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Endoplasmic reticulum (ER) stress induces INS-1 cell apopto-
sis by a pathway involving Ca2�-independent phospholipase A2
(iPLA2�)-mediated ceramide generation, but themechanismby
which iPLA2� and ceramides contribute to apoptosis is not well
understood.We report here that both caspase-12 and caspase-3
are activated in INS-1 cells following induction of ER stress with
thapsigargin, but only caspase-3 cleavage is amplified in iPLA2�
overexpressing INS-1 cells (OE), relative to empty vector-trans-
fected cells, and is suppressed by iPLA2� inhibition. ER stress
also led to the release of cytochrome c and Smac and, unexpect-
edly, their accumulation in the cytosol is amplified in OE cells.
These findings raise the likelihood that iPLA2� participates in
ER stress-induced apoptosis by activating the intrinsic apoptotic
pathway. Consistent with this possibility, we find that ER stress
promotes iPLA2� accumulation in the mitochondria, opening of
mitochondrial permeability transition pore, and loss inmitochon-
drial membrane potential (��) in INS-1 cells and that these
changes are amplified inOE cells. ER stress also led to greater cer-
amide generation in ER and mitochondria fractions of OE cells.
Exposure to ceramide alone induces loss in�� and apoptosis and
these are suppressed by forskolin. ER stress-induced mitochon-
drial dysfunction and apoptosis are also inhibited by forskolin, as
well as by inactivation of iPLA2� or NSMase, suggesting that
iPLA2�-mediated generation of ceramides via sphingomyelin
hydrolysis during ER stress affect the mitochondria. In support,
inhibition of iPLA2� or NSMase prevents cytochrome c release.
Collectively, our findings indicate that the iPLA2�-ceramide axis
plays a critical role in activating themitochondrial apoptotic path-
way in insulin-secreting cells during ER stress.

Diabetesmellitus is themost prevalent humanmetabolic dis-
ease resulting from the loss and/or dysfunction of �-cells in
pancreatic islets. Type 1 diabetesmellitus (T1DM)2 is caused by

autoimmune�-cell destruction (1) and apoptosis plays a prom-
inent role in the loss of�-cells during development of T1DM(1,
2). Type 2 diabetes mellitus (T2DM) results from a progressive
decline in �-cell function and chronic insulin resistance (3, 4)
that is also associated with decreases in �-cell mass due to
increased �-cell apoptosis (5, 6).
Autopsy studies indicate that the�-cell mass in obese T2DM

subjects is smaller than that in obese non-diabetic subjects (7, 8)
and that the loss in �-cell function in non-obese T2DM is asso-
ciated with decreases in �-cell mass (5, 6). �-Cell mass is regu-
lated by a balance between �-cell replication/neogenesis and
�-cell death resulting from apoptosis (9, 10). Findings in rodent
models of T2DM (10, 11) and in human T2DM (5, 6) indicate
that the decrease in �-cell mass in T2DM is not attributable to
reduced �-cell proliferation or neogenesis but to increased
�-cell apoptosis. Emerging evidence also suggests that cyto-
kine-mediated �-cell apoptosis is a contributor to �-cell death
during the development of autoimmune T1DM (1, 2, 12, 13). It
is therefore important to understand the mechanisms underly-
ing�-cell apoptosis if this process is to be prevented or delayed.

�-Cell apoptosis can be mediated via an extrinsic pathway
involving interaction of a stimulant with death receptors resid-
ing in the plasmamembrane or via an intrinsic pathway involv-
ing mitochondrial signaling (14). A third organelle gaining
prominence as a participant in apoptosis is the endoplasmic
reticulum (ER) (14, 15). A number of factors can induce ER
stress leading to the onset of various diseases, including Alzhei-
mer and Parkinson (16). �-Cell death in the Akita diabetic (17,
18) and NOD.k iHEL nonimmune (19) diabetic mouse models
is also attributed to ER stress. In addition, mutations in genes
encoding the ER-stress transducing enzyme pancreatic ER
kinase (PERK) (20) and the ER resident protein involved in deg-
radation ofmalfolded ER proteins have been clinically linked to
diminished�-cell health (21, 22). Several recent reports suggest
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that ER stress can play a prominent role in the autoimmune
destruction of�-cells during the development of T1DM(13, 23,
24). Because the secretory function of �-cells endows them
with a highly developed ER and the �-cell is one of the most
sensitive cells to nitric oxide (25), it is not unexpected that
�-cells exhibit a heightened susceptibility to autoimmune-
mediated ER stress (26, 27). In support of this, Wolfram
syndrome, which is associated with juvenile-onset diabetes
mellitus, is recognized to be a consequence of chronic ER
stress in pancreatic �-cells (23, 28).
In addition to serving as a cellular Ca2� store, the ER is the

site of secretory protein synthesis, assembly, folding, and post-
translationally modification. Interruption of any of these func-
tions can lead to production of malfolded mutant proteins that
require rapid degradation. When an imbalance between the
load of client proteins on the ER and the ability of the ER to
process the load occurs, ER stress results (29). Prolonged ER
stress promotes induction of stress factors and activation of
caspase-12, localized to the ER (15), and can subsequently lead
to downstreamactivation of caspase-3, a protease recognized to
be the executioner of apoptosis (30). Being a site for Ca2� stor-
age, the ER responds to various stimuli to release Ca2� and is
therefore extremely sensitive to changes in cellular homeosta-
sis. AlthoughER stress alone can induce the necessary factors to
cause apoptosis, it is becoming increasingly apparent that the
mitochondria, as an organelle that sequesters Ca2� released
from the ER, plays an important role in supporting the apopto-
sis process initiated by ER stress (31, 32).
Thapsigargin, which depletes ER Ca2� stores by inhibiting

sarcoendoplasmic reticulum Ca2�-ATPase, causes ER stress in
pancreatic islets and promotes hydrolysis of arachidonic acid.
Surprisingly, the accumulation in arachidonic acid is sup-
pressed by a bromoenol lactone (BEL) suicide-substrate inhib-
itor of Ca2�-independent phospholipase A2 (iPLA2�) (33).
These observations raise the possibility that iPLA2� partici-
pates in ER stress in �-cells. In support of this, ER stress-in-
duced INS-1 cell apoptosis is amplified in iPLA2� overexpress-
ing cells and is suppressed by BEL (34, 35).
The PLA2s are a diverse group of enzymes that catalyze

hydrolysis of the sn-2 substituent from glycerophospholipid
substrates to yield a free fatty acid and a 2-lysophospholipid
(36). Among the recognized PLA2s is one that does not require
Ca2� for activity and is classified as a Group VIA iPLA2 and is
designated as the �-isoform of iPLA2 (iPLA2�) (37). The
iPLA2� enzyme is activated by ATP and is inhibited by BEL
(38). In addition to its proposed roles in phospholipid remod-
eling and signal transduction (39), iPLA2� contributes to apo-
ptosis in many cell types, including �-cells (34, 35, 40). How-
ever, themechanism bywhich iPLA2� activation contributes to
apoptotic cell death has not yet been elucidated.
Pancreatic islet �-cells and insulinoma cells express iPLA2�

activity that is sensitive to inhibition by BEL (41) and recent
reports demonstrate that induction of ER stress promotes cer-
amide accumulations in INS-1 cells that can be attenuated by
inactivation of iPLA2� (34, 35). Ceramides are complex lipids
that can suppress cell growth and induce apoptosis (42, 43) and
various reports (31, 44) suggest that ceramides can also disturb
mitochondrial homeostasis. Here, we present evidence for the

involvement of iPLA2�-mediated ceramide generation in acti-
vating the mitochondrial apoptotic pathway during ER stress-
induced insulin-secreting cell death.

