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The incretin - glucose-dependent insulinotropic polypeptide (GIP) — and the pro-inflammatory cytokine
osteopontin are known to have important roles in the regulation of adipose tissue functions. In this work
we show that GIP stimulates lipogenesis and osteopontin expression in primary adipocytes. The GIP-
induced increase in osteopontin expression was inhibited by the NFAT (the transcription factor nuclear

Keywords: ) factor of activated T-cells) inhibitor A-285222. Also, the NFAT kinase glycogen synthase kinase (GSK) 3
Osteopontin was upregulated by GIP. To test whether cAMP might be involved in GIP-mediated effects on osteopontin
iiilzpocytes a number of strategies were used. Thus, the p3-adrenergic receptor agonist CL316,243 stimulated osteo-

NFAT pontin expression, an effects which was mimicked by OPC3911, a specific inhibitor of phosphodiesterase
3. Furthermore, treatment of phosphodiesterase 3B knock-out mice with CL316,243 resulted in a dra-
matic upregulation of osteopontin in adipose tissue which was not the case in wild-type mice. In sum-
mary, we delineate mechanisms by which GIP stimulates osteopontin in adipocytes. Given the
established link between osteopontin and insulin resistance, our data suggest that GIP by stimulating

Phosphodiesterase 3B

osteopontin expression, also could promote insulin resistance in adipocytes.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Obesity is a rapidly growing public health concern in the world.
Along with cardiovascular disease, type 2 diabetes (T2D) is the
most common co-morbidity of obesity. Over 80% of patients with
T2D are overweight or obese. Adipocytes secrete numerous pro-
teins, cytokines and chemokines collectively referred to as adipo-
kines [1]. The adipokine secretion profile is altered in obesity,
with increases, for example, in leptin and resistin and decreases
in adiponectin [1]. Adipose tissues from obese subjects also contain
significantly higher amounts of infiltrated macrophages and other
immune cells [1-4]. The secretion of adipokines and pro-inflam-
matory cytokines from adipose tissue leads to a low grade systemic
inflammation and contributes to insulin resistance in adipocytes,

Abbreviations: CL, CL316,243; GIP, glucose-dependent insulinotropic polypep-
tide; GSK, glycogen synthase kinase; NFAT, nuclear factor of activated T-cells; PDE,
phosphodiesterase; PKB, protein kinase B; T2D, type 2 diabetes.
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muscle and liver [1-4]. Osteopontin is a pro-inflammatory cyto-
kine that has recently been shown to have a critical role in adipose
tissue inflammation and insulin resistance. Osteopontin mRNA and
protein expression is upregulated in adipose tissue from obese
mice and humans [5-7]. Mice deficient in osteopontin have im-
proved glucose tolerance as well as lower fasting plasma glucose,
insulin and triglycerides after high fat diet regime compared to
wild-type (wt) mice [8,9] and neutralization of osteopontin inhib-
its obesity-induced inflammation and insulin resistance [10]. Also,
the number of adipose tissue macrophages and the expression of
pro-inflammatory cytokines were significantly reduced in osteo-
pontin-deficient mice fed a high fat diet compared to wt mice
[8,9]. Although osteopontin appears to be an important mediator
of obesity-induced insulin resistance, very little is known about
molecular mechanisms involved in the regulation of osteopontin
protein expression in adipocytes.

The incretin — hormone glucose-dependent insulinotropic poly-
peptide (GIP) - is produced by entero endocrine K-cells and is re-
leased into the circulation in response to nutrient stimulation
[11,12]. Impairment of GIP action is suspected to play a role in
obesity and diabetes [11,13]. The GIP receptor is a transmembrane
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heterotrimeric G-protein coupled receptor and is expressed by
many cell types throughout the body including adipocytes [14]
where it regulates several aspects of glucose and lipid metabolism.
For example, GIP has been shown to increase delivery of triglycer-
ides to the adipocyte by stimulating lipoprotein lipase, and to stim-
ulate lipogenesis and glucose uptake in insulin dependent as well
as independent manner. GIP has also been shown to stimulate
lipolysis in some studies but has in others been shown to inhibit
lipolysis ([11,12] and references within [15]).

