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It has long been appreciated that insulin action is closely tied
to circadian rhythms. However, the mechanisms that dictate
diurnal insulin sensitivity in metabolic tissues are not well
understood. Retinol-binding protein 4 (RBP4) has been impli-
cated as a driver of insulin resistance in rodents and humans,
and it has become an attractive drug target in type II diabetes.
RBP4 is synthesized primarily in the liver where it binds retinol
and transports it to tissues throughout the body. The retinol–
RBP4 complex (holo-RBP) can be recognized by a cell-surface
receptor known as stimulated by retinoic acid 6 (STRA6), which
transports retinol into cells. Coupled to retinol transport, holo-
RBP can activate STRA6-driven Janus kinase (JAK) signaling
and downstream induction of signal transducer and activator of
transcription (STAT) target genes. STRA6 signaling in white
adipose tissue has been shown to inhibit insulin receptor
responses. Here, we examined diurnal rhythmicity of the RBP4/
STRA6 signaling axis and investigated whether STRA6 is neces-
sary for diurnal variations in insulin sensitivity. We show that
adipose tissue STRA6 undergoes circadian patterning driven in
part by the nuclear transcription factor REV-ERB�. Further-
more, STRA6 is necessary for diurnal rhythmicity of insulin
action and JAK/STAT signaling in adipose tissue. These find-
ings establish that holo-RBP and its receptor STRA6 are potent
regulators of diurnal insulin responses and suggest that the
holo-RBP/STRA6 signaling axis may represent a novel thera-
peutic target in type II diabetes.

Obesity and type II diabetes have become a global epidemic,
affecting one-third of adults in the United States alone, and the
numbers are on the rise (1–3). Insulin resistance is a major
driver of type II diabetes as it results in diminished insulin-
stimulated signaling cascades that regulate many metabolic pro-
cesses, including the transport of glucose into skeletal muscle
and adipose tissue and proper suppression of hepatic gluconeo-

genesis in the liver (4). Therefore, understanding the factors
regulating insulin signaling under physiological and pathologi-
cal circumstances is essential for discovering new treatments
for type II diabetes.

It is well appreciated that disruption of circadian rhythms
contributes to insulin resistance and the development of type II
diabetes (5, 6). In mammals, the circadian clocks in the hypo-
thalamic suprachiasmatic nucleus (SCN)2 and peripheral tis-
sues coordinate insulin responsiveness and energy metabolism,
and they synchronize endogenous physiological processes with
the external environment. One of the main features of circadian
rhythm is that they can be entrained by external cues termed
Zeitgebers (ZT) such as light, temperature, or food. Circadian
rhythms oscillate at a nearly 24-h period, and in mammals cir-
cadian oscillations of metabolic gene expression are primarily
regulated by a network of transcriptional feedback loops (7). At
the core of this mechanism are the heterodimeric transcription
factors CLOCK and BMAL1, which activate the transcription
of other clock genes, Period (Per) and Cryptochrome (Cry), via
E-box elements in their promoters. PER and CRY dimerize in
the cytosol and translocate to the nucleus, and as a negative
feedback loop, they bind to CLOCK/BMAL1 that inhibits the
ability of the complex to transactivate. Consequently, PER/CRY
inhibit their own gene expression, thereby lifting repression of
CLOCK/BMAL1, allowing for the positive arm of the loop to
begin again (7). Additional nuclear transcription factors such as
REV-ERB� (Nr1d1) act to fine-tune the core clock (8, 9). There-
fore, it is through the temporal oscillation of circadian tran-
scription factors that bind to the promoters of metabolic genes
that regulate their circadian expression.

It is well established that insulin sensitivity follows a diurnal
pattern (10, 11). Humans are more insulin-sensitive during the
morning versus the evening (11). This phenomenon can par-
tially explain why plasma glucose levels are maintained at a
narrow range during distinct daily metabolic phases. During
daytime feeding, tissues are more insulin-sensitive, and serum
glucose is efficiently cleared and utilized. Alternatively, during
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which assists with glucose level maintenance (11, 12). Mice,
however, are nocturnal mammals, and it is known that their
hormonal rhythms, behavior, and insulin sensitivity are oppo-
site relative to the light/dark cycle compared with humans (13,
14). It has been shown in humans that circadian disruption due
to sleep disorders, shift work, or jet lag can promote obesity and
insulin resistance, and it even increases the risk of breast and
colon cancer (12, 15–18). Global and adipose-specific clock
gene mutants display dysregulated glucose metabolism (19 –
21). However, it remains poorly understood what circadian fac-
tors ultimately control diurnal insulin sensitivity.

A gain of function mutation in retinol-binding protein 4
(RBP4) was discovered to increase the risk of type II diabetes by
80% in human homozygous carriers of the mutation (22). RBP4
is the serum carrier for vitamin A (retinol, ROH) that is pro-
duced and secreted primarily from the liver (23, 24). The
retinol–RBP4 complex (holo-RBP) can be recognized by a cell-
surface receptor known as stimulated by retinoic acid 6
(STRA6) (25). STRA6 is expressed in white adipose tissue
(WAT) and skeletal muscle, yet it is not expressed in the liver
(25–27). Upon binding of extracellular holo-RBP, STRA6
transports ROH from holo-RBP across the plasma membrane,
and it also triggers a JAK2/STAT3 or STAT5 signaling cascade
depending on cell type (28, 29). It has been reported that obese
and insulin-resistant mice and humans show elevated serum
levels of RBP4 (30, 31). Furthermore, RBP4 has been shown to
promote insulin resistance in mice (30). The discovery that
STRA6 activates JAK/STAT signaling provides a rationale for
how RBP4 causes insulin resistance. Specifically, it was shown
that STRA6 expression was essential for RBP-induced STAT

target gene expression in WAT and skeletal muscle (28).
STRA6-driven activation of JAK/STAT signaling activates
transcription of the gene-encoding suppressor of cytokine sig-
naling 3 (Socs3), a potent inhibitor of insulin receptor responses
(28, 32, 33) Utilizing STRA6-null mice, it was demonstrated
that STRA6 is required for RBP-induced insulin resistance (32).

