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Background: �-Cell apoptosis, a critical contributor to T1D, involves iPLA2� activation and is suppressed by Bcl-x(L).
Results: iPLA2�-derived lipids activate an alternative 5�-splice site, reducing protective Bcl-x(L) protein.
Conclusion: Modulation of Bcl-x splicing is another key mechanism by which iPLA2�-derived lipids promote �-cell apoptosis.
Significance: Delineation of molecular mechanisms underlying iPLA2�-regulated splicing will elucidate novel strategies to
counter �-cell death in T1D.

Diabetes is a consequence of reduced �-cell function and
mass, due to �-cell apoptosis. Endoplasmic reticulum (ER)
stress is induced during �-cell apoptosis due to various stimuli,
and our work indicates that group VIA phospholipase A2�
(iPLA2�) participates in this process. Delineation of underlying
mechanism(s) reveals that ER stress reduces the anti-apoptotic
Bcl-x(L) protein in INS-1 cells. The Bcl-x pre-mRNA undergoes
alternative pre-mRNA splicing to generate Bcl-x(L) or Bcl-x(S)
mature mRNA. We show that both thapsigargin-induced and
spontaneous ER stress are associated with reductions in the
ratio of Bcl-x(L)/Bcl-x(S) mRNA in INS-1 and islet �-cells. How-
ever, chemical inactivation or knockdown of iPLA2� augments
the Bcl-x(L)/Bcl-x(S) ratio. Furthermore, the ratio is lower in
islets from islet-specific RIP-iPLA2� transgenic mice, whereas
islets from global iPLA2��/� mice exhibit the opposite pheno-
type. In view of our earlier reports that iPLA2� induces cer-
amide accumulation through neutral sphingomyelinase 2 and
that ceramides shift the Bcl-x 5�-splice site (5�SS) selection in
favor of Bcl-x(S), we investigated the potential link between
Bcl-x splicing and the iPLA2�/ceramide axis. Exogenous C6-cer-
amide did not alter Bcl-x 5�SS selection in INS-1 cells, and neu-
tral sphingomyelinase 2 inactivation only partially prevented
the ER stress-induced shift in Bcl-x splicing. In contrast, 5(S)-
hydroxytetraenoic acid augmented the ratio of Bcl-x(L)/Bcl-x(S)

by 15.5-fold. Taken together, these data indicate that �-cell
apoptosis is, in part, attributable to the modulation of 5�SS
selection in the Bcl-x pre-mRNA by bioactive lipids modu-
lated by iPLA2�.

Accumulating evidence suggests that �-cell apoptosis under-
lies the pathogenesis of both type 1 (T1D)3 and type 2 diabetes
(1– 6). Reduced �-cell mass has been observed both in animal
models of diabetes and in autopsies of type 2 diabetes subjects,
and this has been linked to increased apoptosis rather than
reduced proliferation (7–9). For example, �-cells of the diabetic
Akita and NOD mouse strains are hypersensitive to pro-apo-
ptotic stimuli (10 –12), and pro-inflammatory cytokines induce
�-cell apoptosis, a critical event contributing to the develop-
ment of autoimmune T1D (13, 14). In addition, accumulation
of misfolded insulin in the ER is reported to promote ER stress
and lead to �-cell apoptosis and diabetes (2, 15). Despite the
mounting evidence connecting �-cell apoptosis to diabetes
mellitus, the underlying biochemical and molecular mecha-
nisms contributing to �-cell apoptosis have yet to be com-
pletely elucidated.

Our ongoing work reveals prominent roles for �-cell-derived
lipid signals in processes that eventually lead to apoptosis of the
�-cells. In particular, we demonstrated that the group VIA
phospholipase A2 (iPLA2�) plays a key role in this event. The
iPLA2� is a member of the phospholipase A2 family of enzymes,
which hydrolyze the sn-2 fatty acid from membrane phospho-
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lipids to release a free fatty acid and a lysolipid (16). In pancre-
atic islets, iPLA2� is predominantly localized in �-cells (17–19),
and our studies reveal that expression and activity of iPLA2�
are increased when �-cells undergo ER stress-induced apopto-
sis (12, 17, 18, 20, 21). Activation of iPLA2� also induces neutral
sphingomyelinase 2 (NSMase2), resulting in accumulation of
pro-apoptotic ceramides (12, 17, 18, 22). Various strategies
(selective inhibitors, siRNA, and genetic-modulation) indicate
a role for iPLA2� and subsequent NSMase2-derived ceramides
in ER stress-induced �-cell apoptosis (12, 17, 18, 20 –23). Fur-
thermore, we recently demonstrated that iPLA2� inhibition
reduces T1D incidence (24).

ER stress-induced �-cell apoptosis is mediated through the
intrinsic pathway, which is dependent on mitochondrial dys-
function and activation of caspase-9 (20, 25). Our studies indi-
cate that activation of iPLA2� in �-cells undergoing ER stress
promotes loss of mitochondrial membrane potential and
resultant apoptosis of the �-cells (12, 17, 18, 23). The intrinsic
apoptosis pathway is regulated by members of the Bcl-2 family
of proteins that can be pro- or anti-apoptotic, depending on the
spectrum of Bcl-2 homology (BH) domains that they contain.
Among the anti-apoptotic Bcl-2 family members is Bcl-x(L),
which associates with mitochondrial membranes and prevents
their permeabilization, an early step in the intrinsic apoptosis
pathway (26, 27). Overexpression of Bcl-x(L) has been corre-
lated with increased survival of a variety of cells and tissues (28),
including islet �-cells (29 –31). Bcl-x(L)-null �-cells are hyper-
sensitive to pro-apoptotic stimuli, and reduced expression of
Bcl-x(L) protein correlates with �-cell apoptosis in response
to immunosuppressive drugs or high glucose (29 –32). Con-
versely, overexpression of exogenous Bcl-x(L) protects �-cells
from pro-inflammatory cytokine- and thapsigargin-induced
apoptosis (32, 33). These observations suggest that stabilization
of the Bcl-x(L) protein mass could be a key to preserving �-cell
viability. However, very little is known of the processes that
regulate endogenous Bcl-x(L) protein in �-cells.

