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Abstract
Background & Aims—In addition to its role as the primary mediator of the enteroinsular axis,
glucose-dependent insulinotropic polypeptide (GIP) may play a critical role in the development of
obesity. The purpose of these studies was to characterize the effects of GIP and its receptor (GIPR)
in adipocyte development and signaling.

Methods—Effects of GIP and GIPR on differentiated 3T3-L1 cells were analyzed using Western
blot analysis, Oil-Red-O staining, cAMP radioimmunoassay, immunofluorescence microscopy, and
glucose uptake measurements.

Results—To determine whether GIP and GIPR are important components in adipocyte
development, the expression profile of GIPR during differentiation was examined. GIPR protein
expression was enhanced during the differentiation process, and co-incubation with its ligand GIP
augmented the expression of aP2, a fat cell marker. Conversely, the suppression of GIPR expression
by a specific shRNA attenuated Oil-Red-O staining and aP2 expression, suggesting that the GIPR
may play a critical role in adipocyte development. To investigate specific signaling components that
may mediate the effects of GIP, we analyzed Akt, GLUT-4, and glucose uptake, all of which are
modulated by insulin in fat cells. Like insulin, GIP induced the activation of Akt in a concentration-
dependent manner, promoted membrane GLUT-4 accumulation, and enhanced [3H]-2-deoxyglucose
uptake.

Conclusions—These studies provide further evidence for an important physiological role for GIP
in lipid homeostasis and possibly in the pathogenesis of obesity. Furthermore, our data indicate that
the GIPR might represent a suitable target for the treatment of obesity.
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Introduction
Greater than 60% of the adult population in the United States is considered overweight or
obese.1 Despite widespread recognition of the serious complications associated with this
chronic condition, the incidence of obesity has continued to increase progressively during the
past two decades.1 Several gastrointestinal (GI) regulatory peptides are known to possess
important metabolic properties and appear to play an etiologic role in the pathogenesis of
obesity and nutrition-related disorders. One peptide of particular interest is glucose-dependent
insulinotropic polypeptide (GIP, also known as gastric inhibitory polypeptide), a 42-amino
acid hormone synthesized in, and released from, K-cells of the duodenum and jejunum. Upon
its postprandial release, GIP induces pancreatic insulin release,2 thus acting as the principal
mediator of the enteroinsular axis.

Miyawaki et al. reported that inhibition of GIP signaling could prevent obesity in mice.3 When
fed a high-fat diet, GIP receptor-deficient mice (GIPR-/-) maintained normal weight, while the
body weight of wild-type littermates increased by 35%. Furthermore, subcutaneous and
visceral fat mass, as well as the size of the adipocytes isolated from epididymal fat pads, were
significantly enhanced in GIPR+/+ mice when compared to GIPR-/- mice.3 In addition,
Clements et al. have reported that patients who undergo Roux-en-Y gastric bypass surgery
(RYGB), which bypasses portions of small intestine that produce and secrete GIP, not only
lose weight, but also significantly improve their glucose tolerance.4 Moreover, they found that
fasting plasma concentrations of GIP, insulin, and C-peptide all steadily declined following
the surgery, starting before significant weight loss was evident. These observations support the
hypothesis that in addition to its insulinotropic role, GIP/GIPR signaling may represent an
important factor in obesity.

Despite these studies indicating the importance of GIP in nutrient deposition and its potential
etiological role in obesity, the precise mechanism by which GIP exerts its metabolic properties
and in particular, its effects on adipocytes, have not been elucidated. In contrast, the effects of
insulin on adipocyte function have been well characterized. Insulin has been shown to be a
potent stimulator of lipogenesis,5 and overnutrition causes secondary hyperinsulinemia and
subsequent adipocyte hypertrophy.6 Previous studies have shown that the selective disruption
of the insulin receptor (IR) gene in fat cells resulted in mice with a low fat mass and that the
mice were protected against obesity and obesity-related glucose intolerance.7

