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An ER(3 agonist induces browning
of subcutaneous abdominal fat
pad in obese female mice
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. Estrogen, via estrogen receptor alpha (ERo), exerts several beneficial effects on metabolism and energy
homeostasis by controlling size, enzymatic activity and hormonal content of adipose tissue. The actions
of estrogen on sympathetic ganglia, which are key players in the browning process, are less well known.

In the present study we show that ER3 influences browning of subcutaneous adipose tissue (SAT) via

its actions both on sympathetic ganglia and on the SAT itself. A 3-day-treatment with a selective ER3

* agonist, LY3201, induced browning of SAT in 1-year-old obese WT and ERa.~/~ female mice. Browning

. was associated with increased expression of ER( in the nuclei of neurons in the sympathetic ganglia,

. increase in tyrosine hydroxylase in both nerve terminals in the SAT and sympathetic ganglia neurons
and an increase of 33-adrenoceptor in the SAT. LY3201 had no effect on browning in young female or
male mice. In the case of young females browning was already maximal while in males there was very
little expression of ER3 in the SAT and very little expression of the 33-adrenoceptor. The increase in
both sympathetic tone and responsiveness of adipocytes to catecholamines reveals a novel role for ER3
in controlling browning of adipose tissue.

Obesity is due to the chronic imbalance between energy intake and energy expenditure’. The tendency of post-
menopausal women to gain weight suggests a role for estrogen in controlling white adipose tissue (WAT)>°.
© 'The role of estrogen in regulating obesity has been well documented in mice. Both ERa™/~ mice*® and aro-
. matase/~ mice®’ become obese. Many of the metabolic effects of estrogen are mediated by ERcx and its defi-
© ciency in both male and female mice results in body weight gain and adiposity predominantly through reducing
energy expenditure>®. In addition, increased ER« signaling suppresses energy intake and induces energy
expenditure>!?. Some of the effects of estrogen on body fat are mediated by the activation of ER in the ventral
. medial nucleus of the hypothalamus (VMH)®!!. Estradiol (E2) has been reported to increase energy expenditure
. through ERa and activation of sympathetic nervous system (SNS)-brown adipose tissue (BAT) axis'%. ER3, on the
. other hand, has direct anti-lipogenic and anti-adipogenic effects in adipocytes as a negative regulator of peroxi-
some proliferator-activated receptor ~ (PPAR~)™. In addition, selective ERB agonists show PPAR~ antagonistic
actions in adipocytes and reduce body weight and adipose tissue composition in mice fed a high-fat diet or in
ovariectomy-induced obesity'*.
BAT which is specialized for the dissipation of chemical energy in the form of heat, is able to protect mammals
. against hypothermia'®, obesity'® and type 2 diabetes!”. Unlike rodents which have BAT throughout life, adult
. humans harbor distinct depots of cold-inducible brown adipocytes which are dispersed within WAT in the supr-
© aclavicular, para-aortic and suprarenal regions'®-2°. Adipose tissues undergo browning following cold exposure!’
- and this is mediated by an increase in sympathetic tone. The possibility that induction of browning of WAT could
. be used to combat obesity is of potential clinical interest.
: There is no direct evidence that ERJ3 influences browning of WAT through its actions in either the central
or peripheral nervous system. In the present study, we used the abdominal subcutaneous fat pad as our source
of SAT. The subcutaneous abdominal fat pad in females houses the mammary gland. We found that short-term
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Figure 1. Increased browning of SAT in obese WT female mice after treatment with LY3201 for 3 days.

(A) Treatment with LY3201 induced multilocular lipid droplets, as shown by H&E staining (red arrow) in e,
and UCP1 positive (red arrow) as represented in f-h. All pictures are 20x magnification. (B) There was up-
regulation of browning-associated genes by LY3201 in SAT of aged WT female mice. (C) There were no changes
in beige-cell-specific genes after treatment with LY3201. *p < 0.05, **p < 0.01, ***p < 0.001, LY3201 vs. Vehicle.

activation of ER3 with a specific agonist, LY3201, significantly induced browning in this fat pad through increased
sympathetic tone in the thoraco-lumbar sympathetic ganglia as well as direct actions on the SAT where it induced
expression of the 33-adrenoceptor.

