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Abstract

Purpose Prolactin regulatory element-binding protein
(PREB), a member of the WD-repeat protein family, has
been recognized as a transcriptional factor that regulates
prolactin promoter activity in the anterior pituitary of rats.
PREB is expressed not only in the pituitary but also in
various other tissues, including the adipose tissue. Previ-
ous studies have shown that PREB acts as a transcriptional
regulator and suppresses the expression of the adiponec-
tin gene in cultured 3T3L1 preadipocytes. The aim of this
study was to further examine the potential role of PREB in
adipose tissue in vivo.

Methods Transgenic mice that overexpressing PREB
(PREB transgenic mice) were generated. Insulin resist-
ance was evaluated in PREB transgenic mice using glu-
cose and insulin tolerance tests. Adiponectin expression in
the adipose tissue was examined by western blot analysis
and quantitative polymerase chain reaction (qPCR). The
expression levels of stearoyl-CoA desaturase (Scd) and adi-
ponectin receptor 2(ADIPOR?2) were quantified by gPCR.
Results Glucose and insulin tolerance tests revealed insu-
lin resistance in PREB transgenic mice. Serum adiponectin
and leptin concentrations were decreased. Adiponectin gene
expression was decreased in the adipose tissue, which was
confirmed by the downregulation of the adiponectin-depend-
ent hepatic Scd gene and upregulation of the ADIPOR2 gene
in the liver of PREB transgenic mice. We also found that piogl-
itazone, an agonist for the peroxisome proliferator-activated
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receptor-1, improved the insulin resistance in the PREB trans-
genic mice after a 10-day feeding period.

Conclusions These results demonstrated that PREB might
contribute to the regulation of adiponectin gene expression
in vivo.

Keywords PREB - Adiponectin - Adipose tissue -
Diabetes - Insulin resistance

Introduction

The prolactin regulatory element-binding protein (PREB)
gene encodes a 1.9-kb mRNA, which is translated into a
transcription factor that binds to and activates the basal pro-
lactin promoter [1, 2]. The primary sequence of the PREB
protein contains two potential transregulatory PQ-rich
domains and three regions that are highly similar to the WD
repeat, thus making it a member of the eukaryotic family of
WD-repeat proteins. Members of this ever-expanding fam-
ily of proteins are involved in multiple cellular functions,
including signal transduction, RNA processing, cytoskel-
etal assembly, and vesicle trafficking [3]. The PREB pro-
tein has similarities to a subset of proteins belonging to the
WD-repeat family of proteins, which play a role in gene
regulation. Although PREB is ubiquitously expressed in
humans, its expression levels vary greatly among tissues,
with very high levels detected in the pituitary gland, pan-
creas, adrenal gland, and adipose tissue [4-8].

Adiponectin (APN), also called GBP28, apM1, AdipoQ,
and Acrp30, is a 244-amino-acid-long polypeptide and is rec-
ognized as an adipocytokine that is highly specific to adipose
tissue; it is also secreted into circulating blood and influences
systemic metabolism [9]. Previous studies reported that APN
acts as an anti-diabetic and anti-atherosclerotic molecule
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[10, 11]. Furthermore, a number of clinical trials have shown
that subjects with high levels of circulating APN tend to be
protected against type 2 diabetes mellitus (T2DM) and myo-
cardial infarction. A previous study also reported that higher
concentrations of APN protected against later development
of T2DM (incidence rate ratio 0.63; 95% confidence inter-
val: 0.43-0.92, p = 0.02) [12]. Several factors regulate APN
gene expression, including other adipocytokines such as
TNFa and IL6 [13], and transcription factors such as peroxi-
some proliferator-activated receptor-r (PPARr) [14]. Moreo-
ver, CAMP inhibited APN gene expression in human visceral
adipose tissue [15].

APN has been shown to be a key regulator of insulin
sensitivity through a number of studies that have revealed
a strong connection between insulin resistance and APN
levels [16]. We previously reported that PREB can func-
tion as a transcriptional regulator of the APN promoter and
thus mediate the effect of cAMP in 3T3L1 cells. PREB
binds to the APN promoter, and in cells expressing PREB,
it decreases APN expression in vitro [8]. The findings that
PREB inhibits APN in adipose cell lines led us to hypoth-
esize that PREB plays an important role in adipose tissue
function in mice, which may in turn affect other proper
functions. In this study, we generated transgenic mice that
overexpress PREB to further examine the potential role of
PREB in adipose tissue in vivo.

