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Obesity is an epidemic problem affecting millions of people in
the Western hemisphere and costs the United States economy
more than $200 billion annually. Currently, there are no effec-
tive treatments to combat obesity. Recent studies have impli-
cated the constitutive activity of estrogen receptor (ER) 8 as an
important regulator of metabolic diseases. However, the poten-
tial of ER-B-selective ligands to offset obesity is not clear. We
evaluated the pharmacological effect of ER-B-selective ligands
(B-LGNDs) in animal models of high-fat diet- and ovariectomy-
induced obesity. Ligand binding, transactivation, and uterotro-
phic studies with B-LGNDs demonstrated selectivity for ER-f3
over ER-a. Animals fed a high-fat diet showed a significant
increase in body weight, and this weight gain was attenuated by
B-LGNDs. High-fat diet-mediated increases in serum choles-
terol, leptin, glucose, and fat accumulation in organs were also
reduced by B-LGNDs. In addition, MRI scanning indicated that
B-LGNDs altered body composition by reducing fat mass and
increasing lean body mass. Organ weights and gene expression
analyses demonstrated that adipose tissue is the center of action
for B-LGNDs, and the reduction in body weight is likely due to
increased energy expenditure. In vitro and in vivo mechanistic
studies indicated that the anti-obesity effects of B-LGNDs were
due to indirect peroxisome proliferator-activated receptor y
antagonistic actions requiring the ligand binding domain of
ER-f and through abrogation of the ability of PGC-1 to coacti-
vate peroxisome proliferator-activated receptor 7y. In conclu-
sion, these studies indicate that ligand-activated ER-f3 is a
potential therapeutic target to combat obesity and obesity-re-
lated metabolic diseases.

Obesity is an epidemic disease affecting over 400 million peo-
ple globally (1). Two-thirds of adults and children in the United
States are either overweight or obese, making it a serious health
risk and economic burden to society (2). Obesity is not a stand-
alone disease, as its emergence leads to various complications,
including type 2 diabetes mellitus (T2DM),? hypertension, ath-
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erosclerosis, and other cardiovascular diseases, osteoporosis,
and clinical depression (3, 4). The United States Food and Drug
Administration required an anti-obesity drug to reduce the
body weight by 5% and/or better results than placebo in 12
months, indicating that even a marginal reduction in body
weight will cause a significant improvement in the welfare of
these patients (5). Despite the exponentially growing global
obesity pharmaceutical market, only two Food and Drug Ad-
ministration-approved drugs are available for this indication: 1)
amphetamines and sibutramine that act on the hypothalamus
to control appetite stimulation in the central nervous system,
and 2) Orlistat, which is a lipase inhibitor that blocks gastroin-
testinal absorption of fat and decreases energy uptake (6).
Despite mediocre performance, these drugs are commonly
associated with side effects such as tachycardia, hypertension,
fecal incontinence, and/or cardiac valvopathy, thereby making
anti-obesity drug development of paramount importance (6).
The most effective weight reduction procedure is bariatric sur-
gery, but it is restricted due to the risk of surgery and associated
side effects (7). Readers are referred to two excellent reviews for
more information on obesity research and drug development
(6, 8).

Obesity is a heterogeneous disease that occurs when energy
uptake exceeds energy expenditure. Although the etiology of
obesity remains uncertain, several factors such as alterations in
feeding behavior signals in the hypothalamus, levels of leptin,
adipokines secreted by white adipose tissue (WAT), neuropep-
tides and neurotransmitters that control behavior, hormonal
changes associated with age, inflammatory signals in adipose
tissue, stress, and others trigger the onset of obesity (9-11).

Increases in the incidence of post-menopausal obesity, vis-
ceral obesity at andropause, and gender differences in the inci-
dence of metabolic diseases indicate the importance of the
nuclear hormone receptor (NHR) superfamily in regulating
body weight (12, 13). The NHR family is composed of 48 mem-
bers, of which 27 are ligand-regulated. Many of the NHRs play
pivotal roles in regulating the emergence of metabolic diseases.
Activation of bile acid NHRs such as farnesoid X receptor
(FXR), constitutive androstane receptor, and pregnane X
receptor promotes weight loss and also increases insulin sensi-
tivity (14, 15). Similarly, estrogen-related receptors (ERR-q,
ERR-, and ERR-v) play significant roles in increasing energy
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expenditure, reducing adipogenesis and body weight gain (16).
Other members of the NHR belonging to the peroxisome pro-
liferator-activated receptor (PPARs) and estrogen receptors
(ERs) also play a role in maintenance of blood glucose and body
fat, making the NHRs an attractive target to prevent/treat obe-
sity and metabolic diseases (17-20).

Hormones are important regulators of adipose function, and
epidemiological studies suggest that estrogens regulate metab-
olism and fat distribution. The presence of ER-« and ER-f3, the
two receptors that mediate the actions of estradiol, in adipose
tissue implicates a direct role of ER ligands in adipose function.
Moreover, the presence of more brown adipose tissue (BAT) in
females points toward the possibility that circulating estradiol
levels may be an important contributor toward the develop-
ment of BAT (21). Studies with isoform-specific ER knock-out
(KO) mice indicated the importance of these isoforms in main-
taining lipid and glucose homeostasis (20, 22). ER-aKO mice
exhibit insulin resistance, whereas high-fat diet-fed ER-BKO
mice demonstrate a higher magnitude of obesity than wild type
mice (23). Several other studies also speculate that ER- might
be the primary mediator of anti-obesity effects of circulating
estrogens (24, 25).

In this study, we determined the role of ER- 3 in high-fat diet-
and ovariectomy-induced obesity in mice using ER-f3 isoform-
selective estrogen receptor ligands (3-LGNDs). B-LGNDs sig-
nificantly reduced the high-fat diet-dependent increase in body
weight. MRI scans demonstrated that the S-LGNDs altered
body composition by reducing fat mass and increasing lean
mass in both high-fat diet- and ovariectomy-induced obesity.
B-LGNDs improved blood glucose and serum cholesterol pro-
file, inhibited leptin, and reduced accumulation of fat in the
liver. Collectively, these results suggest that -LGNDs repre-
sent a new class of drugs to prevent/treat obesity and metabolic
diseases.

MATERIALS AND METHODS

Ligand Binding Assay—Recombinant ER-« or ER-f3 ligand
binding domain (LBD) was combined with [*H]estradiol
(PerkinElmer Life Sciences) in buffer A (10 mm Tris, pH 7.4, 1.5
mM disodium EDTA, 0.25 M sucrose, 10 mm sodium molybdate,
1 mMm PMSF) to determine the equilibrium dissociation con-
stant (K ;) of [’H]E,. Protein was incubated with increasing con-
centrations of [*H]E, with and without a high concentration of
unlabeled E, at 4 °C for 18 h to determine total and nonspecific
binding. Nonspecific binding was then subtracted from total
binding to determine specific binding. Ligand binding curves
were analyzed by nonlinear regression with one site saturation
to determine the K, of E, (ER-e, 0.65 nm; ER-B, 1.83 nm). In
addition, the concentration of [°H]E, required to saturate ER-a
and ER-$ LBD was determined to be 1-3 nm. Increasing con-
centrations of two B-LGNDs (B-LGND1 and B-LGND2)
(range, 10~ '* to 10~ ° M) were incubated with [*H]E, (1-3 nm)
and ER LBD (« or B) using the conditions described above.