Past studies performed in this laboratory have sought to define the physiological properties of
GIP and to determine its precise contribution to the pathogenesis of obesity. Previously, we
determined that oral administration of glucose potently stimulated GIP expression in the rat,
8 and we have demonstrated the presence of functional GIPR on rat adipocytes.9 More recently,
we reported that GIP possesses insulin-mimetic properties by virtue of its ability to inhibit
isoproterenol-induced lipolysis in perifused rat adipocytes.10 In the present study, we
demonstrate that GIPR plays an important role in adipocyte differentiation, and, in addition to
stimulating insulin release from pancreatic β-cells, GIP possesses insulin-mimetic signaling
properties in adipocytes. Like insulin, GIP induces the activation of the serine/threonine kinase
Protein Kinase B (Akt/PKB) via a wortmannin-sensitive pathway. The activation of Akt, in
turn, promotes the membrane translocation of glucose transporter-4 (GLUT-4), leading to
enhanced adipocyte uptake of glucose.

Materials and Methods
Cell Culture and Treatments

3T3-L1 preadipocytes were maintained in Dulbecco's modified Eagle's Medium (DMEM;
Gibco Laboratories, Grand Island, NY), supplemented with 10% calf serum (Gibco, Carlsbad,
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CA) and 1% penicillin/streptomycin (DMEM/CS/PS). Parental plates were kept below 80%
confluency to reduce spontaneous differentiation. On experimental plates, preadipocytes were
grown until confluent and further cultured for an additional 2-3 days in DMEM supplemented
with 10% fetal calf serum and 1% penicillin/streptomycin (DMEM/FCS/PS). Differentiation
was initiated (day 0) by incubating confluent cells with DMEM/FCS/PS containing 10 μg/mL
insulin (Sigma, St. Louis, MO), 10 μg/mL dexamethasone (Fujusawa USA, Inc., Deerfield,
IL), and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma, St. Louis, MO). On day 2, the
induction medium was replaced with DMEM/FCS/PS containing 2.5 μg/mL insulin. On day
4, cells were further incubated with DMEM/FCS/PS for full maturation into adipocytes. Unless
otherwise noted, differentiated mature adipocytes were harvested at days 8-10 for various
experiments. When GIP was co-incubated with the standard induction protocol, the cells were
subjected to the peptide for the first 4 days of the aforementioned differentiation process.

Primary human preadipocytes (kindly provided by Dr. James Kirkland, Boston, MA) were
normally grown in α-MEM, and after confluence, they were incubated in an enriched medium
containing α-MEM, 2 μM insulin, 10 mM glucose, 5 μl/ml 10% Liposyn III (Abbott
Laboratories, Abbott Park, IL), and 20% Nuserum (designated DM3) or α-MEM, 2 μM insulin,
10 mM glucose, 125 μM indomethacin, and 10% FBS (designated DM1).11 Continuous
incubation in these media induces human preadipocytes to undergo differentiation.
Approximately 2 weeks post-induction, human adipocytes were harvested for various
experiments.

Porcine GIP (2×10-13 – 2×10-7 M) (1-30 amide, Bachem, Belmont, CA) and insulin (0.0001
– 100 nM) (Sigma) were used to treat adipocytes to examine various signaling components. 1
μM Wortmannin (Roche, Indianapolis, IN) was used to inhibit PI3 kinase (PI3K) activity. A
previously characterized GIPR-specific antagonist,12, 13 designated ANTGIP (AG), was used
at a concentration of 7.5 – 10 μM.

Short Hairpin RNA (shRNA)
A particular region corresponding to 469-451 of the human GIPR sequence was selected upon
validating that this region was capable of reducing GIPR expression. The sequence from this
region was inserted into pSilencer 4.1 CMV vectors (Ambion Inc., Austin, TX) prior to
transfection into 3T3-L1 preadipocytes. Negative control scrambled siRNA was purchased
from Ambion Inc.

