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Glucose-dependent insulinotropic polypeptide (GIP) po-
tentiates glucose-stimulated insulin secretion, insulin bio-
synthesis, and �-cell proliferation and survival. In previous
studies GIP was shown to promote �-cell survival by modu-
lating the activity of multiple signaling modules and regulat-
ing gene transcription of pro- and anti-apoptotic bcl-2 family
proteins. We have now evaluated the mechanisms by which
GIP regulates the dynamic interactions between cytoplasmic
bcl-2 family members and the mitochondria in INS-1 cells
during apoptosis induced by treatment with staurosporine
(STS), an activator of the mitochondria-mediated apoptotic
pathway. STS induced translocation of bad and bimEL, acti-
vation of mitochondrial bax, release of mitochondrial cyto-
chrome c, cleavage of caspase-3, and apoptosis. Each response
was significantly diminished by GIP. Using selective enzyme
inhibitors, overexpression of dominant-negative Akt, and
Akt siRNA, it was demonstrated that GIP promoted �-cell
survival via Akt-dependent suppression of p38 MAPK and
JNK and that combined inhibition was sufficient to explain
the entire pro-survival responses to GIP during STS treat-
ment. This signaling pathway also explained the pro-survival
effects of GIP on INS-1 cells exposed to two other promoters
of stress: thapsigargin (endoplasmic reticulum stress) and
etoposide (genotoxic stress). Importantly, we discovered that
GIP suppressed p38 MAPK and JNK via Akt-mediated
changes in the phosphorylation state of the apoptosis signal-
regulating kinase 1 in INS-1 cells and human islets, resulting
in inhibition of its activity. Inhibition of apoptosis by GIP is
therefore mediated via a key pathway involving Akt-depend-
ent inhibition of apoptosis signal-regulating kinase 1, which
subsequently prevents the pro-apoptotic actions of p38
MAPK and JNK.

Type 2 diabetes mellitus results from a combination of insu-
lin resistance and �-cell dysfunction (1–4), and it is now clear
that increased apoptosis plays a major role in the �-cell defect
(5). The initiation of �-cell apoptosis has been attributed to a
number of contributing factors, including glucolipotoxicity (6,
7), ER2 and oxidative stress (8, 9), cytokine actions (10), and
fibril formation of human islet amyloid polypeptide (11).
Several therapeutic strategies targeted at preserving �-cell

mass are currently under examination (12). As a result of their
insulinotropic activities (13–16), the incretin hormones gluca-
gon-like peptide 1 and glucose-dependent insulinotropic poly-
peptide (GIP) have been targeted as therapeutics for type 2 dia-
betes mellitus, and two approaches have been taken, extending
the half-lives of the peptides by inhibiting the enzyme respon-
sible for their degradation, dipeptidyl peptidase IV (17), and the
production of long acting incretin analogs (17, 18). Both hor-
mones also exert powerful pro-survival effects on pancreatic
�-cells (12, 19), and there is therefore considerable interest in
establishing whether, and how, they might preserve �-cell
mass.
Stimulation of �-cells with GIP results in the activation of

protein kinase A (PKA) (20–22), exchange protein activated by
cAMP 2 (EPAC2) (23), Erk1/2 (20, 21, 24), Ca2�-independent
phospholipase A2 (25), phosphoinositide 3-kinase (20, 21, 26),
and protein kinase B (Akt) (15, 20, 21). The roles of these sig-
naling modules in GIP-mediated cell survival are unclear. GIP
was shown to promote cell survival and inhibit the activation of
caspase-3 and caspase-8 in streptozotocin-treated INS-1 cells
(27), as well as to reduce the ER stress response in �-cells in a
similar manner to glucagon-like peptide 1 (28). Similarly, GIP
prevented the activation of caspase-9, poly(ADP-ribose) poly-
merase (21), and caspase-3 (29) and promoted the survival of
glucose- and serum-starved INS-1 cells (21, 29) by suppressing
the pro-apoptotic actions of p38 mitogen-activated protein
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duction of cAMP but not activation of PKA, Erk1/2, or phos-
phoinositide 3-kinase. Subsequently it was shown thatGIP pro-
moted the survival of �-cells exposed to glucolipotoxic stress,
and this was associated with reduced transcription of the key
pro-apoptotic protein bax and increased transcription of the
anti-apoptotic protein, bcl-2 (26). The mechanism underlying
bax regulation was, at least in part, due to Akt phosphorylation
of the transcription factor foxo-1 (26), thus inhibiting its
nuclear transport. The regulation of bcl-2 expression was later
shown to involve a complex interplay between PKA/cAMP-
response element-binding protein (CREB), the CREB co-acti-
vator TORC2, and diminished AMP kinase activity (30).
In response to various stresses, there are multiple changes in

the cellular distribution of pro- and anti-apoptotic bcl-2 family
members that can result in mitochondrial release of cyto-
chrome c, activation of caspase-3 and caspase-9, and induction
of apoptosis (31–33). We postulated that GIP modulates the
dynamic interactions between cytoplasmic bcl-2 family mem-
bers and the mitochondria. In the current study, we examined
the effects of GIP on such interactions in INS-1 cells exposed to
staurosporine (STS), a rapid activator of themitochondria-me-
diated apoptotic pathway. Additionally, we established that a
major pathway by whichGIP exerts its effects on �-cell survival
is via an Akt-dependent (34) inhibition of the apoptosis signal-
regulating kinase 1 (ASK1), resulting in suppression of p38
MAPK and Jun N-terminal kinase (JNK).

