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Retinoids are vitamin A (retinol) derivatives and complex regulators of adipogenesis by activating specific nuclear receptors,
including the retinoic acid receptor (RAR) and retinoid X receptor (RXR). Circulating retinol-binding protein 4 (RBP4) and its
membrane receptor STRA6 coordinate cellular retinol uptake. It is unknown whether retinol levels and the activity of RAR and
RXR in adipocyte precursors are linked via RBP4/STRA6. Here, we show that STRA6 is expressed in precursor cells and, dictated
by the apo- and holo-RBP4 isoforms, mediates bidirectional retinol transport that controls RAR� activity and subsequent adi-
pocyte differentiation. Mobilization of retinoid stores in mice by inducing RBP4 secretion from the liver activated RAR� signal-
ing in the precursor cell containing the stromal-vascular fraction of adipose tissue. Retinol-loaded holo-RBP4 blocked adipocyte
differentiation of cultured precursors by activating RAR�. Remarkably, retinol-free apo-RBP4 triggered retinol efflux that re-
duced cellular retinoids, RAR� activity, and target gene expression and enhanced adipogenesis synergistically with ectopic
STRA6. Thus, STRA6 in adipocyte precursor cells links nuclear RAR� activity to the circulating RBP4 isoforms, whose ratio in
obese mice was shifted toward limiting the adipogenic potential of their precursors. This novel cross talk identifies a retinol-
dependent metabolic function of RBP4 that may have important implications for the treatment of obesity.

The expansion of adipose tissue in obesity is characterized by an
increase in both adipocyte number and size (1). The under-

standing of factors that control differentiation of precursor cells
has significance for the identification of new therapeutic strategies
to treat obesity and associated diseases, such as type 2 diabetes.

Retinoic acid receptor (RAR) and retinoid X receptor (RXR)
are members of the nuclear receptor family with broad biological
functions (2). Both receptors comprise several isotypes and are the
molecular targets of retinoid ligands. Recent data suggest an im-
portant role for retinoids, their cellular binding proteins (3, 4),
and metabolizing enzymes (5, 6) in the control of adiposity. Phar-
macological intervention with retinoid ligands such as vitamin A
(retinol) (7) or its oxidation products retinaldehyde (5) and all-
trans-retinoic acid (atRA) (8, 9) reduces body weight and adipos-
ity in rodents, whereas feeding mice a retinol-deficient diet in-
creases their fat mass (10). Although in adipose tissue retinoids
regulate a variety of metabolic functions, such as thermogenesis,
lipolysis, and fatty acid oxidation (11), a direct action on adi-
pocyte differentiation is likely to contribute to their effects on
adiposity (12). Proadipogenic effects of low concentrations of
atRA in clonal Ob17 precursor cells, rat preadipocytes, and alde-
hyde dehydrogenase 1A1 (ALDH1A1)-deficient fibroblasts have
been reported (13, 14). However, most studies in adipocyte lin-
eage-committed preadipocytes identified atRA as a strong inhib-
itor of adipogenesis when present at early stages of differentiation
(5, 15–18). These inhibitory effects were found to be mediated by
an indirect mechanism involving RAR� (17, 18) and inhibition of
the proadipogenic transcription factor CCAAT/enhancer-bind-
ing protein (C/EBP) (19). Activation of RAR� by atRA stimulated
the expression of the transforming growth factor � effector pro-
tein SMAD3, which reduced C/EBP� DNA binding by interacting

with C/EBP� via its Mad homology 1 domain (20, 21). Besides
RAR�, RAR� has also been implicated in the inhibitory effects of
atRA on adipocyte differentiation by inducing the expression of
delta-like 1 homolog/preadipocyte factor 1 (PREF-1) (9), a potent
inhibitor of adipogenesis (22). The endogenous high-affinity li-
gand for RXR�, 9-cis RA (23, 24), blocks differentiation presum-
ably due to the fact that it also binds and activates RAR� (5). In
contrast, selective RXR activation by synthetic agonists enhanced
(25), whereas an RXR antagonist prevented, adipocyte differenti-
ation (26). This is consistent with the notion that RXR is the ob-
ligate heterodimeric partner for other nuclear receptors involved
in adipocyte differentiation, such as peroxisome proliferator-ac-
tivated receptor � (PPAR�) (27). Retinaldehyde, which activates
RAR� less potently than does atRA or retinol (28), was shown to
block adipogenesis by inhibiting RXR and PPAR� activation (5).

The lipid-soluble vitamin retinol is delivered to target cells
mainly by two distinct mechanisms: as retinyl esters incorporated
in lipoproteins (primarily chylomicrons) by the action of lipopro-
tein lipase or bound to the specific transport protein for retinol in
serum, retinol-binding protein 4 (RBP4; also known simply as
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RBP) (29). RBP4 circulates in a complex with transthyretin (TTR)
to prevent renal filtration and catabolism (30) and, after dissoci-
ation from TTR (31), binds to STRA6 on target cells, a recently
identified RBP4 membrane receptor (32). STRA6 acts as a retinol
transporter in the membrane, linking retinol uptake to storage
and cellular metabolism in extrahepatic tissues (33). Mice with a
disruption in Stra6 appear normal but are compromised in their
visual responses and ocular morphology (34). In contrast, muta-
tions of human STRA6 cause severe developmental malforma-
tions associated with disturbed atRA signaling (35). The reason
for these phenotypical differences caused by STRA6 loss of func-
tion between mouse and human is currently unknown. In addi-
tion to STRA6, another receptor, named RBPR2, has been identi-
fied and is thought to mediate the known effect of retinol recycling
from serum RBP4 to the liver (36).

Although retinyl ester delivery by lipoproteins is significant in
the postprandial state, most cellular retinoids are derived from
retinol-bound holo-RBP4 (37). RBP4 itself is secreted from a va-
riety of tissues, mainly from organs that store retinoids such as
liver and adipose tissue (38). In the liver, retinoids are stored pri-
marily as retinyl esters in specialized hepatic stellate cells, whereas
retinol-bound RBP4 is released by the hepatocyte (39). Circulat-
ing RBP4 then coordinates cellular retinoid homeostasis through
STRA6 and RBPR2. Interestingly, obesity leads to an increase in
circulating RBP4, and elevated levels have been associated with
insulin resistance (38). Whether canonical RBP4 signaling and
cellular retinoid homeostasis are linked to impaired insulin sensi-
tivity is currently unknown (37, 40). Alternative mechanisms have
been identified: a recent report showed that holo- but not apo-
RBP4 phosphorylates STRA6, which activates signal transducer
and activator of transcription 5 (STAT5) in hepatocytes, thus con-
tributing to the development of insulin resistance by inducing
suppressor of cytokine signaling 3 (SOCS3) and PPAR� expres-
sion (41, 42). Another study demonstrated that in macrophages,
which do not express STRA6, RBP4 induces the expression of
proinflammatory cytokines independently of retinol through
Toll-like receptor 4 and c-Jun N-terminal kinase (43). In addition,
RBP4 was able to enhance the maturation and activity of sterol
regulatory element-binding protein 1 by upregulating the PPAR�
coactivator 1� (PGC-1�) in human hepatoma cells (44) and in-
duce proinflammatory gene expression in human endothelial cells
independently of retinol (45), underlining the complexity of
RBP4’s cellular actions.

