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Therapeutics based on the actions of the incretin hormones,
glucagon-like peptide-1 (GLP-1) and glucose-dependent insuli-
notropic polypeptide (GIP), have recently been introduced for
the treatment of type 2 diabetes mellitus. The serine/threonine
kinase Akt is a major mediator of incretin action on the pancre-
atic islet, increasing �-cell mass and function and promoting
�-cell survival. The mechanisms underlying incretin activation
ofAkt are thought to involve an essential phosphoinositide 3-ki-
nase-mediated phosphorylation of threonine 308, similar to the
prototypical Akt activator, insulin-like growth factor-I (IGF-I).
In this study, using activity assays on immunoprecipitated Akt,
we discovered that GIP and GLP-1 were capable of stimulating
Akt in the INS-1�-cell line and isolatedmouse islets via amech-
anism that did not require phosphoinositide 3-kinase or phos-
phorylation of Thr308 and Ser473, and this pathway involved the
production of cAMP. Furthermore, we found that GIP stimu-
lated anti-apoptotic signaling via this alternate mode of Akt
activation. We conclude that incretins can activate Akt via a
novel noncanonical mechanism that may provide an alternative
therapeutic target for the treatment of type 2 diabetes mellitus
and have broader implications for Akt physiology in human
health and disease.

The incretin hormones, glucagon-like peptide-1 (GLP-1)2
and glucose-dependent insulinotropic polypeptide (GIP), have
been targeted as therapeutics for type 2 diabetesmellitus (T2D)
(1). This has resulted in the development of long acting GLP-1
receptor agonists such as exendin-4 (ByettaTM) and inhibitors
of the incretin-degrading enzyme dipeptidyl peptidase IV, Sita-
gliptinTM and VildagliptinTM (1, 2). The effects of incretins on
pancreatic islets are mediated through interaction with their

cognate G protein-coupled receptors, resulting in several ben-
eficial effects, including acute actions on pancreatic �- and
�-cell secretion and increased islet growth and survival (2, 3).
Stimulation of the�-cell byGLP-1 andGIP involves Akt signal-
ing (4–8). This serine/threonine kinase promotes increases in
�-cell number, size, function, and survival (9, 10). Interestingly,
diminished signaling via the insulin receptor substrate-2
(IRS2)/phosphatidylinositol 3-kinase (PI3K)/Akt module has
been postulated to play a major role in the susceptibility of
�-cells to apoptosis in T2D (11). For this reason, understanding
the underlying mode of Akt activation by incretins is of signif-
icant interest.
The stimulation of Akt by prototypical activators such as

insulin-like growth factor-I (IGF-I) involves the activation of
PI3K, resulting in the recruitment of Akt and PDK-1 (3-phos-
phoinositide dependent kinase-1) to the plasmamembrane (12,
13). PDK-1 then phosphorylates threonine 308 of Akt
(P-Akt308) (14), an event that has been deemed essential for Akt
activation (12, 13, 15). Akt is also phosphorylated at a second
site that is thought to be necessary to evoke full kinase activity,
serine 473 (P-Akt473), in the C-terminal hydrophobicmotif (16,
17). Recent evidence indicates that themajor kinase responsible
for this latter event is the mammalian target of the rapamycin-
rictor complex (mTORC2) (18). In contrast, activation of Akt
by incretins appears to be more complex. Stimulation of the
GLP-1 receptor in �-cells increases IRS2 protein levels (19) and
activates PI3K via transactivation of the epidermal growth fac-
tor receptor (20, 21). Recently, GLP-1 was also shown to acti-
vate Akt in a PI3K-independent manner (6). The underlying
mechanism by which GIP activates Akt is unclear. Stimulation
of INS-1 �-cells with GIP increases Akt activity and levels of
P-Akt473 (7, 22) through signaling pathways proposed to
involve PI3K (7, 8), CAMK II and protein kinase A (PKA) (8).
However, these pathways were identified in cells incubated in
high glucose for relatively long periods (7, 8). In view of the
powerful insulinotropic actions of GIP on �-cells, it was there-
fore difficult to discriminate between the direct actions of GIP
and the autocrine actions of released insulin. Additionally, the
majority of studies on Akt activity in �-cells have used indirect
methods of measurement (i.e. phosphorylation of serine 473
and/or threonine 308), which may not necessarily equate with
Akt activity. In the current study, using activity assays on
immunoprecipitated Akt, we examined the role of PI3K in
the direct and rapid activation of Akt by GIP in INS-1 cells
and mouse islets. Surprisingly, we found that neither PI3K
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nor phosphorylation of Akt308 and
Akt473 were essential for Akt activa-
tion. The pathway responsible
appears to involve EPAC (exchange
protein activated by cAMP)- but not
PKA-mediated signaling. Further-
more, GLP-1 and forskolin but not
insulin or high glucose stimulation
exerted similar effects. We also
showed that stimulation of this
alternate mode of Akt activation
by GIP promotes anti-apoptotic
signaling. Given the therapeutic
applications of incretins and the
importance of Akt in promoting
�-cell survival, this finding has
important implications for T2D
drug development.

