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Abstract
β-cell mass is regulated by a balance between β-cell growth and β-cell death, due to apoptosis. We
previously reported that apoptosis of INS-1 insulinoma cells due to thapsigargin-induced ER stress
was suppressed by inhibition of the Group VIA Ca2+-independent phospholipase A2 (iPLA2β),
associated with increased ceramide generation, and that the effects of ER stress were amplified in
INS-1 cells in which iPLA2β was over expressed (OE INS-1 cells). These findings suggested that
iPLA2β and ceramides participate in ER stress-induced INS-1 cell apoptosis. Here, we addressed
this possibility and also the source of the ceramides by examining the effects of ER stress in empty
vector (V)-transfected and iPLA2β-OE INS-1 cells using apoptosis assays and immunoblotting,
quantitative PCR, and mass spectrometry analyses. ER stress induced expression of ER stress factors
GRP78 and BiP, cleavage of apoptotic factor PARP, and apoptosis in V and OE INS-1 cells. Ceramide
accumulation during ER stress was not associated with changes in mRNA levels of serine palmitoyl-
transferase (SPT), the rate-limiting enzyme in de novo synthesis of ceramides but both message and
protein levels of neutral sphingomyelinase (NSMase), which hydrolyzes sphingomyelins to generate
ceramides, temporally increased in the INS-1 cells. The increases in NSMase expression in the ER-
stressed INS-1 cells were associated with corresponding temporal elevations in ER-associated
iPLA2β protein and catalytic activity. Pretreatment with BEL inactivated iPLA2β and prevented
induction of NSMase message and protein in ER-stressed INS-1 cells. Relative to V INS-1 cells, the
effects of ER stress were accelerated and/or amplified in the OE INS-1 cells. However, inhibition of
iPLA2β or NSMase (chemically or with siRNA) suppressed induction of NSMase message, ceramide
generation, sphingomyelin hydrolysis, and apoptosis in both V and OE INS-1 cells during ER stress.
In contrast, inhibition of SPT did not suppress ceramide generation or apoptosis in either V or OE
INS-1 cells. These findings indicate that iPLA2β activation participates in ER stress-induced INS-1
cell apoptosis by promoting ceramide generation via NSMase-catalyzed hydrolysis of
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sphingomyelins, raising the possibility that this pathway contributes to β-cell apoptosis due to ER
stress.

Diabetes mellitus is the most prevalent human metabolic disease, and it results from loss and/
or dysfunction of β-cells in pancreatic islets. Type 1 diabetes mellitus is caused by autoimmune
β-cell destruction (1) and apoptosis plays a prominent role in the loss of β-cells during
development of Type 1 diabetes mellitus (1,2). Type 2 diabetes mellitus results from a
progressive decline of β-cell function and chronic insulin resistance which is characterized by
initial peripheral insulin resistance and compensatory hyperinsulinemia that is followed by loss
in β-cell function and frank hyperglycemia (3–6).

Autopsy studies indicate that the β-cell mass in obese Type 2 diabetes mellitus patients is
smaller than that in obese non-diabetic subjects (7–9) and recent studies demonstrated that the
loss in β-cell function in non-obese Type 2 diabetes mellitus is also associated with decreases
in β-cell mass (10,11). β-cell mass is regulated by a balance between β-cell growth, resulting
from β-cell replication and neogenesis, and β-cell death resulting from apoptosis (12,13).
Findings in both rodent models of Type 2 diabetes mellitus (14–16) and in human T2 diabetes
mellitus (10,11) have now led to the conclusion that the decrease in β-cell mass in Type 2
diabetes mellitus is not attributable to reduced β-cell proliferation or neogenesis but to
increased β-cell apoptosis. This conclusion is also supported by observations from other studies
(17–20). It is therefore important to understand the mechanisms underlying β-cell apoptosis if
this process is to be prevented or delayed.