Materials and methods
Generation of PREB transgenic mice

PREB cDNA bearing a FLAG-tag was ligated into a plas-
mid vector carrying the CAG promoter along with poly-
adenylation signals; the expression cassette with the CAG
promoter was excised from the construct and injected into
pronuclear-stage embryos of C57BL/6 J mice (UNITECH).
Successful generation was confirmed by PCR analysis using
DNA from blood obtained from mouse tail veins. Trans-
genic lines were maintained by back crossing with PREB
mice. All animals were kept in a pathogen-free environment.
Six-week-old male PREB mice were housed five per
cage and maintained with free access to water and a regu-
lar chow diet or a HFD (60% by kcal; HFD-60; Oriental
Yeast). Mice weighted 22 £ 2 g were sacrificed at 8 weeks
of age after an overnight fasting, and their liver and adipose
tissue were collected, snap-frozen in liquid nitrogen, and
stored at —80 °C until processed for experimentation.

Metabolic experiments

All tests were performed after a 6-h fasting. For the glu-
cose tolerance test (GTT), conscious mice were given
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1 mg of glucose/g of body weight by intraperitoneal injec-
tion. Following successful infusion, blood was drawn from
a tail snipping and blood glucose was measured using a
Glucocard Diameter (ARKRAY) at 0, 0.5, 1, and 2 h. For
insulin tolerance testing, 1 IU/kg of insulin was given by
intraperitoneal injection, and blood was collected from
tail snippings at 0, 0.5, 1, 2, and 2.5 h for blood glucose
measurement.

Measurement of APN and Leptin

Blood samples were collected from the enucleated eyeball
of mice under anesthesia, serum level of adiponectin (MRP
300; R&D Systems) and leptin (ab100718; Abcam) were
measured using a commercially available enzyme-linked
ELISA Kkits. All steps were performed under the manufac-
turer’s instructions.

Western blot analysis

Antibodies for APN and PREB were purchased from Abcam
(ab3455, ab42501), and anti-GAPDH was purchased from
TREVIGEN (2275-PC-100). Adipose tissue was homog-
enized with a bead mill homogenizer (Tomy Digital Biol-
ogy) in TNE buffer (10 mmol 17! Tris—HCI, 1% NP-40 v/v,
0.15 mol 17! NaCl, 1 mmol 17! EDTA) at 4 °C. Homogenates
(10.3 pg) were separated on 4-15% SDS—polyacrylamide
gels (Bio-Rad) and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore). After blocking with 7.5%
w/v skim milk (Difco Laboratories) in PBS buffer contain-
ing 0.1% v/v Tween 20 (PBS-T) at 4 °C overnight, the mem-
brane was washed and incubated overnight at 4 °C in 3%
w/v BSA in PBS-Tween buffer containing rabbit anti-PREB
(dilution 1:4000) or rabbit anti-GAPDH (1:5000) as the pri-
mary antibody, and polyclonal goat-anti-rabbit immunoglob-
ulin—-HRP (Dako Cytomation) as the secondary antibody for
1 h at 4 °C. To confirm equal loading, blots were stripped
(western blot stripping buffer, Thermo scientific) after expo-
sure and re-probed with the APN antibodies (1:250). Anti-
body binding was visualized using a chemiluminescence
detection kit (ECL; Amersham Pharmacia Biotech).

Quantitative real-time PCR

Total RNA was extracted with RNA-Bee-RNA isolation
reagent (TEL-TEST Inc.) from the mouse adipose and
liver tissue, and reverse transcription was performed using
Superscript II (Invitrogen) and 6 pg of total RNA; cDNA
was used for qPCR using the Fast Start DNA Master SYBR
Green I kit (Roche) in a CFX96 Real-time PCR Detection
system (Bio-Rad) as previously described [8]. GAPDH was
used as the housekeeping gene. The qPCR was performed
using the following specific primer sequences:
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GAPDH forward: 5'-TGAACGGGAAGCTCACTGG-3/,
and reverse: 5'-TCCACCACCCTGTTGCTG TA-3/;
APN forward: 5'-AAGGACAAGGCCGTTCTC-3’, and
reverse: 5'-AGAGTCGTTGACGTTATCTGCATA G-3/;
ADIPOR2 forward: 5'-GCCAAACACCGATTGGGGT-3/,
and reverse: 5'-GGCTCCAAATCTCCTTGGTAGTT-3/;
Scd forward: 5-GCTGTCAAAGAGAAGGGCGG-3/,
and reverse: 5'-CTCTGGAACATCACCAGCTTCT-3'.