In recent studies we have shown that GIP increases the expres-
sion of osteopontin in pancreatic p-cells and in adipocytes [16,
Ahlqvist, unpublished]. In this work we investigate mechanisms
whereby GIP induces osteopontin expression in adipocytes. We
demonstrate roles for insulin signaling, phosphodiesterase 3B
(PDE3B) and the transcription factor NFAT.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (from B&K Universal Stockholm,
Sweden) between 36 and 42 weeks of age were used for the isola-
tion of primary adipocytes. C57BL/6 WT and PDE3B knock-out (KO)
mice, originally generated as described in [17], were used for the
real time RT-PCR experiments on adipose tissue. All experiments
have been approved by the Animal Ethics Committee, Lund, Swe-
den or by the NHLBI Animal Care and Use Committee, USA.

2.2. Chemicals and reagents

Glucose-dependent insulinotropic polypeptide (SIGMA, St.
Louis, MO) and Insulin (Novo Nordisk, Bagsvaerd, Denmark) were
used for the treatment of adipocytes. The NFAT blocker A-285222
was kindly provided by Abbott Laboratories, Abbott Park, IL [18].
The anti-OPN rat monoclonal antibody MPIIIB10; was from the
developmental studies hybridoma bank of the University of lowa
(Iowa City, IA). The anti-mouse osteopontin polyclonal antibody
(0-17) was from IBL (Hamburg, Germany). The anti-phospho
GSK3 Ser9/21 antibody was from Cell Signaling Technologies (Bev-
erly, MA). The anti-GSK3 antibody was from Biosource (Amarillo,
CA). Both GSK3 antibodies detect the alpha and beta isoforms of
GSK3. The mouse monoclonal antibody to Beta-Actin (A5441)
was purchased from SIGMA. Chemical reagents used in preparation
of buffers were purchased from SIGMA and VWR International.

2.3. Isolation and treatment of primary adipocytes

Primary rat adipocytes were isolated from epididymal fat pads
as previously described [19]. Adipocytes were diluted to a concen-
tration of 12.5% (v/v) in serum free Dulbecco’s Modified Eagle Med-
ium (SIGMA) containing 25 mM glucose, 100 U/mL penicillin,
100 pg/mL streptomycin and 0.5% bovine serum albumin (BSA).
One milliliter of cell suspension was incubated with the com-
pounds indicated in results, for 37 °C, overnight with 5% CO,. Incu-
bations were stopped by washing the adipocytes twice in BSA free
Krebs-Ringer-Hepes (KRH) buffer containing 25 mM Hepes,
200 nM adenosine and 2 mM glucose. Adipocytes were lysed by
vortexing in buffer containing 50 mM TES, 2 mM EGTA, 1 mM
EDTA, 250 mM sucrose, 2% (v/v) Nonidet P-40, 40 mM phenylphos-
phate, 5 mM NaF, 1 mM dithioerythriol, 0.5 mM sodium orthovan-
adate, 10 pg/mL antipain, 10 pg/mL leupeptin, 1 pg/mL pepstatin
A, pH 7.4. Lysates were centrifuged at 10,000xg for 10 min at
4 °C, and infranatants were transferred to new tubes. Protein con-
centrations were determined by the method of Bradford [20].

