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Wnt-initiated signaling through a frizzled receptor and the low-density lipoprotein–related
receptor-5 coreceptor instructs key anabolic events during skeletal development, homeostasis, and
repair. Recent studies indicate that Wnt signaling also regulates the intermediary metabolism of
osteoblastic cells, inducing glucose consumption in osteoprogenitors and fatty acid utilization in
mature osteoblasts. In this study, we examined the role of the canonical Wnt-signaling target,
b-catenin, in the control of osteoblastmetabolism. In vitro,Wnt ligands and agonists that stimulated
b-catenin activation in osteoblasts enhanced fatty acid catabolism, whereas genetic ablation
of b-catenin dramatically reduced oleate oxidation concomitant with reduced osteoblast matu-
ration and increased glycolytic metabolism. Temporal ablation of b-catenin expression in osteo-
blasts in vivo produced the expected low-bone-mass phenotype and also led to an increase in white
adipose tissue mass, dyslipidemia, and impaired insulin sensitivity. Because the expression levels of
enzymatic mediators of fatty acid b-oxidation are reduced in the skeleton of b-catenin mutants,
these results further confirm the role of the osteoblast in lipid metabolism and indicate that the
influence of Wnt signaling on fatty acid utilization proceeds via its canonical signaling pathway.
(Endocrinology 159: 272–284, 2018)

Engagement of a frizzled receptor and the low-density
lipoprotein–related receptor (Lrp) 5 or Lrp6 core-

ceptor by a Wnt ligand regulates the stability and nu-
clear translocation of b-catenin (1).Within the osteoblast
lineage, signals that enhance the nuclear abundance of
b-catenin are essential for normal bone mass accrual
(2–5) and exert differentiation stage-specific effects on
osteoblast function. During early bone development,
b-catenin is required for the initial fate specification of
osteoblasts as they differentiate from bipotential, osteo-
chondroprogenitors (6–8). In committed osteoblasts,
b-catenin regulates cellular proliferation (9, 10), facili-
tates the attainment of a mature phenotype (11–13), and
regulates the expression of osteoprotegerin, a decoy re-
ceptor that opposes Rank ligand–stimulated osteoclast
differentiation (11, 13, 14).

Recent studies indicate that Wnt signaling in the os-
teoblast is also instructive in the regulation of cellular

metabolism. However, the specific role of b-catenin in
this process remains unclear. In in vitro studies, Esen and
colleagues (15) demonstrated that Wnt3a stimulates
glucose consumption and glycolysis in osteoblastic cell
lines, including ST2 cells that bear similarity to marrow
stromal cells (16). Subsequent gene knockdown experi-
ments revealed that this effect did not involve b-catenin
but instead proceeded via the activation of Rac1, which in
turn stimulatedmammalian target of rapamycin (mTOR)
complex 2-Akt signaling and posttranscriptional regu-
lation of glycolytic enzyme expression. Similarly, Wnts
have been reported to stimulate glutamine catabolism by
activating mTOR signaling (17).

In our prior work (18), we demonstrated that Wnt
signaling through the Lrp5 coreceptor enhances fatty acid
oxidation by mature osteoblasts and that genetic over-
expression of b-catenin in cultured osteoblasts increased
oxidation potential. Mice lacking Lrp5, but not those
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lacking the closely related Lrp6, specifically in osteoblasts
and osteocytes, accumulate adipose tissue with reduced
whole-body energy expenditure and increased levels of
circulating lipids. Likewise, the specific ablation of the
gene encoding Cpt2, an obligate enzyme in fatty acid
catabolism, in osteoblasts impaired bone mass accrual
and produced a dyslipidemia (19).

In these studies, we explored the effect ofb-catenin loss
of function on osteoblast metabolism. We report that
Wnt ligands that stimulate b-catenin transcriptional
activity in osteoblasts also stimulate fatty acid oxida-
tion and that b-catenin is required for normal fatty acid
metabolism in osteoblasts. Moreover, temporal abla-
tion of b-catenin expression in mature osteoblasts in
vivo results in an increase in adiposity with impair-
ments in fatty acid and glucose metabolism as well as
the expected loss of bone mass. Together, these data
suggest that Wnt signaling directs fatty acid metab-
olism via a canonical mechanism involving the acti-
vation of b-catenin.

Methods

Animal models
The Institutional Animal Care and Use Committee of the

Johns Hopkins University approved all procedures involving
mice. Mice containing loxP sites in intron 1 and 6 of theCtnnb1
gene (20) were obtained from Jackson Laboratories (stock no.
004152) and crossed with Oc-CreERT2 mice (21) in which the
expression of Cre-ERT2 is directed by the human osteocalcin
promoter. Oc-CreERT2 mice were also crossed with ROSAmT/mG

mice (Jackson Laboratories; stock no. 007676) to evaluate
temporal control of gene recombination. Polymerase chain re-
action (PCR) analysis of tail biopsy specimens was used to
confirm genotypes and all mice were maintained on a C57BL/6
background. To induce gene recombination of floxed Ctnnb1
alleles or the ROSA locus, CreERT2-positive mice and their
CreERT2-negative littermates were administered tamoxifen
(TM), 150 ng/g bodyweight, by intraperitoneal (IP) injection on
5 consecutive days. Oc-CreERT2; ROSAmT/mG mice were eval-
uated 3 days after the last TM injection, and Oc-CreERT2;
Ctnnb1flox/flox mice were evaluated 8 weeks after the last TM
injection.