Despite a lot of attention being received for the mature adi-
pocyte as a source of RBP4, the function of STRA6-mediated ret-
inol delivery by RBP4 to adipocyte precursor cells is completely
unknown. In all previous studies that have investigated the effects
of retinoids on adipogenesis, these compounds were applied, as
far as we know, directly to the cell medium. Due to their high
lipophilicity, added retinoids readily penetrate the cell membrane,
bind intracellular transport proteins, and activate their corre-
sponding nuclear receptors. In contrast, we hypothesized that
RBP4 and its membrane receptor STRA6 constitute an additional
level of regulation that controls cellular retinoid homeostasis and
subsequent differentiation of precursor cells. Indeed, we found
that STRA6 is expressed in adipocyte precursors that are located in
the stromal-vascular fraction (SVF) of adipose tissue and that a
mobilization of hepatic retinoid stores by elevated RBP4 secretion
in mice activates RAR� signaling in the SVF. Unexpectedly,
STRA6 mediated not only retinol influx from holo-RBP4 that

blocked adipocyte differentiation by activating RAR� but also ret-
inol efflux to apo-RBP4, which enhanced differentiation. The di-
rectionality of retinol flux depended on the extracellular RBP4
isoforms. We also found that the RBP4 isoforms were altered in
serum of obese mice, favoring a reduction in the adipogenic po-
tential of their precursor cells. Thus, RBP4 and STRA6 are novel
regulators of adipocyte differentiation by controlling the availabil-
ity of nuclear receptor ligands for RAR� in precursor cells.

MATERIALS AND METHODS
Cell culture, ligand incubations, and oil red O staining. 3T3-L1 and
C3H10T1/2 cells were purchased from American Type Culture Collection
and grown to confluence in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) and Eagle’s basal medium with 2 mM L-glutamine, 1.5
g/liter sodium bicarbonate, and Earle’s balanced salt solution (BSS), re-
spectively, both supplemented with 10% fetal bovine serum (FBS) and
penicillin-streptomycin (all Life Technologies, Germany). Two days post-
confluence, differentiation was induced by supplementing with 0.4 �M
dexamethasone, 3 �g/ml human insulin, and 0.25 mM 3-isobutyl-1-
methylxanthine (all Sigma, Germany) for 2 days. Cells were maintained
for an additional 2 days with insulin alone. To achieve submaximal dif-
ferentiation, cells were incubated with 3-fold-lower concentrations of the
inducers (suboptimal conditions). Mouse embryonic fibroblasts (MEFs)
were isolated from male C57BL/6J embryonic day 12.5 (E12.5) to E14.5
embryos by removing the head and limbs and homogenizing the body
using an 18-gauge syringe. MEFs were cultured in AlphaMem (Sigma)
supplemented with 10% fetal bovine serum, glutamine, and penicillin-
streptomycin (all Life Technologies) and differentiated similar to 3T3-L1
cells by using 3-fold-higher concentrations of the inducers. BOSC23 and
293A cells were grown in DMEM supplemented with 10% fetal bovine
serum and penicillin-streptomycin. All retinoids, including the RAR�
antagonist AGN 193618 and holo- and apo-RBP4, were added directly to
the cell culture medium for the indicated times. To increase the concen-
tration of cellular retinoids, cells were preloaded with 1 �M retinol for 24
h and washed once with phosphate-buffered saline (PBS) before the in-
duction of differentiation (see Fig. 6A). Oil red O staining of adipocytes
and the isolation and adenoviral infection of primary mouse hepatocytes
were performed as previously described (46, 47).

Animal studies, adenovirus preparations, and tail vein injections.
All animal procedures were in accordance with institutional guidelines
and approved by the corresponding authorities. Adenoviruses expressing
green fluorescent protein (GFP) and murine RBP4 were generated using
the Adeno-X Expression System 2 (Clontech) as described previously (48)
and purified by standard CsCl gradients. Titers were determined by the
Adeno-X rapid titer kit (Clontech). Equal titers (�1.2 � 109 inclusion-
forming units [IFU]) were injected via the tail vein into male C57BL/6J
mice at 2 months of age. Four days earlier, mice chow was replaced by a 60
kcal% fat high-fat/high-sucrose diet (HFD; Research Diets). After 6 days,
mice were sacrificed, serum and organs were isolated, and parts of the
epididymal fat pad were fractionated by a collagenase digest. For analyzing
serum RBP4 isoforms in obese mice, male C57BL/6J wild-type mice were
fed an HFD for 10 weeks starting at 6 weeks of age and compared to
age-matched mice on a normal chow (NC) diet. Sera of genetically obese
ob/ob mice (at an age of �6 months, kindly provided by Arvind Batra,
Department of Gastroenterology, Infectiology and Rheumatology,
Charité Hospital, Berlin, Germany) were compared with sera of age-
matched wild-type (wt) mice.

Adipose tissue fractionation. Murine epididymal fat pads were re-
moved, cut into small pieces, and digested using 0.1% collagenase type 2
(Sigma) in PBS at 37°C for 1 h with vigorous shaking at 180 rpm. The cell
suspension was filtered through a 250-�m-pore-size Nylon mesh to re-
move undigested tissue. The precleaned suspension was then centrifuged
at room temperature at 1,500 rpm for 3 min to separate stromal-vascular
and adipocyte fractions. Each fraction was collected, flash-frozen in liquid
nitrogen, and stored at �80°C until mRNA preparation.
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Fluorescence-activated cell sorting (FACS). To identify specific cell
subsets, single-cell suspensions of pooled visceral fat tissue from 4 mice
per group were stained with the antibodies as specified below, with thor-
ough washing between stain layers. Flow cytometric cell sorts were per-
formed on an ARIA cell sorter (BD Biosciences) running FACSDiva soft-
ware and analyzed with FlowJo version 7 (Tree Star). Adipocyte precursor
cells were identified among the CD45-allophycocyanin (APC)/CY7�

(BioLegend) cells by binding to CD34-bio (eBioscience), visualized with
SA-Brilliant Violet 510 (BioLegend) and CD29-APC (eBioscience). All
subsets were sorted with more than 98% purity.

RNA isolation and qPCR. RNA was purified by standard spin column
kits (Qiagen, Hilden, Germany, or Macherey-Nagel, Düren, Germany).
cDNA was generated using the Sprint Powerscript system or Moloney
murine leukemia virus reverse transcriptase (Promega). Quantitative
PCRs (qPCR) were carried out by using the TaqMan or Sybr green PCR
mastermix (Applied Biosystems, Foster City, CA, or Promega) and eval-
uated according to the standard curve method. All mRNA expression data
were normalized to 36B4 or hypoxanthine phosphoribosyltransferase
(HPRT). The sequences of all primers used are listed in Table S1 in the
supplemental material.