Modulation of Bcl-x(L) expression is a complex mechanism
consisting of both transcriptional and post-transcriptional pro-
cesses. Among the well studied regulatory mechanisms in non-
�-cell systems is alternative splicing of Bcl-x pre-mRNA. This is
a common process among the regulators of apoptosis and often
leads to generation of both pro- and anti-apoptotic proteins
from a single pre-mRNA (28, 34). Bcl-x(L) is the most abundant
variant of the Bcl-x pre-mRNA, but other species can be gener-
ated at the expense of the mature mRNA encoding this anti-
apoptotic protein (28). For instance, a well documented Bcl-x
splicing event is the one that determines whether Bcl-x(L) or
Bcl-x(S) is generated. Bcl-x(S) is produced by activation of an
upstream 5�-splice site (5�SS) within the Bcl-x exon 2 and
blockage of the downstream (Bcl-x(L)-specific) 5�SS in Bcl-x
exon 2. RNA oligonucleotides targeted to the downstream 5�SS
induce Bcl-x(S) expression, down-regulate Bcl-x(L) protein,
and sensitize tumor cells to chemotherapy (35, 36). Thus, reg-
ulation of the 5�SS selection within the Bcl-x exon 2 is a critical
factor in determining whether a cell is susceptible or resistant to
apoptosis. Although molecular mechanisms controlling Bcl-x
splicing have been studied, the mechanisms differ substantially
depending on the cell system. For example, de novo ceramide

generation in response to chemotherapeutics and apoptotic
agonists (e.g. Fas ligand) has been implicated in the activation of
the Bcl-x(S) 5�SS in transformed cells (37). In contrast, Chabot
and co-workers (38) have implicated a classical protein kinase C
mechanism for regulating Bcl-x RNA splicing in nontrans-
formed cells. Hence, the signaling mechanism in a particular
cell system must be considered, and to date, Bcl-x RNA splicing
has not been investigated in the �-cell, especially in the context
of �-cell apoptosis and diabetes mellitus.

The experiments described herein were designed to test our
hypothesis that iPLA2� regulates Bcl-x(L) splicing and pro-
motes usage of the alternative 5�SS. We demonstrate that both
chemical inactivation and genetic ablation or knockdown of
iPLA2� shift Bcl-x splicing in favor of anti-apoptotic Bcl-x(L)
and that iPLA2� inactivation largely prevents the shift in Bcl-x
splicing that occurs upon ER stress-induced apoptosis. Unex-
pectedly, the effects of iPLA2� are found to be largely indepen-
dent of ceramide but are modulated by bioactive metabolites of
arachidonic acid. These observations reveal a novel role for
iPLA2� in survival of �-cells.

EXPERIMENTAL PROCEDURES

Materials—The following were obtained: 1° antibody against
Bcl-x (BD Biosciences); (S)-BEL, C6-ceramide, EPA, GW4869,
5(S)-HETE, and thapsigargin (Cayman Chemical Co.); 1° anti-
bodies against actin and activated caspase 3 (Cell Signaling
Technology); oligonucleotides (Integrated DNA Technolo-
gies and Life Technologies, Inc.); 2° antibody coupled to Cy3
to detect insulin (Jackson ImmunoResearch); Accuprime
Taq Polymerase System, 2° antibody Alexa Fluor 594 to
detect iPLA2�, Lipofectamine 2000, Opti-MEM, RPMI 1640
medium, Superscript III One-Step RT-PCR System, SYBR
Gold, Thermoscript RT-PCR System, and TRIzol LS (Life
Technologies, Inc.); HRP-coupled secondary antibodies and
SuperSignal West Femto substrate (Pierce); T-14 anti-
iPLA2� (Santa Cruz Biotechnology); CellLytic M buffer
(Sigma); and control and rat iPLA2�-targeted siRNA (Thermo
Scientific Dharmacon).

INS-1 Cell Culture—Empty vector and iPLA2�-overexpress-
ing INS-1 cells were generated and maintained, as described
(39). The cells (4 � 105/well) were seeded in 12-well plates and
cultured overnight before treatment. Cell viability was quanti-
fied by trypan blue exclusion assay.

Akita Cell Culture and Treatment—The Akita and wild-type
(WT) �-cells were gifts from Dr. Akio Koizuma (Dept. of
Health and Environmental Sciences, Kyoto University Gradu-
ate School of Medicine, Kyoto, Japan). The cells were cultured
in DMEM with 10 �l of �-mercaptoethanol/200 ml, at 37 °C in
95% air, 5% CO2 as described (40). Cells were grown to 80%
confluency in cell culture dishes before treatment.

Transfection—INS-1 cells (4 � 105/well) were seeded in
12-well plates and transfected with 20 nM siRNA 24 h after
plating. Lipofectamine 2000-siRNA complexes were prepared
in Opti-MEM according to the manufacturer’s instructions,
using 4 �l of Lipofectamine/transfection. Cells were incubated
with Lipofectamine 2000-siRNA complexes overnight and
were then treated before analysis of endogenous rat Bcl-x splice
variants. For co-transfection protocols, 0.5 ng of human Bcl-x
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minigene was included in the complexes. The minigenes were
prepared and characterized, as described (41). For minigene
experiments, cells were transfected for 7 h; Lipofectamine 2000-
nucleic acid complexes were removed, and cells were transferred
to fresh media for additional treatments.

Islet Isolation and Culture—iPLA2�-deficient (KO) and RIP-
iPLA2�-Tg mice breeders generously provided by Dr. John
Turk (Washington University School of Medicine (WUSM), St.
Louis, MO) were used to generate wild-type (WT), KO, and Tg
mouse colonies at the University of Alabama at Birmingham
(UAB). RIP-iPLA2�-Tg is a tissue-specific transgenic mouse
line that selectively overexpresses iPLA2� in �-cells (42). The
generation and characterization of this line and the global
iPLA2�-KO line have been described previously (43). Islets
were also isolated from Akita mice, which spontaneously
develop ER stress in �-cells, leading to �-cell apoptosis and
consequential diabetes (10, 11). Murine islets were isolated and
cultured, as described (18). All mouse studies were performed
according to protocols approved by the IACUC at WUMS and
UAB.

Immunoblot Analyses—Protein extracts were prepared in
CellLytic M buffer, resolved by 10% SDS-PAGE, and trans-
ferred to nitrocellulose membranes. The blots were blocked
with 5% nonfat dry milk in TBS and then incubated overnight
with 1° antibody directed against Bcl-x (1:1000), iPLA2�
(1:200), or loading control, actin (1:5000). The 1° antibody-pro-
tein complexes were detected with HRP-coupled secondary
antibodies at 1:5000. Bcl-x was detected with anti-rabbit, actin
with anti-mouse IgM, and iPLA2� with anti-goat. HRP signals
detected with the SuperSignal West Femto substrate were cap-
tured on x-ray film and quantified with a ChemiDoc XRS�
imager from Bio-Rad. Target protein signals were normalized
to loading control.