Culture of primary osteoblasts
Primary mouse osteoblasts were isolated from the calvaria

of 1- to 3-day-old neonates by serial digestion in 1.8 mg of
collagenase/mL. For in vitro deletion of b-catenin, cultures of
osteoblasts isolated from Oc-CreERT2; Ctnnb1flox/flox mice
were treated with 1 mM TM for 2 days. Osteoblast differen-
tiation was induced by supplementing a-minimal essential
medium containing 10% serum with 10 mM b-glycerol
phosphate and 50 mg ascorbic acid/ml. Differentiation was
confirmed by alkaline phosphatase and Alizarin red S staining
according to standard techniques. Wnt ligands (100 ng/mL;
R&D Systems) and pharmacological agonists of Wnt signaling
(10 mM; EMD Millipore) signaling were added 6 or 18 hours
before analysis.

Gene expression studies
Total RNA was extracted from osteoblast cultures or mouse

tissues using TRIzol (Life Technologies). For skeletal tissue, the
femur was cleaned of soft tissue, the growth plate was removed,
and themarrowcavitywas flushedwithphosphate-buffered saline.
Reverse transcription reactions were carried out by using 1 mg
of RNA and the iScript cDNA synthesis system (Bio-Rad). Real-
time quantitative PCR (qPCR) was carried out by using iQ Sybr
green Supermix (Bio-Rad) with primer sequences obtained from
PrimerBank (Massachusetts General Hospital). Reactions were
normalized to endogenous b-actin reference transcripts. Cellular
proteinwas collected in TritonX-100 lysis buffer and prepared
for immunoblotting according to standard technique. Anti-
bodies specific for active b-catenin [unphosphorylated on
Ser33/Ser37/Thr41; catalog no. 8814; Research Resource
Identifier (RRID): AB_11127203], b-catenin (catalog no.
8480; RRID: AB_11127855), phosphorylated-Akt (Ser473;
catalog no. 9271; RRID: AB_329825), and Akt (catalog no.
9272; RRID: AB_329827) for immunoblotting were obtained
from Cell Signaling Technology.

In vitro metabolic studies
Fatty acid and glucose oxidation weremeasured in flasks with

stoppers equipped with center wells, as previously described (22).
Cultures were differentiated for 7 days before analysis and then
incubated at 37°C inmedia containing 0.5mML-carnitine, 0.2%
bovine serum albumin, and either 14C-oleate (PerkinElmer) or
14C-glucose. 14CO2 was captured and counted by the addition of
1N perchloric acid to the reactionmixture and 1MNaOH to the
center well containing Whatman filter paper. The acidified re-
actionmixturewas incubated overnight at 4°C and centrifuged at
4000 rpm for 30minutes before aliquots of the supernatant were
counted for 14C-labeled acid soluble metabolites. Glucose uptake
was assessed by using 2-deoxy-D-[3H]-glucose, as previously
described (23). Lactate levels were assessed by using a Lactate
assay kit (Sigma-Aldrich). Cellular adenosine triphosphate (ATP)
levels were quantified via a bioluminescent assay (ATP bio-
luminescent assay HSII; Roche).

Skeletal phenotyping
High-resolution images of the mouse femur and L5 vertebra

were acquired by using a desktop microtomographic imaging
system (Skyscan 1172; Bruker) in accordance with the rec-
ommendations of the American Society for Bone and Mineral
Research (24). Bones were scanned at 50 keV and 200 mA
using a 0.5-mm aluminum filter with an isotropic voxel size of
10 mm. In the femur, trabecular bone parameters were assessed
in the 500 mm proximal to the growth plate and extending for
2 mm (200 computed tomographic slices). In the spine, tra-
becular bone parameters were assessed between the cranial and
caudal growth plates. The resulting two-dimensional cross-
sectional images are shown in grayscale. Static and dynamic
bone formation was assessed by injection of two sequential
0.25-mL doses of calcein (0.8 mg/mL) delivered 3 and 8 days
before euthanasia. The spine was fixed in ethanol, dehydrated,
and embedded in methylmethacrylate. Three-micron sections
were cut with a microtome and stained with Mason-Goldner
trichrome stain. The numbers of osteoblasts and osteoclasts per
bone perimeter were measured at standardized sites in the L5
vertebrae at a magnification of 3200 using a semiautomatic
method (Osteoplan II; Kontron). These parameters comply with
the guidelines of the nomenclature committee of the American
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Society for Bone andMineral Research (25, 26). For histological
examination of bone marrow adiposity, femurs were de-
calcified in 10% EDTA before being sectioned and stained
with hematoxylin and eosin according to standard tech-
niques. Serum analysis of collage deposition and degradation
products procollagen type 1 amino-terminal propeptide (P1NP)
and C-terminal telopeptide of type 1 collagen (CTX) was com-
pleted by using enzyme-linked immunosorbent assays from
Immunodiagnostic Systems.