2.4. Differentiation and treatment of 3T3-L1 adipocytes

3T3-L1 fibroblasts (80,000-100,000 per 100 mm plate) were
cultured in 10ml of Dulbecco’s Modified Eagle Medium
(DMEM) (SIGMA) containing 25 mM glucose, 100 U/mL penicillin,
100 pg/mL streptomycin and 10% Fetal Calf Serum. Confluent cells
were differentiated for 2 days in DMEM supplemented with
0.5mM IBMX, 10pg/ml insulin and 1pM dexamethasone.
Experiments were performed with 3T3-L1 adipocytes (80-95%
differentiated) 12-14 days after the initiation of differentiation
under humidified atmosphere (air/CO, - 19:1). Differentiated
adipocytes were incubated with GIP as indicated in results, for
37 °C, overnight with 5% CO,. The cells were washed twice in
Phosphate Buffered Saline (PBS), scraped and lysed by vortexing
in buffer containing 50 mM TES, 2 mM EGTA, 1 mM EDTA,
250 mM sucrose, 2% (v/v) Nonidet P-40, 40 mM phenylphosphate,
5 mM NaF, 1 mM dithioerythriol, 0.5 mM sodium orthovanadate,
10 pug/mL antipain, 10 pg/mL leupeptin, 1 pg/mL pepstatin A, pH
7.4. Lysates were centrifuged at 10,000xg for 10 min at 4 °C, and
infranatants were transferred to new tubes. Protein concentrations
were determined by the method of Bradford [20].

2.5. Lipogenesis

Lipogenesis was measured as previously described [21]. One
milliliter aliquots of 2% (v/v) adipocytes in KRH Buffer containing
0.55 mM glucose and 3.5% BSA, but without adenosine, were added
to vials containing 0.4 uCi D-[6->H]-glucose (GE healthcare) and
incubated for 30 min. The assay was stopped with a scintillation
fluid containing 3 g/L POPOP, 5 g/L 2.5-diphenyl oxazole in toluol.
The amount of 3H incorporated into the lipid based fraction was
determined by scintillation counting.

2.6. SDS-PAGE and Western Blotting

Samples were mixed with Laemmli sample buffer, subjected to
electrophoresis through 10% polyacrylamide gels, and subse-
quently transferred to Hybond C nitrocellulose membranes (GE
Healthcare, Amersham, UK). Membranes were blocked with 10%
milk in TBST (50 mM Tris pH 7.5, 150 mM NaCl and 0.1% (w/v)
Tween-20) followed by incubation with primary antibodies over-
night at 4 °C. Membranes were washed and subsequently incubated
for 1 h at room temperature with a 1:10,000 dilution of HRP conju-
gated-anti-mouse IgG secondary antibody (GE healthcare) in 5%
milk. After a second washing, membranes were incubated with
ECL reagent (Pierce, Rockford, IL) for 5 min before image capture
in a Fujifilm LAS-1000 CCD camera (GE healthcare). Western Blots
were quantified using Image Gauge software (Fujifilm).

2.7. Real time RT-PCR

Four-month old C57BL/6 WT and PDE3B knock-out (KO) mice
[17] were subcutaneously injected with 1 mg/kg of CL316243 in
PBS or with PBS alone. Epididymal fat pads were collected 24 h
after injections. Total adipose tissue mRNA was isolated using mir-
Vana miRNA Isolation Kit (Life Technologies, NY), according to the
manufacturer’s protocol. Following primer sequences for SYBR
Green real time RT-PCR were used: 18S, F: gatgtgaaggatgggaagta-
cag, R: cttcttggatacacccacagttc; osteopontin, F: cccggtgaaagtgactg-
att, R: ttcttcagaggacacagcattc. Gene expression levels were
quantified as a ratio of target transcripts to 18S mRNA.

2.8. Data analysis

Data are presented as mean + SEM for the indicated number of
experiments. Statistical significance between the groups was
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determined by the student’s two tailed t-test, unless otherwise
specified, using the Graphpad Prism 5 software package.

3. Results
3.1. GIP induces lipogenesis in primary adipocytes

The effect of GIP on adipocyte lipogenesis was tested by stimu-
lating cells for 10 min with or without various doses of GIP (0.1-
100 nM) in the presence or absence of 1 nM insulin. GIP alone at
doses 1-100nM significantly induced lipogenesis, with 10-
100 nM yielding approximately 50% increase in lipogenesis
(Fig. 1A). GIP, in a dose dependent manner, potentiated the ability
of 1 nM insulin to increase lipogenesis with a maximum effect seen
at 10 nM, but clear effects already at 0.1 nM GIP (Fig. 1B).