Immunocytochemistry Analyses—Paraffin sections (10 �m)
of pancreata were processed for immunostaining, as described
(18). The sections were incubated overnight with 1° antibody
(1:25), washed with PBS (four times for 30 min), incubated for
3 h with 2° antibodies (1:100 of Cy3 for insulin and Alexa Fluor
594 for iPLA2�), and washed with PBS (three times for 10 min
each). Nuclear DAPI stain (25 �l) was then added, and the sec-
tions sealed with a coverslip using nail polish. Fluorescence was

recorded using a Nikon Eclipse TE300 microscope, and images
were captured (�40 magnification).

RT-PCR and qPCR Analyses of iPLA2� and Bcl-x Splice
Variants—TRIzol LS was used to extract RNA from INS-1 cells
and isolated islets. For RT-PCR assessment of endogenous
Bcl-x splice variants, 0.35 �g of RNA was converted to cDNA,
and RT-PCR was performed with the SuperScript III One Step
RT-PCR system. For RT-PCR assessment of minigene splice
variants, 1 �g of RNA was converted to cDNA with the Ther-
moscript RT-PCR First Strand cDNA System, and then splice
variants were amplified with the Accuprime Taq polymerase
system. PCR products were separated on 6.2% acrylamide gels
and detected with SYBR� Gold. A Bio-Rad ChemiDoc XRS�
imager was used to quantify the signals, and data were analyzed
using ImageQuant software. In all cases, conditions were
adjusted to ensure that chemiluminescent signals were within
the linear range of the response. The data are reported as the
ratio of the Bcl-x(L)/Bcl-x(S) signal. For qPCR analyses, RNA
was converted to cDNA with the Thermoscript kit. Bcl-x splice
variants were quantified with the TaqMan Universal PCR Mas-
ter Mix from Life Technologies, Inc. iPLA2� mRNA was quan-
tified with Power SYBR Green PCR Master Mix from ABI. PCR
primers sequences are shown in Table 1.

Mass Spectrometry Analysis of Lipids—Eicosanoids were
analyzed from culture medium as described previously (44, 45).
Briefly, 10% methanol and glacial acetic acid were added to 4 ml
of medium. An internal standard ((d4)-6-keto-prostaglandin
F1�) was added to each sample; (d4) prostaglandin E2 (PGE2),
(d4) prostaglandin D2 (PGD2), (d8) 5-HETE, (d8) 15-HETE,
(d8) 14,15-epoxyeicosatrienoic acid, and (d8) arachidonic acid
were added. Strata-X SPE columns (Phenomenex) were washed
with methanol and distilled water before samples were applied
to the columns. Eicosanoids were eluted with isopropyl alcohol;
the eluent was dried under vacuum, and then the samples were
reconstituted in 50:50 ethanol-distilled water for LC/MS/MS
analyses. The reconstituted eicosanoids were analyzed via
HPLC ESI-MS/MS. Eicosanoids were separated via reversed-
phase LC method utilizing a Kinetex C18 column (100 � 2.1
mm, 2.6 �m; flow rate of 200 �l/min at 50 °C). The column was
equilibrated with 100% solvent A (acetonitrile/water/formic
acid (40:60:0.02, v/v/v)) before the sample was injected, and

TABLE 1
Primer sequences used for the various targets examined
F is forward, R is reverse, and P is probe.

Target Primer sequence

Rat Bcl-x (RT-PCR) F, 5� GGA GAG CAT TCA GTG ATC 3�
R, 5� CAA TGG TGG CTG AAG AGA 3�

Mouse Bcl-x (RT-PCR) F, 5� CCA GCT TCA CAT AAC CCC AG 3�
R, 5� CCG TAG AGA TCC ACA AAA GTG TC 3�

Human Bcl-x minigene (RT-PCR) F, 5�GGA GCT GGT GGT TGA CTT TCT 3�
R, 5�TAG AAG GCA CAG TCG AGG 3�

Rat Bcl-x(L) (qPCR) F, 5� GCG TAG ACA AGG AGA TGC AG 3�
R, 5� TGT TCC CGT AGA GAT CCA CA 3�
P, 5� AAG TGT CCC AGC CGC CGT TC 3�

Rat Bcl-x(s) (qPCR) F, 5�CAG CAG TGA AGC AAG CGC TGA 3�
R, 5� AAC CAG CGG TTG AAA CGC TC 3�
P, 5� TGA ACA GGA CAC TTT TGT GGA TCT CTA CGG G 3�

Rat iPLA2� (PCR) F, 5� GCC CTG GCC ATT CTA CAC A 3�
R, 5� CAC CTC ATC CTT CAT ACG GA 3�
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then 100% solvent A was used for the 1st min of elution. Solvent
B (acetonitrile/isopropyl alcohol (50:50, v/v)) was increased in a
linear gradient of 25% solvent B for 3 min, 45% for 11 min, 60%
for 13 min, 75% for 18 min, and 100% for 20 min. 100% solvent
B was held for 25 min, decreased to 0% in a linear gradient for 26
min, and then held for 30 min. Eicosanoids were then analyzed
using a tandem quadrupole mass spectrometer (AB Sciex 4000
QTRAP�, Applied Biosystems) via multiple-reaction monitor-
ing in the negative-ion mode. Eicosanoids were monitored
using the analyte-specific precursor3 product multiple reac-
tion monitoring pairs that we have reported previously (44).
The mass spectrometer parameters used were as follows: cur-
tain gas, 30; collisionally activated dissociation (CAD), high; ion
spray voltage, �3,500 V; temperature, 500 °C; gas 1, 40; gas 2,
60; declustering potential, collision energy, and cell exit poten-
tial vary per transition.

Statistical Analyses—Data from independent experiments
were converted to means � S.E. and compared using analysis
of variance or Student’s t test. Significant differences were
reflected by p values � 0.05.

RESULTS

Chemically induced ER Stress Correlates with Reduced
Expression of Anti-apoptotic Bcl-x(L) in INS-1 Cells—To assess
the impact of ER stress on Bcl-x(L) expression, INS-1 cells were
treated with the ER stressor thapsigargin. In previous reports,
we demonstrated that these conditions promote ER stress-in-
duced apoptosis in INS-1 cells, as assessed by accumulation of
various ER stress factors, cleaved caspase-3, and loss of mito-
chondrial membrane potential (12, 18, 21–23). Thapsigargin-
induced ER stress resulted in induction of iPLA2� (Fig. 1A) as
we have demonstrated previously (17, 18). To investigate the
impact of ER stress on anti-apoptotic Bcl-x(L), protein and
RNA were harvested from cells treated with thapsigargin for
13 h, and Bcl-x protein levels and RNA splicing, respectively,
were assessed. We found that following exposure to thapsi-
gargin, Bcl-x(L) protein was significantly reduced, relative to
vehicle-treated cells (Fig. 1B).