EXPERIMENTAL PROCEDURES

Cell Culture for INS-1 and MIN6 Cells and Human Islets—
The INS-1�-cell line (clone 832/13) was kindly provided byDr.
C. B.Newgard (DukeUniversityMedical Center,Durham,NC).
Cells were maintained in 11 mM glucose RPMI 1640 (Sigma)
supplemented with 2 mM glutamine, 50 �M �-mercaptoetha-
nol, 10 mM HEPES, 1 mM sodium pyruvate, 10% fetal bovine
serum, 100 units/ml penicillin G-sodium, and 100 �g/ml strep-
tomycin sulfate. Mouse insulinoma �-cells (MIN6) were cul-
tured in 25 mM glucose Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% fetal bovine serum, 100
units/ml penicillinG-sodium, and 100�g/ml streptomycin sul-
fate. Human islets were provided by the Centre for Human Islet
Transplant and �-cell Regeneration at the University of British
Columbia and maintained in RPMI 1640 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 (3 mM) glucose. Reagents used in
experiments were all from Calbiochem, except staurosporine
and thapsigargin (Sigma).
Cell Lysis and ASK1 in Vitro Kinase Assay—Cells were lysed

in 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM

�-glycerophosphate, 1 mMNa3VO4, 1 �g/ml leupeptin supple-
mented with 1 mM phenylmethylsulfonyl fluoride and 1� Pro-
teinase inhibitor mixture set III (Calbiochem #539134). For
ASK1 kinase assays, endogenous ASK1 protein was immuno-
precipitated from untransfected INS-1 cells with an anti-ASK1
antibody (Santa Cruz Biotechnology) conjugated to Protein

A-Sepharose beads (Invitrogen). Beads from immunoprecipi-
tateswerewashed twice in 500�l of lysis buffer and twice in 500
�l of kinase buffer and subsequently resuspended in 60 �l of
kinase buffer containing 200 �M ATP and 0.75 �g of a GST-
tagged Mek6 fusion peptide (Cell Signaling Technology) that
was used as a substrate for ASK1. Kinase reactions were per-
formed at 30 °C for 30min. Phosphorylation of GST-Mek6 was
determined by Western analysis with anti-phospho-Mek 3/6
antibody (Cell Signaling Technology).
Western Blot—Cell lysates were subjected to 10% (for ASK1)

or 15% SDS-PAGE and electroblotted onto nitrocellulose
membrane (Bio-Rad). Antibodies used to probe membranes
were as follows. Santa Cruz Biotechnology was the supplier for
anti-ASK1 (H-300, recognizes total human and rat protein).
Cell Signaling Technology (Beverly, MA) was the supplier for
anti-Akt (antibody 9272), anti-Akt1 (mouse mAb, 2H10, anti-
body 2967), anti-Akt2 (rabbit mAb, 5B5, antibody 2964), anti-
Akt3 (antibody 4059), anti-�-actin (antibody 4967), anti-bad
(antibody 9292), anti-bax (antibody 2772), anti-bcl-2 (antibody
2876), anti-bcl-XL (antibody 2762), anti-bim (antibody 2819),
anti-�-tubulin (antibody 2146), anti-caspase-3 (rabbit mAb,
8G10, recognizes full-length and cleaved caspase-3), anti-COX
IV (antibody 4844), anti-cytochrome c (rabbit mAb, 136F3),
anti-GST (antibody 2622), anti-JNK (antibody 9252), anti-p38
MAPK (antibody 9212), anti-phospho-ASK1 (Ser83, antibody
3761, detects human isoform but not rat), anti-phospho-ASK1
(Ser845, antibody 3765, detects human isoform but not rat),
anti-phospho-bad (Ser112, antibody 9291), anti-phospho-JNK
(Thr183/Tyr185, mouse mAb, G9), anti-phospho-Mek 3/6
(Ser189/207, antibody 9231), and anti-phospho-p38 MAPK
(Thr180/Tyr182, antibody 9211). 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).
Transfection of Plasmid Constructs and siRNA—The

pcDNA3 construct encoding human ASK1 and a kinase-dead
ASK1 containing a methionine mutation at lysine 709, which
was used for the purpose of producing a dominant negative
effect (Fig. 6D), were gifts fromDr. Hidenori Ichijo (Laboratory
of Cell Signaling, The University of Tokyo (35)). The same
ASK1 construct but containing an alanine mutation at serine
83, which prevented Akt-mediated phosphorylation of ASK1
(Fig. 6E), was a gift from Dr. Moses Chao (Skirball Institute for
Biomolecular Medicine, New York University Medical Center
(36)). The construct encoding kinase-dead Akt, used for the
purpose of producing a dominant negative effect (Fig. 5C), was
described previously (34). To transfect cells, DNA was incu-
bated with LipofectamineTM LTX (Invitrogen) and PLUSTM
reagent (Invitrogen) at a ratio of 2 �g of DNA/6.0 �l of Lipo-
fectamine LTXTM/2.0 �l of PLUSTM in 200 �l of Opti-MEM I
(Amersham Biosciences) for 30 min at room temperature and
added to 2 � 106 cells in 1 ml of maintenance media without
antibiotics. Media were replaced withmaintenancemedia con-
taining antibiotics after 6–16 h, and experiments were per-
formed 36 h following transfection. The protocol for transfec-
tion of siRNAwas adapted fromKibbey et al. (37). Briefly, Akt 1
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siRNA (siRNA ID: SASI_Rn01_00063656, Sigma) and Akt 2
siRNA (siRNA ID: SASI_Rn01_00047688, Sigma) or scramble
(control) siRNA (Cell Signaling Technology; catalogue no.
6568) were incubated with 10 �l of RNAifect Transfection rea-
gent (Qiagen, catalogue no. 301605) in 200 �l of Opti-MEM I
for 30 min at room temperature and then added to 1.5 � 106
cells in 1 ml of maintenance media without antibiotics (final
concentrations of Akt 1/2 siRNAwere 100 nM each, and scram-
ble siRNAwas 200 nM).Media were replacedwithmaintenance
media with antibiotics after 6–16 h, and experiments were per-
formed �72 h following transfection.
Mitochondrial/Cytosolic Fractionation and Bax Cross-link-

ing—The cytosol and mitochondrial fractions of cells were
obtained using the BioVision fractionation kit (MountainView,
CA) according to themanufacturer’s protocol. Cross-linking of
bax was performed using the method described by Kim et al.
(38). Briefly, 10 mM bismaleimidohexane (Pierce) was incu-
bated with isolated mitochondria for 30 min at room tempera-
ture. The reaction was terminated with SDS loading buffer, and
levels of cross-linked baxwere determined viaWestern analysis
with anti-bax antibody.
Cell Death Assays—Apoptosis was determined using the