EXPERIMENTAL PROCEDURES

Cell Culture for INS-1 Cells and
Mouse Islets—The INS-1 �-cell line
(clone 832/13) was kindly provided
by Dr. C. B. Newgard (Duke Uni-
versity Medical Center). Cells
were maintained in 11mM glucose/
RPMI 1640 medium (Sigma) sup-
plemented with 2 mM glutamine,
50 �M �-mercaptoethanol, 10 mM
HEPES, 1mM sodiumpyruvate, 10%
fetal bovine serum, 100 units/ml

FIGURE 1. GIP activates Akt without increasing phosphorylation of Akt308. A, INS-1 cells were stimulated
with 10 nM GIP for 0, 5, 10, 15, or 30 min, and Western analysis or Akt KA assays were performed on cell lysates
with indicated antibodies. IP, immunoprecipitate. B and C, for quantification of P-Akt308, P-Akt473, and phos-
phorylated Akt substrate peptide (P-GST-GSK3), levels were normalized to total Akt, whereas P-MDM2166 was
normalized to total MDM2. Shown are the mean � S.E. changes in phosphorylated protein relative to time 0
(n � 4) for cell lysates (B) and KA assays (C). Anti-�-actin and anti-GST (GST-GSK3) blots were internal controls.

FIGURE 2. Inhibitors of the PI3K/Akt signaling module do not inhibit the activation of Akt by GIP. A, INS-1 cells were pretreated with dimethyl sulfoxide
(DMSO; control) or inhibitors of PI3K signaling (15 �M LY294002 or 5 �M Akt VIII) and then treated with �10 nM GIP or 10 nM IGF-I for 15 min. Western analysis
and Akt KA assays were performed on cell lysates with indicated antibodies. IP, immunoprecipitate. B and C, shown is the mean change � S.E. in Akt activity
(P-GST-GSK3/Akt) relative to DMSO control (n � 4) for GIP- (B) and IGF-I-treated (C) cells. #, p � 0.05 versus DMSO control; $, p � 0.05 versus IGF-I without
inhibitor. D, mouse islets were pretreated with DMSO (control) or 15 �M LY294002 and then treated with �10 nM GIP for 15 min. Western analysis and Akt KA
assays were performed with indicated antibodies. E, shown is the mean change � S.E. in Akt activity relative to DMSO control (n � 3). #, p � 0.05 versus DMSO
control. Anti-�-actin and anti-GST (GST-GSK3) blots were internal controls.
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penicillin G sodium, and 100 �g/ml streptomycin sulfate.
Mouse islets were isolated by collagenase digestion (23) from
male C57BL/6 mice (10–12 weeks old; Jackson Laboratories)
and maintained in RPMI 1640 medium supplemented with 5
mM glucose, 0.25% HEPES (pH 7.4), 10% fetal bovine serum,
100 units/ml penicillin G sodium, and 100 �g/ml streptomycin
sulfate. Approximately 12 h prior to experiments, cells received
fresh serum-starvedmedium (replacedwith 0.1% bovine serum
albumin) that contained low glucose (3 mM). Inhibitors were
added 30 min prior to corresponding experiments and were
from Calbiochem.
Plasmid Constructs and Transfection—The vector used was

pcDNA3. The construct encoding hemagglutinin (HA)-tagged
human Akt1 was acquired from William Sellers (24) through
the Addgene Repository. Point mutations were generated by
QuikChange (Stratagene). Briefly, the oligonucleotides used
were ggt gcc acc atg aag gcc ttt tgc ggc aca c and gtg tgc cgc aaa
agg cct tca tgg tgg cac c to generate a T308A mutation, ctt ccc
cca gtt cgc cta ctc ggc cag and ctg gcc gag tag gcg aac tgg ggg aag
to generate a S473Amutation, and ccg cta cta cgc cat gat gat cct

caa gaa gga ag and ctt cct tct tga gga tca tca tgg cgt agt agc gg to
generate a K179Mmutation. To transfect cells, DNAwas incu-
bated with LipofectamineTM LTX (Invitrogen) and PLUSTM
reagent (Invitrogen) at a ratio of 1.0 �g of DNA/3.0 �l of Lipo-
fectamine LTXTM/1.0 �l of PLUSTM in 200 �l of OPTI-MEM I
(Invitrogen) for 30 min at room temperature. This was subse-
quently added towells (in a 6-well dish) containing 2� 106 cells
in 1 ml of maintenance medium without antibiotics. Experi-
ments were performed 36 h following transfection.
Cell Lysis and in Vitro Kinase Assays—Cells were lysed in 20

mM Tris (pH 7.5), 150 mMNaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM �-glycero-
phosphate, 1 mM Na3VO4, 1 �g/ml leupeptin supplemented
with 1 mM phenylmethylsulfonyl fluoride, and 1� proteinase
inhibitor mixture set III (Calbiochem catalog no. 539134).
Endogenous Akt kinase activity (KA) assays were performed
using the Akt kinase assay kit (Nonradioactive 9840) from Cell
Signaling Technology (Beverly, MA). Briefly, endogenous Akt
was immunoprecipitated with an anti-Akt monoclonal anti-
body covalently linked with agarose beads (catalog no. 9279).