Agents that induce β-cell apoptosis (21) act via an extrinsic pathway involving interaction with
death receptors residing in the plasma membrane or via an intrinsic pathway involving
mitochondrial signaling (22,23). A third organelle gaining prominence as a participant in
apoptosis is the endoplasmic reticulum (ER) (22–26). In addition to serving as a cellular
Ca2+ store, ER is the site where secretory proteins are synthesized, assembled, folded, and
post-translationally modified. Interruption of any of these functions can lead to production of
malfolded proteins that require rapid degradation of mutant proteins. An imbalance between
the load of client proteins on the ER and the ER’s ability to process the load results in ER stress
(27,28). Prolonged ER stress promotes induction of stress factors and activation of caspase-12,
localized in ER (23,25,26,29), and can subsequently lead to apoptotic cell death. Downstream,
all three pathways activate caspase-3, a protease that is central to execution of apoptosis (30).
Being a site for Ca2+ storage, the ER responds to various stimuli to release Ca2+ and is therefore
extremely sensitive to changes in cellular homeostasis. A number of factors can induce ER
stress and this process is thought to be a cause of various diseases, including Alzheimer’s and
Parkinson’s diseases (31).

Secretory function of β-cells endows them with a highly developed ER and heightens their
susceptibility to ER stress. Mutations in genes encoding the ER-stress transducer pancreatic
ER kinase (PERK) (32) and the ER resident protein involved in degradation of malfolded ER
proteins are linked to diminished β-cell health clinically (33,34). Further, in the Akita diabetic
mouse, mutation in the Ins2C96Y gene produces an abnormal insulin product that accumulates
in the ER. This leads to increased expression of the ER chaperone protein GRP78 (BiP) and
the ER stress marker CHOP (15,35–37) and a progressive decrease in β-cell mass, due to β-
cell apoptosis, and subsequent hyperglycemia ensues.

The SERCA inhibitor thapsigargin (38) induces ER stress, promotes caspase-12 cleavage
(22,25), and apoptosis of neurons and insulin releasing BRIN-BID11 cells (22) and Apaf-1
null cells (26). While SERCA inhibitors promote loss of ER Ca2+ stores, induction of MIN-6
cell apoptosis by these agents occurs by a pathway that does not require an increase in
[Ca2+]i but instead requires the generation of arachidonic acid metabolites (39). Thapsigargin-
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induced ER stress in pancreatic islets leads to hydrolysis of arachidonic acid from membrane
phospholipids also by a Ca2+-independent mechanism that is suppressed by a bromoenol
lactone (BEL) suicide-substrate inhibitor of Ca2+-independent phospholipase A2 (iPLA2β)
(40). These observations raised the possibility that iPLA2β participates in ER stress in β-cells.

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 (41). At
present, the recognized PLA2s are classified into 15 groups based on their Ca2+ requirement
for activation and sequence homology (42). Among the iPLA2s is one that does not require
Ca2+ for activity and is classified as a Group VIA iPLA2 and is designated as the β-isoform of
iPLA2 (iPLA2β) (43–45), distinguishing it from the membrane-associated γ-isoform (iPLA2γ)
(44). The iPLA2β enzyme is activated by ATP and is inhibited by BEL (46). While in
macrophage-like cells iPLA2β is proposed to be involved in phospholipid remodeling (47),
iPLA2β is thought to participate in signal transduction in other cells (48–53), including β-cells
(43,46,54,55).

Recent findings in non-β-cells suggested another role for iPLA2β. Induction of human U937
promonocyte apoptosis by anti-Fas antibody is associated with hydrolysis of arachidonic acid
from membrane phospholipids by a mechanism that is inhibited by BEL and that is not
catalyzed by sPLA2 or cPLA2 (56). U937 cell apoptosis is also associated with cleavage of
iPLA2β by caspase-3, and overexpression of this iPLA2β cleavage product amplifies both
thapsigargin-induced arachidonic acid release and cell-death (57). S49 lymphoma, PC12, and
human coronary artery endothelial cell-death induced by thapsigargin (57,58), polychlorinated
biphenyls (59), and polycyclic aromatic hydrocarbons (60), respectively, are all reported to be
suppressed by inhibitors of PLA2 including BEL. Collectively, these observations suggest that
iPLA2β, in part, contributes to events that promote apoptosis but the mechanism of its action
has not yet been described.