Results

Activation of ER3 induces browning of mammary white adipose tissue in 1-year-old female
mice. 1-year-old female wild type (WT) and ERa~'~ mice were used because they develop late-onset
obesity. Treatment with the ERJ agonist, LY3201, for three days markedly increased multilocular lipid-drop-
lets (Fig. 1Aa and e) and increased the number of UCP1-positive adipocytes in female SAT as shown in
Fig. 1Ab-d and f-h. This short-term treatment had no effect on total body weight or the ratio of the liver, mam-
mary fat pad, BAT or gonadal WAT to body weight (Supplementary Fig. SIA-F). Consistent with the morpho-
logical changes, QPCR results confirmed that the thermogenic genes such as UCPI, Cidea, PPAR~, PGCI( and
DIO2 were significantly increased in the mammary fat pad of LY3201-treated group (Fig. 1B). However, there
was no induction of AP2 (Fig. 1B), indicating that the browning process was not due to adipogenesis. This lack
of adipogenesis was also supported by qPCR analysis showing a lack of change in proliferative genes, such as
cyclin A2, cyclin B1, PCNA, Ki67, C/EBPoand C/EBPS (Supplementary Fig. S1-G). Despite the induction of genes
involved in browning of white adipose tissue, none of the markers of beige cells (TbxI, Tinem26, CD137, Prdm16,
PRB and Foxc2) were altered in SAT by LY3201 (Fig. 1C). Thus beige cells do not appear to be involved in ER3
-ligand-induced browning.

Short-term activation of ER3 does not evoke the browning of SAT in young female or male
mice. After a 3-day exposure to LY3201, no significant increase in browning was observed as measured by a
lack of change in expression of either UCP1 protein (Fig. 2Aa-d) or the mRNA level of browning-related genes
(Fig. 2B and C) in 3-month-old female or male SAT. Of note, in young females (Fig. 2Aa), there are much more
BAT in the SAT than in 1-year-old females (Fig. 1Aa) or in males (Fig. 2Ac). When LY3201 was administered
to 1-year-old male WT mice, there was no browning of SAT, as shown by the unaltered adipocyte morphology
(Fig. 3A). No changes in body weight, organ weights (Fig. 3B) or browning-related genes were observed (Fig. 3C).

Expression of ER3 in SAT.  Expression of ER3 was high in the nuclei of adipocytes in 3-month-old female
SAT (Fig. 4Ab) and there was a decrease in expression of ER(3 in SAT of 1-year-old females (Fig. 4A and B). In
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Figure 2. Effects of 3-day treatment with LY3201 on 3-month-old female and male. (A) UCP1 staining
(red arrows) in abdominal SAT of female (a,b) or SAT of male mice (c,d). Red arrows indicate adipocytes with
multilocular lipid-droplets. All pictures are 20x magnification. In line with the lack of morphological changes,
LY3201 did not affect the level of mRNA of BAT-expressed genes in female (B), male (C).

males, very few nuclei in the SAT were ER3-positive (Fig. 4Aa and ¢, Fig. 4B). Thus the lack of response to LY3201
in males appears to be due to low expression of ERf in the SAT while in 3-month-old-females it is due to an
already fully activated ERQ.

Activation of ER3 induces browning of SAT in 1-year-old ERa.~/~ female mice but not ER3~/~
female mice. In order to rule out the possibility that the ER3-selective agonist was acting through ERa,
we treated 1-year-old ERa~/~ female mice with LY3201 for 3 days. The mice were confirmed to be ERa~/'~ by
genotyping and morphological abnormalities in the ovary and uterus indicative of disruption of ERo (markedly
atrophic uteri and hemorrhagic cystic ovaries). Treatment with LY3201 induced browning of SAT as illustrated
by H&E staining and UCP1 immunohistochemistry (Fig. 5A) but did not correct the abnormalities in the uterus
and ovary of ERa™'~mice (Fig. 5B). To further confirm that the browning effect of LY3201 was mediated by ERS,
we examined the SAT of ER3~/~ mice and its response to LY3201. There was a marked absence of BAT in the
SAT of ER3~/~ mice and LY3201 treatment failed to induce browning (Supplementary Figure 2). These findings
suggest that LY3201 is an effective ER3-selective agonist, and activation of ER is responsible for LY3201-induced
browning in the SAT.

Effects of LY3201 on the sympathetic nervous system (SNS). In addition to direct effects on the
adipose tissue itself, both BAT and the browning of white adipocytes are also controlled by SNS?'-2. It has been
reported that intra-hypothalamic estrogen injection regulates SNS outflow and estradiol inhibits AMPK through
ERa in VMH, leading to the activation of thermogenesis in BAT through SNS'. Norepinephrine (NE) released
by sympathetic nerve terminals in SAT activates 33-adrenoceptor, a key factor in the browning process*. We
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Figure 3. Effect of LY3201 in SAT of 12-month-old male obese WT mice. (A) LY3201 did not change the size
or morphology of adipocytes in SAT as shown by H&E staining. All pictures are 20x magnification. There was
no effect on body weight, adipose tissue organ weight (B) or browning or beige cell related genes (C).

examined the expression 33-adrenoceptor in SAT. As shown in Fig. 6A and B, LY3201 treatment strongly induced
B3-adrenoceptor expression in 1-year-old female SAT.

