This compound was so
promising that it has since reached clinical trials. The
clinical phase 1 program of A-348441, now known as
KB3305, has recently been completed. The results of
this trial show a pronounced, clinically relevant, and
statistically significant lowering of fasting plasma
glucose levels compared with baseline and placebo.
There was also a statistically significant improvement
in glucose tolerance tests. The side-effect profile was
acceptable as no serious adverse reactions were re-
ported. The results of the trial are still being analyzed,
but it is still intriguing as well as exciting that such
a drug has been identified. The ability to create a
tissue-specific compound not only paves the way to
generate other tissue-specific GR modulators, but also
proves that separation of GR function is possible.

Our knowledge of the molecular events surrounding
GR activation has greatly increased in the past decade,
leading to the generation of several therapeutic se-
lective GR modulators, but the identification of a truly
dissociative compound still remains at large. However,
characterization of the GRdim mice should give us some
pause in regards to the plausibility of dissociative
compounds. The idea of separating transactivation and
transrepressive activities of GR is extremely enticing,
but data from the GRdim mouse have suggested that
some of the negative side effects associated with GR
transactivation may not be ameliorated: inhibition of
bone formation still occurred in these mice. Addition-
ally, a full anti-inflammatory response did not occur in
the GRdim mice, again suggesting that some trans-
activation events may be beneficial as some anti-
inflammatory genes are induced by GR transactivation
(Grose et al., 2002; Kleiman and Tuckermann, 2007;
Tuckermann et al., 2007).

Despite the restrictions surrounding dissociating
transactivation and transrepression, there have been
several successful SGRMs/dissociative compounds iden-
tified, including AL-438, ZK216348, and ZK245186.
Animal studies have revealed an improved ratio
between therapeutic efficacy and side effects. However,
only clinical trials will define the benefit-risk ratio
in humans. With this in mind, rather than searching
for more “dissociative” compounds, perhaps identifying
“differential” compounds with the most favorable func-
tional profiles is a more realistic approach.

VII. Selective Peroxisome Proliferator-Activated
Receptor g Modulators

A. Peroxisome Proliferator-Activated Receptor
g Structure

PPARg (NR1C3) can be grouped with other nuclear
receptors that heterodimerize with RXR (Germain
et al., 2006). Alternative splicing of the PPARG gene
transcript produces two protein isoforms in humans.
Isoform 2 (PPARg2) is 505 amino acids and is highly
expressed in adipocytes; isoform 1 (PPARg1) lacks
the first 28 amino acids at the N-terminus and is ex-
pressed in a wider variety of tissues (Tontonoz et al.,
1994; Mukherjee et al., 1997). From this point forward,
stated residue numbers will refer to human PPARg2.
PPARg contains structural domains similar to other
NRs, a DBD and a LBD. Heterodimerization with RXRa
allows tight binding of PPARg to DNA through the DBD
(Yu et al., 1991; Kliewer et al., 1992). Similar to other
transcription factors, PPARg regulates transcription of
target genes near a particular DNA sequence motif, the
PPAR response element (PPRE) (Tugwood et al., 1992).
Along with several coregulators, PPARg regulates tran-
scriptional expression of genes in a ligand-dependent
manner, including p300, CBP, RIP140, SRC1, SRC2,
PGC1, NCOR, TRAP 220, and PRIP (Yuan et al., 1998;
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Zhu et al., 2000; Wu et al., 2003; Yu et al., 2005;
Gelman et al., 2007; McKenna and O’Malley, 2010;
Pochetti et al., 2010). Similar to other nuclear re-
ceptors, PPARg also contains two regions that are
heavily involved in activation of transcription. The
N-terminal AF-1 domain, of which, a portion (residues
29–136) is capable of transcriptional activation alone,
and the C-terminal AF-2 domain (Adams et al., 1997;
Li et al., 2000).
Individual reports appear contradictory, but a meta

analysis of the effects of a natural variant of the N-
terminal region (P12A) in humans suggests it is weakly
associated with higher body mass index (Masud et al.,
2003). Phosphorylation of Ser112 decreases PPARg
transcription and adipogenesis, whereas reduced phos-
phorylation of Ser112 (through a P113Q allele) appears
to be associated with obesity and increased insulin
sensitivity in humans (Hu et al., 1996; Adams et al.,
1997; Camp and Tafuri, 1997; Ristow et al., 1998;
Camp et al., 1999). These reports indicate that the N-
terminus of PPARg affects ligand-dependent and
independent transcriptional activity, but the exact
mechanisms by which it does this are unknown. It is
likely that AF-1 interaction with coregulators and or
C-terminal PPARg is involved.
The PPARg C terminus contains the LBD, which con-

sists of 275 residues (230–505), and contains the AF-2
region, consisting of 12 a-helices and a small b-sheet
region. The LBP is large (;1300 Å3) and T shaped to
accommodate PPARg agonists, such as the thiazolidi-
nedione drugs (TZD), which stabilize helix 12 (the AF-2
helix) (Nolte et al., 1998; Kallenberger et al., 2003;
Bruning et al., 2007). Based on crystal-structure anal-
ysis, stabilization of PPARg is accomplished by the
movement of helix 12 into contact with helices 3–4
(;305–358), helix 11 (;459–487), and the ligand (Nolte
et al., 1998). The movement of helix 12 into this
position forms a hydrophobic patch bound on either
end by charged residues on the surface of the AF-2
surface within the LBD. It is thought that this is a key
change that allows coactivators to bind to the AF-2
surface, displacing corepressors and activating tran-
scription. Antagonists appear to sterically hinder helix
12’s completion of the AF-2 surface allowing corepres-
sors to bind (Nettles and Greene, 2005). However,
HDXMS data suggest that some ligands achieve
reduced insulin resistance without significant stabili-
zation of helix 12, likely through prevention of Ser273
phosphorylation (Hamuro et al., 2006; Bruning et al.,
2007; Choi et al., 2010).

B. Peroxisome Proliferator-Activated Receptor
g Function

Many genetic PPARg manipulations have been
performed in mice that have yielded contradictory
results; but, in general, they emphasize the importance
of PPARg in numerous tissues to insulin sensitivity

(Barak and Kim, 2007). The loss of one or both alleles
of PPARg by dominant-negative effects reduces adi-
pose tissue and leads to insulin resistance in humans
(Barroso et al., 1999; Francis et al., 2006). Somatic loss-
of-function mutations have been found in human colon
cancer (Sarraf et al., 1999).

PPARg is widely known as the target for the two
TZDs rosiglitazone and pioglitazone, which are used
clinically to increase insulin sensitivity in type 2
diabetes mellitus, a disease with a significant world-
wide health impact (Wild et al., 2004). In addition to
insulin sensitization, agonism of PPARg with rosigli-
tazone or pioglitazone can lead to side effects in
humans, including heart failure and edema, weight
gain, increased bone fracture in women, and anti-
inflammation (Haffner et al., 2002; Bongartz et al.,
2005; Dormandy et al., 2005; Kahn et al., 2006;
Erdmann et al., 2007; Lago et al., 2007; Home et al.,
2009; Loke et al., 2009). There are differences
between the TZDs. Pioglitazone reduces nonfatal
myocardial infarction and produces a healthier lipid
profile while rosiglitazone does not appear to have
these properties (Dormandy et al., 2005; Home et al.,
2009). Based on the observed adverse effects, the U.S.
FDA has severely limited rosiglitazone use; its European
counterpart has entirely banned the use of rosiglita-
zone (Grether et al., 2010). A recent report found that
long-term use of pioglitazone is weakly associated with
increased bladder cancer in humans, which has prompted
the FDA to add new warnings to pioglitazone packaging
and to modify prescription guidelines (Lewis et al.,
2011; http://www.fda.gov/drugs/drugsafety/ucm259150.
htm). Currently, the FDA requires 2-year carcinogenic-
ity studies in preclinical models before the clinical
trials, which last more than 6 months and involve
PPAR ligands (Aoki, 2007). A PPARg ligand with
significantly fewer negative effects than the TZDs but
with similar efficacy in insulin sensitization is
needed.

Many studies elucidating PPARg-dependent effects
and their mechanisms have been published, which
supports ongoing efforts toward a safer PPARg ligand.
PPARg plays an integral role in fat metabolism, where
it is both necessary and sufficient for differentiation of
precursor cells into adipocytes (Tontonoz et al., 1994;
Barak et al., 1999; Rosen et al., 1999). This function
may be mediated by endogenous PPARg ligands,
including the nitrated fatty acids linoleic acid (LNO2)
and oleic acid (OA-NO2), which are potent natural
PPARg agonists that induce adipocyte differentiation
(Baker et al., 2005; Schopfer et al., 2005; Li et al.,
2008). The formation of smaller adipocytes, as found in
lean subjects, along with other changes in fat cells
brought on by changes in PPARg activity may help
increase insulin sensitivity (Tontonoz and Spiegelman,
2008; Kawai and Rosen, 2010). However, PPARg’s
proadipocyte role appears to negatively affect bone
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density and strength as PPARg agonism can block
osteoblast differentiation and cause osteoblast precur-
sors to form adipocytes. This inhibits bone formation,
causing increased bone marrow adipocity and appar-
ently increasing the probability of bone fractures in
women who take TZDs (Loke et al., 2009; Shockley
et al., 2009; Kawai and Rosen, 2010). In addition to
negative effects in bone density, renal PPARg appears
to directly affect Na+ excretion, which is likely a factor
in edema and plasma volume expansion induced by
TZDs (Guan et al., 2005; Savkur and Miller, 2006). It
has also been shown that PPARg in the brain that has
been agonized by TZDs may be responsible for in-
creased calorie intake, leading to fat weight gain (Ryan
et al., 2011). Interestingly, PPARg ligands also sup-
press many cytokines and chemokines, with some
reports showing clear PPARg-dependent modulation
of inflammation by its ligands (Ricote and Glass, 2007).
Suppression of inflammation via PPARg can involve
direct interactions with NF-kB and NFAT, or some
other indirect mechanisms (Chung et al., 2000; Yang
et al., 2000; Ricote and Glass, 2007; Tontonoz and
Spiegelman, 2008; Zhao et al., 2011b). Sumoylated
(K395) PPARg can block degradation of transcriptional
repressors on NF-kB and AP-1 responsive genes in
macrophages (Pascual et al., 2005). PPARg’s ability to
suppress inflammation may be an important part of
a PPARg drug’s efficacy in increasing insulin sensitiv-
ity in diabetes (Kallenberger et al., 2003; Hotamisligil,
2006; Tontonoz and Spiegelman, 2008).
Although both clinical data and PPARg biology point