EXPERIMENTAL PROCEDURES

Materials—The sources for the material used were as fol-
lows: (16:0/[14C]-18:2)-GPC (PLPC, 55 mCi/mmol), rainbow
molecular mass standards, and enhanced chemiluminescence
(ECL) reagent, Amersham Biosciences; ceramide and other
lipid standards, Avanti Polar Lipids, Alabaster, AL; Coomassie
reagent, SDS-PAGE supplies and Triton X-100, Bio-Rad; mito-
chondrial membrane potential detection kit, Cell Technology
Inc., Mountain View, CA; paraformaldehyde, ElectronMicros-
copy Sciences, Ft. Washington, PA; forskolin, EMD Bio-
sciences, San Diego, CA; normal goat serum, Cy3-conjugated
affinipure goat anti-rabbit IgG (H�L), Jackson Immuno-
Research Laboratories,West Grove, PA; pentex fraction V fatty
acid-free bovine serum albumin, Miles Laboratories, Eckert,
IN; mitoprobe transition pore assay kit, Slow Fade� light anti-
fade kit,Molecular Probes, Eugene, OR; peroxidase-conjugated
goat anti-rabbit IgG antibody, TUNEL kit, Roche Diagnostic
Corporation; primary antibodies, Santa Cruz Biotechnology.
Inc., Santa Cruz, CA; and C2-ceramide, protease inhibitormix-
ture, thapsigargin, common reagents, and salts, Sigma.
Preparation, Culture, and Treatment of Stably Transfected

INS-1 Cells—Control (empty-vector transfected) and iPLA2�
overexpressing INS-1 cells were generated and cultured, as
described (34). The cells were grown to confluence in cell cul-
ture Petri dishes or flasks and treated with vehicle (DMSO, 0.50
�l/ml), thapsigargin (1 �M), or C2-ceramide (C2-CM, 50 �M).
To examine the effects of inhibiting iPLA2� activity, BEL (1�M)
was added to cells for 1 h and the medium was replaced with
one containing DMSO or thapsigargin. The effects of elevating
intracellular cAMP concentrations or inhibiting neutral sphin-
gomyelinase were examined by treating the cells for 1 h with
forskolin (2.5 �M) or GW4869 (10 �M), respectively, prior to
addition of DMSO, thapsigargin, or C2-CM. All incubations
were done at 37 °C under an atmosphere of 95% air, 5% CO2.
In Situ Detection of DNA Cleavage by TUNEL and DAPI

Staining—At the end of a treatment protocol, INS-1 cells were
harvested and washed twice with ice-cold PBS. The cells were
then immobilized on slides by cytospin (35) and fixed with 4%
paraformaldehyde (in PBS, pH7.4, 1 h, room temperature). The
cells were then washed with PBS, and incubated in permeabili-
zation solution (0.1%Triton-X-100 in 0.1% sodiumcitrate, PBS,
30min, room temperature). The permeabilization solution was
then removed and the TUNEL reaction mixture (50 �l) was
added and the cells were incubated (1 h, 37 °C) in a humidified
chamber. The cells were washed again with PBS and counter-
stained with DAPI (1 �g/ml) in PBS for 10 min to identify cel-
lular nuclei. The incidence of apoptosis was assessed under a
fluorescence microscope (Nikon Eclipse TE300) using a fluo-
rescein isothiocyanate filter. Cells with TUNEL-positive nuclei
were considered apoptotic. DAPI staining was used to deter-
mine the total number of cells in a field. A minimum of three
fields per slide was used to calculate percent of apoptotic cells.
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Assessment of Mitochondrial Membrane Potential (��) by
Flow Cytometry—Loss of �� is an important step in the induc-
tion of cellular apoptosis (46). INS-1 cell �� was therefore
measured using a commercial kit according to themanufactur-
er’s instructions. Briefly, harvested cells were washed once with
PBS and resuspended in 100 �l of PBS (�1 � 105 cells/ml). An
aliquot (5 �l) of Mito Flow fluorescent reagent was then added
and the cell suspension was incubated at 37 °C for 30 min. The
cells were then transferred to appropriate fluorescence-acti-
vated cell sorting tubes and diluted 1:5 with buffer provided in
the kit. Fluorescence in cells was analyzed by flow cytometry
(BD Biosciences) at an excitation wavelength of 488 nm.
Mitochondrial Permeability Transition Pore (PTP)—The

PTP opening was measured in intact INS-1 cells by monitoring
calcein-AM fluorescence in the absence and presence of CoCl2,
which quenches cytosolic fluorescence, as described (47).
Briefly, INS-1 cells were washed twice with PBS and resus-
pended (1 � 106 cells/ml) in pre-warmed Hanks’ balanced salt

solution containing 2mMCa2�. The
cells were then loaded with cal-
cein-AM for 15min at 37 °C accord-
ing to the manufacturer’s instruc-
tions (Molecular Probes). In parallel
experiments, similar cell samples
were loaded with calcein-AM in the
presence of CoCl2. After washing
away excess stain and quenching
reagent, the cell pellets were resus-
pended in 400�l of Hanks’ balanced
salt solution containing Ca2� and
analyzed for calcein-AM fluores-
cence by flow cytometry using a BD
Biosciences FACscan flow cytome-
ter in conjunctionwithWinMDI 2.8
software (excitation/emission, 494/
517 nm).
Cell Fractionation—Cells were

harvested and washed twice (750 �
g, 5 min, 4 °C) with 10 volumes of
ice-cold PBS. The cell pellet was
suspended in 3 volumes of ice-cold
isolation buffer (20 mM HEPES-
KOH, pH7.8, 250mM sucrose, 1mM
EGTA, 10 mM potassium chloride),
supplemented with protease inhibi-
tor mixture (50 �l/ml). The cells
were placed on ice for 15 min and
then transferred to aDounce homog-
enizer (Kimble/Kontes, Vineland,NJ)
and disrupted by douncing 15 times
on ice. The homogenate was centri-
fuged at 800 � g for 5 min to remove
unbroken cells and nuclei, and the
supernatant was then re-centrifuged
(10,000 � g, 15 min, 4 °C) to obtain
mitochondria. The supernatant was
further subjected to ultracentrifuga-
tion (100,000 � g, 60 min, 4 °C). The

resultant supernatantwas thecytosolic fractionand thepellet con-
tained ER. Plasma membrane fraction was prepared as described
(48). Purity of the cellular fractions was verified by the 5�-nucleo-
tidase (plasma membrane enzyme) activity assay and immuno-
blotting analyses for organelle-specific markers: ER (calnexin),
mitochondria (complex IV), Golgi apparatus (FTCD), and nuclei
(Oct-1).
Immunoblotting Analyses—INS-1 cells were harvested at

various times (0–24 h) following induction of ER stress, soni-
cated, and the homogenate centrifuged (100,000 � g, 1 h, 4 °C)
to obtain cytosol. To examine mitochondrial apoptotic factors,
the mitochondrial fraction was prepared as described above.
An aliquot (30 �g) of cytosolic or mitochondrial protein was
analyzed by SDS-PAGE (8 or 15%), transferred onto Immobi-
lin-P polyvinylidene difluoride membranes, and processed for
immunoblotting analyses, as described (35). The targeted fac-
tors and the primary antibody concentrations were as follows:
PERK (1:1000), pPERK (1:1000), eIF2a (1:500), peIF2a (1:1000),