APOPercentageTM apoptosis assay kit according to the manu-
facturer’s protocol (Biocolor, Northern Ireland). To determine
total cell death, INS-1 cells were treated in media containing
500 ng/ml propidium iodide (Invitrogen) and 250 ng/ml
Hoechst (Sigma), and cell deathwasmeasured by counting pro-
pidium iodide-positive nuclei, and total cell number was meas-
ured by counting Hoechst-positive nuclei. Propidium iodide

and Hoechst were imaged with a
Cellomics Arrayscan VTI (Thermo
Fisher Scientific Inc.), and % cell
death was calculated as the number
of propidium iodide-positive cells/
Hoechst-positive cells multiplied by
100.
Statistical Analysis—Data, ex-

pressedasmean�S.E.,wereanalyzed
using the non-linear regression anal-
ysis program PRISM (GraphPad, San
Diego, CA). Values of n in all cases
represent individual experiments.
Statistical significance of differences
inmean value was tested using analy-
sis of variance with the Newman-
Keulsposthoc test.Apvalueof�0.05
was considered significant.

RESULTS

GIP Inhibits the Mitochondria-
mediated Apoptotic Pathway in
STS-treated INS-1 Cells—It was
previously shown that GIP signaling
protects STS-treated INS-1 cells
fromcell death in anAkt-dependent
manner (34). To determine if this
was due to GIP-mediated inhibi-
tion of the mitochondria-medi-

ated apoptotic pathway, apoptosis assays and cytochrome c
release studies were performed on INS-1 cells treated with
100 nM STS � 10 nM GIP (STS � GIP). Stimulation with GIP
resulted in a significantly delayed onset and reduced levels of
apoptosis (Fig. 1A), and this occurred in a concentration-de-
pendent manner (EC50 � 515 � 32 pM; Fig. 1B). In parallel
experiments, the effects of 0–6 h STS treatment on release
of mitochondrial cytochrome c into the cytoplasm and the
cleavage of caspase-3 were studied. After 4 h, STS treatment
caused a significant increase in both released mitochondrial
cytochrome c (Fig. 1C) and cleaved caspase-3 levels (Fig. 1D).
These responses were potently suppressed by the presence of
GIP, indicating that its promotion of cell survival was
mediated through suppression of mitochondrial-mediated
apoptosis.
GIP-mediatedAnti-apoptotic SignalingRequires the Production

of cAMP but Does Not Involve Insulin Autocrine Signaling—
GIP activates adenylate cyclase, with subsequent production of
cAMP in �-cells (14). Promotion of STS-treated INS-1 cell sur-
vival by GIP was previously shown to involve EPAC2 but not
PKA (34). To determine whether cAMP was required for GIP-
mediated survival signaling, INS-1 cells were treatedwithout or
with STS�GIP for 6 h in the absence or presence of the adeny-
late cyclase inhibitor, MDL-12,300A. The inhibitor had no
additive effect on STS-induced cell death yet completely
ablated the pro-survival effects of GIP (Fig. 2A), thus defini-
tively showing that GIP-mediated survival requires the produc-
tion of cAMP.GIP-mediated cAMPproduction promotes insu-
lin release via activation of PKA (22) and EPAC2 (23). This

FIGURE 1. GIP inhibits the mitochondria-mediated apoptotic pathway in STS-treated INS-1 cells. A, INS-1
cells were treated without or with STS (100 nM) � 10 nM GIP for 0 – 8 h, and onset of apoptosis was determined
(mean � S.E. (n � 4); #, p � 0.05 versus DMSO control; $, p � 0.05 versus STS without GIP). B, INS-1 cells were
treated without or with STS plus increasing concentrations of GIP (0 –100 nM) for 6 h, and onset of apoptosis
was determined (mean � S.E. (n � 7); $, p � 0.05 versus DMSO control; #, p � 0.05 versus STS without GIP). In the
upper right is the concentration-survival response with the calculated EC50 value. C, INS-1 cells were treated
without or with STS � 10 nM GIP for 0 – 4 h, and Western analysis was performed on mitochondrial or cytoplas-
mic protein fractions with the indicated antibodies. D, INS-1 cells were treated without or with STS � 10 nM GIP
for 0 – 6 h, and Western analysis was performed on whole cell lysates with indicated antibodies. Shown in C and
D are representative blots of at least three independent experiments. Anti-�-actin and anti-COX IV were inter-
nal controls.
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raised the possibility that at least a component of the pro-sur-
vival effects of GIP could bemediated via an autocrine action of
insulin. Although all experimentswere performedwith low glu-
cose conditions, under which GIP does not stimulate insulin
release (39), reports that low levels of insulin (�200 pM) exert
anti-apoptotic effects on �-cells (40, 41) made it necessary to
exclude autocrine insulin signaling as a pathway by which GIP
acted. This possibility was examined by treating INS-1 cells
with or without STS with increasing concentrations (0–100
nM) of insulin for 6 h and comparing responses to those with
GIP, forskolin, and IGF-I. Although significant protection of
INS-1 cells was observed with GIP, forskolin, and IGF-I, insulin
had no effect exceptwith an extremely high level, which is capa-
ble of cross-reacting with the IGF-I receptor (Fig. 2B). Based on
this finding, we considered it unlikely that insulin played a sig-
nificant role in promoting INS-1 cell survival under GIP-
treated conditions.
GIP Dynamically Regulates Mitochondrial Levels of Bad and

