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Glucose-dependent insulinotropic polypeptide (GIP), an incretin hormone secreted from gastrointestinal K cells in response to
food intake, has an important role in the control of whole-body metabolism. GIP signals through activation of the GIP receptor
(GIPR), a G-protein-coupled receptor (GPCR). Dysregulation of this pathway has been implicated in the development of meta-
bolic disease. Here we demonstrate that GIPR is constitutively trafficked between the plasma membrane and intracellular com-
partments of both GIP-stimulated and unstimulated adipocytes. GIP induces a downregulation of plasma membrane GIPR by
slowing GIPR recycling without affecting internalization kinetics. This transient reduction in the expression of GIPR in the
plasma membrane correlates with desensitization to the effects of GIP. A naturally occurring variant of GIPR (E354Q) associated
with an increased incidence of insulin resistance, type 2 diabetes, and cardiovascular disease in humans responds to GIP stimula-
tion with an exaggerated downregulation from the plasma membrane and a delayed recovery of GIP sensitivity following cessa-
tion of GIP stimulation. This perturbation in the desensitization-resensitization cycle of the GIPR variant, revealed in studies of
cultured adipocytes, may contribute to the link of the E354Q variant to metabolic disease.

Glucose-dependent insulinotropic polypeptide (GIP) is se-
creted by K cells of the gastrointestinal tract in response to

food (1, 2). GIP together with the other incretin hormone, gluca-
gon-like peptide 1, have prominent roles in the control of whole-
body energy metabolism. A primary function of these hormones is
to stimulate glucose-dependent insulin release from pancreatic
beta cells (3–5). In addition to its effect on the pancreas, GIP
functions to regulate several aspects of adipocyte metabolism, in-
cluding increasing the sensitivity of adipocytes to insulin, thereby
setting the tone for an optimal insulin response (e.g., see refer-
ences 6–13). GIP signals through the GIP receptor (GIPR), a G-
protein-coupled receptor (GPCR) coupled to the stimulatory G
alpha subunit and elevated cyclic AMP (cAMP) levels (4, 14, 15).

In individuals with type 2 diabetes mellitus (T2DM), GIP-me-
diated insulinotropic effects are attenuated despite normal to ele-
vated levels of blood GIP (16–18). This GIP resistance potentially
contributes to the pathophysiology of T2DM. The importance of
GIP function in metabolic homeostasis is highlighted by the dis-
covery in genome-wide association studies of a number of single
nucleotide polymorphisms in the GIPR gene linked to an in-
creased risk of metabolic diseases, including insulin resistance,
T2DM, and cardiovascular diseases (19–21). One of these variants
results in the substitution of glutamine for glutamic acid at posi-
tion 354 (E354Q) of GIPR, which has been shown in various stud-
ies to be associated with insulin resistance (22), cardiovascular
disease (21), and defects in beta-cell function (23).

Despite extensive characterization of GIP’s effects on metabo-
lism, little is known about the behavior of GIPR. Because the traf-
ficking behaviors of GPCRs are critical for their signal transduc-
tion, we embarked on a study of GIPR trafficking. Here we report
that GIPR constitutively cycles between the trans-Golgi network
(TGN) and the plasma membrane in both GIP-stimulated and
unstimulated adipocytes. GIP induces a rapid, reversible down-

regulation of plasma membrane GIPR by promoting a slowing of
GIPR recycling without an effect on internalization kinetics. The
E354Q substitution results in more pronounced GIP-stimulated
downregulation and a prolonged desensitization period. Our data
suggest that the link between the E354Q substitution and meta-
bolic disease might result from a disruption of the GIPR desensi-
tization-resensitization cycle.

MATERIALS AND METHODS
Reagents and antibodies. GIP (1-30) a peptide of amino acids 1 to 30 of
full-length 42-amino-acid GIP, was purchased from Bachem, Inc. (Tor-
rance, CA); formaldehyde and saponin were obtained from Sigma-Al-
drich; antihemagglutinin (anti-HA) antibodies were obtained from Co-
vance (Berkley, CA); rabbit polyclonal anti-LAMP1 antibodies and rabbit
anti-TGN46 antibodies were obtained from Abcam (Beverly, MA); Cy3-
conjugated anti-mouse IgG, Cy3-conjugated anti-rabbit IgG, and Cy5-
conjugated anti-rabbit IgG were obtained from Jackson ImmunoRe-
search Laboratories (West Grove, PA); Cy3-conjugated bungarotoxin and
Cy5-conjugated bungarotoxin were purchased from Life Technologies;
and DNA and small interfering RNA (siRNA) oligonucleotides were pur-
chased from Integrated DNA Technologies (Coralville, IA).

Cell culture, transfection, and electroporation. 3T3-L1 fibroblasts
were cultured, differentiated into adipocytes, and electroporated as de-
scribed previously (24, 25). Experiments were performed 24 h after elec-
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troporation, except for the siRNA experiments. For siRNA experiments,
cells were electroporated together with HA-GLUT4-green fluorescent
protein (GFP) and siRNA, and experiments were performed 48 h after
electroporation. HEK293 cells and F293 packaging cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum and penicillin-streptomycin. Cells were transiently transfected by
using Lipofectamine 2000 according to the manufacturer’s instructions.
Experiments were carried out 48 h after transfection unless otherwise
indicated.

DNA constructs. Human GIPR cDNA in the pCDNA3 vector was a
kind gift from Bernaud Thorens (University of Lausanne, Switzerland).
HA epitope (YPYDVPDYA)-tagged GIPR was generated by PCR ampli-
fication using Pfu Turbo polymerase (Invitrogen), using the GIPR-
pCDNA3 plasmid as the template. The purified PCR product was digested
and ligated into pEGFP-N1 to generate a plasmid, HA-GIPR-GFP, which
contains the HA-GIPR sequence upstream of the GFP coding sequence to
express the HA-GIPR-GFP fusion protein. To generate bungarotoxin
(BTX)-GIPR-GFP, PCR amplification was done to generate BTX (WRYY
ESSLEPYPD)-tagged GIPR, and amplified PCR was ligated into pEGF-N1
to express the BTX-GIPR-GFP fusion protein. E354Q HA-GIPR-GFP and
E354Q BTX-GIPR were generated by using a QuikChange site-directed
mutagenesis kit (Stratagene). Mutation was confirmed by DNA sequenc-
ing.

siRNA and quantitative PCR. GIPR knockdown was determined by
using quantitative PCR. 3T3-L1 adipocytes were electroporated with
GIPR siRNAs directed against the mouse GIPR sequence (CTAGGACAA
TCAACTGGAAGGC). After 24 h and 48 h of electroporation, cells were
harvested, and RNA was extracted by using the RNeasy kit from Qiagen
(Germantown, MD). cDNA was made from extracted RNA by using the
Sprint RT Complete oligo(dT) kit from Clontech (Mountain View, CA),
and quantitative PCR was performed by using a qSTAR primer pair ob-
tained from OriGene (Rockville, MD).

cAMP assay. Cells were washed and incubated with serum-free me-
dium for 2 h and then stimulated with GIP for 15 min. The medium was
aspirated, and cells were lysed in 0.1 N HCl. Intracellular cAMP was mea-
sured by using the direct immunoassay kit from Assay Designs (Plymouth
Meeting, PA).

