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ABSTRACT
A decrease in bonemineral density duringmenopause is accompanied by an increase in adipocytes in the bonemarrow space. Ovariectomy also

leads to accumulation of fat in the bone marrow. Herein we show increased lipid accumulation in bone marrow from estrogen receptor alpha

(ERa) knockout (ERaKO) mice compared to wild-type (WT) mice or estrogen receptor beta (ERb) knockout (ERbKO) mice. Similarly, bone

marrow cells from ERaKO mice differentiated to adipocytes in culture also have increased lipid accumulation compared to cells fromWT mice

or ERbKO mice. Analysis of individual adipocytes shows that WT mice have fewer, but larger, lipid droplets per cell than adipocytes from

ERaKO or ERbKO animals. Furthermore, higher levels of adipose triglyceride lipase (ATGL) protein in WT adipocytes correlate with increased

lipolysis and fewer lipid droplets per cell and treatment with 17b-estradiol (E2) potentiates this response. In contrast, cells from ERaKO mice

display higher perilipin protein levels, promoting lipogenesis. Together these results demonstrate that E2 signals via ERa to regulate lipid

droplet size and total lipid accumulation in the bonemarrow space in vivo. J. Cell. Biochem. 114: 1306–1314, 2013. � 2013Wiley Periodicals, Inc.
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A decline in 17b-estradiol (E2) levels is an important risk

factor for postmenopausal osteoporosis [Sambrook and

Cooper, 2006]. E2 sustains the ratio between bone-forming

osteoblasts and bone-resorbing osteoclasts, through multiple

mechanisms [Krum, 2011]. E2 reduces the number of osteoclasts

by inhibiting osteoclastogenic cytokines and inducing apoptosis

in osteoclasts [Krum et al., 2008]. E2 also increases osteoblast

proliferation and differentiation, and prevents osteoblast apoptosis

[Kameda et al., 1997; Kousteni et al., 2002]. Both hormone

replacement therapy and selective estrogen receptor modulators

are effective for the treatment of osteoporosis [reviewed in Wend

et al., 2012].

During aging there are fewer bone-forming osteoblasts and

the bone marrow is filled with increased numbers of adipocytes

[Jilka et al., 1996; Justesen et al., 2002]. Developmentally, both

adipocytes and osteoblasts derive from multipotent mesenchymal

stem cells (MSCs) [Park et al., 1999; Pittenger et al., 1999]. E2

deficiency increases bone marrow fat differentiation, whereas E2

replacement prevents this effect in both humans [Syed et al.,

2008] and rodents [Sottile et al., 2004]. Furthermore, E2 has

been shown to inhibit adipogenesis from human [Zhao et al.,

2011] and mouse MSCs [Dang et al., 2002; Kumar et al., 2012].

However, the E2-dependent mechanism for these effects has

remained elusive.
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In adipocytes, triacylglycerols (TAGs) are the main form of energy

storage in lipid droplets. The lipid droplets are surrounded by a

phospholipid monolayer. The most abundant lipid droplet protein is

perilipin, a phosphoprotein that regulates the packing of lipids

into droplets [Bickel et al., 2009; Brasaemle, 2007]. Under

basal conditions perilipin inhibits lipolysis of lipid droplets;

whereas during stimulation of lipolysis, perilipin promotes the

catabolism of cellular fat stores through lipases [reviewed in

Zimmermann et al., 2009].

Adipose triglyceride lipase (ATGL) catalyzes the first step of lipid

catabolism: hydrolysis of TAG into diacylglycerol. The expression

level of ATGL regulates lipid droplet size; overexpression of ATGL

results in decreased lipid droplet size, whereas ATGL ablation

increases the size [Smirnova et al., 2006; Miyoshi et al., 2008].

Perilipin may also regulate lipid droplet size, however, these data are

contradictory [Sawada et al., 2010; Bartholomew et al., 2012].

In addition to previous studies showing lower bone mineral

density in femurs of ERa knockout (ERaKO) mice [Walker and

Korach, 2004], here we report that ERa-deficiency also promotes

higher bone marrow lipid content. Furthermore, we show that ERa

regulates ATGL and perilipin-mediated lipid metabolism and droplet

size in femurs from mice and in adipocytes differentiated from bone

marrow-derived MSCs in culture.