Transient Transfection and Reporter Gene Assay—Human
ERs (ER-a and ER-B) were cloned from prostate cDNA into a
pCR3.1 plasmid vector backbone. PGC-1 was cloned into mam-
malian two-hybrid vector pACT. ER-f3 H475 was mutated to
alanine using site-directed mutagenesis. Sequencing was per-
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formed to determine the absence of any nonspecific mutations.
PPAR-a, PPAR-7, and PPRE-LUC were kindly provided by Dr.
Harish Srinivas (University of Pittsburgh). SHP promoter
(=572 to +10) (26) was cloned into pGL3 basic luciferase
reporter vector, and human FXR was cloned into pCR3.1. HEK-
293 cells were plated at 100,000 cells per well of a 24-well plate
in Dulbecco’s minimal essential media (DMEM) + 5% char-
coal-stripped fetal bovine serum. The cells were transfected
using Lipofectamine (Invitrogen) with 0.25 ug of ERE-LUC
(gift from Dr. Carolyn L. Smith, Baylor College of Medicine),
0.02 ug of CMV-LUC (Renilla luciferase), and 12.5 ng of rat
ER-a or 25 ng of rat ER-B. The cells were treated 24 h after
transfection with various concentrations of LGNDs or a
combination of LGNDs and estradiol to determine the
antagonistic activity. Luciferase assays were performed 48 h
after transfection.

Ishikawa Growth Assay—Ishikawa cells were plated at 15,000
cells/well in 24-well plates in DMEM/F-12 (1:1) + 5% charcoal-
stripped fetal bovine serum without phenol red. The cells were
maintained in this medium at 37 °C for 3 days. Medium was
changed immediately prior to drug treatment for an additional
72 h. After 72 h, the cells were fixed with formalin, and the
amount of alkaline phosphatase measured by para-nitrophenyl
phosphate method.

Uterotrophic Assay—All animal studies were performed in
accordance with the current guidelines for animal welfare. The
study protocol was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of
Tennessee Health Science Center, Memphis.

Sprague-Dawley rats aged 18-20 days were randomized
based on body weight into groups of seven animals and treated
with either vehicle, 50 ug/kg/day estradiol subcutaneously
(Sigma), 10 mg/kg/day tamoxifen orally, or 30 mg/kg/day B-
LGND1 or B-LGND2 subcutaneously. Body weight was
recorded at pretreatment (day 0) and before necropsy (day 4).
Statistical differences among groups were evaluated by one-
way analysis of variance followed by post hoc analysis. Rats were
treated for 3 consecutive days and then sacrificed 24 h after the
last dose. The body of the uterus was cut just above its junction
with the cervix and at the junction of the uterine horns with the
ovaries. The uterus was weighed with and without intrauterine
fluid. Statistical comparisons were made between the weights
of dry uteri.

Obesity Studies—C57BL/6 male mice (4 weeks old) were
obtained from Harlan Laboratories (Indianapolis, IN). The ani-
mals were divided into different groups and were fed with a
normal or high-fat diet (Harlan, IN). The composition of the
diets is given in supplemental Table 1. For the prevention stud-
ies (studies 1 and 2), the animals were treated with vehicle,
B-LGND1 or B-LGND2 (30 mg/kg/day subcutaneously) begin-
ning on day 1 of the study and continuing for 12 weeks. For the
treatment study (study 3), the animals were maintained on the
respective diets for 6 weeks and then treated daily as indicated
for an additional 12 weeks. Biweekly body weights and food con-
sumption were measured. At the end of the studies, blood and
tissues were collected for RNA isolation, histology, and protein
estimation. Dual energy x-ray absorptiometry (DEXA; Piximus
II, GE) scanning was performed at the end of the first obesity
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study with B-LGND1, and MRI scanning (EchoMRI, 4-in-1
composition analyzer, Echo Medical Systems, Houston, TX)
was performed at weeks 0, 6, and 12 for the second obesity study
performed with B-LGNDI1 and B-LGND2. For the treatment
obesity study (where the animals were fed with high-fat diet for
6 weeks prior to beginning drug treatment for 12 weeks), MRI
scans were performed at weeks 0, 6, 12, and 18. Cholesterol and
leptin concentrations were measured in serum at the end of the
study using ELISA-based methods. Luminex beads inflamma-
tion panel was used to detect cytokines in serum (Millipore,
Billerica, MA). The list of cytokines is given in supple-
mental Table 2. Histology was performed on cryosections and
stained with Oil Red O. Serum testosterone and follicle-stimu-
lating hormone were measured using the Luminex beads
method (Millipore).

Oral glucose tolerance tests were performed on 16-h fasted
mice. Mice were administered 150 mg of glucose by oral gavage.
Blood samples were taken at 0, 15, 30, 60, 90, and 120 min after
glucose administration for glucose levels.

For the ovariectomy-induced obesity model, 6-week-old
female C57BL/6 mice were sham-operated or ovariectomized,
and various parameters such as body weight, feed consumption,
and body composition were measured for 9 weeks. At the end of
the study, the animals were sacrificed, and various measure-
ments were performed in serum and tissues.

RNA extracted from WAT, BAT, liver, and muscle were
reverse-transcribed using ¢cDNA synthesis kit (Applied
BioSystems, Foster City, CA). Real time PCR was performed for
a selected list of genes involved in obesity and metabolic dis-
eases (supplemental Table 3) using real time PCR TaqMan gene
expression array cards (Applied Biosystems). Ucp2 and Ucp3
gene expressions were measured by real time PCR using Taq-
Man probes from Applied Biosystems. Western analysis was
performed with UCP-1 antibody (Millipore) as indicated previ-
ously (27).

RESULTS

In Vitro Characterization of B-LGND1 and B3-LGND2—We
selected two B-LGNDs from a library of isoform-selective
ligands developed at GTx (Fig. 14). B-LGND1 and B-LGND2
bound ER-B with high affinity with K; values of 5.35 and 2.11
nM, respectively, which were comparable with the binding by E,
(Table 1). However, B-LGND1 and 3-LGND2 bound to ER-«
with much lower affinity than estradiol, with K; values of 94 and
40 nM, respectively (Table 1). As such, B-LGND1 and
B-LGND2 bound to ER- with almost 100-fold selectivity com-
pared with ER-« (Table 1).