Quantification of cell surface GIPR. 3T3-L1 adipocytes electropo-
rated with HA-GIPR-GFP were serum starved, treated with GIP, and then
fixed under nonpermeabilizing conditions. Cells were then stained with
anti-HA antibodies, followed by secondary staining with anti-mouse Cy3-
conjugated antibodies. Cells were imaged, and the Cy3/GFP ratio was
determined for each cell, indicating the ratio of surface/total HA-GIPR-
GFP. An average of �50 cells/experiment was used to measure the
amount of GIPR at the cell surface. Alternatively, to determine the frac-
tion of GIPR at the cell surface after fixing of the cells, one set of cells was
permeabilized and stained with anti-HA and anti-mouse Cy3 antibodies
to label the entire pool of GIPR. The fraction of GIPR at the cell surface
was then determined by taking the ratio of Cy3/GFP staining in nonper-
meabilized cells to that in permeabilized cells.

Stable expression of HA-GLUT4-GFP and BTX-GIPR in adipocytes.
HA-GLUT4-GFP stable cells were generated by using the ViraPower len-
tiviral expression system (Life Technologies). Briefly, HA-GLUT4-GFP
was PCR amplified and cloned into a pLenti6.3/V5-TOPO vector by using
TA TOPO cloning. 293FT packaging cells were cotransfected with a
pLenti6.3/V5-TOPO vector containing HA-GLUT4-GFP and ViraPower
packaging mix to produce a lentiviral stock. This lentiviral stock was fil-
tered and used to transduce 3T3-L1 fibroblasts. GFP-positive cells were
sorted by flow cytometry, and selected cells were cultured in DMEM–10%
calf serum containing blasticidin (250 mg/ml). Expression of HA-
GLUT4-GFP was confirmed by fluorescence microscopy.

HA-GLUT4-GFP-expressing 3T3-L1 cells were then engineered to
stably express wild-type (WT) BTX-GIPR or E354Q BTX-GIPR by using
the pLVX-IRES-tdTomato lentiviral expression system (Clontech). The
vector expresses the two proteins from a bicistronic mRNA transcript,

allowing tdTomato to be used as an indicator of transduction efficiency
and a marker for selection by flow cytometry. Briefly, WT BTX-GIPR and
E354Q BTX-GIPR were PCR amplified, digested, and cloned into the
pLVX-IRES-tdTomato vector. 293FT packaging cells were cotransfected
with the pLVX-IRES-tdTomato vector and packaging mix to produce a
lentiviral stock that was used to transduce 3T3-L1 fibroblasts stably ex-
pressing HA-GLUT4-GFP. Positive cells were selected by using flow cy-
tometry, and expression of BTX-GIPR was confirmed by uptake of Cy5-
conjugated bungarotoxin.

Internalization of GIPR. Adipocytes electroporated with HA-GIPR-
GFP were serum starved for 2 h and incubated with or without 100 nM
GIP for 1 h. Cells were then incubated with anti-HA antibodies (100
�g/ml) in the absence or presence of 100 nM GIP for various times so that
every receptor that went to the cell surface during these times were labeled
with anti-HA antibody. Cells were fixed with 3.7% formaldehyde and
incubated with a saturating concentration of anti-mouse Cy5 antibody to
bind all the anti-HA antibody at the cell surface. Cells were fixed again,
permeabilized with 250 �g/ml saponin, and then stained with anti-mouse
Cy3 to label the internal pool of anti-HA. Cells were imaged, and the ratio
of internalized GIPR (Cy3) to total GIPR (GFP) was determined and
plotted over time. The rate of internalization was determined by measur-
ing the slope of the curve.

For BTX-GIPR internalization, cells expressing BTX-GIPR-GFP were
treated with GIP as described above and incubated with BTX-Cy3 for
various times. Cells were fixed and imaged to determine the Cy3-to-GFP
ratio over time.

Kinetics of GIPR trafficking. Adipocytes electroporated with HA-
GIPR-GFP were serum starved for 2 h and incubated with or without 100
nM GIP for 1 h. Cells were then incubated with anti-HA antibodies (100
�g/ml) in the absence or presence of 100 nM GIP for various times. Cells
were fixed with 3.7% formaldehyde, permeabilized with 250 �g/ml sapo-
nin, and then stained with anti-mouse Cy3 to label the entire pool of
antibody-labeled HA-GIPR-GFP. Cells were imaged, and the Cy3-to-GFP
(total GIPR) ratio was determined and plotted over time. The rate of
exocytosis was determined by measuring the slope of the curve.

Desensitization and recovery of GIPR. Cells transiently expressing
HA-GIPR-GFP were serum starved for 2 h and stimulated with various
doses of GIP (1 nM to 100 nM) or with 100 nM GIP for various times (15
to 60 min). Surface GIPR was measured as described above.

For resensitization, cells were treated with or without 100 nM GIP for
1 h, washed extensively, and incubated without GIP for the indicated
times. The cell surface GIPR level was determined at each time point, as
described above. GFP intensity was used to measure total GIPR.

HA-GLUT4-GFP translocation assay. HA-GLUT4-GFP transloca-
tion was measured as described previously (26–28).

Data acquisition and processing. Fluorescent images were collected
on a DMIRB inverted microscope (Leica Microsystems, Deerfield, IL),
using a 20� objective. Fluorescence quantifications were done by using
MetaMorph image processing software (Molecular Devices, Sunnyvale,
CA), as described previously (26, 28, 29).

Statistical analysis. Statistical significance was calculated by Student’s
t test.