FIGURE 3. Phosphorylation of Akt at threonine 308 or serine 473 are not required for the activation of Akt by GIP. A, illustration of HA-Akt1 constructs and the
respectivepointmutationsusedforthisstudy.PH,pleckstrinhomologydomain;HM,hydrophobicmotif.B,WesternblotshowingrepresentativelevelsofHA-Akt1T308A/S473A

protein in transfected cells relative to endogenous Akt in untransfected cells, as well as the purity of Akt1T308A/S473A immunoprecipitates. C, INS-1 cells
transfected with HA-Akt1308/473 or HA-Akt1179 and 36 h later treated with �10 nM GIP or 10 nM IGF-I for 15 min. Western analysis was performed on Akt KA assays
with indicated antibodies. D and E, shown is the mean change � S.E. in Akt activity (P-GST-GSK3/Akt) relative to Basal (n � 4) for INS-1 cells transfected with
HA-Akt1308/473 (D) or HA-Akt1179 (E). #, p � 0.05 versus Basal. Anti-GST (GST-GSK3) blots were internal controls.
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Beads from immunoprecipitates were washed twice in lysis
buffer and twice in kinase buffer and subsequently resuspended
in 60 �l of kinase buffer containing 200 �MATP and 0.75 �g of
a glutathione S-transferase (GST)-tagged GSK3 fusion peptide
(catalog no. 9237) that was used as a substrate for Akt and
contained the optimal consensus sequence for Akt phosphoryl-
ation (25, 26). Kinase reactions were performed at 30 °C for 30
min. Kinase activity assays for the transfectedHA-Akt1 protein
were similarly performed except that the protein was immuno-
precipitated with protein G beads (Amersham Biosciences)
conjugated to anti-HA antibody (antibody 2367; Cell Signal-
ing), and kinase reactions were extended for an additional
30-min time period. Phosphorylation of GST-GSK3 was deter-
mined via Western analysis with a phospho-specific antibody
unique to the Akt kinase assay kit.
Western Blot—Cell lysates and kinase assays were subjected

to 15%SDS-PAGEand electroblotted onto nitrocellulosemem-
branes (Bio-Rad). Membranes were probed accordingly with
the following antibodies from Cell Signaling Technology: anti-
Akt (antibody 9272), anti-�-actin (antibody 4967), anti-GST
(antibody 2622), anti-phospho-Akt (Thr308 (244F9); antibody
4056), anti-phospho-Akt (Ser473; antibody 9271), anti-phos-
pho-Foxo1 (Ser256; antibody 9461), anti-phospho-MDM2
(Ser166; antibody 3521), and anti-phospho-Raf1 (Ser259; anti-
body 9421). The anti-MDM2 antibodywas fromSigma (catalog
no. M4308). Immunoreactive bands were visualized by
enhanced chemiluminescence (Amersham Biosciences) using
horseradish peroxidase-conjugated IgG secondary antibodies.
For quantification of band density, films were analyzed using
densitometric software (Eagle Eye, Stratagene).
Cell Death Assays—INS-1 cell death was induced by adding

100 nM staurosporine (Sigma catalog no. K1890) to the
medium. INS-1 cells were treated in medium containing 500
ng/ml propidium iodide (Invitrogen) and 250 ng/ml Hoechst
dye (Sigma). Cell death was measured by counting propidium
iodide-positive nuclei, and total cell number was measured by
counting Hoechst-positive nuclei. Propidium iodide and
Hoechst were imaged with a high throughput imaging system
(KineticScan, Cellomics Inc., Pittsburgh, PA), and % cell death
was calculated as the number of propidium iodide-positive
cells/Hoechst-positive cells multiplied by 100.
Statistical Analysis—Data, expressed as mean � S.E., were

analyzed using the nonlinear regression analysis program
PRISM (GraphPad, San Diego, CA). Values of n in all cases
represent individual experiments. The statistical significance of
differences in mean value was tested using analysis of variance
with Newman-Keuls post hoc test. A p value of �0.05 was con-
sidered significant.