MATERIALS AND METHODS

REAGENTS

17b-estradiol (E2) was purchased from Sigma-Aldrich Co. ICI

182,780 was purchased from Tocris Bioscience. The following

antibodies and fluorescence dyes were used: rabbit anti-perilipin

and rabbit anti-ATGL antibodies (both Cell Signaling Technology,

Inc.), goat anti-rabbit Alexa 594 secondary antibody (Molecular

Probes, Invitrogen Co.), Hoechst 33342 and Bodipy 493/503 (both

Molecular Probes, Invitrogen Co.).

MICE

Animal work was approved by the Animal Research Committee at

the University of California, Los Angeles. ERaKO and ERbKO mice

were kindly provided by Dr. Pierre Chambon [Dupont et al., 2000].

FERKOAdipoQ mice were kindly provided by Dr. Andrea Hevener

[Hewitt et al., 2010]. FERKOAdipoQ mice were created by crossing

ERafl/fl mice with mice expressing Cre recombinase under the

control of the adiponectin (AdipoQ) promoter [Eguchi et al., 2011].

Wild-type (C57BL/6) littermates were used as controls for ERaKO

mice. ERafl/fl mice were used as controls for FERKOAdipoQ. Where

indicated, mice were ovariectomized or sham operated at the age of

3 months. After 2 months the femurs were paraffin embedded and

H&E stains were performed using standard protocols.

OIL RED O STAINING OF FROZEN SECTIONS OF BONE

Femurs, including bone marrow, were isolated from 7-month-old

mice. The femur containing the bone marrow was decalcified using

DeCal Stat (Decal Chemical Corporation) for three days and then

placed in 10%, 20%, and 30% sucrose successively overnight at 48C.
Femurs were then snap frozen in Tissue-Tek1 OCTTM compound

(Sakura Finetek) and stored at �808C. For Oil Red O (ORO) staining

the slides were air dried for 30min and fixed in ice-cold 10%

formalin for 5min. After rinsing three times in distilled water the

slides were placed in absolute propylene glycol for 5min and stained

in 0.5% ORO in propylene glycol solution for 8min in a 608C oven.

Slides were rinsed in 85% propylene glycol solution for 5min and

then rinsed in distilled water and mounted with aqueous mounting

medium (Richard-Allen Scientific). ORO stains of the lipid droplets

were quantified with the Image-Pro1 PLUS Software (BioImaging

Solutions, Inc.).

PRIMARY BONE MARROW CELLS

Bone marrow cells were isolated from tibias and femurs of 4-month-

old female and male mice. Cells were flushed with MEM media,

supplemented with 1% L-glutamine, and 1% penicillin–streptomy-

cin and nucleated cells were counted with a hemocytometer. Total

bone marrow was incubated for 5 days in MSC media (MesenCult

Basal Media, Stem-Cell Technologies, Inc.), followed by differenti-

ation and indicated treatment for 16 days. For differentiation into

adipocytes, cells were switched to adipogenic induction medium

(alpha MEM, 5% charcoal-dextran treated (CDT) fetal bovine

serum (Omega Scientific), supplemented with 1% L-glutamine, 1%

penicillin–streptomycin and 1mM of the PPARg agonist GW1929

(Tocris Bioscience)). Adipocyte differentiation was analyzed by ORO

staining. Lipids were stained with 60% ORO solution for 10min at

room temperature. After washing and air-drying the ORO was eluted

with 100% isopropanol and quantified by optical density measure-

ment at 500 nm with a spectrophotometer (SmartSpecTM Plus, Bio-

Rad Laboratories, Inc.). The lipid droplet size as relative area per lipid

droplet and number of lipid droplets per cell were quantified with

the Image-Pro1 PLUS Software (BioImaging Solutions, Inc.).

RNA AND QUANTITATIVE REAL-TIME PCR

Isolation of total RNA was performed using TRIzol (Life Techno-

logies) according to the manufacturer’s protocol. cDNA was

constructed using the Maxima1 First Strand cDNA Synthesis

Kit for RT-qPCR according to the manufacturer’s instructions

(Fermentas, Inc.). The primer sequences used for quantitative PCR

are shown in Supplemental Table I. cDNA was subjected to

quantitative PCR using the Maxima1 SYBR Green/ROX qPCR

MasterMix (Fermentas, Inc.).