RESULTS
Functional validation of GIP receptor reporter constructs. To
study the trafficking behavior of GIPR, we generated a reporter
with an HA epitope at the extracellular N terminus and GFP at the
intracellular C terminus (HA-GIPR-GFP) (Fig. 1A). We made a
second construct with a bungarotoxin binding domain (30, 31) at
the extracellular N terminus and a GFP tag at the intracellular C
terminus (Fig. 1A). GIPR is a Gs-coupled receptor, and its activa-
tion results in elevated cAMP levels (14, 32, 33). We validated that
the reporters are functional in transient-expression studies of
HEK293 cells, which do not express endogenous GIPR. Incuba-
tion of mock-transfected HEK293 cells with GIP did not induce
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formation of cAMP. Stimulation of HEK293 cells transiently ex-
pressing either of the tagged receptor constructs or untagged
GIPR resulted in a robust increase of the cAMP level (Fig. 1B). The
stimulation of cAMP production by the tagged constructs was
similar to that by the untagged construct, indicating that the tags
do not affect activation of GIPR. Binding of anti-HA antibody or
bungarotoxin to the reporters did not affect receptor activity, nei-
ther activating the receptors nor affecting GIP activation (Fig. 1C
and D). These data establish that the GIPR reporters are func-
tional and that the binding of neither anti-HA to HA-GIPR nor
bungarotoxin to BTX-GIPR affects GIP activation of the recep-
tors.

GIPR is constitutively internalized in adipocytes. The behav-
iors of GPCRs are cell context dependent (34, 35). We next studied
the behaviors of the GIPR reporters expressed in adipocytes, cells
that express endogenous GIPR. In transiently transfected adi-
pocytes, HA-GIPR-GFP, revealed by GFP fluorescence, was dis-
tributed between the plasma membrane and a perinuclear com-
partment (Fig. 2A). To quantify the fraction of GIPR in the plasma
membrane, we determined anti-HA binding to nonpermeabilized
and permeabilized adipocytes; the former is a measure of the
amount of GIPR in the plasma membrane, and the latter is a

measure of the total amount of GIPR expressed in cells. This quan-
tification revealed that 44.5% � 3.5% (average of data from 3
experiments � standard deviations [SD]; �30 cells per experi-
ment) of the HA-GIPR-GFP was in the plasma membrane of basal
adipocytes (that is, without GIP stimulation). When analyzed at
the single-cell level, the distribution of tagged GIPR expressed on
the plasma membrane was not affected by the amount of the re-
porter expressed, thereby demonstrating that trafficking steps are
not saturated within the range of expression of the tagged GIPR
that is achieved by electroporation of adipocytes (Fig. 2B).

To assess the relationship between the plasma membrane and
intracellular pools of GIPR, we incubated living adipocytes tran-
siently expressing HA-GIPR-GFP with anti-HA antibody. This
antibody binds the HA-GIPR-GFP on the plasma membrane and
remains bound as the receptor traffics into the cell (Fig. 2C). After
various incubation times, the cells were fixed, and plasma mem-
brane anti-HA was revealed by staining with a Cy5-labeled sec-
ondary antibody. Anti-HA internalized during the incubation pe-
riod was revealed with Cy3-labeled secondary antibody staining of
permeabilized cells. At 2 min of incubation, most of the fluores-
cence was restricted to the plasma membrane; however, after 30
min, the intracellular compartments containing GIPR (GFP pos-
itive) were labeled with Cy3, demonstrating trafficking of GIPR
from the plasma membrane to the perinuclear compartment in
unstimulated adipocytes (Fig. 2D). The accumulation of intracel-
lular anti-HA increased exponentially, reaching a plateau level at
15 min, establishing that GIPR is constitutively internalized and
recycled in the absence of GIP stimulation (Fig. 2E).

A potential caveat regarding the use of the anti-HA antibody is
that its binding to HA-GIPR-GFP might alter receptor behavior.
We confirmed that antibody was not inducing internalization of
the receptor by establishing that the amount of HA-GIPR-GFP in
the plasma membrane was not altered by incubation of living cells
with anti-HA antibody (Fig. 2F). In addition, to ensure that anti-
HA-induced cross-linking of HA-GIPR-GFP did not alter GIPR
trafficking, we studied the behavior of the BTX-GIPR-GFP re-
porter. Bungarotoxin is monovalent and therefore will not cross-
link the receptor reporter (36). Similar to anti-HA uptake, Cy3-
labeled bungarotoxin is internalized by BTX-GIPR-GFP to the
perinuclear compartment, with Cy3 fluorescence reaching a pla-
teau at 15 min (Fig. 2G and H). Thus, the constitutive internaliza-
tion of GIPR is not due to effects of anti-HA binding the HA-
GIPR-GFP reporter.

GIP induces desensitization of GIPR in adipocytes. GPCR
signal transduction is often characterized by ligand-induced de-
sensitization that results in an attenuation of the response to a
second challenge with the agonist (37). The principal mechanism
for desensitization is a depletion of receptors in the plasma mem-
brane resulting in a reduced response to the ligand (37–40). De-
sensitization is a key regulator of the signaling tone of GPCR sig-
naling pathways (41–43).

To determine whether endogenous GIPR undergoes desensiti-
zation in adipocytes, we determined the response of adipocytes to
sequential challenges with GIP (Fig. 3A). A single 1-h GIP stimu-
lation induced an increase in the amount of cAMP compared to
that in nonstimulated adipocytes, whereas the response of these
cells to a second challenge with GIP was significantly attenuated
(Fig. 3B). Loss of responsiveness after the first challenge with GIP
is a demonstration of the desensitization of endogenous GIPR in
adipocytes.