out that inducing all or most of PPARg’s effects is not
desirable, inducing a subset of effects such as insulin
sensitization, anti-inflammation, and antiproliferation
would be (Han and Roman, 2007; Straus and Glass,
2007). This is the goal of selective PPARg modulator
(SPPARgM) development. Many PPARg ligands that
elicit fewer negative effects of PPARg agonism while
still increasing insulin sensitivity have been developed
(Rangwala and Lazar, 2002; Higgins and DePaoli,
2010). Much of the current preclinical work suggests
distinct PPARg ligands can cause different outcomes in
vivo. One prominent clinical example demonstrates
that two PPARg ligands can produce differing clinical
results in humans: pioglitazone lowers triglyceride
levels while rosiglitazone does not (Chiquette et al.,
2004; Goldberg et al., 2005). A conceptual model of
PPARg function is emerging that offers some insight
into how SPPARgMs may tune PPARg to produce
selective effects (Wu et al., 2003). The binding of a
particular ligand (or no ligand) by PPARg produces a
unique equlibria of conformations and dynamics that
favors/disfavors interaction with a particular set of pro-
tein kinases, ubiquitin ligases, or coregulators, thus pro-
ducing ligand-specific transcriptional effects (Oberfield
et al., 1999; Rocchi et al., 2001; Fujimura et al., 2005;
Pascual et al., 2005; Burgermeister et al., 2006; Kim

et al., 2006c; Motani et al., 2009; Choi et al., 2010).
Many of the SPPARgMs do show distinct cofactor
binding from rosiglitazone or pioglitazone; however,
the right combination of coregulator recruitment neces-
sary for desired physical effects remains unclear.
Extensive PPARg and nuclear receptor research has
enabled development of ligands that show some
SPPARgM characteristics. The goal of the SPPARM
concept, a ligand that shows clear separation of weight
gain, edema, and bone loss from insulin sensitization,
has yet to enter clinical practice.

C. Selective Peroxisome Proliferator-Activated
Receptor g Modulator

GW0072, 4-[4-[(2S,5S)-5-[2-(dibenzylamino)-2-oxoethyl]-
2-heptyl-4-oxo-1,3-thiazolidin-3-yl]butyl]benzoic acid (Fig.
12), is one of the first published PPARg partial agonists
that induces less transcriptional activity from a PPRE-
containing reporter plasmid in a cell-based assay than the
TZDs (Lehmann et al., 1995; Rocchi et al., 2001). Oberfield
et al. (1999) found that GW0072 did not occupy the end of
the T-binding pocket associated with interaction with
helix 12, which may explain its partial agonism (15–25%),
despite a binding affinity comparable to rosiglitazone.
It also antagonized the activity of rosiglitazone in tran-
scription, coregulator recruitment, and fat-cell differen-
tiation assays. However, both rosiglitazone and GW0072
recruited far less NCoR to PPARg compared with vehicle
in a mammalian two-hybrid assay (Oberfield et al., 1999).
Additionally, GW0072 recruited the PGC1a peptide to
a similar degree as rosiglitazone, despite recruiting far
fewer SRC1, SRC2, and SRC3 peptides (Burgermeister
et al., 2006). Recruitment of PGC1a likely promotes in-
sulin sensitization, as it is upregulated with exercise and
likely contributes to some of the observed benefits of
exercise on metabolic syndrome, so a strong case for the
benefits of PGC1a can be made (Handschin and Spiegel-
man, 2008). Furthermore, skeletal muscle from PGC1a+/2

mice shows a significant increase in expression of several
proinflammatory cytokines and a reduced expression of
PGC1a, leading to chronic inflammation, which would
be expected to reduce insulin sensitivity (Hotamisligil,
2006; Handschin et al., 2007; Handschin and Spiegelman,
2008). Therefore, retaining PGC1a recruitment similar
to rosiglitazone is likely beneficial.

Lack of SRC2 is implicated in inhibiting obesity,
while SRC12/2 mice become obese more readily, so it is
difficult to determine what effect reduced recruitment
of both these factors would have (Picard et al., 2002).
Rosiglitazone both blocked osteoblast formation and pro-
moted adipocyte differentiation, while GW0072 blocked
osteoblast formation but did not promote adipocyte
differentiation (Lecka-Czernik et al., 2002). Unpub-
lished observations in insulin-resistant Zucker rats have
indicated that GW0072 lowered plasma insulin and tri-
glyceride levels as much as a full agonist with less
weight gain (Willson et al., 2001). Therefore, GW0072
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does more than simply block the binding of rosiglitazone,
changing the state of PPARg from that characterized by
the exogenous ligand free form to one that releases
NCoR and binds PGC1a, blocks osteoblast differenti-
ation, and possibly increases insulin sensitivity.
Fmoc-L-leucine (F-L-Leu) (Fig. 12) is a PPARg-selec-

tive partial agonist that induces transcription up to 85%
that of rosiglitazone. Two F-L-Leu molecules bind to one
PPARg molecule with a Ki of 15 mM. A mammalian two-
hybrid assay using full-length cofactors showed that the
coactivator SRC2 (TIF-2) interacts with rosiglitazone-
bound PPARg but not with F-L-Leu-bound PPARg,
whereas both F-L-Leu and rosiglitazone have similar
binding of SRC1 (Rocchi et al., 2001). These full-length
data differ from peptide recruitment assay results that
have demonstrated that SRC 1, 2, and 3 peptides are all
less recruited to PPARg by F-L-Leu than by rosiglita-
zone (Rocchi et al., 2001; Burgermeister et al., 2006).
The lack of SRC2 recruitment and the maintained SRC1
recruitment (compared with rosiglitazone) by F-L-Leu-
bound PPARg may be at least partially responsible for

the reduced weight gain in F-L-Leu-treated mice. This
can be seen in SRC22/2 mice, which are resistant to obe-
sity and have reduced adipocyte size, increased plasma
leptin concentration, and enhanced adaptive thermo-
genesis, while the SRC12/2 mice are obesity prone
(Rocchi et al., 2001; Picard et al., 2002). F-L-Leu induced
adipocyte differentiation and was able to increase glu-
cose tolerance in db/db diet-induced glucose-intolerant
mice. However, F-L-Leu was also able to enhance glu-
cose tolerance in normal mice while rosiglitazone did
not. F-L-Leu also demonstrated anti-inflammatory ef-
ficacy in a 2,3,6-trinitrobenzene sulfonic acid-induced
colitis mouse model (Rocchi et al., 2001).

MK0533, (2R)-2-(3-3-[(4-methoxyphenyl)carbonyl]-2-
methyl-6-(trifluoromethoxy)-1H-indol-1-ylphenoxy)
butanoic acid (Fig. 12), is a partial agonist that had
comparable effects on blood glucose reduction to those of
pioglitazone and rosiglitazone in obese diabetic db/db
mice. It also increased brown adipose tissue as com-
pared with vehicle in Sprague-Dawley rats, but not as sig-
nificantly as rosiglitazone. In addition, while rosiglitazone

Fig. 12. PPARg modulators.
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increased plasma volume, extracellular fluid, and
heart weight after 7 days of treatment, MK0533 did
not produce significant increases in those same para-
meters in Zucker fa/fa rats (Acton et al., 2009).
Although these preclinical data showed promise, a
phase 2 clinical trial for MK0533 by Merck was ter-
minated due to lack of glycemic and body fluid benefits
over pioglitazone (Merck; http://clinicaltrialsgov/ct2/show/
NCT00543959).
PA-082, 1-(3,4-dimethoxy-benzyl)-6,7-dimethoxy-4-[4-

(2-methoxy-phenyl)-piperidin-1-ylmethyl]-isoquinoline
(Fig. 12), induced less recruitment of SRC1, SRC2 and
SRC3, but nearly equal recruitment of PGC1a as com-
pared with rosiglitazone in a fluorescent resonance
energy transfer peptide recruitment assay with a pro-
file very similar to GW0072 and F-L-Leu. This assay
also demonstrated that, like rosiglitazone and GW0072,
PA-082 caused displacement of NCoR. PA-082’s selec-
tive recruitment of PGC1a may be important to either
its positive effects on glucose uptake and insulin sig-
naling or lack of triglyceride accumulation in adipocytes
in vitro. This same group stated unpublished observa-
tions that administration of PA-082 to db/db mice re-
sulted in lower plasma triglyceride levels without body
or liver weight gain (Burgermeister et al., 2006).
FK614, 3-(2,4-dichlorobenzyl)-2-methyl-N-(pentylsulfonyl)-

3-H-benzimidazole-5-carboxamide (Fig. 12), is a partial
agonist, inducing 75% of the transcription induced by
several TZDs while displaying different cofactor bind-
ing. FK614 recruited less SRC1, p300, CBP to PPARg
than the TZDs while equaling their PGC1a, PRIP, and
PPAR-binding protein recruitment and NCoR and
SMRT displacement (Fujimura et al., 2005, 2006a,b).
In db/db mice, FK614 reduced plasma triglyceride
levels and plasma glucose to levels comparable to ro-
siglitazone at the same dosage (3.2 mg/kg). FK614 also
reduced plasma insulin and glucose in ob/ob mice
similar to pioglitazone at 1/3 the dose. Interestingly,
FK614 reduced red blood cell (RBC) counts in female
rats (and not male) at doses of 320 mg/kg while
rosiglitazone affected RBC counts in both male and
female rats at 32 and 100 mg/kg (Minoura et al., 2004).
A reduction in RBC count can indicate an increase in
blood plasma volume, a known side effect of rosiglita-
zone. Thus, FK614 appears to have effects comparable
to those of rosiglitazone and pioglitazone on plasma
glucose levels in ob/ob mice and insulin sensitivity in
Zucker fatty rats with less propensity for increasing
plasma volume/edema (Minoura et al., 2004, 2005,
2007). In white adipose tissue, FK614 had similar ef-
fects to pioglitazone, increasing the number of small
adipocytes to near lean controls and slightly decreasing
the number of large adipocytes (Minoura et al., 2007).
However, both rosiglitazone and FK614 trended to-
ward weight gain in Zucker fatty rats (Minoura et al.,
2005). Astellas Pharma (Toyko, Japan) terminated
development of FK614 in 2005 due to lack of benefits

over existing PPAR agonists (http://www.astellas.
com/en/ir/library/pdf/h_pre2006_en.pdf).