RESULTS

GIP Activates Akt without Increasing Phosphorylation of
Threonine 308—ToassesswhetherGIP directly activatesAkt in
�-cells, INS-1 cells were treated with GIP for 0–30 min in low
glucose (3 mM) and serum-starved media, thus negating the
secretion of insulin and the activation of Akt by serum growth
factors. In response to GIP treatment, Western analysis of cell
lysates showed that the levels of P-Akt473 increased as early as 5
min and remained elevated for the full 30-min period of study

(Fig. 1, A–C). Similar temporal responses were observed with
Akt activity, as demonstrated by the levels of phosphorylated
Akt substrate peptide (P-GST-GSK3) in Akt KA assays on
immunoprecipitatedAkt and those of the endogenousAkt sub-
strate, phosphorylated MDM2 (P-MDM2166), in cell lysates.
Increases in levels of the phosphorylated forms of two addi-
tional Akt substrates that were also examined in cell lysates,
GSK3�/�21/9 and Raf1259, exhibited the same temporal pat-
terns (data not shown). However, surprisingly, levels of
P-Akt308 did not change in either cell lysates or Akt KA assays
until 30 min of stimulation.
GIP Activates Akt Independently of PI3K and Phosphoryla-

tion of Akt308 and Akt473—Because phosphorylation of Akt
at threonine 308 is PI3K-dependent, the results in Fig. 1 suggested
that PI3K was not involved in the rapid GIP-stimulated activa-
tion of Akt. To exclude the involvement of PI3K, INS-1 cells
were treated with or without the PI3K inhibitor, LY294002, or
an inhibitor that prevents recruitment of Akt to the plasma
membrane, Akt VIII (27–29), prior to a 15-min period of GIP
stimulation (Fig. 2A). In addition, parallel experiments were
performed with IGF-I because PI3K-dependent phosphoryla-
tion of Akt308 and Akt473 is a well established component of its
Akt activation mechanism (17, 37). In the absence of an inhib-
itor, GIP increased Akt activity as well as levels of P-Akt473 but
not P-Akt308, whereas IGF-I increased Akt activity and phos-
phorylation of both sites. In cells treated with either LY294002
or Akt VIII, levels of P-Akt308 and P-Akt473 were significantly
reduced in bothGIP- and IGF-I-treated cells, and this was asso-
ciated with a significant reduction in Akt activity in IGF-I-
treated cells (Fig. 2C), demonstrating that the canonical

FIGURE 4. Akt IV inhibits the activation of Akt by GIP without affecting the
phosphorylation of Akt at threonine 308 or serine 473. A, INS-1 cells were
pretreated with DMSO (control) or Akt inhibitor (500 nM Akt IV) for 1 h and
then treated with �10 nM GIP for 15 min, and Western analysis was performed
on cell lysates and Akt KA assays with indicated antibodies. IP, immunopre-
cipitate. B, shown is the mean change � S.E. in Akt activity (P-GST-GSK3/Akt)
relative to DMSO control (n � 4). #, p � 0.05 versus DMSO control; $, p � 0.05
versus GIP without inhibitor. Anti-�-actin and anti-GST (GST-GSK3) blots were
internal controls.
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upstreamAkt activation pathway was inhibited. In GIP-treated
cells however, the activation of Akt was not inhibited by either
LY294002 orAktVIII (Fig. 2B), indicating that neither PI3Knor
phosphorylation of Akt308 and Akt473 were required for GIP-
stimulated activation of Akt in INS-1 cells. To validate these
findings with primary cells, mouse islets were treated with
LY294002 prior to GIP stimulation. As was found with INS-1
cells, GIP stimulated the enzyme activity of Akt irrespective of
the presence or absence of LY294002 (Fig. 2,D andE). To defin-
itively exclude a requirement for P-Akt308 and P-Akt473, INS-1
cells were transfected with plasmid DNA (Fig. 3A) encoding
either HA-tagged human Akt1 (HA-Akt1) containing alanine
pointmutations at threonine 308 and serine 473 (HA-Akt1308/473)
or a kinase-dead form containing a methionine point muta-
tion at lysine 179 (HA-Akt1179), and responses to GIP or IGF-I
stimulation for 15 min were compared with untreated cells by
Western analysis (Fig. 3C). Stimulation of INS-1 cells with GIP
but not IGF-I resulted in a significant increase in the kinase
activity of HA-Akt1308/473 (Fig. 3D) but not HA-Akt1179 (Fig.
3E). To further examine the relationship between phosphoryl-

ation status and Akt activity, prior
to GIP stimulation for 15 min,
INS-1 cells were treated with or
without an Akt inhibitor (Akt IV)
that was shown to inhibit the activa-
tion of Akt by GLP-1 in �-cells,
when the PI3K inhibitor LY294002
was ineffective (6). Although treat-
ment of cells with Akt IV did not
alter the basal activity of Akt (data
not shown) and had no effect on the
levels of P-Akt308 and P-Akt473, it
ablated the stimulatory effect of GIP
on Akt activity when assessed with
both P-GST-GSK3 and P-MDM2
assays (Fig. 4, A and B).
GLP-1 and Adenylate Cyclase