Immunoblotting and densitometry. Whole-cell proteins were iso-
lated and homogenized by standard methods and separated by SDS-
PAGE. Protein concentrations were determined by the bicinchoninic acid
(BCA) method (Thermo Scientific). After incubation with antibodies for
PPAR� (sc-7273; Santa Cruz, CA), aP2 (2120; Cell Signaling), RBP4
(Dako, Germany), adiponectin (sc-26497; Santa Cruz), total AKT (Cell
Signaling), p-STAT5 (9359; Cell Signaling), RAN (BD Biosciences), or
�-actin (sc-47778; Santa Cruz), a secondary horseradish-conjugated an-
tibody was added, and a chemiluminescent substrate kit (GE Healthcare)
was used for detection. For the determination of STRA6 protein levels,
cells were lysed in 40 mM Tris-HCl buffer (pH 7.5) containing 150 mM
NaCl, 0.3% NP-40, 10% glycerol, 50 mM NaF, 2 mM Na3Vo4, 0.5% Tri-
ton, and the complete protease inhibitor cocktail (Roche). Cell lysates
were denatured in sample buffer (60 mM Tris HCl [pH 6.8], 1% SDS, 250
mM dithiothreitol [DTT], 10% glycerol) and heated in a 37°C water bath
for 5 min. Samples (30 �g total protein) were subjected to extensive sep-
aration by 10% SDS-PAGE, transferred to polyvinylidene difluoride
(PVDF) membranes, and blocked with 3% nonfat milk in Tween-TBS
(0.1% Tween 20). The STRA6 antibody was diluted 1:333 (EB07811; Ever-
est) or 1:500 (H00064220-D01P; Novus/Abnova) in 0.05% Tween-TBS
with 4% nonfat milk and incubated for 3 h at room temperature. Native
gel electrophoresis to investigate RBP4 isoforms was carried out by dilut-
ing cell culture medium, mouse serum, or recombinant RBP4 samples
with loading buffer (125 mM Tris HCl [pH 6.8], 20% glycerol, 0.01%
bromphenol blue) without boiling, followed by a separation at 4°C on a
12% acrylamide gel that lacks detergents. Densitometric analyses were
carried out by ImageJ.

Plasmid cloning, mutagenesis, and retroviral expression. Mouse or
human STRA6 coding sequences (Thermo Scientific) were transferred
into pMSCV by In-Fusion cloning (Clontech). Site-directed mutagenesis
(Stratagene) was used to introduce the T645M point mutation according
to the manufacturer’s instructions. Retroviral particles were generated in
BOSC23 cells and used to infect preconfluent 3T3-L1 cells as previously
described (46).

RBP4 production and HPLC purification. Human His-RBP4 was
produced in Escherichia coli and purified by Ni-nitrilotriacetic acid
(NTA)-agarose beads and high-performance liquid chromatography
(HPLC) according to a published protocol (49). Apo-RBP4 was obtained
by repeated hexane extractions of purified holo-RBP4 and validated by
UV spectroscopy and native immunoblotting experiments.

Transfections and luciferase reporter assay. 3T3-L1 cells were trans-
fected by electroporation as described previously (46). RARE or Gal4-
RAR�-LBD/Gal4-DBD-firefly luciferase reporter activity was normalized
to renilla luciferase activity (dual luciferase; Promega). RNA interference
(RNAi)-mediated silencing of the STRA6 protein was performed by elec-

troporating preconfluent 3T3-L1 or C3H10T1/2 cells with 3 nmol of small
interfering RNA (siRNA) oligonucleotides (see Table S1 in the supple-
mental material) as previously described (46).

Determination of retinoids. Mouse serum levels of retinol were de-
termined by the clinical chemistry department of Charité Hospital
(LaborBerlin). Retinol and retinyl esters in cell pellets, cell supernatants,
and liver tissues were determined after organic extraction using a modi-
fied gradient reverse-phase HPLC system (Waters, Eschborn, Germany).
Samples were resuspended in 200 �l distilled water and sonicated two
times for 10 s. To this suspension and to 200 �l of cell culture medium,
200 �l of ethanol and 1 ml of n-hexane were added, vortexed for 10 min,
and centrifuged (1,500 � g; 10 min). Then the upper organic layer was
removed. The addition of 1 ml of n-hexane was repeated once. The com-
bined n-hexane layer was dried under nitrogen (30°C) and resuspended in
200 �l of isopropanol. Retinol and retinyl esters were separated on a C30

column (5 �m, 250 by 3.0 mm; YMC, Wilmington, NC). The solvent
system consisted of a 60-min linear gradient from solvent A (methanol-
water [90/10, vol/vol; 0.4 g/liter ammonium acetate in H2O]) to solvent B
[methanol–methyl-tert-butyl-ether–water [8/90/2, vol/vol/vol, with 0.1
g/liter ammonium acetate in H2O]) as the eluent at a flow rate of 0.2
ml/min. Retinol, retinyl oleate, retinyl palmitate, and retinyl stearate were
identified at 325 nm and quantified by comparison of retention time as
well as peak areas with external standards using a photodiode array detec-
tor (model 996; Waters). Accuracy and precision of the analyses were
verified using standard reference material (SMR 968; fat-soluble vitamins
in human serum; National Institute of Standards and Technology, Gaith-
ersburg, MD). The coefficients of variation (CV) were 1.6% and 2.5% for
retinol and retinyl palmitate, respectively. The recovery was over 97% for
retinol and over 92% for retinyl palmitate.

Retinol transport studies. Confluent 3T3-L1 cells (12-well plate) were
washed twice with PBS and loaded with 5 nM (4 �Ci) [11,12-3H(N)]
retinol (PerkinElmer Life Sciences; dissolved in ethanol) in DMEM for 2
h. Cells were then washed twice with PBS and incubated with medium
(DMEM only or DMEM supplemented with either 100 �M bovine serum
albumin [BSA] or 10% FBS) with BSA or apo-RBP4 as indicated for a
certain time period (between 10 and 120 min). Medium was collected and
cells were washed twice with PBS before solubilization in 200 �l 1% SDS
in PBS. Lysates and medium samples were mixed with Instant Scint-Gel
Plus (PerkinElmer Life Sciences) and measured by a scintillation counter.
All experiments were done in triplicates.

Statistical analyses. Representative results from at least three inde-
pendent cell culture experiments are shown and are presented as means 	
standard deviations (SD). Animal data are expressed as means 	 standard
errors of the means (SEM). Significance was determined by the 2-tailed
Student t test or analysis of variance (ANOVA), as appropriate, and P
values of 
0.05 were deemed significant.

RESULTS
STRA6 is expressed in adipocyte precursor cells and hepatic ret-
inoid mobilization by RBP4-induced RAR� signaling in the
SVF of adipose tissue in mice. STRA6 is highly expressed in com-
partments that require retinol, such as the retinal pigment endo-
thelium (RPE) (32, 50), and its deficiency strongly reduces the
retinoid content of the RPE (34). As reported earlier (41), STRA6
mRNA was hard to detect in liver and showed low expression in
muscle and severalfold higher expression in epididymal white ad-
ipose tissue (eWAT) (data not shown). To explore its function in
adipose tissue, we first investigated STRA6 mRNA expression in
collagenase-digested eWAT of C57BL/6J mice. We found that
STRA6 and other components of the retinoid signaling cascade,
such as RAR�, RAR�2, cellular RBP1 (CRBP1), and CYP26A1,
were expressed predominantly in the SVF of adipose tissue, which
is known to harbor adipocyte precursor cells (Fig. 1A). Accord-
ingly, CRBP1, STRA6, and also the known precursor cell marker

Muenzner et al.

4070 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


PREF-1 (51) were highly expressed in the CD45�/CD34�/CD29�

precursor cell population (52) (Fig. 1B), which was isolated by
fluorescence-activated cell sorting (FACS) from the SVF of
eWAT. Expression of adipocyte-specific peroxisome proliferator-
activated receptor �2 (PPAR�2) (Fig. 1A) and leptin (Fig. 1A and
B) was highly enriched in the adipocyte fraction, as expected.