FIG 1 Dually tagged GIPR reporter constructs. (A) Schematic of GIPR report-
ers HA-GIPR-GFP and BTX-GIPR-GFP. An HA epitope in the former and a
bungarotoxin binding site in the latter are inserted at the amino terminus of
GIPR. (B) cAMP production in HEK293 cells stimulated with 100 nM GIP
ectopically expressing GIPR (untagged), HA-GIPR-GFP, or BTX-GIPR-GFP.
The bar labeled Control shows data from mock-transfected HEK293 cells (no
GIPR expression). (C) cAMP production in HEK293 cells expressing HA-
GIPR-GFP stimulated with GIP, with or without anti-HA in the incubation
medium. (D) cAMP production in HEK293 cells expressing BTX-GIPR-GFP
stimulated with GIP, with or without bungarotoxin in the medium. A total of
100 nM GIP was used for the stimulations. Each bar represents the average �
standard error of the mean of data from 3 independent experiments.
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To explore the mechanism of GIP-induced desensitization of
GIPR signaling, we determined the effect of GIP stimulation on
the trafficking of HA-GIPR-GFP in adipocytes. Receptor desensi-
tization (e.g., see Fig. 3B) was coupled with a time-dependent
redistribution of the GIPR from the plasma membrane to the
intracellular perinuclear compartment (Fig. 3C), resulting in an
approximate 40% reduction of GIPR on the cell surface (Fig. 3D).
These results suggest that the attenuated cAMP response to the
second GIP stimulation is due to a reduction of GIPR on the
surface of adipocytes.

Downregulation of GIPR is dependent on the dose of GIP, with
100 nM GIP promoting maximal downregulation (Fig. 3E and F).
GIP at a dose of 100 nM has the maximum biological effect on
cultured adipocytes (9); thus, GIPR downregulation occurs within
the range of GIP concentrations that mediate GIP effects in cul-
tured adipocytes.

Increased GIP-induced desensitization of a natural GIPR
variant. A naturally occurring missense mutation in human GIPR
that results in a glutamic acid-to-glutamine substitution at posi-
tion 354 (E354Q) within the sixth transmembrane domain is as-
sociated with an increased risk of insulin resistance and cardiovas-
cular disease (21, 22). It is not known how this mutation interferes
with the behavior of GIPR.

We first determined if the E354Q mutation affects GIP-stimu-
lated adenylate cyclase by expressing E354Q GIPR in HEK293 cells
(Fig. 4A). Increased cAMP as a function of the GIP dose in cells
expressing WT GIPR was identical to that in cells expressing
E354Q GIPR, demonstrating that the E354Q substitution does not
affect GIP binding or GIP activation of adenylate cyclase.

We next determined whether the substitution affected receptor
desensitization by measuring cAMP formation after two consec-
utive challenges with GIP. The amount of cAMP formation after
the first challenge with GIP in cells expressing the E354Q mutant
was identical to that in cells expressing the WT receptor; however,
the amount of cAMP formation in response to the second chal-
lenge in E354Q GIPR-expressing cells was significantly reduced
(Fig. 4C). These data demonstrate a normal first response and an

FIG 2 GIPR is internalized in a constitutive manner in the absence of GIP in
adipocytes. (A) Epifluorescence images of adipocytes with HA-GIPR-GFP.
GFP fluorescence is shown in the left panels, and Cy3 fluorescence is shown in
the right panels. Cells were stained by indirect anti-HA immunofluorescence
(Cy3) under nonpermeabilizing conditions to measure surface GIPR or with
permeabilization to reveal total GIPR. Representative cells are shown. Bar, 10
�m. (B) GIPR trafficking is not altered within the range of expression of WT
and E354Q GIPRs in 3T3-L1 cells. To establish that the level of GIPR expres-
sion achieved by electroporation does not lead to aberrant trafficking due to
saturation of endocytosis and/or recycling, we determined, on an individual-
cell basis, the steady-state amount of HA-GIPR-GFP on the plasma membrane
in fixed cells by anti-HA epitope indirect immunofluorescence correlated to

the total amount of HA-GIPR-GFP expressed in the cell. These data are from a
representative experiment, and each point indicates the Cy3 and GFP fluores-
cence from a single cell. AU, arbitrary units. (C) Cartoon of the internalization
experiment protocol. (D) Cells expressing HA-GIPR-GFP were incubated
with anti-HA antibodies for the indicated times, fixed, and stained with satu-
rating concentrations of anti-mouse Cy5 secondary antibodies to block the
surface. Cells were refixed, permeabilized, and stained with anti-mouse Cy3-
conjugated secondary antibodies to label intracellular anti-HA. Representative
cells are shown. Bar, 10 �m. (E) Quantification of internalized anti-HA plotted
as a function of incubation time. (F) HA-GIPR-GFP trafficking is not altered
by incubation of living cells with anti-HA antibody. Adipocytes transiently
expressing HA-GIPR-GFP were incubated at 37°C for 10 min in serum-free
DMEM or in serum-free DMEM supplemented with anti-HA antibody. The
cells were fixed, and the amount of HA-GIPR-GFP in the plasma membrane
was determined by incubating the cells with anti-HA antibody, followed by
incubation with Cy3-labeled goat anti-mouse secondary antibody. The ratio of
the surface distribution to the total distribution of HA-GIPR-GFP was deter-
mined by quantitative fluorescence microscopy. ns, not significant. (G) Adi-
pocytes expressing BTX-GIPR-GFP were incubated with BTX-Cy3 for the in-
dicated times. Cells were fixed and imaged. Representative cells are shown. (H)
Quantification of cells treated as described above for panel E. The Cy3/GFP
fluorescence ratio per cell ratio is plotted as a function of incubation time. The
data points are the averages � standard errors of the means from 3 indepen-
dent experiments. The data from each experiment were normalized to the
Cy3/GFP value at the 30-min time point. Asterisks indicate the nucleus.
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enhanced desensitization of the E354Q GIPR variant when ex-
pressed in HEK293 cells.

To test whether the increased desensitization of E354Q GIPR is
coupled to an alteration in the trafficking of the receptor, we cre-
ated this substitution in the HA-GIPR-GFP reporter. In unstimu-
lated adipocytes, E354Q GIPR was distributed between the plasma
membrane and the perinuclear compartment (Fig. 4C). Quantifi-
cation of this distribution revealed that the E354Q substitution
did not affect the distribution: 44.5% � 3.00% and 42.0% � 7.6%
of WT GIPR and E354Q GIPR were on the plasma membrane,
respectively (mean � SD; n � 3). These data indicate that the

substitution does not alter trafficking of GIPR through the bio-
synthetic pathway, its delivery to the plasma membrane, or its
behavior in unstimulated adipocytes.

Upon GIP stimulation, E354Q GIPR, like WT GIPR, was redis-
tributed to the perinuclear compartment (Fig. 4C). Quantification of
the effect of GIP on E354Q GIPR reveled that downregulation of
E354Q GIPR occurred more rapidly and to a greater extent than for
WT GIPR (Fig. 4D). These studies demonstrate that with GIP stim-
ulation, E354Q GIPR undergoes enhanced desensitization, resulting
in a greater reduction of GIPR at the cell surface available for subse-
quent activation in response to a second challenge with GIP than for
WT GIPR studied in the same system (Fig. 4B).

