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Our recent studies indicate that endoplasmic reticulum (ER)
stress causes INS-1 cell apoptosis by a Ca2�-independent phos-
pholipaseA2 (iPLA2�)-mediatedmechanism that promotes cer-
amide generation via sphingomyelin hydrolysis and subsequent
activation of the intrinsic pathway. To elucidate the association
between iPLA2� and ER stress, we compared �-cell lines gener-
ated from wild type (WT) and Akita mice. The Akita mouse is a
spontaneous model of ER stress that develops hyperglycemia/
diabetes due to ER stress-induced �-cell apoptosis. Consistent
with a predisposition to developing ER stress, basal phosphory-
lated PERK and activated caspase-3 are higher in the Akita cells
than WT cells. Interestingly, basal iPLA2�, mature SREBP-1
(mSREBP-1), phosphorylated Akt, and neutral sphingomyeli-
nase (NSMase) are higher, relative abundances of sphingomy-
elins are lower, andmitochondrial membrane potential (��) is
compromised inAkita cells, in comparisonwithWTcells. Expo-
sure to thapsigargin accelerates �� loss and apoptosis of Akita
cells and is associatedwith increases in iPLA2�, mSREBP-1, and
NSMase in bothWT and Akita cells. Transfection of Akita cells
with iPLA2� small interfering RNA, however, suppresses
NSMase message, �� loss, and apoptosis. The iPLA2� gene
contains a sterol-regulatory element, and transfection with a
dominant negative SREBP-1 reduces basal mSREBP-1 and
iPLA2� in theAkita cells and suppresses increases inmSREBP-1
and iPLA2� due to thapsigargin. These findings suggest that ER
stress leads to generation of mSREBP-1, which can bind to the
sterol-regulatory element in the iPLA2� gene to promote its
transcription. Consistent with this, SREBP-1, iPLA2�, and
NSMase messages in Akita mouse islets are higher than in WT
islets.

�-Cell loss due to apoptosis contributes to the progression
anddevelopment ofType 1 orType 2 diabetesmellitus (T1DM2

or T2DM, respectively). This is supported by autopsy studies
that reveal reduced �-cell mass in obese T2DM subjects in
comparison with obese non-diabetic subjects (1, 2) and reveal
that the loss in�-cell function in non-obeseT2DM is associated
with decreases in �-cell mass (3, 4). Other evidence suggests
that cytokines cause�-cell apoptosis during the development of
autoimmune T1DM (5–8). It is therefore important to under-
stand the mechanisms underlying �-cell apoptosis if this pro-
cess is to be prevented or delayed.

�-Cell mass is regulated by a balance between �-cell replica-
tion/neogenesis and �-cell death resulting from apoptosis (9,
10). Findings in rodent models of T2DM (10, 11) and in human
T2DM (3, 4) indicate that the decrease in �-cell mass in T2DM
is not attributable to reduced �-cell proliferation or neogenesis
but to increased �-cell apoptosis (12). In addition to the intrin-
sic and extrinsic apoptotic pathways, apoptosis due to pro-
longed endoplasmic reticulum (ER) stress (12, 13) has been
reported in various diseases, including Alzheimer and Parkin-
son diseases (14).
Evidence from the Akita (15, 16) and NOD.k iHEL (17)

mousemodels suggests that ER stress can also lead to the devel-
opment of diabetes mellitus as a consequence of �-cell apopto-
sis. Further, mutations in genes encoding the ER stress-trans-
ducing enzyme pancreatic ER kinase (PERK) (18) and the
ER-resident protein involved in degradation of malfolded ER
proteins have been clinically linked to diminished �-cell health
(19, 20). Other reports suggest that ER stress may also play a
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prominent role in the autoimmune destruction of �-cells dur-
ing the development of T1DM (6, 21, 22). Because the secretory
function of �-cells endows them with a highly developed ER
and the �-cell is one of the cells most sensitive to nitric oxide
(23), it is not unexpected that �-cells exhibit a heightened sus-
ceptibility to autoimmune-mediated ER stress (24, 25). In sup-
port of this, Wolfram syndrome, which is associated with juve-
nile onset diabetes mellitus, is recognized to be a consequence
of chronic ER stress in pancreatic �-cells (21, 26).
In view of the evidence suggesting that ER stress-induced

�-cell apoptosis may be a factor in the development of diabetes
mellitus, it was of interest to elucidate the mechanisms
involved. Recent work from our laboratory led to the identifi-
cation of a Ca2�-independent phospholipase A2 (iPLA2�) as a
key participant in ER stress-mediated apoptosis of INS-1 insu-
linoma cells. The iPLA2�, classified as a Group VIA isoform of
iPLA2, is a member of a large family of PLA2s (27) that is cyto-
solic and does not require Ca2� for activity (28–30). It is acti-
vated by ATP, is inhibited by the bromoenol lactone suicide
substrate (BEL) inhibitor of iPLA2� (31), and is recognized to
have a role in signal transduction (28, 31–39). We found that
induction of ER stress with the sarcoendoplasmic reticulum
Ca2�-ATPase inhibitor thapsigargin causes INS-1 cell apopto-
sis that is amplified by overexpression of iPLA2� and is inhib-
ited by BEL (40).
Further work indicated that ER stress activates iPLA2� in

INS-1 cells, leading to neutral sphingomyelinase (NSMase)
induction and generation of ceramides via hydrolysis of sphin-
gomyelins (41). Subsequently, the ceramides trigger mitochon-
drial apoptotic processes and cell death ensues. Consistent with
this proposed mechanism, inhibition of iPLA2� or NSMase
suppresses sphingomyelin hydrolysis and ceramide generation,
mitochondrial abnormalities, and apoptosis (42).
Although a link between iPLA2� and ER stress-induced apo-

ptotic pathway was gleaned from the above observations, it was
derived from studies in which a chemical agent was used to
induce ER stress and iPLA2� expression levels were genetically
manipulated in an insulinoma cell line. Of importance was to
determine whether a similar link existed under conditions
where ER stress developed in the �-cell in the absence of chem-
ical intervention. Here, we present studies in a�-cell line estab-
lished from Akita mice (43), which contain a spontaneous
mutation of the insulin 2 gene (Ins2) (C96Y) that results in
misfolding insulin in the ER leading to development of hyper-
glycemia/diabetes due to ER stress-induced �-cell apoptosis
(44, 45). Our findings reveal for the first time that predisposi-
tion to ER stress is associated with increased expression of
iPLA2� and that its expression is modulated by activation of
SREBP-1 (sterol-regulatory element-binding protein-1). We
also present the first evidence in Akita mouse islet �-cells that
substantiates these findings.