FIGURE 1. ER stress-induced expression of ER- and mitochondria-related factors. INS-1 cells were treated
with either vehicle (DMSO) or thapsigargin (1 �M) and incubated for up to 24 h. At various times, the cells were
harvested and cytosol and mitochondrial fractions were prepared. Proteins in each fraction were then resolved by
SDS-PAGE and processed for immunoblotting analyses. Tubulin or complex IV immunoreactivity was used as con-
trol. A, ER factors. B, mitochondrial factors. C, caspase-3. Immunoreactive bands were visualized by ECL. D, quantita-
tion of band intensities. Ratios of factor to control band intensity from a representative blot are presented (Vector,
empty vector-transfected and OE, iPLA2�-overexpressing INS-1 cells). Each analysis was done three times.
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iPLA2� (T-14; 1:500), calnexin
(1:1,000), FTCD (1:1500), complex
IV (1:2,000), Oct-1 (1:1,000), cyto-
chrome c (1:1,000), caspase-12 and
caspase-3 (1:1,000), and tubulin
(1:2000). The secondary antibody
concentration was 1:10,000. Immu-
noreactive bands were visualized
by enhanced chemiluminescence
(ECL).
Measurement of 5�-Nucleotidase

Activity—Aspectrophotometric en-
zymatic assay was used to measure
the activity of the plasmamembrane
enzyme 5�-nucleotidase, according
to instructions provided by Sigma
(EC 3.1.3.5). This procedure meas-
ures the 5�-nucleotidase-mediated
liberation of inorganic phosphorous
from 5�-AMP, as reflected by moni-
toring absorbance at 660 nm.
Assay for iPLA2� Activity in the

Mitochondria—Mitochondrial frac-
tion was prepared from INS-1 cells
harvested at 4, 8, and 16 h following
induction of ER stress. Protein con-
centration was determined using
Coomassie reagent. Ca2�-independ-
ent PLA2 activity in an aliquot of
mitochondrial protein (30 �g) was
assayed under zero Ca2� conditions
(noaddedCa2�plus10mMEGTA) in
the presence of [14C]PLPC (5 �M) as
the substrate, and specific enzymatic
activity was quantitated, as described
(35). To verify that themitochondrial
phospholipase activity is manifested
by iPLA2�, activitywasalsoassayed in
the presence of BEL (1 �M).
Ceramide Analyses by ESI/

MS/MS—Lipids were extracted
from the mitochondria and ER of
INS-1 cells under acidic condi-
tions, as described (34, 35). Briefly,
extraction buffer (chloroform,
methanol, 2% acetic acid, 2/2/1.8;
v/v/v) containing C8-ceramide (m/z
432) internal standard (500 ng),
which is not an endogenous compo-
nent of INS-1 cell lipids, was added
to each fraction of mitochondria
and ER. After vigorous vortexing,
the mixture was centrifuged
(800 � g, 5 min, room tempera-
ture) and the organic bottom layer
collected, concentrated to dryness
under nitrogen, and reconstituted
in chloroform/methanol (1:4) con-
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FIGURE 2. Mitochondrial association of iPLA2� protein and activity during ER stress. INS-1 cells were treated
with either vehicle (DMSO) or with thapsigargin (1 �M) and incubated for up to 16–24 h. Cells were harvested at
various times and mitochondrial fractions prepared for iPLA2� immunoblotting and phospholipase activity analy-
ses. A, verification of mitochondrial fraction purity. Fractions designated cytosol, ER, mitochondria (Mito), and homo-
genate (Homog) were probed with organelle-specific markers complex IV (mitochondria), calnexin (ER), FTCD
(Golgi), or Oct-1 (nuclei). Tubulin immunoreactivity was used as control. B, 5�-nucleotidase activity. Plasma mem-
brane-associated nucleotidase activity was determined in Vector and OE INS-1 cell subcellular fractions using a
spectrophotometric method. Because the values were similar in the two groups, they were pooled to determine
mean activity (units/mg of protein) in each fraction (n � 4–6), where 1 unit is defined as the amount that will
hydrolyze 1.0 �mol of inorganic phosphorus from adenosine 5�-monophosphate per min at pH 9.0 at 37 °C.
C, mitochondria-associated iPLA2� protein. Accumulation of iPLA2� protein in the mitochondria was examined
following induction of ER stress (top panel) by immunoblotting analyses. Complex IV was used as control (bottom
panel). D, mitochondria-associated iPLA2� activity. Specific iPLA2� catalytic activity in mitochondria prepared from
vehicle and thapsigargin-treated INS-1 cells was determined in the absence or presence of BEL (B, 1 �M) and
expressed as the mean � S.E. of percent change in activity, relative to corresponding vehicle control activity. Each
analysis was done three times (V or Vector, empty vector-transfected and OE, iPLA2�-overexpressing INS-1 cells). *,
significantly different from corresponding control activity, p 	 0.05.
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taining 10 pmol/�l of LiOH. The relative abundance of individ-
ual ceramide species, relative to the C8-ceramide internal
standard, in the mitochondria and ER were determined sepa-
rately by ESI/MS/MS scanning for constant neutral loss of 48,
which reflects the elimination of formaldehyde and water from
the [M � Li�] ion (49). This loss is characteristic of ceramide-
Li� adducts upon low energy collisionally activated dissocia-
tion ESI/MS/MS (50). To measure ceramide content, ESI/
MS/MS standard curves were generated from a series of
samples containing a fixed amount of C8-CM standard and
varied amounts of long chain CM standards, as described (35).
Total (pmol) ceramide species in each fraction was determined
and normalized to milligrams of protein. Changes between
control and treated ER and mitochondrial fractions on each
experimental day were combined and mean differences � S.E.

over 7 separate experimental analy-
ses in each group were determined.
Sphingomyelin (SM) Analyses by