Enhanced desensitization of E354Q GIPR is due to impaired
exocytosis. To investigate the mechanism underlying the en-

FIG 3 GIPR undergoes homologous desensitization in adipocytes. (A)
Scheme of the desensitization experiment. (B) Adipocytes were incubated with
or without 100 nM GIP for 60 min, followed by stimulation with 100 nM fresh
GIP for 15 min. Cells were lysed, and the amount of cAMP was measured. (C)
Epifluorescence images of adipocytes expressing HA-GIPR-GFP. Cells were
incubated with 100 nM GIP for the times indicated. Representative cells are
shown. (D) Quantification of cells treated as described above for panel C. The
plasma membrane GIPR level was determined by indirect immunofluores-
cence of fixed, nonpermeabilized cells. The data from each experiment were
normalized to the Cy3/GFP value at the 0-min time point. (E) Cells were
incubated with the indicated concentrations of GIP for the times indicated.
Representative cells are shown. Bar, 10 �m. (F) Quantification of cells treated
as described above for panel E. The plasma membrane GIPR level was deter-
mined by indirect immunofluorescence of fixed, nonpermeabilized cells. Data
from each experiment were normalized to the Cy3/GFP value for the no-GIP
treatment. Each bar is the average � standard error of the mean from 3 to 6
independent experiments (*, P � 0.05; **, P � 0.01). Asterisks indicate the
nucleus.

FIG 4 A natural variant of GIPR undergoes enhanced desensitization in re-
sponse to GIP. (A) HEK293 cells transfected with either the empty vector, WT
HA-GIPR-GFP, or E354Q HA-GIPR-GFP were stimulated with the indicated
doses of GIP, and the amount of cAMP was measured. (B) HEK293 cells
expressing either WT or E354Q HA-GIPR-GFP were incubated with or with-
out 100 nM GIP for 1 h, followed by a second incubation with fresh GIP for 10
min. Cells were lysed, and the amount of cAMP was measured. (C) Adipocytes
expressing WT or E354Q HA-GIPR-GFP were stimulated with 100 nM GIP for
the indicated times, and anti-HA was revealed by indirect immunofluores-
cence of nonpermeabilized (Surface) and permeabilized (Total) cells. Repre-
sentative cells are shown. Bar, 10 �m. (D) Quantification of cells treated as
described above for panel C. The plasma membrane GIPR level was deter-
mined by indirect immunofluorescence of fixed, nonpermeabilized cells. The
data from each experiment were normalized to the Cy3/GFP value for WT
GIPR with no GIP treatment. Each bar is the average � standard error of the
mean from 3 to 5 independent experiments (**, P � 0.01; *, P � 0.05).
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hanced desensitization, we determined the effect of the E354Q
substitution on the trafficking kinetics of the HA-GIPR-GFP re-
porter. The amount of GIPR at the cell surface of adipocytes is
dynamically maintained, reflecting the balance between internal-
ization and recycling (Fig. 2). In unstimulated adipocytes, WT and
E354Q GIPRs were internalized at identical rates (Fig. 5A and B).
A 60-min incubation with GIP had no effect on the internalization
kinetics of WT GIPR or E354Q GIPR (slope), despite the larger
decrease of E354Q GIPR on the cell surface compared to the de-
crease in the amount of WT GIPR (y intercept) (Fig. 5A and B).
These data demonstrate that modulation of internalization kinet-
ics does not account for GIP-induced desensitization of either WT
or E354Q GIPR, nor does it explain the more pronounced down-
regulation of the E354Q GIPR mutant.

We next compared the recycling of WT GIPR and E354Q
GIPR. In unstimulated adipocytes, there was no difference in the

recycling kinetics between WT and E354Q GIPRs (Fig. 5C and D).
However, a 60-min stimulation with GIP induced a 30% decrease
of WT GIPR recycling. This reduced recycling accounts for the
decreased expression of WT GIPR on the plasma membrane of
GIP-stimulated adipocytes. The effect of GIP on E354Q GIPR
recycling was more pronounced, with an �60% reduction in the
recycling rate constant, thereby accounting for the enhanced de-
sensitization of E354Q GIPR (Fig. 5C and D). These data demon-
strate that modulation of exocytosis kinetics accounts for GIP-
induced desensitization of WT GIPR as well as the more
pronounced downregulation of the E354Q GIPR mutant.

Recycled intracellular GIPR repopulates the plasma mem-
brane after GIP stimulation. We next explored the resensitization
of adipocytes following GIP stimulation. Cells were stimulated
with GIP for 60 min, washed, and incubated in medium without
GIP. At various times during the recovery period, the amount of
GIPR in the plasma membrane was measured (Fig. 6A). WT GIPR
repopulates the plasma membrane to prestimulation levels within
60 min, whereas it takes about 240 min for the E354Q GIPR mu-
tant to achieve prestimulation levels. It takes longer for the E354Q
mutant to repopulate the plasma membrane, in large part because
more of the E354Q mutant is redistributed intracellularly during
GIP stimulation.

During the course of GIP stimulation and recovery, we moni-
tored the total expression of HA-GIPR-GFP by quantifying the
amount of GFP fluorescence per cell. The total GFP signal did not
significantly change during the GIP stimulation or recovery pe-
riod, indicating that the depletion and repopulation of the plasma
membrane GIPR resulted from a redistribution of GIPR rather
than degradation and new synthesis (Fig. 6B).

GIPR accumulates in a TGN46-positive intracellular com-
partment in basal and GIP-stimulated cells. GIPR perinuclear
accumulation in basal adipocytes colocalizes with TGN46, a
marker of the trans-Golgi network, and this colocalization is
maintained in GIP-stimulated adipocytes (Fig. 6C). These data
suggest that the reduced recycling of GIPR that determines plasma
membrane downregulation during desensitization occurs by reg-
ulated (slowed) release from this compartment, rather than al-
tered recycling kinetics being due to GIPR trafficking through
distinct compartments under unstimulated and GIP-stimulated
conditions. The E354Q GIPR mutant also colocalizes to the
TGN46 compartment in unstimulated adipocytes and stimulated
adipocytes and remains colocalized with TGN46 during the
slowed recovery from desensitization, suggesting that the E354Q
mutant traffics to the same compartments as the WT albeit with
altered kinetics (Fig. 6D). Examination of WT and E354Q GIPRs
by confocal microscopy supports the conclusion that intracellular
GIPR is localized to TGN46-positive compartments upon GIP
stimulation (Fig. 6E). Additional studies are required to reveal the
details of the intracellular trafficking itinerary of GIPR.