EXPERIMENTAL PROCEDURES

Materials—The sources for the material used were as fol-
lows: 16:0/[14C]18:2-GPC (55 mCi/mmol), rainbow molecular
mass standards, and ECL reagent (AmershamBiosciences); low
melting agarose (Applied Biosystems Inc., Foster City, CA);
Coomassie reagent, SDS-PAGE supplies, and Triton X-100

(Bio-Rad); mitochondrial membrane potential detection kit
(Cell Tech. Inc.,Mountain View, CA); paraformaldehyde (Elec-
tron Microscopy Sciences, Ft. Washington, PA); xylene
(Fisher); secondary antibody goat anti-rabbit IgG Alexa Fluor
594 (Invitrogen); secondary antibody Cy3-affinipure bovine
anti-goat IgG(H � L) (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA); DiOC6(3) and Hoechst dye and Slow
Fade� light antifade kit (Molecular Probes, Inc., Eugene, OR);
peroxidase-conjugated goat anti-rabbit IgG antibody, TUNEL
kit (Roche Applied Science); Lipofectamine 2000 (Invitrogen);
siRNA kit (Qiagen, Valencia, CA); primary antibodies (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA); agarose, collagen-
ase, protease inhibitor mixture, thapsigargin, common
reagents, and salts (Sigma); tissue marking dye (Triangle Bio-
medical Sciences Inc. (Durham, NC) and Vector Laboratories,
Inc. (Burlingame, CA).
Cell Culture and Treatment—The Akita and wild type (WT)

cells were generated as follows. A transgenic mouse line that
harbored the modified human insulin promoter connected to
the SV40 T antigen coding region on C57BL/6 mice (IT3 line)
was kindly provided by Dr. Jun-Ichi Miyazaki (46). Male off-
spring were mated with female Akita mice (Ins2�/AK) (45) on a
C57BL/6 background. Insulinomas that developed in the pan-
creas of the progeny were removed and cultured in Dulbecco’s
modified Eagle’smedium containing high glucose and 15% fetal
bovine serum (43). Pancreatic �-cell lines were established
from the cells grown as monolayers on culture dishes. Several
cell lines were obtained for Ins2�/AK and for wild type Ins2�/�.
The cells were cultured in Dulbecco’s modified Eagle’s

medium (containing 10 �l of �-mercaptoethanol/200 ml) as
described (43). The medium was exchanged every 2 days, and
the cells were split, as required, once a week. Cells (�25–30
passages) were grown to 80% confluence in cell culture dishes
and harvested following treatment with vehicle (DMSO, 0.50
�l/ml) or thapsigargin (0.5 �M). The cells were harvested at
various times (2–16 h) and prepared for various analyses
described below. 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—Cells were harvested and washed twice with ice-cold
PBS and then immobilized on slides by cytospin (40) and fixed
with 4% paraformaldehyde (in PBS, pH 7.4, 1 h, room temper-
ature). The cells were then processed for TUNEL staining anal-
yses as described (42). Incidence of apoptosis was assessed
under a fluorescencemicroscope (NikonEclipseTE300) using a
fluorescein isothiocyanate filter. Cells with TUNEL-positive
nuclei were considered apoptotic. DAPI staining was used to
determine the total number of cells in a field. A minimum of
three fields per slide was used to calculate the percentage of
apoptotic cells.
Assessment of Mitochondrial Membrane Potential (��)—

Loss of �� is an important step in the induction of cellular
apoptosis (47). Akita and WT cell �� was initially measured
using a commercial kit by flow cytometry (BD Biosciences) as
described (42). Fluorescence in cells was monitored at an exci-
tation wavelength of 488 nm. Although these analyses yield
quantitative results, they were hampered by the tendency of
these cells to clump together, causing the fluorescence peaks to
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be broad. To address this issue, a second method to monitor
�� was established. Cells were plated in a 6-well plate with the
coverslips and cultured up to semiconfluence. After washing
with PBS twice at room temperature, the coverslips were incu-
bated with DiOC6(3) solution (175 nM) for 15 min under an
atmosphere of 5%CO2, 95% air (37 °C). TheHoechst reagent (5
�g/ml) was then added to stain the nucleus. After 20 min, the
coverslips were rinsed with PBS, mounted on slides, and the
cells were immediately examined using a confocal laser-scan-
ning microscope (Zeiss) with a 488-nm argon laser and a
405-nm diode laser.
Immunoblotting Analyses—Cells were harvested and soni-

cated, and an aliquot (30 �g) of lysate protein was analyzed by
SDS-PAGE (8 or 15%), transferred onto Immobilon-P polyvi-
nylidene difluoride membranes, and processed for immuno-
blotting analyses as described (40). The targeted factors and the
primary antibody concentrations were as follows: phosphory-
lated PERK (pPERK) (1:1000), iPLA2� (T-14) (1:500), caspase-3
(1:1000), SREBP-1 (1:1000), pAkt (1:1000), and tubulin
(1:2000). The secondary antibody concentration was 1:10,000.
Immunoreactive bands were visualized by ECL.
Assay for iPLA2� Activity—Cytosol fraction was prepared

from Akita and WT cells and harvested, and protein concen-
tration was determined using Coomassie reagent. Ca2�-inde-
pendent PLA2 catalytic activity in an aliquot of cytosolic protein
(30 �g) was assayed under zero Ca2� conditions (no added
Ca2�plus 10mMEGTA) in the presence of 16:0/[14C]18:2-GPC
(5 �M) as the substrate, and specific enzymatic activity was
quantitated as described (40). To verify that the phospholipase
activity ismanifested by iPLA2�, activity was also assayed in the
presence of ATP (10 mM) or BEL (1 �M).
Sphingomyelin Analyses by ESI/MS/MS—Sphingomyelins

are formed by reaction of a ceramide with CDP-choline, and
similar to GPC lipids, they contain a phosphocholine as the
polar headgroup. This feature of sphingomyelins facilitates
identification of sphingomyelin molecular species by constant
neutral loss scanning of trimethylamine ([M � H]� �
N(CH3)3) or constant neutral loss of 59 as described (41). The
prominent ions in the total ion current spectrum are those of
the even mass PC molecular species, and these mask the odd
mass sphingomyelin signals (41). Constant neutral loss of 59,
however, facilitates emergence of signals for sphingomyelin
species at odd m/z values, reflecting loss of nitrogen. Lipid
extracts were prepared as above in the presence of a 14:0/14:0-
GPC (m/z 684, 8 �g) internal standard, which is not an endog-
enous component of�-cell lipids, and analyzed by ESI/MS/MS.
Sphingomyelins content in the samples was determined based
on standard curves generated using commercially available
brain and egg sphingomyelins with a known percentage of each
fatty acid constituent and 14:0/14:0-GPC (m/z 684, 8 �g) as an
internal standard as described (41). Total (pmol) sphingomye-
lin species in each fraction was determined and normalized to
total phosphate (�mol of PO4).
Transient Transfection of Dominant Negative (DN) SREBP-1—

