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Background: The link between obesity and diabetes is poorly understood. Wnt signaling is implicated in adipogenesis and
glucose metabolism.
Results: LRP6�/� mice are protected against diet-induced obesity and insulin resistance by regulation of genes involved in
adipogenesis, metabolism, and insulin signaling.
Conclusion: This study identifies novel pathways that regulate metabolism.
Significance: LRP6 is a potential target for novel therapeutics for diabetes and obesity.

Body fat, insulin resistance, and type 2 diabetes are often
linked together, but the molecular mechanisms that unify their
association are poorly understood.Wnt signaling regulates adi-
pogenesis, and its altered activity has been implicated in the
pathogenesis of type 2 diabetes and metabolic syndrome.
LRP6�/� mice on a high fat diet were protected against diet-
induced obesity and hepatic and adipose tissue insulin resist-
ance compared with their wild-type (WT) littermates. Brown
adipose tissue insulin sensitivity and reduced adiposity of
LRP6�/� mice were accounted for by diminished Wnt-depen-
dent mTORC1 activity and enhanced expression of brown adi-
pose tissue PGC1-� and UCP1. LRP6�/� mice also exhibited
reduced endogenous hepatic glucose output, which was due to
diminished FoxO1-dependent expression of the key gluconeo-
genic enzyme glucose-6-phosphatase (G6pase). In addition, in
vivo and in vitro studies showed that loss of LRP6 allele is asso-
ciated with increased leptin receptor expression, which is a
likely cause of hepatic insulin sensitivity in LRP6�/� mice. Our
study identifies LRP6 as a nutrient-sensitive regulator of body
weight and glucose metabolism and as a potential target for
pharmacological interventions in obesity and diabetes.

Impaired insulin sensitivity plays a key role in the pathogen-
esis of metabolic syndrome and its sequelae by mechanisms
that are largely unknown. Alterations in Wnt signaling have
been associated with metabolic syndrome and type 2 diabetes
both in human and animal models (1–5). A growing body of

evidence has been emerging on the role of Wnt signaling in
insulin secretion and beta cell function (6, 7). However, very
little attention has been given to the effect of Wnt signaling on
peripheral tissue insulin sensitivity, which is considered to be
the basis for metabolic syndrome.
The canonicalWnt signaling pathway consists of cascades of

events that follow the binding ofWnt proteins to their receptor
frizzled and coreceptor LRP5/6,2 causing activation of the
dishevelled family of proteins and inhibition of a protein com-
plex that includes axin, GSK-3�, and APC (8–11). Further-
more, phosphorylated LRP6 directly inhibits �-catenin phos-
phorylation byGSK-3� independently of axin function (12, 13).
These events stabilize the cytoplasmic pool of �-catenin and
enhance its translocation to the nucleus to interact with other
transcription regulators, including T-cell factor (TCF)/lymph-
oid enhancer factor (LEF) and FoxO1, triggering the expression
of a variety of target genes that regulate gluconeogenesis, insu-
lin secretion, and signaling (1–5, 7). The effects of Wnt signal-
ing on insulin sensitivity and glucose homeostasis in peripheral
tissues are emerging through recent studies in rodents. For
instance, targeted knock-out of �-catenin in the liver reduces
hepatic glucose production and promotes hepatic insulin sen-
sitivity (14). In humans, variations of TCF7L2 have been linked
to impaired peripheral insulin sensitivity (3, 6, 15). Most
recently, a rare mutation in the Wnt coreceptor LRP6 was
found to be associated with metabolic syndrome and diabetes
(1). Finally, several genes involved in mitochondrial energy
expenditure and glucose homeostasis have been identified as
targets of LRP6/Wnt signaling (16, 17). Energy expenditure and
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fuel oxidation within the mitochondria of the brown adipose
tissue (BAT) is primarily regulated by PGC1-�, which is inhib-
ited byWnt-10b (18–21). Wnt activates the key nutrient sens-
ing pathwaymTORC1 by inhibitingGSK-3� (22), an effect that
leads to diminished IRS1 expression and function and pertur-
bation of insulin signaling. Many of these findings are results of
in vitro studies, and their in vivo correlates remain to be deter-
mined. In this study, we explored the role of Wnt coreceptor
LRP6 in glucose metabolism and insulin sensitivity of LRP6�/�

mice by physiological and molecular studies.

EXPERIMENTAL PROCEDURES

Generation of LRP6 Knock-out Mice—LRP6 knock-out
mouse were generated from LST067 embryonic stem (ES) cells
obtained from Bay Genomics. These ES cells are derived from
the 129/Ola mouse strain electroporated with the secretory
trap vector pGT2TMpfs harboring an insertion mutation in
exon 2 of LRP6 gene. For confirmation, the complementary
DNA was sequenced by rapid amplification of cDNA ends. ES
cell clones were injected into C57BL/6 (albino) blastocysts. The
resulting chimeras were backcrossed with C57BL/6 (albino)
females for six generations. Animals were housed under con-
trolled temperature (23 °C) and lighting (12 h of light, 6 a.m. to
6 p.m.; 12 h of dark, 6 p.m. to 6 a.m.) with free access to water
and either standard mouse chow or Western diet according to
the protocol. High fat diet (hfd) contained 55% fat (28% satu-
rated, 30% trans, 28%monounsaturated, 14% polyunsaturated),
21% protein, and 24% carbohydrates (Harlan Teklad, Madison,
WI).
Intraperitoneal Glucose Tolerance Test (IPGTT)—Study pro-