Both WT and E354Q GIPRs partially colocalized with transfer-
rin internalized from the medium, indicating that GIPR traffics
via the transferrin-positive endosomal system during transit to
and from the TGN46-positive compartment (Fig. 7A). Neither
WT nor E354Q GIPR colocalizes with LAMP1, a marker of late
endosomes/lysosomes, during or after recovery from desensitiza-
tion (Fig. 7B), consistent with our results that there is little degra-
dation of GIPR during desensitization (Fig. 6B).

Impaired recovery of E354Q GIPR after desensitization af-
fects receptor function. We have previously shown that GIP

FIG 5 Enhanced desensitization of E354Q GIPR is due to impaired exocytosis
after exposure to GIP. (A and B) Adipocytes electroporated with WT or E354Q
GIPR were serum starved and incubated without or with 100 nM GIP for 1 h.
The cells were then incubated with anti-HA antibodies for the indicated time
points, fixed, permeabilized, and stained with anti-mouse Cy3 antibodies.
Cell-associated anti-HA (Cy3 fluorescence) normalized to GFP is plotted as a
function of incubation time. The slope is proportional to the rate of GIPR
internalization. (C and D) Adipocytes expressing WT or E354Q GIPR were
incubated with or without 100 nM GIP for 1 h, followed by incubation with
anti-HA antibodies for the indicated times. GIP was included in the incubation
of cells that were stimulated with GIP during the first 60-min incubation. Cells
were fixed, permeabilized, and stained with anti-mouse Cy3. Cell-associated
anti-HA (Cy3 fluorescence) normalized to GFP is plotted as a function of
incubation time. The data were fit to an exponential rise, with k being the
exocytosis rate constant. Each graph represents the averages � standard errors
of the means of data from 3 to 4 independent experiments (��, P � 0.01; �, P �
0.05).
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acutely increases the insulin sensitivity of adipocytes (9). In those
studies, we used insulin-stimulated translocation of GLUT4 to the
plasma membrane of adipocytes as a measure of insulin action. To
study the effect of the E354Q substitution of GIPR on GIP-in-
duced insulin sensitivity, we generated adipocytes stably express-
ing either the WT or E354Q BTX-GIPR reporters. The GIP dose-
responses (elevated cAMP levels) were identical in cells expressing
the WT and the E354Q mutant, as were the timings of the re-
sponses, with maximum levels of cAMP being achieved within 15

min of GIP stimulation (Fig. 8A and B). These data are consistent
with results showing that the signaling response of transiently ex-
pressed E354Q HA-GIPR-GFP to a single challenge with GIP is
identical to that of WT HA-GIPR-GFP (Fig. 4A).

We next determined whether the enhanced desensitization and
impaired recovery of E354Q GIPR (Fig. 4 and 6) impair GIPR
control of insulin sensitivity. In previous studies, we have shown
that GIP acutely sensitizes adipocytes to insulin, as measured by
insulin-stimulated translocation of GLUT4 to the plasma mem-
brane (9). Insulin-stimulated translocation of GLUT4 to the
plasma membrane of adipocytes and muscle cells is a key mecha-
nism underlying the disposal of dietary glucose and is a conve-
nient quantitative functional measure of insulin action. Adi-
pocytes were incubated with GIP for 60 min, washed, and
incubated for an additional 60 or 240 min without GIP to allow for
the repopulation of the plasma membrane before a second GIP
stimulation. In the first challenge, GIP promoted a similar in-
crease in GLUT4 translation over the effect of insulin alone in both
adipocytes expressing WT GIPR and adipocytes expressing E354Q
GIPR (Fig. 8C). These data establish that E354Q GIPR, similar to

FIG 6 WT GIPR and E354Q GIPR recycle back to the cell surface after GIP
challenge. (A and B) Adipocytes were treated without or with 100 nM GIP for
1 h, washed and fixed, or washed and further incubated in serum-free medium
for the times indicated. Plasma membrane GIPR (A) and total GIPR (B) levels
were determined. Each graph represents averages � standard errors of the
means of data from 3 to 4 independent experiments (��, P � 0.01; �, P � 0.05).
(C and D) Epifluorescence images of adipocytes expressing WT or E354Q
HA-GIPR-GFP, stained for TGN46. Cells were incubated without or with 100
nM GIP for 1 h. One set of GIP-treated cells was washed and incubated in
serum-free medium for an additional 1 h. The cells were fixed, permeabilized,
and stained with anti-TGN46 antibodies, followed by secondary staining with
anti-rabbit Cy3 antibodies. Bar, 10 �m. (E) Confocal optical sections of WT
HA-GIPR-GFP and E354Q HA-GIPR-GFP colocalization with TGN46 in adi-
pocytes. Arrows indicate colocalization of GIPR with TGN46 in the perinu-
clear region of cells.

FIG 7 (A) Epifluorescence images of 3T3-L1 adipocytes electroporated with
WT or E354Q HA-GIPR-GFP and stained. (A) Cells were serum starved, in-
cubated with rhodamine-labeled transferrin (2 mg/ml), and stimulated with-
out or with 100 nM GIP for 1 h. One set of GIP-treated cells was washed and
left in serum-free medium for 1 h. The cells were fixed and imaged. Bar, 10 �m.
(B) Epifluorescence images of 3T3-L1 adipocytes electroporated with WT or
E354Q HA-GIPR-GFP and stained. Cells were serum starved and incubated
without or with 100 nM GIP for 1 h. One set of GIP-treated cells was washed
and left in serum-free medium for 1 h. The cells were fixed, permeabilized, and
stained with anti-LAMP1 antibodies, followed by secondary staining with an-
ti-rabbit Cy3 antibodies. Bar, 10 �m.
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WT GIPR, functions to promote insulin sensitivity in response to
a single challenge of GIPR. Cells expressing WT BTX-GIPR were
responsive to a second GIP challenge after a 60-min recovery, with
GIP promoting a significant increase in insulin-stimulated
GLUT4 translocation to the plasma membrane (Fig. 8D). These
data are consistent with WT GIPR repopulating the plasma mem-
brane within 60 min (Fig. 6A). However, cells expressing E354Q
BTX-GIPR were refractory to a GIP challenge after only a 60-min
recovery but regained responsiveness to GIP (i.e., increased trans-
location of GLUT4 to the plasma membrane) after a 240-min
recovery (Fig. 8D). The recovery of GIP sensitivity is consistent
with E354Q GIPR repopulating the plasma membrane within 240
min (Fig. 6A). These results demonstrate that the enhanced de-
sensitization and impaired recovery of E354Q GIPR affect its
function as an insulin sensitizer.