IMMUNOFLUORESCENCE

Living cells were incubated with 10mM Bodipy 493/503 and

2mg/ml Hoechst 33342 in medium (alpha MEM, 5% CDT-FBS,

supplemented with 1% L-glutamine, 1% penicillin–streptomycin)

for 60min in a humidified atmosphere of 95% air and 5% CO2 at

378C protected from light. After incubation, the cells were washed

with PBS and fixed with 4% paraformaldehyde for 15min at room

temperature, permeabilized in 0.2% Triton X-100 and washed again

with PBS and incubated for 60min at room temperature in blocking

buffer (PBS, 0.2% Tween-20, 1% normal goat serum, 1%BSA, 0.02%

sodium azide). Primary antibodies were incubated overnight. Goat

anti-rabbit Alexa 594 (Molecular Probes) was used as the secondary

antibody and incubated for 60min at room temperature. After

washing with PBS, coverslips were mounted onto slides with

aqueous mounting medium (Richard-Allen Scientific). Images were
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taken with a NikonTM ECLIPSE microscope (Nikon Instruments,

Inc.). For the relative ATGL or Perilipin stain per cell samples were

quantified with the Image-Pro1 PLUS Software (BioImaging

Solutions, Inc.).

FLOW CYTOMETRY ANALYSIS

The cells were treated as described in Donato et al. [2009], with

minor modifications (the incubation with Bodipy 493/503 was at

room temperature for 30min in the dark). The cells were analyzed

with a flow cytometer (BD LSRFortessaTM cell analyzer, BD

Biosciences). The cytometer settings for the side scatter (SSC),

forward scatter (FSC) and Bodipy 493/503 stain to analyze lipids in

adipocytes were dependent on the analytic sensitivity of the

machine. In general for SSC the scale was set above 40 to exclude

cells without lipids, for FSC the scale was set above 30 to exclude

background particles and for the Bodipy 493/503 stain the scale was

set above 102 to exclude background staining.

STATISTICAL ANALYSIS

All experiments represent both biological and experimental

triplicates. Unless otherwise stated, error bars represent mean� 1

standard deviation. Statistical analysis was performed using

GraphPad Prism1 (version 5) software including Student’s t-test.

RESULTS

ERaKO MICE HAVE INCREASED LIPID ACCUMULATION IN THE

BONE MARROW

ERaKO mice are a good model for postmenopausal osteoporosis

[Krum and Brown, 2008] as they exhibit decreased cortical bone

mineral density similar to menopausal women. Thus, we hypothe-

sized that there would be adipocyte accumulation in bonemarrow of

ERaKO mice as observed in postmenopausal women [Rosen and

Bouxsein, 2006]. To test this hypothesis, decalcified frozen femur

sections of 7-month-old wild-type (WT), ERaKO, and ERbKO mice

were stained with ORO to detect adipocytes. The femurs of ERaKO

mice showed nearly a twofold increase in lipid accumulation in the

bone marrow compared to WT femurs (Fig. 1A,B). In ERbKO femurs

the number of lipid droplets in the marrow was reduced compared to

ERaKO femurs, but significantly higher than WT (Fig. 1A,B).

Fig. 2. ERa inhibits adipogenesis in vitro. A: Colony forming unit adipocyte

assay of bone marrow-derived mesenchymal stem cells from 4-month-old WT,

ERaKO, and ERbKO mice. Oil Red O (ORO) stain was used to identify lipid

droplets. Upper panel shows undifferentiated cells (undiff.) and lower panel

depicts cells differentiated into adipocytes (diff.). B: Quantification from A is

shown: ORO was eluted from triplicates and the OD was measured at 500 nm.
�P< 0.05, ��P< 0.01, ���P< 0.001. Scale bar, 100mm in A.