Bim and Activation of Mitochondrial Bax—Cell release of
mitochondrial cytochrome c and initiation of the apoptotic
program is coordinated by the bcl-2 family of proteins (31–33).
Therefore, we examined whether GIP stimulation regulated
mitochondrial levels of three pro-apoptotic proteins, bax, bad,
and bimEL, and two anti-apoptotic proteins, bcl-2 and bcl-XL,
in STS-treated INS-1 cells. Following treatment with STS �
GIP for 4 h, total or mitochondrial/cytoplasmic protein frac-
tions were collected and analyzed viaWestern blot (Fig. 3). STS
induced a significant increase inmitochondrial levels of bcl-XL,
bad, and bimEL, and there was a trend for increased bax, but
bcl-2 levels were unaltered. In the presence of GIP, levels of
mitochondrial bax, bad, and bimEL were all similar to control
levels. However, GIP had no effect on levels of mitochondria-
associated bcl-XL. STS also induced a significant elevation in
total bad protein levels that was ablated by GIP treatment. Bax
is a key pro-apoptotic protein, and elevated levels of mitochon-
drial bad and bimEL and the associated release of cytochrome c

indicated that bax was activated in
STS-treated cells. Upon activation,
bax undergoes a conformational
shift and forms homodimers, and it
has been established that this acti-
vated state can be measured using
the bismaleimidohexane cross-link-
ing method (38). Therefore, in par-
allel to the studies above, the func-
tional state of bax was examined in
mitochondrial samples collected
from INS-1 cells treated without or
with STS � GIP. STS treatment
resulted in a dramatic increase in
cross-linked bax levels that were
significantly diminished by GIP
stimulation (Fig. 3E). This func-
tional change in bax activity was
shown to be directly linked to cell
survival, because a bax channel
blocker suppressed the onset of STS-
induced cell death in a concentra-

tion-dependent manner (Fig. 3F). Collectively, these studies indi-
cate that the protective effects of GIP on STS-treated INS-1 cells
were largely mediated through inhibition of bax activity, which
likely involves a signaling pathway that inhibits translocation of
pro-apoptotic bad and bimEL proteins to themitochondria.
GIP-mediated Anti-apoptotic Signaling in STS-treated INS-1

Cells Does Not Require Transcriptional Changes—Given the
rapid onset of STS-induced INS-1 cell death, it is unlikely that
the effects of STS or GIP in this study involved changes in gene
transcription but rather pro- and anti-apoptotic signals medi-
ated via the existing bcl-2 family member proteins. However,
because there was a significant elevation in bad protein levels in
whole cell lysates (Fig. 3, A and D) a role for transcriptional
changes could not be excluded, and INS-1 cells were therefore
treated without or with STS � GIP in the absence or presence
of the mRNA translation inhibitor, cycloheximide (CHX) (Fig.
4). Treatment of cells with CHX and/or STS resulted in
increased cell death in association with an elevation in bad pro-
tein, and stimulation with GIP significantly reduced these
effects. Transcriptional changeswere therefore not required for
the activation of cell death by STS or the inhibition of cell death
by GIP. Moreover, because STS � inhibition of protein trans-
lation with CHX resulted in elevated bad protein levels, the
increase in bad protein levels in STS-treated cells was likely due
to a decrease in bad degradation.
GIPMediates Anti-apoptotic Signaling via Dual Suppression

of p38 MAPK and JNK—Because treatment with STS resulted
in actions on bcl-2 family proteins that were reversed by GIP,
attempts were made to identify the upstream signaling events
involved. Both p38 MAPK and JNK are central pro-apoptotic
proteins in �-cells (6–11, 42, 43) that can act on bax (44), bad
(45, 46), and bimEL (47), and we showed previously that Akt is
required for the survival effects of GIP in STS-treated INS-1
cells (34). Studies using selective inhibitors, overexpression of
dominant negative Akt (AktDN), and Akt 1 and 2 siRNA were
therefore used to determine if GIP promoted INS-1 cell survival

FIGURE 2. GIP-mediated anti-apoptotic signaling requires the production of cAMP but does not involve
insulin autocrine signaling. A, INS-1 cells were treated without or with STS (100 nM) � 10 nM GIP for 6 h in the
presence or absence of the adenylate cyclase inhibitor, MDL-12,300A (200 �M), and cell death was determined
(mean � S.E. (n � 5); #, p � 0.05 versus DMSO control; $, p � 0.05 versus STS without GIP; %, p � 0.05 versus STS
plus GIP without MDL-12,300A). B, INS-1 cells were treated without or with STS (100 nM) plus increasing con-
centrations of insulin (0 –100 nM), IGF-I (10 nM), GIP (10 nM), or forskolin (1 �M) for 6 h (mean � S.E. (n � 8); #, p �
0.05 versus DMSO control; $, p � 0.05 versus STS without GIP; %, p � 0.05 versus STS plus GIP without
MDL-12,300A).
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viaAkt-dependent inhibition of p38MAPKand/or JNK. Firstly,
INS-1 cells were treated without or with STS � GIP for 4 h in
the absence or presence of Akt inhibitor IV (Akti). Treatment
with STS resulted in elevated levels of phosphorylatedMek 3/6
(upstream kinase of p38 MAPK), p38 MAPK, and JNK (active
forms), and this was associated with a marked dephosphoryla-
tion of bad112 (active form (48, 49)) and elevated levels of
cleaved caspase-3 (Fig. 5A). GIP stimulation almost ablated the
effects of STS onMek 3/6, p38MAPK, JNK, bad, and caspase-3
in the absence, but not in the presence, of Akti. Next, parallel
experiments were performed with INS-1 cells transfected with
GFP or AktDN (Fig. 5B) as well as with cells transfected with
scramble or Akt 1 and 2 siRNA (Fig. 5C; supplemental Fig. S1
demonstrates the selective knockdown of Akt 1 and 2 and not
Akt 3). Similar to the effects of Akti, overexpression of AktDN
and knockdown of Akt 1 and 2 clearly reduced the ability of GIP
to suppress the effects of STS on p38 MAPK, JNK, Bad, and
caspase-3. To determine if the effects of STS on phosphorylated
bad112 and INS-1 cell survival were due to activation of p38
MAPK and/or JNK, INS-1 cells were treated without or with
STS � the p38 MAPK inhibitor, SB 203580 (p38i), and/or the
JNK inhibitor, SP 600125 (JNKi) (Fig. 5, D and E); similarly,

