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ABSTRACT Osteocalcin has recently been shown to regulate energy homeostasis
through multiple pathways. Adipose tissue is a main organ of energy metabolism,
and administration of recombinant osteocalcin in mice promoted energy consump-
tion, thus counteracting obesity and glucose intolerance. The regulation of osteocal-
cin in islet � cells has been well documented; however, it is unknown whether os-
teocalcin can also act on adipocytes and, if it does, how it functions. Here, we
provide evidence to demonstrate a specific role for osteocalcin in brown adipocyte
thermogenesis. Importantly, expression of the Gprc6a gene encoding a G protein-
coupled receptor as an osteocalcin receptor was activated by brown fat-like differen-
tiation. Moreover, Gprc6a expression could be further potentiated by osteocalcin.
Meanwhile, overexpression and knockdown experiments validated the crucial role of
Gprc6a in osteocalcin-mediated activation of thermogenic genes. For the first time,
we identified Tcf7 and Wnt3a as putative targets for osteocalcin signaling. T cell fac-
tor 7 (TCF7) belongs to the TCF/LEF1 family of DNA binding factors crucial for the
canonical WNT/�-catenin pathway; however, TCF7 modulates Gprc6a and Ucp1 pro-
moter activation independent of �-catenin. Further studies revealed that the ther-
mogenesis coactivator PRDM16 and the histone demethylase LSD1 might be re-
quired for TCF7 activity. Hence, our study described a TCF7-dependent feedback
control of the osteocalcin-GPRC6A axis in brown adipocyte physiologies.
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Osteocalcin encoded by the Bglap (bone gamma-carboxyglumate protein) gene is
the most abundant noncollagen protein in bone extracellular matrix; however, its

absence in mice causes a series of metabolic disorders, such as obesity, hypoinsuline-
mia, and glucose intolerance, rather than defects of bone mineral deposition (1–4).
Actually, there is evidence pointing toward a crucial role for osteocalcin in energy
metabolism, establishing an interesting communication between skeleton and other
metabolic organs, including pancreas, liver, and adipose tissue (5–11).

Within osteoblasts, osteocalcin is initially synthesized in the form of precursors
sequentially consisting of a signal peptide directing its secretion, a propeptide for
recognition by vitamin K-dependent gamma-glutamyl carboxylase, and an osteocalcin
chain with 46 to 50 amino acid residues. After multistep posttranslational modification,
vitamin K-dependent gamma-carboxylation causes deposition of osteocalcin in bone
extracellular matrix, whereas osteocalcin escaping carboxylation is released to the
circulation, acting as a functional hormone (3). Although the exact molecular mecha-
nism for the release of osteocalcin from bone extracellular matrix remains unclear, one
gene, Ptprv, encoding protein tyrosine phosphatase receptor V, has been suggested to
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perform a biologically important role in preventing osteocalcin release (5). To initiate its
downstream signaling, osteocalcin has been thought to engage G protein-coupled
receptor GPRC6A (G protein-coupled receptor family C group 6 member A) to fulfill its
signal pathway. The extracellular region of GPRC6A is capable of recognizing a con-
served sequence within the C terminus of osteocalcin, and GPRC6A overexpression can
restore osteocalcin-mediated signaling transduction in GPRC6A-null HEK293 cells (6, 7).
Genetic manipulation of Gprc6a in mice is closely similar to the effect of osteocalcin
deficiencies (8, 9). Additionally, CRISPR/Cas9 targeting of GPRC6A in prostate cancer
cells attenuates osteocalcin-stimulated cancer cell migration and growth (12). Never-
theless, comprehensive knowledge of the intracellular signaling pathway of osteocalcin
has yet to be elucidated.

The canonical WNT/�-catenin pathway is recognized as a key regulator for embryo-
genesis, tissue specification, and stem cell biology, and dysregulation of this pathway
causes numerous diseases, including tumor, type 2 diabetes mellitus, obesity, and
Alzheimer’s (13–17). Briefly, the canonical WNT/�-catenin signaling pathway is initiated
at the cell surface where secreted Wnt glycoproteins bind to the coreceptor complex
formed by Frizzled and the low-density lipoprotein receptor-related protein 5/6 (LRP5/
6), leading to the stabilization of cytosolic �-catenin. As a consequence, stabilized
�-catenin enters the nucleus and thereafter activates downstream target genes.
�-Catenin has potent transcription activation domains at the N and C termini, but it has
no intrinsic ability to bind to DNA. Thus, �-catenin needs to interact with the T cell
factor/lymphoid enhanced binding factor 1 (TCF/LEF1) family of DNA-binding factors to
regulate gene transcription. The TCF/LEF1 family in the canonical WNT/�-catenin
pathway consists of four members, LEF1, TCF7/TCF1, transcription factor 7-like 1
(TCF7L1/TCF3), and transcription factor 7-like 2 (TCF7L2/TCF4), that bind to the DNA
consensus sequence (A/T)(A/T)CAAAG through a high-mobility group (HMG) domain.
Although the canonical WNT/�-catenin pathway is valued for its significant role in
tumorigenesis, this pathway has recently drawn increasing attention for its positive
physiologies in glucose metabolism. Particularly, the single nucleotide polymorphism
(SNP) within the TCF7L2 gene, rs7903146, is considered the most significant genetic
marker associated with type 2 diabetes risk (18–20). However, the functionality of other
components of the canonical WNT/�-catenin pathway in energy metabolism is still not
fully understood.

Adipose tissue, as an important energy metabolic organ, is under the control of
multiple signaling pathways, including the osteocalcin and canonical WNT/�-catenin
signaling pathways (11, 21, 22). There are two categories of adipose tissues identified
in rodents and humans: white adipose tissue and brown adipose tissue (WAT and BAT),
respectively. WAT deposits excessive energy as triglyceride and resupplies the organism
with energy in the form of nonesterified fatty acid during periods of exercise, fasting,
or starvation. Chronic and excessive accumulation of WAT causes obesity, associated
with increased risks of cardiovascular diseases, diabetes mellitus, and osteoporosis
(23–27). In contrast, BAT expends energy as heat through highly expressing uncoupling
protein 1 (UCP1), a core molecule for uncoupling respiration from ATP synthesis in the
mitochondria (28–30). Since the discovery of metabolically active BAT in adult humans
(31, 32), it has been regarded as a highly suitable target for drugs against diabetes and
obesity.