Activation Mimic Akt Kinase Stim-
ulatory Effects of GIP—Because
both GIP and GLP-1 generally pro-
mote similar actions in �-cells
through the stimulation of G�s (30),
we evaluated whether GLP-1 and
forskolin also stimulated Akt in a
PI3K-independent manner (Fig.
5A). In the presence of 3 mM glu-
cose, GLP-1 activated Akt in a man-
ner equivalent toGIP irrespective of
the presence of LY294002, whereas
neither high glucose nor insulin
(500 pM) stimulated Akt activity
(Fig. 5B), showing that the secreted
insulin was unlikely to have contrib-
uted to incretin-induced activation.
Forskolin (1 �M) also activated Akt
in INS-1 cells, whether treated with
or without LY294002 and Akt VIII
(Fig. 5, C and D), indicating that

cAMPproductionwas likely involved in the underlyingmodeof
Akt activation by GIP. Because GIP had been shown previously
to activate PKA in INS-1 cells, its involvement in Akt activation
was examined by treatmentwith the PKA inhibitorH89 or (Rp)-
cAMP prior to a 15-min stimulation with GIP (Fig. 6, A–D) or
forskolin (Fig. 6, E and F). It was found that neither inhibitor
diminished the ability of GIP or forskolin to activate Akt. GIP
has also been shown to activate the cAMP-responsive protein,
EPAC, in �-cells (31). To examine a role for EPAC in Akt acti-
vation, INS-1 cells were treated with 100 �M 8-cpt-cAMP, an
EPAC-selective agonist. This resulted in a significant increase
in Akt activity (Fig. 6, G and H). To validate this finding with
primary cells, mouse islets were similarly treated, and this also
resulted in increased Akt activity (Fig. 6I).
Alternative Mode of Akt Activation by GIP Promotes INS-1

Survival—A major effect of Akt signaling is to promote cell
survival. To assess whether the alternative mode of Akt activa-
tion by GIP was functionally important, we examined whether
GIP could promote INS-1 cell survival via Akt signaling. Stau-
rosporine (STS), a well characterized apoptosis-inducing agent

FIGURE 5. GLP-1 and forskolin but not high glucose nor insulin mimics the Akt kinase stimulatory effects
of GIP. A, INS-1 cells were pretreated with DMSO (control) or 15 �M LY294002 for 30 min and then treated � 10
nM GIP, 10 nM GLP-1, or 500 pM insulin (all with 3 mM glucose) or 16 mM glucose for 15 min, and Western analysis
was performed on Akt KA assays with indicated antibodies. IP, immunoprecipitate. B, shown is the mean
change � S.E. in Akt activity (P-GST-GSK3/Akt) relative to DMSO (n � 4). #, p � 0.05 versus control without
LY294002. C, INS-1 cells were pretreated with DMSO (control) or PI3K/Akt signaling inhibitors (15 �M LY294002
or 5 �M Akt VIII) for 1 h and then treated with �1 �M forskolin for 15 min, and Western analysis was performed
on cell lysates or Akt KA assays with indicated antibodies. D, shown is the mean change � S.E. in Akt activity
(P-GST-GSK3/Akt) relative to DMSO control (n � 4). #, p � 0.05 versus DMSO control. Anti-�-actin and anti-GST
(GST-GSK3) blots were internal controls.
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(32), rapidly induced INS-1 cell death, and GIP potently sup-
pressed this effect (Fig. 7A). To establish that GIP-mediated
survival involved the activation of Akt in a PI3K-independent
manner, several approaches were used. First, the pro-survival
effects of GIPwere determined in the absence or presence of an
Akt inhibitor (Akt IV), PI3K/Akt pathway inhibitors
(LY294002, Akt VIII, or wortmannin), or inhibitors of other
kinases shown to be involved in GIP action: Erk1/2 (UO126 or
PD985002) or PKA (H89). GIP strongly suppressed STS-in-
duced cell death, and only Akt IV reversed this effect (Fig. 7B).
By comparison, IGF-I promotion of INS-1 survival under STS
treatment was blocked by inhibiting PI3K/Akt signaling with
Akt VIII (Fig. 7C). Second, INS-1 cells were transfected with
wild-type HA-Akt1 or enhanced green fluorescent protein and
then treated with STS � GIP. The % reduction and absolute
reduction in cell death resulting fromGIP treatment were both
greater in cells transfectedwithHA-taggedwild-typeAkt1 than
those transfectedwith enhanced green fluorescent protein (Fig.
7D), as was the reduction in levels of cleaved caspase-3 (Fig. 7E).
To validate that this survival pathway was mediated via cAMP

production but not PKA signaling, forskolin was added to STS-
treated INS-1 cells in the presence or absence of the PKA inhib-
itor H89 or the Akt inhibitor Akt IV (Fig. 7F). Forskolin stimu-
lation promoted INS-1 survival, and this was completely
ablated by Akt IV, but H89 was without effect. To determine
whether EPAC signaling was involved in GIP-mediated Akt
activation and associated with cell survival, STS-treated INS-1
cells were stimulated with 8-cpt-cAMP. The EPAC activator
promoted cell survival in a dose-dependent manner (Fig. 7G).
Lastly, it was assessed whether GIP stimulated Akt signaling in
STS-treated INS-1 cells. Cells were treated with or without Akt
IV, LY294002, or Akt VIII prior to the addition of STS�GIP. It
was found that GIP stimulated the activation of Akt, as shown
by the increased phosphorylation levels of three Akt substrates,
Foxo1, Raf1, and MDM2, in cell lysates and GST-GSK3 in Akt
KA assays, despite the loss of Akt phosphorylation in
LY294002- and Akt VIII-treated cells (Fig. 8, A and B). Con-
versely, despite a robust increase in Akt phosphorylation in Akt
IV-treated cells, the activation of Akt by GIP was completely
ablated, and this was associated with increased levels of cleaved