A DN SREBP-1 vector (Addgene plasmid 8885) was obtained
from Addgene (Cambridge, MA). The plasmid developed by
Kim and Spiegelman (49) expresses truncated ADD1 with a
tyrosine to alanine mutation at amino acid 320. WT and Akita

cells were cultured as described above and transfected 1 day
before 90–95% confluence using Lipofectamine 2000 (Invitro-
gen). Briefly, DN SREBP-1 was diluted in 50 �l of Opti-MEM I
reduced serum medium and mixed gently. After a 5-min incu-
bation, DN SREBP-1 was mixed with diluted Lipofectamine
2000 (total volume, 100 �l). The mixture was incubated for 20
min at room temperature and used to transfect WT and Akita
cells cultured in a 6-well plate. The cells were incubated at 37 °C
under an atmosphere of 95% air, 5% CO2 for 48 h prior to
experimentation.
Suppression of iPLA2� Expression—To knock down iPLA2�,

wild type and Akita cells were transfected with iPLA2� siRNA
according to the manufacturer’s instructions (Qiagen, Valen-
cia, CA). Cells were seeded in wells with culture medium con-
taining serum and antibiotics and allowed to reach 50–80%
confluence. The cells were then transfected with either control
siRNA (si* in Fig. 7) or iPLA2� siRNA (si in Fig. 7). The siRNAs
were prepared in dilution buffer and mixed gently with
RNAiFect transfection reagent. The mixture was then incu-
bated at room temperature for 10–15min to allow formation of
transfection complexes. The complexeswere then gently added
to the cells. The cells were cultured with the transfection com-
plexes at 37 °C under an atmosphere of 95% air, 5%CO2 for 72 h
prior to experimentation.
Islet Isolation—Male mice (4–5 weeks of age) were anesthe-

tized with ketamine/xlyazine mixture (0.75 �l/g body weight)
prior to euthanization by cervical dislocation. The abdomen
was isolated, and pancreata were isolated as described (50). The
common bile duct was clamped at the duodenum-bile duct
junction, and collagenase/Krebs-Ringer buffer (5 ml) was
injected into the pancreas via the duct. Once the pancreas was
completely distended, it was removed and placed in a scintilla-
tion vial with collagenase/Krebs-Ringer buffer (2.5 ml) and
incubated in a 37 °C water bath for 13 min. The vial was then
vigorously shaken for 90 s, followed by washing (three times) of
the pancreas with Krebs-Ringer buffer containing 1 mM CaCl2
(50 ml). The pancreas was then resuspended in incomplete
RPMI 1640 (without FBS or penicillin/streptomycin, 25ml) and
poured through a 70-�mcell strainer into a Petri dish. The cells
were washed further with incomplete RPMI 1640 (75 ml). The
cell strainer was then inverted and rinsed with complete RPMI
1640 (10% fetal bovine serum, 2� penicillin/streptomycin, 25
ml) to collect the remaining islets in solution. The islets were
then hand-picked under a microscope, counted, and incubated
overnight in media under an atmosphere of 5% CO2, 95% and
37 °C. Typical islet yields ranged from 25 to 50 from the Akita
mice and 150 from WT mice. The islets were used to prepare
total RNA for message and for immunostaining analyses, as
described below.
Quantitative Reverse Transcription-PCR (qRT-PCR)—Total

RNA was prepared from cells and islets cells using the RNeasy
kit (Qiagen Inc.) as described (41, 42). cDNA was then gener-
ated using the SuperScriptII kit (Invitrogen) and heat-inacti-
vated (70 °C for 15 min). PCR amplifications were performed
using the SYBRGreen PCR kit in an ABI 7000 detection system
(Applied Biosystems). The primers were designed based on
known mouse sequences for iPLA2�, SREBP-1, NSMase, and
control 18 S provided in the GenBankTM data base with identi-
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fication numbers 53357, 20787, 20598, and 19791, respectively.
The sense/antisense primer sets were as follows: iPLA2�, gccc-
tggccattctacacagta/cacctcatccttcatacggaagt; SREBP-1, ccagag-
ggtgagcctgacaa/agcctctgcaatttccagatct; NSMase, ctgagtacagcc-
gacagaagga/gggccagttcccaagctt; 18 S, gccgctagaggtga-
aattcttg/cattcttggcaaatgctttcg.
Immunostaining—Islets were fixed in 10% formalin and 5 �l

of tissue marking dye, followed by the addition of 150 �l of low
melting agarose. The mixture was spun down quickly to settle
the islets at one surface of the agarose, which was then allowed
to solidify. The islet-containing blocks were then processed,
and paraffin sections (8–10 �m) were prepared for staining for
iPLA2� and SREBP-1. The sections were incubated overnight
with primary antibodies (1:25), washed with PBS (4 � 30 min),
incubated for 2–3 hwith secondary antibodies (1:100 of Cy3 for
iPLA2� and Alexa Fluor 594 for SREBP-1), and washed with
PBS (three times for 10 min each). DAPI stain (20–30 �l) was
then added, and the sections were sealed with a coverslip using
nail polish.
Statistical Analyses—Data were converted to mean � S.E.

values, and Student’s t test was applied to determine significant
differences between two samples (p 	 0.05). The n value for
each analysis is indicted in the figure legends.

RESULTS

Expression of ER Stress Factors in Akita �-Cells—As part of
the unfolded protein response, various ER factors are induced
to alleviate ER stress. One such marker of unfolded protein

response activation is pPERK (51).
Because the Akita �-cells are
reported to be a spontaneous model
of ER stress, we compared pPERK
levels in these cells with those in
WT�-cells. As shown in Fig. 1, basal
pPERK is greater in the Akita rela-
tive to wild type cells. Although
exposure to thapsigargin induced
pPERK expression in both the WT
and Akita cells, they peaked earlier
and remained higher in the Akita
cells (Fig. 1B). These observations
are consistentwith the original find-
ings of increased ER molecular
chaperones and ER stress response
element-binding transcription fac-
tors in the Akita cells (43) and con-
firm that the Akita cells are predis-
posed to developing ER stress and
that they are a good model for the
study of underlying mechanisms
that contribute to �-cell apoptosis
due to ER stress.
Reduced Sphingomyelins in Akita

�-Cells—We reported that ER
stress-induced ceramide generation
via NSMase-catalyzed sphingomye-
lin hydrolysis was a critical contrib-
utor to INS-1 cell apoptosis (41, 42).