We next investigated whether hepatic retinoid mobilization by
RBP4 affects RAR signaling in the SVF of adipose tissue in mice.
Tail vein injection of GFP- or RBP4-expressing adenoviruses,
which are cleared specifically by the liver, resulted in an increase in
hepatic RBP4 mRNA expression and a corresponding �2-fold
increase in serum (Fig. 1C and D, left), when analyzed 6 days after
the injection. Delivering a Flag-tagged control protein by the same

adenoviral route resulted in liver-specific expression and absence
of Flag reactivity in all other organs tested, such as adipose tissue,
kidney, and muscle (data not shown). The elevated RBP4 secre-
tion from the liver was accompanied by an �2-fold increase in
serum retinol levels (Fig. 1D, right), which is consistent with the
notion that liver-secreted RBP4 is retinol-bound holo-RBP4 (53).
In addition, we measured a significant reduction in the most
abundant retinyl esters (Fig. 1E) that account for more than 95%
of all retinoid stores in liver (53) in animals with ectopic RBP4
expression. These data indicate that forced expression of RBP4 in
the liver triggers a robust mobilization of hepatic retinoid stores to
serum retinol. Strikingly, several known RAR� target genes were
induced in the SVF of eWAT in these mice (Fig. 1F). ALDH1A1

FIG 1 STRA6 is expressed in adipocyte precursor cells, and retinol mobilization by ectopic RBP4 expression in liver induces RAR� signaling in the SVF of mice.
(A) mRNA expression of adipocyte markers and genes involved in retinoid signaling in collagenase-digested eWAT. (B) Gene expression in the precursor cell
population isolated from the SVF of eWAT by FACS. (C) Mice were tail vein injected with GFP- or RBP4-expressing adenoviruses (n � 9 mice each) and
sacrificed 6 days later. Liver tissues were investigated by UV microscopy and serum by immunoblotting for RBP4 and ADIPOQ. (D) Liver tissues were analyzed
for RBP4 mRNA, and serum retinol was measured by HPLC. (E) Liver tissue retinoids were quantitated by HPLC. (F) mRNA expression of several known RAR�
targets, PREF-1, TNF-�, and SOCS3, were determined in the SVF of injected animals. (G) Primary murine hepatocytes were infected with GFP- or RBP4-
expressing adenoviruses and investigated by UV microscopy. (H) After 36 h, conditioned medium was analyzed by immunoblotting for RBP4. (I) Confluent
3T3-L1 preadipocytes were incubated for 24 h with the indicated medium, and mRNA expression of several RAR� targets was determined. *, P 
 0.05.
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expression, which was previously shown to be negatively regulated
by RAR� (14), was decreased, whereas expression of the RAR�
target gene PREF-1 (9) was not altered. These data suggest that
retinoid levels and RAR� activity in adipocyte precursor cells
within the SVF are linked to RBP4-dependent retinol delivery,
likely via its membrane receptor STRA6. Interestingly, mRNA ex-
pression of other previously described RBP4 targets, such as sup-
pressor of cytokine signaling 3 (SOCS3) (41) and tumor necrosis
factor � (TNF-�) (43), was not induced in the SVF or tended to be
downregulated in this model of retinoid mobilization (Fig. 1F).
Taken together, these data indicate that retinoid mobilization
from the liver by increased RBP4 secretion induces RAR� signal-
ing in the SVF of adipose tissue. This hepatocyte-to-adipocyte
precursor cell signaling link was also functional in vitro, since con-
ditioned medium from primary murine hepatocytes with adeno-
viral RBP4 overexpression (Fig. 1G and H) induced the expression
of several RAR� targets in 3T3-L1 preadipocytes (Fig. 1I), an adi-
pocyte lineage-committed clone derived from Swiss albino mouse
embryos (54).

STRA6 is expressed in adipocyte precursors, and holo-RBP4
blocked adipocyte differentiation via STRA6-dependent activa-
tion of RAR�. Since 3T3-L1 cells responded to RBP4, we analyzed
STRA6 expression in these cells. We found that STRA6 mRNA was
expressed at higher levels in preadipocytes than in adipocytes (Fig.
2A), which is in accordance with its expression pattern in fraction-
ated adipose tissue. PPAR�2 expression showed the expected spec-
ificity for adipocytes. In comparison, the expression of the other
known retinol transporter, RBPR2, was high in liver, low in the
SVF, and almost undetectable in 3T3-L1 cells (qPCR cycle thresh-
old [CT] values of �35 cycles] [data not shown]), as previously
reported (36). We next measured the level of STRA6 protein by
immunoblotting. Because the extremely hydrophobic protein
tended to precipitate, we adapted our protein preparation. STRA6
depletion in differentiated adipocytes (data not shown) and over-
expression in preadipocytes (Fig. 3A) identified the upper band of
a doublet as the murine STRA6 protein, which migrated slightly
higher than its expected molecular mass of �73 kDa. The intensity
of the lower unspecific band varied with the antibody lot number
and the type of protein extract investigated. The STRA6 protein
was detected at low levels in preadipocytes and at higher levels in
adipocytes (Fig. 2B, left), similar to the expression of the PPAR�
protein, increasing continuously during the time course of differ-
entiation and strikingly different than its mRNA levels, which
showed the opposite regulation (data not shown). We observed
the same distribution of STRA6 protein expression between the
SVF and adipocyte fraction (Fig. 2B, right). The inverse correla-
tion between transcript and protein expression pattern was sur-
prising and is contrary to a previous report that showed higher
STRA6 mRNA expression in 3T3-L1 adipocytes, using the identi-
cal TaqMan qPCR primer system and antibody for quantification
(41). We confirmed our findings by using another self-designed
STRA6 primer pair (data not shown). In summary, STRA6 is ex-
pressed in the SVF of adipose tissue and 3T3-L1 cells, and its
mRNA levels decrease and its protein levels increase during differ-
entiation, pointing to additional posttranslational regulation of
STRA6 protein levels. This is further supported by our finding that
retrovirally expressed STRA6 also yielded higher protein levels in
adipocytes despite the similar mRNA levels between preadi-
pocytes and adipocytes (data not shown).

We then investigated the effects of holo-RBP4 on differentia-

tion. Since stage- and dose-specific effects of retinoids on adi-
pocyte differentiation were described (13, 14, 18), we first tested
the impact of retinol and atRA on adipocyte conversion of 3T3-L1
cells when present during the initial 4 days of differentiation (Fig.
2C). When added directly to the cell culture medium, both retinol
and atRA inhibited differentiation in a concentration-dependent
manner, as shown by oil red O staining at day 7 (Fig. 2D). atRA
was a much more potent inhibitor than retinol. The inhibitory
effect of nanomolar concentrations of atRA is in contrast to pre-
vious studies (13, 14) and may be related to our specific treatment
period and/or cellular context. In accordance with earlier findings
that the inhibitory effect is mediated by RAR�, a specific RAR�
receptor antagonist (55), supplemented during the same period
with 4 h of preincubation, rescued differentiation of retinol-
treated cells (Fig. 2E). Human His-tagged RBP4 was expressed in
E. coli, refolded in the presence of excess retinol, and purified by
HPLC according to a published protocol (49). Apo-RBP4 was
produced by repeated hexane extraction of purified holo-RBP4
and verified by UV spectrometry. RBP4 isoforms were validated
by nondenaturing immunoblotting, visualizing specific bands
(Fig. 2F). Both holo- and apo-RBP4 protein amounts and degree
of retinol association remained constant for 48 h in cell culture
medium at 37°C (data not shown), suggesting that the isoforms
are stable in cell culture medium. When present during the first 4
days, holo-RBP4 potently blocked differentiation, as assessed by
phase-contrast microscopy and oil red O staining of intracellular
lipids (Fig. 2G, left). Consistently, expression of the adipocyte-
specific marker adipose protein 2 (aP2) was strongly reduced,
whereas expression of the preadipocyte-specific marker PREF-1
was increased after 7 days of differentiation (Fig. 2G, right). Holo-
RBP4 inhibited differentiation dose dependently at concentra-
tions of �200 nM (Fig. 2H). A direct comparison with retinol
confirmed its lower potency (data not shown). During a 24-h
incubation with preadipocytes, holo-RBP4 also induced the
RAR� target gene CRBP1 (56) in confluent preadipocytes, sug-
gesting that holo-RBP4 acts through RAR� (Fig. 2I). Induction of
CRBP1 by holo-RBP4 was concentration dependent, with doses
that matched its potency to inhibit differentiation and to activate
the RAR� ligand-binding domain (LBD) in precursor cells that
were electroporated with the corresponding Gal4 reporters
(Fig. 2J).