Treatment of thiazolidinedione

For PPARr agonist experiments, mice were weighed daily
and gavaged with pioglitazone (10 mg/kg, Takeda) in
0.25% w/v hydroxypropyl methylcellulose (Alfa Aesar)
for a period of 10 days. GTTs were done before and after
pioglitazone treatment. Blood glucose was measured at 0,
0.5,1,and 1.5 h.

Statistical analysis

Data shown are presented as the mean + SE. Statistical
analyses were performed using a one-way ANOVA and
two-tailed Student’s ¢ test. p values <0.05 were considered
statistically significant.

Results
Expression of PREB in the adipose tissue of mice

We examined the expression of PREB in transgenic mice.
Mice were sacrificed, and protein extracts from the adipose
tissue were prepared and analyzed by western blotting. A
strong protein band of approximately 41 kDa, matching
the predicted size of the PREB protein, was detected. We
also examined PREB expression in the adipose tissue of
wild-type mice as a control; a significant increase in PREB
expression was observed in the transgenic mice compared
to that of the control group (Fig. 1).

Glucose tolerance testing in PREB transgenic mice

To analyze the ability of the PREB transgenic mice to
break down glucose, we performed a glucose tolerance test
(GTT). Results revealed that the glucose tolerance in PREB
transgenic mice was significantly attenuated after a glucose
load test as compared with that of wild-type mice (Fig. 2a).
We subsequently performed an insulin tolerance test, which
revealed that PREB mice showed a significant resistance
to the glucose-lowering effects of insulin, which was in
accordance with the GTT data (Fig. 2b). These results indi-
cated that PREB mice might exhibit insulin resistance. To
better understand their glucose metabolism, we selected a
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Fig. 1 Existence of PREB protein in PREB transgenic mice and
control. Protein extract from mouse adipose tissue was subjected to
western blot analysis; the expression level of GAPDH was assayed
as a control and is shown at the bottom of each lane. Lanes 1, 3, 5
protein extract from wild-type mouse adipose tissue; lanes 2, 4, 6
protein extract from PREB mouse adipose tissue. The ratio of PREB
to GAPDH is shown as a percentage of the control. Results are
mean £ SE (n = 3) of separate experiments. *p values indicate sig-
nificant differences

HFD to induce the insulin resistance in PREB mouse. We
compared the two groups of PREB mice that were or were
not fed with HFD for 2 months. The HFD-fed mice were
subjected to glucose tolerance (Fig. 3a) and insulin toler-
ance tests (Fig. 3b). Results showed that there were no sig-
nificant differences in either glucose tolerance or insulin
sensitivity between the two groups.

Expression of APN in adipose tissue

Previously, we reported that PREB binds to the APN pro-
moter, and in cells expressing PREB, overexpression of
the PREB gene decreases APN expression in vitro [8].
Therefore, we examined the expression of APN in the adi-
pose tissue of PREB transgenic mice. To examine whether
APN expression was affected in PREB transgenic mice,
we examined the APN levels in the adipose tissue by west-
ern blot analysis (Fig. 4a) and qPCR (Fig. 4b). As seen
in Fig. 4a, the western blots probed with an APN-specific
antibody showed decreased concentrations of APN in
the PREB transgenic mice as compared to the wild-type
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Fig. 2 a Glucose tolerance test, b insulin tolerance test in wild-
type (open circle) and PREB (solid circle) mice. Mice with standard
chow diet were fasted for 6 h and glucose (1 mg/g) or insulin (1 IU/
kg) was administered via intraperitoneal injection; plasma glucose
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Fig. 3 a Glucose tolerance test, b insulin tolerance test in PREB
mice with (solid circle) or without HFD (open circle). Mice were
fasted for 6 h, and glucose (1 mg/g) or insulin (1 IU/kg) was admin-
istered via intraperitoneal injection; plasma glucose was checked in