3.2. GIP upregulates osteopontin protein expression in primary
adipocytes and 3T3-L1 adipocytes

Osteopontin expression was significantly increased by incuba-
tion of rat adipocytes overnight with 1-100 nM GIP in the presence
of 1 nM insulin (Fig. 2, and Ahlqvist, unpublished). Incubation with
insulin alone had no effect on osteopontin expression, but was re-
quired for the effect of GIP on osteopontin. The effect of GIP on
osteopontin was also tested in another adipocyte model, mouse

N
o
g

150+

100

Lipogenesis (% of Ctrl) >
S

o
L

GIP

vy}

—
o
S
S
]

*

*

1000

500

Lipogenesis (% of Ctrl)

04
Ins - + + + + +

GIP - - 01 1 10 100

Fig. 1. GIP induces lipogenesis on its own as well as potentiates insulin-induced
lipogenesis in primary rat adipocytes. Primary rat adipocytes were stimulated with
GIP at the indicated concentrations (nM) in the absence (A) or presence (B) of
insulin (INS, 1 nM) for 30 min. Lipogenesis was determined as glucose incorpora-
tion into lipid relative to the untreated group. *p < 0.05, **p < 0.01. n =5 per group.
GIP: glucose-dependent insulinotropic polypeptide.

3T3-L1 adipocytes. As shown in Fig. 2A, stimulation of mouse
3T3 L1 adipocytes with GIP also resulted in increased expression
of osteopontin. Thus, the GIP response appears not to be model
specific. In the following experiments we study mechanisms
whereby GIP induces osteopontin expression using rat adipocytes
as a model.

3.3. GIP-induced osteopontin expression is partially mediated by NFAT

The transcription factor NFAT has previously been shown to
regulate osteopontin expression in the vasculature in response to
high glucose and/or G protein-coupled receptor stimulation [22].
NFAT transcriptional activity is dependent on a balance between
the phosphatase activity of calcineurin, which promotes transloca-
tion of NFAT to the nucleus and the activity of various kinases
which phosphorylate NFAT leading to nuclear export instead
[23,24]. One important NFAT export kinase is glycogen synthase ki-
nase (GSK) 3 [25,26], a kinase which is negatively regulated upon
phosphorylation by protein kinase B (PKB), a key target for insulin
action [27].

The role of NFAT in GIP-induced osteopontin expression was
studied using the NFAT inhibitor A-285222, a compound that effec-
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Fig. 2. GIP upregulates osteopontin protein expression in primary adipocytes and
3T3-L1 adipocytes in the presence of insulin. 3T3 L1 adipocytes (A) and primary rat
adipocytes (B) were stimulated with GIP at the indicated concentrations (nM) in A
and 100 nM in B, in the presence or absence of insulin (INS, 1 nM) over night. Cells
were lysed and osteopontin expression analyzed by western blotting. Representa-
tive blots are shown. *p < 0.05, **p < 0.01, ***p < 0.001 vs. non-treated controls. n = 4
for both. GIP: glucose-dependent insulinotropic polypeptide, OPN: osteopontin.



B. Omar et al./Biochemical and Biophysical Research Communications 425 (2012) 812-817 815

tively blocks NFAT nuclear accumulation and transcriptional activ-
ity in several cell types (i.e. immune, vascular, pancreatic acinar
cells) [18,22,28]. As shown in Fig. 3A, A-285222 (1 uM) inhibited
GIP-induced osteopontin expression, suggesting that NFAT is acti-
vated upon GIP stimulation in adipocytes and that it plays a role in
the regulation of GIP-induced osteopontin expression in these
cells. Incubation with A-285222 in the absence of GIP and insulin
had no effect on basal osteopontin expression. Interestingly, under
the same stimulatory conditions shown to increase osteopontin
expression (100 nM GIP in the presence of insulin), an increase in
GSK3 phosphorylation was observed (Fig. 3B). The effect of GIP
on GSK3 phosphorylation, which is associated with reduced kinase
activity and hence would result in decreased NFAT nuclear export,
may represent one mechanism by which GIP stimulation engages
NFAT-signaling in adipocytes.