To determine whether the selectivity in ER binding also
translated into ER-B-selective activity, transient transactiva-
tion assays were performed in HEK-293 cells transfected with
plasmids encoding ER-a or ER-B and ERE-LUC. The cells were
treated with varying concentrations of the ligands, and their
EC,, values were determined. Both B-LGND1 and B-LGND2
functioned as agonists to both ER-a and ER-$ with a selectivity
of 20 —30-fold toward ER- and with EC, values of less than 10
nM for ER-B (Table 1).

Because members of the NHR superfamily have moderately
homologous LBDs, transactivation assays were performed to
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FIGURE 1. In vitro and in vivo characterization of ER-pB-selective ligands.
A, structure of B-LGND1 and B-LGND2. B, B-LGND1 and B-LGND2 weakly
induce Ishikawa cell proliferation. Ishikawa cells plated at 15,000 cells/well in
DMEM/F-12 + 5% charcoal-stripped fetal bovine serum medium were
treated with various concentrations of B-LGND1 and B-LGND2 for 72 h. The
cells were fixed, and alkaline phosphatase assay was performed to measure
the cellnumber. G, B-LGND1 and B-LGND2 does not increase uterine weights.
Immature female rats (n = 7) were treated for 3 days with estradiol (50 ug/kg/
day subcutaneously), B-LGND2 (30 mg/kg/day subcutaneously), B-LGND1
(30 mg/kg/day subcutaneously), or tamoxifen (10 mg/kg/day orally). At the
end of 3 days of treatment, the animals were sacrificed, and wet uterine
weights were measured. Data are expressed as means = S.E. RBA, relative
binding affinity; ER-«, estrogen receptor «; ER-3, estrogen receptor 3.

determine the cross-reactivity with 13 other NHRs (receptors
for progesterone, mineralocorticoids, androgens, glucocorti-
coids, FXR, pregnane X receptor, liver X receptor, retinoid X
receptor, PPAR-«, PPAR-y and ERR-«, ERR-3, and ERR-v).
B-LGND1 and B-LGND2 failed to cross-react with any of the
above mentioned receptors even at concentrations as high as 10
M (data not shown).

Activation of ER-a, but not ER-f3, induces uterine prolifera-
tion (28). This effect is one potential concern in the develop-
ment of ER-« agonists. As such, we examined the ability of
B-LGND1 and B-LGND2 to stimulate in vitro growth of Ish-
ikawa endometrial cells using varying concentrations of the
ligands and an alkaline phosphatase assay. As shown in Fig. 1B,
B-LGND1 and B-LGND2 induced the proliferation of Ishikawa
cells only at the highest concentration tested (1 um) or the con-
centration at which they cross-react with ER-a. On the other
hand, E, promoted the proliferation of the cells at very low
concentrations (i.e. 0.1 nm).

We also examined the effects of 3-LGND1 and 3-LGND2 on
the proliferation of uterus in vivo. B-LGNDI1 and B-LGND2
were administered subcutaneously at a dose of 30 mg/kg/day,
whereas E, was administered subcutaneously at a dose of 50
png/kg/day and tamoxifen at a dose of 10 mg/kg/day orally for 3
days. Tamoxifen was used as a tissue-selective positive control
ER-« ligand. E, and tamoxifen stimulated the proliferation of
the uterus significantly, as demonstrated by the increase in
uterine weight, whereas both B-LGND1 and 3-LGND?2 failed to
induce uterine growth (Fig. 1C). In addition to confirming the
absence of uterotrophic activity in vivo, these studies also
helped us in determining the dose (30 mg/kg/day subcutane-
ously) for the obesity studies.

B-LGNDI Represses High-fat Diet-induced Body Weight
Gain (Study 1)—Four-week-old C57BL/6 mice were fed with a
normal diet or high-fat diet. One group of the high-fat diet-fed
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Binding and transactivation characteristics of ER-B ligands, B-LGND1, and 3-LGND2

Ligand binding assays are shown in the 2nd to 6th columns. Binding affinity was determined using purified rat ER-o and ER-8 LBD and [*H]estradiol as described under
“Materials and Methods.” Transactivation assays are shown in the 7th and 8th columns. HEK293 cells were transfected with 0.25 ug of ERE-LUC, 0.5 ng of CMV-Renilla-
LUC, and 25 ng of pCR3.1 ER-« or 50 ng pCR3.1 ER-B and treated with the ligands for 24 h. The cells were lysed, and firefly luciferase activity was measured and normalized

to Renilla luciferase.

Groups K, ER-« K,ER-B RBA to E, ER-« RBA to E, ER- Ratio RBA «/f3 Agonist ER-« Agonist ER-
nm nm nm nm
E, 0.36 2.33 1 1 1 0.014 0.0942
B-LGND1 93.92 5.35 235.56 3.05 77.26 132.70 7.90
B-LGND2 39.74 211 112.41 1.16 96.91 38.09 1.38

animals was treated with 30 mg/kg/day B-LGND1 subcutane-
ously (high-fat treated), whereas the other groups received
vehicle subcutaneously and either a normal (control) or high-
fat diet (high-fat vehicle). Biweekly body weights and feed con-
sumption were measured. As expected and published earlier,
maintenance on a high-fat diet increased the body weight of the
mice significantly compared with the control mice starting
from week 3 (Fig. 2A). High-fat diet mice treated with -
LGND1 showed only a moderate increase in body weight and
were statistically indistinguishable from control mice demon-
strating the ability of B-LGND1 to repress the body weight gain
induced by a high-fat diet. Fig. 2A (inset) shows representative
pictures of mice in the high-fat groups that were treated with
vehicle (left) or B-LGND1 (right). Mice in the high-fat diet
groups that received vehicle alone gained 40% more weight
than animals receiving a normal diet (Fig. 24, right panel).
However, mice in the high-fat diet group treated with
B-LGND1 gained only 5% more weight than the normal diet-
fed controls demonstrating a greater than 85% reduction in
body weight by B-LGND1 compared with vehicle-treated ani-
mals receiving the high-fat diet.

Although the feed consumption of both groups of high-fat diet-
fed animals was lower than that observed for the control mice,
B-LGNDI1 treatment did not affect total caloric intake, indicating
that alteration in feed consumption or satiety was not the mecha-
nism for the observed body weight reduction (Fig. 2B).

B-LGND1 Alters Metabolic Disease Markers—We used
DEXA to examine the changes in body composition that
accompanied the body weight difference observed in mice that
received the high-fat diet and B-LGNDI. As expected, animals
that received the high-fat diet and vehicle had significantly
higher body fat than animals in the normal diet (control) group
or those receiving B-LGND1 (Fig. 2C, left panel).