Metabolic studies and bioassays
Glucose levels were measured by using a OneTouch Ultra

(LifeScan) hand-held glucose monitor. For glucose tolerance
testing, glucose (1 g/kg body weight) was injected via the IP
route after an overnight fast. For insulin tolerance testing, mice
were fasted for 4 hours and then injected via the IP route with
insulin (0.2 U/kg body weight). Plasma triglycerides (Sigma-
Aldrich), b-hydroxybutyrate (Sigma-Aldrich), cholesterol (Bio-
Assay Systems), free fatty acids (Sigma-Aldrich), and glycerol
(Sigma-Aldrich) were measured colorimetrically in plasma col-
lected from random fedmice collected 3 hours after the initiation of
the light cycle. Plasma insulin (Alpco) and under-carboxylated
osteocalcin (Takara) were assessed by enzyme-linked immuno-
sorbent assay. Insulin signaling in white adipose tissue and liver
was assessed by injection of insulin (0.5 U/kg) into the portal vein
before tissue excision and snap freezing for immunoblot analysis
(27, 28). Pancreata were fixed and stained with an anti-insulin
antibody (DAKO; catalog no. A056401; RRID: AB_2617169),
and islet morphometry was assessed as previously described (29).
Sections of gonadalwhite adipose tissue and liverwere stainedwith
hematoxylin and eosin.

Statistics
All results are presented as mean 6 standard error of the

mean. Statistical analyses were performed by using unpaired,
two-tailed Student’s t or analysis of variance tests followed by
post hoc tests. A P value ,0.05 was considered to indicate a
statistically significant difference. In all figures, the asterisk
indicates P # 0.05.

Results

Canonical Wnt ligands enhance fatty acid oxidation
by osteoblasts in vitro

Recent studies have detailed the expression patterns of
Wnt ligands within developing and mature bone (9, 30,
31). As a first step in characterizing the mechanism by
whichWnt signaling regulates fatty acid catabolism in the
osteoblast, we examined the ability of Wnt ligands that
are highly expressed in bone to increase the oxidation of
fatty acids in vitro. Wnt2b, Wnt3a, Wnt10b, and Wnt16
stimulation of cultured osteoblasts for 18 hours induced
canonical Wnt/b-catenin signaling, as indexed by in-
creases in active, unphosphorylatedb-catenin, total cellular
b-catenin levels (Fig. 1A) and the expression levels of the
b-catenin target geneAxin2 (Fig. 1B) (32, 33). In turn, these
ligands induced a 15% to 25% increase in the oxidation
of 14C-labeled oleate to 14CO2 (Fig. 1C) and significantly

increased the messenger RNA (mRNA) levels of enzymatic
mediators of fatty acid utilization (Fig. 1D). By contrast,
oleate oxidation was unaffected by noncanonical ligands
Wnt4,Wnt5a,Wnt5b, andWnt11,which also hadno effect
on active or total b-catenin protein levels or the expression
of Axin2. Indeed, the expression levels of Acadl, one of the
enzymes that catalyzes the initial step in mitochondrial
b-oxidation of straight-chain fatty acids, was significantly
downregulated by Wnt4, Wnt5a, and Wnt5b treatment.

To confirm these studies, we also treated cultured
osteoblasts with pharmacological agonists of Wnt/
b-catenin signaling (Fig. 1E–1G). 2-Amino-4-(3,4-
(methylenedioxy)benzylamino)-6-(3-methoxyphenyl)
pyrimidine (also referred to as Wnt agonist) (34), and
SKL2001, which antagonizes the interaction of Axin and
b-catenin (35), increased the expression of Axin2, enhanced
oleate oxidation, and mirrored the effects of canonical Wnt
ligand stimulation on the mRNA levels of Acadl, Acads,
Acadvl, and Cpt1b. These results suggest that the effects of
Wnt signaling on fatty acid catabolism proceed via the
stabilization and activation of b-catenin.

b-Catenin loss of function impairs osteoblast
differentiation and fatty acid oxidation in vitro

b-Catenin is required for the initial fate specification
of osteoblastic cells, and its genetic ablation in osteo-
progenitors and osteoblasts results in the accumulation of
chondrocytes and early lethality in mice (4, 6, 7, 11). To
circumvent these phenotypes and directly examine the
role of b-catenin in osteoblast metabolism in vitro and in
vivo, we crossed Ctnnb1flox/flox mice (20) with Oc-CreERT2

mice (21) to generate mice and osteoblast cultures in
which recombination of Ctnnb1 could be temporally
controlled.

The addition of TM to cultures of calvarial osteoblasts
isolated from Ctnnb1flox/flox (control) and Oc-CreERT2;
Ctnnb1flox/flox (DCtnnb1)mice fromdays 5 to7of induction
in osteogenic medium produced significant reductions in
b-catenin mRNA levels and those of the Wnt-target genes
Axin2 and Nkd2 in CreERT2-positive osteoblasts (Fig. 2A).
As expected, loss of b-catenin function was also associated
with a marked impairment in osteoblast differentiation;
both the expression of genes encoding runx2, osterix,
osteocalcin, type I collagen, and osteoprotegerin and the
mineralization of the extracellular matrix were significantly
reduced (Fig. 2B and 2C).