In the current study, we uncovered unexpected cross talk between the osteocalcin
molecule and the canonical WNT/�-catenin pathway, thus demonstrating a novel
intracellular signaling axis accounting for the osteocalcin molecule in brown adi-
pocytes. Using in vitro differentiation models of brown adipocytes, we validated a
specific role for osteocalcin in regulating the activation of thermogenic genes and
described a hypothetical feedback mechanism by which osteocalcin initiates its down-
stream signaling by relying on the receptor GPRC6A and further amplifies its signals
through promoting GPRC6A expression. For the first time, we identified that the
components of the canonical WNT/�-catenin pathway, Wnt3a and TCF7, might be
transcriptionally controlled by osteocalcin signaling. Interestingly, TCF7 could directly
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augment Gprc6a and Ucp1 promoter activation through a �-catenin-independent
manner. Furthermore, PRDM16 (PR domain-containing protein 16) and LSD1 (lysine-
specific demethylase 1A; KDM1A) were demonstrated to collaborate with TCF7 to
mediate Ucp1 and Gprc6a transcription. Taken together, our results suggest that
osteocalcin-stimulated Tcf7 expression in brown adipocytes contributes to the feed-
back control of osteocalcin signaling and also osteocalcin-mediated activation of
thermogenic genes.

RESULTS
Osteocalcin stimulates thermogenesis in brown adipocytes. Enhanced thermo-

genesis indicated by activation of a specific gene program involving Ucp1, Dio2, Pgc-1�,
and Prdm16 in brown adipocytes contributes to total energy expenditure (33–37).
Several mechanisms, such as prolonged cold exposure, long-term physical exercise, and
thiazolidinedione treatment, have testified to this process (38–42). Recently, several
studies suggested that circulating osteocalcin diffused from skeleton might be crucial
for energy metabolism of adipose tissues (5, 10); however, the signaling mechanism for
osteocalcin remains unclear. In the current study, we investigated whether and how
osteocalcin can act on brown adipocytes, thus modulating energy consumption. To
obtain diffused osteocalcin peptides, osteocalcin chain lacking the propeptide for
gamma-glutamyl carboxylase recognition was fused with the immunoglobulin Fc
region and a hemagglutinin (HA) tag and then overexpressed in HEK293T cells for 48 h
(Fig. 1A). The conditioned medium containing vehicle peptide, human osteocalcin or
mouse osteocalcin was harvested and verified by Western blotting (Fig. 1A, OCN and
Ocn, respectively), and the concentration of each peptide in conditioned medium was
further evaluated through a Coomassie blue-stained SDS-PAGE gel (Fig. 1B).

Immortalized brown fat preadipocyte from newborn mice DE-2-3 cells (43) that
underwent adipogenesis to form mature brown adipocytes in vitro were stimulated
with 10 nM osteocalcin at the preadipogenic stage (day �2 to 0) or maturation stage
(day 3 to 5); unstimulated cells were used as the control (Fig. 1C). The adipogenic
differentiation, indicated by oil red O-stained lipid droplets (Fig. 1C) and expression of
Pparg and Fabp4 (Fig. 1D), could not be obviously altered by osteocalcin. However, a
typical thermogenic gene program including Ucp1, Prdm16, and Dio2 was significantly
activated by the supplement of osteocalcin peptides (Fig. 1D). In particular, increased
expression of UCP1, a core molecule in thermogenesis, was validated by both mRNA
levels and protein contents (Fig. 1D), suggestive of a latent thermoregulatory role for
osteocalcin in brown adipocytes. To further confirm this role for osteocalcin in brown
adipocytes, we isolated primary adipose-derived stromal cells (ADSCs) from epididymis
white adipose tissues (WAT-ADSCs) or scapular brown adipose tissues (BAT-ADSCs) and
then subjected them into adipogenesis (Fig. 1E). At the basal level, BAT-ADSC-derived
brown adipocytes exhibited stronger expression levels of thermogenic genes than
WAT-ADSC-derived white adipocytes, indicating that in vitro-differentiated brown adi-
pocytes have much stronger thermogenic potential (Fig. 1E). More importantly, we
observed a remarkable increase in Ucp1, Prdm16, and Dio2 mRNA levels in BAT-ADSC-
derived but not WAT-ADSC-derived adipocytes upon the addition of osteocalcin pep-
tides to the culture medium (Fig. 1E).

In vivo, brown preadipocytes originate from Myf5� muscle-like precursors. It has
been reported that multipotent progenitor C2C12 cells highly express MYF5 proteins
and, after undergoing brown fat-like commitment, are able to be differentiated into
brown adipocytes, albeit at low efficiency (28). We then verified whether osteocalcin
can enhance brown fat-like differentiation of C2C12 cells. C2C12 cells were pretreated
with osteocalcin peptides for 48 h and then underwent adipogenesis or myogenesis.
The increase in Adipoq and Ucp1 (brown adipocyte markers) mRNA levels and the
decrease in Myo6 and MyoG (myocyte markers) mRNA levels clearly demonstrated that
osteocalcin could switch C2C12 cells to favor a brown fat-like fate (Fig. 1F). Taking these
results together, we conclude that osteocalcin not only modulates the activation of
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FIG 1 Osteocalcin stimulates the thermogenesis in brown adipocytes. (A) The schematic diagram shows the construction maps for human osteocalcin (OCN) and
murine osteocalcin (Ocn), with a vehicle peptide as the control (VC, vector control). After being overexpressed in HEK293T cells for 48 h, diffused osteocalcin in
conditioned medium was harvested and then verified by Western blotting. Fc, immunoglobulin Fc region; HA, hemagglutinin tag. SP, signal peptide. (B) The
measurement of osteocalcin concentrations in conditioned medium. A total of 100 �l of vehicle, Ocn, or OCN conditioned medium was enriched and purified by
protein A/G-Plus–agarose, and then the purified peptides were subjected to a Coomassie blue-stained SDS-PAGE gel. Purified glutathione S-transferase (GST)
proteins were used as the standard samples. The concentrations of vehicle peptide, Ocn, and OCN are shown in the table at the right. M, size standards. Numbers
on the left are in kilodaltons. (C) Schematic diagram showing adipogenesis of DE-2-3 cells and stimulation of osteocalcin peptides. Oil red O staining shows lipid
droplet contents in mature brown adipocytes. Scale bar, 100 �m. INS, insulin; T3, L-thyroxine; DEX, dexamethasone; IBMX, isobutyl-1-methylxanthine; IDM,
indomethacin. (D) Examination of mRNA levels in DE-2-3-derived brown adipocytes. Pparg and Fabp4 are markers for adipogenesis, and Pgc-1�, Prdm16, Dio2 and
Ucp1 are markers for thermogenesis. The inset panel shows UCP1 protein content. (E) Primary adipose-derived stromal cells (ADSCs) were isolated from epididymis
white adipose tissues (WAT) or scapular brown adipose tissues (BAT), which then underwent adipogenesis. Osteocalcin stimulation was performed at maturation
stage (days 3 to 5). Quantitative PCR analyses were carried out. (F) C2C12 cells were pretreated with osteocalcin for 2 days and then underwent adipogenesis or
myogenesis. Adipoq and Ucp1 are markers for brown adipocytes, and Myo6 and Myog are markers for myocytes. Undiffer, undifferentiation; Differ, adipogenic or
myogenic differentiation. All data are represented as means � SD. *, P � 0.05; **, P � 0.01 (Student’s t test, n � 3).
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thermogenic genes but may also facilitate brown fat-like differentiation of Myf5�

muscle-like precursors.
Osteocalcin signaling depends on GPRC6A in brown adipocytes. Interestingly,

expression of the Gprc6a gene encoding the osteocalcin receptor was strongly en-
hanced by brown fat-like adipogenesis (DE-2-3 cells and BAT-ADSCs), whereas expres-
sion remained constant during white fat-like adipogenesis (WAT-ADSCs and C3H10T1/2
cells) (Fig. 2A). Moreover, expression of the Gprc6a gene could be robustly augmented
by osteocalcin in multiple cell types, including brown fat lineages and the rat islet � cell
line INS-1 but not in C3H10T1/2 cells (Fig. 2B). Furthermore, these results are also
consistent with our findings mentioned above that osteocalcin acts on brown fat-like

FIG 2 Osteocalcin signaling depends on GPRC6A. (A) The examination of Gprc6a mRNA levels in undifferentiated or adipogenic BAT-ADSCs, DE-2-3 cells,
WAT-ADSCs, and C3H10T1/2 cells. (B) Osteocalcin stimulated Gprc6a gene expression for 2 days, and then Gprc6a mRNA levels were examined. (C) Oil red O
staining and bright-field (BF) microscopy showed the lipid droplet contents in GFP- or Gprc6a-expressing DE-2-3-derived brown adipocytes. Scale bar, 100 �m.
(D) Examination of mRNA levels in GFP- or Gprc6a-expressed DE-2-3-derived brown adipocytes. The inset panel shows the protein contents of UCP1. (E)
Knockdown of Gprc6a in BAT-ADSC-derived brown adipocytes inhibits osteocalcin-stimulated Ucp1 activation. Rosiglitazone, 1 �M; CL-316243, 0.1 �M. siCtr,
control small interfering RNA; siGprc6a, small interfering RNA targeting Gprc6a. (F) RFYGPV peptide derived from human osteocalcin was synthesized to
stimulate thermogenic genes in DE-2-3-derived brown adipocytes. All data are represented as means � SD. *, P � 0.05; **, P � 0.01 (Student’s t test, n � 3).
DMSO, dimethyl sulfoxide.
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lineages rather than on white fat lineages. Overexpression of Gprc6a in DE-2-3 cells did
not affect their adipogenesis, including the contents of lipid droplets and the expres-
sion of Pparg and Fabp4 genes, compared to adipogenesis of the control group
expressing green fluorescent protein (GFP) (Fig. 2C and D). However, similar to osteo-
calcin stimulation, overexpression of the Gprc6a gene remarkably activated key ther-
mogenic genes (Fig. 2D). The abundance of UCP1 proteins in DE-2-3-derived adipocytes
was also increased by Gprc6a ectopic expression (Fig. 2D, inset panel). More impor-
tantly, knockdown of Gprc6a expression in BAT-ADSC-derived brown adipocytes sig-
nificantly suppressed osteocalcin-mediated Ucp1 gene activation; Gprc6a knockdown
did not affect expression of the osteocalcin-stimulated controls, the peroxisome
proliferator-activated receptor gamma (PPAR�) activator rosiglitazone (41, 42) and the
selective �3-adrenergic receptor agonist CL316243 (38) (Fig. 2E). The 6-amino-acid
peptide RFYGPV derived from the C-terminal sequence of human osteocalcin has been
reported to be sufficient for binding to and activating GPRC6A receptor (6). Accord-
ingly, we synthesized this peptide and utilized it to stimulate thermogenic gene
activation in brown adipocytes. The analyses of thermogenic gene mRNA levels dem-
onstrated that the RFYGPV peptide could also augment thermogenesis, despite its
concentration over 1.0 �M (Fig. 2F). Given these findings, we conclude that osteocalcin
signaling in brown adipocytes depends on GPRC6A. Moreover, the finding that osteo-
calcin stimulates Gprc6a expression also suggests a positive feedback control in the
osteocalcin-GPRC6A axis.

Cross talk of osteocalcin signaling and the canonical WNT/�-catenin pathway.
Long-term exercise is beneficial to coordinate metabolic homeostasis of the whole
body, for example, by enhancing thermogenesis in adipocytes (40). As shown in Fig. 3A,
mice given 4 weeks of free wheel running exhibited a significant elevation of Ucp1
mRNA levels in thermogenic subcutaneous inguinal white adipose tissues (iWAT) and
scapular brown adipose tissues (BAT). At the same time, hematoxylin-eosin (H&E)
staining also showed smaller lipid droplets and obvious consumption of triglyceride
deposition in these adipose depots when mice underwent running exercise (Fig. 3B).
Unexpectedly, compared to a sedentary group, running mice displayed a unique
activation of the Tcf7 gene in iWAT and BAT (Fig. 3C). TCF7 is a TCF/LEF1 family DNA
binding factor crucial for the canonical WNT/�-catenin pathway. In addition to TCF7,
there are three other members: LEF1, TCF7L1, and TCF7L2; however, we did not observe
any increase in their expression levels in running mice (Fig. 3C), suggesting a specific
activation of the Tcf7 gene during long-term exercise. Several studies have demon-
strated that long-term exercise is also capable of enhancing production of a variety of
metabolic regulation hormones, such as osteocalcin in bone cells (44, 45) and irisin
in skeletal muscle (40). Indeed, the group of running mice exhibited upregulated
mRNA levels of the osteocalcin gene and downregulated mRNA levels of the Ptprv
gene crucial for osteocalcin carboxylation in bone (Fig. 3D), suggesting that circu-
lating osteocalcin might be elevated during long-term exercise. Meanwhile, we also
detected activation of the irisin precursor gene Fndc5 in skeletal muscle (Fig. 3E).
However, the finding that the Tcf7 gene in brown adipocytes was uniquely induced
by osteocalcin rather than by irisin strongly supported a positive role for osteocalcin
signaling in modulating Tcf7 gene expression (Fig. 3F). We additionally confirmed
this upregulation of the Tcf7 gene by osteocalcin in the islet � cell line INS-1 cells
(Fig. 3G). Moreover, the augmented nuclear localization and protein contents of
TCF7 in osteocalcin-stimulated brown adipocytes further supported the idea that
TCF7 could be transcriptionally controlled by osteocalcin signaling (Fig. 3H). Finally,
overexpression of the Gprc6a gene could also uniquely give rise to activation of the
Tcf7 gene (Fig. 3I), providing additional evidence for the positive role of osteocalcin
signaling in Tcf7 gene transcription.