ESI/MS/MS—Sphingomyelins are
formed by reaction of a ceramide
with CDP-choline and similar to
GPC lipids, they contain a phospho-
choline as the polar head group.
This feature of sphingomyelins
facilitates identification of sphingo-
myelin molecular species by con-
stant neutral loss scanning of tri-
methylamine ([M�H]� 
N(CH3)3)
or constant neutral loss of 59, as
described (34). The prominent ions
in the total ion current spectrum are
those of the evenmass PCmolecular
species and these mask the odd
mass sphingomyelin signals (34).
Constant neutral loss of 59, how-
ever, facilitates emergence of signals
for sphingomyelin species at odd
m/z values, reflecting loss of nitro-
gen. Lipid extracts were prepared as
above in the presence of 14:0/14:0-
GPC (m/z 684, 8 �g) as internal
standard, which is not an endoge-
nous component of INS-1 cell lip-
ids, and analyzed by ESI/MS/MS.
Sphingomyelin content in the sam-
ples was determined based on
standard curves generated using
commercially available brain and
egg sphingomyelins with a known
percentage of each fatty acid con-
stituent and 14:0/14:0-GPC (m/z
684, 8 �g) as internal standard, as
described (34). Total (pmol) sphin-
gomyelin species in each fraction
was determined and normalized
to milligrams of protein. Changes
between control and treated ER
and mitochondrial fractions on

each experimental day were combined and mean differ-
ences � S.E. over 7 separate experimental analyses in each
group were determined.
Statistical Analyses—Data were converted to mean � S.E.

values and the Student’s t test was applied to determine signif-
icant differences between two samples (p 	 0.05). Statistical
differences between multiple treatment groups and a control
group were determined using analysis of variance and Dunnett
post-hoc test. The n value for each analysis is indicted in the
figure legends.

RESULTS

Induction of ER stresswith thapsigargin causes an increase in
ceramide generation and INS-1 cell apoptosis that are both
suppressed by inactivation of iPLA2� with BEL (34, 35). Such

FIGURE 3. Activation (opening) of mitochondrial PTP during ER stress. INS-1 cells were treated with either
vehicle (DMSO) or with thapsigargin (Thap) (1 �M) and incubated for 16 h. The cells were then incubated with
calcein-AM alone (panels A–D) or with calcein-AM and quenching agent CoCl2 (panels E–H) and analyzed by
flow cytometry. The left-ward shift in fluorescence intensity between panels E (DMSO) and F (thapsigargin) and
panels G (DMSO) and H (Thap) reflect PTP opening in Vector (V) and OE INS-1 cells, respectively, during ER stress.
The vertical lines connecting panels E and F and panels G and H are presented to show the loss in fluorescence
due to PTP activation in ER-stressed cells, relative to control cells. Representative fluorescence spectra gener-
ated from analyses of 10,000 INS-1 cells from each experiment are presented. Each analysis was done three to
five times (V, empty vector-transfected and OE, iPLA2�-overexpressing INS-1 cells).
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findings indicate that iPLA2� participates in ER stress-induced
apoptosis but the precisemechanism bywhich iPLA2� and cer-
amides contribute to apoptosis of insulin-secreting cells
remains unclear.We examined this issue in the present study by
comparing the effects of ER stress in empty vector (Vector) and
iPLA2� cDNA vector (OE) construct-transfected INS-1 cells.
The OE cells express a 10-fold higher iPLA2� catalytic activity,

are more sensitive to ER stress, and
exhibit amplified apoptosis, relative
to Vector cells, which are inhibit-
able by BEL (34, 35).
ER Stress Induces ER and Mito-

chondrial Factors—Because ER
stress promoted a loss in �� in
addition to inducing ER stress fac-
tors CHOP and BiP (34, 35), we
examined the appearance of mito-
chondrial apoptotic factors during
ER stress-induced INS-1 cell apop-
tosis. Vector and OE cells were
treated with thapsigargin and har-
vested at various times for immu-
noblotting analyses of ER and
mitochondrial-related factors. As
expected, ER stress led to phospho-
rylation of pancreatic ER kinase-like
ER kinase (PERK) and of its down-
stream substrate eukaryotic initia-
tion factor 2 (eIF2a), and activation
of caspase-12 (Fig. 1A). Activation
of PERK and eIF2a occurs earlier
and is amplified in OE INS-1 cells,
relative to Vector only cells, but
cleavage of caspase-12 to its active
42-kDa form does not appear to be
similarly amplified by iPLA2� over-
expression. ER stress also promoted
the release of cytochrome c and
Smac from the mitochondria (Fig.
1B) and their accumulation in the
cytosol, hallmark signs of mito-
chondrial decompensation, is am-
plified in the OE cells, relative to
Vector cells. Consistent with the
induction of apoptosis due to ER
stress and its amplification in INS-1
cells overexpressing iPLA2�, activa-
tion of the executioner caspase-3, as
reflected by its cleavage to the
19-kDa form, is evident between
16 and 24 h (Fig. 1C) with greater
activation occurring in the OE
cells, relative to Vector cells. Rep-
resentative quantitation of the
bands is presented on the right (D
panels). These findings raise the
possibility that a role for iPLA2� in
the ER stress-mediated apoptotic

process may involve activation of the mitochondria.
Accumulation of Mitochondria-associated iPLA2� Protein

and Activity during ER Stress—To determine if ER stress-in-
duced mitochondrial perturbations are associated with
increased mitochondrial association of iPLA2�, a mitochon-
drial fractionwas prepared using a douncing protocol. Purity of
the fraction was assessed first and as illustrated in Fig. 2, A and

FIGURE 4. Inhibition of ER stress-induced changes in PTP by BEL. INS-1 cells were pretreated with either
DMSO vehicle or BEL (B, 1 �M) for 1 h. The medium was then replaced with one containing thapsigargin (Thap,
1 �M). At 16 h, the cells were harvested and processed for PTP analyses, as described in the legend to Fig. 3.
Panels A–D, calcein-AM alone. Panels E–H, calcein-AM � CoCl2. The right-ward shifts in calcein-AM fluorescence
spectra between panels E (Thap) and F (B�Thap) and panels G (Thap) and H (B�Thap) indicate reversal of ER
stress-induced PTP opening in Vector (V) and OE INS-1 cells, respectively. The vertical lines connecting panels E
and F and panels G and H are presented to show the reversal in fluorescence loss due to inhibition of PTP
activation in ER-stressed cells pretreated with BEL, relative to Thap alone-treated cells. Representative fluores-
cence spectra generated from analyses of 10,000 INS-1 cells from each experiment by flow cytometry are
presented. Each analysis was done three to five times (V, empty vector-transfected and OE, iPLA2�-overex-
pressing INS-1 cells).
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B, the homogenate, as expected, contained all organelle mark-
ers. However, the fraction designatedmitochondria is enriched
in complex IV but not in calnexin, FTCD, Oct-1, or 5�-nucleo-
tidase activity. These findings verified that this fraction is pre-
dominantly comprised of mitochondria and does not contain
significant amounts of ER, Golgi, nuclei, or plasma membrane,
respectively. ER stress was then induced in INS-1 cells and at
various times the cells were harvested and mitochondrial frac-
tions prepared for iPLA2� protein and activity assays. Follow-
ing induction of ER stress, iPLA2� accumulation in the mito-

chondria increases gradually and
peak levels of iPLA2� protein (Fig.
2C) and activity (Fig. 2D) are
reached in theVector cells at 8 h and
in the OE cells at 4 h. The measured
catalytic activity is found to be sen-
sitive to inhibition with BEL, pro-
viding evidence for ER stress-pro-
moted accumulation of iPLA2� in
the mitochondria.
Activation of PTP during ER