If holo-RBP4 was to activate RAR� via retinol uptake mediated
by STRA6, then this activation should be reduced in STRA6-de-
pleted cells. To this end, we electroporated STRA6 siRNA into
preconfluent 3T3-L1 cells, which led to an �75% reduction of
mRNA expression (Fig. 4A). Since protein levels of STRA6 in
preadipocytes were hard to detect, we validated the effect of this
siRNA in similarly treated adipocytes, which showed a significant
reduction in STRA6 protein levels (data not shown). Both retinol
and atRA induced CRBP1 in preadipocytes independently of
STRA6. In contrast, holo-RBP4 partially lost its effect in STRA6-
depleted cells (Fig. 2K). We then tested whether blocking RAR�
would render holo-RBP4 inactive toward adipogenesis. The spe-
cific RAR� antagonist, supplemented during the same period with
an additional 4 h of preincubation, completely rescued the inhib-
itory effects of holo-RBP4 on differentiation (Fig. 2L). These data
show that holo-RBP4 blocks differentiation by activating RAR� in
precursor cells in a STRA6-dependent manner.

Ectopic STRA6 enhanced adipocyte differentiation. We then
investigated the effects of STRA6 gain of function during differ-
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FIG 2 STRA6 is expressed in 3T3-L1 cells, and holo-RBP4 blocks adipogenesis via RAR�. mRNA (A) and protein (B, left) expression of PPAR� and STRA6 before and
after the differentiation of 3T3-L1 cells (day 0 and day 7) and in collagenase-digested eWAT (B, right) (n � 2 mice each). (C) 3T3-L1 cells were differentiated and treated
as indicated. (D) Cells were differentiated in the presence of retinoids at the indicated concentrations, and oil red O staining was performed at day 7. (E) Cells were
differentiated in the presence of retinol and supplemented with an RAR� antagonist (4 h of preincubation). (F) Recombinant human holo- and apo-RBP4 (200 nM) and
cell culture medium containing 10% FBS were analyzed by nondenaturing immunoblotting. (G) Adipocyte conversion of holo-RBP4-treated cells was assessed by oil red
O staining of intracellular lipids and phase-contrast microscopy (left) and mRNA expression of aP2 and PREF-1 (right). (H) 3T3-L1 cells were differentiated in the
presence of increasing concentrations of holo-RBP4 as described for panel G and investigated by phase-contrast microscopy. (I, J, and K) Preadipocytes were treated as
indicated for 24 h, and mRNA expression of CRBP1 was determined (I and K); cells were electroporated with RAR�-LBD-Gal4 reporters, and luciferase activity was
determined (J) or electroporated with control or STRA6 siRNA (K). (L) 3T3-L1 cells were differentiated in the presence of holo-RBP4 as described for panel G,
supplementing a specific RAR� antagonist (4 h of preincubation). Differentiation was assessed after 7 days. *, P 
 0.05.
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FIG 3 STRA6 overexpression promotes adipocyte differentiation of precursor cells. (A) mRNA and protein expression of retrovirally expressed STRA6 in
3T3-L1 cells at day 0. (B) Adipocyte conversion was assessed 7 days later by phase-contrast microscopy and oil red O staining (left) and protein expression of aP2,
PPAR�, and secreted ADIPOQ (right). (C) mRNA expression of retrovirally expressed wt and T645M STRA6 in preadipocytes at day 0. (D) Adipocyte conversion
after 7 days of differentiation was assessed by phase-contrast microscopy (left) and mRNA expression of the PREF-1, THBS2, and GATA2 preadipocyte-specific
genes (right). (E) mRNA expression of retrovirally expressed mouse or human STRA6 in 3T3-L1 preadipocytes at day 0. (F) Reactivity of the Everest and Abnova
antibodies with endogenous mouse and overexpressed mouse and human STRA6 protein at day 0. (G) Cells were induced to differentiate and assessed at day 7
as indicated. (H) mRNA expression of retrovirally expressed STRA6 in MEFs at day 0. (I) Adipocyte conversion was assessed after 10 days. *, P 
 0.05.
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entiation without the addition of exogenous RBP4. Retroviral ex-
pression of STRA6 resulted in a strong increase of both STRA6
mRNA and protein levels at day 0 (Fig. 3A). Differentiation of
these cells using a suboptimal differentiation mix (described in

Materials and Methods) resulted in low basal differentiation and
much enhanced adipocyte conversion in STRA6-overexpressing
cells, as shown by oil red O staining, PPAR� and aP2 protein
expression, and accumulation of adiponectin (ADIPOQ) in the

FIG 4 STRA6 depletion inhibits adipogenesis, and this effect depends on RAR� and the presence of retinol/RBP4. (A) mRNA expression of STRA6 in 3T3-L1
preadipocytes after electroporation of STRA6 siRNA (day 0); (B) adipocyte conversion was determined 7 days later as indicated. (C) mRNA expression of STRA6
in C3H10T1/2 cells grown to confluence after the electroporation of siRNA oligonucleotides; (D) adipocyte conversion was determined 8 days later as indicated.
(E) 3T3-L1 cells were treated as described for panel A and differentiated with or without 500 nM of a specific RAR� antagonist supplemented for the first 4 days
with 4 h of preincubation before initiating differentiation, and mRNA expression of PREF-1 was determined at day 7 and normalized to control siRNA-treated
cells. (F) HPLC analysis of unstripped and charcoal-stripped FBS identifying retinol only in unstripped FBS (inset). (G) Coomassie staining of unstripped and
stripped FBS (top) and its protein content of RBP4 and ADIPOQ (bottom). (H) Adipocyte conversion of cells electroporated with STRA6 siRNA and cultivated
from day �2 to day 4 in medium containing stripped FBS, assessed at day 7. *, P 
 0.05.
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cell culture medium, which is secreted exclusively by adipocytes
(57) (Fig. 3B). We then asked whether the proadipogenic effects of
STRA6 were dependent on its membrane localization. A point
mutation of threonine 645 to methionine (T645M; corresponding
to T644M of human STRA6) that prevents cell surface expression
by interfering with protein folding (58) completely abolished the
positive effect of ectopic STRA6 (Fig. 3C) on differentiation, as
shown by phase-contrast microscopy, oil red O staining (Fig. 3D,
left), and the expression of preadipocyte-specific factors PREF-1,
thrombospondin 2 (THBS2), and GATA2 (Fig. 3D, right). The
proadipogenic function of STRA6 was not unique to murine
STRA6 since overexpression of the human protein (Fig. 3E and F)
had the same proadipogenic effect (Fig. 3G). Interestingly, the
antibody (Everest) did not recognize the human protein (Fig. 3F),
which is in contradiction to a previous study (41). This discrep-
ancy has also been noted by others (40). A different antibody
(Abnova), although not sensitive enough to detect endogenous
mouse STRA6 protein, gave a strong signal for ectopically ex-
pressed mouse and human STRA6, migrating at a slightly different
molecular mass (Fig. 3F). STRA6 enhanced differentiation also in
primary cells, since mouse embryonic fibroblasts (MEFs) that ec-
topically expressed STRA6 (Fig. 3H) showed enhanced adipocyte
conversion (Fig. 3I). Taken together, our results show that murine
and human STRA6, when expressed at the cell surface, enhances
adipocyte differentiation.