Considering that RBP4 activation of STRA6 regulates
insulin receptor responses in WAT, we hypothesized that
STRA6 in white adipose tissue may regulate diurnal insulin
responses under normal physiological conditions. Here, we
directly tested whether STRA6 may display circadian pat-
terns of expression and signaling in WAT, and we deter-
mined whether STRA6 is necessary for diurnal variations of
insulin responses in WAT.

Results

Key players in vitamin A metabolism and signaling display
circadian rhythmicity in white adipose tissue

To investigate whether the holo-RBP/STRA6 signaling cas-
cade is under circadian control in white adipose tissue, we col-
lected tissue from ad libitum chow-fed mice every 4 h over a
24-h period. Stra6 mRNA expression displays circadian rhyth-
micity with a significant peak observed at ZT22-2 and a nadir
observed at ZT14 with a 4-fold increase in expression com-
pared with ZT2 (Fig. 1A). Increased Stra6 expression at ZT2
corresponds to the light/inactive phase when mice are known
to be relatively insulin-resistant compared with the dark/active
phase (34). Measurement of STRA6 protein expression is not
currently feasible due to the lack of specific antibodies.

Figure 1. Stra6, Crbp1, and Lrat display circadian patterns of expression in WAT. A–C, Stra6, Crbp1, and Lrat mRNA expression from epididymal WAT
collected every 4 h over a 24-h period determined by quantitative real-time PCR. Data shown are double-plotted data. ZT0 refers to the hour mice are first
exposed to light. D, Western blot analysis for CRBP1 and LRAT protein expression from epididymal WAT at indicated ZTs. E and F, quantification of Western blot
analysis for CRBP1 and LRAT protein expression normalized by �-actin loading control. Data shown are double-plotted data. Data are represented as mean �
S.E. * indicates significance at least p � 0.05.
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Both ROH uptake and cell signaling by STRA6 are critically
linked to intracellular transport and metabolism of vitamin A. It
has been demonstrated that both cellular retinol-binding pro-
tein 1 (CRBP1) and lecithin retinol acyltransferase (LRAT) are
required for STRA6-dependent vitamin A uptake and signaling
(35–37). CRBP1 (also referred to as RBP1) is a cytosolic ROH
carrier protein that binds an intracellular portion of STRA6 and
directly accepts ROH transferred from extracellular RBP
through STRA6 (36). CRBP1 delivers ROH to the enzyme
LRAT that catalyzes the conversion of ROH to retinyl esters for
storage (38, 39). By storing ROH, LRAT creates an inward gra-
dient of ROH across the cell. This allows for the regeneration of
apo-CRBP1, which can re-bind to STRA6 and allow for con-
tinuing influx of ROH and STRA6 signaling (36). We hypothe-
sized that Crbp1 and Lrat may also display circadian patterns of
expression to further support STRA6 signaling. In WAT, Crbp1
mRNA expression has two significant peaks at ZT10 and ZT22,
showing a 6-fold increase at ZT22 compared with ZT2 (Fig. 1B).
CRBP1 protein expression is increased at ZT2 following the
largest mRNA peak for CRBP1 at ZT22 (Fig. 1, D and E).
Expression of the retinol-esterifying enzyme LRAT also shows
circadian patterns of expression with a peak in both mRNA and
protein at ZT2 compared with ZT14 (Fig. 1, C and F). The
expression of CRBP1 and LRAT protein is synchronized with
the peak in STRA6 mRNA at ZT2 expression during the light/
inactive phase.

Serum RBP4 and transthyretin levels display circadian
rhythmicity

Because we observed circadian expression of Stra6 in WAT,
we investigated whether RBP4, the ligand for STRA6, displayed
circadian patterns in serum. In WT mice, serum RBP4 main-

tains constant levels across the day except for a significant
decrease at ZT10 (Fig. 2A). STRA6-null mice do not display
significant changes in serum RBP4 over a 24-h period. In serum,
holo-RBP is found in complex with transthyretin (TTR) in a 1:1
molar ratio (40 – 42). The binding of holo-RBP to TTR prevents
glomeruli filtration of the small RBP molecule by the kidney
(43). RBP4 can only bind and exert its effects on insulin resis-
tance through STRA6 when it is unbound or exceeds its serum
carrier TTR (44). Therefore, we also investigated the level of
circulating TTR. Serum TTR levels display a circadian pattern
of expression with a peak at ZT2 and a significant nadir at ZT10
in both WT and STRA6-null mice (Fig. 2B).

Hepatocytes are the principal source of RBP4 that is secreted
into the circulation (45). Because we observed serum RBP levels
fluctuated in the serum of WT mice, we examined the pattern
of Rbp4 expression in the liver. WT and STRA6-null mice do
not display significant changes in liver Rbp4 mRNA expression
over a 24-h period (Fig. 2C). Furthermore, Rbp4 mRNA expres-
sion does not display a circadian pattern in WAT for either WT
or STRA6-null mice (Fig. 2D).

Circadian transcription factor rev-erb� binds the promoters of
Stra6, Crbp1, and Lrat

Because we observed circadian patterns of expression for
STRA6, CRBP1, and LRAT in WAT, we investigated whether
these genes were under transcriptional control by circadian
clock proteins. Circadian patterns of gene expression are de-
pendent on transcriptional regulation by several core clock pro-
teins, including the nuclear transcription factor REV-ERB�
(Nr1d1) (9, 46). REV-ERB� regulates the expression of the core
circadian clock transcriptional machinery, but it also has been
shown to directly regulate metabolic genes (9). REV-ERB� is an