We also determined that the Wnt3a gene, in addition to the Tcf7 gene, was probably
controlled by osteocalcin signaling (Fig. 3J and K). Moreover, the transcription of the
Axin2 gene, a specific target of the canonical WNT/�-catenin pathway (46, 47), was
activated by osteocalcin, and this activation could be inhibited by the Wnt3a antagonist
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DKK1 (Fig. 3L), thus revealing cross talk between osteocalcin signaling and the canon-
ical WNT/�-catenin pathway. We then investigated whether osteocalcin can modulate
canonical WNT/�-catenin signaling transduction directly or only through an indirect
manner. As showed in Fig. 3M, transient stimulation with osteocalcin (3 h) could neither

FIG 3 Cross talk of osteocalcin signaling and the canonical WNT/�-catenin pathway. (A) The examination of Ucp1 mRNA levels in subcutaneous inguinal white
adipose depots (iWAT) and scapular brown adipose depots (BAT) from sedentary (Seden) mice or mice given 4 weeks of free wheel running (Run) (n � 8 from
each group). (B) Hematoxylin-eosin (H&E) staining for iWAT and BAT from sedentary or running mice. Scale bar, 100 �m. (C) The examination of Lef1, Tcf7, Tcf7l1,
and Tcf7l2 mRNA levels in iWAT and BAT from sedentary or running mice (n � 8 from each group). (D) The examination of Ptprv and osteocalcin mRNA levels
in bone from sedentary or running mice (n � 8 from each group). (E) The examination of Fndc5 mRNA levels in skeletal muscle from sedentary or running mice
(n � 8 from each group). AU, arbitrary units. (F) Osteocalcin stimulates Tcf7 expression in DE-2-3-derived brown adipocytes. Forty-eight hours of osteocalcin
stimulation was carried out. (G) Osteocalcin stimulates Tcf7 expression in rat islet � cell line INS-1. (H) Immunofluorescence for nuclear TCF7 contents (left) and
Western blotting for TCF7 protein levels (right) in DE-2-3-derived brown adipocytes. Scale bar, 50 �m. (I) Overexpression of Gprc6a stimulates Tcf7 expression
in DE-2-3-derived brown adipocytes. (J) The examination of mRNA levels of canonical WNT/�-catenin signaling components in DE-2-3-derived brown
adipocytes. (K) The expression of Wnt genes in DE-2-3-derived brown adipocytes. (L) Osteocalcin stimulates Axin2 expression in the absence or presence of DKK1
(100 ng/ml) in DE-2-3-derived brown adipocytes. (M) Osteocalcin regulates cytosolic �-catenin accumulation in the absence or presence of Wnt3a (100 ng/ml).
The stimulation of osteocalcin and Wnt3a was performed for 3 h. Red, �-catenin; blue (4=,6=-diamidino-2-phenylindole [DAPI]), nucleus. All data are represented
as means � SD. *, P � 0.05; **, P � 0.01 (Student’s t test, n � 3). Scale bar, 50 �m.
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induce cytosolic �-catenin accumulation nor enhance Wnt3a-stimulated �-catenin
stabilization. Taking these results together, we conclude that osteocalcin takes part in
the canonical WNT/�-catenin signaling pathway probably by transcriptionally modu-
lating expression of the Tcf7 and Wnt3a genes.

TCF7 directly modulates Ucp1 and Gprc6a promoter activation. Given the
finding that osteocalcin transcriptionally controls the Wnt3a gene, we examined first
whether the Wnt3a-initiated canonical WNT/�-catenin pathway is involved in osteo-
calcin signaling transduction in brown adipocytes. However, the failure of DKK1 to
prevent osteocalcin-stimulated activation of Gprc6a and Ucp1 suggested that the
Wnt3a-initiated canonical WNT/�-catenin pathway might be dispensable for osteocal-
cin signaling (Fig. 4A). Although TCF7 is a key transcription factor of the canonical
WNT/�-catenin pathway, it can also perform in a �-catenin-independent manner (48).
We then verified whether TCF7 regulates adipocyte thermogenesis, thus mediating the
intracellular signaling of osteocalcin. The Gfp or Tcf7 gene was delivered into DE-2-3
cells by lentiviruses, and their expression level was examined by immunofluorescence
(Fig. 4B). Overexpression of the Tcf7 gene did not alter the formation of lipid droplets
or expression of the Pparg gene, but it obviously elevated UCP1 protein content and
remarkably stimulated thermogenic gene activation (Fig. 4B and C). More importantly,
knockdown of Tcf7 gene expression significantly blocked osteocalcin-induced Ucp1 and
Gprc6a transcription in both DE-2-3-derived and BAT-ADSC-derived brown adipocytes
(Fig. 4D and E), strongly supporting a downstream regulatory role for TCF7 in osteo-
calcin signaling. In addition, transcription of the Gprc6a gene was modulated by TCF7
proteins, an observation which provides an unexpected but logical molecular mecha-
nism to elucidate the positive feedback characteristic of the osteocalcin signaling
mentioned above.