tocols were approved by the Institutional Animal Care and Use
Committee at Yale. Eight male heterozygote LRP6 knock-out
(F6) and 8WT (age, 8 weeks) mice were placed on hfd for 6–8
weeks.Mice were transferred to clean cages without food at the
end of the dark cycle (7 p.m.) at theYaleMetabolic Phenotyping
Center. The next day, glucose and insulin concentrations were
determined after 14 h of fasting from tail veins prior to an intra-
peritoneal injection of glucose (1 mg of glucose/g of body
weight), and subsequent readings were taken at 15, 30, 45, 60,
90, and 120 min. After completion of the experiment, animals
were anesthetized with ketamine/xylazine intraperitoneally
(80–100mg/kg and 10mg/kg of bodyweight, respectively), and
interscapular BAT, gastrocnemius muscle, liver, and abdomi-
nal white adipose tissues were freeze clamped, dissected, and
stored at �80 °C until further analysis. This experiment was
duplicated to test reproducibility.
Hyperinsulinemic-Euglycemic Clamp Experiments—Eight-

week-old male LRP6�/� mice (F6) and age-, sex-, and weight-
matched WT mice on hfd for 3 weeks underwent hyperinsu-
linemic-euglycemic clamp experiments. One week before the
clamp experiment, permanent catheters were inserted into the
left jugular vein under general anesthesia. All procedures were
approved by theYaleUniversityAnimalCare andUseCommit-
tee and were carried out by the Yale Metabolic Phenotyping
Center.
Conscious mice were placed in restraining tubes. During the

first 120-min basal period, a primed-continuous [3-3H]glucose
infusion (10-�Ci bolus, 0.1 �Ci/min) was used for the estima-

tion of postabsorptive basal versus insulin-stimulated glucose
turnover. Hyperinsulinemic-euglycemic clamps were carried
out for 120minwith a 4-min primed (29milliunits/kg) followed
by a continuous (3 milliunits/kg-min) insulin infusion (Novo-
lin, Novo Nordisk). Euglycemia was maintained by a variable
glucose (D-20) infusion. A single 2-deoxy-D-[1-14C]glucose
injection was administered at 75 min. To determine serum
[3-3H]glucose, 3H2O, and 2-deoxy-D-[1-14C]glucose concen-
trations, blood samples were collected at 80, 85, 90, 100, 110,
and 120 min of the clamp, and for measurement of basal
[3-3H]glucose concentrations, blood samples were collected in
the final 10 min of the basal period. A serum sample for deter-
mination of basal insulin levels was obtained during the final 10
min of the basal period, and for steady-state insulin levels, the
sample was obtained at 120 min of the clamp. Infusions were
performed using microdialysis pumps (CMA/Microdialysis,
North Chelmsford, MA). Radioisotopes were purchased from
PerkinElmer Life Sciences and American Radiolabeled Chemi-
cals (St. Louis, MO).
In Vivo and in Vitro Signaling Studies—For Western blot

analysis, samples were homogenized in radioimmune precipi-
tation assay buffer containing protease inhibitor (Roche
Applied Science) and Halt phosphatase inhibitor mixtures
(Thermo Scientific). A total of 50 �g of protein was electro-
phoresed on 4–15% precast SDS-polyacrylamide gels and
transferred onto a nitrocellulose membrane (Bio-Rad D102491).
Blots were probed with antibodies for p-IRS1Tyr-1222, IRS1,
p-AktSer-473, Akt, GSK-3�Ser-9, GSK-3�, p-stat3Tyr-705, stat3,
FoxO1, p-FoxO1Thr-24, LRP6, phosphoenolpyruvate carboxyki-
nase, S6, p-S6Ser-235/236, p-S6KThr-389 (all purchased from Cell
Signaling Technology), PGC1-�, UCP1 (Novus Biologicals), and
leptin receptor (lepr) (Thermo Scientific),�-catenin, and glucose-
6-phosphatase (Santa Cruz Biotechnology, Inc.). Results were
detected by chemiluminescence (ECL, Amersham Biosciences),
visualized on a Molecular Imager� ChemiDocTM XRS System,
and analyzed by Bio-Rad Quantity One Analysis Software. An
internal standard (wild-typemousehomogenate)wasused tonor-
malize results and to control for blot-to-blot variation.
To examine LRP6 regulation of mTOR signaling in vitro,

serum-starved 3T3L1 cells with or without LRP6 knockdown
were treated with 20 mM LiCl for 6 h or 150 ng/ml Wnt3a for
1 h. pS6 activation was examined by Western blot analysis. To
assess whether increased expression levels of PGC1-� are
caused by LRP6 deficiency, we prepared adenovirus expressing
wild-type LRP6 from the CMV promoter and transiently
expressed it in 3T3L1 cells. PGC1-� protein levels were deter-
mined by Western blotting. In separate experiments, native
LRP6 was knocked down by RNA interference. Lentivirus con-
taining LRP6-specific shRNA was purchased from Santa Cruz
Biotechnology, Inc. 3T3L1 cells were infected by this vector,
and expression levels of PGC1-� were determined by Western
blotting.
Wnt signaling blocks brown adipogenesis in the early stages