Pancreatic islet β-cells and insulinoma cells express a iPLA2β activity that is sensitive to
inhibition by BEL (46,54,61,62). We recently reported (63) that ER stress induces INS-1
insulinoma cell apoptosis and amplifies apoptosis of iPLA2β-overexpressing (OE) INS-1cells
and that this is inhibited by BEL. An intriguing finding associated with induction of ER stress
in INS-1 cell apoptosis was an increase in ceramide generation that was also significantly
amplified in OE INS-1 cells (63). Ceramides are lipid messengers that can suppress cell growth
and induce apoptosis (64–66). In the present study, we examined the relationship between ER
stress, ceramide generation, iPLA2β, and INS-1 cell apoptosis.

Experimental Procedures
Materials

INS-1 insulinoma cells were provided by Dr. C. Newgard (Duke University Medical Center,
Durham, NC). Other materials were obtained from the following (sources): (16:0/[14C]-18:2)-
GPC (PLPC, 55 mCi/mmol), rainbow molecular mass standards, and enhanced
chemiluminescence reagent (Amersham, Arlington Heights, IL); SYBR Green PCR Kit
(Applied Biosystems, Foster City, CA); brain and egg sphingomyelins, ceramide, and other
lipid standards (Avanti Polar Lipids, Alabaster, AL); calnexin (BD Sciences, San Jose, CA);
Coomassie reagent, SDS-PAGE supplies, and Triton X-100 (BioRad, Hercules, CA);
mitochondrial membrane potential detection kit (Cell Tech. Inc., Mountain View, CA);
retroviral vector siRNA reagents (Clontech, Mountain View, CA); paraformaldehyde (Electron
Microscopy Sciences, Ft. Washington, PA); DNase-free RNase A (Gentra Systems Inc.
Minneapolis, MN); RT-PCR reagents (Invitrogen, Carlsbad, CA); Immobilin-P PVDF
membrane (Millipore Corp., Bedford, MA); complex IV antibody, Slow Fade® light antifade
kit (Molecular Probes, Eugene, OR); RNeasy kit (Qiagen Inc., Valencia, CA); TUNEL kit

Lei et al. Page 3

Biochemistry. Author manuscript; available in PMC 2008 September 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Roche Diagnostic Corporation, Indianapolis, IN); all other primary and secondary antibodies
(Santa Cruz Biotech. Inc., Santa Cruz, CA); and ER isolation kit, protease inhibitor cocktail,
common reagents, and salts (Sigma Chemical Co., St. Louis, MO).

Preparation, culture, and treatment of stably-transfected INS-1 cells
A retroviral system (46,67) was used to stably transfect INS-1 cells with either empty retroviral
vector (V INS-1 cells) or with a vector construct containing iPLA2β cDNA (OE INS-1 cells),
as described (43). The cells were cultured and passaged, as described (68), and grown to
confluency in Petri dishes or flasks prior to treatment. The INS-1 cells were treated with either
vehicle (DMSO, 0.50 μL/mL) alone or with thapsigargin (1 μM) to induce ER stress and
incubated for up to 24 h. In some studies, the cells were co-incubated with an inhibitor of
iPLA2β (BEL, 10 μM), SPT (l-cycloserine, 1 μM), or NSMase (GW4869, 10 μM).

iPLA2β activity assay in V and OE INS-1 cells
To verify that the INS-1 cells transfected with a construct containing iPLA2β cDNA expressed
higher iPLA2β protein and catalytic activity, cytosol was prepared from these and V INS-1
cells, as described (63) and protein concentration was determined using Coomasie reagent.
Immunoreactive-iPLA2β protein was visualized, as described below, and iPLA2β catalytic
activity (in 25 μg protein aliquot) in the absence and presence of ATP (10 mM) or BEL (1
μM) was assayed and quantitated, as described (63).