To determine whether b-catenin regulates osteo-
blast metabolism, we examined the ability of control and
DCtnnb1 cultures to oxidize 14C-labeled substrates.
Consistent with the notion that activation of b-catenin
signaling favors fatty acid oxidation, the oxidation of
oleate to CO2 and acid soluble metabolites, products of
incomplete oxidation, was reduced by 43% and 60%,
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respectively, in DCtnnb1 osteoblasts relative to controls
(Fig. 2D and 2E). Likewise, the mRNA levels of genes
involved in mitochondrial fatty acid b-oxidation were
significantly downregulated by b-catenin loss of function
(Fig. 2F). The reduced capacity ofDCtnnb1 osteoblasts to
oxidize fatty acid did not result in a compensatory in-
crease in the oxidation of glucose (Fig. 2G). Instead,
mutant osteoblasts exhibited a shift to glycolytic metab-
olism. Glucose uptake was increase by 37% (Fig. 2H)

whereas lactate levels were increased by 88% (Fig. 2I) in
DCtnnb1 osteoblasts relative to controls. Additionally, a
subset of genes involved in glycolysis were upregulated in
osteoblasts lacking b-catenin (Fig. 2J). However, the shift
in substrate selection in DCtnnb1 osteoblasts was unable
to maintain cellular ATP at levels similar to those in
control osteoblasts (Fig. 2K), suggesting that the loss of
b-catenin function and ensuing decrease in fatty acid
oxidation result in an energy deficit.

Figure 1. Canonical Wnts and Wnt agonists increase fatty acid oxidation in osteoblasts. (A) Immunoblot analysis of active b-catenin (unphosphorylated
on Ser33/Ser37/Thr 41) and total b-catenin levels 18 hours after Wnt ligand (100 ng/mL) stimulation. (B) qPCR of Axin2 mRNA levels in primary
osteoblasts stimulated with Wnt ligands for 18 hours. (C) Relative oxidation of 14C-Oleate to 14CO2 by osteoblasts treated with Wnt ligands for
18 hours. Results were normalized to protein concentration and then expressed relative to the untreated control. (D) qPCR analysis of Acadl,
Acads, Acadvl, and Cpt1b mRNA levels in osteoblasts treated with Wnt ligands. (E) Axin2 mRNA levels in primary osteoblasts treated with Wnt
agonist [2-amino-4-(3,4-(methylenedioxy)benzylamino)-6-(3-methoxyphenyl)pyrimidine, 10 mM] or SKL2001 (10 mM) for 18 hours. (F) Relative
oxidation of 14C-Oleate to 14CO2 by osteoblasts treated with Wnt agonist or SKL2001. (G) qPCR analysis of genes involved in fatty acid
catabolism in osteoblasts treated with Wnt agonist or SKL2001. All in vitro data were replicated in two independent studies. Data are expressed
as mean 6 standard error of the mean. *P , 0.05.
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Temporal ablation of b-catenin expression in the
mature osteoblast leads to high bone turnover

We next sought to examine the effect of b-catenin loss
of function on skeletal homeostasis and whole-body
metabolism in vivo. However, to ensure that the level
of gene deletion was sufficient and that recombination
was limited to the osteoblast lineage, we first exam-
ined recombination in Oc-CreERT2; ROSAmT/mG mice,
wherein gene recombination leads to a shift from red

fluorescent protein expression to green fluorescent pro-
tein (GFP) expression. Eight-week-old male mice were
administered TM (150 ng/g body weight) or vehicle
(sunflower seed oil) on 5 consecutive days, and tissue
sampleswere collected at 9weeks of age (Fig. 3A).NoGFP
expression was detected in the femurs of vehicle-treated
mice (Fig. 3B and 3E) or CreERT2-negative, ROSAmT/mG

mice treated with TM (Fig. 3D). Gene recombination was
detected in most presumptive osteoblasts lining bone

Figure 2. Fatty acid oxidation is reduced in osteoblasts lacking b-catenin. (A) qPCR analysis of Ctnnb1, Axin2, and Nkd2 mRNA levels in primary
osteoblasts isolated from Ctnnb1flox/flox (Control) and Oc-CreERT2; Ctnnb1flox/flox (DCtnnb1) mice treated with 1 mM tamoxifen on days 5 to 7
and then cultured in osteogenic medium for an additional 2 days. (B) qPCR analysis of markers of osteoblastic cells in control and DCtnnb1
osteoblasts. (C) Alkaline phosphatase (AP) and Alizarin red S (ARS) staining of cultures of control and DCtnnb1 osteoblasts cultured for an
additional 7 days after TM administration as in (A). (D and E) Relative oxidation of 14C-Oleate to (D) 14CO2 and (E) acid-soluble metabolites (ASM)
by control and DCtnnb1 osteoblasts. (F) qPCR analysis of genes involved in fatty acid catabolism by control and DCtnnb1 osteoblasts. (G) Relative
oxidation of 14C-glucose to 14CO2. Results were normalized to protein concentration and then expressed relative to the control osteoblast
cultures. (H) Relative uptake of 2-deoxy-D-[3H]-glucose. (I) Cellular lactate levels in control and DCtnnb1 osteoblasts cultured in osteogenic media
for 7 days. (J) qPCR analysis of genes involved in glucose catabolism in control and DCtnnb1 osteoblast cultures. (K) Cellular ATP levels in control
and DCtnnb1 osteoblasts. Results were normalized to protein concentration and then expressed relative to the control osteoblast cultures. All
in vitro data were replicated in two independent studies. Data are expressed as mean 6 standard error of the mean. *P , 0.05.
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Figure 3. Temporal ablation of b-catenin expression reduces bone volume. (A) Schematic representation of experimental design. Eight-week-old
mice were treated with TM (150 ng/g body weight) or sunflower seed oil (SSO) on 5 consecutive days and then euthanized at 9 weeks of age or
at 17 weeks of age. (B and C) Immunofluorescent analysis of gene recombination in Oc-CreERT2; ROSAmT/mG treated with (B) SSO or (C) TM at
9 weeks of age (Original magnification 34). (D–F) Immunofluorescent analysis of gene recombination in the trabecular bone compartment of
ROSAmT/mG mice treated with (D) TM, Oc-CreERT2; ROSAmT/mG mice treated with (E) SSO, and Oc-CreERT2; (F) ROSAmT/mG mice treated with TM.
(G–I) Immunofluorescent analysis of gene recombination in the (G) liver, (H) gonadal fat pad, and (I) skeletal muscle of Oc-CreERT2; ROSAmT/mG