Tyrosine hydroxylase (TH) is the initial and rate limiting step in NE bio-synthesis. It has been reported that
WAT browning is positively correlated with parenchymal TH-positive nerve fiber density??. Thus, we hypothe-
sized that LY3201 was acting on the peripheral sympathetic nervous system to increase TH expression in nerve
terminals on the surface of adipocytes in the SAT. Treatment with LY3201 strongly induced expression of TH in
nerve terminals in the adipocytes of SAT in 1-year-old WT female mice (Fig. 7A and B). To determine whether
this increase was due to changes in the sympathetic ganglia, mouse thoraco-lumbar sympathetic ganglia were
excised, fixed and paraffin embedded. Immunohistochemical staining of tyrosine hydroxylase was used to vis-
ualize catecholaminergic neurons of the sympathetic ganglia. We found that in 3-month-old female mice, ER(3
was present in the nuclei of 90% of sympathetic ganglia (Supplementary Fig. S3) but in 1-year-old female mice,
nuclear ERB expression was markedly reduced so that only 30% of neuronal nuclei were positive (Fig. 7Da and E)
and instead ERB was found in the cytoplasm.

Treatment with LY3201 caused a marked up regulation of both nuclear ER3 (2.9-fold change) and cytoplas-
mic TH (1.8-fold change) (Fig. 7D, E and F). After treatment with LY3201, 87% of nuclei in the neurons were
ERB3-positive in 1-year-old females (Fig. 7D and E, Fig. 8). ERa expression was not changed after ER(3 agonist
treatment (Supplementary Fig. S4).

Reason for lack of response of males. To address the question of why LY3201 had no effect on male
mice, we examined ER(3 expression pattern in male sympathetic ganglia. Unlike the females, in 1-year-old males
there was robust expression ER( in the nuclei of the neurons. (Supplementary Fig. S5a and b). Thus lack of
response of males to LY3201 is not due to loss of ER3 in the nuclei of sympathetic neurons. There was also a gen-
der difference in the neurotransmitters with which ER3 was co-localized. In females, ER(3 in sympathetic ganglia
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Figure 4. Expression of ER( in SAT from 3- and 12-month-old male and female mice. (A) Expression

of ER@ in the nuclei of SAT in young and aged male WT mice was similar (a,c). Expression of ER3 in the
nuclei of SAT in 3- and 12-month-old female WT mice was higher than in age-matched male mice (b,d).

(B) Quantification of ERB. Higher expression of ER(3 was observed in female SAT than in male SAT. **p < 0.01,
***p < 0.001, female vs. male. All pictures are 40x magnification.

was mainly expressed in TH positive neurons, while in males it was more widely expressed in NYP-, VIP- and
CGRP-positive neurons (Supplementary Fig. S5c-h).

The reason for the lack of response to ER3 agonist in males appears to be the relatively low expression level
of ER3 in male SAT in both young and aged groups (Fig. 5A and B). As a consequence of this, ER3 ligands failed
to induce 33-adrenoceptor in SAT (Supplementary Fig. 6). The low expression of ER( in male SAT has been
reported by others? but the reason for this gender difference remains to be investigated.

Discussion

Previous studies have indicated that ER( exerts a beneficial effect on energy metabolism?®?. Long-term treatment
with an ER( agonist did not only ameliorate diet-induced obesity in both male and female rodents, but also
improved metabolic outcome in the animal model of postmenopausal obesity'*?. It is well-known that ER«
predominantly mediates increased energy expenditure induced by estrogen through ventromedial nucleus of
the hypothalamus (VMH)®!2. Here, we have demonstrated the importance of ER in regulating browning in the
abdominal WAT fat pad through its effects both on the sympathetic nervous system and on the WAT itself.
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Figure 5. Significant browning of abdominal SAT in aged, obese female ERc.~'~ mice. (A) Treatment with
LY3201 induced more multilocular lipid droplets as indicated by H&E staining (red arrow) (a,c) and expression
of UCP1 (red arrow) (b,d). All pictures were 20x magnification. (B) LY3201 did not affect ovary or uterus
morphology in female ERa™/~ mice. As expected there were many hemorrhagic cystic follicles (HC) and lack
of mature follicles and corpora lutea in ERav/“mice. ERa ™/~ mice uterus was also hypoplastic with thinner
epithelial layer (b,d). However, treatment with LY3201 did not further change the morphology of ovaries (a,c)
or uterus (b,d). E: Epithelial layer, L: lumen of the organ. Pictures of ovaries are 10x magnification. Pictures of
uterus are 20x magnification.