Stress—Because PTP opening can
lead to loss in �� and cytochrome c
release (46) and we find that ER
stress promotes loss in �� (34),
cytochrome c release, and accumu-
lation of iPLA2� in the mitochon-
dria we examined whether ER stress
leads to PTP activation in INS-1
cells and if it is influenced by iPLA2�
expression. PTP activation was
examined in intact INS-1 cells by a
flow cytometry assay based onmon-
itoring fluorescence of calcein-AM
entrapped in the mitochondria
through Co2� quenching of cytoso-
lic calcein fluorescence (51). ER
stresswas induced inVector andOE
INS-1 cells and at 16 h the cells were
harvested and loaded with cal-
cein-AM in the absence or presence
of CoCl2 and its fluorescence was
detected after a 15-min incubation
period. The 16-h time point is pre-
sented because it corresponded to
the time when near maximal cyto-
chrome c release is observed (Fig.
1B). Each spectrum presented in
Fig. 3 reflects fluorescencemeasure-
ment in 10,000 cells. In the absence
of the quenching agent, calcein-AM
accumulates in the cytosol (panels
A–D). Addition of CoCl2, due to the
quenching effects of Co2�, reduces
the overall fluorescence and this is
reflected by the left-ward shift in the
spectra (panels E–H), relative to the
corresponding unquenched left set of

panels. In cells in which ER stress is induced and are undergoing
apoptosis (panels F and H), the fluorescence signal is further
reduced, relative to corresponding control cells (panels E andG).
Comparison of panels F andH illustrates that activation of PTP is
greater in theOE cells, relative toVector cells. These findings sug-
gest thatERstress leads toPTPactivationand that this process can
bemodulated by iPLA2�.
Inhibition of ER Stress-induced PTP Opening by iPLA2�

Inactivation—To verify a role for iPLA2� in the PTP activation
pathway during ER stress, Vector and OE cells were incubated

FIGURE 5. Inhibition of ER stress-induced decrease in mitochondrial membrane potential (��), cyto-
chrome (cyt) c release, and caspase-3 activation by BEL. A–F, INS-1 cells were pretreated with either vehicle
(DMSO) or BEL (B, 1 �M) for 1 h. The medium was then replaced with one containing with thapsigargin (Thap, 1 �M).
At 16 h, the cells were harvested and processed for �� analyses. Representative fluorescence spectra generated
from analyses of 10,000 INS-1 cells from each experiment by flow cytometry are presented. The percentage of cells
(mean of four separate experiments) in which �� is compromised is indicated in each panel. G, immunoblot anal-
yses of cytochrome c in cytosol and mitochondria. H, immunoblot analyses of caspase-3 in homogenates. Tubulin
immunoreactivity was used as control. Each analysis was done three to four times (V, empty vector-transfected and
OE, iPLA2�-overexpressing INS-1 cells).
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without or with BEL for 1 h prior to induction of ER stress. PTP
opening was then examined at 16 h and the results are pre-
sented in Fig. 4. At concentrations that completely abolish

iPLA2� activity and suppress ER
stress-induced INS-1 cell apoptosis
(35), BEL alone did not affect PTP
(data not shown). However, pre-
treatment with BEL reversed the
reduction in calcein-AM fluores-
cence promoted by ER stress. This is
reflected by the right-ward shifts in
peak fluorescence in the Vector
(panels E versus F) andOE (panels G
versus H) cells. These findings are
consistent with iPLA2� activation
contributing to PTP opening during
ER stress.
Inhibition of ER Stress-induced

Decrease in ��, Cytochrome c
Release, and Caspase-3 Activation
by iPLA2� Inactivation—Opening
of PTP can lead to downstream
events that include loss in ��,
release of cytochrome c, and activa-
tion of caspases. To examine if these
events are sensitive to iPLA2� acti-
vation, Vector and OE cells were
incubated without or with BEL for
1 h prior to induction of ER stress.
At 16 h, �� was measured in a sus-
pension of cells to which a fluores-
cent Mito Flow reagent was added.
This reagent concentrates in the
mitochondria of healthy cells but
the mitochondria of cells undergo-
ing apoptosis become compromised
and accumulate less of the reagent
and this is reflected by a decrease in
the fluorescence signal and the
appearance of a second peak that is
left of the original. The spectra pre-
sented in Fig. 5,A–F, reflect fluores-
cencemeasurement in 10,000 INS-1
cells and the percentage of cells
(mean of 4 separate experiments)
losing �� was analyzed by the
application software and is indi-
cated as M1. As illustrated, only a
small percentage (5–6%) of cells are
decompensated with vehicle alone
(panels A and D) but induction of
ER stress causes a loss in �� that is
3-fold greater in Vector cells (panel
B) and 9-fold greater in OE cells
(panel E), relative to vehicle-treated
cells. BEL alone does not affect ��
(data not shown) but its addition
suppresses the percentage of cells

with compromised �� (panel C versus F). Consistent with its
inhibitory effects on ER stress-induced changes in PTP and��,
BEL treatment prevents cytochrome c release through 16 h
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FIGURE 6. Ceramide and sphingomyelin analyses in the mitochondrial fraction by ESI mass spectrome-
try. OE INS-1 cells were treated with vehicle (DMSO, control) or with thapsigargin (1 �M) for 20 h. The cells were
then detached and mitochondria fraction was prepared. Lipids from each were extracted in the presence of
C8-ceramide internal standard (m/z 432) or (14:0/14:0)-GPC internal standard (m/z 684). The relative abun-
dance of ceramide (panels A and B) and sphingomyelin (panels C and D) molecular species were then separately
analyzed by ESI/MS/MS by monitoring constant neutral loss scanning of 48 and 59, respectively. A and C, OE
control. B and D, OE � thapsigargin (Thap). The major ceramide molecular species (16:0 (m/z 544), 18:0 (m/z
572), 22:0 (m/z 628), 24:1 (m/z 654), and 24:0 (m/z 656)) and sphingomyelin molecular species (16:0 (m/z 709),
18:0 (m/z 737), 22:0 (m/z 793), 24:1 (m/z 819) and 24:0 (m/z 821)) are indicated in each spectrum. Each analysis
was done seven times.
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FIGURE 7. Ceramide and sphingomyelin analyses in the ER fraction by ESI mass spectrometry. OE INS-1
cells were treated with vehicle (DMSO, control) or thapsigargin (Thap) (1 �M) for 20 h. The cells were then
detached and the ER fraction was prepared. Lipids from each were extracted in the presence of C8-ceramide
internal standard (m/z 432) or (14:0/14:0)-GPC internal standard (m/z 684). The relative abundance of ceramide
(panels A and B) and sphingomyelin (panels C and D) molecular species were then analyzed and indicated in
each spectrum as described in the legend to Fig. 6. A and C, OE control. B and D, OE � thapsigargin. Each
analysis was done seven times.
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(panel G) and suppresses activation of the apoptosis execu-
tioner caspase-3 (panel H). The findings presented in Figs. 1–5
therefore indicate that the mitochondria-associated apoptotic
pathway is invoked during ER stress and that iPLA2� activation
provides signals essential to this process.
ER Stress Induces Ceramide Generation in theMitochondrial