of differentiation and stimulates their conversion to white adi-
pocytes via UCP1 inhibition (17). This could explain the devel-
opment of the phenotypes that we will describe in the current
study, particularly lean body weight and adaptive thermogene-
sis. Therefore, we studied the role of LRP6 in adipocyte differ-
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entiation and UCP1 expression during the process of adipocyte
differentiation in 3T3L1 cells. 3T3L1 preadipocyteswere differ-
entiated to adipocytes by 3-isobutyl-1-methylxanthine in the
presence or absence of the GSK-3� inhibitor LiCl according to
standard protocol (23, 24). Expression levels of UCP1 and LRP6
were assessed by Western blotting at day 8 of adipocyte differ-
entiation. Hepatic triglyceride contents and serum triglyceride,
LDL, and HDL were analyzed at the Mouse Metabolic Pheno-
typing Center at Yale by COBAS Mira Plus (Roche Applied
Science).
Preparation of Nuclear Fraction—The hepatic nuclear frac-

tions were prepared with the Nuclear Extraction kit (Active
Motif). Briefly, �100 mg of liver tissue was homogenized and
lysed in the cytoplasmic extraction reagent for 15 min on ice.
The extract was subsequently centrifuged to separate the
nuclear pellet from the cytoplasmic supernatant. The nuclear
pellet was resuspended in the Nuclear Extraction reagent, lysed
for 30 min at 4 °C on a shaker at 150 rpm, and centrifuged to
obtain the nuclear extract. 50�g of nuclear extract was used for
SDS-PAGE and subsequent Western blotting.
Quantitative Real Time PCR—Total RNA was extracted

from homogenates using TRIzol reagent (Invitrogen) and an
RNeasy Mini kit (Qiagen). First strand cDNA synthesis was
performed using Omniscript reverse transcriptase (Qiagen).
Quantitative PCR was carried out using iQTM SYBR� Green
Supermix (Bio-Rad). Reactions were run in triplicate on an
Eppendorf realplex, and the relative quantification of gene
expression was performed using the comparative C� (��C�)
method. mRNA expression levels of PGC1-�, UCP1, glucose-
6-phosphatase, phosphoenolpyruvate carboxykinase, lepr, and
LRP6 were assessed using specific primers.
ATPContentMeasurement—ATP content (nmol/mg of pro-

tein) in the extracts of freeze clamped BATwasmeasured using
HPLC analysis as described by Zhang et al. (25).
Affymetrix ExonArray Studies—RNAwas extracted from the

livers of four LRP6�/� mice and an equal number of WT mice
using TRIzol (Invitrogen), and cDNA was produced using
SuperScript III reverse transcription (Invitrogen) kits. Six to 8
�g of total RNA were processed, labeled, and hybridized to
Affymetrix Human Exon ST 1.0 arrays by the Keck core facility
at Yale. Exon-level expression values were derived from the
CEL file probe-level hybridization intensities using the model-
based RMA algorithm as implemented in the Affymetrix
Expression ConsoleTM. The significance analysis of microar-
rays software (SAM) was used to determine potential signature
genes. The MetaCoreTM biological network analysis platform
was used to detect pathways that were differentially expressed
between LRP6�/� mice and an equal number of WT mice.
Cold Exposure Protocol—LRP6�/� mice (n � 12) and their

wild-type littermates (n � 12) were housed in individual cages
with free access to standard diet and water on a 12:12-h artifi-
cial light-dark cycle. Animals were exposed to 4 � 1 °C cold
temperature without prior acclimation. Mice were placed
within restrainers (transparent plastic tubes) to avoid extrane-
ous activities. Rectal temperatures weremeasured every 10min
during cold exposure. Animals were immediately removed
from the cold if there were significant signs of distress present.

Histological Studies—Mouse livers and interscapular tissues
were fixed in 4% paraformaldehyde followed by tissue process-
ing, cryoembedding, sectioning, andH&Eand red oilO staining
(Mass Histology Service, Worchester, MA). For imaging, a
Nikon Eclipse E800 microscope (Nikon Instruments Inc., Mel-
ville, NY) fitted with a SpotTM digital camera (Diagnostic
Instruments Inc., Sterling Heights, MI) was used.
Statistical Analysis—Statistical analysis was carried out with

two-factor analysis of variance. p � 0.05 was considered statis-
tically significant for all experiments. For all statistics, we used
GraphPad Prism version 4.03 for Windows (GraphPad Soft-
ware, San Diego, CA).

RESULTS

LRP6�/� Mice on High Fat Diet Exhibit Lower Base-line
SerumGlucose andEnhancedAdipose Tissue andHepatic Insu-
lin Sensitivity—The homozygote LRP6 knock-out mice were
either embryonically lethal or died shortly after birth as
reported previously (26). Grossmorphological abnormalities in
these mice included midline defects and curved tails. The
LRP6�/� mice had normal appearance and behavior. Expres-
sion levels of the LRP6mRNAand protein in different tissues of
LRP6�/� mice, including liver and BAT, were about 50% lower
than in WT littermates (supplemental Fig. S1, A and B). Base-
line serum glucose levels were lower in LRP6�/� mice on hfd
(Fig. 1A) but not on chow diets (data not provided) compared
with theWT littermates. This finding prompted us to carry out
an IPGTT in male LRP6�/� mice 14 � 2 weeks age on hfd and
age- and gender-matched wild-type littermates. LRP6�/� mice
exhibited enhanced glucose tolerance compared with their
wild-type littermates during the IPGTT. After 15 min, serum
glucose levels rose inWTmice by 60� 15mg/dl higher than in
LRP6�/� mice and remained higher for the entire duration of
the test (Fig. 1A). LRP6�/� mice displayed reduced serum insu-
lin responses despite lower serumglucose levels comparedwith
WTmice (Fig. 1B). These findings indicated higher insulin sen-
sitivity of LRP6�/� mice compared with the WT mice.