mice treated with TM. (J) Allele-specific PCR analysis of Ctnnb1 gene recombination in tissue isolated from Oc-CreERT2; Ctnnb1flox/flox mice
(DCtnnb1) at 17 weeks of age (8 weeks after TM injection). (K) qPCR analysis of Ctnnb1 mRNA levels in the femur of control and DCtnnb1 mice.
(L) Femur length and (M) growth plate length in control and DCtnnb1 mice at 17 weeks of age. (N) Representative computer renderings of
trabecular bone structure in the distal femur (top) and L5 vertebrae (bottom) in control and DCtnnb1 mice. (O) Quantification of trabecular bone
volume per tissue volume (BV/TV) in the distal femur and L5 vertebrae. (P) Quantification of trabecular bone number (Tb. N). (Q) Quantification of
static and dynamic indices of bone turnover in 17-week-old control and DCtnnb1 mice. (R) qPCR analysis of phenotypic markers of osteoblastic
cells in the femur of control and DCtnnb1 mice. (S and T) Serum levels of (S) P1NP and (T) CTX in control and DCtnnb1 mice. Data are expressed
as mean 6 standard error of the mean; n = 5 to 8 mice per group. *P , 0.05. BFR, bone formation rate; BPm, bone perimeter; BS, bone
surface; MAR, mineral apposition rate; MS, mineralizing surface; NOb; osteoblast number; NOc, osteoclast number; OS, osteoid surface.
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surfaces in both the primary and secondary ossification
centers, but not in the growth plate, of TM-treated Oc-
CreERT2; ROSAmT/mG mice (Fig. 3C). Indeed, closer
examination revealed that approximately 50% of the
cuboidal osteoblasts lining trabecular bone surfaces were
GFP positive (Fig. 3F). Importantly, no GFP expression
was detected in extraskeletal tissues, including the liver,
gonadal fat pad, and skeletal muscle, of these mice
(Fig. 3G–3I), indicating that Oc-CreERT2 is specific for
osteoblastic cells.

We used the same TM treatment strategy to disrupt
the expression of Ctnnb1 in osteoblasts in Oc-CreERT2;
Ctnnb1flox/flox (hereafter referred to as DCtnnb1) and
maintained mice, as well as TM-treated Ctnnb1flox/flox

(hereafter referred to as control) littermates for an addi-
tional 8weeks.As in theROSAmT/mG cross, TM-stimulated
recombination was limited to skeletal tissue (Fig. 3J),
and qPCR analyses of mRNA isolated from the femur
revealed a nearly 40% reduction in the expression of
b-catenin 8 weeks after TM treatment.

Postnatal disruption of b-catenin expression had no
effect on longitudinal bone growth (Fig. 3L and 3M), but
high-resolution micro–computed tomographic analysis
demonstrated that the mutant mice developed the ex-
pected osteopenic phenotype (Fig. 3N). Trabecular bone
volume per tissue volume was significantly reduced in the
distal femur and to a greater extent in the L5 vertebrae of
the mutant mice (Fig. 3O) and was secondary to re-
ductions in trabecular bone number (Fig. 3P). Static and
dynamic histomorphometric analyses performed on the
L5 vertebrae suggested that low bone volume was due
to the development of a state of high bone turnover
(Fig. 3Q). Osteoblast numbers per bone perimeter were
dramatically increased in DCtnnb1 mice relative to
controls, but, consistent with our in vitro findings, these
cells were functionally impaired as the osteoid surface per
bone surface was more than 3.5-fold higher in mutants.
Additionally, and in support of this interpretation, the
mineral apposition rate and the mineralizing surface in
DCtnnb1 mice were similar to those in control mice,
despite the increase in the numbers of osteoblasts. The
mRNA levels of osteoblastic markers were reduced in the
femurs of the mutant mice (Fig. 3R), partially mirroring
the effect of b-catenin disruption in vitro. In line with
previous studies showing that b-catenin signaling in
osteoblasts regulates osteoclast development (14), oste-
oclast numbers per bone perimeter were also markedly
increased in DCtnnb1 mice. The development of a state
of high bone turnover was further confirmed by serum
analyses of the collagen deposition and degradation
products P1NP and CTX, which were significantly in-
creased in the mutant mice relative to controls (Fig. 3S
and 3T). Therefore, temporal disruption of b-catenin in

the mature osteoblast results in bone loss due to accelerated
bone resorption and impaired osteoblastic bone formation.