Fig. 1. ERa deficiency increases bone marrow fat. A: Images of decalcified

(for 3 days in Decal Stat) femur sections from 7-month-old WT, ERaKO, and

ERbKO mice. Oil Red O was used to identify lipid droplets. Quantification is

shown in (B) with three biological replicates. ���P< 0.001. C: Three-month-

old wild-type mice were ovariectomized or sham operated. After two months

the bone was fixed and femur sections were stained with H&E. Scale bar,

250mm in A, 100mm in C.
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To assess the impact of 17b-estradiol (E2) in reducing lipid

formation in bone marrow, we compared H&E stained femur

sections from sham-operated and ovariectomized (OVX) mice. There

were a greater number of adipocytes in the bone marrow of E2-

deficient OVX mice compared with marrow from intact, E2-replete

animals (Fig. 1C).

To test whether the accumulation of bone marrow-derived

adipocytes was due to cell-autonomous factors, we tested adipocyte

differentiation from bone marrow cells in vitro. Bone marrow cells

from 4-month-old WT, ERaKO, and ERbKO mice were isolated and

cultured for 16 days with or without the PPARg agonist GW1929.

Cells from both male and female mice were used, and both sexes

showed the identical responses (data not shown). Undifferentiated

bone marrow (maintained without a PPARg agonist) from ERaKO

mice had a significantly increased number of spontaneously

differentiated adipocytes after 16 days in culture compared to

WT and ERbKO, as visualized by ORO staining (Fig. 2) and Bodipy

493/503 (BODIPY) immunofluorescence (IF) (Supplemental Fig. 1).

The number of spontaneously differentiated adipocytes from ERbKO

mice was not different from WT (Fig. 2, Supplemental Fig. 1). Bone

marrow cells from ERaKO mice differentiated with the PPARg

agonist GW1929 also showed a significant increase in the number of

adipocytes, as compared to differentiated bone marrow cells from

either WT or ERbKO mice (Fig. 2, Supplemental Fig. 1).

ERa REDUCES LIPID DROPLET SIZE IN ADIPOCYTES

Following adipocyte differentiation we observed a decrease in lipid

droplet size for ERaKO, compared to WT and ERbKO mice (Fig. 3A).

To quantify this, lipids in adipocytes were stained with ORO, as

described above, and the lipid droplet size (relative area per lipid

droplet) and the number of lipid droplets per cell weremeasured with

Image-Pro1 PLUS Software (Fig. 3B,C). After differentiation to

adipocytes, the size of the lipid droplets from ERaKO mice was

noticeable smaller (threefold) as compared to WT and almost

twofold smaller as compared to ERbKO (Fig. 3B). Furthermore, there

were significantly more lipid droplets per cell for ERaKO thanWT. In

contrast to ERaKO, the number of lipid droplets per adipocyte was

identical between ERbKO and WT (Fig. 3C).

To confirm these findings, BODIPY stained lipid droplets were

analyzed by flow cytometry (Supplemental Fig. 2). We gated

BODIPYhi labeled cells versus SSC on the y-axis to determine the

cytoplasmic granular intensity of the lipid droplets to either an SSChi

or SSClow. There were a greater number of BODIPYhi SSClow (2.5%)

cells from ERaKO mice compared with WT. Again, in contrast to

ERaKO, loss of ERb failed to stimulate an increase in lipid droplets

compared with WT, and thus, findings for flow cytometry

recapitulated those obtained using ORO.

ERa is important in MSCs [Syed et al., 2011] and in adipocytes.

In order to determine the temporal regulation of lipid droplets by

Fig. 3. Absence of ERa decreases lipid droplet size. A: Representative images of bone marrow-derived mesenchymal stem cells differentiated into adipocytes from 4-month-

old WT, ERaKO, ERbKO and 7-month-old FERKOAdipoQ mice. Oil Red O (ORO) stain was used to identify lipid droplets. B,C: Quantifications from A of the stained ORO lipid

droplet size (relative area per lipid droplet) (B) and the number of lipid droplets per cell (C) are shown. Error bars represent mean� SEM. �P< 0.05, ��P< 0.01, ���P< 0.001.