Another SPPARgM, INT-131 (T131, AMG131), N-
(3,5-dichloro-4-quinolin-3-yloxyphenyl)-2,4-dihydroxy
benzenesulfonamide (Fig. 12), induces ;20% of the
expression of rosiglitazone in a PPRE plasmid reporter
assay while binding more tightly to PPARg than
rosiglitazone. INT-131 binds to the PPARg LBD in a
manner distinct from rosiglitazone, with the most
notable difference being that it apparently does not
interact with helix 12 (AF-2 Helix). It also displays
decreased TRAP220, SRC2, SRC3, CPB, and p300
peptide binding when compared with rosiglitazone. Con-
versely, it shows similar TIF1 and RIP140 peptide
binding and dramatically increased, near-unbound
levels of NCor and SMRT corepressor binding com-
pared with rosiglitazone (Motani et al., 2009). The
differences in binding and subsequent coregulator
recruitment translate into cell culture and in vivo
differences between rosiglitazone and INT-131. Unlike
rosiglitazone, INT-131 weakly promotes differentiation
of preadipocytes and antagonizes the rosiglitazone-
induced differentiation. Additionally, INT-131 causes
similar glucose tolerance and weight gain in Zucker
fatty rats; however, plasma volume, and heart and
lung weight are less in comparison with rosiglitizone
(Motani et al., 2009). In a phase 2b clinical trial, INT-
131 was tested at 1 mg and 10 mg per day for 4 weeks.
The 1 mg/day and 10 mg/day groups both showed
significant improvement over placebo in fasting plas-
ma glucose. The 1 mg/day group had no significant
changes in hematocrit or weight, but the 10 mg/day
group had significantly decreased hematocrit (indicative
of increased plasma volume) and significantly increased
weight along with clinical evidence of edema in 6 of 24
patients. Thus, the 1 mg/day group did not display
significant safety risks but did have a significant im-
provement in fasting plasma glucose; the 10 mg/day
produced significant unwanted effects (Dunn et al.,
2011). Whether INT-131 can succeed in separating
edema, heart failure, weight gain, and bone marrow
adipocity from adequate insulin sensitization better
than the TZDs in humans is still questionable.

In 2006, Kim et al. (2006a,b) described the novel non-
thiazolidinedione compound KR-62980, 1-(trans-methyli-
mino-N-oxy)-6-(2-morpholinoethoxy)-3-phenyl-1H-indene-2-
carboxylic acid ethyl ester (Fig. 12), that induces only
30% of the transcriptional activity compared with
rosiglitazone in HIH3T3 cells using a PPARg LBD
GAL4 assay. KR-62980 also causes little differentiation
of C3H10T1/2 cells, almost no induction of the aP2
transcription, and blocks differentiation and aP2
transcription induced by rosiglitazone. Additionally,
KR-62980 allows for recruitment of SRC2 similar to
rosiglitazone in a mammalian two-hybrid assay, but
dramatically reduces TRAP220 recruitment and slightly
reduces association of AIB1 and SRC1 compared with
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rosiglitazone. A 14-day high-fat diet in C57BL/6J mice
treated with KR-62980 improved plasma glucose simi-
lar to rosiglitazone. It was interesting to note that KR-
62980 also significantly reduced the high-fat diet-
induced body fat and heart weight gain, but treatment
with rosiglitazone did not appear to affect this (Kim
et al., 2006b). KR-62980 also appears to have several
anti-inflammatory effects, including IL-4 and IFNg
suppression, and improved outcomes when adminis-
tered in the context of an allergic asthma model (Won
et al., 2010). Both KR-62980 and rosiglitazone showed
neuroprotective and antiproliferative effects in a breast
cancer cell line (Kim et al., 2006b, 2011). Interestingly,
pioglitazone significantly reduced the risk of breast
cancer in the PROactive Trial (Dormandy et al., 2005).
Further investigation into the antiadipogenic mecha-
nism of KR-62980 revealed that TAZ (transcriptional
coactivator with PDZ-binding motif) is necessary for
KR-62980 to block rosiglitazone-induced adipocyte dif-
ferentiation in 3T3-L1 cells (Jung et al., 2009). TAZ had
been previously shown to bind PPARg and to function to
block adipocyte and induce osteoblast differentiation
from mesenchymal stem cells (Hong et al., 2005). KR-
62980 increased transiently expressed TAZ nuclear
localization in Cos7 cells. It also increased the in-
teraction of TAZ and PPARg in an immunoprecipitation
assay using 3T3-L1 adipocytes, and decreased binding of
PPRE containing DNA to PPARg in 3T3-L1 adipocyte
nuclear protein extract (Jung et al., 2009). An abstract
from the American Society for Bone and Mineral Re-
search reported that KR-62980 has pro-bone-formation
effects and helped maintain bone mass in ovariecto-
mized mice (Bae et al., 2007). These data suggest that
KR-62980 increases PPARg TAZ interaction, which
inhibits adipocyte differentiation and induces osteoblast
differentiation, while still decreasing inflammation and
improving plasma glucose levels in mice on a high-fat
diet. Separation of bone loss from insulin sensitization
has not been clearly demonstrated, and it may be
difficult given that the pro-adipocyte-differentiation
effects of PPARg appear to be partly responsible for
both insulin sensitization and bone loss. It appears
possible that KR-62980 can clearly separate these two
activities. The apparent insulin sensitization effects
combined with pro-osteogenic and antiadipogenic activ-
ities would make KR-62980 a strong and rather unique
candidate for further development.
CLX-0921 (THR0921) (Fig. 12) is structurally similar

to polyphenols found in the bark of plants of the
Pterocarpus genus, which have been traditionally used
as a remedy for diabetes within the ayurvedic system
of medicine. In vitro assays using 3T3-L1 cells
demonstrated that CLX-0921 recruited equivalent
CBP coregulator at 10-fold higher concentrations than
rosiglitazone and produced half the triglyceride accu-
mulation of rosiglitazone. CLX-0921 also induced gly-
cogen synthesis in HepG2 cells while rosiglitazone did

not. In ob/ob mice, a dose of 10 mg/kg per day of
CLX-0921 and rosiglitazone improved blood glucose
levels to a similar degree over vehicle. However,
CLX-0921 did produce weight gain in Zucker diabetic
fatty rats, but not ob/ob or db/db mice, along with
reductions in blood glucose at a daily dose of 50 mg/kg
for all groups (Dey et al., 2003). In a collagen-induced
arthritis model, CLX-0921 treatment appeared to im-
prove the clinical score. Spleen cells from arthritic mice
treated with CLX-0921 secreted less INFg, TNFa, and
IL1-b than untreated arthritic mice upon challenge
with LPS or collagen (INFg and IL1-b) (Tomita et al.,
2006).

Several recent reports have introduced new concepts
that impact SPPARgM development and may aid in
the development of SPPARgMs with a wider separa-
tion of positive and negative effects. Choi et al. (2010)
offered new insight into the complex link between
PPARg and insulin sensitization. They reported that
phosphorylation of Ser273 of PPARg by CDK5 is
inhibited by rosiglitazone and that Ser273 phosphor-
ylation was strongly anticorellated with in vivo insulin
sensitization in a small human trial (Choi et al., 2010).
Rosiglitazone shares the ability to block Ser273 phos-
phorylation with a partial agonist (MRL-24), which is
also capable of robust insulin sensitization. The ap-
parent mechanism by which both these drugs block
phosphorylation is through stabilization of the b-sheet
region near Ser273, which presumably disfavors in-
teraction with CDK5 (Choi et al., 2010). A previous
report showed that stabilization of this b-sheet region
is achieved by three other partial and full agonists
as well, while only the two full agonists stabilized helix
12 (Bruning et al., 2007). These data indicate that
stabilization of helix 12 appears necessary for full
transcriptional activity but not to induce insulin
sensitization. Whether Ser273 phosphorylation is a
bystander effect or is a cause of increased insulin sen-
sitivity is yet to be determined. However, development
of drugs that specifically block Ser273 phosphorylation
without causing transcriptional activation of PPARg
may provide a new direction for future SPPARgM de-
velopment. MRL-24 is a step in this direction, as it
binds to PPARg with higher affinity than rosiglitazone
and blocks Ser273 phosphorylation more effectively,
yet induces only 20% of the transcription of rosiglita-
zone. It also provides as good or better glucose cor-
rection than rosiglitazone in db/db or DIO mice while
inducing less heart and body weight gain (Acton et al.,
2005; Choi et al., 2010). Another recently reported
ligand, SR1664 (Fig. 12), goes a step farther, showing
no significant induction of transcription from a PPRE
containing reporter plasmid while providing robust in-
sulin sensitization with no indication of edema or
weight gain (Choi et al., 2011).

Two other reports by separate groups point to the
importance of brain PPARg for weight gain and a
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portion of insulin sensitivity using different approaches
(Lu et al., 2011; Ryan et al., 2011). Ryan et al. (2011)
found that injection of a small amount of rosiglitazone
or viral delivery of a constitutively active PPARg into
the brain increased feeding and weight gain. Weight
gain and increased feeding induced by oral dosing of
much larger amounts of rosiglitazone were blocked by
ventricular injection of GW9662, 2-chloro-5-nitro-N-
phenylbenzamide (Fig. 12), a PPARg antagonist, which
also decreased feeding and weight in rats fed a high-fat
diet (Ryan et al., 2011). Lu and coworkers found that
both treated and untreated mice with a brain-specific
knockout of PPARg gained less weight on a high-fat diet
and rosiglitazone, and had increased activity compared
with controls. Interestingly, the PPARg brain-specific
knockout mice did show increases in insulin sensitivity
from rosiglitazone treatment. However, the treatment
did not reduce basal and insulin-stimulated hepatic glu-
cose production (Lu et al., 2011). Thus, it appears that
blood-brain barrier permeability of PPARg ligands
affects weight gain and possibly insulin sensitization.
Perhaps modifying existing ligands to make them less
able to penetrate the brain could reduce weight gain and
leave insulin sensitization largely intact.
No SPPARgM has reached the clinic, but preclinical

research indicates that new PPARg ligands can po-
tentially separate edema, weight gain, and bone loss
from insulin sensitization to a greater extent than TZDs.
More preclinical analysis of the effect of SPPARgMs on
cancer models and bone are needed. SPPARgMs will
hopefully result in more effective diabetes treatments,
and their anti-inflammatory effects may be useful in
treating other diseases as well.