We next examined whether the loss of Bcl-x(L) protein cor-
related with a shift in pre-mRNA splicing away from Bcl-x(L)
and in favor of Bcl-x(S), which lacks the 3� end of exon 2 and
does not encode an anti-apoptotic protein (28, 34). RT-PCR
and qPCR analyses (Fig. 1C) revealed that vehicle-treated INS-1
cells expressed high levels of Bcl-x(L) mRNA and relatively little
Bcl-x(S). However, exposure to thapsigargin resulted in a dra-
matic shift in Bcl-x RNA splicing as reflected by an �75%
reduction in the ratio of Bcl-x(L)/Bcl-x(S). The RT-PCR (Fig.
1C, left panel) and qPCR (right panel) analyses were performed
on different samples. Although the absolute value of the Bcl-
x(L)/Bcl-x(S) ratio differed with the two analyses, thapsigargin-
induced fold-changes, relative to vehicle treatment, were com-
parable (RT-PCR, 3.8 � 1.5; qRT-PCR, 3.3 � 1.4).

Spontaneous ER Stress Correlates with Reduced Expression of
Anti-apoptotic Bcl-x(L)—To preclude the effects of chemically
induced ER stress on Bcl-x 5�-splice site (5�SS) selection, we
quantified Bcl-x splice variants in a �-cell line derived from
pancreatic islets of Akita mice. �-Cells in Akita islets undergo
spontaneous ER stress and subsequent apoptosis, due to a

mutation in the INS2 gene and accumulation of pre-proinsulin
in the ER (12, 46). As we reported previously (12), spontaneous
ER stress in Akita �-cells was associated with increased iPLA2�
(Fig. 2A). Analyses of Bcl-x splice variants revealed abundant
expression of Bcl-x(L) in both WT and Akita �-cell lines (Fig.
2B) and pancreatic islet �-cells (Fig. 2C). However, Bcl-x(S)
expression was barely detectable in the WT preparations but
was nearly 3-fold higher in the Akita preparations. Taken
together, these data indicate that ER stress is associated with a
loss of anti-apoptotic Bcl-x(L) protein, which is secondary to a
shift in Bcl-x 5�SS selection.

Effects of Chemical Ablation and Overexpression of iPLA2� on
5�SS Selection in Human Bcl-x Minigene—In view of the
increases in iPLA2� associated with ER stress, we hypothesized
that iPLA2�-derived bioactive lipids might promote the ER
stress-induced shift in 5�SS selection in Bcl-x exon 2, leading to
reduced Bcl-x(L) mRNA. To further test this, INS-1 cells con-
taining empty vector or a plasmid encoding rat iPLA2� (OE)
were transfected with a functional human Bcl-x minigene that
we used previously to investigate the effects of ceramides on
Bcl-x splicing (41). As expected (39), OE INS-1 cells express
nearly 5-fold higher iPLA2� than do empty-vector transfected
INS-1 cells (Fig. 3A). We find that in the presence of the
iPLA2�-selective inhibitor, (S)-BEL, the ratio of human mini-
gene Bcl-x(L)/Bcl-x(S) mRNA was shifted in favor of Bcl-x(L)
(Fig. 3B). In contrast, iPLA2� OE INS-1 cells exhibited a signif-
icant decrease in the ratio of Bcl-x(L)/Bcl-x(S) mRNA, relative
to vector-transfected cells. Treatment of OE cells with (S)-BEL

FIGURE 1. Chemically induced ER stress correlates with reduced expres-
sion of anti-apoptotic Bcl-x(L) in �-cells. A, INS-1 cells were treated with 1
�M thapsigargin (T) or DMSO (c), and protein was extracted and used for
immunoblot analysis of iPLA2� protein. A representative experiment is
shown. B and C, INS-1 cells were cultured for 13 h in the presence of DMSO (c)
or thapsigargin (T, 1 �M) and then RNA and protein were extracted. B, repre-
sentative immunoblot analysis of Bcl-x(L) protein in c- and Tg-treated cells
and quantification of three independent immunoblots. Each replicate was
derived from an independent experiment that started with freshly plated
cells. C, analysis of Bcl-x splice variants in a representative RT-PCR experiment
(left panel inset), quantification of Bcl-x(L)/Bcl-x(S) ratio in four independent
RT-PCR experiments, and quantification of Bcl-x(L)/Bcl-x(S) ratio in three inde-
pendent qPCR experiments (right panel). (*, Tg group is significantly different
from the c group, p � 0.05.).
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augmented Bcl-x(L) and restored the ratio of Bcl-x(L)/Bcl-x(S)
mRNA to levels observed in vector cells.

Effects of Genetic Ablation of iPLA2� on 5�SS Selection in
Human Bcl-x Minigene—To preclude nonspecific effects of (S)-
BEL on Bcl-x splicing, we used iPLA2�-targeted siRNA to spe-
cifically reduce iPLA2� expression (Fig. 4A). As we reported
previously, iPLA2� siRNA protected INS-1 cells against thapsi-
gargin-induced cell death (Fig. 4B). Co-transfection of INS-1
cells with the siRNA and the functional human Bcl-x minigene
promoted an increase in the ratio of Bcl-x(L)/Bcl-x(S), as com-
pared with cells transfected with control siRNA (Fig. 4C). Con-
sistent with this, iPLA2� siRNA largely prevented the thapsi-
gargin-induced accumulation of Bcl-x(S) mRNA in the
spontaneous ER stress model (Fig. 4D). Collectively, these data

support our hypothesis that iPLA2� modulates Bcl-x 5�SS
selection and biases splicing in favor of Bcl-x(S).

iPLA2� Modulates Use of 5�SS of Endogenous Bcl-x in Islets—
The availability of genetically modified mice offered the means
to confirm iPLA2� regulation of 5�SS selection in endogenous
Bcl-x in primary �-cells. We have demonstrated that iPLA2� is
predominantly expressed in insulin-producing islet �-cells and
that ER stress-induced apoptosis of those cells is exquisitely
sensitive to iPLA2� levels (18). Here, islets isolated from age-
matched wild-type (WT), iPLA2�-KO, and RIP-iPLA2�-Tg
mice were treated with DMSO (vehicle) or thapsigargin and

FIGURE 2. Spontaneous ER stress correlates with reduced expression of
anti-apoptotic Bcl-x(L) in �-cells. A, representative immunoblot comparing
iPLA2� in wild-type and Akita (AK) �-cells. B, WT and Akita �-cell lines were
cultured for 8 h, and RNA was then extracted and RT-PCR used to amplify Bcl-x
splice variants. Shown are a representative experiment (inset) and quantifica-
tion of Bcl-x(L)/Bcl-x(S) ratio in three independent experiments. C, islets were
harvested from wild-type (WT) and Akita (AK) mice. RNA was extracted and
RT-PCR used to amplify murine Bcl-x splice variants. Two independent exper-
iments are shown. Each quantification is presented as mean � S.E. (*, Akita
(AK) group is significantly different form the WT group, p � 0.05.)