FIGURE 6. Stimulation of Akt by GIP involves EPAC signaling but not PKA. A, C, and E, INS-1 cells were pretreated with DMSO (control) or PKA inhibitor, 10
�M H89 (A and E) or 250 �M (Rp)-cAMP (C and E) for 30 min and then treated with �10 nM GIP (A and C) or 1 �M forskolin (E) for 15 min, and Western analysis was
performed on Akt KA assays with indicated antibodies. IP, immunoprecipitate. B, D, and F, shown is the mean change � S.E. in Akt activity (P-GSK3sub/Akt)
relative to DMSO control (n � 4) in GIP-treated (B and D) or forskolin-treated (F) cells. #, p � 0.05 versus DMSO control. G, INS-1 cells were treated with �100 �M

of the EPAC agonist, 8-cpt-2�-O-Me-cAMP (8-cpt-cAMP), for 15 min, and Western analysis was performed on Akt KA assays with the indicated antibodies.
H, shown is the mean change � S.E. in Akt activity relative to control (n � 4). I, mouse islets were treated with � 100 �M 8-cpt-cAMP for 15 min, and Western
analysis was performed on Akt KA assays with the indicated antibodies (n � 1). Anti-GST (GST-GSK3) blots were internal controls.
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caspase-3. Together, these studies therefore strongly support
the existence of aGIP-mediatedAkt activationmechanism that
is independent of the canonical pathway involving phosphoryl-
ation of threonine 308 and serine 473 and indicate that this
alternate pathway is central to the anti-apoptotic effects of the
incretin hormones.

DISCUSSION

The major physiological action of incretin hormones is con-
sidered to be the potentiation of glucose-stimulated insulin
secretion from the �-cell during a meal (30). However, addi-
tional important effects of the incretins on �-cells have been
described, including the stimulation of insulin biosynthesis as
well as �-cell proliferation (33) and survival (2, 3). Because
diminished �-cell function (34) and survival (35) are central to
the pathogenesis of T2D, enhancing the actions of incretins has
been a major focus for the treatment of diabetes (1, 36), and
such therapies have shown very promising results (2, 37, 38).
In the present study, we evaluated the role of PI3K in Akt

activation by GIP in the INS-1 �-cell. Consistent with previous
reports (7, 8, 22), GIP treatment increased Akt activity in asso-
ciation with increases in P-Akt473 levels (Fig. 1). However, GIP-

mediated stimulation of Akt activity was not found to require
PI3K or phosphorylation of Akt308, and even the phosphoryla-
tion of Akt473 was not essential for the stimulation of enzyme
activity in INS-1 cells or mouse islets (Fig. 2,A, B,D, and E; and
Fig. 3,C andD). This was in contrast to IGF-I, whichwas unable
to activate Akt in the presence of PI3K/Akt pathway inhibitors
(Fig. 2, A and C) or activate transfected HA-Akt1 protein that
contained alanine point mutations at threonine 308 and serine
473 (Fig. 3, C and D), consistent with previous studies (12, 13).
One caveat of using inhibitors is that they often lack absolute
target specificity and, indeed, LY294002 (39) and Akt VIII (27)
have been shown to inhibit off-target proteins. However,
because LY294002 and Akt VIII are potent inhibitors of PI3K/
Akt signaling, yet did not affect GIP-stimulated activation of
Akt, such off-target effects of either inhibitor did not contribute
to the responses obtained. On the basis of these results, we
conclude that GIP stimulated Akt via a noncanonical pathway.
Although the mechanism of action of Akt IV has not been clar-
ified because it blocked the activation of Akt by GIP (Fig. 4), we
propose that it interferes somehow with this alternative mode
of Akt activation. Similar to GIP, GLP-1 also stimulated Akt in
a PI3K-independent manner (Fig. 5, A and B), a finding that is

FIGURE 7. GIP stimulation of survival in STS-treated INS-1 cells involves Akt. A, INS-1 cells were treated without or with 100 nM STS and with or without 10
nM GIP for 10 h, and onset of cell death (defined as propidium iodide-positive (PI�) incorporation into cell nuclei) was measured in real time every 30 min. The
mean � S.E. of dead cells (n � 6) is shown. #, p � 0.05 versus DMSO control; $, p � 0.05 versus STS without GIP. B, cell death (%) in INS-1 cells treated for 6 h with
STS (100 nM), with or without 10 nM GIP, and without or with an inhibitor of Akt (500 nM Akt IV), PI3K signaling (15 �M LY294002, 5 �M Akt VIII, or 200 nM