>

200 - *k

150

100

50

OPN/p -actin (% of Ctrl)

83 kDa OPN

47 kDa
Ins - + + .
GIP 100 - + + -
A285222 - - + +

B-actin

300 .

200

100

PGSK3/GSK3 (% of Ctrl) 0

o
L

pGSK3
GSK3

PN

~ ~
-~ X
=2 00
n o o

GIP - - +

Fig. 3. GIP-induced osteopontin expression is partially mediated by NFAT and
involves inhibition of the NFAT export kinase GSK3. (A) Primary rat adipocytes were
stimulated overnight by GIP (100 nM) in the presence of insulin (INS, 1 nM) with or
without a 30 min pre-treatment with the NFAT inhibitor A-285222 (1 uM) over
night. Cells were lysed and osteopontin expression analyzed by western blotting.
Representative blots are shown, n=7. (B) Adipocytes were stimulated by GIP
(100 nM) in presence or absence of insulin (INS, 1 nM) over night, cells were lysed
and GSK3 phosphorylation was analyzed by western blotting. Representative blots
are shown. ."p<0.05, "p<0.01 n=9. GIP: glucose-dependent insulinotropic
polypeptide, GSK3: glycogen synthase kinase 3, NFAT: the transcription factor
nuclear factor of activated T-cells, OPN: osteopontin.
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Fig. 4. Osteopontin is upregulated in adipocytes treated with CL316,243 (CL), a B3-
adrenergic receptor agonist, by OPC 3911, a PDE3 inhibitor, and in adipose tissue
from PDE3B KO mice treated with CL in vivo. (A) Primary rat adipocytes were
stimulated with the B3-adrenergic agonist CL316,243 (10 nM) in the presence or
absence of insulin (INS, 1 nM), n = 4. (B) Adipocytes were incubated with or without
the PDE3 inhibitor OPC 3911 (10 uM). Cells were lysed and OPN expression
analyzed by western blotting. Representative blots are shown, n=4. (C) Four-
month old C57BL6 PDE3B knock-out mice were subcutaneously injected with 1 mg/
kg of CL316243 in PBS or with PBS alone. Epididymal fat pads were collected 24 h
after injections. Total mRNA was prepared and gene expression was measured
using real time RT-PCR as described in methods. Gene expression levels were
quantified as a ratio of target transcripts to 18S mRNA. Data are expressed as means
SEM (n=7-8). *p<0.05, *p<0.01, **p<0.001. OPN: osteopontin, PDE3B: phos-
phodiesterase 3B.

The synergism between GIP and insulin signaling on lipogenesis
and the fact that insulin was required for the GIP-induction of oste-
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opontin suggest cross-talk between these two signaling pathways
in adipocytes. It is also possible that GIP may mediate some of its
effects on osteopontin by increasing intracellular cAMP. In adipo-
cytes, B-adrenergic receptor agonists increase cCAMP and have been
shown to increase phosphorylation of PKB as well as to potentiate
the ability of insulin to induce phosphorylation of PKB [29]. Thus,
we looked at the ability of cCAMP, a major second messenger en-
gaged by GIP stimulation [15], to induce osteopontin expression.

Osteopontin is upregulated in adipocytes treated with the B3-
adrenergic receptor agonist CL316243 (CL), or with the PDE3 inhib-
itor OPC 3911 and in adipose tissue from PDE3B KO mice.

As shown in Fig. 4A, incubation of adipocytes with CL alone in-
duced an upregulation of osteopontin expression and this effect
was potentiated by insulin. Furthermore, selective inhibition of
PDE3, a major cAMP hydrolyzing enzyme in adipocytes, also led
to upregulation of osteopontin expression (Fig. 4B). A connection
between PDE3B and the regulation of osteopontin is further sup-
ported by findings in PDE3B KO mice. Injection of CL into PDE3B
KO mice resulted in an extensive upregulation of osteopontin
mRNA in adipose tissue whereas no such effect of CL was obtained
in control mice (Fig. 4C).