SCIENTIFICREPORTS |6:38579|DOI: 10.1038/srep38579



34

24

1d —
0

Vehicle  LY3201

by H score
(fold of control)

B 3-adrenoceptor expression

Figure 6. Expression of 33-adrenoceptor in SAT from 1-year-old obese WT female mice treated with ER3
agonist LY3201. (A) 33-adrenoceptor (33AR, Red) immunofluorescence in both vehicle and LY3201 treated
SAT. (Blue, DAPI) (B) 33-adrenoceptor quantification in vehicle and LY3201 treated SAT. **p < 0.01, LY3201 vs.
Vehicle. All pictures are 40x magnification.

The ERQ selective agonist, LY3201, had no detectable effects on the subcutaneous white adipose tissue in either
males or 3-month-old females. The reason for this observation may be a combination effect of gender difference
in both sympathetic ganglia and SAT. First, there is robust expression of ERJ in the nuclei of the neurons of
sympathetic ganglia in young females and males so the receptor appears to be fully active. In 1-year-old females,
ER@ is mostly cytoplasmic in these neurons and a ligand is required for shifting the receptor into the nucleus. The
reason for the nuclear localization of ERJ3 in young females is most likely the high estrogen levels in these mice.
The maintenance of ERJ in the nuclei in males needs further investigation but it may be related to high levels
of 5a-androstane-303, 173-diol, which is an ERQ physiological ligand synthesized from 5a-dihydrotestosterone
(DHT) in males?.

The second factor is the regulation of the 33-adrenoceptor in SAT by the ERJ agonist. Male SAT expresses low
levels of ERB and expression of the 33-adrenoceptor in their SAT was as low as that in 1-year-old females. Thus
the male SAT is less sensitive to adrenergic stimulation. In human mature white adipocytes, ER3 mRNA levels are
higher in women than in men in both intra-abdominal and subcutaneous regions® and 173-estradiol specifically
upregulates the expression of ER3 mRNA in SAT from women but not from men?. The reason for this lack of
ligand-induced increase in ER( expression in male SAT remains to be examined. In other organs such as brain,
LY3201 increases the expression of ER3 in male mice®.

ERQ is a master repressor of PPAR~ in the visceral white adipocytes, either through indirect antagonistic
actions and abrogation of the ability of PGC-1 to co-activate, or through direct inhibition of its transcriptional
activity'’. We found that in the subcutaneous white adipose tissue depots, activation of ER( did not augment
adipogenesis or proliferation, since neither AP2 (signature adipogenic marker) or proliferative genes were
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Figure 7. Expression of TH in SAT and sympathetic ganglia from 1-year-old obese WT female mice treated
with LY3201. (A) TH expression in SAT was significantly increased after LY3201 treatment. Arrowheads
indicate TH-positive fibers. TH-positive areas and TH-positive nerve fiber count in SAT in Vehicle and LY3201-
treated mice were quantified (B,C). LY3201 causes a marked increase in TH expression in the SAT.

(D) Immunostaining of ER( (green) and TH (red) in thoraco-lumbar sympathetic neurons with or without
LY3201 treatment (a,e,b,f). Both immunofluorescence (b,f) and immunochemistry (d,h) indicate that TH
expression was strongly induced in sympathetic neurons after LY3201 treatment. Merged images of ER3 and
TH (c,g). The white arrows indicate positive nuclear staining of ERS. (E) Quantification of ER( positive cell
percentage in vehicle and LY3201-treated sympathetic ganglia. (F) TH quantification in vehicle and LY3201-
treated sympathetic ganglia. All pictures are 100x magnification. *p < 0.05, LY3201 vs. Vehicle.
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Figure 8. Schematic diagram of actions of ER(3 in controlling TH expression in the sympathetic ganglia
and browning of abdominal SAT in female mice with late-onset obesity. In female mice, with late-onset
obesity there is reduced ER(3 expression in the nucleus of sympathetic neurons, and short term-treatment with
LY3201 increased ERJ expression. LY3201 was able to up-regulate expression of TH in sympathetic neurons.
Through activating the synthesis of TH, and stimulation of the expression 33-adrenoceptor LY3201 leads to the
browning of SAT.

up-regulated. LY3201 had small effects on PPAR~ and PGC-1(3 and this suggests that the regulation of these two
genes is more complex than simply activation by ERf.

Beige cells largely account for the browning of WAT in the male rodents upon exposure to cold*’. However, in
the present study despite the robust browning induced by LY3201 in the female mammary fat pad, there was no
evidence of beige cells. Clearly there are gender differences in the abdominal subcutaneous fat pad. In addition
to the white-brown transformation under cold-stimulation, the female mammary adipocytes have the capacity
to trans-differentiate into mammary glandular tissue during pregnancy and lactation®-*. One of the gender
differences in this fat pad is the high expression of ERS in the females. In the present study, the 3-day exposure to
LY3201 caused no obvious increase in the mammary epithelium.