Figure 2. Serum RBP4 and TTR levels display circadian rhythmicity. A, serum RBP4 levels over a 24-h period in WT and STRA6-null mice. * indicates significant
difference of at least p � 0.05 between WT at ZT10 and ZT14. B, serum TTR levels over a 24-h period in WT and STRA6-null mice. * indicates significant difference in WT
between ZT2 and ZT10. ** indicates significant difference in KO between ZT2 and ZT10. C, liver Rbp4 mRNA expression over a 24-h period in WT and STRA6-null mice.
D, WAT Rbp4 mRNA expression over a 24-h period in WT and STRA6-null mice. Data shown are double-plotted data. Data are represented as mean � S.E.
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orphan nuclear receptor, and it lacks the C-terminal activation
domain but binds the nuclear receptor co-repressor and there-
fore functions as a transcriptional repressor (47). REV-ERB�
binds the response element termed the RAR-related orphan
receptor �-response element (RORE) (46). ROREs are defined
as nuclear receptor half-site motifs flanked 5� by an (A/T)-rich
sequence ((A/T)PuoGGTCA) (46). Bioinformatics analyses
(AliBaba2.1) revealed the presence of putative ROREs in the
promoters of mouse and human Stra6, Crbp1, and Lrat (Table

1). Similar to published literature (48), REV-ERB� protein
expression in WAT displays significant expression at ZT10 and
ZT14 (Fig. 3A). Likewise, WAT REV-ERB� mRNA expression
is circadian with a significant peak flanking ZT10 (Fig. 3B). In
the liver, REV-ERB� expression peaks at ZT6 and is low
throughout the dark cycle (Fig. 3C). Importantly, the circadian
nature of REV-ERB� is not altered in mice lacking STRA6 (Fig.
3, B and C). Examination of Rev-erb� mRNA expression in
WAT compared with the Stra6, Crbp1, and Lrat mRNA expres-

Figure 3. Stra6, Crbp1, and Lrat expression is inverse to Rev-erb� in WAT. A, Western blot analysis for REV-ERB� protein expression from epididymal WAT
at indicated ZTs. B and C, Rev-erb� mRNA expression from epididymal WAT and liver from WT or STRA6-null mice collected every 4 h over a 24-h period
determined by quantitative real-time PCR. D–F, mRNA expression of Rev-erb� superimposed on the mRNA expression pattern of Stra6, Crbp1, and Lrat from
epididymal WAT collected every 4 h over a 24-h period determined by quantitative real-time PCR. Data shown are double-plotted data.

Table 1
Putative RORE located on mouse and human STRA6, CRBP1, and LRAT
Promoter analysis was performed using Alibaba2.1. Locations of the putative RORE are denoted as distance from the start site of the gene base pair distal to the A of the ATG
defined as �1.

Gene Species Location Putative sequence

STRA6 NM_001199040.1 Human �1651 C(T/A)GGTCA
STRA6 NM_001199040.1 Human �3214 A(A/A)GGTCA
STRA6 NM_001199040.1 Human �3746 ATTT (G/T)GGTCA
Stra6 NM_009291.2 Mouse �241 A(G/A)GGTCA
Stra6 NM_009291.2 Mouse �176 TAA(C/A)GGTCA
Stra6 NM_009291.2 Mouse �339 G(C/A)GGTCA
Stra6 NM_009291.2 Mouse �1543 A(G/A)GGTCT
Stra6 NM_009291.2 Mouse �2244 A(A/G)GGTCA
Stra6 NM_009291.2 Mouse �2688 A(A/A)GGTGA
Stra6 NM_009291.2 Mouse �3708 A(G/A)GGTCA
Stra6 NM_009291.2 Mouse �4040 A(A/A)GGGCA
CRBP1 NC_000003.12 Human �241 ATG(T/T)GGTCA
CRBP1 NC_000003.12 Human �64 A(A/G)GGTCA
CRBP1 NC_000003.12 Human �480 T(G/A)GGTCA
CRBP1 NC_000003.12 Human �854 ATT/AGGTGA
Crbp1 NC_000075.6 Mouse �1162 AG(T/A)GGTC(A/A)(A/A)GGTCA
Crbp1 NC_000075.6 Mouse �2142 A(G/T)GGTCA
Crbp1 NC_000075.6 Mouse �2513 (T/G)GGTTCA
Crbp1 NC_000075.6 Mouse �3519 C(A/A)GGTCAACC
LRAT NC_000004.11 Human �609 A(A/A)GGTCC
LRAT NC_000004.11 Human �728 TTCGGCT
LRAT NC_000004.11 Human �914 AGGTTC
Lrat NM_023624.4 Mouse �174 GGGTCA
Lrat NM_023624.4 Mouse �405 TTA(A/A)GGTCT
Lrat NM_023624.4 Mouse �1725 A(A/A)GGTCA
Lrat NM_023624.4 Mouse �3218 TG(C/T)GGTCA
Lrat NM_023624.4 Mouse �4060 T(C/A)GGTCA
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sion revealed that the expression Rev-erb� is inverse to the
expression of these genes (Fig. 3, D–F).

To determine whether REV-ERB� directly binds the pro-
moters of Stra6, Crbp1, and Lrat, chromatin immunoprecipi-
tation (ChIP) assays were carried out using the murine pre-
adipocyte cell line NIH3T3-L1. Prior to the assay the cells were
treated with adipocyte differentiation media (DMEM � 10%

fetal bovine serum, 10 �g/ml insulin and 0.25 mmol/liter dex-
amethasone) for 2 h that served to increase the endogenous
expression of REV-ERB� (Fig. 4A). We found that endogenous
REV-ERB� binds to ROREs identified on Stra6, Crbp1, and
Lrat (Fig. 4, B and C). REV-ERB� did not bind to a region �890
base pairs upstream from the start site on the STRA6 promoter
that does not contain an RORE (Fig. 4, B and C). In agreement,

Figure 4. REV-ERB� binds to the promoters of Stra6, Crbp1, and Lrat. A, Western blot analysis for REV-ERB� protein expression in NIH3T3-L1
pre-adipocytes with or without treatment with differentiation media for 2 h. B, ChIP assays determined by semi-quantitative PCR in NIH3T3-L1 cells
treated with differentiation media for 2 h to analyze the Rev-erb� recruitment to ROREs at sites denoted as distance from start site on the genes
indicated. C, quantification of ChIP performed in triplicate. Data are represented as mean � S.E. * indicates significance compared with IgG control of
at least p � 0.05. D, Western blot analysis for REV-ERB� protein expression in 293T cells with or without overexpression of human REV-ERB�. E, ChIP
assays determined by semi-quantitative PCR in 293T cells overexpressing REV-ERB� to analyze the REV-ERB� recruitment to ROREs at sites denoted as
distance from start site on the genes indicated.