As obesity inversely correlates with bone mineral density and
content (29), we also examined the effects of diet and 8-LGND1
on total body bone mineral content in these mice using DEXA.
Maintenance on a high-fat diet reduced body bone mineral
content significantly compared with controls. Treatment of
high-fat diet-fed mice with B-LGNDI prevented the loss in
body bone mineral content (Fig. 2C, right panel), suggesting
that secondary beneficial effects on bone accompany reduced
obesity. Future studies will be conducted to determine any
direct beneficial effects of B-LGND1 on bone.

Organ weight measurements indicate that WAT weight was
significantly increased by 2—2.5-fold in animals maintained on
the high-fat diet treated with vehicle compared with normal
diet controls (Fig. 2D). This increase in WAT weight was sig-
nificantly reduced in B-LGND1-treated mice. Serum choles-
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terol (Fig. 2E) and leptin levels (Fig. 2G) were significantly
increased in animals fed the high-fat diet and treated with vehi-
cle as compared with normal diet controls, and this increase
was significantly reversed by B-LGNDI1.

One of the many pathological conditions associated with
obesity is insulin resistance resulting in T2DM (30). Glucose
tolerance tests were performed to determine whether high-fat
diet-fed animals exhibited signs of insulin resistance and
T2DM. Administration of glucose increased the blood sugar
level as early as 15 min in all the groups. Animals fed the high-
fat diet and treated with vehicle demonstrated a significant
increase in blood glucose levels compared with normal diet
controls (Fig. 2F). However, the blood glucose levels of high-fat
diet-fed mice treated with B-LGND1 were not statistically dif-
ferent from the normal diet control groups.

Inflammation is a central component of obesity, and recent
studies emphasize that obesity is an inflammatory disease (31,
32). To determine the role of inflammation in high-fat diet-
induced obesity, a panel of 32 inflammatory cytokines was
measured in serum using Luminex beads from Millipore
(supplemental Table 2). Of the 32 cytokines measured, only
macrophage inflammatory protein-18 (MIP-18) was signifi-
cantly increased by the high-fat diet. However, this increase was
completely reversed by B-LGND1 (Fig. 2H).

One of the perilous secondary effects of obesity and hyper-
cholesterolemia is fatty liver disease (33). Liver cryosections
were obtained from the mice and stained with Oil Red O to
determine the accumulation of fat in liver. Photographs shown
in Fig. 2] demonstrate that maintenance on a high-fat diet
increased the accumulation of fat in liver sections as evident
from the increased Oil Red O staining. However, liver sections
obtained from high-fat diet-fed mice treated with S-LGND1
did not stain for oil red suggesting that 8-LGND1 completely
prevented the accumulation of fat in the liver.

B-LGNDI1 Alters the Expression of Genes Involved in Energy
Homeostasis, Adipogenesis, and Anti-oxidant Pathways— A sub-
set of 32 genes that are implicated in lipogenesis, lipolysis, anti-
oxidant, and other related pathways was selected, and the effect
of B-LGND1 on these genes was evaluated using TagMan PCR-
based arrays. RNA from liver, muscle, WAT, and BAT was
applied to these arrays. Genes for which their expression was
more than 2-fold different and significant at p < 0.01 in
B-LGNDI1-treated mice compared with high-fat diet animals
treated with vehicle are summarized in Table 2.

Uncoupling protein-1 (Ucp-1) (34), a thermogenic mito-
chondrial protein and a marker for BAT, was decreased in ani-
mals that received the high-fat diet and vehicle compared with
normal diet controls. However, B-LGNDI1 reversed and, in fact,
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FIGURE 2. B-LGND1 represses diet induced obesity. Six-week-old C57BL6 mice (n = 5) were fed with normal diet or high-fat diet and treated with vehicle or
B-LGND1 (30 mg/kg/day subcutaneously) for 12 weeks. Biweekly body weight (A) and feed consumption (B) were measured. A, right graph shows the percent
difference (diff) in body weight of high-fat diet-fed groups from normal diet-fed group. A, inset shows a representative mouse. C, B-LGND1 reduces body fat and
increases bone mineral content. Whole body DEXA scanning was performed on the C57BL6 mice (animals described in A; n = 5) to measure the body fat (left
panel) and bone mineral content (right panel). Body fat content is expressed as percent fat of body weight. D, E, G, and H, B-LGND1-reduced metabolic disease
markers. C57BL6 mice (animals described in A; n = 5) were sacrificed after 12 weeks of treatment and the weight of WAT (D) was measured. Blood was collected,
and cholesterol (E), leptin (G), and inflammatory marker MIP-1b (H) were measured in the serum as described under “Materials and Methods.” F, B-LGND1
reduces serum glucose after glucose tolerance test. Glucose tolerance test was performed at the end of 12 weeks of treatment (animals described in A;n = 5)
by administering 150 mg of glucose orally and measuring blood glucose levels at 0, 15, 30, and 60 min of glucose administration. /, B-LGND1 reduces lipid
accumulation in liver. Sections were performed on cryopreserved liver from C57BL6 mice (animals described in A; n = 5) and stained for lipid accumulation
using Oil Red O staining. J, B-LGND-1 increases UCP-1 protein levels in brown adipose tissue. UCP-1 expression at protein levels were determined by Western
blot analysis of protein extracts from brown adipose tissue and hybridizing the proteins with an antibody for UCP-1 and normalized to actin. Representative
images of n = 5 are shown. Bar graph shows the quantification of UCP-1 and normalization to actin levels. N.D, normal diet; H.F., high-fat diet. MIP, 1b-macro-
phage inflammatory protein; veh, vehicle; B.Wt, body weight; UCP-1, uncoupling protein-1; ¥, significance at p < 0.05 from normal diet-fed vehicle-treated
animals; #, significance at p < 0.05 from high-fat diet-fed vehicle-treated animals. Values are expressed as means = S.E. with n = 5 animals.

UCP-1/Actin
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TABLE 2
B-LGND1 alters the gene expression involved in lipid homeostasis

Anti-obesity Effects of ER-3 Ligands

RNA from brown adipose tissue, white adipose tissue, and liver was extracted from C57BL6 mice (animals described in Fig 2; n = 5) and cDNA-synthesized, and the
expressions of 32 genes (complete list of genes given in supplemental Table 1) were measured using TagMan gene expression array cards. Genes that were
significantly different in high-fat diet-fed B-LGNDI1-treated animals from high-fat diet-fed vehicle-treated animals at p < 0.01 and having more than 2-fold
difference are expressed. Values are expressed as -fold change from high-fat diet-fed and vehicle-treated animals with — indicating a decrease in gene expression
and + indicating an increase in gene expression in the B-LGNDI1-treated samples. Numbers in the parentheses are corresponding reference numbers to corroborate

the statements.