Oil Red-O staining
Differentiated adipocytes were rinsed in PBS prior to fixing with 10% formaldehyde.
Approximately 15 min after the fixation, Oil-Red O stain was used to stain for lipid
accumulation (2-3 h). After rinsing with the distilled water, photomicrographs were taken with
a digital camera to document staining.

Western Blot Aanalysis
Total protein was extracted, as previously described.14, 15 For membrane protein extraction,
a protocol previously described was utilized.16 Protein quantification was performed using a
BCA protein assay kit (Pierce, Rockford, IL) following the manufacturer's instructions.
Western blot hybridization analysis was performed, as previously described,14, 15 using the
following antibodies: polyclonal aP2 (kindly provided by Dr. Stephen Farmer, Boston
University School of Medicine), polyclonal phospho-Akt Ser473 (Cell Signaling, Danvers,
MA), monoclonal PPARγ (Santa Cruz, Santa Cruz, CA), monoclonal phospho-ERK1/2 (Cell
Signaling), polyclonal GIPR (kindly provided by Dr. Joel Habener, Harvard Medical School),
monoclonal GLUT-4 (IF8, kindly provided by Dr. Paul Pilch, Boston University School of
Medicine) and monoclonal β-actin (Sigma).

Song et al. Page 3

Gastroenterology. Author manuscript; available in PMC 2008 January 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cyclic Adenosine Monophosphate (cAMP) Measurement
3T3-L1 cells were differentiated on a 12-well plate. On day 8, cells were serum starved
overnight before 20 μM forskolin, insulin, or GIP was added in the presence of 1 mM IBMX
for an additional 10 min at 37 °C. After aspirating the media, 500 μL of 100% ethanol were
added to each well, and the samples were dried under a vacuum. When the wells were
completely dry, lysates were prepared in the 1X cAMP buffer. Isolated rat adipocytes were
prepared, as previously described,17 and the accumulation of cyclic AMP (cAMP) was
measured by radioimmunoassay using the manufacturer's protocol (NEN Life Science
Products, Boston, MA). Media with and without IBMX were used as negative controls for
background.

GLUT-4 Immunofluorescence
3T3-L1 cells were differentiated in a slide chamber (LabTek, Campbell, CA). On day 8 or 9,
adipocytes were washed twice with Krebs Ringer Biocarbonate (KRB) buffer 0.12 M NaCl,
0.025 M NaHCO3, 5 mM KCl, 12 mM KH2PO4, 12 mM MgSO4, 20 mM MOPS, 25 mM
CaCl2, and 2 mM glucose) containing 0.1% bovine serum albumin (BSA). The cells were
treated with either insulin or GIP in the absence and presence of ANTGIP for 1 h and washed
twice with 1X PBS. The cells were fixed with Histofix (Sigma) for 15 min at room temperature.
After washing the cells twice with 1X PBS, 0.1% Triton X-100 was used for 10 min to
permeabilize the cells. The cells were washed again in 1X PBS and blocked with 5% BSA for
1 h at room temperature. An overnight incubation with polyclonal GLUT-4 antibodies (Novus
Biologicals, Littleton, CO) at 4 °C yielded optimal results for detecting GLUT-4 protein. Cells
were washed three times with 1X PBS and further incubated with anti-rabbit FITC secondary
antibodies (Jackson Immunoresearch, West Grove, PA) for 1 h at room temperature, and they
were visualized using confocal laser scanning microscopy (Fluoview 500, Olympus America
Inc., Melville, NY). RG-7G was excited at 488 nm via an argon/krypton laser; emitted
fluorescence was detected through a 515-540 nm band pass filter.