VIII. Liver X Receptor Modulators

A. Liver X Receptor Structure

The LXRs were originally isolated using low-stringency
hybridization screening of cDNA libraries and yeast
two-hybrid technology. The LXRa isoform was inde-
pendently identified by two groups and was initially
named RLD-1 and LXR, whereas four groups identified
the LXRb isoform, applying the names UR, NER, OR-
1, and RIP-15 (Apfel et al., 1994; Shinar et al., 1994;
Song et al., 1994; Seol et al., 1995; Teboul et al., 1995;
Willy et al., 1995). Further sequence analysis showed
that there was approximately 77% amino acid identity
in both the DBD and LBD between human LXRa and
LXRb, suggesting that they are closely related. LXRs
are highly conserved between humans and rodents, but
also share the highest homology with the Drosophila
ecdysone receptor and VDR (Willy et al., 1995). Janowski
et al. (1996) found a unique class of meiosis-activating
sterols through ligand-screening techniques as the first
activators of LXRs. However, the major breakthrough
in elucidating the physiologic role of the LXRs came with
the finding that oxysterols serve as their endogenous

ligands (Janowski et al., 1996; Lehmann et al., 1997). A
specific group of mono-oxidized derivatives of choles-
terol were later identified as the most potent ligands
through screening of the cholesterol metabolic path-
way; these derivatives are 24(S)-hvdroxycholesterol,
22(R)-hydroxycholesterol, and 24(S),25-epoxycholesterol
(Forman et al., 1997; Janowski et al., 1996; Lehmann
et al., 1997).

LXRs share the conserved structure of the NRs, and
a closer look at the LXRb LBD reveals that it adopts
the canonical fold of nuclear hormone receptors,
consisting of three layers of a-helices and possessing
a small three-stranded b-sheet (s0, s1, and s2), similar
to a set of other, structurally most closely related NRs
[VDR, retinoic acid receptor g (RARg), TRb, PPARa,
PPARg, RXRa, RORa, RORb, and PXR] (Wurtz et al.,
1996; Ribeiro et al., 1998; Klaholz et al., 2000; Cronet
et al., 2001; Stehlin et al., 2001; Tocchini-Valentini
et al., 2001; Watkins et al., 2001; Xu et al., 2001). The
ligand-binding pocket of LXRb is a large hydrophobic
cavity that is surrounded by H3, H5, H6, H7, H11, and
H12. Its volume of 800 Å3 is slightly larger than the
size of the cavity reported for RORa and RORb (722 Å3

and 766 Å3, respectively) (Stehlin et al., 2001; Kallen
et al., 2002). This pocket also shows considerable plas-
ticity, in that it can accommodate ligands of different
structures, most likely due to adjustments of the rota-
tional conformers of several residues, without signifi-
cant effects on the overall structure of the protein. In
the agonist conformation of the receptor LBD, an en-
trance to the ligand cavity exists between H5 and the
loop between s1 and s2, similar to the situation in
PPARg (Gampe et al., 2000). The 11 residues between
H1 and H3, which are not visible in the electron den-
sity, are proximal to this region, and their flexibility
might be necessary for ligand access to the binding
pocket. Mainly hydrophobic residues, except for resi-
due His435, form the cavity. Known agonists such as
T0901317 take advantage of this by binding to His435
close to H12; others such as GW3965 orient themselves
with the charged group in the opposite direction.
However, both induce a fixed agonist conformation of
helix 12 (also called the AF-2 domain), resulting in a
transcriptionally active receptor (Farnegardh et al.,
2003). Residues lining the ligand-binding pocket of
LXRb are also completely conserved in LXRa. LXRa
adopts the classic NR fold; in the structure, helix 12 is
positioned in an agonistic position, as seen in the
presence of GW3965 (Bennett et al., 2008). Binding
of an agonist to the LBD of LXRs induces a cation–p
interaction between His421 and Trp443 (LXRa num-
bering), thus stabilizing the C-terminal helix 12 to
form a binding groove for specific protein coactivators
(Williams et al., 2003).

LXR activity is regulated by dimerization, and LXRs
carry a sequence signature for homo- and heterodime-
rization (Gampe et al., 2000; Greschik andMoras, 2003).
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Whether LXRs can effectively signal as homodimers is
still controversial; however, it is clear that LXRs are
readily activated through heterodimerization with the
RXR (Peet et al., 1998a,b; Tamura et al., 2000; Anderson
et al., 2003; Lalloyer et al., 2009). The LXR–RXR
heterodimer binds to a sequence called the LXRE
(LXR-responsive element) in the regulatory regions of
target genes. The LXR-responsive element is known
to consist of direct repeats of a core motif, AGGTCA,
separated by four nucleotides (termed DR4) (Willy et al.,
1995; Chawla et al., 2001). LXR–RXR heterodimer
bound to the DR4-response element can be transcrip-
tionally activated by either LXR or RXR ligands, which
are referred to as “permissive heterodimers” (Zelcer and
Tontonoz, 2006). LXR can also be activated by hetero-
dimerization alone, in the absence of ligand, via a me-
chanism termed dimerization-induced activation.
Currently, this is a unique mechanism of NR activation
that has not been described for NRs other than LXR
(Wiebel and Gustafsson, 1997). Dimerization-induced
activation requires the AF-2 domain of LXR, but not
the RXR AF-2 domain. The DNA-bound LXR-RXR
heterodimer recruits SRC1, which then induces a con-
formational change to the LXR (Wiebel et al., 1999).
This is reminiscent of the structural changes induced
by the binding of ligand, termed the phantom-ligand
effect (Wiebel and Gustafsson, 1997). In this model of
LXR transactivation, which encompasses the permis-
sive heterodimer model and the allosteric effects of
RXR heterodimerization, the LXR–RXR heterodimer is
activated by dimerization, and exhibits dual-ligand
permissiveness and synergism (Wiebel and Gustafsson,
1997; Wiebel et al., 1999; Schulman and Heyman, 2004).
However, the precise role of RXR in the interaction of
the LXR–RXR heterodimer with coactivators remains
poorly understood. In particular, it is unclear whether
RXR is a direct binding partner of specific NR boxes
of coactivators or functions as an allosteric activator
of LXR by stimulating the interaction of LXR with
coactivators.
In absence of ligand, LXRs are acetylated at residues

Lys432 in LXRa and Lys433 in LXRb and constitu-
tively bound to RXR (Li et al., 2007). Upon oxysterol
binding to the LXR LBD, the carboxy terminal domain
is modified to release the corepressors, nuclear re-
ceptor corepressor (NCoR), or silencing mediator for
retinoic acid and thyroid hormone receptor (SMRT)
(Hu et al., 2003). Helix 12 conforms to block the ligand
in its binding pocket. Interaction of coactivators, such
as activating signal cointegrator-2 (ASC-2), changes
the conformation of the AF-2 domain, allowing the chro-
matin to be in a permissive state to initiate tran-
scription (Svensson et al., 2003; Lee et al., 2008).
Corepressor proteins that inhibit transcription can also
competitively block this coactivator binding. Coacti-
vators are generally characterized by an LXXLL se-
quence element, whereas corepressors contain an

LXX(I/L)XXL sequence element (Greschik and Moras,
2003; Savkur and Burris, 2004).

B. Liver X Receptor Function

The expression patterns of LXRa and LXRb demon-
strate significant overlap. LXRa has highest expres-
sion in liver along with kidney, intestine, fat, lung,
macrophages, and spleen while LXRb is ubiquitously.
LXR plays varied physiologic roles consistent with its
expression pattern. Thus, agonists for LXR have been
shown to suppress hepatic gluconeogenesis, improve
insulin sensitivity, and suppress inflammatory and
proliferative responses of vascular cells (Nomiyama
and Bruemmer, 2008). Targeting this receptor has
proven to be of therapeutic importance in the treat-
ment of atherosclerosis, diabetes, cancer, cardiovascu-
lar disease, autoimmune disorders, and Alzheimer’s
disease (Joseph et al., 2002; Tangirala et al., 2002; Cao
et al., 2003; Laffitte et al., 2003; Koldamova and Lefterov,
2007; Riddell et al., 2007; Nomiyama and Bruemmer,
2008; Xu et al., 2009; Chuu, 2011).

Despite their therapeutic potential in hypercholes-
terolemia and atherosclerotic vascular disease, potent
synthetic LXR ligands have problematic, unwanted
side effects, including hypertriglyceridemia, largely
because of the activation of SREBP1c expression. Hence,
the former effects need to be promoted by such a drug,
and the latter left unaffected or even antagonized
(Steffensen and Gustafsson, 2004). Because of the un-
desirable effects caused by first-generation LXR ago-
nists, LXRa and LXRb-selective agonists and selective
LXR modulators need to be developed that will help
elucidate isoform-specific functions of LXR. In all,
further research on the molecular mechanism of LXR is
needed, which may facilitate treatment of clinical
cardiovascular disease with more suitable drugs.
Clearly, as yet we are at the beginning of what pro-
mises to be an extremely interesting period of con-
tinuous revelations of new functions of the two LXR
isoforms, and it is likely that novel approaches to treat
diseases will become apparent. The goal of this section
is thus to elucidate the biologic aspects of LXR in the
generation of selective, therapeutically improved, next-
generation selective LXR modulators.

