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To investigate the mechanisms by which elevated retinol-binding protein 4 (RBP4) causes insulin resistance, we studied the role
of the high-affinity receptor for RBP4, STRA6 (stimulated by retinoic acid), in insulin resistance and obesity. In high-fat-diet-fed
and ob/ob mice, STRA6 expression was decreased 70 to 95% in perigonadal adipocytes and both perigonadal and subcutaneous
adipose stromovascular cells. To determine whether downregulation of STRA6 in adipocytes contributes to insulin resistance,
we generated adipose-Stra6�/� mice. Adipose-Stra6�/� mice fed chow had decreased body weight, fat mass, leptin levels, insulin
levels, and adipocyte number and increased expression of brown fat-selective markers in white adipose tissue. When fed a high-
fat diet, these mice had a mild improvement in insulin sensitivity at an age when adiposity was unchanged. STRA6 has been im-
plicated in retinol uptake, but retinol uptake and the expression of retinoid homeostatic genes (encoding retinoic acid receptor �
[RAR�], CYP26A1, and lecithin retinol acyltransferase) were not altered in adipocytes from adipose-Stra6�/� mice, indicating
that retinoid homeostasis was maintained with STRA6 knockdown. Thus, STRA6 reduction in adipocytes in adipose-Stra6�/�

mice fed chow resulted in leanness, which may contribute to their increased insulin sensitivity. However, in wild-type mice with
high-fat-diet-induced obesity and in ob/ob mice, the marked downregulation of STRA6 in adipocytes and adipose stromovascu-
lar cells does not compensate for obesity-associated insulin resistance.

Three hundred fifty million people worldwide have diabetes
(1), and the impact will be staggering if we do not develop

more effective methods for early detection and treatment. Se-
rum retinol-binding protein 4 (RBP4) is elevated in humans
and rodents with insulin resistance and type 2 diabetes (2–4),
and data suggest that it may play a causative role (4, 5). Injec-
tion of purified RBP4 or overexpression of RBP4 in mice causes
insulin resistance (4). Furthermore, a gain-of-function poly-
morphism in the RBP4 promoter is associated with an 80%
increased risk of developing diabetes in humans (5). In addi-
tion, epidemiologic studies in several ethnic backgrounds in-
dicate that elevated RBP4 is an early marker of prediabetes (6)
and metabolic syndrome (7, 8) and is associated with a 3.6-fold
increased risk of myocardial infarction (9).

The mechanisms by which RBP4 causes insulin resistance and
whether the actions of RBP4 depend on a receptor are questions of
high interest in the field. STRA6 is a high-affinity cell surface re-
ceptor for RBP4 that mediates vitamin A uptake (10). STRA6 is
highly expressed in blood-organ barriers and in the brain, eye,
kidney, testis, and female reproductive tract, and it is absent from
the liver (11). STRA6 is upregulated in some tumors, and its
expression can be induced by retinoids and increased Wnt-1 ex-
pression in mammary epithelial cells (12). RBP4 mediates insulin
resistance through STRA6-independent (13, 14) and STRA6-de-
pendent pathways (15, 16). Genetic data show that single nucleo-
tide polymorphisms in STRA6 are associated with type 2 diabetes
(17), raising the possibility that STRA6 plays an important role in
altered metabolic states. In addition, STRA6 has been proposed to
play a role in insulin resistance on the basis of data from a total-
body STRA6 knockout mouse (18), although the contribution of
STRA6 in adipose tissue has not been studied. Thus, we sought to

determine whether STRA6 is regulated in insulin target tissues in
obesity and diabetes.

Although STRA6 mediates retinol uptake from RBP4 (10), the
contribution of STRA6 to retinoid homeostasis is still under in-
vestigation. Mutations of STRA6 in humans are associated with
Matthew-Wood syndrome, which is characterized by pleiotropic,
multisystem malformations that include cardiac deformities and
ocular defects (19–22), which are consistent with abnormalities
seen in altered vitamin A metabolism. Studies with STRA6 null
mice show that STRA6 is important for retinol uptake and pro-
cessing of retinol by the retinal pigment epithelium, but STRA6 is
not the only pathway for retinol uptake in the retinal pigment
epithelium (23). Although the liver is the main retinol storage site,
white adipose tissue contains �15% of the retinoid stores in the
adult rat, indicating that adipose tissue is important in retinoid
storage and metabolism (24), and its role could be even greater in
obesity because of the expanded adipose mass. The importance of
STRA6-mediated retinol uptake in adipose tissue retinoid metab-
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olism is unknown since tissues can acquire retinoids from several
sources, including retinol-RBP4, retinoic acid, and retinyl esters
in lipoproteins (25, 26).

Here we determined STRA6 expression in multiple tissues, in-
cluding classic insulin target tissues, in lean and obese mice. We
found a striking downregulation in adipocytes but not in muscle,
the major tissue for insulin-stimulated glucose uptake. Given the
downregulation in adipose tissue and the critical role that adipose
tissue plays in the regulation of energy homeostasis and systemic
insulin sensitivity (27), we targeted STRA6 expression specifically
in adipocytes in mice to determine the importance of adipocyte-
STRA6 in glucose homeostasis, obesity, and retinoid metabolism.

MATERIALS AND METHODS
Animals for STRA6 tissue distribution. For diet-induced obesity, male
C57BL/6 mice were purchased at 10 weeks of age from The Jackson Lab-
oratory, where they were fed a control diet (10% of calories from fat;
Research Diet; D12450B) or a high-fat diet (60% of calories from fat;
Research Diet; D12492). Upon arrival, they were switched to a chow (17%
of calories from fat; Lab Diet; 5008) or high-fat (55% of calories from fat;
Harlan Teklad; 93075) diet with ad libitum access to food and water and
euthanized 4 weeks after their arrival. Female ob/ob mice and their lean
littermates fed a chow diet were purchased from The Jackson Laboratory
at 10 weeks of age and euthanized 3 weeks after their arrival. Mice for
tissue distribution studies were maintained in a temperature-controlled
environment with a 14-h light and10-h dark cycle.

Generation of adipose-Stra6�/� mice. STRA6 flox/flox mice were
generated by inserting loxP sites into the first intron and into the 3= un-
translated region (UTR). loxP-FRT3-puro-FRT3 was inserted at the 5=
loxP site, and internal ribosome entry site (IRES)-lacZ-FRT-neo-FRT-
loxP was inserted at the 3= loxP site. The FRT3-puro-FRT3 and FRT-neo-
FRT cassettes were removed by mating chimeras with Flpe mice, and germ
line transmission was obtained. STRA6 flox/flox mice were on a mixed
C57BL/6, 129SvEv, and CD1 background. Adiponectin Cre mice on a
predominantly C57BL/6 background (28) were generously provided by
Evan Rosen, Beth Israel Deaconess Medical Center, Harvard Medical
School, and were used to generate adipocyte-specific deletion as previ-
ously described (29). Our breeding demonstrated that the adiponectin-
Cre construct was inserted into the same chromosome on which STRA6 is
located (chromosome 9). Therefore, mice were generated by crossing
(Cre�/flox�)/(Cre�/flox�) or (Cre�/flox�)/(Cre�/flox�) male mice
with female mice heterozygous for flox. Primers A and B were used to
detect the STRA6 flox/flox allele, and primers C and D were used to detect
the recombined allele. After demonstrating that the STRA6 flox/flox mice
had no metabolic phenotype, we used the STRA6 flox/flox mice as con-
trols for all further studies. The following primers were used to genotype
the mice: genotyping primer A, 5=-CCTAAAGCATGACACAGGGC-3=;
genotyping primer B, 5=-TACCGACAGTGAAGCCAGG-3=; genotyping
primer C, 5=-AGGAGGGTCCTTGGAGGATA-3=; genotyping primer D,
5=-GTAGCCTGGTGGACAAGCAT-3=.