STRA6 depletion impaired adipocyte differentiation, and its
effects were dependent on the presence of retinol/RBP4. As ec-
topic expression of STRA6 led to enhanced adipocyte differentia-
tion, we investigated whether STRA6 depletion in precursor cells
(Fig. 4A) would have the opposite effect. When induced to differ-
entiate, silencing of STRA6 in 3T3-L1 preadipocytes strongly im-
paired adipocyte conversion and triglyceride accumulation (Fig.
4B). Similarly, STRA6 depletion in pluripotent C3H10T1/2 fibro-
blasts (Fig. 4C) that can also undergo adipocyte differentiation
(59) showed the same results (Fig. 4D). We then asked whether
this differentiation defect is linked to RAR� receptor activation.
Supplementing the specific RAR� receptor antagonist, from 4 h
before the initiation of differentiation until day 4, prevented the
inhibitory effects of STRA6 depletion, as indicated by the expres-
sion of PREF-1 after 7 days of differentiation (Fig. 4E). These data
indicate that STRA6 requires retinol and RBP4 to affect differen-
tiation. We found that HPLC analysis of FBS-containing cell cul-
ture medium consistently identified a peak corresponding to ret-
inol, at a concentration of �30 nM (Fig. 4F) that corresponded to
the levels of bovine holo-RBP4 determined by immunoblotting
(Fig. 2F). Charcoal stripping of FBS completely removed this ret-
inol peak (Fig. 4F). Surprisingly, bovine RBP4 was detected only in
unstripped but not in stripped FBS (Fig. 4G). We found compa-
rable unspecific Coomassie staining of unstripped and stripped
FBS and equal levels of bovine ADIPOQ (Fig. 4G), indicating that
stripping did not affect the overall amount of serum proteins.
Decreasing the stability of RBP4 by retinol removal or charcoal
binding may have caused this depletion. When preadipocytes
were cultured from the time of confluence (day �2) until day 4 in
stripped medium, the inhibitory effects of STRA6 depletion on
differentiation were attenuated (Fig. 4H), indicating that either or
both retinol and RBP4 are required for STRA6 to affect differen-
tiation.

STRA6 mediates apo-RBP4-dependent retinol efflux. The
proadipogenic effects of STRA6 were unexpected and not com-

patible with a model in which STRA6 mediates only retinol influx
from holo-RBP4, thereby blocking differentiation. Since RBP4
binding to STRA6 has previously been shown to activate STAT5
(41), a proadipogenic transcription factor (60), we first tested
whether RBP4 and STRA6 could activate STAT5 signaling in prea-
dipocytes. Only growth hormone (GH), a known activator of
STAT5, but not holo-RBP4, apo-RBP4, or retinol at a concentra-
tion of 1 �M, was able to induce STAT5 phosphorylation in con-
trol or STRA6-overexpressing cells (Fig. 5A). Moreover, there was
no induction of PPAR� or SOCS3 mRNA in STRA6-overexpress-
ing preadipocytes (Fig. 5B), and holo- or apo-RBP4 could not
induce PPAR� mRNA (data not shown), indicating that STAT5
activation is unlikely to mediate STRA6-induced differentiation.
We then tested whether STRA6 could work in conjunction with
retinol-free apo-RBP4, which is present in serum-containing cul-
ture medium (Fig. 2F). Preadipocytes were electroporated with an
RAR response element (RARE) luciferase reporter, preloaded
with either vehicle or retinol for 24 h in order to increase the
cellular retinoid content, washed, and incubated with retinol or
different RBP4 isoforms for an additional 24 h. We found that
apo-RBP4 significantly reduced luciferase activity in cells with a
retinol preload, whereas holo-RBP4 had no discernible effect in
this assay (Fig. 5C). Furthermore, apo-RBP4 significantly re-
pressed the mRNA levels of the RAR� targets CRBP1, CYP26A1,
and SMAD3 in retinol preloaded cells (Fig. 5D), and this repres-
sion was further enhanced by ectopic STRA6 (Fig. 5E). We found
that apo-RBP4 strongly reduced the cellular content of retinol and
retinyl palmitate (Fig. 5F, left) by repartitioning retinol into the
extracellular space (Fig. 5F, right), as evidenced by HPLC. In order
to study the transport characteristics, 3T3-L1 preadipocytes were
loaded with 3H-retinol, washed, and incubated with apo-RBP4,
and the distribution of radioactivity was determined. We found
that 1 �M apo-RBP4 induced robust retinol efflux much more
potently than bovine serum albumin (BSA), a protein that is
known to also bind and transport retinol (61, 62) (Fig. 5G). Even
in the presence of 100 �M BSA or 10% FBS, both of which repar-
titioned significant amounts of retinol to extracellular cell space, 1
�M apo-RBP4 further increased retinol efflux (Fig. 5G). The ef-
flux was concentration dependent (Fig. 5H) and strongly in-
creased by ectopic STRA6 expression (Fig. 5I). We conclude that
apo-RBP4 together with STRA6 constitute a potent retinol efflux
system in these cells. This efflux system effectively decreases the
intracellular availability of retinol-derived nuclear receptor li-
gands for RAR� in precursor cells.

Apo-RBP4 promotes adipocyte differentiation in a STRA6-
dependent manner. Since apo-RBP4 reduced RAR� activity, we
tested whether it also enhances adipocyte differentiation. Preadi-
pocytes were preloaded with retinol and differentiated in the pres-
ence of apo-RBP4 as shown in Fig. 6A, left. Retinol preload, very
likely due to its RAR�-activating effects (Fig. 5C), reduced adi-
pocyte differentiation. Adding apo-RBP4 strongly increased dif-
ferentiation of these cells, as shown by oil red O staining, phase-
contrast microscopy, and the expression of aP2 and PREF-1 at day
7 (Fig. 6A, middle and right). This induction of adipogenesis by
apo-RBP4 was concentration dependent (Fig. 6B), with doses
matching those at which retinol efflux was observed (Fig. 5H). The
same enhancement of differentiation by apo-RBP4 was found in
C3H10T1/2 cells (data not shown). This proadipogenic effect was
partially blunted in STRA6-depleted cells (Fig. 6C), indicating
that STRA6 is required for the proadipogenic effect of apo-RBP4.
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In support of functional epistasis, we found that retinol-preloaded
cells differentiated even better with combined apo-RBP4 and ec-
topic STRA6 expression (Fig. 6D).

Serum RBP4 isoforms are altered in obese mice. RBP4 serum
levels are elevated in obesity, which is thought to be due to in-
creased secretion of RBP4 from adipose tissue (38, 63) and to
alterations in its association with TTR, which controls renal clear-

ance (64, 65). Considering the opposing effects of holo- and apo-
RBP4 isoforms on RAR� signaling and adipocyte differentiation,
we next investigated whether RBP4 isoform ratios were altered in
sera of obese mice (body weights of ob/ob versus wt mice, 56.2 g 	
4.6 g versus 32.2 g 	 2.7 g; HFD-fed versus normal chow [NC]-fed
mice, 43.0 g 	 1.5 g versus 28.0 	 0.4 g). We visualized the RBP4
isoforms in mouse serum by nondenaturing immunoblotting.