If this pathway is activated by ER stress, this should be reflected
by reduced abundances of sphingomyelin molecular species in
the Akita cells. To examine this possibility, WT and Akita cells
were harvested under basal conditions and analyzed by ESI/
MS/MS. The spectra in Fig. 2 display tracings of Li� adducts of
sphingomyelin species in cell lysates after the addition of the
14:0/14:0-GPC internal standard, which is represented in the
spectrum by its (M � Li�)� ion (m/z 684). Similar to the INS-1
cells, the major sphingomyelin species endogenous to WT and
Akita �-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 (52), in
WT (Fig. 2A) and Akita (Fig. 2B) cells. As reflected by the
decreases in the intensity of ions representing them, the relative
abundances of the sphingomyelin molecular species are
decreased in the Akita cells in comparison withWT cells. Nor-
malization of individual sphingomyelin molecular species to
lipid phosphorus revealed the 16:0, 18:0, 22:0, 24:0, and 24:1
species in theAkita cells to be 47� 9, 22� 2, 75� 4, 95� 4, and
78 � 10% of WT cells, respectively. The total pool of sphingo-
myelins (pmol/�mol of PO4) revealed a 48% decrease in sphin-
gomyelin abundance in the Akita cells, relative to theWT cells
(Fig. 2C). These findings indicate that hydrolysis of sphingomy-
elins is ramped up in the Akita cells and suggest the possibility
of consequential triggering of mitochondrial abnormalities.
Compromised �� in Akita �-Cells—Loss of �� is an impor-

tant step in the induction of cellular apoptosis (47). Because
thapsigargin-induced ER stress caused a loss in INS-1 cell ��

FIGURE 1. Basal expression of ER stress factors and apoptotic factors. WT and AK �-cells were harvested at
various times after exposure to thapsigargin (0.50 �M), and 30 �g of lysate protein was processed for immu-
noblotting analyses for PERK and pPERK. Tubulin was used as a loading control. These analyses were done
three separate times. A, immunoblot. A representative blot for PERK and pPERK is presented. B, densitometry.
The ratios of PERK- and pPERK-immunoreactive bands to the corresponding tubulin band were determined,
and means � S.E. of -fold change relative to WT at 0 h are presented. * and †, significantly different from
corresponding WT, p 	 0.001 and p 	 0.05, respectively. #, significantly different from WT at 0 h, p 	 0.05.

iPLA2� Regulation by SREBP-1 in �-Cells during ER Stress

6696 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 9 • FEBRUARY 26, 2010

 at U
C

S
F

 Library &
 C

K
M

, on June 17, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


(42) in an NSMase-dependent manner, we examined whether
therewas a similar compromising of�� in theAkita cells. As in
the earlier study, we used a flow cytometry protocol to monitor
�� in a suspension of cells to which a fluorescent Mito Flow
reagent was added. This reagent concentrates in the mito-
chondria of healthy cells, but the mitochondria of cells
undergoing apoptosis become compromised and accumu-
late 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 presented in Fig. 3A
reflect fluorescence measurement in 10,000 cells, and the
percentage of cells (mean of four separate experiments) los-
ing �� was analyzed by the application software and is indi-
cated as M1. These analyses revealed that a higher percent-
age of Akita cells have compromised �� than WT cells
under basal conditions. However, unlike the INS-1 cells, the
Akita and correspondingWT cells were found to be prone to
clumping. This resulted in broader peaks in the spectra and
an unexpectedly higher M1 value, even in the WT cells. We
therefore established a second protocol in which mitochon-
dria-associated DiOC6(3) staining (green) was monitored in

live cells by confocal microscopy. As seen in Fig. 3B,
DiOC6(3) under basal conditions is more significantly
retained in the mitochondria of WT than in Akita cells, con-
firming compromised mitochondrial integrity in the Akita
cells. Further, Hoechst staining (blue) reveals that the nuclei
in Akita cells are irregular in shape and size, as compared
with the nuclei in WT cells, suggesting that the cell death
process is under way in the Akita cells. These findings sug-
gest that the spontaneous development of ER stress in �-cells
also triggers the mitochondrial apoptotic pathway.
Basal and ER Stress-induced Apoptosis Are Amplified in

Akita�-Cells—In view of the above findings, we next examined
if the Akita cells are more susceptible to apoptosis. TUNEL
analyses (Fig. 4A) revealed a higher incidence of basal apoptosis
that was coincident with higher levels of activated caspase-3
(Fig. 4,B andC). Exposure to thapsigargin induced activation of
caspase-3 in both wild type and Akita with peak activation
achieved earlier in the Akita cells than in the wild type cells.
This is reflected by a greater -fold increase, relative to basal, in
Akita cell apoptosis at 8 h (WT, 1.59 � 0.09 versus Akita (AK),
2.26 � 0.16, p 
 0.0175).

FIGURE 2. Sphingomyelin analyses by ESI/MS/MS. Phospholipids were extracted from WT and AK �-cells, and the abundances of sphingomyelin molecular
species were analyzed by ESI/MS/MS in the presence of 14:0/14:0-GPC (m/z 684) internal standard. The WT (A) and AK (B) spectra were obtained by monitoring
constant neutral loss of 59. C, total sphingomyelin pool. Content of each sphingomyelin molecular species (pmol) was determined in each group and
normalized to total phosphate (�mol of PO4). The means � S.E. (n 
 3) of the total (pmol/�mol of PO4) sphingomyelin pools are presented. *, AK group
significantly different from WT, p 	 0.05.
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ER Stress Amplifies �� Loss in Akita �-Cells—Because
induction of ER stress led tomitochondrial abnormalities in the
INS-1 cells, we examinedwhether a similar affectwas evident in
theAkita cells. Comparedwith basal conditions (Fig. 2B), expo-
sure to thapsigargin for 8 h resulted in dispersion of DiOC6(3)
staining and loss in nuclear uniformity in theWTcells (Fig. 4D).
These outcomes were accelerated in the Akita cells and suggest
that activation of the mitochondrial apoptotic pathway con-
tributes to ER stress-induced apoptosis of these cells also.
Expression and ER Stress-induced Activation of iPLA2� and

NSMase—Our collective observations (40–42) indicate that
ER stress-induced apoptosis occurs by an iPLA2�-dependent
mechanism involving induction of NSMase and activation of
the mitochondrial apoptotic pathway. The above findings sug-
gest participation of both NSMase and the mitochondria in
Akita �-cell death. We therefore examined the extent of the
iPLA2� role in this process. Surprisingly, basal expression of

iPLA2� protein was found to be
greater in the Akita than in the WT
cells (Fig. 5A), and this was reflected
by a 3-fold higher activity (16 � 1
pmol/mg of protein/min for WT
versus 54 � 3 pmol/mg of protein/
min for Akita). Also, as shown in
Fig. 5B, exposure to thapsigargin
promoted iPLA2� activity in both
WTandAK�-cells. Consistentwith
manifestation of an iPLA2� activity,
basal and thapsigargin-treated activi-
ties were suppressed by BEL and
stimulated by ATP (�3-fold) inWT
and AK �-cells.