C. Selective Liver X Receptor Modulators

Several natural LXR ligands have been elucidated in
mammals, the most important being oxysterols derived
by enzymatic pathways or through exogenous nutritional
supply (Lehmann et al., 1997; Schroepfer, 2000). Other nat-
ural activating oxysterols include 22(R)-hydroxycholesterol
in steroidogenic tissues, 24(S)-hyroxycholesterol in the
brain and plasma, 25-epoxycholesterol in the liver, and
27-hydroxycholesterol in macrophages, which are
known to activate both isoforms of LXR (Janowski
et al., 1996; Lehmann et al., 1997; Bjorkhem, 2009).
Another cholesterol-derived molecule, follicular fluid
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meiosis activating sterol, is also a potent activator
of LXRa. Desmosterol, 6a-hydroxylated bile acids,
and various compounds derived from plants and
fungi are also potent activators of LXR (Song et al.,
2000; Bramlett et al., 2003; Huang et al., 2005;
Jayasuriya et al., 2005; Ondeyka et al., 2005; Yang
et al., 2006).
LXR is widely known to be targeted by two non-

steroidal synthetic agonists: T0901317 [N-[4-(1,1,1,3,3,3-
hexafluoro-2-hydroxypropan-2-yl)phenyl]-N-(2,2,2-
trifluoroethyl)benzenesulfonamide] and GW3965 [2-[3-
[3-[[2-chloro-3-(trifluoromethyl)phenyl]methyl-(2,2-
diphenylethyl)amino]propoxy]phenyl]acetic acid] (Fig.
13). Both have been demonstrated to inhibit atheroscle-
rosis progression and even promote lesion regression in
mouse models via a dual mechanisms of activation of
reverse cholesterol transport and repression of inflam-
mation (Schultz et al., 2000; Collins et al., 2002; Joseph
et al., 2002; Terasaka et al., 2003; Levin et al., 2005).
Thus, selective LXR modulators have gained worldwide
attention and have high potential for treatment of
atherosclerosis. LXR agonists also induce the hepatic
SREBP1c expression, which in turn induces expression
of fatty acid synthetic genes, causing hepatic steatosis
and hypertriglyceridemia in animals (Schultz et al.,
2000; Houck et al., 2004; Shenoy et al., 2004; Mitro
et al., 2007; Kumar et al., 2010; Solt et al., 2011).
Moreover, LXR agonists appear to increase LDL cho-
lesterol levels through upregulation of cholesteryl ester
transfer protein (CETP) (Groot et al., 2005). These
issues have lead to a considerable hindrance in the de-
velopment of LXR agonists. In the ideal situation,
scientists are in search of tissue-selective LXR modu-
lators (e.g., specificity for macrophages over liver) or even
against specific genes (e.g., ABCA1/G1 over SREBP1c).
Alternatively, a selective modulator to LXRb (relatively
low expression in the liver) than to LXRa might have
improved therapeutic implications in plasma lipids and
steatosis.
Extensive medicinal chemistry research has enabled

the development of ligands with some SLiM (selective
LXR modulator) characteristics. T0901317 was the
first high affinity synthetic LXR ligand identified
which caused an ATP binding cassette (ABC) trans-
porter (ABCA1) induction and cholesterol efflux, but
also induced hypertriglyceridemia and fatty liver
(Schultz et al., 2000). The LXR agonist GW3965 (2-
[3-[3-[[2-chloro-3-(trifluoromethyl)phenyl]methyl-(2,2-
diphenylethyl)amino]propoxy]phenyl] acetic acid) has
also been reported to induce less hepatic steatosis al-
though it is still clearly significant (Miao et al., 2004;
Grefhorst et al., 2005).
Makishima’s group identified YT-32, (22E)-ergost-

22-ene-1a,2b diol (Fig. 13), a phytosterol of fungal cell
membranes, as a potent LXR activator both in vivo as
well as in vitro (Kaneko et al., 2003). Along with the
natural function in lowering plasma cholesterol, it did

not appear to have the adverse side effects seen with
other LXR agonists. LXR-623 (2-[(2-chloro-4-fluorophenyl)
methyl]-3-(4-fluorophenyl)-7-(trifluoromethyl)indazole),
an indazole, was also tested in the first reported phase 1
clinical trials; it had adverse CNS side effects, so the
study was terminated (DiBlasio-Smith et al., 2008; Katz
et al., 2009).

Differential coactivator and corepressor recruitment
might also be an important determinant to the tissue
specificity of LXRs, as they are with other NRs (e.g.,
the SERMs tamoxifen and raloxifene) (Shang and
Brown, 2002). Similarly, the relative expression levels
of coregulators might be important determinants for
tissue selectivity (Shang and Brown, 2002). For LXRa,
SRC1 and DRIP are recruited to similar levels with
T1317 and GW3965. In contrast, GW3965 recruits CBP
to a lesser extent when compared with T1317. It is
tempting to speculate that coactivators like SRC1 and
DRIP might mediate the intestinal effects on gene
regulation while CBP mediates liver effects of these
two ligands through LXRa.

Current efforts are focused on identification of mol-
ecules specific for each isoform, but the close similarity
in the LBD of LXRa and LXRb prevents the deve-
lopment of a or b selective compounds. Thus, identi-
fying SLiMs (selective LXR modulators) that inhibit
the progression of atherosclerosis by increasing reverse
cholesterol transport without the detrimental lipogenic
effects in liver is an important challenge for the future
advancement in this field.

It has been postulated that a LXRb selective
compound may have a beneficial outcome on the lipid
profile for a ligand by dissociating the favorable and
unfavorable effects of LXR agonists. Although there
have been a few examples of compounds showing
a modest level of LXRa selectivity, obtaining a potent
LXRb-selective compound has proven to be more
challenging. Analysis of the structure-activity relation-
ship (SAR) and X-ray crystallographic data suggests
that the rational design of a LXRb-selective compound
will not be trivial. WAY-252623 (LXR-623) (Fig. 13) is
one such indazole-based selective LXR modulator with
an IC50 of 179 and 24 nM for LXRa and LXRb,
respectively (Katz et al., 2009). The X-ray structure of
LXR-623 bound to LXRb revealed that N-1 indazole
nitrogen forms a hydrogen bond with His435, while the
7-trifluoromethyl group makes electrostatic interac-
tions with the same residue; this makes it different
from GW3965 and explains its good in vivo efficacy (Li
et al., 2010). It is a novel partial LXR agonist with an
improved therapeutic index as profiled in several
animal models expressing CETP, including hamsters
and cynomolgus monkeys, and is orally bioavailable
(Groot et al., 2005). Katz et al. recently presented
results from a single ascending-dose study of the safety,
pharmacokinetics, and pharmacodynamics of LXR-623
in human participants. LXR-623 was absorbed rapidly
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after oral administration with peak concentrations
(Cmax) achieved at approximately 2 hours, which in-
creased in a dose-proportional manner (Katz et al.,
2009). LXR activation resulted in a dose-dependent
increase in ABCA1 and ABCG1 expression. The effect
of LXR-623 concentration on ABCA1 and ABCG1 ex-
pression was further characterized via a population
pharmacokinetic-pharmacodynamic analysis, yielding
ED50 estimates of 526 ng/ml and 729 ng/ml, respectively
(Katz et al., 2009). Additionally, LXR-623 demonstrated
significant efficacy for reducing lesion progression in the
murine LDLR2/2 atherosclerosis model with no signif-
icant adverse effects such as an increase in hepatic
lipogenesis, performing significantly better than
GW3965 in the same experiment (Quinet et al.,
2009). LXR-623 also displayed little lipogenic
potential or neutral lipid effects in CETP-expressing
species such as the Syrian hamster, suggesting reduced
effects on steady-state HDL levels due to enhanced
transfer of HDL cholesterol to LDL for clearance by liver
via reverse cholesterol transport process (Quinet et al.,
2009). In nonhuman primates with normal lipid levels,
LXR-623 significantly reduced total (50–55%) and LDL
cholesterol (70–77%) in a time- and dose-dependent
manner. Significant decreases in LDL cholesterol levels
were observed at less than 7 days and reached peak
levels by day 28. The results were even better than the
conventional reductions observed with 20 mg/kg of sim-
vastatin alone. Treatment with LXR-623 led to hepatic
downregulation of several lipogenic genes, including
FAS, LDLR, INSIG1, and SREBF1,without causing the
adverse effects seen with other LXR agonists.
LXRs are widely expressed in the brain, and LXR

agonists have been known to induce cholesterol efflux

from neurons and glia by upregulation of ABCA1, and
also to upregulate apolipoprotein E for potential be-
neficial effects on Alzheimer’s disease by lowering
b-amyloid (Cao et al., 2007). Unfortunately, LXR-623
displayed adverse CNS effects at higher doses (150 and
300 mg) in a phase 1 clinical trial and was discontinued
(Katz et al., 2009).

T0901317, a nonsteroidal synthetic LXR agonist,
facilitated the discovery of biologic signaling pathways
that are regulated by LXRs (Schultz et al., 2000;
Michael et al., 2005). Similar to other older genera-
tion LXR agonists, it causes increased expression of
lipogenic genes including Fas and SREBP1c. A crystal
structure of T0901317 bound to hLXRb was thus used
to design a series of substituted N-phenyl tertiary
amines, which led to the identification of the lead LXR
ligand GSK-9772 [4-[[N-butyl-4-(1,1,1,3,3,3-hexafluoro-2-
hydroxypropan-2-yl)anilino]methyl]-2,6-dichlorophenol]
through profiling in binding and functional assays
(Chao et al., 2008). Nuclear receptor selectivity and
functional assays showed that GSK-9772 was 100-fold
more selective to LXR than either AR, GR, PR, MR,
ERa/b, farnesoid X receptor, or PPARa/g/d with little
cross-reactivity to PXR (EC50 = 250 nM). It had a higher
affinity for LXRb (IC50 = 30 nM) than LXRa (IC50 = 180
nM), and dissociated anti-inflammatory signaling from
lipogenic activities in human macrophage and liver cell
lines. Mechanistic studies showed that GSK-9772, like
first-generation LXR agonist GW3965, effectively sup-
pressed the expression of proinflammatory target
genes via a SUMOylation-dependent mechanism. This
resulted in a greater than 10-fold selectivity for tran-
srepression versus transactivation. Cofactor profiling
also revealed key differences between first-generation

Fig. 13. LXR modulators.
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LXR agonist T1317 and GSK-9772 by the use of
mammalian two-hybrid profiling assays with more
than 60 amino acid fragments of SRC1 and NCoR,
indicative of LXR stabilization in a basal, repressed
state by GSK-9772 (Chao et al., 2008). The LXR ligand
GSK-9772 thus serves as a valuable chemical tool for
exploring nuclear receptor transrepression and will
provide an opportunity for the future discovery of
selective LXR modulators with improved therapeutic
indexes.
Recent advances in medical research have lead

scientists to develop drugs that modulate nuclear
receptors in a tissue and/or gene-specific way. Unlike
other SERMs and natural ER ligands, raloxifene does
not cause adverse effects of the endometrial activation
of ER (Black et al., 1994; Clemett and Spencer, 2000).
This example of tissue-selective activation of an
NR has fueled the quest for selective NR modulators
for LXRs. Phenex Pharmaceuticals (Ludwigshafen,
Germany) developed two such recently discovered LXR
ligands that induce differential cofactor recruitment
patterns. Each of them shows different LXRb–cofactor
interaction signaling in cofactor profiles using the yeast
two-hybrid system when compared with conventional
agonists such as T901317 and GW3965 (Kremoser et al.,
2007). Unfortunately their poor pharmacokinetic prop-
erties precluded their testing in various animal models
of disease.
Despite its history as a difficult drug target, LXR

remains a potential therapeutic target for atheroscle-
rosis, diabetes, and other common diseases. Target
validation with better definition of therapeutic rele-
vance and a better understanding of the ligand-
induced activities that produce tissue-selective and
gene-specific beneficial effects should enable the de-
velopment of safer drugs with minimized unwanted
side effects.