and ER Fractions—Ceramides are recognized to affect PTP (52,
53) and their increased generation has been observed in
ER-stressed INS-1 cells (34, 35). Total cellular ceramide accumu-
lation during ER stress was previously determined, using inhibi-
tors of serine palmitoyltransferase and neutral sphingomyelinase
(NSMase), to occur via iPLA2�-mediated hydrolysis of sphingo-
myelinsbyNSMase (34, 35).Here,weexaminedwhetherERstress
promotes ceramide generation in the ER and mitochondria of
INS-1 cells via sphingomyelinhydrolysis.TheER fractionwaspre-
pared, asdescribedabove, andassessed forpurity.As shown inFig.
2, A and B, this fraction was found to be enriched in calnexin but
nototherorganellemarkers.Thechoiceof the20-h timepointwas
basedon thecombinationof findings reportedearlier (34, 35) indi-
cating thatNSMase expression, ceramide generation, and apopto-
sis are near maximal between 16 and 24 h following induction of
ER stress.
Ceramide (CM) species were measured as their Li� adducts

(34, 35) relative to the internal standard C8-CM, which con-
tains an octanoic acid residue as the fatty amide substituent.
Figs. 6 and 7 (panels A andB) display representative positive ion
ESI-MS total ion current tracings of Li� adducts of the CM
species in mitochondrial and ER fractions, respectively, after
addition of the C8-CM internal standard, which is represented
in the spectrum by its [M � Li�]� ion (m/z 432). The fatty
amide substituents of the major CM species endogenous to
INS-1 cells are 16:0 (m/z 544), 18:0 (m/z 572), 22:0 (m/z 628),
24:1 (m/z 654), and 24:0 (m/z 656). The spectra were acquired
by monitoring constant neutral loss of 48 in OE INS-1 cells
treatedwith either vehicle (panels A) or thapsigargin (panels B).
As illustrated, following induction of ER stress, the relative
abundances of the CM molecular species in INS-1 cells are
higher in both the mitochondria and ER fractions, as reflected
by the increases in intensity of ions representing them.
Figs. 6 and 7 (panels C andD) display representative positive

ion ESI-MS total ion current tracings of Li� adducts of the
sphingomyelin species in mitochondrial and ER fractions,
respectively, after addition of the 14:0/14:0-GPC internal
standard, which is represented in the spectrum by its [M �
Li�]� ion (m/z 684). As with the ceramide species, the major
sphingomyelin species endogenous to INS-1 cells are 16:0 (m/z
709), 18:0 (m/z 737), 22:0 (m/z 693), 24:1 (m/z 819), and 24:0
(m/z 821). The spectra were acquired by monitoring constant
neutral loss of 59, as described (54), in OE INS-1 cells treated
with either vehicle (panels C) or thapsigargin (panels D). As
illustrated, following induction of ER stress, the relative abun-
dance of the sphingomyelinmolecular species in INS-1 cells are
lower in both themitochondria and ER fractions, as reflected by
the decreases in the intensity of ions representing them.
Differences in the combined (ER � mitochondria) pool of

ceramides and sphingomyelins (picomole/mg of protein)
between vehicle- and thapsigargin-treated groups are shown in
Fig. 8. As seen, ceramides increased and sphingomyelins

decreased following induction of ER stress in both Vector and
OE groups. However, such changes were nearly 2-fold greater
in the OE group, relative to the Vector group. Comparison of
the incremental changes revealed that themagnitude of change
in ceramides is similar to the magnitude of change in sphingo-
myelins in both groups (CMs versus SMs: Vector, p � 0.6269
and OE, p � 0.4157). These findings therefore are consistent
with ceramide generation via sphingomyelin hydrolysis follow-
ing induction of ER stress.
Ceramide- andERStress-inducedCell Death Is Suppressed by

Forskolin—In view of ceramide accumulation during ER stress,
direct effects of C2-ceramide were compared with ER stress-
induced effects. As shown in Fig. 9A, addition of C2-ceramide
induces INS-1 cell apoptosis, as reflected by the greater abun-
dance of TUNEL-positive cells treated with the ceramide, rela-
tive to vehicle-treated cells. Elevations in cAMP content have a
suppressing effect on ceramide-induced cell death (55) and in
agreement with those studies, addition of the adenylate cyclase
activator forskolin results in significant reductions (�50%) in
ceramide-induced INS-1 cell apoptosis (Fig. 9, A and C). If
iPLA2�-mediated ceramide generation during ER stress con-
tributes to cell death, it might be speculated that addition of
forskolin should reduce ER stress-induced apoptosis. As shown
in Fig. 9, B and D, this is indeed what is observed as ER stress-
induced INS-1 cell apoptosis is also inhibited nearly 50% by
forskolin. These findings suggest that ceramides generated dur-

FIGURE 8. ER stress-induced ceramide generation and sphingomyelin
hydrolysis in the mitochondrial and ER fractions. Vector and OE INS-1 cells
were treated with either vehicle (DMSO, Control) or thapsigargin (1 �M) for
20 h. The cells were then harvested, ER and mitochondria fractions prepared,
and lipids in each fraction extracted separately in the presence of internal
standards C8-ceramide (m/z 432) or 14:0/14:0-GPC (m/z 684). An aliquot of
each fraction was then used separately to determine the relative abundance
of ceramide and sphingomyelin molecular species by ESI/MS/MS. Total
(pmol) ceramide and sphingomyelin molecular species in each fraction were
then determined and normalized to milligrams of protein, as described under
“Experimental Procedures.” (Vector (V) and OE pools of ceramides (nmol/mg
protein): VC, 3.52 � 1.20 and VT, 8.63 � 1.46; OEC, 2.47 � 0.54 and OET,
11.69 � 2.59; V and OE pools of sphingomyelins (nmol/mg of protein): VC,
35.53 � 6.35 and VT, 28.96 � 9.52; OEC, 38.24 � 10.80 and OET, 25.32 � 5.69).)
The change in the pool of ceramides and sphingomyelins between control
and treated ER and mitochondria fractions on each experimental day were
used to calculate the presented mean differences � S.E. (n � 7 in each group).
The numbers in parentheses indicate the –fold change in the OE pools, relative
to the Vector pools (Vector, empty vector-transfected and OE, iPLA2�-over-
expressing INS-1 cells). *, OE pool significantly different from corresponding
Vector pool, p 	 0.05.
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ing ER stress can play a key role in the pathway leading to ER
stress-induced apoptosis of insulin-secreting cells.
ER Stress-induced Loss in �� and Cytochrome c Release Are

Mediated by Ceramides—In the absence of differences in
caspase-12 activation between Vector and OE INS-1 cells but
amplified cytochrome c release in the OE cells following induc-
tion of ER stress, the possibility that iPLA2� activation leads to
mitochondrial decompensation through ceramide generation
was examined. INS-1 cells were treated with either C2-cera-
mide or thapsigargin alone or in combinationwith forskolin. As
shown in Fig. 10, relative to vehicle-treated cells (panels A and
G), the ceramide and ER stress caused loss in �� in Vector
(panels B and D) and OE (panels H and J) cells and addition of
forskolin reduced the percentage ofVector (panels C andE) and
OE (panels I and K) cells that lose ��. The NSMase inhibitor
GW4869 also suppressed ER stress-induced loss in �� (panels
F and L) and this was associated with dramatic reductions in
cytochrome c release in both Vector and OE cells (panel M). In
light of the earlier observation that inhibition of NSMase pre-
vented ER stress-induced sphingomyelin hydrolysis and cera-
mide generation in INS-1 cells (34), the present findings suggest
that mitochondrial decompensation and consequential release

of cytochrome c that occur during ER stress are promoted
by ceramides generated via iPLA2�-mediated activation of
NSMase.