[3H]-2-deoxyglucose Uptake
On day 8 or 9 of differentiation, cells were washed twice with warm serum-free DMEM/PS,
and further serum starved for 2 h at 37 °C. Adipocytes were incubated with either insulin or
GIP in the absence and presence of ANTGIP for 15 min. After aspirating media, cells were
washed twice with warm KRH buffer, pH 7.4 (121 mM NaCl, 4.9 mM KCl, 1.2 mM
MgSO4, 0.33 mM CaCl2, and 12 mM HEPES). A mixture of KRH buffer containing 2 mM 2-
deoxyglucose and 1 μCi/mL [3H]-2-deoxyglucose was made and added to the cells for 10 min
at room temperature. The reaction was stopped by washing three times with ice-cold KRH
buffer supplemented with 25 mM D-glucose. The cells were solubilized on ice with Triton
X-100 lysis buffer (1% Triton X-100, 20 mM Tris, and 150 mM NaCl) and vortexed. Equal
amounts of lysed cell were mixed with scintillation fluid, and specific activity was counted in
a liquid scintillation counter (Beckman Instruments, Fullerton, CA) in duplicate. [3H]-2-
deoxyglucose uptake, expressed as nmol/mL per min, was normalized by using a BCA protein
quantification of each sample.

Statistical analysis
Data analysis was performed using two-way Student's T-test for paired comparisons and
ANOVA in which significant inter-group differences were defined with all-pairwise
comparison with Bonferroni correction. Statistical significance was assigned if P < 0.05.
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Results
GIPR Protein Expression is Rapidly Induced During the Early Stages of the Differentiation
Process

We initially demonstrated the presence of the GIPR in mouse 3T3-L1 cells, rat fat, and in
human adipocytes upon differentiation from preadipocytes (Figure 1A). To determine whether
GIPR induction represents an early event during differentiation, whole cell lysates were
harvested at different time points and probed. GIPR was induced as early as 30 min following
the induction in 3T3-L1 cells (Figure 1B). Densitometry readings normalized to β-actin
suggested an approximate two-fold increase in the GIPR at this time point. To compare the
relative induction of GIPR to other known protein expression patterns during the differentiation
process, we also assessed the expression of phospho-ERK1/2 and peroxisome proliferator-
activated receptor gamma (PPARγ) in these protein lysates. As depicted in Figure 1B, phospho-
ERK1/2 expression peaked at 10 min, and PPARγ expression was detected on day 3, a profile
similar to that detected by Prusty et al.23. These results indicate that the GIPR possesses a
distinctive expression profile, and that similar to ERK1/2, it is induced early, but unlike
ERK1/2, its induction is sustained or even enhanced throughout the process of adipocyte
maturation.

Co-incubation of GIP During the Differentiation Process Enhances the Expression of aP2, a
Fat Cell Marker

Because we observed that the GIPR is induced early in the differentiation process, we examined
the possibility that the addition of its ligand (GIP) during this process might enhance
lipogenesis. GIP was added to the differentiation medium for the first 4 days, however the
concentration of insulin was decreased (1 – 0.01 μg/mL) to attenuate the effect of insulin on
adipocyte development. When cells were harvested on day 9 of differentiation, we observed
that co-incubation with GIP enhanced aP2 expression (lanes 5, 7, 9, and 10) compared to cells
that were differentiated only with insulin, dexamethasone, and IBMX (lanes 4, 6, and 8) (Figure
2). This finding suggests that GIP may increase adipocyte development by potentiating the
effects of insulin.

GIPR shRNA Inhibits Differentiation of Preadipocytes into Adipocytes
Compared to parental 3T3-L1 cells or control cells that have retained the expression of GIPR
during the differentiation process, GIPR repressed cells failed to mature into adipocytes by day
8, as evident by the aP2 protein expression pattern (Figure 3A) and Oil-Red-O staining (Figure
3B). These observations suggest that GIPR appears to constitute a necessary component in the
differentiation process.