Mice were housed three or four per cage with ad libitum access to food
and water, and adipose-Stra6�/� mice and their controls were maintained
on a 12-h light and 12-h dark cycle. Mice were fed a standard chow diet (15
IU vitamin A/g and 17% of calories from fat; Lab Diet; 5008) or a high-fat
diet. At 5 weeks of age, high-fat-diet-fed mice were fed a high-fat diet
containing 4 IU vitamin A/g and 60% of the calories from fat (Research
Diet; D12492), and at 8 weeks of age, they were switched to a high-fat diet
containing 27 IU vitamin A/g and 55% of the calories from fat (Harlan
Teklad; 93075), as the latter diet results in a higher degree of insulin
resistance and obesity in wild-type mice. All aspects of animal care were
approved by the Institutional Animal Care and Use Committee of the
Beth Israel Deaconess Medical Center and Harvard Medical School.

Body weight and composition. Body weights were measured weekly.
Body composition was determined by dual-energy X-ray absorptiometry

(DEXA; Lunar PIXIMUS densitometer; GE Medical Systems) in mice
anesthetized with a mixture of isoflurane (3%) and oxygen (97%) with a
pressurized vaporizer. In female mice, perigonadal adipose tissue was de-
fined as the intra-abdominal visceral depots attached to both horns of the
uterus up to the ovaries. In male mice, perigonadal adipose tissue was
defined as the prominent intra-abdominal visceral depots attached to the
testicles. In both genders, subcutaneous white adipose tissue was defined
as the superficial white adipose tissue between the skin and muscle fascia
from the midline of the abdomen (abdominal belt) to the spine. For fat
weights and adipocyte numbers, bilateral depots were used.

GTTs and ITTs. For glucose tolerance tests (GTTs) and insulin toler-
ance tests (ITTs), the food was removed at 8:00 a.m. for 5 h. GTTs were
performed by the intraperitoneal (i.p.) injection of glucose at 1 g/kg of
body weight. ITTs were performed by the i.p. injection of recombinant
regular human insulin (Humulin; Lilly) at a dose of 0.5 to 0.7 U/kg of body
weight. Blood glucose was measured at the indicated time points (One-
Touch Ultra glucometer).

Indirect calorimetry. Animals were individually housed in metabolic
chambers on a 12-h light and 12-h dark cycle. Metabolic measurements
(oxygen consumption, locomotor activity, and food intake) were ob-
tained with an indirect calorimetry system (Comprehensive Lab Animal
Monitoring System [CLAMS]; Columbia Instruments). The CLAMS
studies were performed at the NeuroBehavior Laboratory at the Harvard
NeuroDiscovery Center.

Chemistries. Mice were bled either in the fed state in the morning (8
a.m. to 10 a.m.) or 5 h after the removal of food. Blood collections were
performed by tail vein bleeding. Leptin and insulin levels were determined
by enzyme-linked immunosorbent assay (Crystal Chem).

Quantitative PCR. Tissues were snap-frozen in liquid nitrogen and
stored at �80°C prior to processing. RNA was extracted with TRI Reagent
(Molecular Research Center). For adipose tissue samples from the adi-
pose-Stra6�/� mice, an RNeasy kit (Qiagen) was used for further RNA
purification. cDNA was generated with random hexamers (Advantage
RT-for-PCR kit; Clontech). Quantitative real-time PCR was performed in
a 7900 HT thermocycler (Applied Biosystems) with TaqMan universal
Master Mix, Solaris Master Mix, or SYBR green PCR Master Mix (Applied
Biosystems). TaqMan primers-probes were used to obtain the data in Fig.
2E and F. For TaqMan analysis, the primer-probe set used (12) included
STRA6 forward (5=-AGCCAAGTCAGACTCCAAGAG-3=), STRA6 re-
verse (5=-CAGAGAGCACACTAACTTCTTTCA-3=), and STRA6 FAM
(5=-CCCCACTGAGCTGCCCTCTCC-3=), and a commercially available
primer probe was used for 18S rRNA (Applied Biosystems; 4310893E).
Solaris primers-probes were used for RBP4 receptor 2 (RBPR2) measure-
ments (RBPR2, 74152; actin, 11461; TATA-binding protein [TBP],
21374). All other measurements were performed with SYBR green. For
the sequences of the primers used, see Table S1 in the supplemental ma-
terial or references 30 to 32.

Western blotting. Serum was diluted 30-fold in a lysis buffer (20 mM
Tris-Cl, 5 mM EDTA, 10 mM Na4P2O7, 100 mM NaF, 1% NP-40, 6.7
�g/ml aprotinin, 6.7 �g/ml leupeptin, 1 mM phenylmethylsulfonyl fluo-
ride, 2 mM Na3VO4). Samples were boiled for 5 min, and proteins were
separated by 18% SDS-polyacrylamide gel electrophoresis. Mouse RBP4
was detected with an anti-human RBP4 polyclonal antibody (Dako; cat-
alog number A0040) at a 1:500 dilution and a horseradish peroxidase-
conjugated anti-rabbit secondary antibody at a 1:1,000 dilution. Tran-
sthyretin (TTR) was detected with an anti-human TTR polyclonal
antibody that also recognizes mouse TTR (Dako; catalog number A0002).
Bands were visualized with enhanced-chemiluminescence reagent (Am-
ersham Life Sciences) and quantified with ImageQuant TL (GE Health-
care).

Adipocyte isolation and cell number determination. Adipocytes
were isolated from adipose tissue as previously described (33). Briefly,
perigonadal or subcutaneous adipose tissue was digested with collagenase
(1 mg/ml) at 37°C in Krebs-Ringer-HEPES buffer (pH 7.4) with 3% bo-
vine serum albumin and 200 nM adenosine. Cells were filtered through a
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mesh and separated by spinning the suspension through dinonyl phtha-
late oil. After centrifugation, the adipocyte fraction and the pelleted stro-
movascular fraction (SVF) were transferred to TRI Reagent for RNA ex-
traction. A small piece of adipose tissue was fixed in osmium, and cell size
and number were determined in a Coulter counter as previously described
(33, 34).

Glucose transport in isolated adipocytes. Glucose transport studies
were performed as previously described (35). Isolated perigonadal adi-
pocytes were incubated for 30 min in the absence (basal) or presence
(insulin stimulated) of insulin at the indicated concentrations. [U-14C]-
glucose was then added, the mixture was incubated for 30 min, and the
reaction was terminated by spinning the suspension through dinonyl
phthalate oil.