In the above-described functional studies, the activities of the
ectopic WT and E354Q GIPRs were assayed in the background of
the endogenous 3T3-L1 GIPR. To control for any effects of endog-
enous GIPR, we transiently knocked down mouse GIPR using an
siRNA that does not target the ectopically expressed human BTX-
GIPR (Fig. 9A). Knockdown of endogenous GIPR in 3T3-L1 adi-
pocytes completely blocked the effect of GIP on insulin action,
demonstrating that GIPR is required for GIP-promoted insulin
sensitivity (Fig. 9B). The knockdown of endogenous GIPR in cells
stably expressing WT or E354Q BTX-GIPR did not affect GIP
action. Cells expressing the WT receptor responded similarly to

primary and secondary challenges with GIP whether or not en-
dogenous GIPR was transiently knocked down by siRNA (Fig.
9C). In addition, transient knockdown of endogenous GIPR in
cells expressing E354Q BTX-GIPR did not affect the GIP response
(Fig. 9C). These cells responded to the primary GIP challenge but
failed to respond to a second challenge 60 min after the first. These
data demonstrate that the stable ectopically expressed BTX-GIPR
constructs functionally replace endogenous GIPR.

DISCUSSION

Here we show that GIPR undergoes constitutive internalization
and recycling in the absence of GIP, demonstrating that in un-

FIG 8 Impaired recovery of E354Q GIPR after desensitization affects receptor
function. (A) Dose-response of WT and E354Q BTX-GIPR stably expressed in
adipocytes. The data are averages of data from 3 experiments � standard
errors of the means. (B) Elevated cAMP levels in adipocytes stably expressing
WT or E354Q BTX-GIPR as a function of time of GIP stimulation. Data are
averages of data from 2 experiments � SD. (C) The amount of HA-GLUT4-
GFP in the plasma membrane of adipocytes stably expressing WT BTX-GIPR
or E354Q BTX-GIPR after a 30-min stimulation with 0.2 nM insulin or 0.2 nM
insulin and 100 nM GIP or with no stimulation (basal) was determined. (D) In
parallel, the amount of HA-GLUT4-GFP in the plasma membrane of adi-
pocytes preincubated with 100 nM GIP for 60 min, washed free of GIP, and
allowed to recover for either 60 min or 240 min before stimulation with 0.2 nM
insulin or 0.2 nM insulin and 100 nM GIP was determined. Each bar represents
the average � standard error of the mean from 3 independent experiments (�,
P � 0.02; ns, not significant).

FIG 9 (A) Adipocytes were electroporated with GIPR siRNAs directed against
the mouse GIPR sequence (CTAGGACAATCAACTGGAAGGC). After 24
and 48 h of electroporation, cells were harvested, and RNA was extracted.
Quantitative PCR was performed as described in Materials and Methods. Each
graph represents averages � SD of data from 2 independent experiments. (B)
The effects of 0.2 nM insulin and 0.2 nM insulin plus 100 nM GIP on the
expression of HA-GLUT4-GFP in the plasma membrane were determined in
3T3-L1 adipocytes in which endogenous GIPR was transiently knocked down
(KD). The knockdown of GIPR eliminated the effect of GIP on insulin-stim-
ulated GLUT4 translocation. The data are averages � SD of data from 2 ex-
periments. (C) The amount of HA-GLUT4-GFP in the plasma membrane of
adipocytes stably expressing WT BTX-GIPR or E354Q BTX-GIPR in which
endogenous GIPR was transiently knocked down with an siRNA targeting
mouse GIPR compared to cells in which endogenous GIPR was not knocked
down was determined after a 30-min stimulation with 0.2 nM insulin or 0.2
nM insulin and 100 nM GIP (primary stimulation). In parallel, the amount of
HA-GLUT4-GFP in the plasma membrane of adipocytes preincubated with
100 nM GIP for 60 min, washed free of GIP, and allowed to recover for 60 min
before stimulation with either 0.2 nM insulin or 0.2 nM insulin and 100 nM
GIP was determined (second stimulation). Each bar represents the average �
standard error of the mean of data from 3 independent experiments (�, P �
0.05; ns, not significant).
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stimulated cultured adipocytes, the functional complement of
plasma membrane GIPR is actively maintained. Stimulation of
adipocytes with GIP results in a downregulation of plasma mem-
brane GIPR and a consequent desensitization to further GIP stim-
ulation. The reduction of plasma membrane GIPR is achieved by
a GIP-induced slowing of receptor recycling without an effect on
internalization kinetics. As is the case in unstimulated adipocytes,
in GIP-stimulated cells, the intracellular and plasma membrane
pools of GIPR are in dynamic equilibrium. Upon cessation of GIP
stimulation, the clamp on recycling is released, and the plasma
membrane receptor pool is dynamically repopulated with GIPR
from inside the cells, resulting in a resensitization to GIP stimula-
tion.

Most GPCRs reside at the plasma membrane in unstimulated
cells, undergoing internalization only in response to an agonist.
This agonist-stimulated internalization leads to a depletion of the
receptor in the plasma membrane and desensitization to further
agonist stimulation, a process critical for sculpting GPCR signal
transduction (42, 44, 45). In these cases, the internalized GPCRs
are either sorted to lysosomes for degradation (and prolonged
desensitization) or targeted to a recycling pathway that returns the
receptor to the plasma membrane (and rapid resensitization) (46–
48). Nonetheless, the triggering event for downregulation is ago-
nist-induced internalization. Hence, GIPR does not conform to
the typical GPCR behavior. The constitutive cycling of GIPR is not
unique; other GPCRs are known to constitutively cycle (49–53).
However, to our knowledge, only in the case of melanocortin re-
ceptor 4 (MC4R) has it been shown that desensitization of a con-
stitutively cycling GPCR occurs by impairment of recycling back
to the plasma membrane (49).