Because we previously reported
iPLA2�-mediated induction of
NSMase during ER stress, we com-
pared its message levels in the WT
and Akita cells. As shown in Fig. 5C,
basal NSMase was higher in the
Akita than in the WT cells, and
exposure to thapsigargin induced
NSMase. The increase in NSMase
message occurred earlier and
reached a higher -fold increase in
the Akita cells, relative to WT cells.
Consistent with an iPLA2�-medi-
ated effect, NSMase induction in
both groups was inhibited by inacti-
vation of iPLA2� with BEL.

In contrast with the earlier obser-
vations in INS-1 cells, in which
iPLA2� was overexpressed (41, 42)
and the cells were treatedwith thap-
sigargin, the responses described
here in the Akita �-cells occurred in
a spontaneous ER stress model.
The present findings therefore
strengthen the likelihood that
iPLA2� plays a critical role in ER

stress-induced �-cell apoptosis.
Evidence for Induction of iPLA2� by SREBP-1 during ER

Stress—The finding of increased iPLA2� expression in the
Akita cells suggests that the �-cell iPLA2� may be subject to
regulation, but the mechanism for its induction remains to
be elucidated. One potential possibility is suggested by the
recent report identifying a sterol-regulatory element (SRE)
in the iPLA2� gene (53). That study performed in Chinese
hamster ovary cells revealed that binding of SREBPs to SRE
leads to iPLA2� transcription. Of relevance to our interests is
that SREBPs are known to be induced under stressful condi-
tions and processed to the mature form of SREBPs
(mSREBP) in �-cells experiencing ER stress due to glucoli-
potoxicity and thapsigargin (54). Consistent with these
observations, we find that basal expression of mSREBP-1
protein is greater in Akita than inWT cells (Fig. 6A). Further,
Akt phosphorylation, which promotes SREBP-1 processing

FIGURE 3. Basal mitochondrial membrane potential (��) monitoring. �� was monitored in WT and AK
�-cells by flow cytometry and DiOC6(3) staining. A, flow cytometry. The spectra reflect fluorescence measure-
ment in 10,000 cells, and the percentage of cells losing �� is indicated as M1. These analyses were done four
separate times. B, DiOC6(3) staining. Cells were loaded with the blue nuclear (Hoechst; left panels) and green
mitochondrial (DiOC6(3) (DIOC); middle panels) stain and examined by confocal microscopy. The merged
images are shown in the right panels.
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and nuclear accumulation of the mSREBP-1 (55–57), is also
increased.
To determine if there is a link between SREBP-1 and iPLA2�

expression, cells were treated with thapsigargin and harvested
at various times for immunoblotting analyses. Exposure to
thapsigargin promoted a temporal increase in iPLA2� expres-
sion in both WT and Akita cells (Fig. 6B), with a more pro-
nounced and earlier increase apparent in the Akita cells. Also,
as seen in Fig. 6C, corresponding increases in mSREBP-1 and
pAkt are also evident. These findings reveal a correlation
between iPLA2� and generation of SREBP-1; however, they do
not indicate whether the increase in iPLA2� expression is due
to SREBP-1 processing.
To address a direct role of SREBP-1 on iPLA2� induction, we

expressed a DN form of SREBP-1 in the WT and Akita cells. It
has been reported that although the DN form itself is unable to
activate transcription, it interferes with the processing of
endogenous SREBP-1 and its binding to the SRE element (49).
As seen in Fig. 6D, expression of theDNSREBP-1 reduced basal
levels of the mSREBP-1 form and its increase following expo-
sure to thapsigargin. In association with the reduction in

mSREBP-1, both basal and thapsigargin-induced increases in
iPLA2� were suppressed in cells expressing the DN SREBP-1
(Fig. 6E). As expected by the upstream role of pAkt in SREBP-1
activation, phosphorylation of Akt was unaffected by DN
SREBP-1 (data not shown). These findings are taken to indicate
that SREBP-1 activation can promote iPLA2� expression.
Effects of iPLA2� Knockdown in the Akita Cells—Because

basal iPLA2� is increased in the Akita cells that are predisposed
to developing ER stress and is induced in both WT and Akita
cells following exposure to thapsigargin, we next examined
whether suppression of iPLA2� expression prevents the
observed outcomes. To address this issue, we used siRNA pro-
tocols to knockdown iPLA2� in the WT and Akita cells. The
cells were harvested under basal conditions or following an 8-h
exposure to thapsigargin. As illustrated in Fig. 7A, both basal
and thapsigargin-induced iPLA2� protein expression are
reduced in theWT and Akita cells transfected with the iPLA2�
siRNA (si), relative to cells transfected with the control siRNA
(si*). Comparison of iPLA2� message in the control siRNA-
transfected WT and Akita cells revealed nearly 2.5-fold higher
basal iPLA2� message in the Akita cells (Fig. 7B). Transfection

FIGURE 4. Assessment of apoptosis and mitochondrial membrane potential (��) in Akita �-cells. WT and AK �-cells were exposed to DMSO (control) or
thapsigargin (T) (0.50 �M) and harvested at various times for analyses. A, apoptosis quantitation. Total cell number was determined using DAPI nuclear stain,
and the mean � S.E. (n 
 3) percentages of TUNEL-positive apoptotic cells are presented. *, AK group significantly different from WT, p 	 0.05. #, WT treated
group significantly different from WT control group, p 	 0.05. B, caspase-3 activation. Cell lysates were prepared and processed for full-length and activated
caspase-3 (Casp-3 and aCasp-3, respectively) immunoblotting analyses. Tubulin was used as a loading control. These analyses were done three separate times.
C, activated caspase-3 densitometry. The ratio of the activated caspase-3-immunoreactive band to the corresponding tubulin band was determined, and
means � S.E. of -fold change relative to WT at 0 h are presented. * and #, significantly different from corresponding WT; p 	 0.01 and p 	 0.05, respectively.
D, �� analyses. Following exposure to DMSO or thapsigargin for 8 h, the WT and AK �-cells were loaded with the blue nuclear (Hoechst) (left panels) and green
mitochondrial (DiOC6(3)) (DIOC) (middle panels) stains and examined by confocal microscopy. The merged images are shown in the right panels.
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of the Akita cells with the iPLA2�
siRNA reduced basal iPLA2� mes-
sage levels and prevented iPLA2�
induction due to thapsigargin.
Basal NSMasemessage levels that