wortmannin), Erk1/2 signaling (5 �M U0126 or 50 �M PD985002), or PKA signaling (10 �M H89). Mean � S.E. of dead cells (n � 6). #, p � 0.05 (comparisons are
shown). C, shown is the cell death (%) in INS-1 cells treated for 6 h with STS � 10 nM IGF-I � PI3K signaling inhibitor, 5 �M Akt VIII. Mean � S.E. of dead cells (n �
4); #, p � 0.05 (comparisons are shown). D, shown is the cell death (%) in INS-1 cells transfected with enhanced green fluorescent protein (eGFP) or HA-tagged
wild-type Akt1 and treated for 6 h with STS � GIP. Mean � S.E. of % cell death (n � 4). #, p � 0.05 (comparisons are shown). E, INS-1 cells were transfected with
green fluorescent protein or HA-tagged wild-type Akt and treated for 4 h with STS � GIP, and Western analysis was performed with indicated antibodies.
F, shown is the cell death (%) in INS-1 cells treated for 6 h with STS (100 nM), without or with 1 �M forskolin, and without or with inhibitors of Akt signaling (500
nM Akt IV) or PKA signaling (10 �M H89). Mean � S.E. of dead cells (n � 6); #, p � 0.05 versus DMSO control; $, p � 0.05 versus STS without inhibitor; %, p � 0.05
versus STS � forskolin. G, shown is the cell death (%) in INS-1 cells treated for 6 h with STS (100 nM) � increasing concentrations of the EPAC agonist, 8-cpt-cAMP.
Mean � S.E. of dead cells (n � 6). #, p � 0.05 versus DMSO control; $, p � 0.05 versus STS without 8-cpt-cAMP. Anti-�-actin blots were internal controls.
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consistent with the observations of Liu and Habener (6), who
demonstrated that Akt IV but not LY294002 prevented Akt-
mediated activation of the Wnt signaling pathway under GLP-
1-stimulated conditions, although they did not assess the
underlying mechanism of Akt activation. Furthermore, neither
high glucose nor insulin promoted Akt activation under the
applied experimental conditions. This finding is consistent
with studies by Rhodes and colleagues, who have shown that
neither insulin (40) nor high glucose (41) has any notable effect
on Akt in �-cells during short term stimulation. Thus, we con-
clude that the effects onAkt in the present studywere a result of
direct incretin stimulation and not autocrine effects of secreted
insulin. Moreover, incretins stimulate G�s (30) and cAMP pro-
duction (42–44) in �-cells, and forskolin was also capable of
stimulating Akt activity in a PI3K-independent manner (Fig. 5,
C andD), indicating a likely role for cAMP in incretin-mediated
stimulation of Akt activity. Because a role for PKA was not
supported in our study (Fig. 6, A–F), we proposed that this
alternative mode of Akt activation could involve EPAC pro-
teins, which have been described to be activated by both GIP
and GLP-1 in �-cells (31). Indeed, we showed that the stimula-
tion of INS-1 cells with 8-cpt-cAMP could enhanceAkt activity

(Fig. 6, G–I). The mechanism by
which EPACmediates this response
is currently unknown.
There has been awidely held view

that incretins activate Akt via the
canonical PI3K-mediated pathway
(1, 3, 45, 46). This proposal was
based mainly on the fact that PI3K
inhibitors prevented the phospho-
rylation of Akt at serine 473. How-
ever, the current studies demon-
strate that GIP and GLP-1 are
capable of activating Akt independ-
ently of PI3K, indicating that the
role of Akt in GLP-1- and GIP-me-
diated actions needs to be re-evalu-
ated. For example, in the recent
study by Yusta et al. (47) it was rea-
soned that Akt was not essential
for GLP-1-mediated survival of
�-cells under conditions of endo-
plasmic reticulum stress. This
conclusion was based on the find-
ing that LY294002 blocked Akt
phosphorylation but did not influ-
ence GLP-1-mediated effects on
eIF2�, ATF-4, or CHOP in cells
exposed to thapsigargin. However,
because LY294002 does not appear
to suppressGLP-1-mediated activa-
tion of Akt activity, a role for Akt
cannot be excluded. The determina-
tion of the phosphorylation state,
rather than enzyme activity, may
also explain the disparate results
regarding the mode of action of

GLP-1 reported in the literature (5, 48). Wang et al. (5) showed
that GLP-1 acutely stimulated phosphorylation of Akt at serine
473 in a PI3K-dependent manner and concluded that GLP-1
rapidly increasedAkt enzyme activity. On the other hand, Tews
et al. (48), using the same cell line, reported that phosphoryla-
tion of serine 473 did not occur until after 24 h and concluded
that GLP-1 activated Akt indirectly through elevations in IRS2
protein levels. Previous studies on the GIP-mediated activation
of Akt in �-cells using PI3K inhibitors, including our own, have
examined only the phosphorylation of Akt at serine 473 (8) or
applied an inhibitor for a prolonged period of time (6 h) (7). To
our knowledge, the functional relationships between the phos-
phorylation status of threonine 308 and serine 473 and early
GIP stimulation of Akt kinase activity and the phosphorylation
of endogenous Akt substrates (e.g.MDM2) have not been stud-
ied previously in �-cells. On the basis of the current results, we
conclude that their phosphorylation is not required for Akt
activation.
The serine/threonine kinase Akt plays a central role in glu-

cose homeostasis (49) and the promotion of �-cell survival (9,
10), including incretin-mediated responses (4–8). Mice
expressing constitutively active Akt in �-cells develop larger