concentration-response studies were performed with these
inhibitors as well as an additional p38 MAPK inhibitor, SB
202190, and the JNK inhibitor, JNK inhibitor VIII (supplemen-
tal Fig. S2). Inhibition of p38 MAPK and JNK prevented STS-
induced dephosphorylation of bad112 and promoted the sur-
vival of INS-1 cells. Noteworthy was the fact that survival of
cells treated with both inhibitors (p38i � JNKi) was equivalent
to that achieved with GIP (Fig. 5E). To additionally validate the
findings observed in INS-1 cells, the effects of STS � GIP and
STS � p38i and JNKi were determined in an alternative �-cell
line, mouse insulinoma (MIN6) cells (supplemental Fig. S3).
Treatment of MIN6 cells with STS also induced phosphoryla-
tion of p38 MAPK and JNK and dephosphorylation of bad112
and elevated levels of cleaved caspase-3 and cell death, all of
which were diminished by GIP (supplemental Fig. S3,A and B).
Similarly, p38i and JNKi suppressed the dephosphorylation of
Bad112 as well as increased levels of cleaved caspase-3 and cell
death (supplemental Fig. S3, C andD). To validate whether the
effects of GIP on bcl-2 family proteins were due to inhibition of
p38i and JNKi, INS-1 cells were next treated without or with
STS � both p38i and JNKi, and mitochondrial/cytoplasmic
fractions were collected for analysis of levels of mitochondrial

FIGURE 3. GIP dynamically regulates mitochondrial levels of bad and bimEL and activation of mitochondrial bax. A, INS-1 cells were treated without or
with STS (100 nM) � 10 nM GIP for 4 h, and Western analysis was performed on mitochondrial and cytoplasmic protein fractions and total cell lysates with
indicated antibodies. B–D, for quantification, protein levels were normalized to �-tubulin (cytoplasmic, B), COX IV (mitochondrial, C), or �-actin (cell lysates, D)
(mean � S.E. changes in protein level relative to control; #, p � 0.05; n � 3– 6). E, INS-1 cells were treated without or with STS � 10 nM GIP for 4 h, and Western
analysis was performed with the indicated antibodies on mitochondrial protein fractions that were incubated with 10 mM bismaleimidohexane (BMH) for 30
min at room temperature. Shown are representative blots of at least three independent experiments. Anti-COX IV was an internal control. F, INS-1 cells were
treated without or with STS plus increasing concentrations of bax channel blocker (0 –5 �M) for 6 h, and cell death was determined (mean � S.E. of cell death
(n � 5); #, p � 0.05 versus STS alone).
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bimEL, bax, and bad (Fig. 5F). Treatment of INS-1 cells with
p38i and JNKi prevented STS-induced elevations in bimEL,
bax, and bad, similar to that found in cells treated with GIP (see
Fig. 3, A–C). Moreover, STS-induced activation of mitochon-
drial bax was also prevented by treatment of INS-1 cells with
p38i and JNKi (Fig. 5G). Together, these studies indicate that
the suppression of p38MAPK and JNK byGIP can fully explain
the anti-apoptotic actions of GIP in STS-treated INS-1 cells.
GIP Suppresses p38 MAPK and JNK Activation via Akt-me-

diated Inhibition ofASK1 in INS-1Cells andHuman Islets—We
then sought to identify the link between Akt signaling and dual
inhibition of p38MAPK and JNK. ASK1 is an upstreamMAPK
kinase kinase that phosphorylates (activates) bothMek 3/6 and
Mek 4/7, which then phosphorylate their downstream targets,
p38 MAPK and JNK, respectively (35, 50). Akt has been shown
to phosphorylate ASK1 at the serine 83 residue (ASK183 (36,
51)) in several cell lines, resulting in inactivation, and this was
associated with decreased phosphorylation at threonine 845
(ASK1845 (50, 51)) a site that is important for its activation. The
ability of GIP to inhibit ASK1 in INS-1 cells via elevating phos-
phorylated levels of ASK183 and preventing STS-induced
increases in phosphorylated levels of ASK1845 was therefore
evaluated. Because currently available antibodies directed
against the phosphorylated ASK183 and ASK1845 epitope rec-
ognize the human protein but not those from rat, INS-1 cells
were transfected with a pcDNA3 vector that expressed the
wild-type human ASK1 protein. Cells were then treated with-
out or with STS � GIP, and levels of phosphorylated ASK183
and ASK1845 were determined via Western blot. In untrans-

fected INS-1 cells, endogenous (rat) ASK1 protein was
detected, but, as expected, there were no detectable levels of
phosphorylated ASK183 or ASK1845 (Fig. 6A). In comparison,
the human ASK1 protein was efficiently expressed in trans-
fected cells (Fig. 6A). In STS-treated cells the levels of phospho-
rylated human ASK183 were markedly reduced, and phospho-
rylated human ASK1845 levels were increased relative to
untreated cells (control), whereas GIP treatment neutralized
the effects of STS on the phosphorylation state of human ASK1
(Fig. 6A). Although the phosphorylation state of endogenous
ASK1 could not be detected, to ensure that GIP regulated
endogenous ASK1 activity in INS-1 cells, untransfected INS-1
cells were treatedwithout or with STS�GIP, then endogenous
ASK1 protein was immunoprecipitated and ASK1 enzyme
activity was determined using an in vitro kinase assay. STS
treatment of INS-1 cells caused a significant increase in the
enzyme activity of ASK1, and this was blunted in cells treated
with GIP (Fig. 6, B and C). To verify that the effects of STS on
p38 MAPK and JNK were mediated by ASK1, INS-1 cells were
transfected with pcDNA3 vector expressing GFP (control) or
kinase-dead ASK1 (dominant negative) and treated without or
with STS. Although there was no detectable effect in cells not
treated with STS, the effects of STS on p38 MAPK, JNK, and
caspase-3 were reduced in INS-1 cells expressing kinase-dead
ASK1 relative to those expressing GFP (Fig. 6D). To then verify
that the protective effects of GIP on STS-treated INS-1 cells
was due to Akt-mediated phosphorylation of ASK183, INS-1
cells were transfected with pcDNA3 vector expressing wild-
type ASK1 (ASK1WT) or ASK1 containing an alanine mutation
at serine 83 (ASK1S83A) and treated without (control) or with
STS � GIP. As validation of this mutant, Western blot analysis
with anti-ASK183 antibody showed detectable levels of phos-
phorylated ASK183 in INS-1 cells transfected with ASK1WT but
not ASK1S83A (Fig. 6E). However, more importantly, the ability
of GIP to suppress the effects of STS on p38 MAPK, JNK, and
caspase-3 was clearly reduced in INS-1 cells expressing
ASK1S83A relative to those expressingASK1WT (Fig. 6E). Lastly,
to establish that phosphorylation of transfected humanASK183
and ASK1845 equated to effects of GIP on endogenous ASK1 in
�-cells, responses to GIP were examined in human islets
treated without or with STS � GIP (Fig. 6F). Treatment of
human islets with STS resulted in decreased levels of phospho-
rylated ASK183, increased levels of phosphorylated ASK1845
and Mek 3/6, as well as increases in levels of cleaved caspase-3.
However, these effects were ablated in the presence of GIP,
indicating a similar role in regulating ASK1 activity in islets to
that observed with INS-1 cells.
GIP-mediated Suppression of p38 MAPK and JNK Also Pro-