FIGURE 3. Chemical ablation of iPLA2� promotes and iPLA2� overexpres-
sion suppresses selection of downstream 5�SS in human Bcl-x minigene.
A, representative immunoblot showing iPLA2� protein levels in INS-1 cells
transfected with empty vector (V) or iPLA2� cDNA (OE). B, empty vector and
OE INS-1 cells were transfected with plasmid expressing a functional human
Bcl-x minigene. Cells were cultured for 13–16 h in the presence of DMSO (c) or
(S)-BEL (10 �M). RNA was harvested, and RT-PCR performed to amplify mini-
gene splice variants. Shown are a representative experiment (left panel) and
the quantification of four independent experiments (right panel). (*, signifi-
cantly different from c-treated INS-1 vector cells, p � 0.05; #, significantly
different from c-treated INS-1 cells, p � 0.05.) Each quantification is presented
as mean � S.E.

FIGURE 4. Genetic ablation of iPLA2� promotes selection of the down-
stream Bcl-x 5� SS in human Bcl-x minigene. INS-1 cells were transfected
with control (c) or iPLA2� (iPLA2�) siRNA. A, representative immunoblot anal-
ysis of iPLA2� protein in transfected cells. B, INS-1 cells were transfected with
control or iPLA2� siRNA and then treated with DMSO (c) or 1 �M thapsigargin
(T). Cell death was quantified through trypan blue exclusion assays. Shown
are mean � S.E. from four independent experiments. (*, T group significantly
different from control-c or iPLA2�-c, p � 0.0001; #, iPLA2�-T group signifi-
cantly different from control T group, p � 0.0001.) C, INS-1 cells were co-
transfected with Bcl-x minigene and c- or iPLA2�-siRNA. Cells were cultured
for 13 h, and then RNA was harvested and RT-PCR performed to amplify mini-
gene splice variants. Shown are a representative experiment (left panel) and
quantification (right panel) of four independent experiments (mean � S.E.). (*,
significantly different from control siRNA treatment group, p � 0.05.) D, wild-
type (WT) and Akita �-cells were transfected with control (left)- or iPLA2�
(right)-siRNA and then treated with 1 �M thapsigargin for 4 –16 h. RNA was
extracted and RT-PCR performed to amplify Bcl-x splice variants. A represent-
ative experiment is shown. Each representative experiment was performed at
least twice.
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subsequently screened for endogenous murine Bcl-x splice
variants. Consistent with our previous report, iPLA2� expres-
sion was verified as being primarily associated with insulin-
producing �-cells, expressed at higher levels in RIP-iPLA2�-Tg
islets, and absent from iPLA2�-KO islets (Fig. 5A). Consistent
with expression in vehicle-treated INS-1 cells, WT islets con-
tained very little Bcl-x(S) RNA under resting conditions (Fig.
5B). However, the ratio of Bcl-x(L)/Bcl-x(S) decreased (�75%)
in response to the ER stressor. In comparison, resting RIP-
iPLA2�-Tg islets had higher levels of Bcl-x(S) RNA than
WT islets, and the basal ratios of Bcl-x(L)/Bcl-x(S) in RIP-
iPLA2�-Tg islets were comparable with those detected in thap-
sigargin-treated WT islets. Exposure to thapsigargin, however,
did not further decrease the Bcl-x(L)/Bcl-x(S) ratio in RIP-
iPLA2�-Tg islets. In contrast, under basal conditions KO islets
exhibited almost undetectable levels of Bcl-x(S) RNA, as
reflected by Bcl-x(L)/Bcl-x(S) ratios of 	100, and thapsigargin
failed to augment Bcl-x(S). A spurious PCR product was ob-
served in some but not in all amplifications of mouse Bcl-x
splice variants. Although this product does not co-migrate with
Bcl-x(S), we cannot rule out the possibility that it is another
previously unidentified splice variant of Bcl-x. These data pro-
vide additional support for our hypothesis that iPLA2� regu-
lates Bcl-x 5�SS selection and promotes the use of the upstream
5�SS that generates Bcl-x(S).

iPLA2� Regulates Bcl-x 5�-Splice Site Selection through Both
Ceramide-dependent and Ceramide-independent Mechanisms—
In previous studies, we demonstrated the following. (a) ER
stress leads to accumulation of ceramides in �-cells. (b) This
accumulation is inhibited by (S)-BEL and siRNA targeted to
iPLA2�. (c) ER stress-induced ceramide accumulation did not
occur via the de novo or salvage pathways but is blocked by
chemical inhibition or knockdown of neutral NSMase2. (d)
iPLA2� inactivation suppresses NSMase2 induction and cer-
amide accumulation. (e) Ceramide promotes activation of the
alternative 5�SS that generates Bcl-x(S) in A549 lung carcinoma
cells (21, 29 –31, 48, 52, 54). These observations prompted us to
test the possibility that iPLA2� might regulate Bcl-x splicing
through ceramides. INS-1 cells were treated with DMSO (c) or
50 �M C6-ceramide (Cer) for 13 h; RNA was harvested; cDNA
was prepared and RT-PCR performed to amplify the endoge-
nous �-cell Bcl-x splice variants. In contrast to our previous
report in lung carcinoma cells, exogenous ceramide had no sig-
nificant effect on Bcl-x 5�SS selection in INS-1 cells (Fig. 6A).
We next examined whether the exogenous ceramide could
overcome effects of iPLA2� inactivation on Bcl-x 5�SS selec-
tion. As with the human minigene (Fig. 3B), iPLA2� inactiva-
tion largely prevented the shift in 5�SS selection of the endoge-
nous rat Bcl-x in INS-1 cells undergoing ER stress. However,
exogenous C6-ceramide did not overcome the effects of (S)-
BEL (Fig. 6B).