To further access this molecular mechanism, we verified whether TCF7 directly
modulates activation of the promoters of the Ucp1 and Gprc6a genes. Although all
members of the TCF/LEF1 family share main structural features (49), using in vitro-
constructed Ucp1 and Gprc6a promoter-dependent luciferase reporters, we observed

FIG 4 TCF7 mediates osteocalcin signaling. (A) DKK1 does not impair osteocalcin-stimulated Gprc6a and Ucp1 activation in DE-2-3-derived brown adipocytes.
(B) The contents of lipid droplets (bright field) and UCP1 proteins (red) in GFP- or TCF7-overexpressed DE-2-3-derived brown adipocytes. Scale bar, 100 �m.
IF, immunofluorescence. (C) The examination of mRNA levels in GFP- or TCF7-overexpressing DE-2-3-derived brown adipocytes. (D) Knockdown of Tcf7 in
DE-2-3-derived brown adipocytes inhibits osteocalcin-stimulated Ucp1 and Gprc6a expression. (E) Knockdown of Tcf7 in BAT-ADSC-derived brown adipocytes
inhibits osteocalcin-stimulated Ucp1 and Gprc6a expression. In panels D and E, small interfering RNAs are indicated by “si” prefixes with protein names. All data
are represented as means � SD. *, P � 0.05; **, P � 0.01 (Student’s t test, n � 3).
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that only TCF7 could drive reporter activity of both the Ucp1 and Gprc6a promoter (Fig.
5A and B). In addition, TCF7 appeared to be dispensable for activation of the Prdm16
promoter even though TCF7 can activate the Prdm16 gene in vivo, probably indicating
an indirect role of TCF7 in Prdm16 gene transcription or the TCF7 DNA binding site
beyond the region of the Prdm16 promoter DNA used in the reporter (Fig. 5C). We then
utilized chromatin immunoprecipitation of TCF7 to confirm enrichment of this tran-
scription factor on the Gprc6a and Ucp1 promoters. TCF7 belongs to a high-mobility
group (HMG) box-containing family specifically binding to a DNA consensus site with
the core sequence CAAAG. It has previously been reported that the optimal binding site
for TCF7 is (A/T)(A/T)CAAAG (50). Within the kb �1.5 Gprc6a gene promoter, we found
a typical sequence, TTCAAAG, beginning at base �604 on the complementary strand,

FIG 5 TCF7 controls Ucp1 and Gprc6a promoter activation. (A) TCF7 activates a Ucp1 promoter-driven luciferase (Luc) reporter. For reporter assays,
Ucp1-luciferase reporter (15 ng/well) and GFP (20 ng/well) were cotransfected into HEK293T cells (48-well) with TCF/LEF1 family transcription
factors (50 ng/well). The LacZ plasmid was added to make the total amount of DNA equal (250 ng/well). (B) TCF7 activates a Gprc6a
promoter-driven luciferase reporter. (C) TCF7 does not regulate the Prdm16 promoter-driven luciferase reporter. (D and E) Myc-tagged TCF7 was
introduced into BAT-ADSCs and then underwent adipogenesis. Adipocytes from two 10-cm dishes were fixed, and then chromatin immunopre-
cipitation (ChIP) was carried out by a Myc antibody as described in Materials and Methods. The primer pairs flanking kb �0.6 of the Gprc6a
promoter DNA (D) and flanking kb �0.6, �2.0, or �6.0 of the Ucp1 promoter DNA (E) were designed for quantitative PCR. (F) The regulation of
TCF7 at kb �4.0, �3.7 to �6.8, and �6.8 of the Ucp1 promoter DNA-driven luciferase reporters. Thyroid receptor � (TR�) in the presence of
thyroxine (T3, 10 nM) was used as the control. (G) Deletion of the AACAAAG sequence at base �5856 of the kb �3.7 to �6.8 Ucp1 promoter
reporter inhibits TCF7 binding to the Ucp1 promoter. (H) Deletion of the AACAAAG sequence at base �5856 of the kb �3.7 to �6.8 Ucp1
promoter reporter inhibits TCF7-mediated reporter activation. All data are represented as means � SD. *, P � 0.05; **, P � 0.01 (Student’s t test,
n � 3).
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and then confirmed the enrichment of TCF7 in this region (Fig. 5D). Although the
typical sequence TTCAAAG was found at base �649 of the Ucp1 promoter, analyses of
chromatin immunoprecipitation showed rare enrichment of TCF7 on this site, which
seemed likely to bind to the distal sequence AACAAAG at base �5856 of the Ucp1
promoter (Fig. 5E). In accordance with this finding, TCF7 barely activated the reporter
activity driven by the kb �4.0 promoter DNA of Ucp1 but strongly activated a kb �3.7
to �6.8 promoter DNA-dependent reporter (Fig. 5F). As a control, thyroid receptor �

could activate both reporters well (Fig. 5F). Deletion of the sequence AACAAAG at base
�5856 but not the flanked sequence CTCAAAG at base �5896 could abolish TCF7
occupation on the Ucp1 promoter DNA (Fig. 5G). This deletion also significantly
suppressed TCF7 regulation in reporter assays (Fig. 5H). Taken together, these data
unequivocally demonstrate that TCF7 proteins can directly modulate Ucp1 and Gprc6a
promoter activation.

PRDM16 is identified as a coactivator of TCF7. In agreement with the finding that
inhibition of Wnt3a activity did not affect osteocalcin signaling in brown adipocytes
(Fig. 4A), we found that activation of the canonical WNT/�-catenin pathway by Wnt3a
protein, by the glycogen synthase kinase 3� (GSK3�) inhibitor CHIR99021, by overex-
pression of active �-catenin (Ser-45 deletion), or by DVL1 protein is dispensable for
Ucp1 promoter DNA-dependent reporter activation (Fig. 6A and B). Even though
�-catenin could efficiently interact with TCF7 (Fig. 6C), it also failed to improve
TCF7-mediated activation of both Ucp1 and Gprc6a promoter DNA reporters (Fig. 6D
and E). Thus, we hypothesized that TCF7 facilitates activation of Ucp1 and Gprc6a
promoters probably independent of the canonical WNT/�-catenin pathway. Since TCF7
itself is not sufficient to activate gene transcription (49), we then tried to identify novel
coactivators for TCF7 proteins in brown adipocytes. In this effort, we discovered that
PRDM16, crucial for brown adipocyte formation and thermogenesis (28), is a surprising
candidate (Fig. 6F). At the same time, PRDM16 also augmented TCF7-activated Gpr6a
promoter activation (Fig. 6G). Interestingly, as a homologue of PRDM16 (51), PR
domain-containing protein 3 (PRDM3), however, significantly inhibited TCF7 transcrip-
tional activity (Fig. 6H). Coimmunoprecipitation experiments indicated that both pro-
teins could interact with TCF7 (Fig. 6I and J), thus demonstrating a unique role for
PRDM16 in TCF7-modulated transcriptional activity.