ERa is the predominant estrogen receptor in the interscapular BAT and mediates most of the changes in
energy metabolism evoked by estrogen'. Estrogen through ER« regulates brain-derived neurotrophic factor
(BDNF) in the hypothalamus which in turn has been linked to selective SNS modulation of white fat to induce
browning®*%*. Central administration of estrogen, acting through VMH, activates SNS and increases thermo-
genesis'?. In this study, we report that the ERJ selective ligand LY3201 can induce tyrosine hydroxylase in the
thoraco-lumbar sympathetic ganglia and their terminals on SAT and induce browning in SAT.

TH is transcriptionally regulated by estradiol both in vivo and in vitro?®-23. Marwarha et al. reported that the
binding capacity of ER3 to the ERE in the TH promoter is about 10-fold greater than the binding of ER« to the
ERE and several groups have reported half ERE and AP1 sites in the TH promoter region®. The non-classical
pathway (tethering to AP1 sites) is the preferred mode of action of ER3. We found that the ER3-specific agonist,
LY3201, markedly increased (2.9-fold change) number of ER3-positive nuclei in sympathetic neurons. These
results demonstrate the specific roles of ER3 in regulation of TH expression.

Collectively, the present work has provided evidence that ERQ is essential for maintaining sympathetic tone in
thoraco-lumbar sympathetic ganglia of aging female mice. The role of ERf in induction of the 33-adrenoceptor
in SAT is a novel finding and is further evidence of the gender differences in this adipose tissue. The function of
the BAT in the mammary fat pad is not clear and needs to be further investigated.

Materials and Methods

Animals. Twelve-week-old male and female C57BL/6 WT, 1-year-old male and female C57BL/6 WT and
ERa ™/~ mice, were housed under standard conditions and ambient temperature (23 °C) with free access to water
and chow diet throughout the study. At the end of each study, mice were deeply euthanized with CO, and tissues
were quickly harvested, weighed and fixed or frozen for further study. All experimental protocols were approved
by the Institutional Animal Care and Use Committee at the University of Houston, and adhered to the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Effort was made to minimize the
number of animals used and their suffering.

SCIENTIFICREPORTS | 6:38579 | DOI: 10.1038/srep38579 9
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In vivo treatment with ER(3 agonist. The ERJ agonist LY3201, (3aS, 4R, 9bR)-2, 2-difluoro-4-
(4-hydroxyphenyl)-3, 3a, 4, 9b-tetrahydro-1H-cyclopenta[c] chromen-8-ol (CAS 787621-78-7), was a gift from
Eli Lilly*”. Mice were randomly separated into vehicle- or LY3201-treated groups. Pellets of LY3201 were prepared
by Innovative Research of America (Sarasota, FL) to release (0.04 mg/d). They were implanted on the lateral side
of the neck between the ear and the shoulder. The pellet is made of a matrix fused with an active product. The
ingredients are: cholesterol, cellulose, lactose, phosphates, and stearates. After continuous release of the pellet for
3 days, all mice were anesthetized deeply with CO,.

Gene expression analysis. 50 mg-100 mg SAT were used for total RNA extraction by using Qiagen RNeasy
lipid tissue mini kit following manufacturer’s protocol. The lymph node within SAT was removed before immers-
ing the tissue in Trizol. cDNA was synthesized using random hexamer primer and revertAid first strand cDNA
synthesis kit (Invitrogen). Quantitative PCR (qPCR) was performed using iTaq universal SYBR green supermix
(Bio-rad) and primers applied are listed in Supplementary Table S1.

Immunohistochemistry. All mice were transcardially perfused with heparinized saline followed by 4%
(wt/vol) paraformaldehyde in 0.1M PBS (pH =7.4). Sympathetic ganglia (SG), SAT, ovary and uterus were dis-
sected and post-fixed in the same fixative solution overnight at 4 °C. After fixation, tissues were transferred to 70%
ethanol and processed for paraffin sectioning (5uM). Paraffin sections were deparaffinized in xylene, rehydrated
and then incubated with 3% H,0, in PBS for 30 min at room temperature to quench endogenous peroxidase.
Unspecific binding was blocked with incubation of 3% (wt/vol) bovine serum albumin (BSA, Sigma-Aldrich) in
PBS for 1 h at room temperature. Then, these sections were subjected to immunohistochemistry staining at 4°C
overnight with first antibodies as diluted in 1% BSA respectively: UCP1 antibody (Abcam, ab10983, 1:500), TH
antibody (Millipore, AB152, 1:400), ER« antibody (Abcam, ab37438, 1:200), ER antibody (made by our own
lab, 1:200). After washing, sections were incubated with biotinylated secondary antibody (1:200 dilution) for 1h
at room temperature and then Vectastain ABC kit (Vector laboratories) was used according to manufacturer’s
instruction. After washing with PBS, peroxidase activity was visualized with DAB staining (Thermo Scientific)
and counterstained with Mayer’s hematoxylin (Sigma-Aldrich), dehydrated through an ethanol series to xylene
and mounted with Permount (Fisher Scientific).