Retinol uptake. Human retinol-bound RBP4 (holo-RBP4) was ex-
pressed in Escherichia coli and purified as described previously (4, 14). The
endotoxin level of the protein was less that 0.001 endotoxin U/�g. Reti-
nol-free RBP4 (apo-RBP4) was generated by stripping off the retinol from
holo-RBP4 by incubating holo-RBP4 with 40% butanol– 60% diisopropyl
ether as previously described (14). Apo-RBP4 was reloaded with retinol
(10-fold molar excess) by the addition of a mixture of unlabeled retinol
and [3H]retinol {American Radiolabeled Chemical; [15-3H(N)retinol;
catalog no. ART 0556}, and unbound retinol was removed with dextran-
coated charcoal. The quality of the [3H]retinol-RBP4 was confirmed by
fluorescence spectrometry (14). Retinol uptake studies were performed
with isolated perigonadal adipocytes by incubating cells with [3H]retinol-
RBP4 for the indicated duration at the indicated concentration. The dia-
lysate buffer was used as a control in the experiments. After incubation,
the cells were spun through dinonyl phthalate oil and collected in scintil-
lation tubes. Radioactivity was measured by scintillation counting.
Counts were normalized per adipocyte, and retinol uptake is expressed in
femtomoles per cell.

Statistics. All values are presented as the mean � the standard error of
the mean (SEM). A P value of �0.05 was considered significant. Statistical
analysis was performed with Student’s two-tailed t test, one-way analysis
of variance (ANOVA), or two-way ANOVA, as appropriate. GraphPad
Prism 5 was used for analysis.

RESULTS
STRA6 tissue distribution. STRA6 was highly expressed in the
brain and eye and absent from the liver in male mice on a chow
diet, consistent with previous studies (10, 11) (Fig. 1A). Kidney
tissue was chosen as the reference for the graphs in Fig. 1 and 2
because of its intermediate level of expression. Expression in mus-
cle was relatively low, with no significant differences between the
differentskeletalmuscletypesstudied,includingoxidative(soleus),
glycolytic (tibialis), and mixed (gastrocnemius) muscles. In mice
fed a chow diet, STRA6 expression was higher in subcutaneous
white adipose tissue than in muscle, brown adipose tissue, and
perigonadal adipose tissue. STRA6 expression in perigonadal
white adipose tissue was similar to that in muscle.

To determine the regulation of STRA6 in insulin-resistant
states and obesity, we measured STRA6 expression in mice with
high-fat-diet-induced insulin resistance (Fig. 1B). As expected,
the body weights of C56BL/6 mice fed a high-fat diet for 2 months
were increased (Fig. 1C), and high-fat-diet-fed mice had elevated
glucose, insulin, and serum RBP4 levels (Fig. 1D to F). ITTs also
showed an elevated initial glucose level and an impaired response
to insulin (Fig. 1G and H). In high-fat-diet-fed mice, STRA6 ex-
pression was still highest in the eye and brain, intermediate in the
kidney, and low in muscle and adipose tissues (Fig. 1B). STRA6
expression was not present in the livers of lean mice and was not
induced by a high-fat diet. In contrast to the 6-fold higher STRA6
expression in subcutaneous white adipose tissue compared to that

in perigonadal white adipose tissue and muscles in mice fed a
chow diet in high-fat-diet-fed mice, STRA6 expression in brown
adipose tissue and white adipose tissue was lower than in muscle.
In high-fat-diet-fed mice, STRA6 mRNA in subcutaneous white
adipose tissue was 95% lower than its expression in the kidney,
whereas STRA6 expression in subcutaneous white adipose tissue
was comparable to that in the kidney in mice fed a chow diet.

We also determined whether STRA6 tissue distribution is
altered in the ob/ob mouse, a genetic model of obesity and
insulin resistance due to leptin deficiency. As expected, ob/ob
mice were obese and had hyperglycemia and severe hyperinsu-
linemia (Fig. 2A to C). Serum RBP4 was elevated 1.7-fold in
ob/ob mice (Fig. 2D). In lean female mice that were littermates
of ob/ob mice (Fig. 2E), STRA6 tissue distribution was similar
to that found in male mice (Fig. 1A). STRA6 expression in
ob/ob mice was highest in the eye and brain (Fig. 2F), as was
seen in lean and high-fat-diet-fed mice. However, in contrast to
lean mice and in parallel with high-fat-diet-fed mice, STRA6
expression in adipose tissue was lower in all fat depots, includ-
ing subcutaneous fat, compared to skeletal muscle. In subcu-
taneous white adipose tissue from lean mice, STRA6 levels were
similar to those in the kidney, whereas the levels were �95%
lower than those in the kidney in ob/ob mice.

Regulation of STRA6 in adipose fractions. Emerging evidence
indicates that not all adipose tissue depots contribute equally to
the development of insulin resistance (36). Therefore, we studied
the effects of a high-fat diet on STRA6 expression in subcutaneous
and perigonadal adipose tissue depots. We found that STRA6 was
6.5-fold lower in the perigonadal adipose tissue of high-fat-diet-
fed mice than in that of chow-fed controls (Fig. 3A) and tended to
be decreased in subcutaneous fat (Fig. 3B).

Since adipose tissue is composed of both adipocytes and stro-
movascular cells, we determined in which fraction STRA6 is ex-
pressed. In the perigonadal adipose tissue of control mice fed a
chow diet, STRA6 expression was similar in adipocytes and the
SVF (Fig. 3C). In contrast, in the subcutaneous adipose tissue of
mice fed a chow diet, STRA6 expression in the SVF was higher
than in adipocytes (Fig. 3D). Similarly, in the lean controls for
ob/ob mice, STRA6 expression was comparable in adipocytes and
the SVF in perigonadal fat, whereas in the subcutaneous depot,
STRA6 expression was greater in the SVF than in the adipocyte
fraction (Fig. 3E and F).

In high-fat-diet-fed mice, STRA6 expression was downregu-
lated in isolated perigonadal adipocytes and there was a strong
tendency for downregulation in the SVF from perigonadal fat
(P 	 0.07) (Fig. 3C). In contrast, in the subcutaneous fat of these
mice, there was no downregulation and a tendency toward an
increase in adipocytes, and STRA6 was downregulated 5.7-fold in
the SVF from the same subcutaneous fat pads (Fig. 3D). Similar to
the high-fat model, in ob/ob mice, STRA6 was decreased 17-fold in
perigonadal adipocytes and 3.6-fold in the SVF from perigonadal
fat (Fig. 3E). In subcutaneous fat of ob/ob mice, STRA6 was down-
regulated 4-fold in the stromovasculature but unchanged in the
adipocyte fraction (Fig. 3F). Therefore, in these models of diet-
induced and genetic obesity, there was a consistent decrease in
STRA6 expression in perigonadal adipocytes and in the SVF from
both perigonadal and subcutaneous fat.

In high-fat-diet-fed mice, unlike the downregulation of STRA6
in perigonadal and subcutaneous fat, STRA6 expression was not
altered in brown adipose tissue or in skeletal (glycolytic, oxidative)
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or cardiac muscle (Fig. 3G and H). In contrast to the high-fat diet
model, STRA6 expression was increased 4.7-fold in brown adi-
pose tissue and increased 1.9-fold in the soleus muscles of ob/ob
mice (Fig. 3I and J). This coordinate regulation may reflect the fact
that brown fat precursor cells express myogenic genes (37) and
brown adipose tissue and skeletal muscle arise from myf5-express-
ing precursor cells (38).