To examine whether iPLA2β expression in the ER is affected by ER stress, ER was prepared
from vehicle- and thapsigargin-treated INS-1 cells, as described (69,70). Cells were harvested
and washed twice (750g, 5 min, 4 °C) with 10 volumes of ice-cold phosphate-buffered saline.
The cell pellet was suspended in 3 volumes of ice-cold isolation buffer (20 mM HEPES-KOH,
pH 7.8, 250 mM sucrose, 1 mM EGTA, 10 mM potassium chloride, supplemented with
protease inhibitor cocktail (50 μL/mL). The cells were placed on ice for 15 min and then
transferred to a Dounce homogenizer (Kimble/Kontes, Vineland, NJ) and disrupted by
douncing 50 times on ice. The homogenate was then centrifuged (15,000g, 15 min, 4 °C) and
the supernatant was separated from the mitochondria-containing pellet and further centrifuged
(100,000g, 1 h, 4 °C) to obtain an ER fraction. The pellet containing ER was then resuspended
in HB buffer (40 mM Tris-HCl pH 7.8, 250 mM sucrose, 1 mM EGTA), sonicated, and protein
concentration determined for iPLA2β activity and immunoblotting assays. Enrichment of the
fraction with ER was verified by immunoblotting analyses for various organelle markers:
calnexin (ER), complex IV (mitochondria), FTCD 58K-9 (Golgi), Oct-1 (nuclei), and Na+/
K+ ATPase (membrane).

Immunoblotting analyses
INS-1 cells were harvested at various times (0–24 h) following induction of ER stress,
sonicated, and the homogenate centrifuged (100,000g, 1 h, 4 °C) to obtain cytosol. An aliquot
(containing 30 μg protein) of homogenate, cytosol, ER, or mitochondria was analyzed by SDS-
PAGE (8 or 15%), transferred onto Immobilin-P PVDF membranes, and processed for
immunoblotting analyses, as described (63). The targeted proteins and the (1° antibody
concentrations) were as follows: GRP78 (1:500), CHOP (1:500), PARP (1:1000), iPLA2β
(T-14; 1:500), calnexin (1:1,000), complex IV (1:2,000), FTCD 58K-9 (1:1,000), Oct-1
(1:1,000), and Na+/K+ ATPase (1:2000), NSMase (1:1,000) and tubulin control (1:2000). The
secondary antibody concentration was 1:10,000. Immunoreactive bands were visualized by
enhanced chemiluminescence.
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Assays for apoptosis
To assess the incidence of apoptosis induced by ER stress TUNEL, DNA laddering, and
mitochondrial membrane potential (MitoMP) analyses were performed as described below:

In situ detection of DNA cleavage by TUNEL staining—At various times, INS-1 cells
were harvested and washed twice with ice-cold phosphate-buffered saline. The cells were then
immobilized on slides by cytospin (63) and fixed with 4% paraformaldehyde (in PBS, pH 7.4,
1 h, room temperature). The cells were then washed with PBS and incubated in
permeabilization solution (0.1% Triton-X-100 in 0.1% sodium citrate in phosphate-buffered
saline, 30 min, room temperature). The permeabilization solution was then removed, TUNEL
reaction mixture (50 μL) added, and the cells were incubated (1 h, 37 °C) in a humidified
chamber. The cells were washed again with phosphate-buffered saline and counterstained with
1 μg/mL DAPI (4′,6′-diamidino-2-phenylindole) in phosphate-buffered saline for 10 min to
identify cellular nuclei. Incidence of apoptosis was assessed under a fluorescence microscope
using a FITC 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 six fields
per slide were used to calculate the percent of cells that were apoptotic.

DNA laddering—Harvested INS-1 cells were washed three times with phosphate-buffered
saline and resuspended in 500 μL of lysis buffer (100 mM Tris-HCl [pH 8.5], 5 mM EDTA,
0.2 M NaCl, 0.2% w/v SDS, and 0.2 mg/mL proteinase K). After a 90 min incubation-period
on ice, the lysates were centrifuged (10,000g, 10 min, 4 °C). The DNA in the supernatant was
precipitated overnight with an equal volume of 100% (v/v) ethanol at −20 °C. The DNA
precipitate was washed once with 70% ethanol and resuspended in 30 μL of 10 mM Tris-HCl
mM EDTA (pH 7.5) buffer supplemented with 200 μg/mL DNase-free RNase A. After
incubation at 37 °C for 2 h, the DNA was analyzed using 2% agarose gel electrophoresis. DNA
laddering, which reflects apoptosis-associated DNA fragmentation, was visualized using
ethidium bromide staining under UV light.