IX. Selective Progesterone Receptor Modulators

A. Progesterone Receptor Structure

The PR (NR3C2) is encoded by a single gene on
chromosome 11q22 that uses two separate promoters
and start sites to generate PR-A and PR-B isoforms
(Conneely et al., 1987b; Law et al., 1987; Misrahi
et al., 1987; Gadkar-Sable et al., 2005). The PR-A
isoform is 769 amino acids, whereas the PR-B isoform
is 933 amino acids, with the additional 165 amino
acids in PR-B located in the N terminus (Kastner
et al., 1990). This unique N-terminal region in PR-B
contains a transactivation function known as TAF-3.
The identical portions of PR include the part of the N-
terminal region that includes the AF-1, DBD, the
hinge region, and the LBD composed of the LBP, the
AF-2, the coactivator/corepressor interaction surface,
and the dimerization motif. The two forms of PR are
identical in their DNA-binding and ligand-binding

properties, and it is likely that PR homodimers and
heterodimers exist. The A form is considerably less
transcriptionally active in cotransfection assays than
the B form, and it has been demonstrated that PR A
may act as a repressor of the more active PR B (Vegeto
et al., 1993).

Williams and Sigler (1998) published the first
structure of the PR LBD, and the LBD contained the
standard 10 a-helices in the helical sandwich but
lacked helix 2, although helices 10 and 11 were shown
to be contiguous. Progesterone (P4) makes contact with
residues in helices 3, 5, 7, 11, and 12 as well as with the
b-turn. PR has a C-terminal extension in the LBD
(amino acids 922–933) that is essential for P4 binding,
similar to the C-terminal extension in glucocorticoid
and androgen receptors. A hydrogen bond is formed
between the side chain amino group of Gln725 and the
3-keto group of progesterone, which is conserved in all
steroid receptors except ER. Hydrogen bonding and
van der Waals contacts stabilize the side chain for
interaction with P4. Interestingly, this structure showed
that the PR homodimer structure is smaller and less
stable than previously published RXR and ER dimer
structures. Other structures have been solved with PR
LBD bound to synthetic ligands, including metribolone,
mometasone furoate, norethindrone, tanaproget, mife-
pristone, levonorgestrel, and several pyrrolidine ligands
(Matias et al., 2000; Madauss et al., 2004; Zhang et al.,
2005; Petit-Topin et al., 2009; Raaijmakers et al., 2009;
Thompson et al., 2009; Kallander et al., 2010). Two
other structures were published showing PR bound to
asoprisnil and corepressor proteins, specifically NCoR
and SMRT (Madauss et al., 2007). The structure of the
PR DBD bound to DNA has also been shown, and de-
monstrates a similar mode of DNA binding as other
NRs (Roemer et al., 2006).

Agonist-bound PR forms a dimer that is capable of
translocation to the nucleus and binding to progester-
one receptor DNA-response elements (PREs) within
the genome. The PRE sequence is a palindromic se-
quence consisting of two inverted hexameric half-
sites separated by three base pairs, known as an IR3
[inverted repeat with 3-base pair spacer] sequence.
An optimal PRE of 27RGNACANRNTGTNCY+7 was
inferred from binding studies involving MMTV and
various point mutations and substitutions in the MMTV
sequence (Lieberman et al., 1993). In the crystal
structure of PR bound to DNA, it was observed that
the C-terminal extension of the DBD of PR was able to
interact with DNA in the minor groove. This extended
region of interaction may be important physiologically
because many PR target genes have weak half-site or
palindromic sequences that are different from the
classic consensus sequence for nuclear hormone recep-
tors. It also has been proposed that the sequence of the
3-base pair spacer region could affect PR binding by
altering DNA structural features (Roemer et al., 2006).
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Agonist binding to the LBD induces a conformational
change, leading to repositioning of helix 12. This shift
produces a hydrophobic cleft that facilitates coactivator
binding. Coactivator proteins typically contain LXXLL
motifs, known as NR boxes, that interact with the
exposed hydrophobic cleft of PR. The recruitment of
coactivator proteins leads to transcriptional activation
of PR target genes. Although PR-A and PR-B are sim-
ilarly expressed in most human tissues and over 300
coregulators are reported to interact with PR, it is the
tissue-specific expression of coregulators that determines
the effects of progesterone (Lonard et al., 2007; Scarpin
et al., 2009).
Corepressor proteins have also been shown to in-

teract with PR when antagonists, such as RU486 or
other selective modulators, are bound to PR. Crystal
structures have shown the binding of NCoR and SMRT
to both PR-A and PR-B, but this was in the presence of
the selective modulator asoprisnil (Madauss et al.,
2007). Overexpression of these corepressor proteins in
breast and endometrial cancers has been observed, but
their role in cancer development remains unclear
(Kurebayashi et al., 2000; Kershah et al., 2004).

B. Progesterone Receptor Function

PR plays an essential role in the regulation of re-
productive tissue response to progestins. PR is a ligand-
dependent transcription factor, whose most prominent
endogenous ligand is the steroid hormone progesterone
(P4, pregn-4-ene-3,20-dione). P4 is produced predomi-
nantly in the ovaries, adrenal glands, and placenta
(during pregnancy). Similar to other steroid hormones,
the biosynthesis of P4 initiates with the cholesterol
molecule. Cholesterol is converted to pregnenolone
in a two-step process: a double oxidation at C-20 and
C-22 followed by the oxidation of the C-22 diol. These
oxidation steps are catalyzed by the cytochrome P450
side chain cleavage enzyme. The 3-hydroxyl group
of pregnenolone is then oxidized to form a keto
group and subjected to a keto/enol tautomerization by
3b-hydroxysteroid dehydrogenase/D5-D4-isomerase to
yield progesterone.
Progesterone secreted by the corpus luteum after

ovulation acts to stimulate differentiation of the uterine
endometrium into a glandular structure capable of
accepting a fertilized egg via PR. If pregnancy occurs,
P4 secretion is elevated during the entire course of the
pregnancy, as it is essential during this time. While the
corpus luteum continues to produce P4, the placenta is
the main site of P4 production after the second month of
pregnancy. P4 and PR also play an important role in the
mammary glands where they act to suppress lacto-
genesis until late in pregnancy, when P4 levels decrease.
Having a clear role in reproductive health and

female fertility, both PRs are widely expressed in the
female reproductive system. Interestingly, they are
also expressed in the brain, bone, pancreas, testes, and

lower urinary tract (Viale et al., 1992; Graham and
Clarke, 1997, 2002; Bland, 2000; Han et al., 2009;
Tincello et al., 2009). Examination of the phenotype of
PR-null animals has provided significant insight into
the explicit functions of the two PR isoforms. Embryos
carrying a PR-null mutation (PRKO) developed nor-
mally through adulthood, but PRKO female mutant
adults were unable to ovulate and exhibited abnormal
sexual behavior. The mutants also displayed uterine
hyperplasia, inflammation, and abnormal mammary
gland development (Lydon et al., 1995). Later work
focused on ablating individual PR isoforms to de-
termine the functional differences between PR-A and
PR-B. In PR-A knockout mice, superovulation in re-
sponse to gonadotropin treatment was impaired, but it
was not completely absent as is seen in the PRKOmice.
The regulation of ADAMTS-1 and cathepsin-L was also
unaffected, demonstrating that PR-B is functional in
ovarian tissues, unlike what is observed in the PRKO
mice. Therefore, PR-B is not entirely responsible for
ovulation, with either PR-A functioning as the dominant
factor or a heterodimeric interaction between PR iso-
types being required. Additionally, embryo implantation
is impaired in PR-A knockout mice, which led to the
discovery that PR-B regulates only a subset of the genes
required for uterine receptivity to implantation. It was
also found that PR-B is responsible for uterine pro-
liferative activity, and that PR-A can tissue selectively
inhibit both estrogen- and progesterone-induced pro-
liferation in the uterus. In mammary epithelium,
progesterone-induced proliferation and differentia-
tion can be mediated solely by PR-B (Conneely et al.,
2001). Studies using PR-B knockout mice showed that
mammary ductal morphogenesis was reduced, but
other ovarian, uterine, and thymic responses were
intact due to the presence of PR-A (Conneely et al.,
2002).

C. Selective Progesterone Receptor Modulators

The initial clinical efforts for antagonizing PR focused
on compounds such as mifepristone, which terminated
pregnancies; however, the current research model in-
corporates molecular substitutions into the hormone-
based structure to both agonize and antagonize PR in
a tissue-selective manner. This mixed agonist-antagonist
selective modulator actually has only a minimal effect
on pregnancy termination in mammals, thus removing
the stigma associated with targeting PR for clinical
applications.