FIGURE 5. iPLA2� promotes selection of the upstream alternative 5�SS in
endogenous islet Bcl-x. Islets were harvested from wild-type (WT), RIP-
iPLA2�-Tg (Tg), and iPLA2��/� (KO) mice. A, immunohistochemistry analysis
of iPLA2� (red) and insulin (green). Islets were counterstained with DAPI (blue)
to mark the nuclei of individual cells. Merged images are presented, where
arrowheads indicate co-expression of iPLA2� and insulin. B, islets were iso-
lated and then cultured in the presence of DMSO (�) or 2 �M thapsigargin (�).
RNA was harvested and used for RT-PCR to amplify Bcl-x splice variants. Two
mice were studied in each group, and results from both mice are shown. The
average ratio of Bcl-x(L)/Bcl-x(S) is shown for each treatment group.

FIGURE 6. iPLA2� regulates Bcl-x 5�SS selection through both ceramide-
dependent and -independent mechanisms. A, INS-1 cells were treated with
DMSO (c) or 50 �M C6-ceramide (Cer) for 24 h. RNA was harvested and RT-PCR
performed to amplify Bcl-x splice variants. Shown is the ratio of Bcl-x(L)/Bcl-
x(S) in four independent experiments. B, INS-1 cells were treated with DMSO
(c), 10 �M (S)-BEL (BEL), or 1 �M thapsigargin (T) alone or pretreated with
(S)-BEL prior to treatment with thapsigargin � 50 �M C6-ceramide (Cer) for
13 h. RNA was isolated and RT-PCR performed to amplify Bcl-x splice variants.
A representative experiment is shown. C, INS-1 cells were treated with DMSO
(c) or thapsigargin alone or pretreated with (S)-BEL (BEL) or 10 �M GW4869
(GW) prior to treatment with thapsigargin for 13 h, and Bcl-x RNAs were
amplified. A representative experiment is shown. Each representative exper-
iment was performed at least twice. Each quantification is presented as
mean � S.E.
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To further assess ceramide involvement, we tested the pos-
sibility that the Bcl-x(L)/Bcl-x(S) ratio could be restored in ER-
stressed INS-1 cells by preventing endogenous ceramide accu-
mulation via NSMase2-catalyzed hydrolysis of sphingomyelins.
INS-1 cells were therefore treated with a selective inhibitor of
NSMase2 (GW4869), which we previously demonstrated as
being able to inhibit NSMase2 and completely block ceramide
accumulation in �-cells (29 –31). Subsequent RT-PCR analyses
revealed that GW4869 only partially restored the Bcl-x(L)/x(s)
ratio in ER-stressed INS-1 cells (Fig. 6C). This is in contrast to near
complete restoration of the Bcl-x(L)/Bcl-x(S) ratio in cells treated
with (S)-BEL (Fig. 6, B and C). These observations suggest that
iPLA2� likely modulates Bcl-x 5�SS selection through both cer-
amide-dependent and ceramide-independent mechanisms.

Role of iPLA2�-regulated Lipids in Bcl-x 5� SS Selection—
iPLA2� generates a variety of bioactive lipids that might modulate
5�SS selection in Bcl-x exon 2. We considered the possibility that
Bcl-x 5�SS selection was regulated by lysophosphatidylcholine
(LPC), a lysolipid product of the reaction catalyzed by iPLA2�.
However, exogenous LPC had no effect on Bcl-x splicing in
INS-1 cells (data not shown). As we and others have found, ER
stress, glucose, and pro-inflammatory cytokines promote
arachidonic acid hydrolysis and eicosanoid production in pan-
creatic islets (47– 49), and these responses are mediated by
iPLA2� (19, 50, 51). Arachidonic acid has been shown to mod-
ulate pre-mRNA splicing in primary rat hepatocytes (52), and
�-cell glycerophospholipids are enriched in arachidonic acid
(53–55). These observations suggested that arachidonic acid or
its metabolites might modulate Bcl-x splicing in �-cells. To
address this possibility, we used ESI-MS/MS to quantify poly-
unsaturated fatty acids (PUFAs) and eicosanoids in culture
supernatants of INS-1 cells treated with vehicle, thapsigargin
(Tg), or (S)-BEL. INS-1 cells produced a variety of polyunsatu-
rated fatty acids, including prostanoids and other derivatives.
Although none of the lipids exhibited statistically significant
differences among the three treatment groups, EPA exhibited a
trend to accumulate in culture supernatants of Tg-treated
INS-1 cells (Fig. 7A, p 
 0.075, one-way analysis of variance).
We also observed a trend for accumulation of 5-HETE in both
thapsigargin and (S)-BEL-treated cells (Fig. 7B). Notably, the
ratio of Bcl-x splice variants (Bcl-x(L)/Bcl-x(S)) directly corre-
lated with the ratio of 5-HETE/EPA (Fig. 7C, p 
 0.003).

Given the inverse correlation between iPLA2� and the Bcl-
x(L)/Bcl-x(S) ratio, we postulated that the 5-HETE/EPA ratio
would be elevated in cells with low levels of iPLA2�. To test this
hypothesis, we measured iPLA2� expression in RNAs isolated
from the cells in Fig. 7, A–C. Consistent with our hypothesis,
the 5-HETE/EPA ratio was indeed highest in cells with the low-
est levels of iPLA2� (Fig. 7D). When taken together, these
observations suggest that high iPLA2� activity is associated
with a lipid profile that promotes the use of the upstream 5�SS
that generates Bcl-x(S) mRNA. They also suggest 5-HETE and
EPA as candidate lipids that activate the downstream and
upstream 5�SS in Bcl-x exon 2, respectively. To test these pos-
sibilities, we treated INS-1 cells with exogenous 5-HETE or
EPA and then used qPCR to quantify Bcl-x splice variant
mRNAs. We found that 5-HETE robustly increased the Bcl-
x(L)/Bcl-x(S) ratio (Fig. 7E). Unexpectedly, EPA also shifted

Bcl-x splicing in favor of Bcl-x(L), although to a more modest
degree than did 5-HETE. These findings suggest a critical role
for 5-HETE in promoting the use of the downstream 5�SS that
generates Bcl-x(L) mRNA.