Gene name

Fold increase(+)/
decrease (—)

Function

Brown adipose tissue

Ddit3 (DNA damage inducible transcript III) (—)2.01 Promotes obesity, oxidative stress, 3-cell damage (42)

GPx-3 (glutathione peroxidase) +2.25 Prevents obesity, oxidative stress, insulin resistance, and
inflammation (41)

LPL (lipoprotein lipase) (—)2.50 High level increase of insulin resistance and T2DM. High fat
diet increase in lipoprotein lipase (36)

PLTP (phospholipid transfer protein) (—)3.76 Involved in atherogenesis, hypercholesterolemia, and
atherosclerosis (39)

ER-B (estrogen receptor ) +3.50

Dhcr24 (dehydrocholesterol reductase) (—)3.33 Encodes cholesterol-synthesizing enzyme Seladin-1 (40)

UCP-1 (uncoupled protein-1) +6.90 Promotes energy expenditure, reduces cholesterol (34)

UCP-2 (uncoupled protein-2) +3.48 Promotes energy expenditure, reduces cholesterol (35)

‘White adipose tissue

SREBP1 (Sterol regulatory element-binding protein 1) (—)6.14 Increases fatty acid synthesis and cholesterol (38)

FASN (fatty-acid synthase) (—)7.92 Fatty acid synthesis. Mostly in association with SREBP (37)

Ddit3 (DNA damage-inducible transcript III) (—)3.05 Promotes obesity, oxidative stress, 3-cell damage (42)

LPL (lipoprotein lipase) (—)3.15 High levels increase insulin resistance and T2DM. High-fat
diet increased LPL in tissues (36)

Liver

GPx-3 (glutathione peroxidase) +2.60 Prevents obesity, oxidative stress, insulin resistance,
inflammation, and major antioxidant in plasma (41)

CIDEA (Cell death-inducing DNA (—)5.50 Very important factor in adipose cell function and obesity

fragmentation factor)

demonstrated a robust increase in Ucp-1 gene expression,
which is suggestive of increased energy expenditure. A 7-fold
increase in Ucp-1 by B-LGNDI1 indicates a tremendous
increase in the energy expenditure, which could be one of
the important processes triggered by ligands activating
ER-B. The increased expression of Ucp-1 was confirmed at
the protein level by Western blot analysis, which demon-
strated that B-LGND-1 augmented the expression by a min-
imum of 2-fold (Fig. 2J). Ucp-2 (35) and Ucp-3 were also
measured in RNA extracted from BAT, and B-LGND1
increased the expression of Ucp-2 significantly by 3.5-fold
and Ucp-3 by 2.2-fold.

The expression of genes that promote lipogenesis, such as
lipoprotein lipase (Lpl) (36), fatty-acid synthase (Fasn) (37), ste-
rol regulatory element-binding protein-1 (Srebp-1) (38), phos-
pholipid transfer protein (Pltp) (39), and dehydrocholesterol
reductase (Dhcr24) (40), was increased in BAT and WAT iso-
lated from high-fat diet-fed mice treated with vehicle. These
increases were reversed efficiently by the administration of
B-LGNDI. In addition, genes such as glutathione peroxidase
(GPx-3) (41) and DNA damage-inducible transcript III (Ddit3)
(42), which are involved in the anti-oxidant and oxidative stress
pathways, were significantly altered by B-LGND1. Cumula-
tively, these results suggest that B-LGNDI1 mediates its anti-
obesity effects by synergistically acting on brown adipose tissue
to increase the energy expenditure and on white adipose tissue
to inhibit lipogenesis.

B-LGNDI and B-LGND2 Inhibit Body Weight Gain and Alter
Fat Composition of High-fat Diet-fed Animals (Study 2)—To
determine whether this anti-obesity effect is unique to -
LGNDI1 or it is an ER- ligand class effect, another ER-3 ago-
nist, B-LGND2, with almost similar binding, transactivation,

ACEVEN
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and isoform selectivity profile (Fig. 14) was chosen and com-
pared with B-LGND1 in the high-fat diet study. In this study,
MRI was performed instead of DEXA to determine the effects
on the whole body fat and lean mass.

Treatment with B-LGND1 replicated the effects observed in
the prior study shown in Fig. 24 with significant reduction in
body weight (Fig. 3A) without altering the feed consumption
(data not shown). B-LGND?2 also reduced the body weight of
high-fat diet-fed mice, with results comparable with those
observed with B-LGND1. Both ligands prevented the body
weight increase caused by the high-fat diet by more than 50%.
The body weights of mice treated with B-LGND1 and
B-LGND2 were statistically indistinguishable from the normal
diet controls.

MRI demonstrated a significant reduction in fat mass in both
B-LGND1- and B-LGND2-treated groups compared with ani-
mals receiving the high-fat diet and vehicle (Fig. 3B, left panel).
Both ligands prevented the increase in body fat by more than
50%, comparable with the reduction in body weight. Mainte-
nance on a high-fat diet and vehicle did not alter the lean
mass significantly compared with normal diet controls (Fig.
3B, right panel). Both B-LGND1 and B-LGND2 increased
the lean mass in high-fat diet-fed animals by ~2 g in 12
weeks, indicating that ER-B-selective ligands not only
repress body weight in high-fat diet-fed mice but do so by
promoting favorable changes in body composition (i.e. by
decreasing fat mass and increasing lean mass). These
changes were obvious as early as 6 weeks into treatment, and
the differences were magnified by 12 weeks of treatment.
Tissue weights indicated that both 8-LGND1 and 8-LGND2
comparably decreased WAT weight and increased gastro-
cnemius muscle weight without altering the weights of other
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ducted to evaluate the ability of
B-LGND2 to affect body composi-
tion in mice that were already obese.
Mice were divided into three groups
consisting of one group fed a normal
diet (control) and the other two
groups fed with the high-fat diet for
6 weeks. After 6 weeks, the animals
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12 weeks compared with normal diet
controls. Initiation of B-LGND2
treatment at week 6 prevented fur-
ther gains in body weight through-
out the remainder of the study. By
week 16, the body weight of high-
fat diet-fed animals treated with
B-LGND2 was not significantly dif-
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H.F.

FIGURE 3. B-LND1 and -LGND2 represses high-fat diet-induced obesity. A, 6-week-old C57BL6 mice (n =
12) were fed with normal diet or high-fat diet and treated with vehicle, B-LGND1 (30 mg/kg/day subcutane-
ously) or B-LGND2 (30 mg/kg/day subcutaneously) for 12 weeks. Body weight was measured biweekly and
represented as body weight difference from day 0. B, B-LGND1 and B-LGND2 reduce fat mass and increase
muscle mass. Before the initiation of the study, at 6 and 12 weeks after treatment, MRI scan was performed on
the C57BL6 mice (n = 12) to measure the fat (left panel) and lean body mass (right panel). Cand D, B-LGND1 and
B-LGND2 does not inhibit the hypothalamus/pituitary/gonadal (HPG) axis. At sacrifice, testes weight (C) was
measured and blood collected for serum testosterone measurements (D). N.D., normal diet; H.F., high-fat diet;
*,significance at p < 0.05 from normal diet-fed vehicle-treated animals; #, significance at p < 0.05 from high-fat

diet-fed vehicle-treated animals.

tissues such as liver, heart, and brain (data not shown),
reproducing the results demonstrated in Fig. 24.