Mifepristone (RU486) (Fig. 14) was synthesized as
part of a chemical screen to develop GR antagonists at
Roussel-Uclaf (Paris, France) in the early 1980s; it is
currently sold in the United States under the trade-
name Mifeprex through Danco Laboratories (New
York, NY). After its discovery as a PR antagonist,
mifepristone was investigated for use as an abortion
agent, emergency contraceptive, and antiproliferative
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therapeutic (Chabbert-Buffet et al., 2005). Because PR
controls reproductive organs by hormone signaling and
transcriptional regulation, other applications of mife-
pristone have been studied in several phase 2 clinical
trials, including treatment of uterine fibroids, endome-
triosis, depression, glaucoma, and breast, ovarian, and
even prostate cancers. Additionally, this compound has
been used to treat Cushing’s syndrome without notice-
able adverse effects.
Mifepristone typically functions as a competitive PR

antagonist in the presence of P4 (full agonist of PR).
Structurally, mifepristone is a 19-nor steroid contain-
ing a p-(dimethylamino)phenyl substitution at the 11b-
position—this is responsible for stabilizing PR in an
inactive conformation, which favors the binding of
corepressor protein complexes to downregulate gene
expression of PR target genes. Additionally, mifepris-
tone contains a hydrophobic 1-propynyl substitution
that increases its binding affinity for PR more than
twice that of P4. As mentioned earlier, mifepristone
was developed as a GR antagonist, and it thus retains
some binding affinity for GR and also displays weak
AR antagonist activity. Studies have shown that treat-
ment with mifepristone at doses of 1 mg/kg or greater in
women effectively antagonizes the effects of P4 via PR in
the endometrial and myometrial tissues, resulting in
reduced endometrial proliferation, menstrual bleeding,
or amenorrhea and inhibition of ovulation (Brown et al.,
2002; Chabbert-Buffet et al., 2005). Interestingly, rodents
treated with mifepristone display the typical estrogenic
effects of modifying uterine and/or endometrial morphol-
ogy (Spitz et al., 1998; Chabbert-Buffet et al., 2005).
However, continued treatment with doses greater than
4.5 mg/kg in women and other primates often leads to an
antiglucocorticoid effect, resulting in increased levels of
cortisol and ACTH. Additionally, animal studies have
shown that administration of very high doses (up to 100
mg/kg) resulted in antiandrogenic effects (Heikinheimo
et al., 2003).
In its current use as a medicinal abortion agent,

mifepristone works by binding to PR and inhibiting
transcription of its target genes. This, in turn, causes
a cascade of physiologic effects, including the release
of endogenous prostaglandins, cervical dilation, and
endometrial degeneration, which ultimately results in

trophoblast detachment. Aside from this, low-dose treat-
ment with mifepristone has been shown clinically to
have daily contraceptive potential by inhibiting the
surge of LH, which prevents ovulation. There is also
evidence that mifepristone may block follicular matu-
ration, hinder tubal function and oocyte maturation,
and inhibit fertilization (Brown et al., 2002; Gemzell-
Danielsson et al., 2003; Chabbert-Buffet et al., 2005).
When administered to men, mifepristone appears to
hinder the maturation of gametes, thus showing
potential as a male contraceptive agent (Gemzell-
Danielsson et al., 2003). Long-term trials have been
conducted with 50 women given a daily dose of either 2
or 5 mg of mifepristone as the only contraceptive agent.
After 200 months of mifepristone exposure, no preg-
nancies were reported, contributing to the idea that
mifepristone can be used safely as a daily contracep-
tive (Brown et al., 2002; Heikinheimo et al., 2003;
Chabbert-Buffet et al., 2005, 2012). Although mifepris-
tone has been shown to be an effective contraceptive
agent and is used for the termination of pregnancy, its
use as an emergency contraceptive agent has yet to be
approved in the United States.

Mifepristone has also been used to treat prostate
cancer, Cushing’s disease, and even human immuno-
deficiency virus (Chabbert-Buffet et al., 2005, 2012;
Taplin et al., 2008). In one study, men with metastatic
prostate cancer were treated with 200 mg/day mife-
pristone for approximately 85 days. This treatment
appeared to inhibit GR and cause an increase in ad-
renal androgens, testosterone, and DHT (Taplin et al.,
2008). These results suggest that mifepristone has
limited activity in men with prostate cancer, but
studies for the potential use of mifepristone as a pro-
state cancer therapeutic are currently ongoing. Cush-
ing’s disease is a rare disorder with significant morbidity
due to metabolic and cardiovascular complications as
well as increased susceptibility to infections. Surgery
followed by pituitary irradiation or bilateral adrenalec-
tomy is the current method of treatment of this disease.
Hypercortisolism can often be managed by radiother-
apy, chemotherapy, or by several approved drugs. Un-
fortunately, the current drug regimen often leads to
numerous unwanted side effects, including hepatotoxic-
ity, hypertension, and intolerance—for this reason, new

Fig. 14. PR modulators.
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effective methods of treating this disease without the
adverse affects are currently being explored. Mifepris-
tone is one drug being studied to treat Cushing’s disease
due to its GR antagonist effects, but it is yet to be
discovered whether its strong PR effects will inhibit its
development as a Cushing’s disease treatment (Casti-
netti et al., 2009).
As described earlier, targeting PR clinically as an

abortion agent has been the subject of controversy for
many years in the United States and several other
countries. For this reason, some hesitation in the
development of newer PR antagonistic agents has
occurred. Recent studies, however, have shown novel
mixed agonist/antagonist compounds that can selec-
tively stimulate or inhibit PR action in a tissue-
dependent manner. Several compounds are still under
development, but the FDA has approved the use of a
few selective progesterone receptor modulators (SPRMs)
for emergency contraceptive treatment and as a poten-
tial therapeutic for the treatment of leiomyomas,
endometriosis, and breast cancer.
Ulipristal acetate (CDB-2914) (Fig. 14), currently

marketed by Watson Pharmaceuticals (Parsippany,
NJ) and HRA Pharma (Paris, France), is an analog of
19-nor-progesterone with an 11b-aryl substitution that
is used for emergency contraception. Animal studies
have revealed that when given orally, ulipristal acetate
is rapidly absorbed from the gut and metabolized in the
liver via CYP3A4, CYP1A2, and CYP2D6. The two
metabolites of ulipristal acetate have demonstrated
pharmacologic activity, but that activity is significantly
less than the original compound (Richardson and
Maltz, 2012). Like mifepristone, ulipristal acetate acts
upon the PR as a potent antagonist, with mixed reports
of agonist activity for this receptor (Chabbert-Buffet
et al., 2005; Nieman et al., 2011; Donnez et al., 2012a,b;
Richardson and Maltz, 2012). Several studies have
shown that ulipristal acetate can also bind GR, similar
to mifepristone, but does not appear to have any
binding affinity for ER, AR, or MR (Chabbert-Buffet
et al., 2005; Donnez et al., 2012a,b).
Clinically, ulipristal acetate is currently being

evaluated as a therapeutic agent for postmenopausal
endometriosis. The expression of both PR isoforms and
their coregulators (SRC1, NCoR, and SMRT) in the
endometrium has been described in many studies
(Wang et al., 1998a,b; Stratton et al., 2010). The sub-
nuclear localization of the PR isoforms has been shown
to vary during the menstrual cycle, but the physiologic
relevance within the endometrial tissue is still undeter-
mined. Although reports are conflicting, one study
suggested that endometrial hyperplasia was more
frequent in postmenopausal women treated for 6 weeks
with oral estradiol at 1 mg/day plus 10 mg/day or 50
mg/day of ulipristal acetate, than in those treated
with estradiol plus placebo or medroxyprogesterone.
Based on this finding, it appears that PR antagonism

by ulipristal acetate can increase the estradiol-induced
effects of endometrial proliferation in postmenopausal
women (Passaro et al., 2003; Levens et al., 2008; Spitz,
2009; Stratton et al., 2010; Nieman et al., 2011).

While research is still underway to determine the
effectiveness of ulipristal for the treatment of endome-
trial hyperplasia and other PR-mediated reproductive
disorders, it is currently FDA approved for use as an
emergency contraceptive. The primary mechanism of
action is to delay or prevent ovulation by competitively
binding the PR and preventing the binding of P4 (Li
et al., 2004; Fine, 2011; Chabbert-Buffet et al., 2012;
Richardson and Maltz, 2012). The pharmacodynamics
of this drug are well understood and depend on the
timing of ulipristal administration with regards to the
menstrual cycle. When taken during the midfollicular
phase, ulipristal causes a reduction in estradiol
concentration and an inhibition of folliculogenesis.
Ulipristal can also be administered during the peak
of LH levels to delay follicular rupture, or during the
early luteal phase to reduce endometrial thickness,
which decreases the likelihood of implantation (Levens
et al., 2008; Stratton et al., 2010; Nieman et al. 2011;
Richardson and Maltz, 2012).

Another frequent ailment that appears to affect
70–80% of women within reproductive age is uterine
leiomyomas, more commonly called fibroids (Kim and
Sefton, 2012). Unfortunately, the cause of leiomyoma
development is poorly understood despite its preva-
lence, although race, age, diet, obesity, alcohol con-
sumption, and oral contraceptive use appear to play
a significant role in leiomyoma development (Levens
et al., 2008; Nieman et al. 2011; Kim and Sefton, 2012).
The symptoms associated with fibroids typically lead to
an adverse affect on quality of life and fertility, so the
most common treatments are hysterectomy, myomec-
tomy, uterine-artery ablation, and other invasive
techniques. While the main mitogenic factor in the
uterus is estrogen, new clinical evidence suggests that
P4 plays a significant role in the development and
growth of fibroids following initial somatic mutation
events in the uterus (Donnez et al., 2012a,b; Kim and
Sefton, 2012). Thus, selective modulation of PR using
SPRMs such as ulipristal acetate may lead to an
effective noninvasive treatment. Ishikawa et al. de-
veloped a mouse model showing the role of P4/PR in
leiomyomas (Ishikawa et al., 2010; Kim and Sefton,
2012). Human leiomyoma cells were grafted into
nonobese diabetic-scid IL2Rg-null female OVX mice
and were supplemented with estrogen, P4, or both in
the form of subcutaneous hormone pellets. This study
demonstrated that leiomyomas formed only in the pre-
sence of both estrogen and P4; however, tumor volume,
progression, and proliferation solely depended on PR
function. Additionally, the maintenance of leiomyomas
depended on the activation of PR by P4; therefore,
SPRMs, including mifepristone and ulipristal acetate,
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could be used to reduce the presence of leiomyomas
(Ishikawa et al., 2010; Kim and Sefton, 2012). Another
study recently published in the New England Journal
of Medicine describes the use of ulipristal acetate as
a limited fibroid therapeutic (Donnez et al., 2012a,b). A
13-week placebo-controlled study was performed on
women with planned hysterectomy surgery due to
leiomyomas. The women treated with 5 mg/day or 10
mg/day of ulipristal acetate showed significant reduc-
tions in hemoglobin and hematocrit levels, fibroid size,
and pain-associated with the fibroids (Donnez et al.,
2012a,b). Although this study was focused on the use of
ulipristal acetate as a preoperative treatment, it may
be possible to modify this compound for use as an oral
fibroid therapy to reduce the number of women who
undergo invasive surgical treatment.
Another drug currently in phase 2 and 3 trials for