STRA6 regulates diurnal insulin responses

15084 J. Biol. Chem. (2017) 292(36) 15080 –15093



we observed that REV-ERB� also binds to ROREs identified on
human DNA, assessed by ChIP assays in the human 293T cell
line overexpressing human REV-ERB� (Fig. 4, D and E).

STRA6 regulates diurnal insulin responses in mice

To determine whether STRA6 regulates whole-body diurnal
patterns in insulin responsiveness, we performed insulin toler-
ance tests (ITT) (0.75 units/kg) in WT and STRA6-null male
mice at ZT2 and ZT14 (Fig. 5, A–C). Serum glucose levels after
a 4-h fast did not vary between genotypes at ZT2 or ZT14 (Fig.
5C). ITT tests show that WT mice display diurnal insulin sen-
sitivity with increased insulin sensitivity at ZT14 (Fig. 5, A and
B). These data agree with previously published reports that
mice are more insulin-responsive during the dark phase relative
to the light phase (34). In contrast, STRA6-null mice no longer
display diurnal patterns in insulin sensitivity and remain insu-
lin-sensitive to both ZT2 and ZT14 (Fig. 5, A and B).

STRA6 signaling suppresses insulin receptor phosphoryla-
tion and promotes insulin resistance in mice (32). To determine
whether the circadian expression of STRA6 regulates diurnal
insulin receptor phosphorylation, male mice were fasted for
14 h, and tissue was collected before and after a 5-min bolus
injection of insulin. WAT was collected, and Western blotting
was performed to determine the ratio of phosphorylated insulin
receptor compared with the total insulin receptor (pIR/IR). At
ZT2, insulin treatment increases pIR/IR in WT and STRA6-
null mice above basal pIR levels, which are nearly undetectable
(Fig. 5D). In response to insulin at ZT2, STRA6-null mice have
increased pIR/IR compared with WT mice (Fig. 5, D and F). In
contrast, at ZT14 both WT and STRA6-null mice have similar
responses to insulin (Fig. 5, E and F), corresponding to when
STRA6 expression is low in WAT (Fig. 1A).

Activation of STRA6 by holo-RBP is diurnal

Upon the binding of extracellular holo-RBP, STRA6 propa-
gates a JAK2/STAT5 signaling cascade (32, 35, 49). It is not
known whether RBP4 activates STRA6 receptor signaling in a
diurnal manner. To test this, male mice were injected with
recombinant holo-RBP at either ZT0 (light/inactive phase) or
ZT12 (dark/active phase). After 2 h, tissues were collected at
the time points ZT2 and ZT14. We performed Western blot-
ting to determine the ratio of phosphorylated JAK2 to total
JAK2 expression (pJAK2/JAK2) in WAT at ZT2 and ZT14 (Fig.
6, A–D). Basal pJAK2/JAK2 in WAT is low (Fig. 6A). However,
following holo-RBP treatment, pJAK2/JAK2 levels are in-
creased on average 18-fold (Fig. 6, A and C). At ZT14 there are
no differences in pJAK2/JAK2 before and after RBP injection
(Fig. 6, B and D). These data indicate that the activation of
STRA6-driven JAK2 signaling by holo-RBP is occurring at ZT2,
when STRA6 expression is highest. In contrast, holo-RBP fails
to stimulate JAK2 activation at ZT14 when STRA6 expression
is lowest (Fig. 6, B and D).

STRA6 regulates circadian expression of STAT5 target genes

STRA6 has been shown to specifically activate STAT5 in adi-
pocytes (49). We investigated whether the expression of STRA6
altered the circadian expression of known STAT5 targets in
WAT. Pyruvate dehydrogenase kinase 4 (Pdk4) is transcrip-

tionally induced by STAT5 in mature adipocytes and acts to
inhibit glycolysis (50). WT mice display a circadian pattern of
Pdk4 expression with a peak at ZT10-14 and a valley at ZT22-6
(Fig. 6E). STRA6-null mice display an opposite pattern of
expression, with a peak at ZT2 and significantly decreased lev-
els compared with WT mice at ZT10 and ZT18 (Fig. 6E).

In vitro studies show that the lipogenic gene fatty-acid syn-
thase (Fasn) is a direct target of STAT5 (51). In a mouse model
with adipocyte-specific knockdown of STAT5, Fasn and other
lipogenic genes were found to be decreased in WAT (52). We
observed that Fasn expression displays a circadian pattern in
both WT and STRA6-null mice, and the level of expression is
significantly decreased in STRA6-null mice (Fig. 6F).

Adiponectin (Adipoq) is a direct target of STAT5, and studies
show that STAT5 signaling represses adiponectin transcription
(53). In WAT, adiponectin displays a circadian pattern of
expression (Fig. 6G). In STRA6-null mice, the level of adiponec-
tin in WAT is elevated compared with WT, except for a nadir at
ZT14 (Fig. 6G).

In WAT, STRA6 signaling up-regulates the STAT target
gene Socs3, a potent inhibitor of insulin receptor phosphoryla-
tion and its downstream responses (28, 33). We hypothesized
that because STRA6 expression and activation are circadian,
the expression of Socs3 in WAT would reflect STRA6 activity
at the times when it is most highly expressed. In WT mice, Socs3
mRNA expression is increased at both ZT10 and ZT22 (Fig.
6H). The peak of Socs3 at ZT22 corresponds to the expression
pattern of STRA6 when it is 4-fold higher at ZT22 versus ZT2
(Fig. 6H). In contrast to this, this rhythmic expression of Socs3 is
completely abolished in STRA6-null mice (Fig. 6H).

STRA6-null mice have altered diurnal carbohydrate
metabolism

To investigate the metabolic phenotype of STRA6-null mice,
we performed indirect calorimetry using male mice on a chow
diet. We found the respiratory exchange ratio (RER) was signif-
icantly lower for STRA6-null mice during the dark/active phase
compared with WT mice (Fig. 7A). A lower RER indicates that
STRA6-null mice are using more fat as fuel compared with WT
mice. This effect was not due to differences in body weight (data
not shown) or the diurnal patterns of activity, feeding behavior,
or insulin levels (Fig. 7, B–E). Because we observed increased
fatty acid oxidation in STRA6-null mice, we investigated
whether serum non-esterified fatty acids (NEFA) levels varied
versus WT mice over a 24-h period. Although NEFA were cir-
cadian for both genotypes, levels were significantly lower in
STRA6-null mice compared with WT at ZT2 (Fig. 7F).