motes the Survival of INS-1 Cells Exposed to ER and Genotoxic
Stress—It was next determined whether suppression of p38
MAPK and JNK is also involved in GIP signaling responses to
other pro-apoptotic stimuli. INS-1 cells were treatedwithout or
with 100 nM STS (mitochondrial stress), 500 nM thapsigargin
(ER stress), or 5 �M etoposide (genotoxic stress) � GIP for 4 h,
followed by Western analysis. In the presence of STS, thapsi-
gargin, or etoposide phosphorylated p38MAPK and JNK levels
were increased, phosphorylated bad112 levels were decreased,
and cleaved caspase-3 increased; each of these effects was

FIGURE 4. GIP-mediated anti-apoptotic signaling in STS-treated INS-1
cells does not require transcriptional changes. A and B, INS-1 cells were
treated without or with STS (100 nM) � 10 nM GIP for 4 h (A) or 6 h (B) in the
presence or absence of the mRNA translation inhibitor, cycloheximide (CHX,
10 �g/ml), and Western analysis was performed on cell lysates with indicated
antibodies (A) or cell death determined (B). In B, mean � S.E. of cell death (n �
4); #, p � 0.05 versus DMSO control; $, p � 0.05 versus STS without GIP; %, p �
0.05 versus STS plus CHX without GIP.
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greatly reduced with GIP treatment (Fig. 7A). In parallel exper-
iments extended to 6 h, levels of cell death were �30% in cells
treated with STS, thapsigargin, or etoposide, and GIP signifi-
cantly reduced these levels with all apoptosis-promoting agents
(Fig. 7B). Treatment of INS-1 cells without or with STS, thap-
sigargin, or etoposide � p38i or JNKi showed that both inhibi-
tors reduced cell death (Fig. 7C). Collectively this indicates that
inhibition of p38 MAPK and JNK is a key component of GIP-
mediated anti-apoptotic signaling in cells exposed to stress.

DISCUSSION

Akey feature in the pathogenesis of type 2 diabetesmellitus is
an inadequate insulin response for the prevailing blood glucose
level due to �-cell dysfunction and increased apoptotic �-cell
death (2, 4, 5). Currently it is not possible to quantify �-cell
mass in vivo, but evidence has been presented for improve-
ments in “functional �-cell mass” with a number of therapeu-
tics, including thiazolidinediones (12), interleukin-1 receptor

antagonists (10, 52), and agents that mimic or enhance incretin
actions (12, 15, 19, 53). The development of therapies with
demonstrated ability to prevent islet loss and preserve �-cell
mass is one of the primary goals in diabetes research, and pre-
clinical studies have demonstrated that incretin analogs and
mimetics have the potential to fulfill such a role (13–15, 17–19).
GIP has been shown to promote �-cell survival by modulat-

ing the activity of multiple signalingmodules (16, 21, 26, 29, 30,
34) and regulating gene transcription of anti-apoptotic bcl-2
and pro-apoptotic bax (26, 30). Disruption of the signaling
pathway involved in regulating bcl-2 expression resulted in a
reduced ability of GIP to suppress caspase-3 activation (30).
Therefore GIP and glucagon-like peptide 1 appear to play
important roles in regulating the amounts of mitochondria-
associated bcl-2 family members at levels that are appropriate
for maintaining cell integrity under unstressed conditions. As
with other cells, the �-cell is exposed to various stresses requir-
ing responses to counteract the redistribution of pro-apoptotic