DISCUSSION

�-Cell apoptosis can result from prolonged ER stress and
such a mechanism is thought to contribute to �-cell death dur-
ing the development of diabetes mellitus (17). Recent studies
indicate that the Group VIA Ca2�-independent phospholipase
A2 (iPLA2�) participates in ER stress-induced INS-1 cell apo-
ptosis (34, 35). Of particular interest are the findings in the
latter studies that ER stress leads to ceramide generation via the
sphingomyelin hydrolysis pathway that is dependent on
iPLA2�-sensitive induction of NSMase. Although inhibition of
NSMase activity or expression or inhibition of iPLA2� pre-
vented ER stress-induced ceramide generation and INS-1 cell
apoptosis in those studies, the mechanism(s) by which iPLA2�
or ceramides contribute to apoptotic cell death remained
unidentified.
As the current understanding of events activated during ER

stress-induced cellular events increases, it is being recognized
that prolonged ER stress can lead tomitochondrial damage (56,

FIGURE 9. Ceramide- and ER stress-induced INS-1 cell apoptosis is suppressed by forskolin. INS-1 cells were treated with vehicle (DMSO, control),
C2-ceramide (C2-CM, 50 �M), or with thapsigargin (Thap, 1 �M) following preincubation in the absence or presence of forskolin (F, 2.5 �M, 1 h). A and C, DAPI and
TUNEL staining. The cells were harvested at 16 h, processed for staining of cellular nuclei and cells undergoing apoptosis, and visualized by fluorescence
microscopy. B and D, quantitation of TUNEL-positive apoptotic cells. Total cell number (DAPI-stained) and apoptotic cell number (TUNEL-positive cells) in a field
of a slide were counted. A minimum of 5 fields per slide (n � 3) were analyzed and mean percentages � S.E. of apoptotic cells, relative to total cell number, are
presented. *, significantly different from corresponding control. #, significantly different from corresponding C2-CM or thapsigargin group, p 	 0.05, n � 3–7
slides in each group). Vector, empty vector-transfected and OE, iPLA2�-overexpressing INS-1 cells.
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57). A suggestedmechanism linking
ER stress with the intrinsic apopto-
tic pathway begins with the release
of Ca2� from ER stores into the
cytosol during ER stress (57–60). A
major Ca2� sequestering organelle
is the mitochondria, which uses
ruthenium red-sensitive uptake and
Na�-Ca2� exchanger pathways to
remove Ca2� from the cytosol (31).
Accumulation of Ca2� in the mito-
chondria leads to collapse of ��,
PTP formation, release of cyto-
chrome c, and apoptosis-inducing
factor (32). The increase in ER Ca2�

during stress is proposed to activate
calpain leading to cleavage of
caspase-12, which is located in the
ER (15), into an active form (57).
However, recent evidence indicates
that ER stress-induced apoptosis
can occur via an apoptosome-
dependent pathway that does not
require caspase-12 activation (61,
62). In agreement with this latter
possibility, we find that whereas ER
stress-induced INS-1 cell apoptosis
is BEL-sensitive, activation of
caspase-12 is not affected by iPLA2�
expression. This, taken together
with the earlier demonstration of
amplification of loss in �� in ER-
stressed iPLA2� OE INS-1 cells (34,
35), raises the possibility that apo-
ptosis due to ER stress requires
iPLA2�-mediated activation of the
mitochondria.
Here, we report that iPLA2� acti-

vation and subsequent ceramide
generation are key components in
the cross-talk between the ER and
mitochondria following induction
of ER stress and that their involve-
ment serves to amplify ER stress-in-
duced apoptosis of insulin-secreting
cells. This is based on the findings
that (a) ER stress leads to iPLA2�
association with mitochondria, (b)
ER stress leads to ceramide genera-
tion in both the ER and mitochon-
drial fractions, (c) ceramides induce
apoptosis and loss in��, analogous
to ER stress, and the effects of both
ceramides and ER stress are simi-
larly suppressed by forskolin, and
(d) ER stress leads to PTP opening,
loss of ��, and cytochrome c
release and these signature mito-

FIGURE 10. Suppression of ceramide and ER stress-induced �� loss and cytochrome c release. Vector (panels
A–F) and OE (panels G–L) INS-1 cells were treated with either forskolin (F, 2.5 �M) or GW4869 (GW, 10 �M) for 1 h prior
to addition of thapsigargin (Thap, 1 �M) or C2-ceramide (C2-CM, 50 �M). At 16 h, the cells were harvested for ��
analyses by flow cytometry. Each analysis was done three to five times. M, immunoblot analyses of cytochrome c in
cytosol and mitochondria prepared from Vector (V) and OE INS-1 cells pretreated for 1 h with GW4869 (10 �M) prior
to addition of thapsigargin (1 �M). Complex IV immunoreactivity was used as control. Each analysis was done three
times. Vector, empty vector-transfected and OE, iPLA2�-overexpressing INS-1 cells.
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chondria-related events of apoptosis are suppressed by inhibi-
tion of iPLA2� or ceramide generation.
Ceramides are recognized to participate in cell survival and

apoptosis pathways (42, 43) and inactivation of iPLA2� with
BEL inhibits ceramide accumulation and apoptosis due to ER
stress (34, 35).We therefore considered the possibility that cer-
amides generated via an iPLA2�-sensitive pathway promote
mitochondrial dysfunction during ER stress.We examined this
by monitoring PTP, ��, and cytochrome c release in control
and iPLA2� overexpressing INS-1 cells following induction of
ER stress. Permeabilization of the outer mitochondrial mem-
brane is considered to be a “point of no return” during apoptosis
(63) and PTP opening alters outer mitochondrial membrane
permeability. Prolonged activation of PTP leads to loss in ��
and release of cytochrome c, a necessary event in themitochon-
drial cell death pathway (64, 65), from the mitochondrial inter-
membrane space into the cytosol. Following its release into the
cytosol, the proapoptotic cytochrome c forms the apoptosome
complex with apoptosis protease-activating factor-1 to induce
caspases and subsequent apoptosis (66). We observed that ER
stress leads to activation of PTP, loss in ��, and cytochrome c
release from the mitochondria and that these events are ampli-
fied in OE INS-1 cells and are inhibited by inactivation of