Scale bar, 10mm in A.
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ERa we compared differentiated adipocytes from total ERaKO

mice [Dupont et al., 2000] with conditional knockout mice that are

deficient for ERa only in adipocytes (FERKOAdipoQ), but not earlier

in differentiation (i.e., in MSCs). Wild-type mice had no difference

in lipid droplet size compared to ERafl/fl mice (Supplemental

Fig. 3). However, the size of the lipid droplets from FERKOAdipoQ

mice were fourfold larger than in ERaKO and more than twofold

larger than in ERbKO and similar to WT (Fig. 3). Furthermore the

number of lipid droplets per cell was more than twofold lower in

FERKOAdipoQ as compared to ERaKO and similar to both WT and

ERbKO. To confirm ERa levels in vitro, RNA was obtained from

differentiated adipocytes and qPCR was performed for ERamRNA

(Supplemental Fig. 4A). Whereas, ERawas undetectable in ERaKO

cells, ERa is detectable in differentiated FERKOAdipoQ, but

significantly lower than in WT cells most likely due to the

presence of stromal cells in the culture. Adiponectin is known to

be expressed in bone marrow adipocytes and is unchanged in all

the samples tested (Supplemental Fig. 4B). Cre-recombinase is

highly expressed specifically in the FERKOAdipoQ cells differenti-

ated with the PPARg agonist GW1929 (Supplemental Fig. 4C).

These data suggest an impact of ERa on lipid droplet size

regulation in MSCs or in stromal cells, but not in later stages

of adipocyte differentiation that coincide with adiponectin

expression.

To further confirm the role of estrogen receptors in the regulation

of lipid droplet size, the estrogen receptor antagonist ICI 182,780

was used either alone or in combination with E2 for the entire course

of differentiation, and compared to untreated WT adipocytes

and ERaKO adipocytes (Fig. 4A). Treatment with 10 nM E2 for

16 days led to a significant increase in the lipid droplet size (relative

area per lipid droplet) compared to control (EtOH) and ICI 182,780

(10 nM) treated adipocytes, and to ERaKO adipocytes (Fig. 4B).

Furthermore, ICI 182,780 antagonized the E2-induced increase in

lipid droplet size (Fig. 4B). Although E2 did not alter lipid droplet

numbers per cell, ICI 182,780-treated adipocytes showed an increase

in lipid droplets per cell similar to that of ERaKO (Fig. 4C). In

summary, these findings confirm that E2 signals via ERa to regulate

lipid droplet size.

Fig. 4. E2 signaling regulates lipid droplet size. A: Representative images of bone marrow-derived mesenchymal stem cells differentiated into adipocytes from 4-month-old

WT and ERaKOmice. Cells fromWTmice were treated with 10 nM ICI 182,780 (ICI), 10 nM E2, or 10 nM ICI 182,780þ 10 nM E2. Oil Red O (ORO) stain was used to identify lipid

droplets. B,C: Quantifications from A of the stained ORO lipid droplet size (relative area per lipid droplet) (B) and the number of lipid droplets per cell (C) are shown. In B the

following P values are depicted: aP< 0.001; Comparison between WT EtOH and ERaKO EtOH, bP< 0.05; Comparison between WT EtOH and WT 10 nM ICI 182,780, cP< 0.05;

Comparison betweenWT EtOH andWT 10 nM E2, dP< 0.001; Comparison between ERaKO EtOH andWT 10 nM ICI 182,780, eP< 0.001; Comparison between ERaKO EtOH and

WT 10 nM ICI 182,780þ 10 nM E2, fP< 0.001; Comparison between ERaKO EtOH and WT 10 nM E2, gP< 0.05; Comparison between WT 10 nM ICI 182,780 and WT 10 nM ICI

182,780þ 10 nM E2, hP< 0.001; Comparison between WT 10 nM ICI 182,780 and WT 10 nM E2, iP< 0.01; Comparison between WT 10 nM ICI 182,780þ 10 nM E2 and WT

10 nM E2. Error bars represent mean� SEM. �P< 0.05, ��P< 0.01, ���P< 0.001. Scale bar, 10mm in A.
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ERa INDUCES LIPOLYSIS THROUGH ATGL AND LIPOGENESIS

THROUGH PERILIPIN

ATGL is a key player in lipolysis by catalyzing the hydrolysis of

stored TAG. Furthermore, ATGL is also involved in lipid size

regulation [Smirnova et al., 2006; Miyoshi et al., 2008; Sawada

et al., 2010; Bartholomew et al., 2012]. Therefore we tested if E2

regulates lipolysis and lipid droplet size through ATGL. Bone

marrow from WT and ERaKO mice was isolated and differentiated

for 16 days in vitro in the presence of vehicle (EtOH) or 10 nM E2.