STRA6 regulates the expression of targets controlled by insulin
action

Our data collectively show that STRA6-null mice are insulin-
sensitive during the light/rest phase when WT mice are
relatively insulin-resistant. We investigated whether STRA6
expression regulates known circadian targets in WAT that are
controlled by insulin signaling. Sterol regulatory element-bind-
ing protein 1c (Srebp-1c), is stimulated by insulin signaling (54).
In WAT, WT mice show a peak of Srebp-1c expression at ZT18
(Fig. 7G). STRA6-null mice show a peak for Srebp-1c 4 h in
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Figure 5. STRA6 regulates diurnal insulin responses in WAT. A, ITT (0.75 units/kg) in WT and STRA6-null male mice performed at ZT2 and ZT14. Data
are represented as mean � S.E. * denotes p � 0.02 comparing WT between time points ZT2 and ZT14. # denotes p � 0.05 comparing WT versus KO at the
same time point. B, area above the curve data calculated from baseline from the ITT. C, serum glucose levels in male mice after a 4-h fast at ZT2 and ZT14
in WT and STRA6-null mice. D and E, Western blot analysis for pIR and IR from epididymal WAT collected from male mice before and after 5 min injection
of insulin (1 �g/g) in WT and STRA6-null mice performed at ZT2 or ZT14. F, quantification of Western blots from D and E with n � 6 mice per group. Each
blot was contained as an internal standard to accurately compare blot exposure and allow for quantification.
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advance of WT, at ZT14 (Fig. 7G). Insulin receptor substrate 2
(Irs2) mediates downstream effects of insulin receptor phos-
phorylation and is also transcriptionally regulated by insulin
(55, 56). We observe a circadian pattern of Irs2 expression in
WT mice and a significant increase in Irs2 in STRA6-null mice
at ZT2 (Fig. 7G).

Angiopoietin-like protein-4 (Angptl4) is highly expressed in
adipose tissue, and it increases upon fasting and is decreased by
insulin (57, 58). In WAT Angptl4 expression is circadian show-
ing a valley at ZT14 and a peak at ZT22 (Fig. 7I). STRA6-null
mice show increased Angptl4 expression at ZT2 compared with
WT mice (Fig. 7I). Another gene regulated similarly to Angptl4
is glycosylphosphatidylinositol-anchored high density lipopro-
tein-binding protein 1 (Gpi-hbp1) (57) This gene does display a
circadian pattern of expression with increased levels during the

dark phase (Fig. 7J). However, there were no differences in
Gpi-hbp1 expression in WT and STRA6-null mice (Fig. 7J).

We observed that STRA6 expression regulates genes
involved in fatty acid and triacylglycerol synthesis in WAT that
are known to be circadian (59, 60). Acetyl-CoA carboxylase �
(Acaca, also known as Acc) catalyzes the rate-limiting step for
fatty acid synthesis (61). Acc mRNA displays a circadian pattern
with a peak during the dark phase (Fig. 7K). STRA6-null mice
display significantly decreased levels of Acc at ZT18 versus WT
mice (Fig. 7K). Diacylglycerol O-acyltransferase 1 (Dgat1) cat-
alyzes the last step in the formation of triglyceride (61). Dgat1
shows a circadian pattern in WT mice, peaking at ZT10 (Fig.
7L). However, in STRA6-null mice Dgat1 expression is
decreased, and the circadian pattern of expression of Dgat1 is
lost (Fig. 7L).

Figure 6. Effectors downstream of STRA6 signaling show diurnal variations. A and B, Western blot analysis for the ratio of pJAK/JAK protein levels
from epididymal WAT collected from male mice injected with vehicle or recombinant holo-RBP (1 mg) mice after 2 h (n � 4). Tissue collection was
performed at ZT2 and ZT14. C and D, quantification of Western blots for pJAK/JAK at ZT2 and ZT14. E–G, mRNA expression of Pdk4, Fasn, or adiponectin
from epididymal WAT from WT or STRA6-null mice collected every 4 h over a 24-h period determined by quantitative real-time PCR. * denotes p � 0.05
comparing WT and STRA6 KO at the same time point. H, mRNA expression of Socs3 from epididymal WAT from WT or STRA6-null mice collected every
4 h over a 24-h period determined by quantitative real-time PCR. * denotes p � 0.02 comparing WT time points versus ZT2. # denotes p � 0.05 comparing
WT versus STRA6 KO at same time point.
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Discussion

It is well established that insulin sensitivity follows a diurnal
pattern, which is crucial for maintaining blood glucose at
steady-state concentrations to meet the needs of tissues before
and after meals or during the overnight fast (12). This study
identifies the holo-RBP receptor STRA6 as a regulator of diur-
nal insulin sensitivity and a major regulator of genes important
for insulin action and insulin sensitivity. STRA6 is not
expressed in the liver and therefore is regulating whole-body
insulin sensitivity through extra-hepatic tissues (25–27). We
show that Stra6 expression is circadian in WAT, peaking just
previous to and during the light/rest phase when mice are

known to be relatively insulin-resistant (34). Interestingly, pro-
teins that are critical for STRA6 activity, CRBP1 and LRAT, also
display circadian expression in WAT with increases during the
light/rest phase, similarly to STRA6. The circadian expression
of these genes along with STRA6 may serve to support signal-
ing, although this will require further investigation. Therefore,
with STRA6, CRBP1, and LRAT present early in the light phase,
conditions are primed at this time of day for STRA6 activity.