b-Catenin mutants accumulate white adipose tissue
In accordance with the impaired capacity of cultured

DCtnnb1 osteoblasts to oxidize fatty acids (Fig. 2D and
2E), qPCR analysis of samples isolated from the femurs
of DCtnnb1 mice disclosed severe reductions in the ex-
pression of genes involved in fatty acid catabolism rel-
ative to control mice (Fig. 4A). We questioned whether
these alterations in gene expression might in turn be
associated with a change in body composition. In the
8weeks following TMadministration, the bodyweight of
DCtnnb1 mice was similar to that of control littermates
(Fig. 4B). However, at necropsy, the weights of major
white adipose tissue depots were increased in the mutant
mice relative to controls (Fig. 4C), whereas the weights of
other major organs were unaffected (Fig. 4D).

Histological examination of tissues from DCtnnb1
mice indicated that the accumulation of white adipose
tissue was due to adipocyte hypertrophy and accompa-
nied by ectopic lipid deposition (Fig. 4E). Adipocyte size
was significantly increased in the gonadal fat pad of
mutants relative to controls (Fig. 4E and 4F) and qPCR
analysis of gene expression in this tissue revealed a sig-
nificant increase in the mRNA levels of genes associated
with de novo fatty acid synthesis and triglyceride storage
(Fig. 4G). The liver of DCtnnb1 mice exhibited a modest
but consistent increase in the vacuolization of hepato-
cytes that is associated with lipid deposition (Fig. 4E).
Indeed, liver triglycerides were significantly increased in
DCtnnb1 mice relative to controls (Fig. 4H), despite re-
duced expression of key genes involved in lipid synthesis
(i.e., Acaca and Fasn) (Fig. 4I) and normal expression of
catabolic genes (Fig. 4J). The abundance of marrow
adipocytes was not affected by the loss of b-catenin
function in mature osteoblasts and osteocytes (Fig. 4E
and 4K).

b-Catenin mutants accumulate white adipose tissue
and have impaired lipid and glucose metabolism

On the basis of our experience with mice lacking the
Lrp5 coreceptor in osteoblasts (18), we suspected that the
increased adiposity in DCtnnb1 mice might be accom-
panied by alterations in the serum lipid profile. Serum
triglyceride, cholesterol, and ketone levels were similar in
control and DCtnnb1 mice (Fig. 5A–5C), but free fatty
acid levels were elevated in the mutant mice (Fig. 5D).
This is unlikely to be due to an increase in lipolysis be-
cause serum glycerol levels were similar to those in
controls (Fig. 5E) and adipose tissue maintained a gene
expression profile compatible with increased lipid de-
position (Fig. 4G). Rather, the increase in serum fatty
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acids in mutant mice is likely due to a reduction in fatty
acid catabolism by b-catenin–deficient osteoblasts be-
cause mice lacking carnitine palmitoyltransferase-2 in
osteoblasts exhibit a similar serum lipid profile (19).

DCtnnb1 mice maintained normal random fed and
fasting blood glucose levels (Fig. 5F), but serum insulin
levels were increased in the mutants (Fig. 5G), suggesting
the development of a mild insulin resistance. In accor-
dance with this idea, the response of DCtnnb1 mice in
glucose tolerance and insulin tolerance testing was im-
paired relative to littermate controls (Fig. 5H–5J), and
pancreatic b-cell islets were hypertrophied (Fig. 5K and
5L). Moreover, the ability of insulin to stimulate AKT
phosphorylation in gonadal adipose and the liver was
reduced (Fig. 5M and 5N) and insulin responsive gene
expression was altered in these tissues (Fig. 5O and 5P).
In particular, the increased expression of glucose-6-
phosphatase and phosphoenolpyruvate carboxykinase

1 in the liver (Fig. 5O) suggests an increase in gluco-
neogenesis in DCtnnb1 mice relative to controls. Because
serum levels of undercarboxylated osteocalcin were ele-
vated in DCtnnb1 mice (Fig. 5Q), presumably as a result
of increased bone turnover, the most likely explanation
for the impaired insulin sensitivity in the mutants is the
increased uptake and deposition of lipid in liver and
adipose (Fig. 4H). Thus, in addition to the development
of osteopenia, the loss of b-catenin function in the mature
osteoblast alters body composition as well as lipid and
glucose homeostasis and thereby mirrors the effect of
Lrp5 loss of function in osteoblasts on whole body
metabolism (18).