were higher in non-transfected
Akita cells (Fig. 5C) remained
greater in the Akita, relative to wild
type, cells transfected with the con-
trol siRNA (arbitrary units 1.01 �
0.06 for WT versus 2.09 � 0.40 for
AK, p
 0.0171). Although transfec-
tion with the iPLA2� siRNA did not
alter basal NSMase message levels,
it significantly suppressed thapsi-
gargin-induced increase in NSMase
message (Fig. 7C).
To obtain a measure of a role for

iPLA2� in promoting loss in mito-
chondrial ��, the cells were pro-
cessed by flow cytometry. This
allowed quantitative assessment of
the number of cells with compro-
mised ��. The incidence of loss in
�� under untransfected basal con-
ditions was greater in the Akita, rel-
ative to wild type, cells (22 � 2% for
WT versus 33 � 2% for AK, p 

0.0185). As shown in Fig. 7D, trans-
fection with control or iPLA2�
siRNAs did not significantly affect
the basal incidence of cells with ��
loss, but iPLA2� siRNA prevented
thapsigargin-induced increase in
the percentage of Akita cells that
lose ��.
The effect of suppressing iPLA2�

expression on the final outcome of
apoptosis was tested next using
TUNEL analyses. As shown in Fig.
7E, transfection with control siRNA
did not suppress the higher inci-
dence of apoptosis inAkita cells, rel-
ative toWTcells (see Fig. 4A). How-
ever, transfection with iPLA2�
siRNA suppressed basal apoptosis
and also prevented thapsigargin-in-
duced apoptosis in the Akita cells.
These findings are taken as direct
evidence of an important role for
iPLA2� in the apoptosis process
induced by ER stress in �-cells.
iPLA2�, SREBP-1, and NSMase

Messages and iPLA2� and SRE-
binding Protein in Islets from Akita
Mice—In light of the observations
in the Akita �-cells, we considered
whether iPLA2� and SREBP-1

FIGURE 5. Basal and ER stress-induced expression of iPLA2� and NSMase. A, iPLA2� protein. Cell lysates
were prepared from WT and AK �-cells, and 30-�g protein aliquots were processed for immunoblotting
analyses. B, iPLA2� activity. Cytosol was prepared from control or thapsigargin-treated (0.50 �M) AK cells,
and iPLA2� catalytic activity was assayed in 25 �g of cytosolic protein in the absence and presence of ATP
(10 mM) or BEL (1 �M). Means � S.E. (n 
 6 – 8) of specific activity (pmol/mg protein/min) are presented. *,
WT 4 – 8 h significantly different from WT 0 –2 h and WT with BEL significantly different from correspond-
ing WT without BEL, p 	 0.05. #, WT with ATP significantly different from corresponding WT without ATP,
p 	 0.0001. †, WT with ATP 4 – 8 h significantly different from WT 0 –2 h, p 	 0.005. §, AK 0 –2 h significantly
different from WT 0 –2 h and AK with BEL significantly different from corresponding AK without BEL, p 	
0.0001. ¶, AK 4 – 8 h significantly different from AK 0 –2 h, p 	 0.001. ‡, AK with ATP significantly different
from AK without ATP, p 	 0.00001. C, NSMase message. Total RNA was isolated from DMSO- or thapsigar-
gin-treated (0 –16 h) WT and AK �-cells, and qRT-PCR analyses were performed for NSMase. In some
experiments, the cells were treated with BEL (�B) (1 �M) for 30 min, washed, and then exposed to thap-
sigargin. Means � S.E. (n 
 5– 6) of the -fold increase in message are presented. 18 S was used as a
housekeeping control. *, AK significantly different from corresponding WT, p 	 0.0005. †, AK with BEL
significantly different from AK, p 	 0.001. #, WT with BEL significantly different from WT, p 	 0.05. §, AK
with BEL significantly different from AK, p 	 0.05.
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expression is altered under in vivo conditions in the Akita
mouse model. We therefore isolated islets from Akita and WT
littermates and prepared cDNA for qRT-PCR analyses. The
mice were sacrificed within a week of weaning (4–5 weeks of
age). Even at this early age, the Akita mice exhibited hypergly-
cemia (�450 mg/dl), whereas the WT mice were euglycemic.
Consistent with the findings in the Akita cells, mRNAs for
iPLA2�, SREBP-1, and NSMase were significantly elevated in
the Akita islets, relative to WT islets (Fig. 8A).
To substantiate the findings of higher message in the Akita

islets, we performed immnocytofluorescence analyses for
iPLA2� and SREBP-1. Paraffin sections (10 �m) of islets were
prepared and stained for nucleus-associating DAPI (blue) and
iPLA2� or SREBP-1 (red). The exposure times for eachwere the
same in WT and AK sections. Whereas diffuse background
fluorescence was evident in theWT islets, intense and punctate
staining of SREBP-1 (Fig. 8B) and iPLA2� (Fig. 8C) are seen in
the Akita islets. These findings are taken as evidence for
increased expression of both SREBP-1 and iPLA2� in islets
from diabetic Akita mice, relative to islets from age-matched
normoglycemic WT mice. Similar to the observations in the
Akita�-cells above, theAkita islet cell nuclei were also irregular
in shape with some evidence of fragmentation in comparison
with the rounded and uniform structure of the nuclei in WT
islets (insets in the left panels of Fig. 8B). Our findings in Akita
islets thus reveal the potential activation of a pathway linking
SREBP-1, iPLA2�, and NSMase in an animal model that devel-
ops diabetes as a consequence of�-cell apoptosis resulting from
spontaneous development of ER stress in islet �-cells.