This finding prompted examination of the insulin signaling
in insulin sensitive tissues of LRP6�/� mice and their wild-type
littermates on hfd. Insulin signaling was enhanced in the BAT
(Fig. 2A) and liver (Fig. 2B) but not in the skeletal muscles (sup-
plemental Fig. S2A) of LRP6�/� mice compared with the wild-
type littermates. Interestingly, LRP6�/� mice had increased
IRS1 activity and expression of BAT. This particular finding
prompted examination of the mTOR pathway for reasons that
will be discussed. Consistent with increased hepatic insulin
sensitivity, LRP6�/� mice on hfd exhibited considerably lower
hepatic fat in histological examination with red oil and had
lower hepatic triglyceride contents compared with WT mice
(Fig. 2, C and D).
LRP6�/� Mice Are Protected against Diet-induced Obesity—

A noticeable phenotype of the LRP6�/� mice was their tendency
toward lower body weights comparedwith their age- and gender-
matched littermates. This prompted a systematic evaluation of
body weight and total body fat. Six- to 8-week-old male LRP6�/�

mice and age-matched male WT mice were placed on hfd, and
their body weights and food consumption were measured over a
period of 16 weeks. Reduced body weight in LRP6�/� mice was
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notdue todecreasedenergy intakebecauseLRP6�/�miceshowed
only a small but statistically not significant trend toward reduced
food consumptions compared with WT littermates. Similarly,
stool weights were not significantly different between the two
groups during this period. Both mouse groups gained substantial
body weight throughout the course of high fat feeding. However,
LRP6�/�micehadsignificantly lowerweightsafter the8thweekof

hfd compared with WT mice (Fig. 3A). Analysis of body fat con-
tent using a dual energy x-ray absorptiometry scanner revealed
that LRP6�/� mice had significantly lower body fat than WT lit-
termates after 16weeksofhigh fat feeding (Fig. 3B).LRP6�/�mice
onchowdiethad slightly lower total bodyweightsbut similarbody
fat content compared with their wild-type littermates (supple-
mental Fig. S3A). Therewere nomajor differences in lipid profiles

FIGURE 1. IPGTT (A and B). Ten- to 12-week-old male LRP6�/� mice and age-matched WT littermates (n � 8 in each group) were fed hfd for 4 weeks and
subsequently received a loading dose of glucose (1 mg/g of body weight), and the serum glucose levels were monitored at the indicated times. Intraperito-
neally stimulated glucose levels (A) and glucose-induced insulin levels (B) in LRP6�/� mice and age-matched WT littermates are shown (data are mean � S.E.;
*, p � 0.05 by analysis of variance).

FIGURE 2. Brown adipose tissue and hepatic insulin signaling of LRP6�/� and WT mice (A–D). Mice were sacrificed after IPGTT, and proteins were extracted
from tissues and analyzed for the total and phosphorylated forms of each peptide using three independent measurements for each time point. Expression
levels of insulin-stimulated p-IRS1Tyr-1222 and p-AktSer-473 were significantly higher in the BAT (A) and liver (B) of the LRP6�/� compared with WT mice (mean �
S.E. by densitometry; p � 0.05). Frozen sections of liver from LRP6�/� and WT mice were stained with oil red O. Hepatic steatosis was significantly less present
in LRP6�/� compared with WT mice (C). Hepatic triglyceride (TG) content was significantly lower in LRP6�/� compared with WT mice (D) (mean � S.E.; **, p �
0.01).
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between LRP6�/� mice and their littermates regardless of their
diet (supplemental Table S1). Taken together, these findings sug-
gested reduced adiposity of the LRP6�/� mice on hfd that may
contribute to their enhanced insulin sensitivity compared with
WT littermates.
Enhanced Expression of Hepatic Leptin Receptor in LRP6�/�

Mice—The question of whether the enhanced hepatic insulin
sensitivity is caused by cross-talk between the adipose tissue
and liver led to measurement of circulating adipokines. Serum
adiponectin levels were only modestly (�1.2-fold) higher in
LRP6�/� mice compared with WT littermates (supplemental
Fig. S4A). Serum leptin levels were not significantly different
(supplemental Fig. S4B).
We then examined the global hepatic gene expression profil-

ing ofLRP6�/�mice and theirWT littermates usingAffymetrix
expression arrays. Strikingly, the hepatic lepr in LRP6�/� mice
was among the 15 highest up-regulated genes compared with
their wild-type littermates (supplemental Table S2); the finding
was confirmed by RT-PCR (Fig. 3C). At the protein level, the
difference was more significant (5-fold increase in LRP6�/�

compared with WT mice; p � 0.005; Fig. 3D). We then exam-
ined whether the changes of the hepatic lepr levels in LRP6�/�

mice alters the activity of its downstream targets (27–29). Phos-
phorylation of the hepatic stat3, a downstream target of leptin,
was significantly higher in LRP6�/� versusWTmice (Fig. 3D).
lepr expression is inversely related to body adiposity in both
rodents and human. However, the mechanisms underlying the
link between adipose tissue and hepatic lepr expression and
insulin sensitivity are not well understood. Our finding raised
the question of whether Wnt/LRP6 negatively regulates lepr
expression and functions as a link between body fat and hepatic
insulin sensitivity. To address this question, LRP6 was knocked
down inHepG2 cells byRNA interference. Knockdownof LRP6
by an LRP6-specific shRNA in these cells decreased LRP6
expression by 50% and increased lepr protein levels by 2-fold
compared with GFP shRNA (Fig. 3E). Wnt stimulation of
HepG2 cells resulted in reduced expression of lepr (Fig. 3E),
indicating that LRP6mediates the effect ofWnt on lepr expres-
sion. Lithium, a GSK-3� inhibitor, dramatically reduced lepr
protein expression (Fig. 3F), indicating that lepr is regulated by

FIGURE 3. Body weight and fat mass and hepatic leptin signaling of LRP6�/� mice (A–F). Growth curves of 8-week-old male LRP6�/� (filled circles) and WT
mice (unfilled circles) on hfd are shown. Mice were weighed once every 2 weeks at the same time during the day for 16 weeks (data are mean � S.E.; *, p � 0.05)
(A). A comparison of the percentage of total body fat in LRP6�/� and WT mice on hfd for 8 weeks by dual energy x-ray absorptiometry scanning (n � 12 mice
per group; data are mean � S.E.; *, p � 0.05) is shown (B). Hepatic leptin receptor mRNA (n � 8; mean � S.E.; **, p � 0.001) (C) and protein levels (D) in LRP6�/�

mice compared with their wild-type littermates are shown. Activation (phosphorylation) of the hepatic leptin receptor downstream protein stat3 in LRP6�/�

versus WT mice (n � 8; mean � S.E. by densitometry; p � 0.001) is shown. Leptin receptor protein expression in HepG2 after knockdown of LRP6 by RNA
interference compared with scrambled shRNA (Sh-LRP6) (n � 4; mean � S.E. by densitometry; p � 0.001) (E) and after treatment of the cells with Wnt and
GSK-3� inhibitor LiCl (F) is shown.
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the canonical Wnt pathway. Taken together, these findings
suggest that the haploinsufficiency of LRP6 in the LRP6�/�

mouse diminishes the inhibitory effect of Wnt on lepr tran-
scription, an effect that likely contributes to increased hepatic
insulin sensitivity of LRP6�/� mice.
Enhanced Brown Adipose Tissue Insulin Sensitivity Is Associ-

ated with Impaired Activity of mTORC1 Pathway—The differ-
ential response of LRP6�/� mice to diet and their increased
adipose tissue expression of IRS1 compared with their litter-
mates suggested the involvement of the mTORC1 pathway.
mTOR is a key nutrient-sensing kinase that regulates adipogen-
esis, body weight, and insulin response to caloric intake. mTOR
activation deranges cellular metabolism, triggers degradation
of IRS, and leads to impairment of insulin sensitivity (30). At
least three transgenic mouse models with disruption of
mTORC1 activity have displayed phenotypes that precisely
match those in LRP6�/� mice (22, 31, 32).

Examination of insulin-sensitive tissues showed that
mTORC1 activity in BAT but not in the skeletal muscle or liver
of LRP6�/� mice is significantly reduced compared with their
wild-type littermates. Both BAT S6K and S6 phosphorylations
were lower inLRP6�/�mice comparedwith control littermates
(Fig. 4A, data only shown for BAT). This finding strongly cor-
relates with the higher IRS1 expression and activity and subse-
quent insulin sensitivity of the BAT in LRP6�/� mice (Fig. 3A).

We then examined the role of LRP6 in Wnt activation of
mTOR in 3T3L1 cells. Earlier studies have shown that canoni-
calWnt activatesmTORby inhibitingGSK-3�. LiCl is an inhib-
itor ofGSK-3�.We treated 3T3L1 cellswith lithiumandWnt3a
with and without LRP6 knockdown. Although LiCl andWnt3a
increased S6 phosphorylation inwild-type cells, S6 phosphoryl-
ation was marginally increased in LRP6 knockdown cells (Fig.
4B). Taken together, these findings strongly suggest that Wnt
activation of mTOR is LRP6-dependent. Diminished mTOR
activity due to loss of LRP6 allele is likely a major cause of
enhanced brown adipose tissue insulin sensitivity.
Enhanced Expression ofGenes Involved inMitochondrial Bio-

genesis, Energy Dissipation, and Adoptive Thermogenesis in
LRP6�/� Mice—Insulin sensitivity and reduced body fat/body
weight in mice deficient for genes in the mTOR pathway have
been linked to increased PGC1-�/UCP1 activity (22, 31, 32).
These findings were greatly relevant because Wnt activates
mTORC1 (22) and similarly inhibits PGC1-� and UCP1 (17).
Thus, reduced adiposity in LRP6�/� mice could be a conse-
quence of reduced Wnt-dependent activation of mTOR, up-
regulation of PGC1-� and UCP1, and increased mitochondrial
respiration. Consequently, we examined PGC1-�/UCP1
expression in the BAT of LRP6�/� mice and their wild-type
littermates.