Discussion

In this study, we used a series of in vitro and in vivo
approaches to examine the role of b-catenin in osteoblast

Figure 4. Fat mass is increased in DCtnnb1 mice. (A) qPCR analysis of genes involved in fatty acid catabolism in the femur of control and
DCtnnb1 mice. (B) Body weight of control and DCtnnb1 mice. (C and D) Weights of (C) major fat pads and (D) organs in 17-week-old control
and DCtnnb1 mice. (E) Representative hematoxylin and eosin–stained sections of gonadal white adipose tissue (gWAT), liver, and marrow of
control and DCtnnb1 mice (original magnification 310). (F) Quantification of adipocyte size in gWAT. (G) qPCR analysis of genes in fatty acid
anabolism and storage in gWAT. (H) Quantification of triglycerides in liver biopsy specimens isolated from control and DCtnnb1 mice. (I and J)
qPCR analysis of genes involved in (I) fatty acid anabolism and (J) catabolism in the liver of control and DCtnnb1 mice. (K) Quantification of
adipocyte numbers in the trabecular bone compartment of the femur. Data are expressed as mean 6 standard error of the mean; n = 5 to 9
mice per group. *P , 0.05. BAT, brown adipose tissue.
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metabolism. Because b-catenin and Wnt signaling are
essential to osteoblast maturation and function and con-
stitutive ablation in the osteoblast lineage leads to early
lethality (7, 11, 36), we produced a mouse model in which
the expression of the transcription factor could be abolished
postnatally in vivo and temporally controlled in vitro via the
administration of TM. Our studies indicate that in addition
to regulating osteoblast differentiation b-catenin is required
for normal long-chain fatty acid oxidation by the osteoblast
and that disrupting the expression of b-catenin in the
mature osteoblast in vivo is sufficient to disturb lipid ho-
meostasis and increase fat deposition.

Components of the Wnt signaling pathway have well-
established roles in cellular and whole-body metabolism.
As an example, polymorphisms in LRP5 in humans are
associated with obesity (37), hypertension (38), and
hypercholesterolemia (39). Additionally, Tcf4 regulates
metabolic activity in the liver (40), and polymorphisms in
the human gene are associated with increased risk for
developing type 2 diabetes (41, 42). In our previous work,
the development of an increase in fat mass and dyslipi-
demia in mice lacking Lrp5 in the osteoblast led us to
explore the connection between Wnt signaling in the
skeleton and the coordination of whole-body metabolism

Figure 5. Fatty acid and glucose metabolism is impaired in DCtnnb1 mice. (A–E) Serum analysis of (A) triglycerides, (B) cholesterol, (C)
b-hydroxybutyrate, (D) free fatty acids, and (E) glycerol in random-fed control and DCtnnb1 mice. (F) Blood glucose levels in random-fed and
overnight-fasted control and DCtnnb1 mice. (G) Serum insulin levels in random-fed mice. (H) Glucose tolerance testing (GTT). (I) Insulin tolerance
testing (ITT). (J) Area under the curve (AUC) analysis for GTT and ITT studies. (K) Representative histological images of b-cell islets immunostained
for insulin (original magnification 310). (L) Quantification of islet area. (M) Representative immunoblots of phospho-AKT (Ser473) and total AKT
in gWAT and the liver of control and DCtnnb1 mice at baseline (NT) and after insulin administration. (N) Quantification of the fold increase in
AKT phosphorylation in liver and gonadal white adipose tissue (gWAT). (O and P) qPCR analysis of insulin-responsive genes in the (O) liver and (P)
gWAT of control and DCtnnb1 mice. (Q) Serum undercarboxylated (Glu) osteocalcin. Data are expressed as mean 6 standard error of the mean;
n = 5 to 10 mice per group. *P , 0.05.
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(18). We reported that Wnt signals emanating from Lrp5
regulate the expression of key enzymes necessary to ca-
tabolize fatty acids and that pharmacological or genetic
inhibition of fatty acid oxidation in the osteoblast impairs
osteoblast differentiation (18, 19).

The metabolic phenotypes of osteoblast-specific Lrp5
mutants (18) and b-catenin mutants presented here bear
many similarities. Both mutants exhibited an increase in
adipose tissue mass, elevated free fatty acid levels, and
reduced expression of catabolic genes, which suggests
that Wnt signaling regulated lipid metabolism in the
osteoblast via a canonical mechanism. This idea is sup-
ported by our in vitro findings that revealed a reduced
ability of b-catenin deficient osteoblasts to oxidize oleate,
a specific effect of Wnt ligands that increase b-catenin
activity on fatty acid oxidation, and our previous finding
that Ctnnb1 overexpression increases oleate catabolism
(18). Moreover, the fact that noncanonical Wnt ligands,
such asWnt4,Wnt5a, andWnt5b, led to a decrease in the
expressionof some components (i.e.,Acadl) of the oxidative
machinery supports this notion because noncanonical
signaling has an antagonistic effect on canonical signaling
(43, 44).

Aswith the osteoblast-specific Lrp5mutants, we suspect
that the increase in adipose tissuemass inb-cateninmutants
is due to a redistribution of energy resources. Circulating
free fatty acid levels were increased in b-catenin mutants,
but this is unlikely to be due to an increase in lipolysis in
adipocytes because the expression of genes involved in
triglyceride synthesis and storage were increased in this
tissue. Rather, our interpretation of the metabolic pheno-
type in thesemice is that reduced utilization of fatty acids by
the osteoblast results in a surplus of this fuel source that
must be stored in other tissues. Consistentwith this idea, the
livers of b-catenin mutants accumulate more lipid than
those of control littermates, even though markers of tri-
glyceride synthesis are repressed and genes involved in
catabolism are normal. Additionally, disrupting the ex-
pression of Cpt2, an obligate enzyme in mitochondrial
long-chain fatty acid catabolism, in the osteoblast also
increased serum free fatty acids levels (19). The fact that
Cpt2 mutants do not also exhibit an increase in fat mass,
like b-catenin and Lrp5 mutants, is due to the dramatic
increase in glucose utilization in Cpt2-deficient osteoblasts
that leads to a reduction in glucose storage in adipose and is
able to maintain nearly normal bone volume in male
mutants. Although not examined in the b-catenin mutants,
high-fat diet feeding does result in amore substantial gain in
adipose tissue mass in Cpt2 mutants than controls.