Finally, we investigated how PRDM16 modulates TCF7 transcriptional activity. Chro-
matin immunoprecipitation experiments revealed that PRDM16 itself had only a slight
ability to bind to the Ucp1 promoter, but it could be well recruited by TCF proteins (Fig.
7A). Simultaneously, we found that the presence of PRDM16 could also enhance TCF7
DNA binding activity (Fig. 7B), pointing toward a mutual dependence of two proteins
on their DNA binding. Several partners have been suggested to coordinate PRDM16
activation in brown fat formation and thermogenesis, including PPAR�, CEBP�, and
LSD1 (41, 52, 53). We then verified their effects on TCF7-involved transcriptional activity
using a Ucp1 promoter reporter. Analyses of reporter activity showed that PPAR� and
CEBP� were dispensable for TCF7 transcriptional activity, but LSD1 could have a
prominent enhancement effect on PRDM16 and TCF7-modulated Ucp1 promoter acti-
vation. LSD1 is critical for the activation of brown fat-like genes and the suppression of
white fat-like genes through interaction with PRDM16 (53). Coimmunoprecipitation
experiments validated this interaction of LSD1 with PRDM16 (Fig. 7E) and also revealed
a novel interaction between LSD1 and TCF7 (Fig. 7F). Overall, these data suggest a
novel nuclear transcription machinery involved in TCF7, PRDM16, and LSD1 in brown
adipocyte physiologies.

In summary, our study sheds light on a novel molecular mechanism by which
osteocalcin regulates metabolic action of brown adipocytes. Taking into account data
mentioned above, a hypothetical model is presented (Fig. 7G) according to which
osteocalcin signaling is in cross talk with the canonical WNT/�-catenin pathway
through transcriptionally controlling Wnt3a and Tcf7, and then TCF7 directly facilitates
Gprc6a and Ucp1 promoter activation, thereby describing a positive feedback profile of
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the osteocalcin signaling pathway. Interestingly, our study demonstrates that TCF7
modulates gene transcription probably by relying on PRDM16 and LSD1 but not
�-catenin in brown adipocytes.

DISCUSSION

A growing body of studies has demonstrated that there may be multiple interac-
tions between bone remodeling and adipose metabolic actions. For example, excessive
accumulation of white adipose tissues is highly associated with osteoporosis (26, 27),
whereas cold-activated brown adipose tissues are conductive to bone mineral depo-
sition (54, 55). Meanwhile, bone can also function as an important endocrine organ
acting on various metabolic regulation organs, including adipose tissues (4, 5, 11).
Nevertheless, not much is known about the molecular mechanism by which bone and
adipose tissue can mutually interact so far. Recent studies had demonstrated that
osteocalcin, a noncollagen protein in bone extracellular matrix, could be released into
circulation and then modulate the physiologies of a number of tissues such as islet �

cells, skeletal muscle, intestine, and adipose tissues (5, 11, 44, 56). In the current study,

FIG 6 PRDM16 is identified as a coactivator of TCF7. (A and B) The effect of activators for the canonical WNT/�-catenin
pathway on TOPFlash marking WNT/�-catenin signaling activation (A) and Ucp1 promoter reporter (B). �-Catenin-ΔSer45
was transfected as 25 ng/48-well, and DVL1 was transfected as 50 ng/48 well. Wnt3a, 100 ng/ml; CHIR99021, 5 �M. (C)
Coimmunoprecipitation of �-catenin–HA with TCF7-Myc. (D and E) �-Catenin cannot enhance TCF7-mediated activation
of Ucp1 (D) and Gprc6a (E) promoter reporters. (F) PRDM16 was identified to regulate TCF7-mediated activation of Ucp1
promoter reporter. PI3K, phosphatidylinositol 3-kinase. (G) PRDM16 augments TCF7-mediated activation of Gprc6a
promoter reporter. (H) PRDM3 suppresses TCF7-mediated activation of Ucp1 promoter reporter. (I) Coimmunoprecipitation
(IP) of Prdm16-HA with TCF7-Myc. (J) Coimmunoprecipitation of Prdm3-HA with TCF7-Myc. All data are represented as
means � SD. *, P � 0.05; **, P � 0.01 (Student’s t test, n � 3). TCL, total cell lysate.

TCF7 Mediates Osteocalcin Signaling in Brown Adipocytes Molecular and Cellular Biology

April 2018 Volume 38 Issue 7 e00562-17 mcb.asm.org 11

http://mcb.asm.org


we set out to explore a novel molecular mechanism for osteocalcin by which healthy
bone anabolism can augment energy expenditure of brown adipocytes.

Using multiple in vitro differentiation models of brown adipocytes, for example, lipid
droplet formation, and expression of the Pparg and Fabp4 genes, we validated that
osteocalcin stimulation could augment thermogenesis of brown adipocytes while
failing to facilitate adipogenic differentiation of brown adipocytes. In vivo, brown
adipocyte formation requires two differentiation stages sequentially: brown fat-like
commitment of Myf5� muscle-like precursors, giving rise to brown preadipocytes, and
adipogenesis of preadipocytes into mature brown adipocytes. Although osteocalcin is
dispensable for adipogenesis, its stimulation might tune Myf5� muscle-like precursors
to favor a brown fat-like fate. Interestingly, the gene encoding GPRC6A proteins,
previously proved to be osteocalcin receptors in multiple cell types, was remarkably
activated by brown fat-like but not white fat-like differentiation. Moreover, the Gprc6a
gene in brown fat-like lineages could be stimulated significantly by osteocalcin. Espe-
cially, overexpression of the Gprc6a gene, similar to osteocalcin stimulation, could