Assessment of mitochondrial membrane potential (MitoMP) by flow cytometry
—Loss of MitoMP is an important step in the induction of cellular apoptosis (71). INS-1 cell
MitoMP was measured using a commercial kit according to the manufacturer’s instructions.
Briefly, harvested cells were washed once with phosphate-buffered saline and resuspended in
100 μL of the same buffer (~105 cells/mL). An aliquot (5 μL) of Mito Flow fluorescent reagent
was added and the cell suspension was incubated at 37 °C for 30 min. The cells were then
transferred to fluorescence-activated cell sorting tubes and diluted 1:5 with buffer provided in
the kit. Fluorescence in cells was analyzed by flow cytometry (BD Biosciences, San Jose, CA)
at an excitation wavelength of 488 nm.

Ceramide analyses by electrospray ionization (ESI)/MS/MS
Lipids were extracted from INS-1 cells under acidic conditions, as described (72,73). Briefly,
cells were harvested, gently pelleted, and extraction buffer (chloroform/methanol/2% acetic
acid, 2/2/1.8; v/v/v) containing C8-ceramide (C8-ceramide, m/z 432) internal standard (IS, 500
ng) was added to the cellular pellet. After vigorous vortexing, the mixture was centrifuged
(800g) and the organic bottom layer was collected, concentrated to dryness under nitrogen and
reconstituted in chloroform/methanol (1/4) containing 10 pmol/μL LiOH. To measure
ceramide content, ESI/MS/MS standard curves were generated from a series of samples
containing fixed amount of C8-ceramide standard and varied amounts of long-chain ceramide
standards. The relative abundances of individual ceramide species, relative to the C8-ceramide
internal standard, were measured by ESI/MS/MS scanning for constant neutral loss of 48,
which reflects the elimination of formaldehyde and water from the [M + Li]+ ion (63). This
loss is characteristic of ceramide-Li+ adducts upon low energy collisionally-activated
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dissociation ESI/MS/MS (72). Lipid phosphorous measurements were used to normalize
individual ceramide molecular species.

Sphingomyelin (sphingomyelin) analyses by ESI/MS/MS
Sphingomyelins are formed by reaction of a ceramide with CDP-choline and similar to
glycerophosphocholine (GPC) lipids, they contain a phosphocholine as the polar head group.
This feature of sphingomyelins facilitates identification of sphingomyelin molecular species
by constant neutral loss scanning of trimethylamine ([M + Li]+ -N(CH3)3) or constant neutral
loss of 59, as described (74). 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.
Constant neutral loss of 59, however, facilitates emergence of signals for sphingomyelin
species at odd m/z values, reflecting loss of nitrogen. Lipid extracts prepared as above were
used for the sphingomyelin analyses. In the absence of individual sphingomyelin species
availability, sphingomyelins content in the samples was determined based on standard curves
generated using commercially-available brain and egg sphingomyelins with known percentage
of each fatty acid constituent and 14:0/14:0-GPC (m/z 684, 8 μg) as internal standard. Lipid
phosphorous measurements were used to normalize individual sphingomyelin molecular
species.

Quantitative RT-PCR
To determine mRNA expression of key enzymes involved in ceramide-generating pathways,
total RNA was isolated from INS-1 cells using RNeasy kit (Qiagen Inc.). cDNA was then
synthesized using SuperScriptII kit (Invitrogen) and heat-inactivated (70 °C for 15 min). A
reaction without reverse transcriptase was performed to verify the absence of genomic DNA.
PCR amplifications were performed using SYBR Green PCR kit (Invitrogen) in an ABI 7000
detection system (Applied Biosystems). The primers were designed based on known rat
sequences for neutral sphingomyelinase (NSMase), serine palmitoyl transferase (SPT),
ceramidase, and internal control 18S provided in the Gene Bank™ database with accession
numbers AB047002, XM001053124, AF214647, and X01117, respectively. The sense/
antisense primer sets were as follows: NSMase, ccggatgcacactacttcagaa/
ggattgggtgtctggagaaca; SPT, caccgagcactatgggatca/cgagcgcattctccatgtta; ceramidase,
tgaaagccaccttcgagattg/ctgagtatgtctgccctgtatgct; and 18S control, agtcctgccctttgtacaca/
gatccgagggcctcactaaac.