To ensure that the effects on body composition and weight
were not mediated by cross-reactivity with ER-«, parameters in
the hypothalamus/pituitary/gonadal axis were measured (43).
As ER-« is associated with a variety of side effects such as
thromboembolism, cardiovascular problems, breast cancer,
and others, any functional cross-reactivity of the ER-S ligands
in vivo with this receptor isoform might be considered undesir-
able and preclude its use for a chronic medical condition like
obesity. Testes weights (Fig. 3C) and serum testosterone (Fig.
3D) levels were not altered by B-LGND1 or B-LGND?2 in ani-
mals fed with the high-fat diet and treated with vehicle,
B-LGND]I, or B-LGND2 for 12 weeks. Follicle-stimulating hor-
mone, another hormone in the hypothalamus/pituitary/go-
nadal axis, was also not altered by diet or drug treatment (data
not shown). These results suggest that the anti-obesity effects
of the B-LGNDs were not mediated through cross-reactivity
with ER-« or effects on sex hormone levels.

B-LGND?2 Inhibits Body Weight and Fat Mass in Obese Ani-
mals (Study 3, Treatment Phase)—As the first two studies were
designed to prevent obesity (i.e. animals were fed with a high-fat
diet and treated simultaneously), a subsequent study was con-
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ferent from normal diet control
mice (Fig. 4A). MRI demonstrated
that the body fat increase observed
in animals on the high-fat diet was
reduced by treatment with pB-
LGND2 (Fig. 4B). Consistent with
the prevention studies, B-LGND2
effectively opposed the high-fatdiet-
dependent increase in WAT, BAT,
and liver weights (Fig. 4C).

B-LGNDs Also Alter Body Com-
position in an Animal Model of Postmenopausal Obesity—Post-
menopausal obesity increases the susceptibility of women to
cardiovascular risks (44). Because our 8-LGNDs affected body
composition in an animal model of high-fat diet-induced obe-
sity, we hypothesized that they might also be effective in an
animal model of postmenopausal obesity. As we saw in the
high-fat diet model, MRI scan demonstrated that ovariectomy
(OVX) increased the fat mass significantly and that f-LGND2
completely prevented the increase in fat mass (Fig. 54, left
panel). B-LGND2 also significantly increased lean mass (Fig.
5A, right panel) indicating that B-LGND2 caused consistent
changes in body composition in the high-fat diet- and OVX-
induced animal models of obesity. Measurement of WAT and
uterus weights indicated that B-LGND2 completely inhibited
the WAT accrued due to OVX without affecting uterine weight,
indicating absence of ER-« cross-reactivity (Fig. 5B).

ER-B Ligands Inhibit PPAR-y Function in a Receptor-depen-
dent Manner—Foryst-Ludwig et al. (23) previously demon-
strated that ER-B ligand independently inhibits PPAR-y
through N-terminal interactions. PPAR-vy was also demon-
strated to be a proadipogenic transcription factor (45). In
addition, one of the genes completely repressed by
B-LGND1in BAT and WAT (i.e. Lpl) isa PPAR-+y target gene

H.F.

VOLUME 285-NUMBER 41-OCTOBER 8, 2010



Anti-obesity Effects of ER-3 Ligands

>
=

55 9 25 -
50
SR
¥ .F. (Veh 20 *
B - R e (Veh) . H.F. (Veh)
, oL g
s TN 4S 1P (B-LGND2) 3 * J{HF. (B-LGND2)
== . 3 - Lt % w %k D h = 10
- ¥ Zok] % . .(Ve )
3! ok 5 N.D. (Veh)
25 - $3
ol ) oh o
0 6 12 18
ASHEE TR T Rt Weeks
S A Y % h s 6 A D 9 QDDA E N
Weeks No treatment f Treatment

Begin treatment
No treatment f s

Begin treatment

Treatment

C ... WAT % & BAT 01 iver *
azx = 0 * =~ 2500
- Ew =
: - : 456 E 1500 -
B 1x T M 200 . el 1000
500 100 500
0

N.D.(Veh) Veh  B-LGND2 N.D.(Veh) Veh PB-LGND2 N.D.(Veh) Veh B-LGND2

FIGURE 4. B-LGND2 efficiently treats high-fat diet-induced obesity. Six-week-old C57BL6 mice (n = 8) were maintained in normal diet or high-fat diet for
6 weeks. After 6 weeks, the animals were treated with vehicle or B-LGND2 (30 mg/kg/day) subcutaneously for 12 weeks. Biweekly body weight was measured
(A). MRl scan was performed at day 0 and at weeks 6, 12, and 18 to determine the fat mass (B). At sacrifice, weights of WAT, BAT, and liver were measured and
expressed as bar graphs (C). N.D., normal diet; H.F., high-fat diet. ¥, significance at p < 0.05 from normal diet-fed vehicle-treated animals; #, significance at p <

0.05 from high-fat diet-fed vehicle-treated animals.
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FIGURE 5. B-LGND2 alters body composition of OVX mice. Six-week-old
C57BL6 female mice (n = 8) were either sham-operated and treated with
vehicle on ovariectomized mice and treated with vehicle or 30 mg/kg/day
B-LGND2 subcutaneously for 9 weeks. MRI scan was performed at day 0 and
week 9 to determine the fat mass (A, left panel) and lean mass (A, right panel).
After 9 weeks, the mice were sacrificed and weights of white adipose tissue
and uterus (B) were recorded. Veh, vehicle; *, significance at p < 0.05 from
normal diet-fed vehicle-treated animals; #, significance at p < 0.05 from high-
fat diet-fed vehicle-treated animals.

(46) (Table 2). Transactivation studies were thus performed
in HEK-293 cells transfected with ER-8, PPAR-vy, or PPAR-«
and PPRE-LUC to determine the direct or indirect effects of
B-LGND1 and B-LGND2 on PPAR activity. Both 3-LGNDs
partially inhibited troglitazone-induced PPAR-vy activity
when cotransfected with ER-B (Fig. 64, left panel) but did
not affect WY14643 induced PPAR-« transactivation (Fig.
64, right panel). Ligand-independent or constitutive inhibi-

OCTOBER 8, 2010-VOLUME 285-NUMBER 41 YASEMIB\

tion of PPAR-y by ER-B was also observed, confirming an
earlier report (23).