iPLA2�. Furthermore, release of
Smac is evident during ER stress and
its accumulation in the cytosol is
also amplified in OE INS-1 cells.
The proapoptotic effects of Smac
are thought to be due to its abilities
to induce cytochrome c release (67)
and to inhibit inhibitor of apoptosis
proteins, thus promoting caspase
activation cascade initiated by the
release of cytochrome c (68). Our
findings therefore support the pos-
sibility that iPLA2� contributes to
activation of mitochondria-related
apoptotic events. Consistent with
this, we find that ER stress promotes
accumulation of iPLA2�, ceramide
generation, and sphingomyelin
hydrolysis in the ER (34) and mito-
chondrial fractions. Interestingly,
ceramide generation and NSMase
expression during ER stress are also
amplified in iPLA2� overexpressing
INS-1 cells and are inhibited by BEL
(34). These findings indicate that
iPLA2� activation during ER stress
is a key modulator of subsequent
disruption of mitochondrial mem-
brane permeability and eventual
apoptotic INS-1 cell death.
The effects of ER stress on PTP

and�� aremimicked in INS-1 cells
exposed to a ceramide analog (C2-
CM). This is not unexpected, as PTP
activation, loss in ��, and overall

mitochondrial dysfunction (52, 53) following ceramide accu-
mulations or exposure to ceramide analogs are reported to
occur in other cell types (69–71). Furthermore, elevations in
cAMP have been demonstrated to suppress ceramide-induced
cell death (55).We therefore compared the protective effects of
increasing intracellular levels of cAMP in ceramide-treated and
ER-stressed cells.We find that pretreatment of INS-1 cells with
forskolin, an adenylate cyclase activator, suppresses both cera-
mide-induced apoptosis and loss in ��. Similarly, forskolin
attenuates ER stress-induced �� loss and apoptosis. These
findings imply that pathways leading to apoptosis following
exposure to ceramides or during ER stress converge down-
stream at the mitochondrial level.
Ceramides can be generated via multiple pathways and in

contrast to contribution of the de novo pathway to lipoapopto-
sis of �-cells in ZDF rats (72) or of pancreatic islets exposed to
free fatty acids (73, 74), ceramide accumulation in INS-1 cells
during ER stress occurs predominantly via hydrolysis of sphin-
gomyelins by neutral sphingomyelinase (34, 35). In support of
this, ER stress neither induces serine palmitoyltransferase,
which catalyzes the rate-limiting step in the de novo pathway,
nor does inhibition of serine palmitoyltransferase suppress ER
stress-induced apoptosis and ceramide generation (34). In con-

FIGURE 11. Proposed interplay between iPLA2�, ceramides, and mitochondria during ER stress-induced
�-cell apoptosis. During ER stress, the expression/activity of iPLA2� increases, leading to induction of
NSMase and increased hydrolysis of sphingomyelins and generation of ceramides. These lipid mediators
activate the mitochondrial apoptotic processes and cause loss in ��, activation of PTP, and release of
cytochrome c into the cytosol. The latter interacts with other factors to activate caspases and cause
apoptosis of the �-cell. In support of this process, inhibition of iPLA2� BEL suppresses NSMase expression
and ceramide generation (34), cytochrome (Cyt) c release, and apoptosis. Furthermore, chemical inhibi-
tion (with GW4869) or knockdown (KD) of NSMase suppresses ceramide generation (34), cytochrome c
release, and apoptosis.
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trast, neutral sphingomyelinase expression increases following
induction of ER stress and inhibition of neutral sphingomyeli-
nase with GW4869 or its knockdown using small interfering
RNA suppresses sphingomyelin hydrolysis, ceramide genera-
tion, and apoptosis due to ER stress (34). To determine if a
similar ceramide-generating mechanism is expressed and is
activated in the ER or mitochondria during ER stress, ER and
mitochondrial fractions were prepared from INS-1 cells and
analyzed by ESI/MS/MS. Such analyses suggested that ER stress
induces ceramide generation and sphingomyelin hydrolysis in
both the ER and mitochondrial fractions of INS-1 cells.
Although the ER and mitochondrial fractions were not com-
pletely free of plasmamembrane contamination, it is not totally
unexpected that both the ER and the mitochondria are capable
of generating ceramides via sphingomyelin hydrolysis. The
membranes of the nucleus and ER are contiguous (75, 76) and
they both expressNSMase (77, 78). Purifiedmitochondria from
cells exposed to various agents have increased ceramide levels
(53) and the contribution of mitochondrial sphingomyelin
hydrolysis to ceramide generation and apoptosis has been dem-
onstrated in other studies (79, 80). These observations suggest-
ing that the ER and mitochondria express components of
sphingolipid metabolism raise the possibility that these
organelles may also contribute to the generation of ceramides
via sphingomyelin hydrolysis during apoptosis.
Determination of the pooled mass of ceramide and sphingo-

myelinmolecular species, relative to protein content (pmol/mg
protein), reveal amplified ceramide generation and sphingomy-
elin hydrolysis in the ER and mitochondrial fractions of OE
cells, relative to Vector cells, following induction of ER stress.
The combined (ER � mitochondria) increase in ceramide and
decrease in sphingomyelins, in the ER and mitochondrial frac-
tions are found to be nearly 2-fold higher in the OE cells, rela-
tive to theVector cells. Consistentwith ceramide generation via
sphingomyelins the magnitude of ceramide increase is similar
to the magnitude of decrease in sphingomyelins in the ER and
mitochondrial fractions of bothVector andOE INS-1 cells. The
likelihood that ceramides generated via this pathway affect the
mitochondria is supported by the finding that the NSMase
inhibitor GW4689 suppresses both cytochrome c release and
loss in ��. In agreement with this possibility, targeting of
SMase to the mitochondria of MCF7 cells has been reported to
cause cytochrome c release and apoptosis (80).

As summarized in the scheme in Fig. 11, we report here that
induction of ER stress in INS-1 cells promotes expression of ER
stress factors and events recognized to occur when the intrinsic
apoptotic pathway is triggered. These include loss inmitochon-
drial membrane potential, activation of mitochondrial perme-
ability transition pore, and release of cytochrome c and Smac
from themitochondria into the cytosol. All of these, being hall-
marks of apoptosis, point to amitochondrial involvement in ER
stress-induced �-cell apoptosis. Because our findings indicate
that these mitochondrial events are sensitive to iPLA2� activa-
tion and that iPLA2�-mediated ceramide generation is integral
to the apoptotic process, it is proposed that the iPLA2�-cera-
mide axis plays a key role in the cross-talk between the ER and
mitochondria and contributes to �-cell death due to ER stress.
The specific mechanism by which ceramides can cause mito-

chondrial dysfunction remains to be answered (79) although
interaction with proapoptotic factors Bak/Bax (81), increasing
uptake of ER-derived Ca2� into the mitochondria (82), and
affecting mitochondrial electron transport chain components
(52, 53) have been proposed to be involved. Alternatively, cer-
amides have been suggested to formchannels in the outermito-
chondrial membrane at concentrations that are consistent with
mitochondrial ceramide levels in cells undergoing apoptotic
cell death (45, 83).
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