GIP Does Not Signal Through Adenylyl Cyclase in Rat Fat and Differentiated 3T3-L1
Adipocyte

We have previously reported that GIP, like insulin, attenuates isopreteronol induced lipolysis,
suggesting an anti-lipolytic role for this peptide.18 However, it has been previously reported
in pancreatic islet β-cells that GIP signals through adenylyl cyclase and induces cAMP
accumulation,19 a process that, in adipocytes, has long been associated with active lipolysis.
20 Thus, we performed experiments to determine whether GIP might likewise modulate cAMP
in rat fat and differentiated 3T3-L1 adipocytes. As seen in Figure 4, unlike its effect on
pancreatic β-cells, GIP did not appear to signal through adenylyl cyclase in fat cells, suggesting
that the effect of GIP is cell-specific. Furthermore, co-incubation of GIP with isoproterenol
did not alter the effects of isoproterenol (Data not shown), consistent with a proposed non-
lipolytic role in adipocytes.
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GIP Enhances Phosphorylation of Akt in Pancreatic Beta Cells and Adipocytes
We next sought to examine whether GIP might also signal through downstream targets of
insulin. One particularly well-recognized insulin-stimulated metabolic pathway involves the
activation of PI3K through insulin receptor substrate (IRS),21 which, in turn, promotes Akt
phosphorylation and activation. As seen in Figure 5A, both GIP and insulin independently
activated Akt in pancreatic islet β-cells. Similarly, when 3T3-L1 and human preadipocytes
were transformed into adipocytes and were incubated in the presence of GIP, Akt was activated
in a concentration-dependent manner (Figure 5B). These results indicate that GIP, like insulin,
appears to exert its effects by activating Akt in both pancreatic islet β and fat cells.

To examine whether GIP, like insulin, activates Akt through its upstream regulator PI3K,
differentiated 3T3-L1 adipocytes were pre-treated with PI3K inhibitor wortmannin for 30 min
and further incubated with either GIP or insulin for an additional 10 min. As depicted in Figure
5C, the effect of GIP on activation of Akt was attenuated by wortmannin, suggesting that both
GIP and insulin regulation of Akt is wortmannin-sensitive. To confirm that GIP specifically
signals through its receptor in activating Akt, we compared its effects in GIPR repressed 3T3-
L1 cells. Compared to control cells, which responded to both insulin and GIP in activating Akt,
GIPR repressed cells retained only their response to insulin (Figure 5D).

GIP Augmented Membrane Accumulation of GLUT-4
A downstream consequence of PI3K/Akt signaling is GLUT-4 cell membrane translocation
and the subsequent cellular accumulation of glucose. Fat cells were incubated in the presence
of 20 nM of GIP or 10 nM of insulin with or without the GIPR-specific antagonist ANTGIP,
and membrane fractions were harvested for Western analysis. Both GIP and insulin
independently augmented the accumulation of GLUT-4 in the cell membrane (Figure 6A).
Furthermore, ANTGIP selectively inhibited the effect of GIP, but not that of insulin. To confirm
these findings, immunocytochemistry was performed in differentiated 3T3-L1 adipocytes.
Compared to untreated cells, which demonstrated diffuse cytoplasmic staining of GLUT-4,
both insulin and GIP induced the accumulation of GLUT-4 in the membrane, as indicated by
border around the differentiated fat cells (Figure 6B, red arrows). ANTGIP alone had no effect
on the fat cells, but did selectively inhibit the effect of GIP, but not insulin, suggesting that
GIP independently enhances the membrane accumulation of GLUT-4.

To determine whether GIP-dependent membrane accumulation of GLUT-4 is mediated
through PI3K, cells were pretreated with wortmannin before co-incubation with GIP.
Wortmannin blocked the effects of GIP on GLUT-4 translocation (Figure 6C), confirming that
like Akt activation, GIP signals this process in a wortmannin-sensitive manner.

GIP Enhanced Glucose Uptake
To further investigate the insulin-mimetic effects of GIP via activation of Akt and membrane
accumulation of GLUT-4, glucose uptake was measured on differentiated 3T3-L1 adipocytes.
Compared to untreated cells, 20 nM of GIP enhanced [3H]-2-deoxyglucose uptake nearly 3-
fold (Figure 7). The addition of the GIPR-specific antagonist ANTGIP attenuated the effect of
GIP on glucose uptake, confirming that glucose uptake elicited by GIP was specific in 3T3-
L1 adipocytes.