STRA6 expression in white adipose tissue was calculated by
using a standard curve because the expression of the housekeeping
genes for cyclophilin, TBP, and 18S rRNA was altered with obesity
(Fig. 4A to D). It is well known that the gene for glyceraldehyde
3-phosphate dehydrogenase, which is often used as a housekeep-
ing gene, is highly upregulated in adipose tissue in obese rodents
(39) and humans (40) and is downregulated in obese subjects with
type 2 diabetes mellitus (40). The housekeeping genes were less
variable in brown adipose tissue and skeletal and cardiac muscles
of high-fat-diet-fed mice (Fig. 4E). In muscle from high-fat-diet-

fed mice, STRA6 was normalized to TBP (Fig. 3H), since TBP
expression in these tissues was not altered with high-fat feeding
(Fig. 4E). The results for STRA6 expression relative to TBP in
muscle were comparable to those measured with TaqMan primers
and expressed relative to 18S rRNA in the muscles of a separate set
of animals (data not shown).

Generation of adipose-Stra6�/� mice. Since STRA6 was de-
creased in perigonadal adipocytes in two models of insulin resis-
tance, we determined the role of STRA6 in adipocytes in insulin
resistance and glucose homeostasis by targeting the expression of
STRA6 specifically in adipocytes. Adipose-Stra6�/� mice were
born at the expected Mendelian frequency. A PCR assay per-
formed on DNA with primers flanking the first loxP site (primers
A and B) showed that �50% of the adipocyte DNA from adipose-
Stra6�/� mice was not recombined, indicating that 50% of the
DNA had been recombined (Fig. 5A). We then determined that
STRA6 was deleted only from adipocytes (primers C and D). The

FIG 1 Tissue STRA6 distribution and metabolic characteristics of chow-fed and high-fat-diet-fed mice. (A) STRA6 mRNA expression in male C57BL/6 mice fed
a chow diet. *, P � 0.05 versus heart, skeletal muscles, and other fat depots. (B) STRA6 mRNA expression in male C57BL/6 mice fed a high-fat diet (HFD). #, P �
0.05 versus all skeletal muscles. All data are expressed relative to levels in kidney in that group of mice and are normalized to 18S rRNA. Analysis was performed
by ANOVA comparing skeletal muscles, heart, and fat depots. (C to F) Body weights and fed glucose, fed insulin, and serum RBP4 levels of 3-month-old male
C57BL/6 mice fed chow and high-fat diets. *, P � 0.05 versus the control. (G and H) Insulin tolerance and area above the curve during an ITT (0.7 mU/g body
weight) 5 h after food removal. *, P � 0.05 versus the control. Results represent five to eight animals per group. Data are expressed as mean � SEM.
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recombined allele was present in adipocytes from adipose-
Stra6�/� mice, but it was not present in adipocytes from STRA6
floxed mice or any other tissues from adipose-Stra6�/� mice, in-
cluding whole brain and kidney tissues (Fig. 5B).

STRA6 mRNA expression was 50 to 65% lower in whole brains
and kidneys from both STRA6 flox/flox mice and adipose-
Stra6�/� mice than in those from wild-type and adiponectin-Cre
controls (Fig. 5C). In contrast, STRA6 expression was not altered
in skeletal muscle in STRA6 flox/flox mice and adipose-Stra6�/�

mice compared to that in wild-type or adiponectin-Cre controls.
Although there was some mouse-to-mouse variation in isolated
adipocytes, there was no significant difference in STRA6 expres-
sion among the wild-type, adiponectin-Cre, and STRA6 flox/flox
groups. STRA6 in perigonadal and subcutaneous adipocytes from
adipose-Stra6�/� mice was 50 to 70% lower than in those from
wild-type, adiponectin-Cre, and STRA6 flox/flox controls. Thus,
although the STRA6 floxed construct itself decreased STRA6 ex-
pression in some tissues (whole brain, kidney), STRA6 expression
was further reduced specifically in adipocytes from adipose-
Stra6�/� mice compared to STRA6 flox/flox mice.

Since no currently available STRA6 antibody detects STRA6
expression in fat (data not shown), we could not measure STRA6
protein levels. Therefore, to determine whether the partial reduc-
tion of STRA6 mRNA in some tissues resulted in a systemic phe-

notype, we extensively characterized the metabolic phenotype of
the STRA6 flox/flox mice compared to that of both wild-type and
adiponectin-Cre controls. The body weight of STRA6 flox/flox
mice fed a chow diet was not different from that of wild-type and
adiponectin-Cre controls up to 43 weeks of age (Fig. 6A). Body
composition at 8 and 32 weeks (lean mass and fat mass), adipocyte
number, and adipocyte size were not different among the geno-
types (Fig. 6B to E). There were no differences in serum leptin,
glucose tolerance, or insulin sensitivity among wild-type, adi-
ponectin-Cre, and STRA6 flox/flox mice fed a chow diet (Fig. 6F
to H). Similarly, when fed a high-fat diet, body weight, serum
leptin, fat mass, and lean mass were not different among wild-
type, adiponectin-Cre, and STRA6 flox/flox mice (Fig. 6I to L).
The partial reduction in STRA6 expression in STRA6 flox/flox
mice also did not alter serum RBP4, retinol uptake, and expression
of retinoid homeostatic genes in adipocytes (Fig. 6M to P). There-
fore, we found no evidence that the partial reduction of STRA6
expression in some tissues had any metabolic effects.

Since STRA6 expression was lower in some tissues containing
the STRA6 floxed allele than in wild-type and adiponectin-Cre
mice and there were no metabolic changes in the STRA6 flox/flox
mice, we used the STRA6 flox/flox mice as controls for all subse-
quent studies. The reduced STRA6 expression in the brain and
kidneys could be due to the effects of the IRES-lacZ cassette in the

FIG 2 Tissue STRA6 distribution and metabolic characteristics of lean and ob/ob mice. (A to D) Body weights and fed glucose, fed insulin, and serum RBP4 levels
of 3-month-old female lean and ob/ob mice. *, P � 0.05 versus the control. (E) STRA6 mRNA expression in female lean littermates of ob/ob mice. (F) STRA6
mRNA expression in female ob/ob mice. All mice were fed a chow diet. @, P � 0.05 versus soleus and tibialis muscles; ##, P � 0.05 versus all skeletal muscles. All
data are expressed relative to levels in kidney in that group of mice and are normalized to 18S rRNA. Analysis performed by ANOVA comparing skeletal muscle,
cardiac muscle, and fat depots. Results represent three to five animals per group. Data are expressed as mean � SEM. Gastroc, gastrocnemius; BAT, brown
adipose tissue; PG, perigonadal; WAT, white adipose tissue; SubQ, subcutaneous.
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3= UTR on mRNA stability or to effects on mRNA expression of
the loxP sites inserted into introns. Several studies in the literature
report effects of a floxed construct on the expression of the target
gene in specific tissues in the absence of Cre expression (41–43).
However, when mice expressing the floxed construct are used as
controls, important information can still be obtained.