mice. In contrast, the basal levels of GAPDH remained
unchanged in both the groups. APN mRNA levels were
also decreased in the PREB transgenic mice. These results
suggested that APN expression decreases in PREB trans-
genic mice. Based on the aforementioned results, indicat-
ing that overexpression of PREB induces a decrease in
both the protein and mRNA levels of APN in PREB mice,
we examined the serum levels of APN (Fig. 5a) and the
other adipokine, leptin (Fig. 5b). The serum concentra-
tions of APN and leptin in PREB transgenic mice were
6988.8 + 672.88 ng/mL and 1.05 £ 0.12 ng/mL, respec-
tively, which were significantly lower than that in control
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a time-dependent manner as described in the methods. Results are
expressed as mean plasma glucose &= SE. Number of mice: control
n=5and HFD n = 5. *p < 0.05

mice (10,266.4 £ 1341.89 and 2.55 %+ 0.63 ng/mL, respec-
tively). These results showed that PREB transgenic mice
display reduced levels of serum APN and leptin.

PREB mice displayed a significantly decreased
expression of the stearoyl-CoA desaturase (Scd) gene
in the liver tissue

APN is known to affect various organs including the liver,
where it directly acts on the hepatic tissue and inhibits glu-
cose production [11]. A previous report indicated that the
Scd gene expression was suppressed in the liver of APN
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Fig. 4 a Expression of adiponectin (APN) in mouse adipose tissue.
Protein was extracted and purified from the adipose tissue of mice,
and western blot analysis was performed to measure APN expression;
expression of GAPDH served as a control and is shown in the bot-
tom lanes. Lanes I, 3, 5 protein extract from wild-type mouse adi-
pose tissue; lanes 2, 4, 6 protein extract from PREB mouse adipose
tissue. The ratio of APN to GAPDH is shown as a percentage of the
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control. Results are mean £ SE of three separate experiments. *p val-
ues indicate significant differences. b mRNA expression of APN in
mouse adipose tissue. APN mRNA purified from adipose tissue was
measured by quantitative real-time PCR. The level of GAPDH served
as a control, and the ratio of APN to GAPDH is shown as a percent-
age of the control. Results are expressed as the mean + SE of three
independent experiments. *p < 0.05
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Fig. 5 Serum concentration of APN (a) and leptin (b) in wild-type and PREB mice with standard chow diet. Data from each group (n = 5) are

presented as mean & SE. *p < 0.05

knockout mice [17]. We thereby examined the expression
of this gene in PREB transgenic mice. Scd mRNA levels
were analyzed by qPCR (Fig. 6). Using Scd-specific prim-
ers, qPCR results demonstrated a suppressed expression of

Scd in PREB transgenic mice. However, the expression of
GAPDH was not altered in either of the two groups (Fig. 6).
These results suggested that PREB mice express a signifi-
cantly decreased level of the APN-dependent Scd gene.
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Fig. 6 Expression of Scd mRNA in mouse liver. Scd mRNA was
purified from liver tissue and measured by quantitative real-time
PCR. The level of GAPDH served as a control, and the ratio of Scd
to GAPDH is shown as a percentage of the control. Results are rep-
resented as the mean + SE of three separate experiments. *p < 0.05

Expression of ADIPOR2 in PREB transgenic mice

ADIPOR1 and ADIPOR2 have been shown to serve as
the major APN receptors in vivo and mediate the meta-
bolic actions of APN. ADIPORI1 is ubiquitously expressed,
including abundant expression in the skeletal muscle,
whereas ADIPOR2 is most abundantly expressed in the
mouse liver [3]. Therefore, we examined the expression
of ADIPOR?2 in mouse liver by qPCR (Fig. 7). ADIPOR2
mRNA levels in the liver of PREB transgenic mice were
significantly increased compared to that of the wild type
(Fig. 7). The elevated ADIPOR2 expression may be in
response to the decreased APN levels in PREB transgenic
mice.