FIG 5 STRA6 and RBP4 in precursor cells work independently of STAT5 signaling by regulating retinoid homeostasis and RAR� activity. (A) Confluent 3T3-L1
preadipocytes with control or STRA6 overexpression were stimulated for 20 min with GH (500 ng/ml) or the indicated compound at 1 �M and analyzed for the
expression of Tyr694-phosphorylated STAT5 protein. (B) mRNA expression of PPAR�1, PPAR�2, and SOCS3 of control and STRA6-overexpressing cells before
the induction of adipocyte differentiation (day 0). (C) 3T3-L1 preadipocytes were electroporated with a RARE-luc reporter, incubated with vehicle or retinol
overnight, washed once with PBS, and stimulated with RBP4 isoforms as indicated. (D to F) Confluent 3T3-L1 cells were preloaded with 1 �M retinol overnight,
washed once, and incubated with vehicle or apo-RBP4 for 24 h and analyzed for mRNA expression of RAR� target genes (D), the fold repression of CYP26A1
mRNA by apo-RBP4 with additional ectopic STRA6 expression (E), and the cellular amount of retinol and retinyl-palmitate (left) and the concentration of
accumulated retinol (right) in cell culture medium determined by HPLC (F). (G) 3T3-L1 preadipocytes were loaded with 3H-retinol, washed twice, and
incubated as indicated for 2 h, and cellular and supernatant radioactivity was determined. (H) 3T3-L1 preadipocytes were treated as described for panel G and
incubated with different concentrations of apo-RBP4 in DMEM only. (I) 3T3-L1 with control or STRA6 overexpression were treated as described for panel G
and incubated with 1 �M apo-RBP4 for 10 min in DMEM only. *, P 
 0.05.
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Adenoviral expression of murine RBP4 in primary hepatocytes led
to an accumulation of both RBP4 isoforms in cell culture medium,
validating the detection of both isoforms in serum (Fig. 7A). In
addition, hexane extraction of mouse serum, although less effi-
cient than extracting recombinant holo-RBP4, resulted in the ex-
pected depletion of holo-RBP4 with a concomitant increase in
apo-RBP4 (Fig. 7B). We found an approximately 3-fold increase
of total serum RBP4 in obese ob/ob mice compared to that of wt
mice of a similar age (Fig. 7C), as reported previously (38). Despite
some variations between animals of the same group, serum sam-
ples of ob/ob mice showed a significantly increased ratio of holo-
to apo-RBP4, as quantified by densitometry (Fig. 7C). In order to
determine whether this effect was restricted to this particular ge-
netic model, we also analyzed serum samples of mice with diet-
induced obesity. Mice fed an HFD for 10 weeks also exhibited
increased levels of total RBP4 compared to those of mice fed an
NC diet that consisted of increased holo-RBP4 with overall re-
duced levels of apo-RBP4 (Fig. 7D), similar to ob/ob mice. Taken
together, these data suggest that the elevated levels of RBP4 in the

serum of obese mice are accounted for by increased amounts of
holo-RBP4.

DISCUSSION

We have discovered that the RBP4 membrane receptor STRA6 is
expressed in adipocyte precursor cells and have linked serum
RBP4 to the control of retinoid homeostasis in these cells. These
findings identify a novel signaling mechanism between hepato-
cytes and adipocyte precursor cells. We show that mobilizing he-
patic retinoid stores by forced RBP4 expression in liver increased
the levels of circulating RBP4 with a concomitant increase in se-
rum retinol and induced RAR� signaling in the SVF. This finding
is physiologically relevant given the high sensitivity of adipocyte
precursor differentiation to the activity of RAR�. When supple-
mented in cell culture medium, holo-RBP4 blocked the differen-
tiation of adipocyte precursor cells by activating RAR� in a
STRA6-dependent manner. These data suggest that retinol can be
delivered from hepatic stores to adipocyte precursor cells via
RBP4 and STRA6, thus increasing the amount of RAR� nuclear

FIG 6 Apo-RBP4 enhances adipocyte differentiation in a STRA6-dependent manner. (A) 3T3-L1 cells preloaded with retinol were differentiated and treated
with apo-RBP4 during the first 4 days of differentiation, as depicted. Adipocyte conversion was evaluated after 7 days. (B) 3T3-L1 cells were treated as described
for panel A using different concentrations of apo-BP4. (C) 3T3-L1 cells with or without STRA6 depletion were treated as described for panel A, and adipocyte
conversion was assessed after 7 days. (D) 3T3-L1 cells with or without retrovirally expressed STRA6 were treated as described for panel A, and adipocyte
conversion was assessed after 7 days. *, P 
 0.05.
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receptor ligands that inhibit adipogenesis. Surprisingly, we found
that STRA6, under standard cell culture conditions, promotes ad-
ipogenesis. This was independent of the previously shown activa-
tion of STAT5 by RBP4 and STRA6 (41). Instead, we found that its
ligand RBP4, when present in its retinol-free apo form, enhances
differentiation by potently decreasing RAR� activity through ret-
inol efflux, which reduces cellular retinoid levels. We also show
that apo-RBP4 loses its proadipogenic potential in STRA6-de-
pleted cells. These findings are in accordance with elegant bio-
chemical studies showing that STRA6 catalyzes not only retinol
influx but also efflux and exchange (40, 66), depending on the
presence of specific intra- and extracellular retinol-binding pro-
teins. We show that STRA6 depletion inhibits differentiation by
increasing RAR� activity, which could be due to an accumulation
of retinoids, or by disturbing retinol exchange. The latter process
is thought to replenish intracellular CRBP1-bound retinol using
extracellular holo-RBP4 (40), and interference would increase the
cellular content of oxidation products of retinol, such as the more
potent RAR� activator atRA. STRA6 overexpression enhances
differentiation very likely by inducing retinol efflux to apo-RBP4,
since we show that apo-RBP4 is present in cell culture medium
and that ectopic STRA6 expression resulted in a robust increase in
retinol efflux and a more profound repression of the RAR� target
gene, CYP26A1, in the presence of apo-RBP4. Thus, in addition to
cellular retinol uptake, STRA6 catalyzes retinol efflux of intracel-
lular retinoids from precursor cells, thereby alleviating antiadipo-
genic RAR� activity. This homeostatic regulation may be even
more relevant in vivo since serum levels of RBP4 and retinol are in
the low �M range in mice (�0.8 �M retinol) (Fig. 1D) and in
humans (between 1.5 and 2.7 �M retinol in humans) (43, 67–69),
which is much higher than in in vitro cell culture, where retinol is
derived entirely from the 10% FBS supplement. Since mature adi-

pocytes, in contrast to precursor cells, couple retinol uptake to the
storage of significant amounts of both retinol and retinyl esters
(70), STRA6 may have other functions in these cells.