FIGURE 4. Brown adipose tissue mTOR activity and expression levels of energy metabolism genes (A–F). A, mTOR activity of the BAT in LRP6�/� compared
with WT mice. B, mTOR activation in response to GSK-3� inhibition by LiCl and Wnt3a in 3T3L1 cells before and after LRP6 knockdown. PGC1-� and UCP1 mRNA
(C) and protein (D) expression in BAT of LRP6�/� compared with WT mice is shown. **, p � 0.01. E, PGC1-� expression in 3T3L1 preadipocytes overexpressing
LRP6 compared with control adenovirus (Ctl) (top) and in 3T3L1 preadipocytes after LRP6 knockdown by LRP6-specific shRNA (sh-LRP6) compared with the
scrambled shRNA (sh-GFP) (bottom; data are mean � S.E. by densitometry; p � 0.05). F, UCP1 expressions in 3T3L1 preadipocytes with and without LRP6
knockdown undergoing adipogenic transformation in response to Wnt agonist LiCl.
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The mRNA and protein expression levels of PGC1-� and its
downstream gene UCP1 were considerably higher in the BATs
of LRP6�/� mice compared with their weight-, age-, and gen-
der-matched wild-type littermates (Fig. 4, C and D). Strikingly,
the UCP1 content of the abdominal white adipose tissue, which
under normal conditions is undetectable, was significantly
increased in the LRP6�/� mice (supplemental Fig. S5,A and B).

The negative regulation of PGC1-� by LRP6was further con-
firmed by overexpression of wild-type LRP6 in 3T3L1 preadi-
pocytes. In these cells, PGC1-� was expressed at significantly
lower levels compared with cells transfected with the vehicle
alone (Fig. 4E). Accordingly, LRP6 knockdown in these cells led
to higher PGC1-� expression (Fig. 4E). UCP1 was not
expressed in wild-type or LRP6 knockdown preadipocytes.
It is well established that UCP1 is expressed when preadi-

pocytes are differentiated to mature adipocytes. We examined
the effect of LRP6 onUCP1 expression during differentiation in
wild-type and LRP6 knockdown 3T3L1 cells. 3T3L1 cells were
either treated with PBS or LiCl. Lithium inhibits brown adi-
pocyte differentiation (23). LRP6 knockdown resulted in signif-
icant up-regulation of UCP1 (Fig. 4F) compared with cells
infected with a GFP shRNA. LiCl treatment of 3T3L1 inhibited
UCP1 expression (Fig. 4F). However, cells with LRP6 knock-
down continued with transformation despite treatment with
LiCl and expressed UCP1 at levels that were similar to those in
untreated cells. This finding underscores the critical role of
LRP6 in regulation of adipogenesis and expression of UCP1.
Increased Mitochondrial Biogenesis and Augmented Energy

Expenditure in LRP6�/� Mice—We examined the functional
consequences of increased PGC1-�/UCP1 expressions in

LRP6�/� mice. Although the crudemasses of the BAT between
the two mouse groups were not significantly different, brown
adipocytes were more abundant in the interscapular BAT of
LRP6�/�mice versus theirwild-type littermates (Fig. 5A). A key
component of energy expenditure is adaptive thermogenesis.
We examined whether the up-regulation of the BAT UCP1 in
LRP6�/�mice enhances their thermogenic response compared
with their littermates. We exposed male LRP6�/� and weight-
and gender-matchedWTmice to standardized cold challenges.
Resting body temperatures were similar between LRP6�/� and
theWTmice (Fig. 5B). Eight-week-oldmice on hfdwere immo-
bilized and exposed to 4 °C, and their rectal temperatures were
monitored. For the purpose of standardization, mice were kept
immobilized in transparent plastic tubes. Cold exposures
within 25 min resulted in significant distress in WT mice,
prompting termination and limitation of this experiment to 20
min according to the approved protocol by the Institutional
Animal Care and Use Committee. LRP6�/� mice displayed
enhanced adaptation to the cold challenges and a lesser
decrease in body temperatures compared with WT mice.
Increased expression of PGC1-� is associated with enhanced

mitochondrial biogenesis and metabolism. Accordingly, there
was increased BAT mitochondrial transcriptional factor A
indicative of enhanced mitochondrial biogenesis in LRP6�/�

mice compared with WT littermate (Fig. 5C). In contrast, the
ATP content in BAT of LRP6�/� mice compared with WT
littermates was significantly lower (Fig. 5D). This finding was
suggestive of increased energy dissipation in the mutant mice
due to excessive expression of UCP1. Taken together, these
findings indicated augmented functional activity of the BAT in

FIGURE 5. Comparison of brown adipocyte activity between LRP6�/� mice and wild-type littermates (A–D). A, H&E-stained sections of interscapular BAT
from LRP6�/� and WT mice on hfd. B, enhanced adaptive thermogenesis in LRP6�/� (n � 12) compared with WT (n � 12) mice. Mice were exposed to 4 °C for
20 min while immobilized in restrainers (data are mean � S.E.; *, p � 0.05 by analysis of variance. BAT mitochondrial transcriptional factor A (TFA) (C) and ATP
contents (D) are shown. (Data are mean � S.E. **, p � 0.01).
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LRP6�/� mice and its contribution to enhanced energy
expenditure and diminished body adiposity compared with
WT mice.
Reduced Endogenous Hepatic Glucose Output in LRP6�/�

Mice—The question of whether enhanced insulin sensitivity in
LRP6�/� mice on hfd is only accounted for by their lower body
adiposity comparedwithWTmice prompted further investiga-
tions in themice prior to their differentiatedweight gain. Eight-
to 9-week-old male LRP6�/� mice and weight- and age-
matched male wild-type littermates were placed on hfd for 3
weeks. The basal glucose levels were lower in LRP6�/� com-
pared with WT mice despite their equal weights (Fig. 6A). All
mice were then subjected to hyperinsulinemic-euglycemic
clamp studies. Insulin infusion during the hyperinsulinemic-
euglycemic clamp similarly raised serum insulin levels in both
LRP6�/� andWTmice. Glucose disposal rates were not signif-
icantly different between the two groups. However, the endog-
enous hepatic glucose output was significantly lower in
LRP6�/� versusWTmice (Fig. 6B). This finding suggested that
the enhanced insulin sensitivity of the LRP6�/� mice is linked
to their lower body weight. In contrast, lower endogenous glu-
cose output in LRP6�/� mice was independent of the body fat
mass and the likely cause of lower base-line serumglucose com-
pared with WT littermates.
Reduced endogenous hepatic glucose output in LRP6�/�

mice correlated with reduced expression levels of the hepatic
rate-limiting gluconeogenic enzymes glucose-6-phosphatase
and phosphoenolpyruvate carboxykinase (Fig. 6C). Hepatic
FoxO1, an upstream regulator of the gluconeogenic enzymes,
was more phosphorylated and hence less active in LRP6�/�

mice compared with the wild-type littermates (Fig. 6C).
�-Catenin, a downstream transcription coactivator in theWnt/

LRP6 pathway, activates FoxO1 and promotes its nuclear trans-
location and transcriptional activity in vitro (14, 33). The
nuclear localization of the hepatic �-catenin was significantly
reduced in LRP6�/� versusWTmice, indicating impairment of
the canonicalWnt signaling (Fig. 6D). This was associated with
reduced activation and nuclear localization of FoxO1 in liver
cells from LRP6�/� mice compared with their wild-type litter-
mates. These findings suggested that the impaired LRP6-de-
pendent �-catenin activity in the liver is accountable for
decreased hepatic gluconeogenesis and lower base-line glucose
levels in LRP6�/� mice.

DISCUSSION

Obesity is amajor component ofmetabolic syndrome and an
established risk factor for diabetes (34). The susceptibly to obe-
sity is inherited; however, its underlying genetic causes have
remained vastly unknown. Canonical Wnt signaling has been
implicated in regulation of glucose homeostasis and adipogen-
esis (17). In this study, we demonstrate the crucial role of the
Wnt coreceptor LRP6 in the regulation of body fat mass and
glucose homeostasis in tight association with the mTOR nutri-
ent sensing signaling network.
LRP6�/� mice on high fat diet are protected against diet-

induced obesity and insulin resistance. These phenotypes are
linked to inactivation of the BAT mTOR pathway and
enhanced expression of UCP1 and PGC1-�. Mice deficient for
the mTORC1 component raptor are resistant to diet-induced
obesity and have enhanced glucose tolerance. Adipose tissue in
raptor-deficient mice displays enhanced expression of UCP1
and PGC1-� (31). Mice deficient for mTOR substrate S6K1 are
similarly protected against obesity, which is also associated
with increased expression of mitochondrial genes UCP1 and

FIGURE 6. Hepatic glucose output in LRP6�/� mice compared with wild-type littermates (A–D). A, base-line serum glucose in LRP6�/� compared with WT
mice (mean � S. E.; *, p � 0.05). B, base-line hepatic glucose output during hyperinsulinemic-euglycemic clamp studies in LRP6�/� compared with WT mice
(mean � S.E.; *, p � 0.05). C, expression of the gluconeogenic enzymes glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) and
phosphorylation of FoxO1 in LRP6�/� mice compared with WT mice (n � 8; mean � S.E. by densitometry; p � 0.05). D, hepatic nuclear localization of �-catenin
and FoxO1 in LRP6�/� mice compared with the wild-type littermates (n � 4; data are mean � S.E. by densitometry; p � 0.05).
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PGC1-�. S6K�/� mice are sensitive to insulin due to increased
IRS1 expression and activity (32). 4ebp1�/� mice manifest
markedly smaller white adipose tissue, higher energy expendi-
ture, and increased expression of white adipose tissue PGC1-�
andUCP1 (35). These in vivomodels suggest that themTORC1
signaling pathway negatively regulates PGC1-� and UCP1.