DISCUSSION

Both T1DM and T2DM are associated with losses in �-cells
due to apoptosis. It is therefore important to determine the
underlying mechanisms that contribute to this process. Recent
reports in experimental models and in clinical settings suggest
that ER stress is a potential cause of �-cell apoptosis during the
development of diabetes mellitus (6, 15–22, 24–26). Because
�-cells serve a secretory function, they are endowed with a
highly developed ER that renders them particularly susceptible
to developing ER stress.
We found that ER stress causes INS-1 cell apoptosis, in part,

by an iPLA2�-dependent mechanism (40). Subsequent studies
revealed a previously unrecognized pathway (41, 42) involving
accumulation of ceramides via an iPLA2�-mediated induction
of NSMase. The ceramides, generated fromNSMase-catalyzed
hydrolysis of sphingomyelins, promote mitochondrial abnor-
malities and amplify the apoptosis outcome. The roles for
iPLA2� and NSMase in this process are supported by the find-
ings of suppression of sphingomyelin hydrolysis, ceramide gen-
eration, mitochondrial activation, and apoptosis following
inactivation of iPLA2� or NSMase (41, 42).
The above proposed schema of iPLA2� involvement in�-cell

apoptosis was derived from studies in INS-1 cells in which ER
stress was induced with thapsigargin. The plausibility of the
pathway is strengthened by the finding that it is amplified by
overexpression of iPLA2� and suppressed by inactivation of
iPLA2�. However, identification of a similar role for iPLA2� in
a spontaneous ER stress model would significantly strengthen

FIGURE 6. SREBP-1 expression and SREBP-1-induced activation of iPLA2�. WT and AK �-cells were exposed to DMSO (Control) or thapsigargin (T) (0.50 �M)
and harvested at various times, and 30-�g protein aliquots were processed for immunoblotting analyses. A, basal mSREBP-1 expression. B, thapsigargin-
induced iPLA2� expression. C, thapsigargin-induced mSREBP-1 expression. DN SREBP-1 was expressed in WT and AK �-cells and treated with DMSO or
thapsigargin (0.50 �M) for 8 h. Cell lysates were then prepared, and 30-�g protein aliquots were processed for immunoblotting analyses for mSREBP-1 and
iPLA2�. D, mSREBP-1 in WT �-cells. E, mSREBP-1 and iPLA2� in Akita �-cells. Tubulin was used as a loading control. These analyses were done 3–5 separate times.
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the assertion that iPLA2� participates in ER stress-induced
�-cell apoptosis.We therefore chose to address this issue in the
Akitamousemodel. However, because the islet yield from these
mice is limiting, we pursued studies in a �-cell line established
from the Akita mice (43). The findings in these cells were com-
pared with a �-cell line derived from isogenic WT littermates.

Herein, we find that even under basal conditions, the Akita
�-cells are predisposed to developing ER stress, as reflected by
the greater induction of pPERK, and to be more prone to
undergo apoptosis, as revealed by the greater abundance of
TUNEL-positive cells and activated caspase-3, relative to WT
�-cells. The greater propensity of the Akita cells to develop ER
stress under basal conditions is also revealed by the nearly
2-fold higher basal splicing of XBP1 mRNA in the Akita cells,
relative to isogenic WT counterparts (58).
The Akita cells also expressed higher message for NSMase,

contained lower abundances of sphingomyelins, and exhibited
a higher incidence of loss inmitochondrialmembrane potential
(��). Permeabilization of the outer mitochondrial membrane
is considered to be a “point of no return” during apoptosis (59),
andPTPopening alters outermitochondrialmembrane perme-
ability. Prolonged activation of PTP leads to loss in �� and
release of cytochrome c, a necessary event in themitochondrial
cell death pathway (60, 61), from the mitochondrial intermem-

brane space into the cytosol. Fol-
lowing its release into the cytosol,
the proapoptotic cytochrome c
forms the apoptosome complex
with apoptosis protease-activating
factor-1 to induce caspases and sub-
sequent apoptosis (62). The present
findings therefore are consistent
with the triggering ofmitochondrial
abnormalities as a consequence of
increased sphingomyelin hydrolysis
in Akita �-cells (41, 42).

Most intriguingly, the Akita cells
expressed higher iPLA2� protein
than the WT cells. This was
reflected by a nearly 3-fold higher
basal cytosolic iPLA2� specific
activity. These findings strengthen
the likelihood that iPLA2�-medi-
ated NSMase activation is a critical
factor in ER stress-induced �-cell
apoptosis. To further establish this
possibility, the effects of accelerat-
ing ER stress in the Akita cells were
assessed. Exposure to thapsigargin
caused elevations in caspase-3 acti-
vation and abundance of TUNEL-
positive cells that were accompa-
nied by temporal increases in
iPLA2� protein and specific activity
in bothWT andAkita �-cells. How-
ever, these outcomes were acceler-
ated in the Akita cells. Thapsigargin
also induced NSMase in both WT

andAkita cells, and this occurred earlier and the -fold increases
in message were greater in the Akita cells. That this was an
iPLA2�-dependent effect was evidenced by the suppression in
NSMase induction following inactivation of iPLA2� in both
WT and Akita cells.
To establish that the outcomesmeasured in the Akita �-cells

require iPLA2�, the Akita cells were transfected with iPLA2�
siRNA to knock down iPLA2� message and protein levels. The
siRNA protocol resulted in dramatic suppression of not only
basal but also thapsigargin-induced increases in iPLA2� mes-
sage and protein. Further, whereas thapsigargin-induced
NSMase induction, mitochondrial membrane potential loss,
and apoptosis were unaffected by transfection with control
siRNA, they were significantly suppressed in Akita cells trans-
fected with the iPLA2� siRNA. In fact, the higher basal apopto-
sis was also significantly decreased in these cells. These findings
indicate that iPLA2� is a critical factor during the development
and progression of ER stress-induced abnormalities in the
�-cell.

Our recent finding of higher iPLA2� protein and activity in
the ER andmitochondria of INS-1 cells exposed to thapsigargin
was suggestive of increased mobilization of iPLA2� by these
organelles with the onset and development of ER stress (41, 42).
However, the surprising finding of higher basal iPLA2� protein

FIGURE 7. Effects of iPLA2� knockdown on NSMase induction, mitochondrial membrane potential loss,
and apoptosis in Akita cells. Wild type and Akita cells were transfected with either control siRNA (si*) or
iPLA2� siRNA (si) and subsequently treated with DMSO vehicle or thapsigargin (T) (1 �M). The cells were
harvested at 8 h for various experimental protocols, each done 3–5 times. A, iPLA2� protein. Cell lysates were
prepared, and 30-�g protein aliquots were processed for immunoblotting. B, iPLA2� message. Total RNA was
prepared, and cDNA was generated for qRT-PCR of iPLA2� message. *, significantly different from the control
siRNA group, p 	 0.01. C, NSMase message. Total RNA was prepared, and cDNA was generated for qRT-PCR of
NSMase message. *, significantly different from the thapsigargin group, p 	 0.05. D, mitochondrial membrane
potential. The percentage of cells losing �� was determined using the flow cytometry protocol as described
for Fig. 3. *, significantly different from all other groups, p 	 0.05. E, apoptosis. The incidence of cell death was
assessed using the TUNEL assay. *, iPLA2� siRNA group significantly different from the control siRNA group, p 	
0.001. #, thapsigargin group significantly different from the control siRNA group, p 	 0.0001. †, thapsigargin
plus iPLA2� siRNA group significantly different from the thapsigargin group, p 	 0.005. The means � S.E. for
each measurement are presented in B–E.
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expression in Akita cells in the present study raises the possi-
bility that it may in fact be subject to pre- and post-transcrip-
tional regulation under stressful conditions.
Other than ATP, only two potential candidates have been