Intriguingly, atRA was shown to drive the commitment of em-
bryonic stem cells to the adipocyte lineage (69, 71–73) and in-
duced expression of the determination factor zinc finger protein
423 (14). Since terminal differentiation of these committed prea-
dipocytes would be blocked by high levels of atRA, an efflux sys-
tem that reduces intracellular atRA and its precursors after com-
mitment would be required. Therefore, STRA6-mediated retinol
efflux, in addition to the regulation of atRA-generating and -inac-
tivating enzymes, such as ALDH1A1 (14) and CYP26A1 (74), is
likely to be an important mechanism to fine-tune retinoid levels
and RAR� activation in precursor cells. Moreover, the strong
transcriptional upregulation of STRA6 by retinoids in adipocyte
precursor cells (data not shown) may work as a negative feedback
that facilitates retinol efflux to prevent excessive receptor activa-
tion. These findings are also consistent with a study that investi-
gated the function of STRA6 in zebrafish. Although STRA6 deple-
tion in zebrafish caused retinol deprivation of the developing eye,
the authors also observed dysregulated RAR signaling due to ret-
inol excess that caused massive malformations in several embry-
onic tissues (66). Thus, STRA6 may catalyze retinol influx or ef-
flux in a cell- and tissue-specific manner.

As reported previously, RBP4’s induction of STAT5 activity
was dependent on STRA6 and retinol transport (41, 42), whereas
the induction of inflammatory genes in macrophages and endo-
thelial cells and the induction of PGC-1� in hepatoma cells were
not (43, 45). In contrast, we show that RBP4’s impact on adipo-
genesis was dependent not only on STRA6 and retinol transport
but also on the nuclear receptor RAR�, since the effects of both
holo-RBP4 and STRA6 depletion could be rescued by providing a

FIG 7 Elevated levels of circulating RBP4 in obese mice are due to increased holo-RBP4. (A) Primary mouse hepatocytes were infected with increasing titers of
an adenovirus that expresses murine RBP4. Cell culture medium was analyzed 48 h later by nondenaturing immunoblotting for RBP4 and compared with mouse
serum. (B) Mouse serum with or without hexane extraction was investigated by nondenaturing immunoblotting for RBP4. (C) Serum samples of wt and ob/ob
mice (n � 5 mice each) were investigated by gel electrophoresis, probed for RBP4 (top) and evaluated by densitometry (bottom). (D) Similar analyses of serum
samples from mice on an NC diet or an HFD (n � 6 mice each). *, P 
 0.05.
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specific RAR� antagonist. This indicates that the variety of RBP4’s
cellular actions is determined by whether or not the target cell
expresses potential mediators, such as TLR4 (43) or STRA6, alone
or in combination with other components of the canonical reti-
noid signaling pathway.

Since RBP4 is secreted also by mature adipocytes, our findings
reveal a novel para- and/or endocrine feedback signal to precursor
cells. Depending on the resulting isoform of adipocyte-secreted
RBP4, this could be either negative or positive feedback on differ-
entiation. The dynamics of RBP4 secretion by adipocytes, and
how it couples to systemic retinoid homeostasis, are still unknown
and need to be addressed by further research.

At this point, we can only speculate on the relevance of this
mechanism for in vivo adipocyte differentiation. It is, however,
important to note that findings from in vitro adipocyte differenti-
ation studies with other factors involved in retinoid metabolism,
such as ALDH1A1 and CRBP1, predicted adipose tissue enlarge-
ment of the corresponding knockout mice fed an HFD (3, 5).
Metabolic studies of STRA6-deficient mice are still lacking. Tak-
ing the multifaceted effects of human STRA6 mutations into ac-
count, developmental effects may interfere with a phenotype in
adipose tissue, and other, yet unknown retinol transporters may
compensate for STRA6 deficiency. Similarly complex is the inter-
pretation of genetic mouse models of its ligand RBP4. Mice defi-
cient in RBP4 protein show a deterioration of their retinal func-
tion only after insufficient dietary intake of retinol, indicating that
RBP4 is dispensable for the peripheral delivery of retinol under
standard conditions (29). Furthermore, these mice increase fat
mass upon an HFD feeding, similar to control mice (75), suggest-
ing an appropriate adipogenic potential of their precursor cells.
Long-term fenretinide treatment, which lowers RBP4 serum levels
(38), decreased the fat mass gain of mice on an HFD independent
of RBP4 (75), likely by a direct activation of RAR� (76). However,
our findings suggest that the ratio of holo- to apo-RBP4, rather
than the total amount, determines its impact on adipocyte differ-
entiation. Therefore, mice with genetically or pharmacologically
induced alterations of this isoform ratio would be more suitable to
address the relevance for STRA6 and RBP4 in in vivo adipocyte
differentiation.

Human serum, in which 13 to 17% of the total RBP4 was found
to be apo-RBP4 (68, 69), favored retinol uptake in STRA6-trans-
fected COS-1 cells that coexpressed lecithin-retinol acyltrans-
ferase or CRBP1 (40). However, we believe that small changes in
the holo- to apo-RBP4 can chronically affect STRA6-mediated
retinol transport/exchange and retinoid homeostasis in target tis-
sues in vivo. Studies that differentiate between circulating apo-and
holo-RBP4 are rare; however, several studies found that the reti-
nol/RBP4 ratio is decreased in sera of obese humans, indicating an
elevation in apo-RBP4 (43, 67, 77). Surprisingly, we found that
elevated RBP4 serum levels in obese mice consist of holo-RBP4.
This apparent conflict could be explained by species differences
or, more likely, by the fact that we visualized the apo- and holo-
RBP4 isoforms directly instead of calculating the retinol/RBP4
ratio. We believe that the calculated ratio may not necessarily re-
flect the circulating RBP4 isoforms since, for instance, RBP4-de-
ficient mice still contain more than 12% of the serum retinol
found in their wt littermates (29) and the molar concentration of
serum retinol can be higher than that of RBP4 in humans (43),
suggesting that RBP4-independent retinol transport may also be
dynamically altered. Further studies are warranted to account for

these differences and to identify the cause for the selective increase
of holo-RBP4 levels in serum of obese mice.

Although an increase in fat mass and obesity is clearly a risk
factor for the development of insulin resistance, an enhanced adi-
pogenic potential can improve insulin sensitivity by preventing
extraadipose tissue fat deposition (3, 78, 79). Hence, the increase
of circulating holo-RBP4 in obese mice may reduce the adipogenic
potential of precursor cells and prevent further adipose tissue hy-
perplasia, thereby further decreasing insulin sensitivity by extraa-
dipose tissue fat deposition. RBP4-driven retinoid mobilization in
our model, which is unlikely to have a substantial impact on adi-
pose tissue plasticity because of its short duration, did not impair
insulin sensitivity (determined by a glucose tolerance test; data not
shown). On the other hand, injection of recombinant RBP4 im-
paired insulin sensitivity in mice after only 7 h, as determined by
insulin receptor and AKT1 phosphorylation in skeletal muscle
and WAT (41). This indicates that elevated RBP4 in the context of
physiological retinol mobilization from the liver greatly differs in
its effects on insulin sensitivity from those elicited by injected
RBP4. The lack of SOCS3 and TNF-� induction in the SVF by
elevated serum RBP4 levels in our model of retinol mobilization
underline these important differences. Further studies are re-
quired to understand the therapeutic potential of targeting RBP4-
mediated retinoid mobilization in regard to the control of adipos-
ity and insulin sensitivity.

In summary, our data show that STRA6 is expressed in adi-
pocyte precursor cells and that RBP4-mediated retinoid mobili-
zation from the liver in mice induces RAR� signaling in the SVF,
identifying a novel signaling link. STRA6 mediates bidirectional
retinol transport that is dictated by the RBP4 isoform ratio and
determines the activity of antiadipogenic RAR�. Thus, we have
identified RBP4 and STRA6 as novel regulators of adipocyte dif-
ferentiation by controlling retinoid homeostasis and nuclear re-
ceptor ligand availability in precursor cells.
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