UCP1 is amitochondrial carrier that causes dissipation of the
mitochondrial gradient and thus uncouples oxidative phospho-
rylation from ATP synthesis, leading to increased thermogen-
esis (21). As a consequence, ATP synthesis requires increased
metabolism of fuel substrates. Mice overexpressing UCP1 in
the adipose tissue (aP2-Ucp1) are protected against diet-in-
duced obesity (36). Conversely, Ucp1�/� mice exhibit
increased sensitivity to cold, diet-induced obesity, fatty liver,
and impaired insulin sensitivity with aging (37). PGC1-� is a
major regulator of brown adipogenesis, mitochondrial biogen-
esis, and metabolism. Several studies have indicated the rele-
vance of PGC1-� and UCP1 to human diseases. Both PGC1-�
and UCP1 have been linked to basal metabolic rate and heat
dissipation in humans (20). A common loss of function muta-
tion of the PGC1-� gene has been associated with an increased
risk of type 2 diabetes (38). Lower expression levels of PGC1-�
in the skeletal muscle are associated with an increased risk for
diabetes in the general population by mechanisms that are not
understood (39).
Brown adipogenesis and its key proteins PGC1-� and UCP1

are also negatively regulated by Wnt (40–42). UCP1-Wnt10b
transgenic mice, which are deficient for PGC1-� and UCP1 in
the interscapular tissue, convert brown to white adipocytes
(17). Strikingly, pharmacological inhibition of Wnt signaling
with harmine delays diabetes in ob/obmice by enhancingmito-
chondrial biogenesis, augmenting white adipose tissue PGC1
and UCP1 expression and enhancing energy expenditure (43).
Interestingly, Wnt activates mTORC1 signaling by inhibiting
GSK-3� (30). Association among Wnt/LRP6, mTOR activity,
and UCP1 and PGC1-� expression is best demonstrated in
LRP6�/� mice in which loss of LRP6 allele results in reduced
mTOR activity, excessive expression of UCP1 and PGC1-�,
reduced adiposity, and insulin sensitivity. Our in vitro experi-
ments using Wnt3a and LiCl suggest that Wnt activation of
mTOR, inhibition of adipogenic differentiation, and negative
regulation of UCP1/PGC1-� are all entirely LRP6-dependent.
The LRP6�/� mouse model provides a cascade of molecular
interactions that links a signal (Wnt) to its receptor (LRP6), the
pathway with which it interacts (mTOR), and their final targets
(UCP1/PGC1). These molecular interactions provide an
intriguing explanation for a lean body and insulin sensitivity in
theLRP6�/�mouse andmicewith diverse defects in themTOR
pathway. Furthermore, reduced mTOR activity of the BAT in
the LRP6�/� mouse explains its insulin sensitivity compared
with wild-type littermates.
Enhanced hepatic insulin action in LRP6�/� mice was also

associated with increased transcription of the hepatic leptin
receptor. Our studies in HepG2 cells suggested that LRP6
mediates Wnt regulation of the hepatic leptin receptor via the
canonical pathway. Wnt inhibition of the hepatic lepr may
occur by its methylation or more likely at the transcriptional
level through microRNAs or transcription suppressors. A

detailed understanding of the molecular mechanism of this
action is quite important and should be the focus of a future
investigation.
Leptin regulates hepatic triglyceridemetabolism (44); dimin-

ishes the synthesis of the key enzyme of gluconeogenesis, phos-
phoenolpyruvate carboxykinase; and reduces hepatic glucose
production (45). Overexpression of the hepatic lepr in rodents
results in enhanced insulin sensitivity (29, 45). In diet-induced
obese rats, hepatic lepr expression is significantly reduced com-
pared with wild-type littermates. Impaired lepr-dependent
intracellular signaling in these rats is associated with increased
levels of the gluconeogenic enzymes (46–49). Hepatic lepr
expression also inversely correlates with obesity in humans
(46–49). Furthermore, lepr expression levels are lower in liver
and skeletal muscles of patients with type 2 diabetes compared
with the general population (47). Taken together, our findings
in the LRP6�/� mouse identify LRP6 as a molecular link
between body fat and hepatic insulin sensitivity.
Another critical finding of our study is the role of LRP6 in

regulating glucose homeostasis of the liver. LRP6�/� mice had
significantly lower levels of the hepatic rate-limiting gluconeo-
genic enzymes phosphoenolpyruvate carboxykinase and glu-
cose-6-phosphatase and had lesser base-line glucose output
compared with WT mice prior to differential weight changes.
This was due to reduced nuclear localization of �-catenin and
greater inactivation of FoxO1. These results confirm in vitro
findings that �-catenin interacts with FoxO1 and enhances its
nuclear localization and transcriptional activity (14, 33). Our
findings also expand upon the results of a recent study in which
targeted hepatic knock-out of �-catenin reduced FoxO1
nuclear localization and glucose-6-phosphatase activity (14,
33). Thus, the Wnt/LRP6 signaling pathway has an important
emerging role in the regulation of hepatic gluconeogenesis.
Taken together, our findings suggest that the impairment of

Wnt signaling in LRP6�/� mice results in reduced body fat
mass, diminished hepatic gluconeogenesis, and enhanced BAT
and hepatic insulin sensitivity. These developments culminate
in enhanced total body insulin sensitivity. Results of our study
raise the broader question of whether inherited or acquired
gain of function in the Wnt signaling pathway is a feature that
links obesity and type 2 diabetes in the general population. In
summary, our study provides insight into pathways that under-
lie the association of body weight and hepatic insulin response
and identifies LRP6 as its molecular link and a potential target
for novel pharmacotherapy of diabetes and obesity.
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