Discussion
Earlier studies support the hypothesis that the marked increase in the prevalence of obesity
might be due, at least in part, to optimal energy homeostasis. For example, insulin, the most
potent mammalian anabolic hormone,22 appears to have evolved from the need to maximize
energy efficiency, obviating the requirement to continuously forage for food. Organisms
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expressing this important peptide hormone possessed a distinct survival advantage and
flourished. During evolution, insulin biosynthesis translocated to the pancreas, possibly to
protect β-cells from enteric organisms, which then necessitated a messenger from the intestine
to complete an enteroinsular axis. The eventual development of GIP and other incretins fulfilled
this requirement.13, 23 The additional survival benefit offered by GIP may have been the ability
of this regulatory peptide to not only stimulate intestinal glucose absorption and maximally
release insulin12, but to also possess insulin mimetic properties, including lipid deposition in
adipocytes, as demonstrated in the present study, as well as in recent studies in our laboratory
(Figure 8).10 This physiological redundancy ensured the survival of organisms during times
when food was scarce.

The consideration of GIP as an efficiency hormone can be further corroborated through its
direct link with food ingestion. It has been demonstrated that ingestion of nutrients increases
GIP gene expression,8 while the deprivation of food decreases GIP synthesis and secretion.
24 Furthermore, a diet chronically high in fat caused K-cell hyperplasia.25 Compared to lean
controls, ob/ob mice had higher basal concentrations of intestinal mucosal GIP,26 and the oral
administration of glucose and particularly fat, caused additional increases in GIP
concentrations.27 As we have moved into a period in time in which food is no longer scarce,
at least in most Western nations, this survival advantage, characterized by optimal intestinal
nutrient absorption and storage capacity, may be contributing to the obesity epidemic we are
now witnessing. Our study is the first to demonstrate that in adipocytes, GIP independently
modulates signaling components similarly involved in the insulin signaling pathway, thereby
promoting storage, both directly and indirectly through increasing the release of insulin.

Earlier studies had shown that GIP regulates the release of lipoprotein lipase (LPL), which
hydrolyzes chylomicrons and very low-density lipoproteins, thereby liberating fatty acids for
uptake and storage within the adipocyte. Murphy et al.28 demonstrated that LPL and plasma
GIP increased in parallel in vivo after a series of meals in which lipid content was increased.
These studies indicate that GIP may represent a major hormonal signal linking meal content
and size to postprandial LPL activity 29, 30 and modulating circulating lipoprotein
homeostasis.28 In addition, GIP has been found to promote the incorporation of glucose into
extractable lipids.31 GIP, like insulin, stimulates fatty acid synthesis in explants of rat adipose
tissue, measured by the incorporation of [14C]acetate into saponifiable fat.32 Thus, GIP may
function to increase the postprandial uptake of glucose and thereby may enhance the synthesis
of fatty acid from glucose.

To further define the mechanism by which GIP may modulate metabolic properties in
adipocytes, we examined various signaling components associated with insulin because of its
insulin-mimetic properties in adipocytes. Previous studies have shown that insulin-stimulated
uptake of glucose in striated muscle and adipose tissue is mediated by the translocation of
GLUT-4 from an intracellular pool to the plasma membrane.33, 34 Upon binding to the
receptor, insulin activates its receptor's intrinsic kinase, leading to autophosphorylation and
tyrosine phosphorylation of several substrates, including members of the insulin receptor
substrate (IRS) family.35 IRS phosphorylation, in turn, recruits other signaling molecules,
including PI3K.36 One of the downstream targets of PI3K is Akt, whose activation leads to
increased glucose transport in 3T3-L1 adipocytes37 and in isolated rat adipocytes.38 Our data
suggest that GIP, like insulin, activates Akt and appears to signal through this intermediate
component. Although others have reported activation of Akt by GIP in pancreatic islet β-
cells39, 40 as well as activation of GIP in the presence of insulin in adipocytes,41 this report
is the first to demonstrate the capacity of GIP to independently activate Akt in adipocytes in a
wortmannin-sensitive manner. Although Akt is not the only factor responsible for activating
glucose transport, GIP appeared to elicit its signaling effects through PI3K/Akt and modulate
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subsequent accumulation of GLUT-4 and enhanced glucose uptake, well-recognized
downstream targets of Akt in fat cells.