Characterization of adipose-Stra6�/� mice fed a chow diet.
The body weight of adipose-Stra6�/� mice was the same as that of
controls at 5 weeks of age, suggesting no congenital growth retar-
dation, and there was a strong trend toward decreased body
weight as they got older (Fig. 7A) (P 	 0.06). At 8 weeks of age, the
fat mass and lean mass of adipose-Stra6�/� mice were the same as
those of controls, whereas at 32 weeks, adipose-Stra6�/� mice had
a 40% decrease in fat mass without altered lean mass (Fig. 7B and
C). At 43 weeks, there was a 55% decrease in perigonadal fat
weight and a trend toward decreased subcutaneous fat weight in
adipose-Stra6�/� mice (Fig. 7D). Adipocyte size was unchanged
between genotypes at 17 and 43 weeks of age (Fig. 7E). However,
the adipocyte number in perigonadal fat tended to be lower at 17

weeks of age and was lower by 50% at 43 weeks of age, which could
account for the leanness in the adipose-Stra6�/� mice (Fig. 7F).
Since STRA6 plays a role in adipocyte differentiation (30), we
measured the expression of markers of adipocyte differentiation
in the adipose-Stra6�/� mice. We found no differences in these
markers in adipose tissue between the adipose-Stra6�/� mice and
controls (Fig. 7G), suggesting that the decreased cell number was
not due to reduced adipocyte differentiation. At 8 weeks of age,
serum leptin levels were unchanged in the adipose-Stra6�/� mice
(Fig. 7H), consistent with the normal fat mass (Fig. 7B). At 22
weeks of age, leptin levels tended to be lower, and at 33 weeks of
age (Fig. 7H), leptin levels were 60% lower in the adipose-
Stra6�/� mice, consistent with the lower fat mass (Fig. 7B). Food
intake normalized to body weight at 38 weeks did not differ be-
tween the adipose-Stra6�/� mice and the controls (Fig. 7I).

To evaluate the mechanism for the decreased adiposity of adi-
pose-Stra6�/� mice, food intake, physical activity, and energy ex-
penditure were measured at 16 weeks of age prior to the diver-
gence in body weight (Fig. 8A). This is the optimal time to detect

FIG 3 STRA6 expression in whole fat pads, isolated adipocytes, and the SVF in high-fat-diet-fed and ob/ob mice. (A and B) STRA6 mRNA in whole fat pads in
perigonadal fat and subcutaneous fat in chow-fed and high-fat-diet-fed animals. (C and D) STRA6 mRNA in isolated adipocytes and SVF in perigonadal and subcuta-
neous adipose tissue in mice fed chow or a high-fat diet (HFD). (E and F) STRA6 mRNA in isolated adipocytes and SVF in perigonadal and subcutaneous adipose tissue
in lean and ob/ob mice. For white adipose tissue and adipose tissue fractions, STRA6 expression was calculated by using a standard curve. (G) STRA6/TBP mRNA in
brown adipose tissue (BAT) in chow-fed and high-fat-diet-fed mice. (H) STRA6/TBP mRNA in skeletal and cardiac muscles in chow-fed and high-fat-diet-fed mice.
Gastroc, gastrocnemius. (I and J) STRA6/TBP mRNA in brown adipose tissue and soleus muscles of lean and ob/ob mice. *, P � 0.05 versus respective control (chow fed
or lean); @, P 	 0.07 versus chow; #, P � 0.05 for chow SVF versus chow adipocyte fraction. n 	 4 to 6 samples per group. For the lean and chow-fed mice, 4 mice were
pooled per sample, so the data represent 16 to 24 mice. AU, arbitrary units. Data are expressed as mean � SEM.
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a difference in energy metabolism, since once a difference in body
weight is established, it is more difficult to interpret changes in
energy expenditure (44). The mice did not develop decreased ad-
iposity (Fig. 7B and D) because of decreased food intake (Fig. 8B)
or increased physical activity (Fig. 8C) (P 	 0.09), as these param-
eters were not significantly altered for the adipose-Stra6�/� mice.
O2 consumption, energy expenditure, and CO2 production dur-
ing the dark phase showed a very strong trend to increase in adi-
pose-Stra6�/� mice (P 	 0.06 for these three parameters), which
could contribute to the development of leanness (Fig. 8D to F).
Resting O2 consumption (when physical activity is �5% of the
baseline) was not significantly altered in adipose-Stra6�/� mice
(data not shown). Since altered retinoid metabolism can activate a
thermogenic program in adipose tissue (45), we determined if the
expression of genes that regulate thermogenic capacity was altered
in brown adipose tissue and subcutaneous white adipose tissue in
adipose-Stra6�/� mice. Although the expression of classical
brown fat markers in brown adipose tissue was not changed
(Fig. 8G), there was a striking upregulation of key genes involved
in thermogenesis (Ucp-1, Pgc-1a, and Cidea) in the subcutaneous

adipose tissue of adipose-Stra6�/� mice (Fig. 8H), consistent with
their strong tendency for increased oxygen consumption (Fig.
8E). The expression of other brown selective genes whose biolog-
ical function is not as well characterized was not altered (Fig. 8H).
Browning of white adipose tissue can be mediated by beige adi-
pocytes, which express a unique gene profile (31). The expression
of beige selective markers in white adipose tissue was unchanged
in adipose-Stra6�/� mice (Fig. 8I).

Serum glucose 5 h after food removal was unchanged in female
adipose-Stra6�/� mice fed a chow diet, whereas serum insulin was
decreased by �30 to 40%, indicating increased insulin sensitivity
(Fig. 9A and B). The insulin levels were decreased as early as 8
weeks of age, which preceded differences in fat mass and serum
leptin, and the decreased insulin persisted at 13 weeks and tended
to persist at 22 weeks. In addition, adipose-Stra6�/� mice had
improved glucose tolerance, as demonstrated by a decreased area
under the curve during GTTs (Fig. 9C), while ITTs (Fig. 9D) were
not different, in contrast to the enhanced insulin sensitivity indi-
cated by the reduced ambient insulin levels with normal glucose
levels. Data on male adipose-Stra6�/� mice also supported in-

FIG 4 Expression of commonly used housekeeping genes in adipose tissue and muscle. (A) Cyclophilin mRNA in isolated adipocytes and SVF in perigonadal
(PG) and subcutaneous (SQ) fat in lean and ob/ob mice. WAT, white adipose tissue. (B) TBP mRNA in adipocytes and SVF in perigonadal and subcutaneous fat
and brown adipose tissue (BAT) of lean and ob/ob mice. (C) 18S rRNA levels in adipose tissue, isolated adipocytes, and SVF in perigonadal fat of lean and ob/ob
mice. (D) TBP mRNA levels in adipose tissue, adipocytes, and SVF in perigonadal and subcutaneous fat of chow-fed and high-fat-diet (HFD)-fed mice. (E) TBP
mRNA levels in brown adipose tissue and muscles of mice fed chow and high-fat diets. n 	 4 to 6 samples per group. For the lean and chow-fed mice, four mice
were pooled per sample, so the data represent 16 to 24 animals. *, P � 0.05 versus chow-fed or lean control mice. Data are expressed as mean � SEM. Gastroc,
gastrocnemius.
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creased insulin sensitivity. Similar to females, male adipose-
Stra6�/� mice had normal blood glucose levels, but their insulin
levels were lower at 8 weeks of age (1.1 � 0.1 ng/ml in control mice
versus 0.8 � 0.1 ng/ml in adipose-Stra6�/� mice; P � 0.05). This
was in spite of normal body weight, perigonadal and subcutane-
ous fat weight, and serum leptin up to 24 weeks of age (data not
shown).