Serum RBP4 levels are maintained across the day except for a
decrease at ZT10. Levels of RBP4 do not exceed TTR at any
time across the day, indicating that the liver may be secreting
RBP4 and TTR in tandem. In addition, these data suggest that

Figure 7. STRA6 regulates genes controlled by insulin action. A, respiratory exchange ratio for male mice on chow diet measured each hour over a 24-h
period. * denotes p � 0.05 between WT and STRA6-null at the same time point. B, horizontal x axis movements in WT and STRA6-null mice measured each hour
over a 24-h period. C, vertical z axis movements measured each hour over a 24-h period. D, hourly amounts of food consumed measured each hour over a 24-h
period. E, serum insulin levels from ad libitum chow-fed WT and STRA6-null mice at ZT2 and ZT14. F, serum NEFA levels from ad libitum chow-fed WT and
STRA6-null mice over a 24-h period. G–L, mRNA expression for the indicated genes in WT and STRA6-null mice over a 24-h period. * denotes p � 0.05 comparing
WT versus STRA6 KO at same time point.
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there is not a specific time of day when the levels of RBP4
exceed TTR, a circumstance that may trigger increased STRA6
activity. On the contrary, the levels of RBP4 are the same at ZT2
and ZT14 when we have performed insulin tolerance tests and
observe the effects of STRA6 expression on diurnal insulin tol-
erance. This indicates that effects on insulin sensitivity at these
times are not due to changes in RBP4 but are due to the circa-
dian expression of its receptor STRA6.

Rbp4 mRNA expression patterns in the liver and WAT do
not correlate with the decrease in serum RBP4 at ZT10. It is not
known how the liver senses vitamin A status and regulates the
secretion of holo-RBP (38). RBP secretion is thought to be
tightly controlled, and we have observed that even a 12-h fast
does not change RBP4 levels in the serum (data not shown).

Stra6 expression is highest during the light/rest phase when
mice are relatively insulin-resistant. Insulin tolerance tests
show that STRA6-null mice are more insulin-sensitive than
WT mice at ZT2 during the light/rest phase. In contrast, WT
and STRA6-null mice are similarly insulin-sensitive during the
dark/active phase at ZT14. Therefore, the data demonstrate
that it is primarily during the light/rest phase that expression of
STRA6 is affecting insulin responses, corresponding to the pat-
tern of STRA6 expression in WAT. Analogous to the insulin
tolerance results, additional experiments show that in WAT of
STRA6-null mice, insulin receptor phosphorylation levels are
increased compared with WT at ZT2. However, WT and KO
show similar IR phosphorylation at ZT14. These data demon-
strate that STRA6 regulates the phosphorylation of the insulin
receptor in a diurnal manner, affecting WT mice predomi-
nantly at ZT2, and not at ZT14 when STRA6 expression is low
in WAT. Therefore, STRA6 plays a role regulating normal
physiological diurnal insulin responses in the WAT, and it
results in whole-body regulation of diurnal insulin sensitivity.

A key event in the STRA6 signaling cascade is the phosphor-
ylation of JAK2, which binds to the cytoplasmic tail of STRA6
(36). Two hours after an injection of holo-RBP, JAK2 phosphor-
ylation in WAT increased 18-fold during ZT2 when STRA6
expression is high, and not at all during ZT14 when STRA6
expression is low. Accordingly, STRA6 signaling in WAT in
response to serum holo-RBP is diurnal and corresponds with
light/rest phase when the effects of STRA6 on insulin sensitivity
are observed.

We also examined the expression of a downstream effector of
STRA6-mediated STAT5 signaling, Socs3. Our data show that
WT mice display two peaks of Socs3 expression across the day
in WAT. However, in STRA6-null mice Socs3 induction is com-
pletely abrogated. Although the Socs3 peak at ZT22 corre-
sponds with STRA6 mRNA expression, it appears the circadian
expression of Socs3 at both times is regulated by STRA6. Socs3
is an important negative regulator of insulin signaling and is a
part of the inhibitory mechanisms employed by many cytokine
receptors (33, 62, 63). It is possible that STRA6 regulates one of
the peaks indirectly, due to cross-talk with another signaling
receptor. One way that Socs3 inhibits insulin receptor
responses is by binding to specific phosphotyrosine residues on
IR and thereby preventing IRS1 or IRS2 phosphorylation and
the downstream effects (62). Therefore, one mechanism by
which STRA6 may regulate diurnal insulin receptor signaling is

by up-regulating Socs3 during the light/rest phase. Other mem-
brane receptors such as the leptin receptor up-regulate Socs3,
and interestingly Socs3 also inhibits leptin signaling (64, 65).
The adipocyte hormone resistin uses a similar mechanism via
Socs3 in adipose tissue to inhibit insulin receptor phosphoryla-
tion (66). Moreover, modulating Socs3 expression in adipose
tissue alone is effective for improving whole-body insulin sen-
sitivity (63). Mice with knockdown of Socs3 expression specifi-
cally in adipocytes were protected from obesity-induced insulin
resistance (63). Collectively, these data support the possibility
that STRA6-driven up-regulation of Socs3 may be central to the
regulation of diurnal insulin responses.

Because STRA6 signals via JAK2/STAT5, we determined
whether STRA6 altered the expression of known STAT5 tar-
gets in mature adipocytes. The role of STAT5 in white adipose
tissue has yet to be determined (52). In fact, relatively few
STAT5 target genes have been identified in mature adipocytes
to date (67). Pdk4 is induced by STAT5 in adipocytes and
repressed by insulin signaling (50, 68). Therefore, Pdk4 mRNA
levels are regulated by a balance of these two opposing mecha-
nisms. WT and STRA6-null mice show a nearly opposite pat-
tern of expression in WAT. During the day, WT mice display
increasing Pdk4 beginning at ZT6, although this induction does
not occur in STRA6-null mice. Pdk4 remains low in STRA6-
null mice, until ZT2 when Pdk4 levels peak, and in an inverse
pattern compared with WT mice. In addition to Pdk4, STRA6
regulates the basal gene expression of STAT5 target genes in
adipocytes, Fasn, and adiponectin. Therefore, STRA6 expres-
sion regulates the circadian expression of known STAT5 target
genes in WAT.