FIG 7 LSD1 is involved in TCF7/PRDM16-mediated transcriptional machinery. (A) TCF7 recruits PRDM16 to Ucp1 promoter DNA. Kilobase
�6.8 Ucp1 promoter DNA was cotransfected with Prdm16-HA (200 ng/well) in HEK293T (six-well) cells in the absence or presence of
TCF7-Myc (200 ng/well) for 24 h, and then chromatin immunoprecipitation was performed. (B) PRDM16 enhances TCF7 DNA binding
activity. Kilobase �6.8 Ucp1 promoter DNA was cotransfected with TCF7-Myc (200 ng/well) to HEK293T (six-well) cells in the absence or
presence of Prdm16-HA (200 ng/well) for 24 h, and then chromatin immunoprecipitation was performed. (C) PPAR� and CEBP� do not
regulate TCF7 and PRDM16-mediated Ucp1 promoter reporter. (D) LSD1 enhances TCF7 and PRDM16-mediated Ucp1 promoter reporter.
(E) Coimmunoprecipitation of Prdm16-HA with Lsd1-Flag. (F) Coimmunoprecipitation of TCF7-HA with Lsd1-Flag. (G) The model of
TCF7-mediated feedback control of osteocalcin signaling. All data are represented as means � SD. *, P � 0.05; **, P � 0.01 (Student’s t
test, n � 3).
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specifically potentiate the thermogenesis of brown adipocytes, whereas knockdown of
Gprc6a gene expression inhibited osteocalcin-mediated but not either rosiglitazone- or
CL316243-mediated Ucp1 gene activation, strongly suggesting a positive role for an
osteocalcin-GPRC6A axis in the thermogenesis of brown adipocytes.

Unexpectedly, we observed a unique activation of the Tcf7 gene encoding a key
DNA binding factor crucial for the canonical WNT/�-catenin pathway in osteocalcin-
stimulated cells. Moreover, like the Tcf7 gene, the Wnt3a gene encoding a canonical
Wnt glycoprotein was also identified as a putative target of osteocalcin signaling.
Particularly, the canonical WNT/�-catenin pathway target Axin2 could be activated by
osteocalcin, and this activation was obviously impaired by the canonical Wnt glyco-
protein antagonist DKK1, pointing toward a previously unknown cross talk between
osteocalcin signaling and the canonical WNT/�-catenin pathway. However, we also
showed that this cross talk could happen probably indirectly with osteocalcin tran-
scriptionally controlling Wnt3a and Tcf7 gene expression rather than modulating
Wnt3a-initiated signaling transduction. Nevertheless, it seems that osteocalcin does not
rely on the canonical WNT/�-catenin pathway but, rather, TCF7 proteins to control
expression of the receptor Gprc6a and activation of thermogenic genes. Actually,
knockdown of Tcf7 expression instead of antagonizing WNT/�-catenin signaling initi-
ation could inhibit osteocalcin-stimulated Gprc6a and Ucp1 expression. Overexpression
of the Tcf7 gene contributed to Gprc6a and thermogenic gene activation. More
importantly, chromatin immunoprecipitation of TCF7 exhibited the enrichment of this
factor within the upstream promoter DNA of the Gprc6a and Ucp1 genes, and TCF7
proteins could activate a Gprc6a and Ucp1 promoter-dependent reporter in vitro,
suggesting a key role for TCF7 in osteocalcin signaling.

Except for TCF7, other TCF/LEF1 family members, like Lef1, Tcf7l1, and Tcf7l2, were
not regulated by osteocalcin signaling, nor did they control the Ucp1 and Gprc6a
promoters. These results might reflect the fact that the TCF/LEF family has only partial
redundancy and sometimes even opposite effects, depending on cell or tissue speci-
ficity (49). Moreover, although TCF7 proteins are the key DNA binding factors acting in
the canonical WNT/�-catenin pathway, TCF7 can still perform in a �-catenin-
independent manner (48). Our study clearly showed that the modulation of TCF7 on
the Ucp1 and Gprc6a promoters could be independent of the WNT/�-catenin pathway.
However, as a DNA binding factor, TCF7 has no intrinsic transcriptional activity. So to
access how TCF7 is activated on Ucp1 and Gprc6a promoters, we revealed PRDM16, the
key regulator of brown adipocyte commitment and thermogenesis, to be a coactivator
of TCF7. Coimmunoprecipitation experiments validated the interaction of PRDM16 and
TCF7. Interestingly, PRDM16 may further facilitate the DNA binding activity of TCF7
after its recruitment to the target promoter by TCF7. Further studies revealed that LSD1
rather PPAR� and CEBP� may be involved in TCF7 transcriptional activity through
interaction with PRDM16 and TCF7.

In conclusion, our study reveals a possible signaling axis for osteocalcin in brown
adipocytes that seems to be unexpectedly linked with TCF7 protein, a DNA binding
factor of the canonical WNT/�-catenin pathway, therefore suggesting a feedback
loop formed by TCF7 and the osteocalcin-GPRC6A axis in regulating thermogenesis
of brown adipocytes. In addition, the osteocalcin-GPRC6A axis might be implicated
in prostate cancer cell progression (12), and abnormal expression of TCF7 is also
associated with the tumorigenesis of prostate cancer (57). Therefore, the
osteocalcin-GPRC6A-TCF7 feedback loop and also the cross talk of osteocalcin
signaling with the canonical WNT/�-catenin pathway, both of which we uncovered
in the current study, may provide new perspectives on the pathogenesis of meta-
static prostate cancer.

MATERIALS AND METHODS
Materials. Protein A/G-Plus–agarose beads were purchased from Santa Cruz (Dallas, TX); antibodies

to TCF7 (monoclonal antibody [MAb] C63D9, at a dilution of 1:1,000; catalog number 2203) and PPARG
(MAb 81B8, 1:1,000; 2443) were from Cell Signaling (Danvers, MA); UCP1 (1:1,000; ab10983) was from
Abcam (Cambridge, UK); �-catenin (1:1,000; 610154) was from BD Biosciences (San Jose, CA); G�2 (C-16,
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1:1,000; sc-380) was from Santa Cruz; HA.11 (16B12, 1:1,000; 901514) and Myc (9E10, 1:1,000; 626802)
were from BioLegend (San Diego, CA); Flag M2 (1:1,000, F3165) was from Sigma-Aldrich (St. Louis, MO);
recombinant mouse Wnt3a protein (1324-WN) and Dkk1 (5897-DK) were from R&D Systems (Minneapolis,
MN); CHIR99021 was from Stemcell Technologies (Canada). Peptide RFYGPV was synthesized by Sangon
Biotech (Shanghai, China). The oligonucleotides for gene silence and real-time PCR used in this study are
listed in Table S1 in the supplemental material.