Since STRA6 has been proposed to signal through a JAK2/
STAT5 pathway (15) and the STAT5 target gene encoding sup-
pressor of cytokine signaling 3 (SOCS3) modulates insulin sensi-
tivity in adipocytes (46–48), we determined the expression of
SOCS3. SOCS3 expression was lower in isolated adipocytes from
adipose-Stra6�/� mice than in those from controls (Fig. 9E),
which could contribute to the improved insulin sensitivity of
these mice. Peroxisome proliferator-activated receptor gamma
(PPAR
) has also been proposed as a target of the STRA6/
JAK2/STAT5 pathway (15), and PPAR
 expression is de-
creased in white adipose tissue of whole-body STRA6 null mice
(18). However, we found no change in PPAR
 expression in
adipocytes from adipose-Stra6�/� mice (Fig. 9E). To deter-
mine the effects of adipose STRA6 knockdown on insulin sen-

sitivity at the cellular level, especially since SOCS3 was de-
creased, we measured glucose uptake in isolated adipocytes at
an age when the perigonadal fat mass was unchanged (Fig. 9F).
Basal and insulin-stimulated glucose uptake and the half-max-
imal effective dose (ED50) were unchanged in isolated adi-
pocytes from adipose-Stra6�/� mice (Fig. 9G).

Characterization of adipose-Stra6�/� mice fed a high-fat
diet. We then determined if adipose-Stra6�/� mice were pro-
tected from high-fat-diet-induced obesity or insulin resistance.
Both control and adipose-Stra6�/� female mice became obese to
similar degrees when fed a high-fat diet (Fig. 10A). Body compo-
sition studies revealed that fat mass and lean mass were unchanged
at 30 weeks of age in the adipose-Stra6�/� mice and the controls
(Fig. 10B and C). While the perigonadal fat pad weight in adipose-
Stra6�/� mice at 45 weeks of age was lower than that in controls,
the subcutaneous fat mass in these mice was unchanged (Fig.
10D). Serum leptin was unchanged at 14 weeks in the adipose-
Stra6�/� mice and the controls, consistent with the same degree of
adiposity as controls at this age (Fig. 10E). Leptin levels were also
the same between genotypes at 45 weeks of age (data not shown).
Adipose-Stra6�/� mice had modestly improved insulin sensitiv-

FIG 5 Generation of adipose-Stra6�/� mice. (A) STRA6 flox construct showing loxP sites. The STRA6 flox construct contains an IRES-lacZ cassette. A PCR assay
using DNA from isolated perigonadal adipocytes was done with primers A and B to detect the STRA6 floxed allele. n 	 3 or 4 per group. *, P � 0.05 versus flox.
(B) Construct of targeted locus after Cre-mediated recombination. A PCR assay (with primers C and D) was done using DNA from adipocytes from STRA6
flox/flox mice and from adipocytes, kidneys, and whole brains of adipose-Stra6�/� mice. (C) STRA6 mRNA expression in the whole brain, kidney, soleus muscle,
perigonadal (PG) adipocytes, and subcutaneous (SQ) adipocytes. n 	 6 to 12 per group. *, P � 0.05 versus the wild type (WT); �, P � 0.05 versus adiponectin-
Cre (ANOVA comparing all four groups). #, P � 0.05 versus all other groups; @, P � 0.05 versus the wild type and adiponectin -Cre (t test). AU, arbitrary units.
Data are expressed as mean � SEM.
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ity, as demonstrated by ITT at 16 weeks of age (Fig. 10F), before
the divergence of body weight and fat mass.

Overall, the sustained decrease in serum insulin in female ad-
ipose-Stra6�/� mice fed a chow diet (Fig. 9B, 8, 13, and 22 weeks
old), the decreased serum insulin level in male adipose Stra6�/�

mice at 8 weeks of age (1.1 � 0.1 ng/ml in control mice versus
0.8 � 0.1 ng/ml in adipose-Stra6�/� mice; P � 0.05), and the
improved ITT results in female adipose-Stra6�/� mice fed a high-
fat diet (Fig. 10F) indicate improved systemic insulin sensitivity in
mice with a reduction of STRA6 in adipocytes. The lack of im-
provement in the ITT results of adipose-Stra6�/� mice on a chow
diet suggests that the effects may be relatively mild. The lack of
increased insulin sensitivity in the glucose transport assay in iso-
lated adipocytes may indicate that knockdown of adipose STRA6
results in changes in adipose tissue biology that affect insulin ac-
tion in other tissues or that other pathways in adipocytes, not
glucose transport, have increased insulin sensitivity.

Retinoid homeostasis. The serum RBP4/TTR ratio was not
altered in adipose-Stra6�/� mice fed a chow diet (Fig. 11A). Ret-
inol uptake with 75 nM [3H]retinol-RBP4 showed a time-depen-
dent increase in isolated perigonadal adipocytes that was not dif-
ferent between control and Stra6�/� adipocytes (Fig. 11B). With
higher concentrations of [3H]retinol-RBP4 (140 and 1,000 nM),
retinol uptake was also not different between adipocytes from
control mice and those from adipose-Stra6�/� mice (Fig. 11C).

Adipose tissue is an important storage site for retinoids, which
activate retinoic acid receptor signaling, and the expression of
genes involved in retinoid metabolism is a good marker of cellular
retinoid levels. The levels of expression of the genes encoding
CYP26A1, lecithin retinol acyltransferase (LRAT), and retinoic
acid receptor � (RAR�) were not altered in isolated perigonadal
(Fig. 11D) or subcutaneous (Fig. 11E) adipocytes from adipose-
Stra6�/� mice fed a chow diet or in perigonadal adipose tissue
from high-fat-diet-fed mice (data not shown). The expression of
these genes was also not altered in the main retinoid storage site,
the liver, suggesting no changes in whole-body retinoid homeo-
stasis (data not shown). RBPR2 (or 1300002K09Rik) is a newly
described RBP4 receptor and retinol transporter that is highly
expressed in the liver with very low expression in adipocytes and
the SVF of adipose tissue in chow-fed mice (49). We found very
low expression of RBPR2 in the perigonadal adipose tissue of our
control mice, and it was not induced in adipose-Stra6�/� mice fed
a chow diet (data not shown), indicating that normal retinoid
homeostasis did not result from compensatory upregulation of
the receptor RBPR2.

DISCUSSION

Since elevated RBP4 causes insulin resistance, we sought to deter-
mine the role of its receptor, STRA6, in the pathogenesis of insulin

resistance and obesity. Surprisingly, we found that STRA6 was
markedly decreased in the adipose tissue but not in the muscle of
ob/ob mice and mice fed a high-fat diet. Therefore, a key goal of
this study was to determine whether knockdown of STRA6 in
adipose tissue contributes to insulin resistance or obesity. We
achieved a partial knockdown of STRA6 in the adipocytes of adi-
pose-Stra6�/� mice, which should be informative because most
therapeutic approaches only partially disrupt receptor-mediated
pathways. Our studies provide evidence that mice with a partial
reduction in STRA6 in adipocytes have improved insulin sensitiv-
ity when fed a chow or high-fat diet. This may be independent of
leanness, since in both female and male adipose-Stra6�/� mice fed
a chow diet, serum insulin was decreased at an age (8 weeks, Fig.
9B) when body weight and fat mass were unchanged. Further-
more, in high-fat-diet-fed mice, insulin tolerance was improved at
16 weeks (Fig. 10F), when body weight and serum leptin levels (an
indication of whole-body fat mass) were unchanged.