Because it is the most common mechanism of GPCR desensi-
tization, downregulation due to regulated internalization has been
intensively studied (54). Much less is known at the molecular level
about downregulation that occurs via a slowing of recycling. Re-
gardless of the specific molecular mechanism underlying the reg-
ulation of GIPR recycling, our data support a model in which
GIP-induced slowing of GIPR recycling is achieved by regulation
of receptor traffic through the same compartments traversed in
unstimulated adipocytes, in contrast to a mechanism involving
activated receptor recycling by a distinct pathway. In both un-
stimulated and GIP-stimulated adipocytes, GIPR partially accu-
mulates in a TGN46-positive intracellular compartment, indicat-
ing that traffic from this compartment is the rate-limiting step in
GIPR recycling in both GIP-stimulated and unstimulated cells.
TGN46 is a TGN-resident protein; therefore, our data are consis-
tent with the site of GIPR regulation being its trafficking from the
TGN (or a TGN subdomain) to the plasma membrane. However,
additional studies are required to identify the intracellular itiner-
ary of the GIPR receptor and the molecular mechanism responsi-
ble for the differential control of GIPR trafficking in unstimulated
and GIP-stimulated cells.

K cells of the gastrointestinal tract secrete GIP in response to
the lipid and carbohydrate content of the meal. Blood GIP levels
increase in the postprandial state, returning to prefeeding levels
within 3 to 4 h (55–57). Thus, cells are exposed to various GIP
levels throughout the day, resulting in multiple rounds of re-
sponse, desensitization, and resensitization. We propose that
GIPR desensitization that occurs by the dynamic redistribution of
a constitutively cycling pool of receptors provides a means for cells
to be rapidly desensitized and resensitized to various blood GIP

levels. It is important to note that in studies of cultured cells,
including those presented here, pharmacological amounts of GIP
are used. Postprandial blood GIP levels are on the order of 100
pM, whereas 10 to 100 nM GIP is used for studies of cultured and
primary adipocytes, including those presented here (e.g., see ref-
erences 58 and 59). Thus, although previous studies suggest that
the activities of GIP assayed in cultured cells reflect GIP activities
in vivo, our conclusions on the behavior of GIPR based on studies
of cultured adipocytes need to be tested in primary cells and tis-
sues. Nonetheless, our results provide the foundation for these
future studies of GIPR function and regulation.

The response to GIP is blunted in insulin resistance, obesity,
and T2DM (60–63). The underlying cause of this GIP resistance is
not known. Our data suggest that one possible mechanism of re-
sistance is that persistent elevations of GIP levels due to over-
stimulation of K cells, as a consequence of overnutrition, induce
prolonged agonist-induced desensitization (downregulation) of
the GIP receptor (60). Since the downregulation of the receptor
occurs in a dose-dependent fashion, even small but persistent el-
evations of GIP levels could result in desensitization over time.

Genome-wide association studies have revealed that genetic
variations in GIPR (rs1800437), which results in a glutamine-for-
glutamic acid substitution at position 354 of the sixth transmem-
brane of GIPR, are associated with an increased risk of insulin
resistance and cardiovascular diseases (21, 22). It is not known
how the E354Q substitution affects GIPR function. The results of
studies of E354Q GIPR ectopically expressed in Chinese hamster
ovary cells or HEK cells are conflicting. In one study, the GIP-
stimulated increases in cAMP formation downstream of E354Q
GIPR activation were found to be blunted due to reduced local-
ization on the plasma membrane (64), whereas in a second study,
no differences in signaling or expression on the cell surface were
observed (23). A limitation of those studies is that GIPR is not
normally expressed in either of the cell types used. There is ample
evidence that GPCR behaviors are cell context dependent (34, 35).

Here, in studies of GIPR in an appropriate cell type, we show
that the E354Q substitution affects GIP-induced desensitization/
resensitization of the GIPR. The E354Q GIPR mutant responds
normally to a single challenge with GIP, as determined by mea-
surements of cAMP formation after stimulation and effects on
adipocyte insulin sensitivity. However, GIP-induced downregula-
tion of E354Q GIPR from the plasma membrane is pronounced
and the repopulation of the plasma membrane following cessation
of GIP stimulation is prolonged compared to WT GIPR. This
increased recovery time from GIP stimulation results in an exten-
sion of the time that cells are refractory to a second challenge of
GIP, which disrupts GIP control of the insulin response. The im-
pact of this effect of the resensitization period on the biological
activity of GIP will be amplified over time because every GIPR
desensitization/resensitization cycle will be affected. The impaired
recovery of the E354Q mutant after GIP challenge may contribute
to the association of this variant with an increased risk of insulin
resistance and cardiovascular disease.

Mutations in GPCRs often lead to retention in the biosynthetic
system due to misfolding and a consequent reduction in expres-
sion in the plasma membrane or to impaired agonist potency due
to an alteration in agonist binding and/or receptor activation (65–
69). Our study reveals how a specific and subtle alteration in the
trafficking of a GPCR can profoundly affect the biological func-
tion of the receptor. Our data suggest that the effect of the E354Q
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substitution is to increase the affinity or efficiency of GIPR inter-
actions with the cellular machinery that regulates the trafficking of
WT GIPR, rather than E354Q inducing aberrant trafficking of
GIPR, since increased intracellular retention is achieved by a more
pronounced slowing of recycling of E354Q GIPR from the
TGN46. Future studies are required to achieve a mechanistic un-
derstanding of the factors involved in the intracellular retention of
E354Q GIPR that lead to enhanced desensitization and slowed
resensitization after exposure to the agonist. The discoveries that
we have made regarding the behavior of GIPR through studies of
a cultured cell model system will serve as a foundation for work to
link the characteristics of GIPR behavior, both the WT and the
E354Q variant, to the role of the GIP/GIPR in the control of
whole-body metabolism.

Here we have focused on a detailed cell-biological analysis of
the behavior of WT and E354Q variant GIPRs in adipocytes as a
model cell type. GIP also has an important role in promoting
glucose-stimulated insulin secretion from beta cells (4). It will be
of interest in future studies to determine whether GIPR behaves in
a similar fashion in beta cells as it does in adipocytes. For example,
previous studies in beta cells suggest that GIP desensitization oc-
curs downstream of GIPR, although detailed behavior of GIPR has
not been reported for beta cells (14).
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