Cell culture. HEK293T, DE-2-3, C3H10T1/2, and C2C12 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) (Life Technologies, Waltham, MA), and 1�
GlutaMAX (Life Technologies) at 37°C in 5% CO2. Rat pancreatic islet � cell line INS-1 was maintained in
RPMI 1640 medium with 10% FBS, 1 mM sodium pyruvate, 10 mM HEPES, 50 �M �-mercaptoethanol, and
1� GlutaMAX at 37°C in 5% CO2. The adipose-derived stromal cells (ADSCs) of epididymis white adipose
and scapular brown adipose were isolated from C57BL/6J mice by collagenase digestion as described
previously (58) and cultured in alpha minimal essential medium (�-MEM) with 10% FBS and 1�
GlutaMAX at 37°C in 5% CO2.

Animals. Six-week-old C57BL/6 mice were from Shanghai Laboratory Animal Center of Chinese
Academy of Sciences. All experiments were approved by the Animal Care and Use Committee of the
Fudan University Shanghai Medical College. For athletic stimulation, mice were housed individually in
cages with free access to a running wheel (59). An exercise procedure containing daily 2-h running was
applied for 4 weeks.

Viruses. Lentiviruses were constructed with pLVX-puro carrier vector (Clontech, Mountain View, CA)
for gene expression. To prepare viruses, carrier vectors were packaged with helper plasmid dR8.9 and
vesicular stomatitis virus G protein (VSV-G), and viruses were purified by ultracentrifugation. Cells were
infected with viruses at a multiplicity of infection of 10.

Gene transcription analysis. Total RNAs were isolated from mouse tissues using a magnetic bead
homogenizer in TRIzol reagent or from cultured cells by directly adding TRIzol reagent to the cells. cDNAs
were synthesized using a ProtoScript II, First Strand cDNA synthesis kit (BioLabs, Ipswich, MA). Quanti-
tative real-time PCR (qPCR) analysis was performed using Power SYBR green PCR master mix (Life
Technologies). 18S RNA levels were used as internal controls in the qPCR analysis.

Reporter assay. HEK293T cells were transiently transfected with DNA using Lipofectamine LTX from
Life Technologies according to the manufacturer’s instructions. A LacZ plasmid was added to make the
total amount of DNA equal (0.25 �g/well in a 48-well plate). Promoter DNA-driven luciferase reporters
were constructed with pGL4.20 vector (Promega, WI). In brief, kb �1.5 murine and rat Gprc6a promoter
DNA, kb �6.8 murine Ucp1 promoter DNA, kb �4.0 murine Ucp1 promoter DNA, kb �3.7 to �6.8 murine
Ucp1 promoter DNA, and kb �4.0 murine Prdm16 promoter DNA were inserted upstream of the
luciferase open reading frame. Luciferase reporter assays were performed, and the luciferase activities
presented were normalized against the levels of GFP expression as described previously (60).

Protein interaction and complex assays. Coimmunoprecipitation experiments were carried out in
HEK293T cells. Briefly, cells were transfected with constructs indicated in the figures for 24 h and then
lysed in a cell lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5 mM EDTA, protease
inhibitor cocktail [Roche, Indianapolis, IN] and phosphatase inhibitor cocktail [Roche]). After centrifuga-
tion, the supernatants were pulled down by the indicated antibodies and then analyzed by immuno-
blotting.

ChIP. For chromatin immunoprecipitation (ChIP) assays, cells were fixed with 1% paraformaldehyde
(PFA) in culture medium at 37°C for 20 min. After PFA solution was removed, cells were washed with
Dulbecco’s phosphate-buffered saline (DPBS) and lysed in SDS lysis buffer (50 mM Tris-HCl, pH 8.1, 1%
SDS, and 10 mM EDTA); then ChIP was performed using a ChIP assay kit (Millipore) according to the
manufacturer’s instructions.

Immunofluorescence assay. Cells on coverslips were washed once with DPBS and then fixed for 20
min in DPBS containing 4% paraformaldehyde at room temperature. Fixed cells were permeabilized by
0.1% Triton X-100 for 5 min and then blocked by 2% bovine serum albumin (BSA) for 30 min. Finally, cells
were stained with primary antibodies followed by fluorescein isothiocyanate (FITC)-conjugated second-
ary antibodies. Immunofluorescence images were captured using a Leica SP5 microscope.

Cell differentiation. For white adipocyte differentiation, after 2 days of confluence, WAT-ADSC or
C3H10T1/2 cells were induced with 1 �M dexamethasone (Sigma, St. Louis, MO), 0.5 mM isobutyl-1-
methylxanthine (Sigma), 5 �g/ml insulin (Sigma), and 1 �M rosiglitazone (Sigma). After 2 days, the cells
were transferred to maintenance medium containing 5 �g/ml insulin for 3 days (61). For brown
adipocyte differentiation, the preadipocyte DE-2-3 or BAT-ADSC cells were cultured with 125 ng/ml
insulin and 1 nM 3,3=,5-triido-L-thyronine (Sigma) after they reached 70% confluence. After 2 days, the
confluent cells were induced with 1 �M dexamethasone, 0.5 mM isobutyl-1-methylxanthine, 0.125 mM
indomethacin, 125 ng/ml insulin, and 1 nM 3,3,5-triido-L-thyronine for 2 days. After induction, cells were
transferred to maintenance medium containing 125 ng/ml insulin and 1 nM 3,3=,5-triido-L-thyronine for
3 days (43, 58). For adipogenesis of C2C12 cells, at confluence, cells were stimulated with 1 �M
dexamethasone, 0.5 mM isobutyl-1-methylxanthine, 0.125 mM indomethacin, 5 �g/ml insulin, 1 �M
rosiglitazone, and 1 nM 3,3=,5-triido-L-thyronine for 2 days, and then cells were cultured in medium
containing 1 �g/ml insulin, 1 �M rosiglitazone, and 1 nM 3,3=,5-triido-L-thyronine for a further 4 days. For
myogenesis of C2C12 cells, C2C12 cells at 80% of confluence were induced by 2% horse serum
(Invitrogen) and 1 mM sodium pyruvate (Invitrogen) for 4 days (28). For oil red O staining, the
differentiated cells were fixed with 4% of paraformaldehyde for 30 min and stained with a solution
containing 1.8 mg/ml of oil red O (Sigma) and 60% isopropanol for 30 min.
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Statistical analysis. We used two-tailed Student t tests to evaluate statistical significance, and a P
value of �0.05 was declared to be statistically significant. We present all values as means � standard
deviations (SD).
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