The cells were fixed and stained with an antibody against ATGL.

ATGL was expressed in adipocytes from WT and ERaKO mice

(Fig. 5A). Quantification with Image-Pro1 PLUS Software (Fig. 5B)

showed that ATGL protein expression was significantly increased in

WT cells by E2 treatment. The basal level of ATGL in adipocytes was

more than twofold lower in ERaKO adipocytes, as compared to WT

cells, and E2-treatment did not alter ATGL protein expression in

ERaKO cells (Fig. 5B). To determine if this effect was due to

increased transcription of ATGL by ERa, Atgl cDNA expression

levels were analyzed by quantitative PCR. Atgl expression was

significantly reduced in ERaKO cells compared to WT (Fig. 5C) and

E2-treatment significantly increased Atgl expression only in WT

cells, but not in ERaKO (Fig. 5C). Therefore, higher levels of ATGL

protein in WT adipocytes is due at least in part to increased

transcription of Atgl by E2 activation of ERa. In summary, higher

levels of the lipase ATGL correlate overall with fewer lipids in WT

bone marrow adipocytes and fewer lipid droplets per cell.

Perilipin (PLIN) plays a major role in lipogenesis by regulating the

function of lipases [Brasaemle, 2007; Bickel et al., 2009;

Zimmermann et al., 2009]. Since it also plays a role in lipid droplet

size [Sawada et al., 2010; Bartholomew et al., 2012], we tested the

influence of E2 on perilipin expression. Bone marrow-derived

adipocytes fromWT and ERaKOmice were stained with an antibody

against perilipin (Fig. 6A). Perilipin was detected in WT and ERaKO

adipocytes, and the immunofluorescence was quantified with

Image-Pro1 PLUS Software (Fig. 6B). The perilipin protein content

was twofold higher in ERaKO cells compared to WT regardless of

treatment (vehicle control (EtOH) or 10 nM E2). E2-treatment,

independent of genotype, produced a twofold decrease of perilipin

protein content compared to vehicle control in both WT and ERaKO

cells (Fig. 6B). Interestingly, Plin expression was significantly lower

in differentiated adipocytes from ERaKO mice compared to WT

(Fig. 6C). Furthermore, E2-treatment resulted in a 4.5-fold increase

of Plin cDNA level for WT but had no effect in KO (Fig. 6C).

Therefore, these data suggest that E2 regulates PLIN protein

levels post-transcriptionally. PLIN protein levels may be stabilized

in ERaKO adipocytes by post-transcriptional mechanisms. In

Fig. 5. E2 regulates ATGL expression. A: Light and immunofluorescence microscopy (ATGL antibody stains ATGL protein in red, Hoechst stains nuclei in blue) of bone marrow-

derived mesenchymal stem cells differentiated for 16 days into adipocytes from 4-month-old WT and ERaKOmice. The cells were treated for 16 days either with control (EtOH)

or 10 nM E2. Quantification is shown in (B). C: Quantitative PCR of Atgl cDNA levels from bone marrow-derived mesenchymal stem cells differentiated into adipocytes for

16 days from 4-month-old WT and ERaKOmice. The cells were treated for 16 days either with control (EtOH) or 10 nM E2. RNA was obtained. Atgl mRNA was analyzed by qPCR

and normalized to actin mRNA. �P< 0.05, ��P< 0.01, ���P< 0.001. Scale bar, 50mm in A.
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summary, levels of the lipogenesis protein PLIN correlate with

higher lipid accumulation in the ERaKO bone marrow, higher

number of lipid droplets per cell.

DISCUSSION

Postmenopausal bone loss is associated with increased lipid in the

bone marrow. Similarly, there are more adipocytes in the marrow of

ovariectomized mice compared to sham-operated mice. Moreover,

ERaKO mice also have a decreased bone mineral density and we

show here for the first time that they too display an increased

number of adipocytes in the marrow cavity compared to

WT. Therefore, ERa plays a protective role in regulating bone

marrow fat accumulation. From these data we can conclude the

role of E2 signaling via ERa in the process of lipid formation in

the marrow.