Thiazolidinedione ameliorates insulin resistance
in PREB mice

Thiazolidinediones (TZDs) have been shown to act as
insulin sensitizers in animal models of obesity-linked insu-
lin resistance and diabetes, and they have been widely used
as therapeutic agents for the treatment of T2DM. Treat-
ment with the TZD pioglitazone significantly increases
the plasma APN concentration in patients with T2DM.
This increase is associated with an improvement in hepatic
insulin sensitivity [18]. We hypothesized that TZD treat-
ment would reverse the insulin resistance observed in the
PREB transgenic mice in our study. We treated the mice
with a low dose of pioglitazone (10 mg/kg of body weight/
day) by daily gavage for a period of 10 days. The GTT was
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Fig. 7 mRNA expression of the adiponectin receptor 2 (ADIPOR2)
in mouse liver. Total RNA was extracted from the liver of mice, and
quantitative real-time PCR was performed to analyze ADIPOR2
mRNA expression; the level of GAPDH served as a control, and the
ratio of ADIPOR2 to GAPDH is shown as a percentage of the control
in the plot. Results are represented as the mean £ SE of three sepa-
rate experiments. *p < 0.05

performed before and after pioglitazone treatment (Fig. 8a,
b). Prior to treatment with pioglitazone, PREB transgenic
mice showed an increased glucose intolerance compared
to that of the control group (Fig. 8a). However, glucose
tolerance was substantially improved after treatment with
pioglitazone (Fig. 8b). An improvement in insulin resist-
ance with TZD treatment in PREB mice indicated that
PREB expression might be correlated with impaired insu-
lin sensitivity.

Discussion

PREB cDNA was recently isolated from a rat pituitary
cDNA library, and the protein product was shown to trans-
activate the prolactin promoter [1]. PREB mRNA tran-
scripts were present not only in the pituitary but a strong
signal was also present in both the pancreas and adipose
tissue [5, 8]. In this study, we generated PREB transgenic
mice. These mice showed significant resistance to the glu-
cose-lowering effects of insulin, reduced concentrations of
serum APN and leptin, and a decreased APN expression in
the adipose tissue. TZD treatment improved insulin resist-
ance in these mice. Previously, we examined the role of
PREB in the regulation of APN expression in mouse adipo-
cytes and their cell line, 3T3L1; we observed that the over-
expression of PREB decreased the APN protein expression.
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Fig. 8 Glucose tolerance test in wild-type (open circle) and PREB
(solid circle) mice before (a), and after (b) feeding of pioglita-
zone (10 mg/kg in 0.25% hydroxypropyl methylcellulose) for
10 days. Mice fed a standard chow diet were fasted for 6 h before
glucose (1 mg/g) was administered via intraperitoneal injection,

These findings suggested that overexpression of PREB may
be a negative regulator of APN in vivo.

The PREB protein has three motifs, WD I, WD II, and
WD III, with significant degrees of homology to the con-
sensus WD-repeat sequence; this suggests that PREB is
a member of the WD-repeat protein superfamily [3]. The
highly conserved WD repeats within PREB demonstrate
sequence similarity to a subset of proteins belonging to this
family, which consists of proteins that act as gene regula-
tors [3]. Unlike other WD-repeat proteins, PREB exerts
transcriptional regulation, as it has been shown to stimulate
gene expression by directly binding to DNA [1, 5]. Previ-
ously, we showed that PREB binds to the APN promoter
and inhibits its activity in 3T3L1 cells. Native PREB binds
to the APN promoter, whereas a mutant PREB-binding
site abrogates the effect of not only PREB but also cyclic
adenosine monophosphate (cAMP). These results suggest
an alternative mechanism by which PREB may be involved
in the cAMP-mediated inhibition of APN promoter activity.
Additionally, a previous report suggested that PREB could
mediate the protein kinase A (PKA)-induced stimulation of
prolactin promoter activity [1], thereby suggesting a role for
this protein in cAMP-mediated transcriptional responses. A
possible model for this may involve the activation of PREB
via PKA-mediated phosphorylation. Although it is not yet
known whether PREB can serve as a PKA substrate, either
in vitro or in vivo, the predicted sequence of this protein
contains a number of motifs resembling consensus PKA
phosphorylation sites [18]. Further studies are needed to

Time (hours)

and the plasma glucose was checked in a time-dependent manner
as described in the methods. Results represent mean glucose con-
centrations == SE. Number of mice: normal n = 5 and PREB n = 5.
*p <0.05

determine the specific regulatory mechanisms that enable
PREB regulation of APN gene transcription.