The development of metabolic defects in b-catenin
mutants that were not evident in Lrp5 mutants, including
mild steatosis, hyperinsulinemia, and reductions in glu-
cose tolerance and insulin sensitivity, was surprising. We

strongly suspect that amore severe phenotype develops in
the b-catenin mutants because all effects of canonical
Wnt signaling are abolished with the deletion of the
pathway’s target transcription factor. By comparison,
Wnt signaling through the Lrp6 coreceptor will allow
for some level of signaling to b-catenin to be maintained
in mice in which the osteoblast is deficient for Lrp5.
However, we cannot completely rule out the possibility
that these disturbances are the result of defects in the
second cellular pool of b-catenin that is associated with
adherens junctions. It is clear that the impairments in
glucose metabolism are not due to alterations in the
circulating levels of hormonal osteocalcin (45), as un-
carboxylated osteocalcin levels were actually increased in
the mutant mice.

Intriguingly, the regulation of fatty acid oxidation by a
canonical Wnt signaling mechanism involving b-catenin
differs from themechanism proposed for the utilization of
glucose and glutamine after Wnt stimulation. Esen et al.
(15) and Karner et al. (17) both clearly demonstrated that
the utilization of these substrates in response to Wnt
proceeds via the activation of mTOR signaling. This
distinction could be related to changes in the preferred
metabolic substrate during different stages of osteoblast
maturation. Alternatively, it is possible that Wnts si-
multaneously regulate glucose and fatty acid utilization.
The anabolic stimulus could produce an initial burst of
glucose utilization via protein phosphorylation events,
whereas the levels of b-catenin accumulate and then en-
hance the expression of genes involved in fatty acid
metabolism. The observation that Wnt3a induces a rapid
increase in glucose uptake and glycolysis (15) while also
increasing fatty acid oxidation is compatible with this idea.

Yao and colleagues (46) also recently reported a
metabolic phenotype in b-catenin mutants in which the
transcription factor was targeted for postnatal recom-
bination in osteo-progenitors via the expression of the
Osx-Cre transgene (47). As in our model, the mutants
developed reductions in glucose tolerance and insulin
sensitivity and displayed a decrease in themRNA levels of
Cpt1b, Acadl, Acads, Acadvl, and Hadha in osteoblasts.
Surprisingly, however, Yao and colleagues’ (46) mutants
exhibited a reduction in fat mass, opposite of what we
reported here, and an increase in energy expenditure. It is
possible that this phenotype is related to the fact thatOsx-
Cre mice exhibit a baseline phenotype that includes a
reduction in body weight relative to Cre- littermates (48,
49) or the more recent observation that the Osx-Cre
transgene induces recombination in tissues outside of
the skeleton like the gastric and intestinal epithelium (50).

The reduction in bone volume evident in the mutant
mice was expected, given the aforementioned role of
b-catenin in osteoblast maturation as well as its ability
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to regulate the expression of osteoprotegerin. Serum
analyses of collagen breakdown products and histo-
morphometric studies suggest that the loss of bone was
due to a state of high bone turnover as the levels of P1NP
and CTX were both increased in the serum and the
numbers of both osteoblasts and osteoclasts were in-
creased on bone surfaces. The ability of mutant osteo-
blasts to form a mineralized bone matrix appears to be
impaired because dynamic indices of bone formation
were not changed in the face of a fourfold increase in
osteoblast numbers, and the expression of osteoblast
markers was reduced both in vivo and in vitro. Although
this was not tested directly, we predict that the increased
number of osteoblasts is due to an enhancement in
osteoprogenitor recruitment due to the increase in bone
resorption (51) and impaired function of more differ-
entiated osteoblasts. A similar high turnover bone loss
phenotype was also reported by Chen and Long (13)
when b-catenin expression was abolished postnatally in
osterix-positive cells. Chen and Long’s (13) b-catenin
mutant also developed an increase in marrow adipocytes
that was not present in our model. This is likely due to the
fact that the Ocn-CreERT2 transgene is expressed in
committed,mature osteoblasts that have lost the ability to
form adipocytes, as well as the differences in the physi-
ology of marrow adipocytes and those found in the go-
nadal or inguinal fat pads. As an example, marrow
adipose tissue expands during caloric restriction whereas
the mass of other depots declines (52–54), indicating that
these cells respond differently to the metabolic cues that
regulate adipocyte hypertrophy and function.

In summary, our study details the molecular mechanism
by which Wnt signaling in the osteoblast directs fatty acid
utilization and in turn contributes to the coordination of
whole-body energy homeostasis and lipid metabolism.
Distinct from the b-catenin–independent mechanism by
which Wnts stimulate glucose and glutamine utilization,
b-catenin accumulation and activation are required for

normal lipid catabolism. These observations expand our
understanding ofmechanisms bywhich bone contributes to
energy balance.
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