To determine whether the LBD of ER-B was required to
inhibit PPAR-+y transactivation, we mutated histidine 475 in the
ER-B LBD to alanine. This residue is critical for ligand binding
to ER-B (47, 48). We confirmed this by mutating His*”> to ala-
nine and compared its transactivation to wild type ER-B. Trans-
fection of HEK-293 cells with ERE-LUC, ER-S, or H475A ER-
confirmed that mutation of His*’> to alanine abrogated the
ability of B-LGND1 and B-LGND2 to activate ER-S (Fig. 6B).

Because H475A impaired B-LGND-dependent ER-S trans-
activation, the ability of this mutant receptor to inhibit PPAR-y
transactivation was determined and compared with wild type.
As shown in Fig. 6C, wild type ER-B inhibited ligand-depen-
dently and -independently the troglitazone-induced PPAR-y
transactivation, whereas H475A ER-f3 failed to inhibit PPAR-y
transactivation indicating the importance of ligand binding and
ER-B-LBD to inhibit PPAR-vy transactivation.

PPAR-y coactivator-1 (PGC-1) functions selectively as a
PPAR-7y coactivator in many tissues such as WAT, BAT, and
pancreatic islets. To determine whether ER-S ligands inhibit
the ability of PGC-1 to coactivate PPAR-vy, PPAR-7y transacti-
vation studies were performed in the presence or absence of
PGC-1. In the absence of ER-, troglitazone activated PPAR-v,
although PGC-1 robustly increased both the basal and ligand-
dependent activity (Fig. 6D, left panel). However, wild type
ER-B, but not H475A ER-f, ligand-dependently abolished the
troglitazone-dependent PPAR-y transactivation, indicating
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that ER- not only inhibits basal PPAR-y but also inhibits
PGC-1 coactivated PPAR-vy transactivation. Conversely, coac-
tivation of PPAR-a by PGC-1 was not inhibited by ER-B (Fig.
6D, right panel) confirming the selectivity of inhibition and lack
of cross-reactivity.

SHP is an orphan member of the NHR family that is also
known to play a role in metabolic diseases (49). The SHP pro-
moter contains an estrogen-response element (ERE), and its
activity was increased by estradiol through ER-a (50). We used
HEK-293 cells transfected with SHP promoter-luciferase, FXR,
and ER-B plasmids to determine whether B-LGNDI1 and
B-LGND2 activate SHP through ER-B.The right panel of Fig. 6E
demonstrates that neither of the ligands activated SHP,
whereas FXR ligand GW4064 increased its activity signifi-
cantly. The left panel of Fig. 6E shows that an ER-«a selective
ligand PPT increased SHP activity reproducing the earlier pub-
lished results that SHP is an ER-« target gene.

DISCUSSION

Obesity is a complex disease that has created an increasing
demand for drugs that reduce body weight and also treat con-
ditions associated with obesity such as T2DM, osteoporosis,
inflammation, muscle weakness, and others. Most of the drugs
in development to treat obesity target the G protein-coupled
receptor class and are associated with side effects ranging from
nausea to depression (51, 52). Drugs acting through the G pro-
tein-coupled receptor class control appetite through central
nervous system intervention, eventually leading to various neu-
rological and psychological problems (53), as recently exempli-
fied by the discontinuation of a cannabinoid antagonist due to
severe psychological problems leading to suicide (54).

Discovery of ER-B in the prostate 12 years ago fostered the
development of isoform-selective estrogen receptor modula-
tors (55). Various in vivo and in vitro studies have unraveled the
potential of ER-f as a therapeutic target. ER-3 is currently sug-
gested as a target for a variety of disorders, including prostate
cancer, benign prostatic hyperplasia, inflammation, neuropro-
tection, and others (56 —-59). Here, we show for the first time
that ligand-activated ER-f3 is a potential target to treat obesity
and associated diseases.

Knock-out models and clinical studies revealed that ER-« is
the primary mediator of reproductive and bone effects of estro-
gens, whereas ER-3 mediates nonreproductive effects such as
neurological, anti-inflammatory, and anti-proliferative effects.
These studies mostly expound the beneficial effects of ER-f.

Anti-obesity Effects of ER-3 Ligands

This report demonstrates that ER- ligands not only prevent
but also treat obesity. The ligands alter body composition by
reducing fat mass and increasing lean mass. A variety of mech-
anisms can be proposed from the gene expression studies. The
observed increase in Ucp-1 suggests that B-LGNDs increase
energy expenditure through uncoupled respiration, which ulti-
mately reduces body weight (60). Although there was no differ-
ence observed in the treated mice in BAT weight, the tissue
responsible for uncoupled respiration, the observed changes in
body composition and gene expression suggest that it may be a
valuable predictor for changes that occur in other tissues. The
expression of several important genes in the lipogenesis path-
ways, such as Srebp, Lpl, and others, was repressed, indicating
that B-LGNDs inhibit lipid synthesis in addition to increas-
ing uncoupled respiration. Earlier studies demonstrated an
increase in lipogenesis when rats were ovariectomized, impli-
cating a role for ERs in direct regulation of lipid synthesis (61).
Similarly, another ERp-selective ligand, genistein, reduced
Srebp-1 expression in liver cells (62), corroborating the results
obtained in this study. Likewise, genes in the oxidative stress
and anti-oxidant pathways were significantly regulated in this
study, suggesting that 3-LGNDs promote weight loss through
multiple pathways. Other pathways involving mast cells and
angiogenesis are also implicated in obesity suggesting the com-
plexity of the disease and the potential to utilize these pathways
to target the disease (63, 64).

The reduction in feed consumption in the high-fat diet-fed
animals correlates well with the increase in serum leptin and
with previous publications (65, 66). Leptin has dual functions;
one is to induce satiety, and the other is to serve as a marker for
adipose tissue mass and obesity. In our studies, increased leptin
in high-fat diet-fed mice caused a reduction in feed consump-
tion. Simultaneously, B-LGNDs reduced body fat and body
weight resulting in partial reduction in leptin levels (Fig. 2G).
Although high-fat diet reduced the total food consumption, it
increased the fat calories consumed by almost 10-fold (supple-
mental Fig. 1), indicating that the increase in body weight is due
to the consumption of increased fat calories.