FIGURE 5. GIP mediates anti-apoptotic signaling via dual suppression of p38 MAPK and JNK. A, INS-1 cells were treated without or with STS (100 nM) � 10
nM GIP for 4 h in the absence or presence of Akt inhibitor IV (Akt IV, 400 nM), and Western analysis was performed on total cell lysates with the indicated
antibodies. B, INS-1 cells transfected with GFP or dominant negative Akt (Akt-DN) were treated without or with STS (100 nM) � 10 nM GIP for 4 h, and Western
analysis was performed on total cell lysates with the indicated antibodies. C, INS-1 cells transfected with scramble or Akt 1 and 2 siRNA were treated without or
with STS (100 nM) � 10 nM GIP for 4 h, and Western analysis was performed on total cell lysates with the indicated antibodies. Of note, total protein levels of Akt
were reduced 60 –70% in cells transfected with Akt 1 and 2 siRNA. D, INS-1 cells were treated without or with STS � p38 MAPK inhibitor (p38i, SB 203580, 5 �M)
or JNK inhibitor (JNKi, SP 600125, 5 �M) for 4 h, and Western analysis was performed on total cell lysates with the indicated antibodies. E, INS-1 cells were treated
without or with STS � GIP, p38i, JNKi, or p38i and JNKi for 6 h, and cell death was determined (mean � S.E. of cell death (n � 6); #, p � 0.05 versus STS alone).
F, INS-1 cells were treated without or with STS � p38i and JNKi for 4 h, and Western analysis was performed on mitochondrial and cytoplasmic fractions with
the indicated antibodies. G, INS-1 cells were treated without or with STS � p38i and JNKi for 4 h, and Western analysis was performed on mitochondrial fractions
that were incubated with 10 mM bismaleimidohexane (BMH) for 30 min at room temperature. Shown in A–D, F, and G are representative blots of at least three
independent experiments. Anti-�-actin and anti-COX IV blots were internal controls.
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bcl-2 proteins from the cytoplasm to the mitochondria and
pore formation by bax and bak oligomers (6–11, 32, 33, 42,
54–57). In the current study, we examined how GIP regulates
the interactions of pro- and anti-apoptotic bcl-2 family proteins
with the mitochondria and thus suppresses apoptosis induced
in INS-1 �-cells by staurosporine, an apoptotic agent that
induces oxidative stress and activates the mitochondria-medi-
ated apoptotic pathway. In INS-1 �-cells, STS has been shown
to promote the generation of reactive oxygen species andmito-
chondrial lipid peroxidation, and the loss of mitochondrial
membrane potential (58). In the current study, cytochrome c
was found to be released from mitochondria within 4–6 h of
STS treatment, caspase-3 was activated, and apoptosis was ini-
tiated (Fig. 1). In the presence ofGIP, all of these processes were
suppressed in a concentration-dependent manner (Fig. 1). Pre-
vious studies have demonstrated that GIP stimulates insulin
secretion from the �-cell via a pathway that involves activation
of PKA (20–22) and EPAC2 (23). However, although cAMPhas
been previously implicated in GIP-mediated pro-survival
effects (29, 34), the current results clearly demonstrate a
dependence upon adenylate cyclase activation for this process,

and a contribution from autocrine insulin signaling appears
unlikely (Fig. 2). From the studies on bcl-2 familymembers, it is
evident that STS induced translocation of bad and bimEL to the
mitochondria as well as the activation of mitochondrial bax
(Fig. 3, A–E). The level of mitochondria-associated bcl-2
remained fairly constant during STS treatment, whereas that of
bcl-XL increased. This suggests a role for bcl-2 in regulating the
pro-apoptotic proteins bound under unstressed conditions,
with bcl-XL contributing during an apoptotic stimulus. GIP
almost completely counteracted the STS-induced increase in
association of bimEL, bax, and bad with the mitochondria (Fig.
3), and, because CHX treatment had no effect on bad levels,
caspase-3 activation, or protection against cell death, transcrip-
tional changes did not contribute significantly (Fig. 4). The
reduction in dimerization of bax in STS-treated cells induced
by GIP treatment (Fig. 3F) is likely a key component of GIP-
mediated survival, because it has been established that bax or
bak oligomerization is critical for the initiation of mitochon-
dria-associated apoptosis (31–33).
How does GIP activation of adenylate cyclase prevent the

apoptotic effects of STS? Recently, we demonstrated that GIP

FIGURE 6. GIP suppresses p38 MAPK and JNK activation via Akt-mediated inhibition of ASK1 in INS-1 cells and human islets. A, INS-1 cells transfected
without or with GFP or human ASK1 were treated without or with STS (100 nM) � 10 nM GIP for 4 h, and Western analysis was performed on total cell lysates with
the indicated antibodies. B, untransfected INS-1 cells were treated without or with STS � GIP for 4 h, and ASK1 in vitro kinase assays were performed on ASK1
protein that was immunoprecipitated with anti-ASK1 antibody. C, the mean � S.E. change in ASK1 in vitro kinase activity relative to control is shown (n � 5).
D, INS-1 cells transfected with GFP or dominant negative ASK1 (ASK1kinase-dead) were treated without or with STS (100 nM) for 4 h, and Western analysis was
performed on total cell lysates with the indicated antibodies. E, INS-1 cells transfected with wild-type ASK1 (ASK1WT) or ASK1 containing a S83A mutation
(ASK1S83A) were treated without or with STS (100 nM) � 10 nM GIP for 4 h, and Western analysis was performed on total cell lysates with the indicated antibodies.
F, human islets were treated without or with STS (100 nM) � 10 nM GIP for 4 h, and Western analysis was performed on total cell lysates with the indicated
antibodies. Shown in D and E are representative blots of three independent experiments. Anti-�-actin and anti-GST (GST-Mek 3/6) blots were internal controls.
Note: anti-ASK1 antibody detects both human and rat ASK1 protein.
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activates Akt (protein kinase B) through a non-canonical path-
way involving EPAC2 (34), and the inhibitor Akt IV (Akti)
blocked GIP-induced Akt activation. In the current studies,
STS treatment of INS-1 cells was shown to increase levels of
phosphorylatedMek 3/6, an upstream kinase, and phosphoryl-
ated (active) forms of both p38MAPK and JNK. All of the phos-
phorylation events, plus caspase-3 activation, were greatly
reduced by GIP treatment, in an Akti-sensitive manner (Fig.
5A). Furthermore, overexpression of AktDN or knockdown of
both Akt 1 and 2 produced similar results to Akti treatment
(Fig. 5,B andC), clearly demonstrating that Akt is central to the
pro-survival actions ofGIP in STS-treated INS-1 cells. Inhibitor
studies showed that p38 MAPK and JNK mediated STS-in-
duced dephosphorylation of bad112 (Fig. 5D), the mitochon-
drial translocation of bad and bimEL, and mitochondrial
release of cytochrome c (Fig. 5F) as well as the activation of
mitochondrial bax (Fig. 5G) and onset of cell death (Fig. 5E and
supplemental Fig. S2). Because combined inhibition of p38
MAPK and JNK promoted a similar level of survival to that
observed in INS-1 cells treated with GIP (Fig. 5E) and exerted
similar actions on mitochondrial bax activation (Fig. 5E), we
conclude that this pathway was central to GIP-promoted sur-
vival of STS-treated INS-1 cells. Similar results were found in
cells exposed to ER-stress (thapsigargin) and genotoxic stress
(etoposide) (Fig. 7, A and B), indicating that antagonism of the
p38 MAPK and JNK pathways is a common mechanism by
which GIP acts. Because bimEL and bad have well established
pro-apoptotic actions, and bad has previously been shown to
play an important role in �-cells (59, 60), the effects of GIP on
their cellular distribution likely played an important role in
reducing STS-induced INS-1 cell death. However, the precise