We considered several potential mechanisms for the improved
insulin sensitivity of adipose-Stra6�/� mice. One possibility is re-
duced STRA6-dependent action of RBP4, since some studies show
that RBP4 may cause insulin resistance in a STRA6-dependent
manner (16). Binding of RBP4 to STRA6 has been shown to stim-
ulate JAK2/STAT5 signaling and upregulate STAT target genes,
including that for SOCS3 in adipose tissue and muscle (15), and
these effects of RBP4 are diminished in whole-body STRA6 null
mice (18). We found that isolated adipocytes from adipose-
Stra6�/� mice had decreased SOCS3 expression (Fig. 9E), but this
was not sufficient to improve insulin-stimulated glucose transport
(Fig. 9G). In addition to SOCS3, some data indicate that PPAR
 is
downstream of STRA6/JAK2/STAT5 signaling (15). PPAR
 ex-
pression was not decreased in adipocytes from adipose-Stra6�/�

mice, in contrast to the decrease in the adipose tissue of whole-
body STRA6 null mice (18). The difference could be that in
STRA6 null mice, PPAR
 expression was measured in adipose
tissue in which the macrophages and other stromovascular cells
could contribute to the decreased PPAR
 expression. Alterna-
tively, total-body knockout of STRA6 may have other effects that
indirectly alter PPAR
 expression in adipocytes. Another poten-
tial mechanism for the improved insulin sensitivity in adipose-
Stra6�/� mice could be the increased expression of uncoupling
protein 1 (UCP1) in white adipose tissue (Fig. 8H), since even low
levels of UCP1 in white adipose tissue improve systemic insulin
resistance independently of leanness (50).

We also considered potential mechanisms for leanness in adi-
pose-Stra6�/� mice. The increased expression of UCP1 and other
brown selective thermogenic genes in white adipose tissue in these
mice likely contributed to their leanness, which, in turn, fostered
the sustained improvement in insulin sensitivity. Enhanced
brown and beige cell activity is associated with resistance to weight

FIG 6 Adiponectin-Cre and STRA6 flox/flox mice have unchanged body weight, leptin, fat mass, and retinol uptake compared to wild-type mice. (A) Body
weights of wild-type, adiponectin-Cre, and STRA6 flox/flox female mice fed a chow diet, which was also used for panels B to H and M to P. n 	 6 to 12 mice per
genotype for chow diet-fed mice. (B and C) Fat mass and lean mass determined by DEXA at 8 and 32 weeks of age. WT, wild type. (D and E) Size and number
of adipocytes from perigonadal fat at 43 weeks of age. (F) Serum leptin 5 h after food removal at 8 and 22 weeks of age. (G) GTT (1 g/kg i.p.) of 21-week-old mice.
(H) ITT (0.5 U/kg) of 26-week-old mice. (I) Body weights of wild-type, adiponectin-Cre, and STRA6 flox/flox female mice fed a high-fat diet (HFD), which was
also used for panels J to L. n 	 5 to 15 mice per genotype for high-fat-diet-fed mice. (J) Serum leptin levels 5 h after food removal at 14 weeks of age. (K and L)
Fat mass and lean mass determined by DEXA at 30 weeks of age. (M) Serum RBP4/TTR levels in mice fed a chow diet at 33 weeks of age. (N) Retinol uptake in
isolated perigonadal adipocytes from mice 48 weeks of age. Adipocytes were incubated with 140 or 1,000 nM [3H]retinol-RBP4 for 90 min. Retinol uptake is
expressed per adipocyte number. n 	 4 to 6 per group. (O and P) Levels of CYP26A1, LRAT, and RAR� mRNA expression relative to the TBP expression level
in isolated perigonadal (PG) and subcutaneous (SQ) adipocytes. AU, arbitrary units. Data are expressed as mean � SEM.
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gain in several mouse models (51). The leanness could also be due
to the decreased adipocyte number (Fig. 7F). One cause for this
could be decreased adipocyte differentiation since knockdown of
STRA6 in cultured adipocytes was recently shown to impair adi-
pocyte differentiation in the presence of holo-RBP4 (30). How-
ever, we did not find differences in white adipocyte differentiation
markers, indicating that the reduced adipocyte number did not
result from impaired differentiation.

The phenotype of adipose-Stra6�/� mice could be influenced

by their genetic background. We found increased insulin sensitiv-
ity and decreased fat mass in adipose-Stra6�/� mice on a mixed
C57BL/6, 129SvEv, and CD1 background. C57BL/6 mice are more
glucose intolerant and hyperinsulinemic than 129 mice fed a chow
or high-fat diet (52, 53). In addition, C57BL/6 mice maintained
near thermoneutrality have fewer brown adipocytes than Sv129
mice do (54). Therefore, the improvements in insulin sensitivity
and leanness observed in adipose-Stra6�/� mice could be strain
dependent and more pronounced on a pure C57BL/6 back-

FIG 7 Adipose-Stra6�/� mice have decreased body weight, fat mass, and serum leptin levels when fed a chow diet. (A) Body weights of control and adipose-
Stra6�/� mice. �, P 	 0.06 versus the control (ANOVA). (B and C) Fat mass and lean mass determined by DEXA at 8 and 32 weeks of age. *, P � 0.05 versus the
control (Cont). (D) Perigonadal and subcutaneous (SQ) fat pad weights at 43 weeks of age. *, P � 0.05; �, P 	 0.06 (versus control mice). (E and F) Size and
number of adipocytes from perigonadal fat at 17 and 43 weeks of age. @, P 	 0.07; *, P � 0.05 (versus control mice). (G) Expression of adipocyte differentiation
markers in subcutaneous white adipose tissue of mice at 43 weeks of age. AU, arbitrary units. (H) Serum leptin levels 5 h after food removal at 8 and 22 weeks of
age: #, P 	 0.08 versus control mice. Serum leptin levels (mice fed ad libitum) at 33 weeks of age: *, P � 0.05 versus control mice. (I) Food intake per gram of body
weight at 38 weeks of age. All mice were females fed a chow diet. n 	 6 to 12 per genotype. Data are expressed as mean � SEM.
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FIG 8 Adipose-Stra6�/� mice show a significant trend toward increased oxygen consumption and increased expression of brown-selective genes in white
adipose tissue. (A) Body weights of control (Cont) and adipose-Stra6�/� mice at 16 weeks of age prior to CLAMS studies in panels B to F. (B) Food intake per
gram of body weight during the 12-h light and 12-h dark cycle. (C) Activity during the 12-h light and 12-h dark cycle. (D to F) Energy expenditure, O2

consumption, and CO2 production during the 12-h light and 12-h dark cycle, which were calculated by using the first full night and day in the CLAMS. (G) mRNA
expression of brown-selective genes in brown adipose tissue at 17 and 43 weeks of age. (H) Brown-selective marker expression in subcutaneous (SQ) white
adipose tissue in mice at 43 weeks of age. (I) Expression of beige-selective markers in subcutaneous white adipose tissue in mice at 43 weeks of age. n 	 7 or 8 per
genotype for CLAMS; n 	 4 to 6 per group for gene expression at 43 weeks of age. *, P � 0.05; #, P 	 0.06; �, P 	 0.07 (versus control mice). All mice were females
fed a chow diet. AU, arbitrary units. Data are expressed as mean � SEM.
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ground. We also observed gender differences in the leanness phe-
notype of adipose-Stra6�/� mice, although both genders had in-
creased insulin sensitivity. Female adipose-Stra6�/� mice had
lower body weights as they got older, whereas male adipose-
Stra6�/� mice had normal body weights and serum leptin levels
up to 24 weeks of age, although leanness in males could emerge at
a later age. Sexual dimorphisms have been observed in several
mouse models of obesity (55) and diabetes (56, 57). Vitamin A
metabolism may be important in these sexual dimorphisms, since
female mice, but not male mice, with a block in vitamin A metab-
olism are resistant to the high-fat-diet-induced formation of vis-
ceral fat (58).