Earlier reports indicate that one of the coactivators of
PPAR-vy, PRDM16, promotes the formation of BAT through
PPAR-vyand PGC-1 activation (60). Knockdown of PRDM16 in
BAT inhibits PPAR-+y function leading to the transformation of
BAT to muscle (67). It is possible that ER-B inhibits PPAR-y
function indirectly by inhibiting the ability of PRDM16 to acti-

FIGURE 6. ER-B ligand-dependently inhibits PPAR-y function through LBD. A, HEK-293 cells were transfected with 0.25 g of PPRE-LUC, 5 ng of CMV-Renilla
luciferase, and the indicated receptors (PPAR-yand ER-B for the left panel and PPAR-a and ER-3 for the right panel). The cells were treated 24 h after transfection
with the indicated ligands and harvested 48 h after transfection, and firefly luciferase activity was measured and normalized to Renilla luciferase. B, His*’® in
ER-B LBD is important for its function. His*’® in ER-B LBD was mutated to alanine (A) using site-directed mutagenesis kit. Transactivation assay was performed
as described in Ain HEK-293 cells with a titration of ER-B ligands in wild type or ER-B H475A. C, ER-B H475A fails to inhibit PPAR-vy transactivation. HEK-293 cells
were transfected with 0.25 g of PPRE-LUC, 5 ng of CMV-Renilla luciferase, and 50 ng of the indicated receptors (PPAR-y or PPAR-yand wild type ER-3 or PPAR-y
and ER-BH475A). The cells were treated 24 h after transfection with the indicated ligands and harvested 48 h after transfection, and firefly luciferase activity was
measured and normalized to Renilla luciferase. D, ER-B ligand-dependently inhibits PGC-1 coactivated PPAR-y but not PPAR-« transactivation. HepG2 cells
were transfected with 0.25 ug of PPRE-LUC, 5 ng of CMV-Renilla luciferase, 0.5 g of PGC-1 or vector backbone, and 100 ng of the indicated receptors (PPAR-y
or PPAR-y and wild type ER-B or PPAR-y and ER-B H475A for left panels and PPAR-a or PPAR-« and ER-f3 for right panel). The cells were treated 24 h after
transfection with the indicated ligands and harvested 48 h after transfection, and firefly luciferase activity was measured and normalized to Renilla luciferase.
E, SHP-1 is an ER-B-specific target. HEK-293 cells were transfected with 0.25 ug of SHP-LUC, 5 ng of CMV-Renilla luciferase, and 50 ng of the indicated receptors
(FXR and ER-a for the left panel and FXR and ER-f3 for the right panel). The cells were treated 24 h after transfection with the indicated ligands and harvested 48 h
after transfection, and firefly luciferase activity was measured and normalized to Renilla luciferase. PPAR, peroxisome proliferator and activated receptor; ER,
estrogen receptor; H, histidine; A, alanine; RLU, relative luciferase units; Tro, troglitazone; PGC-1, PPAR-y coactivator; SHP, small heterodimer partner; FXR,
farsenoid X receptor.
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vate PPAR-y in BAT. Although we have demonstrated the
effect of ER-B on PPAR-vy activity with another coactivator,
PGC-1 (Fig. 6D), future studies will be performed to demon-
strate the interaction between ER-B, PRDM16, and PPAR-vy.
Although directly antagonizing PPAR-+y with antagonists such
as SR-202 and GW-9662 prevents high-fat diet-induced obe-
sity, this may cause unwarranted side effects associated with
manipulating PPAR-vy (68, 69). Hence, antagonizing PPAR-y
through indirectly acting agents like ER-B agonists by altering
coactivator function could potentially perform the desired
functions without adverse side effects.

The adipose tissue lipogenic gene expression data and the
PPAR-vy transactivation data correlate well. We speculate that
ER-B sequesters PGC-1 away from PPAR-vy to inhibit PPAR-y
function. PGC-1 is a coactivator for many steroid receptors
such as PPARs and ERRs, and earlier studies have demonstrated
that these receptors cross-talk at the level of their common
coactivators (70). In fact, these receptors compete for a limiting
pool of coactivators. In this scenario, ER-B competes with
PPAR-7 for the limiting amount of PGC-1, subsequently inhib-
iting PPAR-y function.

We ruled out the possibility that the pharmacological effects
of B-LGNDs are mediated through cross-talk with ER-a and
other NHRs and are now treating ER-aKO and ER-BKO mice
with a high-fat diet and 3-LGNDs to corroborate our findings.
In addition, we also tested the effect of these ligands on action of
AMP-activated kinase. The beneficial effects observed in the
current studies (e.g reducing cholesterol levels, alleviating
diabetes, and increasing muscle mass) might also be mediated
by AMP-activated kinase activation (71). Phosphorylation of
AMP-activated kinase at Thr'”> was measured in WAT, liver,
and C2C12 muscle cell culture. No significant increase in phos-
phorylation of AMP-activated kinase was observed with
B-LGND1 or B-LGND2 (data not shown) both in vitro and in
vivo in target tissues. As nonspecific effects cannot be proved by
process of elimination, the ongoing knock-out studies will be
the appropriate path to prove the ER-3-specific effects.

MIP-1 protein orchestrates inflammatory responses at sites
of injury mainly by recruiting pro-inflammatory cells. Thus,
MIP-1 protein is a key player in the pathogenesis of several
diseases (72). Earlier publications and preclinical studies from
Wyeth clearly indicated the anti-inflammatory effects of ER-
ligands (58). As obesity is an inflammatory disease (9), induc-
tion of MIP-1 was not surprising considering the level of fat
mass and body weight increase in vehicle-treated high-fat diet-
fed animals. However, ER-f ligands reduced MIP-1 in these
obese mice providing protection against further inflammatory
diseases (Fig. 2H). It is surprising that out of 32 cytokines tested,
only one cytokine was regulated by obesity and by ER- ligands.
These results were evaluated in different tissues at mRNA level
to identify the tissue of origin. Unfortunately, this regulation in
cytokines that was observed in serum was not observed in the
examined tissues (data not shown).

We demonstrated that B-LGNDs can be used in diet- and
ovariectomy-induced obesity. The mechanistic and character-
istic aspects of obesity associated with both these conditions are
entirely different. Diet induced-obesity and obesity in people
undergoing prolonged rest arise due to increased energy con-
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sumption and decreased energy expenditure resulting in a sig-
nificant accumulation of adipose tissue. On the other hand,
postmenopausal obesity emanates because of reduced circulat-
ing estrogens and lost repression of adipose tissue proliferation
and adipokine synthesis. The deposition of fat mass, and par-
ticularly central fat mass in postmenopausal obesity due to the
lack of estrogens, is also responsible for an increase in circulat-
ing adipocytokines, which have implications for insulin resis-
tance and cardiovascular diseases. 3-LGNDs excelled in their
ability to inhibit obesity associated with multiple etiologies.

There are four known strategies to prevent and/or treat obe-
sity, including appetite suppression, inhibition of nutrient
digestion and absorption, stimulation of fat mobilization, and
increase in energy expenditure (73). B-LGNDs appear to offer a
unique and comprehensive strategy to treat obesity by increas-
ing energy expenditure, reducing fat synthesis, increasing mus-
cle mass, and reducing inflammation. Targeting obesity periph-
erally without involving the central nervous system is a safe
strategy, if effective weight reduction is demonstrated. Collec-
tively, these studies demonstrate that S-LGNDs can repress
body weight, improve insulin sensitivity, alleviate hypercholes-
terolemia, reduce leptin levels, improve lean mass, and reduce
fat mass without any visible side, toxic, or reproductive effects
validating ER-B as a bona fide target to combat obesity and
metabolic diseases.
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