mechanismswhereby p38MAPKand JNKpromoted activation
of bax could not be determined in the current study. Both
kinases phosphorylate bax at threonine 167 (44), and, in cera-
mide-treated A549 cells, PP2A was shown to dephosphorylate
bax at serine 184 (61), an Akt target site that, when phospho-
rylated, inactivates the pro-apoptotic actions of bax (62). These
events could therefore result in bax activation and mitochon-
drial translocation, and their involvement could be an interest-
ing avenue for future �-cell research.

The link between GIP signaling and suppression of p38
MAPK and JNK was found to involve Akt-mediated suppres-
sion of ASK1 in INS-1 cells and human islets. Although human
and rodent �-cells have been shown to exhibit differences in
proliferative responses (63), the current studies indicate that
the core incretin-mediated anti-apoptotic pathways are con-
served. However, further studies are needed to establish
whether ASK1 plays a central role in cell death associated with
human diabetes. In this study, stimulation with GIP elevated
levels of phosphorylated ASK1 at the Akt target site, serine 83
(Figs. 6, A and F), phosphorylation of which has been shown to
inhibit ASK1 activation (36) as well as the downstream activa-
tion of p38 MAPK and JNK (35, 50). Similarly, GIP prevented
phosphorylation of the threonine 845 ASK1 activation site (Fig.
6, A and F) (50, 51). Consistent with this, GIP prevented STS-
induced elevations in ASK1 in vitro kinase activity (Fig. 6,B and
C) and phosphorylation of the downstream ASK1 target, Mek
3/6 (Figs. 5A and 6F). Of interest was that dominant negative
ASK1 suppressed STS-induced elevations in levels of phospho-
rylated p38 MAPK and JNK, as well as cleaved caspase-3 (Fig.
6D), and that INS-1 cells expressing ASK1 protein that lacked
the Akt phosphorylation site were resistant to the effects of GIP
onp38MAPK, JNK, and caspase-3 (Fig. 6E). This demonstrated
that the effect of STS and GIP on INS-1 cell death/survival was
relayed via signals sent to ASK1. To our knowledge, this is the
first study that identifies a key role for ASK1 in �-cells. In other
cell types such as lymphocytes, cardiac tissue, neurons, and
endothelial cells, ASK1 has been shown to operate as a redox
sensor that, upon exposure to excessive levels of reactive oxy-
gen species, activates the mitochondria-mediated apoptotic
pathway via activation of p38MAPK and JNK (50, 64). In agree-
ment with such a role, sustained activation of p38 MAPK and
JNK and the onset of apoptosis were significantly diminished in
mouse embryonic fibroblasts from ASK1 knockout mice that
were exposed to H2O2 and tumor necrosis factor-� (65). Stres-
sors that activate ASK1 include oxidative stress, ER stress, Ca2�

overload, and receptor-mediated inflammatory signals, and the
underlying mechanism that coordinates ASK1 activation
involves a high molecular weight complex described as the
“ASK1 signalosome” (50, 64). Bound to this complex is the anti-
oxidative protein, thioredoxin, the reduced formofwhich binds
the N-terminal region of ASK1, preventing ASK1 signaling.
When intracellular reactive oxygen species levels exceed the
anti-oxidative capacity of the cell, and thus convert thioredoxin
to the oxidized form, it dissociates from ASK1 and is no longer
inhibitory. ASK1 then commences to activateMek 3/6 andMek
4/7, which then activate p38MAPK and JNK, respectively. Fur-
thermore, even if thioredoxin is released from ASK1, an addi-
tional regulatory mechanism exists for ASK1 in which Akt

FIGURE 7. GIP-mediated suppression of p38 MAPK and JNK also pro-
motes the survival of INS-1 cells exposed to ER and genotoxic stress. A,
INS-1 cells were treated without or with STS (100 nM), thapsigargin (500 nM),
or etoposide (5 �M) � 10 nM GIP for 4 h, and Western analysis was performed
on total cell lysates with the indicated antibodies. Shown are representative
blots of at least three independent experiments. Anti-�-actin blot was an
internal control. B, INS-1 cells were treated without or with STS, thapsigargin,
or etoposide � GIP for 6 h, and cell death was determined (mean � S.E. of cell
death (n � 6); #, p � 0.05 as indicated). C, INS-1 cells were treated without or
with STS, thapsigargin, or etoposide � p38i (5 �M) or JNKi (5 �M) for 6 h, and
cell death was determined (mean � S.E. of cell death (n � 6); #, p � 0.05 versus
STS only; $, p � 0.05 versus thapsigargin only; %, p � 0.05 versus etoposide
only).
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phosphorylates serine 83 and prevents ASK1 activation (36), as
found under GIP-stimulated conditions in the current study.
This constitutes an intriguing scenario in which, even in the
presence of elevated intracellular stress, extracellular signals
can relay instructions to the cell, via Akt, resulting in the inter-
ception of ongoing pro-apoptotic signals, and it highlights the
complex balance between life and death signaling in the cell.
In summary, we have shown that GIP promotes �-cell sur-

vival in STS (mitochondrial stress)-treated INS-1 cells and
human islets via Akt-dependent inhibition of ASK1, resulting
in the dual suppression of p38 MAPK and JNK. This restrains
the mitochondrial translocation of bad and bimEL and activa-
tion of mitochondrial bax, thus preventing the release of cyto-
chrome c, activation of caspase-3, and onset of apoptosis.
Because GIP induced similar effects in INS-1 cells exposed to
thapsigargin (ER stress) and etoposide (genotoxic stress), the
Akt/ASK1 pathway appears to be a key component of GIP anti-
apoptotic signaling.
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