Studies employing the adipose-specific STAT5 knockdown
mice display increased insulin sensitivity, decreased NEFA, and
decreased expression of genes involved in fatty acid and triacyl-
glycerol synthesis (52). STRA6-null mice display a similar phe-
notype, as they are more insulin-sensitive than WT mice at
ZT2, have lower NEFA at ZT2, and have lower levels of Fasn,
Acc, and Dgat expression. Therefore, the phenotype observed
in the adipose-specific STAT5 knockdown mouse may be due
in part to STRA6’s ability to induce STAT5 signaling.

Our data show that STRA6 signaling in adipose tissue results
in a large effect on whole-body insulin sensitivity. Adipocyte
JAK/STAT signaling is well known for regulating systemic
insulin responses and glucose metabolism (67). Although our
experiments were carried out using a global STRA6 knock-out,
it has been previously shown that even a partial knockdown of
STRA6 in the adipocyte results in improved glucose tolerance
(69). In addition, multiple groups have shown that the ability of
STRA6 to induce insulin resistance in WAT is not due to
changes in retinol uptake (32, 69). This indicates that the mech-
anism via which STRA6 mediates its effects on insulin resis-
tance is not due to its ability to transport ROH, but rather via its
ability to signal.

STRA6-null mice fed a chow diet have a more complex met-
abolic phenotype than previously considered. STRA6-null mice
have altered RER and use more fat as fuel during the dark/active
phase. The changes in RER are not due to changes in activity
or feeding patterns. In addition, STRA6-null mice have a
completely reorganized circadian expression of many genes
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involved in glucose and lipid metabolism in WAT. Not only
does STRA6 regulate the circadian pattern of Pdk4, Fasn, Acc,
Dgat, and Socs3 expression, it regulates the expression of genes
induced by insulin. STRA6-null mice displayed a 4-h advanced
peak for the insulin-inducible gene Srebp-1c and increased Irs2
expression at ZT2 compared with WT mice. Overall, the gene
expression data support the idea that STRA6 mice are more
insulin-sensitive. Now that we know that STRA6 has effects
even in lean mice, future work investigating the circadian
rhythmicity of circulating hormones and gene expression that
regulate glucose tolerance, insulin action, lipolysis, and lipo-
genesis in a comprehensive study in STRA6-null mice could
elucidate further the role of STRA6 in whole-body metabolism.

The daily rhythms of metabolic functions are governed by
circadian clocks in the SCN and in other tissues such as liver,
muscle, and adipose tissue (14, 48, 70). Studies employing the
knock-out of clock genes such as Rev-erb� show metabolic per-
turbations (46, 71). It remains poorly understood what the
mediators are downstream of clock proteins that ultimately
control diurnal insulin sensitivity. We found that REV-ERB�
expression is inverse to the expression of Stra6, Crbp1, and Lrat
in WAT. Multiple canonical RORE were identified on the pro-
moters of Stra6, Crbp1, and Lrat, and ChIP assays show that
endogenous REV-ERB� binds to the promoters of these genes
in a pre-adipocyte cell line. The fact that REV-ERB� regulates
the circadian expression of a signaling protein like STRA6 pro-
vides one explanation of how circadian rhythms can have broad
cellular effects on metabolism. However, additional studies are
needed to determine whether STRA6 is necessary for REV-
ERB� to regulate diurnal metabolic reprogramming in mice.

It has recently been reported that in mice, RBP4 displays a
small increase in plasma at ZT4 (72). Our analysis of RBP4 in
the serum revealed a different circadian pattern with a decrease
at ZT10. Our data regarding the expression of Rbp4 mRNA in
the liver and WAT are similar to the analysis presented in Ref.
72. The liver Rbp4 mRNA expression pattern does not corre-
spond to either the serum peak of RBP4 at ZT4 described by Ma
et al. (72) or the decrease in serum at ZT10 we observed, indi-
cating RBP secretion into the serum by the liver is regulated by
some other mechanism. Ma et al. (72) also showed that hepatic
knockdown of RBP4 increased insulin sensitivity compared
with WT mice at ZT4 but not at ZT16. Although this study
shows a role for hepatic RBP4 in diurnal insulin sensitivity,
there is no implication for how serum RBP4 exerts its effects.
Plasma holo-RBP4 protein on its own has no intrinsic function
except to carry ROH. Our data show that STRA6-null mice
have increased insulin sensitivity compared with WT mice only
at ZT2 when the protein is expressed, and not at ZT14 when
expression is low. It is likely that loss or overexpression of RBP4
had no effect on insulin sensitivity during the dark/active phase
in the previous study because STRA6 is not abundantly
expressed at ZT14. The data from both studies highlight that
the presence of STRA6 is essential for RBP’s ability to induce
insulin resistance.

The effects of circadian rhythmicity on glucose regulation
have important clinical implications to understand the devel-
opment and design of therapeutics for type II diabetes. Despite
much progress in the understanding of insulin action, the

molecular basis for the development of human insulin resis-
tance or diurnal insulin responses remains unclear. Overall, our
results identify the STRA6 signaling receptor as a novel regula-
tor of diurnal insulin responses. Our data provide mechanistic
insight into how STRA6 controls diurnal insulin sensitivity
under normal daily physiological conditions. Treatments for
insulin resistance have not been successful to date. There are
reports showing agents that lower circulating RBP4 improve
insulin sensitivity in obese mice, but as a whole RBP4 as a ther-
apeutic agent is still unexplored (73, 74). The recently solved
structure for zebrafish STRA6 may lead to the design of effec-
tive small molecular inhibitors in the future (75). Therefore, the
RBP4/STRA6 axis may develop into an attractive pathway for
early detection of or as a potential therapeutic target for pre-
diabetes or type II diabetes.

Experimental procedures

Mouse experiments

Global STRA6-null mice were a gift from Norbert B. Ghy-
selink of the University of Strasbourg, Illkirch, France (76). The
STRA6-null mouse expresses a truncated STRA6 protein, com-
posed of the first 88 amino acid residues and is not functional as
it lacks 10 of the 11 transmembrane domains (32). Mice were
maintained on a 12-h light/dark cycle. Male and female mice
12–16 weeks of age were used for serum and tissue collection
experiments for mRNA. Serum was collected by intracardiac
puncture, and WAT was collected, flash-frozen, and stored at
�80 °C until the time of analysis. Mice were housed, and exper-
iments were performed in compliance with an IACUC protocol
approved by the Case Western Reserve University and the
Lerner College of Medicine, Cleveland Clinic.