Another major finding of this study was a marked decrease in
STRA6 expression in adipose tissue in high-fat-diet-fed wild-type
mice and ob/ob mice. This could be surprising since signaling
through STRA6 has been proposed to cause insulin resistance (15,
59). We considered potential mechanisms for the decrease in
STRA6 expression. STRA6 has been shown to be induced by reti-
noic acid (10–12), Wnt-1 (12), and p53 (60). However, these
mechanisms do not appear to explain the marked decrease in
STRA6 in adipose tissue of high-fat-diet-fed mice or ob/ob mice
since retinoic acid levels and retinoic acid receptor signaling are
not reduced in adipose tissue in these models (61; data not
shown). Furthermore, p53 is increased in ob/ob mouse adipose

FIG 9 Adipose-Stra6�/� mice have decreased serum insulin levels and improved glucose tolerance when fed a chow diet. (A and B) Serum glucose and insulin
levels in 8-, 13-, and 22-week-old female mice 5 h after food removal. *, P � 0.05 versus control mice (Cont). (C) GTT (1 g/kg i.p.) and area under the curve (0
to 45 min) of 21-week-old mice. *, P � 0.05 versus control mice. (D) ITT (0.5 U/kg) of 26-week-old mice. (E) SOCS3 mRNA and PPAR
 mRNA levels in isolated
perigonadal adipocytes. *, P � 0.05 versus control mice. (F) Perigonadal fat weight in mice at 17 weeks of age prior to the glucose uptake study. (G) Glucose
uptake expressed per adipocyte at the indicated insulin concentrations and ED50 in isolated perigonadal adipocytes. All mice were females fed a chow diet. n 	
6 to 12 mice per genotype. AU, arbitrary units. Data are expressed as mean � SEM.
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tissue (62), and Wnt-1 is normally restricted to the testes in adult
mice (63, 64). In future studies, it would be of interest to deter-
mine if other Wnt proteins regulate STRA6 expression in adipose
tissue.

The downregulation of STRA6 in adipose tissue indicates that
STRA6 may not contribute significantly to insulin resistance in
high-fat-diet-induced and ob/ob models of obesity. Both of these
models have a 1.5- to 4-fold increase in serum RBP4 (65), which is
similar to the elevation in obese, insulin-resistant humans (2, 3).
Elevated serum RBP4 contributes to insulin resistance, since low-
ering it improves insulin sensitivity in mice (4, 66, 67). The
marked decrease in STRA6 (Fig. 1 to 3) indicates that the insulin
resistance may result from STRA6-independent mechanisms of
RBP4 action. Recent data demonstrate that RBP4 causes insulin
resistance by inducing the immune system independently of
STRA6 (68). Immune system activation is thought to be an im-
portant cause of obesity-induced insulin resistance (69). A 2- to
3-fold elevation of serum RBP4 appears to be sufficient to activate
the immune system in adipose tissue, since RBP4-overexpressing
transgenic mice with this level of serum RBP4 have insulin resis-
tance in the absence of obesity. This appears to result from RBP4-
induced macrophage infiltration and proinflammatory cytokine
production in adipose tissue (68). RBP4 activates macrophages
directly, even though these cells do not express STRA6 and these
effects are mediated by Toll-like receptor 4 (14, 70). This indicates
that modest increases in RBP4 can cause inflammation in adipose
tissue in a STRA6-independent manner. Similar effects are seen in
cultured endothelial cells which also do not express STRA6 (13).

Since STRA6 has been implicated in cellular retinol uptake, we
determined the roles of STRA6 in adipocytes in retinol uptake and
in retinoid homeostasis. Retinol uptake was not altered in isolated
adipocytes with a partial reduction in STRA6 (Fig. 11B), indicat-
ing that full STRA6 levels are not required for normal retinol up-
take. Consistent with these findings, mice in which STRA6 is more
completely knocked out have a less than �25% decrease in retinol
uptake into white adipose tissue in vivo (18, 59). In our studies, the
lack of effect on retinol uptake does not appear to be due to com-
pensation of RBPR2 since we did not find compensatory upregu-
lation in adipose tissue of adipose-Stra6�/� mice. Since retinol
uptake via STRA6 is coupled to LRAT (71, 72), which is regulated
by retinoids (73), one might expect LRAT expression to be altered
in adipocytes of adipose-Stra6�/� mice. However, the expression
of neither the gene for LRAT nor other retinoid homeostatic genes
(encoding CYP26A1 and RAR�) was changed in adipocytes from
these mice, which suggests normal tissue retinoid levels.

In summary, the reduction of STRA6 in adipocytes results in
leanness and improved insulin sensitivity, which may be due to
the increased expression of brown selective genes in white adipose
tissue. These findings and genetic studies that show that STRA6
polymorphisms are associated with type 2 diabetes (17) indicate
that STRA6 in adipocytes may be important in the maintenance of
normal body fat and physiological insulin action. It has been hy-
pothesized that increased signaling through STRA6 could cause
insulin resistance (15), but this does not appear to be the case in
high-fat fed and ob/ob models of obesity, since STRA6 expression
was markedly downregulated in adipose tissue in these models.

FIG 10 Adipose-Stra6�/� mice have improved insulin tolerance when fed a high-fat diet. (A) Body weights of control (Cont) and adipose-Stra6�/� mice. (B and
C) Fat mass and lean mass determined by DEXA at 30 weeks of age. (D) Perigonadal and subcutaneous (SQ) fat pad weights at 45 weeks of age. (E) Serum leptin
5 h after food removal at 14 weeks of age. (F) ITT (0.7 U/kg) in 16-week-old mice. Area above the curve during an ITT from 0 to 60 min, which was calculated
by using values relative to the starting glucose level. *, P � 0.05 versus control mice. All mice were females fed a high-fat diet. n 	 5 to 15 mice per genotype. Data
are expressed as mean � SEM.
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This is consistent with prior studies that indicate that RBP4 causes
insulin resistance and inflammation in a STRA6-independent
manner (13, 14, 68). The determination of the biological effects of
other cell surface receptors that are activated by RBP4 may lead to
a greater understanding of the mechanisms of RBP4-induced in-
sulin resistance in the pathogenesis of type 2 diabetes and meta-
bolic syndrome.
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