One of the major diseases related to obesity is type 2 diabetes mellitus, in which the
insulinotropic effects of GIP may be diminished.42 Previous reports have suggested that by
restoring its function, GIP may potentially provide therapeutic benefit in diabetic patients 42.
However, the results of our studies suggest that GIP may actually promote, rather than prevent,
the development of obesity. Previous studies43 have indicated that, similar to insulin, GIP may
be overexpressed in obese individuals, further exacerbating the insulin resistance manifested
by patients with type 2 diabetes mellitus. The results of the present study support the hypothesis
that by antagonizing the effects of GIP and indirectly, the effects of insulin, greater benefit can
ultimately be achieved, including the prevention of the development of obesity and related
disorders. This hypothesis is supported by a recently published study by Zhou et al.,44 who
demonstrated that insulin resistance was ameliorated in mice harboring disruptions of both
IRS-1 (IRS-1-/-) and the GIPR (GIPR-/-). Furthermore, compared to IRS-1-/- mice, both the
visceral and subcutaneous fat mass, as well as plasma leptin levels, were markedly diminished
in the double knockout mice.45 Finally, Gault et al. recently demonstrated that by antagonizing
the effects of endogenous GIP with (Pro3)GIP, pancreatic insulin content was reduced, glucose
tolerance was improved, and islet β-cell hyperplasia was attenuated.46

In conclusion, the results of the present studies demonstrate that, in addition to stimulating
insulin release from pancreatic β-cells, GIP possesses insulin-mimetic properties in adipocytes.
Like insulin, GIP induces the activation of Akt via a wortmannin-sensitive pathway, thereby
promoting the membrane translocation of GLUT-4, which leads to enhanced adipocyte glucose
uptake. Although additional studies will be necessary to fully delineate and characterize the
complex nature and the biological significance of GIP, the present studies provide further
evidence that GIP plays a central role in the development of nutrition-induced obesity. Finally,
our findings, as well as the recent observations of other investigators cited above, suggest that
the GIPR may potentially represent a suitable target for the treatment of obesity and obesity-
related disorders.
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Abbreviations used in this paper
GIP  

Glucose-dependent insulinotropic polypeptide

GIPR  
GIP receptor

ANTGIP  
GIPR antagonist

GI  
gastrointestinal

PKB/Akt  
Protein Kinase B

PI3K  
phosphatidylinositol 3-kinase

PPARγ  
peroxisome proliferator-activated receptor gamma

GLUT-4  
glucose transporter-4

IRS  
insulin receptor substrate

RYGB  
Roux-en-Y gastric bypass surgery

IBMX  
3-isobutyl-1-methylxanthine

cAMP  
cyclic Adenosine Monophosphate

shRNA  
short hairpin RNA

Song et al. Page 11

Gastroenterology. Author manuscript; available in PMC 2008 January 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
GIPR differentiation. (A) Human and 3T3-L1 preadipocytes (Pre) were converted to
differentiated fat cells (Dif). These samples, as well as isolated rat fat, were probed for GIPR
protein using a polyclonal antibody. (B) 3T3-L1 preadipocytes were induced, and protein was
extracted at the indicated time points for Western anaylsis of GIPR, phosphorylated-ERK1/2,
PPARγ, and β-actin. Western blots representative of at least four independent experiments are
depicted.