Morphometric analysis. TH-positive parenchyma nerve fibers were counted. Perivascular fibers were not
considered in the quantitative analysis. Ten randomly selected areas at high magnification per animal were stud-
ied using an Olympus light microscope (Olympus America Inc.) with a x 100 oil immersion objective at x 1000
final magnification. TH-positive threshold is manually set and TH-positive area fraction is calculated by software
automatically. For the TH immunochemistry semi-quantification of sympathetic ganglion, an H-score system
was performed as previously described?®.

Statistical analysis. For the quantification of positive rate of ERs and TH staining, randomly selected stain-
ing slides from three mice in each group and more than six representative fields of each slide were analyzed
by National Institutes of Health (NIH) Image] software. The positively stained adipocyte cells were counted
and scored by the percentage of the stained cells to the total adipocytes in each slide. Data were expressed as
mean =+ SD. Statistical comparisons were made using student’s t-test or a one-way ANOVA followed by a
Newman-Keuls post-test. p < 0.05 was considered as significant difference.

References
1. Harms, M. & Seale, P. Brown and beige fat: development, function and therapeutic potential. Nat Med 19, 1252-1263, doi: 10.1038/
nm.3361 (2013).
2. Key, T.]. et al. Body mass index, serum sex hormones, and breast cancer risk in postmenopausal women. ] Natl Cancer Inst 95,
1218-1226 (2003).
3. Sorensen, M. B., Rosenfalck, A. M., Hojgaard, L. & Ottesen, B. Obesity and sarcopenia after menopause are reversed by sex hormone
replacement therapy. Obes Res 9, 622-626, doi: 10.1038/0by.2001.81 (2001).
4. Heine, P. A., Taylor, J. A., Iwamoto, G. A., Lubahn, D. B. & Cooke, P. S. Increased adipose tissue in male and female estrogen
receptor-alpha knockout mice. Proc Natl Acad Sci USA 97, 12729-12734, doi: 10.1073/pnas.97.23.12729 (2000).
5. Ohlsson, C. et al. Obesity and disturbed lipoprotein profile in estrogen receptor-alpha-deficient male mice. Biochem Biophys Res
Commun 278, 640-645, doi: 10.1006/bbrc.2000.3827 (2000).
6. Jones, M. E. et al. Aromatase-deficient (ArKO) mice have a phenotype of increased adiposity. Proc Natl Acad Sci USA 97,
12735-12740, doi: 10.1073/pnas.97.23.12735 (2000).
7. Jones, M. E. et al. Aromatase-deficient (ArKO) mice accumulate excess adipose tissue.  Steroid Biochem Mol Biol 79, 3-9 (2001).
8. Musatov, S. et al. Silencing of estrogen receptor alpha in the ventromedial nucleus of hypothalamus leads to metabolic syndrome.
Proc Natl Acad Sci USA 104, 2501-2506, doi: 10.1073/pnas.0610787104 (2007).
9. Mauvais-Jarvis, E, Clegg, D. J. & Hevener, A. L. The role of estrogens in control of energy balance and glucose homeostasis. Endocr
Rev 34, 309-338, doi: 10.1210/er.2012-1055 (2013).
10. Roesch, D. M. Effects of selective estrogen receptor agonists on food intake and body weight gain in rats. Physiol Behav 87, 39-44,
doi: 10.1016/j.physbeh.2005.08.035 (2006).
11. Zhu, Z., Liu, X., Senthil Kumar, S. P,, Zhang, J. & Shi, H. Central expression and anorectic effect of brain-derived neurotrophic factor
are regulated by circulating estradiol levels. Horm Behav 63, 533-542, doi: 10.1016/j.yhbeh.2013.01.009 (2013).
12. Martinez de Morentin, P. B. et al. Estradiol regulates brown adipose tissue thermogenesis via hypothalamic AMPK. Cell Metab 20,
41-53, doi: 10.1016/j.cmet.2014.03.031 (2014).
13. Foryst-Ludwig, A. et al. Metabolic actions of estrogen receptor beta (ERbeta) are mediated by a negative cross-talk with
PPARgamma. PLoS Genet 4, €1000108, doi: 10.1371/journal.pgen.1000108 (2008).
14. Yepuru, M. et al. Estrogen receptor-{beta}-selective ligands alleviate high-fat diet- and ovariectomy-induced obesity in mice. J Biol
Chem 285, 31292-31303, doi: 10.1074/jbc.M110.147850 (2010).
15. Shimizu, Y. & Saito, M. Activation of brown adipose tissue thermogenesis in recovery from anesthetic hypothermia in rats. Am J
Physiol 261, R301-304 (1991).