The concentration of PREB protein increases in
response to glucose in a dose-dependent manner [18]. In
patients with diabetes, APN levels are decreased [19]. In
this way, patients with T2DM may have an increased risk
of low-APN-mediated vascular inflammation, and subse-
quent damage, leading to the development of microvascular
complications [20]. In the pancreas, PREB plays an impor-
tant role in insulin gene expression in response to changes
in glucose concentrations; however, in the adipose tissue,
PREB inhibited the expression of APN in response to vari-
ous glucose concentrations. In contrast, monocyte chem-
oattractant protein-1 (MCP1) is a potent chemotactic factor
for monocytes and a key factor initiating the inflammatory
process of atherogenesis. Previously, we have shown that
PREB can function as a transcriptional regulator of the
MCP1 promoter in response to cytokines. PREB binds to
the MCP1 promoter, and in cells expressing PREB, MCP1
expression is increased. Together with this report, these
results suggest that PREB might contribute to the athero-
sclerotic process.

Adipose tissue plays a critical role not only in energy
homeostasis, but also in being a complex and highly
active metabolic organ. APN, the most abundant and adi-
pose-specific adipokine, is a collagen-like protein that is
exclusively produced in the white adipose tissue. APN
is stimulated during adipocyte differentiation and circu-
lates at relatively high concentrations in the serum [21].
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A decreased level of APN was considered a risk factor
for the development of T2DM [22]. A previous study has
indicated that the decreased levels of APN exacerbated
insulin resistance by decreasing insulin sensitivity [23].
Previous reports have shown that a physiological dose of
adiponectin improves insulin resistance in mouse mod-
els of obesity and T2DM [10]. Our results revealed that
PREB mice displayed insulin resistance accompanied by
a reduction in APN. Also, a decrease in the serum levels
of leptin, which is an adipocytokine, improved insulin
resistance. Transgenic overexpression of leptin has been
shown to rescue insulin resistance and diabetes in a mouse
model of lipoatrophic diabetes [24]. Insulin resistance in
PREB mice might have been mediated by the decreased
serum levels of both APN and leptin. Further studies are
needed to clarify the mechanisms of insulin resistance in
PREB mice. Figure 2 shows that PREB mice, fed with a
chow diet, displayed glucose intolerance due to the insu-
lin resistance. However, mice HFD for 2 months did not
reveal any significant difference in glucose intolerance
as compared to the control group. The reasons why the
HFD did not induce the insulin resistance in PREB mouse
remain unknown. Although the normal mice fed with
HFD for 2 months develop fatty livers mediating insulin
resistance, we did not observe a fatty liver in the HFD-fed
PREB mice [K. Murao and H. Imachi, unpublished data].
Further studies are required to clarify the reasons why
HFD did not induce insulin resistance in PREB mouse.
As T2DM is in large part attributable to insulin resist-
ance and/or hyperinsulinemia [25], PREB transgenic mice
might serve as suitable models for studying adipose tissue
dysfunction in diabetic patients.

The insulin-sensitizing action and benefits of TZDs,
such as pioglitazone, which is an anti-diabetic drug act-
ing as a PPARr agonist for patients with T2DM, have been
very well elucidated. In the adipose tissue, negative regu-
lation of PPARTr signaling may possibly contribute to insu-
lin resistance with decreased APN signaling, induced by
activation of the liver X receptor (LXR) [26]. APN tran-
scription levels are upregulated in adipocytes upon treat-
ment with TZDs [27]. A previous clinical trial has dem-
onstrated that a low dose of pioglitazone increases serum
APN in diabetic patients [28]. Therefore, we hypothesized
that the activation of PPARr would also lead to the acti-
vation of APN in PREB transgenic mice and reverse their
insulin resistance. In this study, the treatment with low-
dose pioglitazone for a period of 10 days reversed insulin
resistance in PREB transgenic mice, suggesting that these
mice responded to the PPARr activation. Further studies
are necessary to determine the detailed mechanisms by
which the overexpression of PREB induces insulin resist-
ance in vivo.
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Conclusion

In conclusion, we generated transgenic mice that overex-
press the PREB gene. These results demonstrate that PREB
may contribute to the regulation of APN gene expression
in vivo. The PREB transgenic mice displayed insulin resist-
ance, possibly due to the downregulation of the APN gene.
Further investigation will help determine the possible phys-
iological role of PREB in adipose tissue.
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