Song et al. Page 12

Gastroenterology. Author manuscript; available in PMC 2008 January 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
GIP enhancement of aP2 expression. 3T3-L1 cells were incubated with GIP, IBMX,
dexamethasone, and insulin (1 – 0.01 μg/mL) for the first 4 days of the differentiation process.
Cells were harvested on day 9 and protein extracted. Western blot analyses were performed
with polyclonal aP2 and β-actin antibodies.
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Figure 3.
Effect of GIPR on preadipocyte differentiation. GIPR expression was repressed (GIPR-) by
stably transfecting GIPR shRNA into 3T3-L1 preadipocytes. (A) Cells were harvested on day
0 (D0) and day 8 (D8), and the expression of GIPR, aP2, and β-actin protein was analyzed. (B)
Oil-Red-O staining was performed on day 8 for parental 3T3-L1, negative control (GIPR+),
and two GIPR shRNA (GIPR-) clones.
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Figure 4.
Effect of GIP on cAMP accumulation of in fat cells. Following a 10-min incubation under
different conditions, cAMP extracted from both rat fat and differentiated 3T3-L1 cells was
measured by radioimmunoassay. Basal signifies cAMP levels in the untreated sample sets. 1
μM isoproterenol (Iso) and 20 μM forskolin (Forsk) were used as positive controls. Similar
results were obtained from at least two independent experiments. Data are expressed as the
mean ±SE in pmol/mL.
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Figure 5.
Effects of GIP and insulin on Akt phosphorylation. (A) Rin 5AH cells (pancreatic islet β-cell
line) were incubated in the presence of GIP (0.2 – 200 nM) and 10 nM insulin (Ins) for 10 min.
Total protein lysates were extracted and probed for expression of the Ser 473 phosphorylated
form of Akt (pAkt) and total β-actin. (B) Differentiated 3T3-L1 and human adipocytes were
incubated with GIP (0.2 – 200 nM) and insulin (1 – 100 nM) for 10 min. Total protein lysates
were extracted and probed for pAkt expression. (C) Differentiated 3T3-L1 adipocytes were
initially treated for 30 min with 1 μM Wortmannin (Wort), followed by an additional 10-min
incubation with 0.2 nM GIP, 2 nM GIP, or 10 nM insulin. Total protein lysates were extracted
and probed for pAkt. Representative Western blots are depicted, and similar results were
obtained from at least three independent experiments. (D) Negative control and GIPR repressed
cells were treated with either 10 nM or insulin or GIP (0.02 – 20 nM) for 10 min and probed
for pAkt and β-actin expression.
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Figure 6.
Effects of GIP and insulin on the accumulation of GLUT-4 in the plasma membrane. (A)
Differentiated 3T3-L1 adipocytes were incubated in the presence of either 20 nM GIP or 10
nM insulin with or without the GIP-specific antagonist ANTGIP (AG) for 1 h. Membrane
fractions were extracted and probed for the accumulation of GLUT-4 protein. (B) 3T3-L1
preadipocytes were grown in chamber slides and differentiated, and probed for the
accumulation of GLUT-4 protein. Cells were visualized using confocal laser scanning
microscopy. Representative images are shown, and similar images were visualized in three
additional independent experiments. (C) Differentiated 3T3-L1 adipocytes were pre-treated
with 1 μM wortmannin for 30 min prior to additional incubation in the presence or absence of
GIP. Fat cells were stained with polyclonal GLUT-4 primary and counterstained with FITC
conjugated secondary antibodies.
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Figure 7.
Effects of GIP and insulin on [3H]-2-deoxyglucose uptake. Differentiated 3T3-L1 adipocytes
were incubated under control conditions (U) or with 100 nM insulin, 20 nM GIP, or 20 nM
GIP in the presence of ANTGIP (AG). Cells were lysed after the incorporation of [3H]-2-
deoxyglucose, and equal amounts were counted in a liquid scintillation counter. Samples were
assayed in duplicate. Data are expressed as nmol/mL per min (mean ±SE). * P ≤ 0.02 to U. **
P ≤ 0.02 to GIP.
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Figure 8.
Summary diagram. Overnutrition appears to increase GIP expression, which in turn enhances
intestinal glucose absorption and insulin release. Our data suggest that GIP independently
modulates signaling components that serve to further promote the storage of fat, thereby
augmenting nutrient efficiency and potentially promoting obesity.
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