DISCUSSION

Bcl-x(L) protein is an anti-apoptotic and negative regulator
of the intrinsic apoptotic pathway (26, 27). Alternative splicing
of the Bcl-x pre-mRNA generates Bcl-x(S), which does not
encode an anti-apoptotic protein (28). In view of previous stud-
ies linking ceramide to alternative splicing of Bcl-x pre-mRNA
and iPLA2� to ceramide accumulation and ER stress-induced
apoptosis of �-cells (12, 17, 18, 22, 37, 41), we hypothesized that
iPLA2� might regulate Bcl-x splicing in �-cells. To test this, we
amplified Bcl-x mRNA splice variants in �-cells. Our experi-
ments indicate that high levels of iPLA2� expression/activity
promote the use of the alternative 5�SS, as reflected by
decreases in the ratio of Bcl-x(L)/Bcl-x(S). Conversely, the con-
ventional 5�SS is favored in cells treated with iPLA2� inhibitor

FIGURE 7. iPLA2� modulates lipid mediators involved in Bcl-x 5�SS selec-
tion. A and B, INS-1 cells were treated with DMSO (c), 1 �M thapsigargin (T), or
10 �M (S)-BEL for 13 h. Culture supernatants were harvested, and ESI-MS/MS
was performed to quantify polyunsaturated fatty acids and their derivatives.
The lipids were normalized to RNA retrieved from cells that conditioned the
media. Shown are means � S.E. of EPA (A) or 5-HETE (B) in three replicates. C,
Bcl-x(L) and Bcl-x(S) mRNAs were quantified in samples from A and B, and the
Bcl-x(L)/Bcl-x(S) ratio is plotted against the ratio of 5-HETE/EPA. Linear regres-
sion analysis indicated a significant correlation (p 
 0.003). D, iPLA2� mRNA
was quantified in samples from A and B and is plotted against the ratio of
5-HETE/EPA. The 5-HETE/EPA ratio was significantly higher in cells with low
iPLA2� expression (p � 0.005, Wilcoxon rank sum test). E, INS-1 cells were
treated with vehicle (DMSO), 10 �M 5-HETE, or 10 �M EPA for up to 13 h. RNA
was isolated and qPCR performed to quantify Bcl-x splice variants. The data
are derived from three independent treatments. (*, significantly different
from vehicle control treatment group, p � 0.05.).
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or iPLA2�-targeted siRNA. Both thapsigargin-induced and
spontaneous ER stress are associated with a reduced Bcl-x(L)/
Bcl-x(S) ratio and lower expression of anti-apoptotic Bcl-x(L)
protein. Together, these data are evidence that iPLA2� partic-
ipation in �-cell apoptosis occurs, in part, through modulation
of Bcl-x splicing.

Bcl-x(L), a member of the Bcl-2 family of proteins, suppresses
apoptosis when it associates with mitochondrial membranes
and prevents their permeabilization, release of cytochrome c,
and induction of the intrinsic apoptosis pathway (26, 27). For
many years, it has been known that Bcl-x(L) overexpression
protects tumor cells from apoptosis induced by chemothera-
peutic agents. More recent studies have correlated Bcl-x(L)
with increased viability of pancreatic islets. Bcl-x(L)�/� islets
are hypersensitive to a variety of pro-apoptotic stimuli, includ-
ing thapsigargin (29). Immunosuppressive drugs used in trans-
plant therapy reduce islet viability, and this has been correlated
with reduced expression of Bcl-x(L) and other Bcl-2 family
members (30). Similarly, both cytokine- and high glucose-in-
duced �-cell death are associated with reduced Bcl-x(L) protein
(31, 56). Conversely, transduction of full-length Bcl-x(L) or its
BH4 domain protects human islets from apoptosis induced by
cytokines, staurosporine, or serum deprivation (32, 56). Islets
from transgenic mice overexpressing Bcl-x(L) are protected
from thapsigargin-induced apoptosis, although the mice
exhibit reduced glucose tolerance due to a defect in insulin
secretion (33).

Our studies add to this body of literature by demonstrating
that �-cell apoptosis in the presence of ER stress is also associ-
ated with reduced Bcl-x(L) protein mass. To our knowledge,
ours is the first study to correlate reduced Bcl-x(L) protein mass
with spontaneous ER stress. Although chemical inactivation,
knockdown, and genetic ablation of iPLA2� were all associated
with increases in the ratio of Bcl-x(L)/Bcl-x(S) RNA, they did
not restore Bcl-x(L) protein in thapsigargin-treated cells (data
not shown). These observations suggest that the impact of
iPLA2� on Bcl-x 5�SS selection is subtle and cannot overcome
the overwhelming effects of thapsigargin. It is also possible that
other iPLA2�/splicing-independent mechanisms contribute to
the loss of Bcl-x(L) protein in �-cells undergoing ER stress. We
also recognize the possibility that SERCA-1 activity could mod-
ulate Bcl-x splicing through mechanisms that are independent
of ER stress in the thapsigargin-driven model.

Our study is also among the first to delineate molecular
mechanisms regulating endogenous Bcl-x(L) protein mass in
�-cells, and to our knowledge we are the first to investigate
Bcl-x splicing in �-cells. We demonstrate that both thapsi-
gargin-induced and spontaneous ER stress correlate with
reduced ratios of both endogenous Bcl-x(L)/Bcl-x(S) RNA in
rat insulinoma and murine �-cells and of RNA derived from a
human Bcl-x minigene expressed in INS-1 cells. The Bcl-x(S)
protein contains BH3 and BH4 domains and is suggested to be
pro-apoptotic due it its ability to heterodimerize and neutralize
the anti-apoptotic actions of Bcl-x(L) (57, 58). Although endog-
enous Bcl-x(S) protein has been detected in some cell types (37,
59, 60), evidence for the pro-apoptotic actions of Bcl-x(S)
comes primarily from overexpression studies (57, 58, 61– 63).
Despite the increased abundance of Bcl-x(S) mRNA in INS-1

cells undergoing ER stress, we were unable to detect Bcl-x(S)
protein in thapsigargin-treated INS-1 cells or primary islets
from mice. It is possible that Bcl-x(S) mRNA is not efficiently
translated into protein in �-cells. Alternatively, the Bcl-x(S)
protein may be unstable and therefore not accumulate to levels
detectable by immunoblot analyses. We therefore suggest that
ER stress-induced apoptosis of �-cells is mediated through
reduced levels of Bcl-x(L) protein rather than accumulation of
Bcl-x(S) protein.