SCIENTIFICREPORTS | 6:38579 | DOI: 10.1038/srep38579 10



www.nature.com/scientificreports/

16. Cinti, S. The role of brown adipose tissue in human obesity. Nutr Metab Cardiovasc Dis 16, 569-574, doi: 10.1016/j.
numecd.2006.07.009 (2006).

17. Schrauwen, P., van Marken Lichtenbelt, W. D. & Spiegelman, B. M. The future of brown adipose tissues in the treatment of type 2
diabetes. Diabetologia 58, 1704-1707, doi: 10.1007/s00125-015-3611-y (2015).

18. Cypess, A. M. et al. Identification and importance of brown adipose tissue in adult humans. N Engl ] Med 360, 1509-1517, doi:
10.1056/NEJMo0a0810780 (2009).

19. Saito, M. et al. High incidence of metabolically active brown adipose tissue in healthy adult humans: effects of cold exposure and
adiposity. Diabetes 58, 1526-1531, doi: 10.2337/db09-0530 (2009).

20. van Marken Lichtenbelt, W. D. et al. Cold-activated brown adipose tissue in healthy men. N Engl ] Med 360, 1500-1508, doi:
10.1056/NEJMoa0808718 (2009).

21. Scalzo, R. L. et al. Regulators of human white adipose browning: evidence for sympathetic control and sexual dimorphic responses
to sprint interval training. PLoS One 9, 90696, doi: 10.1371/journal.pone.0090696 (2014).

22. Murano, I, Barbatelli, G., Giordano, A. & Cinti, S. Noradrenergic parenchymal nerve fiber branching after cold acclimatisation
correlates with brown adipocyte density in mouse adipose organ. J Anat 214, 171-178, doi: 10.1111/j.1469-7580.2008.01001.x
(2009).

23. Nedergaard, J. & Cannon, B. The browning of white adipose tissue: some burning issues. Cell Metab 20, 396-407, doi: 10.1016/j.
cmet.2014.07.005 (2014).

24. Jimenez, M. et al. Beta 3-adrenoceptor knockout in C57BL/6] mice depresses the occurrence of brown adipocytes in white fat. Eur |
Biochem 270, 699-705 (2003).

25. Dieudonne, M. N., Leneveu, M. C., Giudicelli, Y. & Pecquery, R. Evidence for functional estrogen receptors alpha and beta in human
adipose cells: regional specificities and regulation by estrogens. Am J Physiol Cell Physiol 286, C655-661, doi: 10.1152/
ajpcell.00321.2003 (2004).

26. Paterni, I, Granchi, C., Katzenellenbogen, J. A. & Minutolo, F. Estrogen receptors alpha (ERalpha) and beta (ERbeta): subtype-
selective ligands and clinical potential. Steroids 90, 13-29, doi: 10.1016/j.steroids.2014.06.012 (2014).

27. Zhao, C., Dahlman-Wright, K. & Gustafsson, J. A. Estrogen receptor beta: an overview and update. Nucl Recept Signal 6, €003, doi:
10.1621/n1s.06003 (2008).

28. Weihua, Z., Lathe, R., Warner, M. & Gustafsson, J. A. An endocrine pathway in the prostate, ERbeta, AR, 5alpha-androstane-3beta,
17beta-diol, and CYP7BI, regulates prostate growth. Proc Natl Acad Sci USA 99, 13589-13594, doi: 10.1073/pnas.162477299 (2002).

29. Wu, W. E et al. Targeting estrogen receptor beta in microglia and T cells to treat experimental autoimmune encephalomyelitis. Proc
Natl Acad Sci USA 110, 3543-3548, doi: 10.1073/pnas.1300313110 (2013).

30. Bartelt, A. & Heeren, J. Adipose tissue browning and metabolic health. Nat Rev Endocrinol 10, 24-36, doi: 10.1038/nrendo.2013.204
(2014).

31. Smorlesi, A., Frontini, A., Giordano, A. & Cinti, S. The adipose organ: white-brown adipocyte plasticity and metabolic inflammation.
Obes Rev 13 Suppl 2, 83-96, doi: 10.1111/j.1467-789X.2012.01039.x (2012).

32. Giordano, A., Smorlesi, A., Frontini, A., Barbatelli, G. & Cinti, S. White, brown and pink adipocytes: the extraordinary plasticity of
the adipose organ. Eur ] Endocrinol 170, R159-171, doi: 10.1530/EJE-13-0945 (2014).

33. Singh, R. et al. Increased Expression of Beige/Brown Adipose Markers from Host and Breast Cancer Cells Influence Xenograft
Formation in Mice. Mol Cancer Res 14, 78-92, doi: 10.1158/1541-7786.MCR-15-0151 (2016).