identified as regulating iPLA2�: CaMKII� and SREBP-1.
Whereas CaMKII� is reported to activate iPLA2� (63),
SREBP-1 has been shown to promote transcription of the
iPLA2� gene (53). The transcription factor ATF6 plays a key
role in the unfolded protein response, and ER stress leads to its
cleavage by site 1 and site 2 proteases that are also activated by
ER stress (64). These proteases process SREBPs (65) into active
mature forms that enter the nucleus and transactivate target
genes (66). SREBPs are known to be induced under stressful
conditions and are activated in �-cells experiencing ER stress
due to glucolipotoxicity or thapsigargin (54). A fascinating
extension to these observations is the recent identification of an
SRE in the iPLA2� gene (53). That study, performed in Chinese
hamster ovary cells that were mutated to constitutively gener-
ate mSREBPs, revealed that binding of mSREBPs to SRE leads
to iPLA2� transcription. We therefore considered the possibil-
ity that SREBP-1maymodulate iPLA2� levels in�-cells that are
predisposed to developing ER stress.
We find that processing of SREBP-1 to the mSREBP-1 form

under basal conditions is higher in the Akita �-cells than in the

WT �-cells. This coincided with
higher pAkt levels, which is consis-
tent with previous reports that
phosphorylation of Akt stimulates
the synthesis and nuclear localiza-
tion of mSREBP-1 (55–57). Further,
exposure to thapsigargin led to tem-
poral increases in mSREBP-1 (and
pAkt) in parallel with elevations in
iPLA2� protein. These findings pro-
vide the first evidence of a correla-
tion between mSREBP-1 and
iPLA2� expression with the onset
and progression of diminished cel-
lular integrity.
To determine if there is a causal

relationship between SREBP-1 acti-
vation and iPLA2� expression, a DN
SREBP-1 was expressed in WT and
Akita �-cells. The DN form itself is
unable to activate transcription, but
it interferes with the processing of
endogenous SREBP-1 and its bind-
ing to the SRE element (49). As
expected, both basal and thapsigar-
gin-induced increase in mSREBP-1
were suppressed in WT and Akita
cells by DN-SREBP-1, whereas
phosphorylation of Akt, an event
upstream of SREBP-1, remained
unaffected. Also, consistent with
mSREBP-1-mediated regulation of
iPLA2� expression, both basal and
induced iPLA2� expression were

suppressed by the DN protein.
These observations therefore identify a novel mechanism by

which a biological process (stress) can regulate iPLA2� expres-
sion in �-cells. Because of accumulating evidence supporting a
causative role for ER stress-induced �-cell apoptosis in the
development of diabetes, we sought to substantiate our findings
in the Akita (Ins2Akita) mouse. These mice develop mild
hyperglycemia rapidly after birth, although they continue to
live for over 8months. Thesemice contain a spontaneous dom-
inant mutation in the insulin 2 gene on a C57BL6 mouse back-
ground that results in the replacement of cysteine with tyrosine
at position 96, causing disruption of a disulfide bridge required
for proper insulin folding. This causes proinsulin to accumulate
in the ER and leads to the initiation of the unfolded protein
response. The unresolved ER stress subsequently leads to pan-
creatic islet �-cell apoptosis in the absence of obesity, insulitis,
or insulin resistance (45, 67–70). Heterozygous Akita mice
become hyperglycemic at 3–4 weeks of age but remain fertile
and viable in the absence of exogenous insulin treatment. The
diabetic phenotype is more severe and progressive in the Akita
male than in the female. We therefore examined islets from
male Akita and WT littermates of �4 weeks of age.

Consistent with the findings in the Akita �-cells, iPLA2�,
SREBP-1, andNSmasemessages were significantly increased in

FIGURE 8. iPLA2�, SREBP-1, and NSMase message and iPLA2� and SREBP-1 protein expression in Akita
mouse islets. Islets were isolated from WT and Akita mice at 4 weeks of age. Total RNA was prepared, and
qRT-PCR analyses for iPLA2�, SREBP-1, and NSMase were performed. Means � S.E. (n 
 3–5) of the -fold
increase in each message are presented (A). 18 S was used as a control. *, AK group significantly different from
corresponding WT group, p 	 0.05. B and C, paraffin sections (10 �m) of islets isolated from WT and AK mice at
�4 weeks of age were prepared and stained for cell nuclei (DAPI) (blue) and SREBP-1 (red in B) or iPLA2� (red in
C), and fluorescence was recorded using a Nikon Eclipse TE300 microscope. The insets in B are magnifications
of islet cell nuclei.

iPLA2� Regulation by SREBP-1 in �-Cells during ER Stress

FEBRUARY 26, 2010 • VOLUME 285 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6703

 at U
C

S
F

 Library &
 C

K
M

, on June 17, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


the Akita islets, as compared with WT islets. This was sup-
ported by the more prominent staining for iPLA2� and
SREBP-1 in Akita, relative to the WT, islet sections. It may be
argued that the SREBP-1 detected does not appear to be nucle-
us-associated. However, typically, only a fraction of the total
SREBP-1 pool is processed to themature form that translocates
to the nucleus. Although others have demonstrated nuclear
translocation by immunocytochemistry (48, 49), these studies
were performed with overexpressed truncated SREBP1. As
such, it is likely that the immunocytochemistry assay is not
sufficiently sensitive to detect translocation of endogenous
SREBP1. Nevertheless, collectively, these findings strongly sup-
port a link between and a role for SREBP-1, iPLA2�, and
NSMase during the development of diabetesmellitus due to ER
stress-induced in �-cell apoptosis.
Multiple lines of evidence indicate that the loss of�-cells due

to apoptosis contributes to the onset and progression of T1DM
and T2DM. It is now recognized that prolonged ER stress can
cause �-cell apoptosis and lead to the development of diabetes
mellitus, and we recently identified a role for iPLA2� in ER
stress-induced �-cell apoptosis. Here, we present evidence for
the activation of iPLA2� in a spontaneous ER stress model that
leads to the development of diabetes due to �-cell apoptosis.
We further identified for the first time that iPLA2� expression
is subject to regulation by SREBP-1 during the evolution of a
metabolic disorder, the incidence of which continues to rise. As
such, our findings contribute to the understanding of iPLA2�
biology andmay provide insight into developing novel targeted
therapeutics to prevent or delay �-cell apoptosis.
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