Generation of NSMase-KD cells using siRNA
Two hairpin-forming oligonucleotides directed against NSMase mRNA were selected using
SiRNA design tool (http://bioinfo.clontech.com/rnaidesigner/frontpage.jsp) and cloned into
RNAi-Ready pSIREN Retro-Q, according to manufacturer’s instructions. The two sequences
were gatccGCAGGACTTCCAGTACTTAAAttcaagagatttaagtactggaagtcctgcttttttg and
gatccGCACGTCTATACTCTCAATGGttcaagagaccattgagagtatagacgtgcttttttg, where the
targeting sequences within the synthetic oligonucleotides are capitalized. Constructs that
express the sRNAis were pSIREN-NSMase-1 and pSIREN-NSMase-2. Retroviruses were
packaged in PT67 cells and used to infect INS-1 cells. A construct that encoded scrambled
RNA was used to generate control cell lines. Cells were selected with 0.25 μg/mL puromycin
and single cell clones were expanded. Total RNA was prepared from the various cell lines and
Northern blot analyses, as described (75), was performed to identify cell lines in which NSMase
mRNA was knocked down. Cell lines of interest were selected for further expansion and study.

Statistical analyses
Data were converted to mean ± standard error of the means and the Students’ t-test was applied
to determine significant differences between two samples (p < 0.05). Statistical differences
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between multiple treatment groups and a control group were determined using analysis of
variances and Dunnett post-hoc test.

RESULTS
Demonstration of iPLA2β overexpression in INS-1 cells

In the present study, we examined the relationship between iPLA2β, ceramides, and INS-1 cell
apoptosis during ER stress. This was done in INS-1 insulinoma cells because they manifest
endogenous iPLA2β activity analogous to that expressed in pancreatic islet β-cells, are
susceptible to ER stress, provide an abundant source of starting material, and can be
manipulated to over or under express proteins of interest (43,54,63). To more directly examine
a role of iPLA2β in ER stress-induced INS-1 cell apoptosis, parallel studies were done with
iPLA2β-overexpressing INS-1 cells (OE INS-1 cells). These cells, relative to empty-vector
transfected INS-1 cells (V INS-1 cells), expressed higher iPLA2β protein in the cytosol (Figure
1A insert) and as reported earlier (43), nearly 15-fold higher iPLA2β catalytic activity (V, 79
± 8 and OE, 1386 ± 434 pmole/mg protein/min, n = 5 in each group). As expected, iPLA2β
catalytic activity manifested in the transfected INS-1 cells exhibited characteristic properties
of the enzyme; stimulation by ATP (V, 272 ± 18 and OE, 3688 ± 503, pmole/mg protein/min)
and inhibition by BEL (residual activity near zero in both groups).

ER stress-induced INS-1 cell apoptosis is amplified in iPLA2β-OE INS-1 cells
In light of the earlier observation of higher incidence of apoptosis of OE INS-1 cells (63), in
the present study, we examined if progression of apoptosis due to thapsigargin-induced ER
stress differed in V and OE INS-1 cells. Because the incidence of INS-1 cell apoptosis during
the first 11 h was unchanged, only data from vehicle-treated and cells treated with thapsigargin
for 12 and 24 h are presented. TUNEL staining analyses (Figure 1A) revealed that the
abundance of TUNEL-positive INS-1 cells was minimal at 0 h and progressively increased
following treatment with thapsigargin for 12 and 24 h in both V and OE INS-1 cells. The
abundance of apoptotic cells in the OE group at 24 h, however, was 2-fold greater than in the
V group.