the treatment of leiomyomas is asoprisnil (Fig. 14).
Marketed by TAP Pharmaceutical Products, asoprisnil
is a steroid-based hydrophobic oxime with mixed
agonist/antagonist PR activity (DeManno et al., 2003;
Chabbert-Buffet et al., 2005). Studies in primates have
shown that treatment with asoprisnil can inhibit endo-
metrial gland proliferation, resulting in endometrial
atrophy. When administered to women in doses up to
25 mg/day, asoprisnil reduced the intensity and
duration of uterine bleeding associated with leiomyo-
mas in a dose-dependent manner (Chwalisz et al.,
2004, 2005). More importantly, after 3 months of treat-
ment with asoprisnil, a significant reduction in the
volume of fibroids and associated symptoms was
reported for these women. Additionally, the women
treated with asoprisnil showed no significant changes
in ovarian estrogens or serum concentration changes
in cortisol, suggesting that asoprisnil does not have
GR affinity at clinically relevant doses, unlike other
SPRMs (DeManno et al., 2003; Chwalisz et al., 2005,
2007). While these results are promising for the use of
SPRMs as a possible treatment of fibroids, further
analysis is needed to determine their long-term efficacy
and safety as an effective alternative to the historical
treatment of fibroids. It may be possible for women
with symptomatic fibroids to avoid surgical procedures
with the further development of this drug.
In addition to treating leiomyomas, asoprisnil is also

in clinical studies for the treatment of endometriosis.
Primates (human and nonhuman) have highly special-
ized endometrial tissue composed of several cell types,
which allow for the cyclic changes of regeneration and
proliferation, secretory differentiation, and vasocon-
striction due to hormone-dependent menstrual cycling
(Chwalisz et al., 2005, 2007). Endometrial tissue,
which is primarily dependent on estrogen signaling,
has a significantly high density of PR that, when
activated, has been shown to downregulate ER in
target tissues and reduce estrogen-induced protoonco-
genes in the endometrium. This is especially important

when targeting proliferative effects in the endome-
trium. A 39-week study in cynomolgus monkeys
displayed the antiproliferative effects of asoprisnil
and its main metabolite asoprisnil ecamate when ad-
ministered orally in daily doses up to 480 mg/kg
(Chwalisz et al., 2004, 2005). As a result of asoprisnil
treatment, suppression of menstrual activity and a
significant reduction in endometrial proliferation were
observed (Brenner and Slayden, 2005; Chwalisz et al.,
2005). As earlier studies have shown, asoprisnil has no
effect on ER, suggesting that the effects of treatment
described are due to its binding PR. Currently, the
effects of asoprisnil treatment are being evaluated in
humans by morphologic, immunohistochemical, and
molecular studies (DeManno et al., 2003; Brenner and
Slayden, 2005; Chwalisz et al., 2005; Chabbert-Buffet
et al., 2012). Treatment of leiomyomas and endometri-
osis with asoprisnil appears promising, but the mech-
anisms associated with these effects are still unclear. It
is necessary to continue long-term studies with asopris-
nil to fully understand how SPRMs act to alleviate re-
productive syndromes.

The development of SPRMs for the treatment of
progesterone-dependent diseases is continuing in the
United States. One of the more recent selective PR
modulators, telapristone acetate or CDB-4124 (Fig. 14),
was developed by the National Institutes of Health to
treat chronic symptoms associated with uterine fibroids
and endometriosis (Morris et al., 2011). Telapristone
acetate, a 21-substituted-19-nor-progestin, was de-
signed in an attempt to decrease the undesirable
effects of mifepristone while still having a strong bind-
ing affinity for PR (Wiehle et al., 2011). Similar to other
SPRMs, telapristone acetate blocks the action of P4 at
the molecular and receptor level, and has been shown
to exhibit potent antiprogesterone effects. Unlike its
precursors mifepristone and ulipristal acetate, telapri-
stone acetate does not appear to affect GR, as indicated
by a lack of measurable changes to serum cortisol
levels. It was also shown that telapristone acetate did
not show affinity for binding ER and did not affect
estrogen or progesterone levels in serum (Morris et al.,
2011; Wiehle et al., 2011). Pharmacokinetic data from
mouse studies have demonstrated that the cytochrome
P450 pathway, mainly CYP3A4 and CYP3A5, metab-
olizes telapristone acetate, but additional studies are
warranted to evaluate the metabolic pathways of this
compound (Morris et al., 2011).

Clinical trials continue to look at the use of telapri-
stone acetate as a treatment of fibroids and endometri-
osis. Premenopausal women with symptomatic uterine
fibroids were treated for 3 months with 12.5, 25, or
50 mg/day telapristone. Treatment with telapristone
resulted in a reduction of fibroid size and associated
symptoms over the placebo treatments. The serum con-
centrations of estrogen and progesterone were also mon-
itored, and they remained physiologically preserved for
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both groups. These data also suggest that the efficacy
and safety of telapristone acetate might be more
advantageous than other currently available treat-
ments (Wiehle et al., 2008). Studies of the effects of
telapristone acetate on proliferation and apoptosis in
the uterine tissue have also been performed. Gene and
protein expression of proliferating cell nuclear antigen,
Klf11, Bcl-2, and caspase-3 were analyzed from fibroid
cells and nonproliferative myometrial cells. In leio-
myoma cells collected from patients, Bcl-2 mRNA
expression was reduced at both 48 and 72 hours in
a dose-dependent manner after treatment with telapri-
stone acetate, whereas KLF11 mRNA and protein
expression were increased. No changes in Bcl-2 and
KLF11 expression were observed in myometrial cells.
Another study using the immortalized cell line 53F2
treated with up to 1000 nM/l for 48 hours showed the
treated cells were unable to induce apoptosis as
determined by terminal deoxynucleotidyl transferase–
mediated digoxigenin-deoxyuridine nick-end labeling
(TUNEL) assays, but other agents were able to induce
the apoptotic pathway. These cell studies suggest that
treatment with telapristone acetate may not function
through the apoptotic pathway to reduce fibroids, and
that signaling strictly through PR may be the sole
mechanism (Luo et al., 2010). Phase 2 clinical trials are
also currently ongoing to study the effects of telapri-
stone acetate as a treatment for premenopausal
women with endometriosis. While the mechanism of
how telapristone acetate effects endometrial tissue has
yet to be determined, trials have shown that it is
sufficient in reducing pain associated with endometri-
osis in premenopausal women, possibly because it
modifies the vasculature of the endometrial tissue
(Spitz, 2009; Chabbert-Buffet et al., 2012). Because
endometriosis is still a poorly understood disorder that
affects many women, it is important to continue the
efforts in developing SPRMs such as telapristone
acetate that may lead to reduced pain and a better
quality of life.
Aside from these studies, telapristone acetate has also

been implicated in reducing the carcinogenesis of breast
cancer by suppressing proliferation and inducing apo-
ptosis. Clinical trials have shown that postmenopausal
women undergoing hormone replacement therapy (es-
trogen and P4) developed a higher incidence of breast
cancer than those taking a placebo (Chlebowski et al.,
2003a,b). Animal experiments have shown that treat-
ment with P4 increases the incidence of spontaneous
mammary tumors (Wiehle et al., 2011). Additionally,
studies with PR knockout mice have shown that it is PR
and not ER that is specifically important for mammary
carcinogenesis.
In a long-term carcinogenicity study, rats treated

with 20, 70, and 200 mg/kg telapristone acetate daily
were observed for 24 months to determine toxicity and
changes in body weight from treatment, and whether

telapristone acetate can function as an inhibitor of
carcinogenicity in rats cotreated with injections of the
carcinogen N-methyl-N-nitrourea (MNU). There were
very few changes in animal survival between the con-
trol and telapristone acetate-treated animals, indicat-
ing that this compound has low toxicity when used over
the natural life span of the animals. Additionally, there
were no significant changes in body weight or organ
composition between the groups (Wiehle et al., 2011).
More importantly, this study revealed that telapristone
acetate was able to inhibit N-methyl-N-nitrourea-
induced mammary carcinogenesis. Cell proliferation
and apoptotic markers were evaluated in tumors from
control and telapristone acetate-treated rats. The con-
trol group showed a significant increase in the expres-
sion of proliferative markers when compared with the
telapristone acetate group, and similar decrease in
apoptosis in the same tumor cells. In addition, it was
also shown that treatment with telapristone acetate
reduced PR signaling while having no effect on ER,
estrogen, or estradiol, similar to earlier studies with this
drug (Wiehle et al., 2011). These data suggest that
the inhibitory effect observed from telapristone ace-
tate on mammary carcinogenesis is due to PR modu-
lation (Wiehle et al., 2011; Chabbert-Buffet et al.,
2012). More studies are certainly needed to demon-
strate that telapristone acetate can effectively inhibit
and/or reduce mammary carcinogenesis in primates,
but it may also be useful to determine whether this
compound can be administered in combination with
tamoxifen or another SERM to modulate both PR and
ER signaling in metastatic breast and other PR/ER-
dependent cancers.

The main challenge in developing clinical applications
for SPRMs is the potential effects on GR and changes in
corticosteroids as well as the effects on AR and potential
toxicity. Development of an SPRM with high binding
affinity for PR with a decreased incidence of adverse
effects remains desirable to further study the prevention
and treatment of common ailments such as leiomyomatas,
endometriosis, fertility and reproductive disorders, and
breast cancer.
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