Osteoblasts and adipocytes differentiate from MSCs [Park et al.,

1999; Pittenger et al., 1999]. In contrast to Syed et al. [2011], the in

vitro studies here provide evidence for MSCs favoring adipocyte

differentiation from bone marrow-derived MSCs in the absence

of ERa, matching the in vivo phenotypes of ERaKO mice and

postmenopausal women. The number of adipocytes was signifi-

cantly increased in bone marrow from ERaKO cells after 16 days of

differentiation compared to WT and ERbKO. Furthermore even in

undifferentiating conditions, bone marrow cells from ERaKO

showed a higher number of adipocytes, indicating an increased

spontaneous rate of differentiated adipocytes. Given these data we

hypothesize that ERa represses fat formation from MSCs. Our

hypothesis is supported by the findings that during aging the

differentiation potential favors adipogenesis over osteogenesis

[Kretlow et al., 2008] and osteoporosis may be caused due to loss of

progenitor cell differentiation [Carrington, 2005].

Estrogen and ERa are known to repress intra-abdominal adipose

formation [D’Eon et al., 2005]. As E2 levels decline in postmeno-

pausal women, intra-abdominal fat increases and consistently,

ERaKO mice develop more white adipose tissue in the perirenal,

periovarian, and mesenteric/omental regions than WT or ERbKO

mice [Ohlsson et al., 2000]. Furthermore, ERaKO mice become

insulin resistant and glucose intolerant with age [Heine et al., 2000;

Ribas et al., 2010]. However, the role of bone marrow adipocytes

on whole body metabolism is not clear. Initial studies have

shown that these cells are not a metabolic source of energy during

fasting [Duque, 2008], and insulin does not have a lipogenic or

differentiating effect on them [Maurin et al., 2000]. These bone

marrow adipocytes are not just passive, space filling cells, as they

have a negative effect on osteoblasts [Duque, 2008] and

hematopoiesis [Naveiras et al., 2009].

Fig. 6. E2 regulates perilipin expression. A: Light and immunofluorescence microscopy (perilipin antibody stains perilipin protein in red, Hoechst stains nuclei in blue) of bone

marrow-derived mesenchymal stem cells differentiated for 16 days into adipocytes from 4-month-old WT and ERaKO mice. The cells were treated for 16 days either with

control (EtOH) or 10 nM E2. Quantification is shown in (B). C: Quantitative PCR of Plin cDNA levels of bone marrow-derived mesenchymal stem cells differentiated into

adipocytes for 16 days from 4-month-old WT and ERaKO mice. The cells were treated for 16 days either with control (EtOH) or 10 nM E2. RNA was obtained. Plin mRNA was

analyzed by qPCR and normalized to actin mRNA. �P< 0.05, ��P< 0.01, ���P< 0.001. Scale bar, 50mm in A.
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Nascent lipid droplets from the endoplasmic reticulummembrane

are small in size and grow during lipogenesis to provide neutral

lipids for mobilization [reviewed in Ducharme and Bickel, 2008; Guo

et al., 2009]. It is postulated that during lipolysis lipid droplets might

go through fission resulting in increased surface area facilitating

interaction of lipases [reviewed in Guo et al., 2009]. We show here

for the first time, that ERa is involved in lipid metabolism by

regulating lipid droplet size. Lipid droplets have a smaller diameter

and a higher number per cell in differentiated adipocytes from

ERaKO bone marrow compared to WT and ERbKO cells.

Interestingly, only the complete knockout of ERa reveals changes

in lipid droplet size and number. Bone marrow adipocytes from the

FERKOAdipoQ show no difference in these parameters compared to

WT, suggesting a role for ERa in lipid droplet size before the

expression of adiponectin, or a role for ERa in stromal cells to

regulate lipid droplet size.

In conclusion, ERa not only regulates lipid metabolism by

modulating lipid droplet size through ATGL and perilipin, but also

regulates lipid metabolism starting with progenitor cells, indicating

a valuable target for stem cell therapies for osteoporosis.
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