FIGURE 8. GIP stimulates Akt signaling in STS-treated INS-1 cells. A, INS-1 cells were treated with STS
without or with GIP for 4 h without or with Akt inhibitor, 500 nM Akt IV, or PI3K signaling inhibitors (15 �M

LY294002 or 5 �M Akt VIII), and Western analysis was performed on cell lysates and Akt KA assays with indicated
antibodies. IP, immunoprecipitate. B, shown is the mean change � S.E. in Akt activity (P-GST-GSK3/Akt) relative
to control (n � 4). #, p � 0.05 versus control; $, p � 0.05 versus GIP without inhibitor. Anti-�-actin and anti-GST
(GST-GSK3) blots were internal controls.
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islet mass and have improved glucose tolerance and resistance
to diabetes (50, 51), and transplanted human islets expressing
constitutively active Akt improve glucose tolerancemore effec-
tively in diabetic mice (52). Conversely, transgenic mice
expressing kinase-dead Akt in �-cells develop diabetes due to
defects in insulin secretion (53). It has been argued by Rhodes
(11) that diminished signaling via the IRS2/PI3K/Akt module
plays a major role in the susceptibility of �-cells to apoptosis in
T2D, and enhancing �-cell Akt signaling has been proposed as
an alternative therapy for T2D, with a view to maintaining or
increasing functional�-cellmass (9, 10). In light of the powerful
pro-survival effects exerted by Akt (15), we examined the
underlying mechanisms by which GIP promotes �-cell survival
using INS-1 cells treated with the well characterized apoptosis-
inducing agent STS. In the presence of STS, GIP promotion of
INS-1 survival (Fig. 7A) was only blocked by the Akt inhibitor,
Akt IV (Fig. 7B) and not by the inhibitors of PI3K, Erk1/2, or
PKA signaling. Akt IV also blocked the survival effects of for-
skolin, whereas the inhibition of PKA was without effect (Fig.
7F). These results indicated that EPAC-mediated activation of
Akt promotes GIP-mediated survival of STS-treated INS-1
cells. And, indeed, EPAC activation promoted cell survival (Fig.
7G). By comparison, although IGF-I also promoted INS-1 cell
survival, inhibition of Akt signaling with Akt VIII blocked this
effect (Fig. 7C). Interestingly, STS�GIP-treated INS-1 cells
exhibited a large increase in P-Akt308 and P-Akt473 levels in the
presence of Akt IV, despite a complete ablation of Akt signaling
(Fig. 8). As with kinase activation, these differential effects of
Akt inhibitors demonstrate that the promotion of cell survival
involves an alternate mode of Akt activation.
Alternative PI3K-independent pathways for Akt activation

have been reported that involve the stimulation of cAMP
production (54) and PKA (55), the activation of calcium/
calmodulin-dependent kinase kinase (56), as well as other
undefined pathways (57), but to our knowledge, this is the first
demonstration of a hormonal activation of Akt that does not
depend on the phosphorylation of Akt308. This finding is con-
trary to the current consensus that the phosphorylation of thre-
onine 308 is essential for Akt activation (12, 13, 15, 16). The
main reason that such an alternative pathway has been previ-
ously overlooked is probably because the focus of the majority
of studies on the mechanism of Akt activation has been via
receptor tyrosine kinases (e.g. the IGF-I receptor), rather thanG
protein-coupled receptors such as those for the incretins. In
support of this proposal, �-adrenergic agonists were found to
activate Akt in a wortmannin-insensitive manner in rat adipo-
cytes (57), but an in-depth analysis of the Akt phosphorylation
status was not performed because phosphorylation-specific
antibodies were not yet available. Because forskolin stimulation
led toAkt activation in INS-1 cells, similar toGIP stimulation, it
is quite likely that the activation of several G protein-coupled
receptor proteins that are present on �-cells (e.g. PACAP and
glucagon) may also promote a similar response. The biological
significance of this will be an interesting avenue of future
research.
Three major questions arise from this study. 1) What is the

signaling mechanism by which EPAC mediates Akt activation
by incretins? 2)CanAkt be activated in a similarmanner in vivo,

and if so, can this be exploited as a therapy for diabetes? 3) IsAkt
activated in a similar manner in other tissues by other hor-
mones or growth factors? Because, in addition to its importance
in �-cell survival, Akt is also crucial for insulin-mediated glu-
cose disposal (49) and the coordination of a wide range of addi-
tional biological actions (15), the answers to these questions
may uncover further aspects of Akt physiology that can be tar-
geted for therapeutics.
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