34. Solum, D. T. & Handa, R. J. Estrogen regulates the development of brain-derived neurotrophic factor mRNA and protein in the rat
hippocampus. J Neurosci 22, 2650-2659, doi: 20026251 (2002).

35. Cao, L. et al. White to brown fat phenotypic switch induced by genetic and environmental activation of a hypothalamic-adipocyte
axis. Cell Metab 14, 324-338, doi: 10.1016/j.cmet.2011.06.020 (2011).

36. Zhao, C. et al. Genome-wide mapping of estrogen receptor-beta-binding regions reveals extensive cross-talk with transcription
factor activator protein-1. Cancer Res 70, 5174-5183, doi: 10.1158/0008-5472.CAN-09-4407 (2010).

37. Norman, B. H. et al. Benzopyrans as selective estrogen receptor beta agonists (SERBAs). Part 4: functionalization of the benzopyran
A-ring. Bioorg Med Chem Lett 17, 5082-5085, doi: 10.1016/j.bmcl.2007.07.009 (2007).

38. Galgano, M. T., Hampton, G. M. & Frierson, H. E. Jr. Comprehensive analysis of HE4 expression in normal and malignant human
tissues. Mod Pathol 19, 847-853, doi: 10.1038/modpathol.3800612 (2006).

Acknowledgements

We thank Bilqees Bhatti, Dr. Kaberi Das and Christopher Brooks for excellent technical assistance. This study was
supported by the Cancer Prevention and Research Institute of Texas (Grant #RP110444-P1), the Texas Emerging
Technology Fund under Agreement 18 no. 300-9-1958, the Robert A. Welch Foundation (E-0004), Shenzhen
Peacock Program (KQTD20140630100746562), grant 81500538 from the National Natural Science Foundation
and of China, the Swedish Science Council and the Center for Innovative Medicine (CIMED).

Author Contributions

Y.-£M., WS, Y.-b.D., W.-£ W, R.B,, Y.-f.G., M.W., and J.-A.G. designed research; Y.-f£ M., W.S,, Y.-b.D., W.-f£W,,
R.B.,, B.H., H.N. and L.M. Performed research; Y.-£LM., W.S., Y.-£.G., M.W,, and J.-A.G. analyzed data; Y.-f M.,
WS., Y.-£G., M.W,, and J.-A.G. wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Miao, Y.-f. et al. An ER(3 agonist induces browning of subcutaneous abdominal fat pad
in obese female mice. Sci. Rep. 6, 38579; doi: 10.1038/srep38579 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
B o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:38579 | DOI: 10.1038/srep38579 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	An ERβ agonist induces browning of subcutaneous abdominal fat pad in obese female mice

	Results

	Activation of ERβ induces browning of mammary white adipose tissue in 1-year-old female mice. 
	Short-term activation of ERβ does not evoke the browning of SAT in young female or male mice. 
	Expression of ERβ in SAT. 
	Activation of ERβ induces browning of SAT in 1-year-old ERα−/− female mice but not ERβ−/− female mice. 
	Effects of LY3201 on the sympathetic nervous system (SNS). 
	Reason for lack of response of males. 

	Discussion

	Materials and Methods

	Animals. 
	In vivo treatment with ERβ agonist. 
	Gene expression analysis. 
	Immunohistochemistry. 
	Morphometric analysis. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Increased browning of SAT in obese WT female mice after treatment with LY3201 for 3 days.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Effects of 3-day treatment with LY3201 on 3-month-old female and male.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effect of LY3201 in SAT of 12-month-old male obese WT mice.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Expression of ERβ in SAT from 3- and 12-month-old male and female mice.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Significant browning of abdominal SAT in aged, obese female ERα−/− mice.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Expression of β3-adrenoceptor in SAT from 1-year-old obese WT female mice treated with ERβ agonist LY3201.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Expression of TH in SAT and sympathetic ganglia from 1-year-old obese WT female mice treated with LY3201.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Schematic diagram of actions of ERβ in controlling TH expression in the sympathetic ganglia and browning of abdominal SAT in female mice with late-onset obesity.



 
    
       
          application/pdf
          
             
                An ERβ agonist induces browning of subcutaneous abdominal fat pad in obese female mice
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38579
            
         
          
             
                Yi-fei Miao
                Wen Su
                Yu-bing Dai
                Wan-fu Wu
                Bo Huang
                Rodrigo P. A. Barros
                Hao Nguyen
                Laure Maneix
                You-fei Guan
                Margaret Warner
                Jan-Åke Gustafsson
            
         
          doi:10.1038/srep38579
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38579
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38579
            
         
      
       
          
          
          
             
                doi:10.1038/srep38579
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38579
            
         
          
          
      
       
       
          True
      
   