We have not yet fully delineated the biochemical and molec-
ular mechanisms underlying the iPLA2�-regulated splicing of
Bcl-x or whether iPLA2�-derived lipids activate the upstream
alternative 5�SS, block the downstream conventional 5�SS, or
both. Our investigation of regulation of Bcl-x splicing by
iPLA2� was prompted by reports from us and others that cer-
amide promotes selection of the alternative 5�SS that generates
Bcl-x(S) (37, 41, 64 – 66). We demonstrated that ER stress-in-
duced apoptosis is associated with iPLA2�-dependent accumu-
lation of ceramide in INS-1 cells and murine and human islets
and that this accumulation results from an iPLA2�-dependent
induction of NSMase2 and not increased de novo ceramide syn-
thesis (12, 17, 18, 22). Given this, it seemed likely that the ER
stress-induced shift in Bcl-x splicing was mediated by the pool
of ceramides that accumulated downstream of iPLA2�.
Although we cannot rule out the possibility that endogenous
ceramides regulate Bcl-x splicing in �-cells, our data argue for
additional ceramide-independent mechanisms on several lev-
els, based on the following. (a) Exogenous C6-ceramide has no
effect on the ratio of Bcl-x(L)/Bcl-x(S) in INS-1 cells. (b) The ER
stress-induced shift in Bcl-x splicing is only partially reversed
by chemical inhibition of NSMase2. (c) Exogenous C6-cer-
amide does not overcome the effects of (S)-BEL on Bcl-x splic-
ing in INS-1 cells. (d) In sharp contrast to our recent report that
ceramide mass is comparable in wild-type and iPLA2�-KO
islets (18), the ratio of Bcl-x(L)/Bcl-x(S) is 2–7 times larger in
the knock-out islets. These observations indicate that the reg-
ulation of Bcl-x 5�SS selection is tissue-specific and may be
controlled differently in �-cells than in other cells, which is
likely due to tissue-specific expression of RNA-binding pro-
teins that regulate 5�SS selection. Although ceramides may
have a limited role in Bcl-x 5�SS selection in �-cells, they are
clearly involved in ER stress-induced apoptosis in this cell
type (18, 22, 23). In addition to their roles in 5�SS selection,
ceramides likely promote �-cell apoptosis through splicing-
independent mechanisms that may or may not involve
Bcl-x(L).

Our present studies suggest that Bcl-x splice 5�SS selection is
regulated by another bioactive lipid downstream of iPLA2�. As
arachidonic acid has been linked to alternative splicing of the
glucose-6-phosphatase dehydrogenase pre-mRNA (52) and
�-cell glycerophospholipids are enriched in arachidonic acid
(53–55), we considered the possibility that arachidonic acid,
another PUFA, or metabolite might modulate Bcl-x 5�SS selec-
tion in INS-1 cells. 12-Lipoxygenase is expressed in human and
murine islets (67, 68), and a variety of studies have linked this
enzyme and its product, 12-S-HETE, to �-cell apoptosis and
dysfunction (69 –74). Thapsigargin-induced apoptosis of MIN6
mouse insulinoma cells is suppressed by inhibition of lipoxy-
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genase but not cyclooxygenase activity (74). Given this, we con-
sidered 12-HETE and 15-HETE to be attractive candidates for
iPLA2�-derived lipids that regulated Bcl-x 5�SS selection. How-
ever, neither 12-HETE nor 15-HETE correlated with iPLA2�
activity or Bcl-x splicing in INS-1 cells (data not shown). In
contrast, we observed a trend toward increased 5-HETE
accumulation in (S)-BEL-treated INS-1 cells, and exogenous
5-HETE induced a significant increase (15.5-fold) in the ratio of
Bcl-x(L)/Bcl-x(S). These findings suggest the following: (a)
iPLA2� modulates the production of bioactive lipids, promot-
ing a profile that is deficient in 5-HETE and (b) 5-HETE pro-
motes use of the downstream 5�SS, resulting in generation of
mRNA encoding anti-apoptotic Bcl-x(L). We cannot rule out
the possibility that iPLA2� modulates additional bioactive lip-
ids that control Bcl-x 5�SS selection as well. At present, we are
focusing on identifying iPLA2�-modulated lipids that activate
the alternative upstream 5�SS that generates Bcl-x(S) mRNA.
Unexpectedly, our initial candidate (EPA) modestly augmented
the Bcl-x(L)/Bcl-x(S) ratio when added exogenously to INS-1
cells.

Likely, iPLA2�-derived lipids modulate expression, post-
translational modification, or localization of one or more RNA-
binding proteins that regulate Bcl-x 5�SS selection. A variety of
splicing factors have been implicated in the regulation of Bcl-x
alternative splicing (38, 59, 60, 64, 75, 76). We are currently
performing studies to determine whether these proteins are
modulated in response to 5-HETE and other bioactive lipids in
�-cells.

Our observations contribute to a growing body of evidence
linking iPLA2� with apoptosis of �-cells. The link between
iPLA2� and apoptosis was first recognized in the 1990s, when
Atsumi et al. (77) demonstrated activation of the enzyme upon
caspase 3-mediated proteolysis. iPLA2� is highly expressed
in insulin producing �-cells and is induced in response to both
thapsigargin-stimulated and spontaneous ER stress (12, 17–19,
21). Chemical inhibition and genetic knockdown of iPLA2� in
�-cells reduces both ER stress and apoptosis (12, 17, 18, 21–23).
Although autophagy can be cytoprotective, like ER stress, this
process can contribute to apoptosis when poorly controlled
(78). In a recent paper, we demonstrate that thapsigargin-stim-
ulated ER stress induces autophagy in murine islets and that
iPLA2� amplifies this process (18). These observations are
consistent with increased recognition of cross-talk between
autophagy and apoptosis (78). Importantly, Bcl-x(L) suppresses
both processes (26, 27, 78, 79). In addition to its ability to asso-
ciate with and stabilize mitochondrial membranes, Bcl-x(L)
also binds the BH3 domain of beclin and prevents it from asso-
ciating with Vps-34 to induce autophagy (78, 79). We speculate
that iPLA2� augments both apoptosis and autophagy by mod-
ulating Bcl-x splicing and limiting the availability of Bcl-x(L)
protein. Additional experiments are required to test this hy-
pothesis and determine the molecular events underlying
iPLA2� regulation of Bcl-x splicing in �-cells. There is accumu-
lating evidence that pro-inflammatory cytokines (critical pro-
moters of auto-immune destruction of �-cells and develop-
ment of T1D) not only induce ER stress in islet �-cells of
diabetes-prone mice (80) and human islet �-cells (81) but also
up-regulate the expression/activity of iPLA2� (81). Given this,

further elucidation of the mechanism(s) by which iPLA2� acti-
vation contributes to �-cell death during the onset and progres-
sion of T1D is clearly warranted.
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