Thus, it appears as if GIP utilizes insulin as well as cAMP signal-
ing components to regulate osteopontin protein expression.

4. Discussion

In this work we show that mechanisms whereby GIP induces
upregulation of osteopontin expression in adipocytes involve
crosstalk with insulin signaling networks, the transcriptional factor
NFAT and the cAMP/PDE3B system. Our results provide a better
understanding of the molecular mechanism that control the
expression of osteopontin, which is emerging as a key regulator
of adipocytes function [8-10,30].

The demonstration that GIP as an effective stimulus for osteo-
pontin expression in adipocytes is in agreement with findings in
pancreatic islets, B-cells [16]. It is also in line with recent data in
adipose tissue showing that a common variant of the GIPR
(rs10423928) was associated with reduced GIP receptor function
and lower osteopontin mRNA levels, along with better insulin sen-
sitivity (Ahlqvist, unpublished). Conversely, a number of proin-
flammatory genes were upregulated in 3T3-L1 adipocytes
overexpressing the GIP receptor [31]. The finding that an NFAT
inhibitor prevented GIP-induced upregulation of osteopontin is in
agreement with studies demonstrating a role for NFAT as a regula-
tor of osteopontin expression in other systems. For example in
arterial smooth muscle NFAT was shown to bind to the promoter
region of osteopontin and drive its expression in response to diabe-
tes-induced hyperglycemia in vivo, as well as in isolated cells
in vitro [22]. Furthermore, NFAT was recently shown to regulate
a number of genes in adipocytes of importance for the regulation
of lipolysis [32]. NFAT has been shown to be regulated by GSK3-
dependent phosphorylation in adipocytes as inhibition of GSK3 re-
sulted in increased NFAT transcriptional activity [23]. In this work
we show that GSK3 was phosphorylated and thereby inhibited by
GIP in adipocytes. Thus, GIP potentially, via cAMP-dependent
mechanisms, recruits insulin signaling components such as PKB,
an upstream negative regulator of GSK3 activity. This per se, could
result in decreased NFAT re-phosphorylation and hence nuclear
export, increased net nuclear accumulation of NFAT and thereby
increased osteopontin transcription. Indeed, activation of the GIP
receptor, which is a member of the B-family of G protein-coupled
receptors, results in the stimulation of PKB [11].

The finding that a p3-adrenergic receptor agonist mimicked the
action of GIP on osteopontin expression is in agreement with GIP
as a stimulator of cAMP production and protein kinase A activation.

CL induced an upregulation of osteopontin expression in the ab-
sence as well as presence of insulin whereas the GIP effect required
the presence of insulin. Mechanisms explaining this difference
have not been established but most likely depend upon additional
signaling pathways recruited by CL. For example, we have previ-
ously shown that CL alone is able to phosphorylate and activate
PKB [29], a key mediator of insulin action. Thus it is possible that
CL to a larger extent than GIP is able to cross-talk with insulin sig-
naling components and that this crosstalk is essential for mediat-
ing the effects on NFAT phosphorylation and osteopontin
expression.

In the context of cAMP signaling mechanisms we show that
PDE3B seems to have a key role in the regulation of osteopontin
expression, not only in isolated adipocytes but also in adipose tis-
sue in vivo. Thus, injection of CL into PDE3B KO mice induced a
dramatic increase in osteopontin mRNA expression in adipose tis-
sue as was not the case in wt mice. These results are in agreement
with the finding that a selective inhibitor of PDE3 increased osteo-
pontin expression in isolated adipocytes although this did not re-
quire stimulation of cAMP production as was the case in the
in vivo situation. These data indicate an important role for a CAMP
pool controlled by PDE3B in the regulation of osteopontin
expression.

In summary, in this work we demonstrate a connection be-
tween GIP and osteopontin in adipocytes and identify several
mechanisms involved in this context. The results should be consid-
ered in light of the fact that GIP as well as osteopontin are impor-
tant targets in the pathophysiology of obesity and diabetes.
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