Analysis of mRNA and of gene expression

RNA was isolated from WAT with RNeasy lipid tissue mini kit
(Qiagen). cDNA was synthesized with a high capacity cDNA kit
(Applied Biosystems). Quantitative real-time PCR was performed
using TaqMan Gene Expression assay probes for Stra6
(Mm00486457_m1),
Socs3 (Mm01249143), Crbp1 (Mm00441119_m1), Lrat
(Mm00469972_m1), Nr1d1 (Hs00253876_m1, Mm00520708_m1),
Dgat1 (Mm00515643_m1), and �-actin (Mm00607939_s1). The
following were used: Rbp4 Fwd, 5�-GCA GGA GGA GCT GTG
CCT AGA-3�, and Rev, 5�-GGA GGG CCT GCT TTG ACA
GT-3�; Adipoq Fwd, 5�-CCC AAG GGA ACT TGT GCA GGT
TGG ATG-3�, and Rev, 5�-GTT GGT ATC ATG GTA GAG AAG
AAA GCC-3�; Pnpla3 Fwd, 5�-ATT CCC CTC TTC TCT GGC
CTA-3�, and Rev, 5�-ATG TCA TGC TCA CCG TAG AAA
GG-3�; Pdk4 Fwd, 5�-GGT ACG CCT GAA ACT CAG TCA-3�,
and Rev, 5�-GGT CAG GGA GCA CAC CTT A-3�; Irs2 Fwd,
5�-TCC AGG CAC TGG AGC TTT-3�, and Rev, 5�-GGC TGG
TAG CGC TTC ACT-3�; Srebp-1c Fwd, 5�-TCT CAC TCC CTC
TGA TGC TAC-3�, and Rev, 5�- GCA ACC ACT GGG TCC AAT
T-3�; Acaca Fwd, 5�-CCT GAG GAA CAG CAT CTC TAA C-3�,
and Rev, 5�-GCC GAG TCA CCT TAA GTA CAT ATT-3; Fasn
Fwd, 5�-GTC ACC ACA GCC TGG ACC GC-3�, and Rev, 5�-CTC
GCC ATA GGT GCC GCC TG-3�. Gene expression was analyzed
via the ddCt method (77).
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Immunoblotting

Protein from WAT was extracted from homogenized tissue
samples with Cell Lysis Buffer (catalog no. 9808, Cell Signaling)
supplemented with Halt Protease and Phosphatase Inhibitors
(Pierce). Total protein per sample was determined by the Brad-
ford assay (Bio-Rad). 20 – 60 �g of protein was separated on
8 –12% Tris-glycine acrylamide gels and transferred to nitrocel-
lulose membranes. Antibodies against CRBP1 (ab154881,
Abcam), LRAT(ab116784, Abcam), IR (Cell Signaling), pIR
(Cell Signaling), REV-ERB� (13418S, Cell Signaling), JAK2
(3230S, Cell Signaling), and pJAK2 (3776S, Cell Signaling) were
used at the dilution proposed by the manufacturer. An internal
standard was used to compare individual blots when quantified.
Western blottings were analyzed with ImageJ (National Insti-
tutes of Health) for quantification by densitometry.

Analysis of serum metabolites

Serum RBP4 was measured using a mouse RBP4 ELISA
(R&D Systems). TTR was measured using a mouse pre-albumin
ELISA (Innovative Research, Inc.) Serum insulin levels were
determined by EZRMI mouse insulin ELISA (Millipore). Serum
NEFA were measured with HR-Series NEFA-HR colorimetric
kit (Wako).

Chromatin immunoprecipitation

ChIP assays were performed in human 293T cells (ATCC) or
NIH3T3-L1 (ATCC) mouse pre-adipocytes treated for 2 h with
a differentiation media containing (DMEM � 10% fetal bovine
serum, 10 �g/ml insulin, and 0.25 mmol/liter dexamethasone).
ChIP was performed using SimpleChIP� enzymatic chromatin
immunoprecipitation kit (Cell Signaling) with antibodies for
REV-ERB� (13418S, Cell Signaling) and IgG (sc-2025, Santa
Cruz Biotechnology). PCR primers (Table 2) were designed for
individual ROREs predicted by bioinformatics analysis (Ali-
baba2.1, Niels Grabe). Immunoprecipitations were performed
in triplicate.

Recombinant holo-RBP injection

Recombinant RBP was made following the procedure
described in Ref. 78. At 16 weeks old, male mice were injected
with 1 mg of recombinant holo-RBP4 at ZT0 and ZT12. 2 hours
post-injection, blood and WAT were collected, flash-frozen,
and stored at �80 °C until the time of analysis.

Insulin injection

After a 14-h fast, 12–16-week-old male (n � 6) mice were
anesthetized and infused with 0.75 units/kg insulin (Sigma) into
the inferior vena cava. Tissues were collected before and after
insulin injection.

Insulin tolerance testing

After a 4-h fast, 12–16-week-old male WT or STRA6-null
were injected with an intraperitoneal injection of 0.75 units/kg
insulin (Humalin R, Lilly) (n � 4 –5). Whole-blood glucose was
determined sequentially by sampling blood at 0, 30, 60, 90, and
120 min using a portable glucometer (Accu-Chek Performa II).
ITT tests were performed at ZT2 and ZT14. Fasting glucose
levels were determined from the sample at time 0.

Indirect calorimetry

WT and STRA6-null male mice 12 weeks of age were housed
in individual metabolic chambers on a 12-h light/dark cycle.
Respiratory gasses, locomotor activity, and food consumption
were measured by the Comprehensive Lab Animal Monitoring
System (CLAMS) (Columbus Instruments).

Statistical analysis

Data are expressed as means � S.E. of the mean (S.E.). Sta-
tistical analyses were performed using two-tail Student’s t test.
Area under the curve was calculated for the ITT tests using
Prism6, GraphPad. Differences were considered significant at
p � 0.05.
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