As accurate quantitation of TUNEL-positive cells is not easily achieved, incidence of apoptosis
following induction of ER-stress in the INS-1 cells with thapsigargin was assessed by two
additional methods. In the DNA laddering assay shown in Figure 1B, DNA fragmentation,
which occurs in cells undergoing apoptosis, was not detected in the V group at 12 h but was
evident at 24 h. In contrast, DNA fragmentation in the OE group was detectable by 12 h and
was more pronounced at 24 h than in the V group. The second assay measured loss of MitoMP,
which is another hallmark of cellular apoptosis, in a suspension of cells to which a fluorescent
Mito Flow reagent is added. This reagent concentrates in the mitochondria of healthy cells but
the mitochondria of cells undergoing 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 presented in Figure 1C reflect fluorescence
measurement in 10,000 INS-1 cells and the percentage of cells losing MitoMP, analyzed by
the application software, is indicated as M1. As illustrated, there was a gradual appearance of
a second peak over a 24 h-period of ER stress, indicative of a rise in the number of INS-1 cells
with compromised MitoMP. However, relative to the V group, a second peak begins to emerge
in the OE group by 12 h suggesting that the MitoMP is affected in a higher number of cells in
this group by this time (V, 22.00 ± 0.01% and OE, 25.04 ± 0.01%, p = 0.004965, n = 5 in each
group). At 24 h, a greater percentage of OE INS-1 cells were seen to lose MitoMP, relative to
the V INS-1 cells.
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Thapsigargin induces expression of GRP78, CHOP, and PAPR in INS-1 cells
To confirm induction of ER stress in INS-1 cells treated with thapsigargin, expression of ER
stress factors GRP78 and CHOP was examined in cytosol prepared from vehicle- and
thapsigargin-treated INS-1 cells. Immunoblotting analyses revealed induction of both within
2–4 h (Figure 2A). To quantify their expression levels, the density of GRP78 and CHOP
immunoreactivity to the internal control tubulin immunoreactivity at corresponding times was
determined. Representative analyses illustrated in Figures 2B and 2C indicated increases in
GRP78 between 2 and 4 h and in CHOP between 4 and 8 h. They further revealed that between
4 and 16 h, expression of both was greater in the OE group than in the V group. A key protein
that is selectively cleaved at the onset of apoptosis by caspases is poly(ADP-ribose) polymerase
(PARP) (76). Cleavage of PARP leads to generation of an active product that facilitates cellular
disassembly (77). In both V and OE INS-1 cells thapsigargin-induced ER stress resulted in
cleavage of PARP (Figure 2D) but it occurred earlier and was more profound in the OE than
in the V group. Collectively, the data presented in Figures 1–2 reveal a sequence of
thapsigargin-induced events that are characteristic of an ER stress response in INS-1 cells
beginning with expression of GRP78 followed by CHOP, cleavage of PARP, and finally
apoptotic cell-death.

ER stress induces increases in neutral sphingomyelinase message levels in INS-1 cells and
this is inhibited by BEL

We previously reported temporal increases in ceramide generation in INS-1 cells during a 24
h-period following induction of ER stress (63). A rise in cellular ceramide levels can occur via
de novo synthesis, sphingomyelin breakdown, or decreased degradation of ceramides. To
determine which pathway is prominent in INS-1 cells undergoing ER stress, total RNA was
prepared from vehicle-treated and thapsigargin-treated INS-1 cells for quantitative PCR
analyses of enzymes in each pathway: serine palmitoyl transferase (SPT), which catalyzes the
rate limiting step in the de novo pathway; neutral sphingomyelinase (NSMase), which catalyzes
the hydrolysis of sphingomyelins; and ceramidase, which catalyzes the degradation of
ceramides. As shown in Figure 3A, mRNA levels for SPT were not significantly altered while
ceramidase message expression decreases over the course of ER stress. In contrast, ER stress
increased NSMase mRNA expression in the INS-1 cells and its expression in the OE INS-1
cells was found to be more sensitive to ER stress, as reflected by the earlier onset of increase
in these cells, relative to the V INS-1 cells (2 vs. 6 h). Additionally, steady-state levels of
NSMase message reached between 12–16 h were 2-fold higher in the OE INS-1 cells than in
the V INS-1 cells.

The increased sensitivity of NSMase expression to ER stress and the amplification of the
increase in iPLA2β-overexpressing INS-1 cells suggested that NSMase expression might be
modulated by iPLA2β. To test this possibility, ER stress was induced in OE INS-1 cells in the
absence or presence of BEL. At 12 h following induction of ER stress, the cells were harvested
for quantitative PCR analyses. As shown in Figure 3B, BEL not only reduced control levels
of NSMase expression but almost completely prevented the induction of NSMase expression
at 12 h. In contrast, ceramidase mRNA levels, which were decreased similarly in ER-stressed
V and OE INS-1 cells, were not returned to basal levels by BEL. A small decrease in SPT
mRNA levels was seen in control V INS-1 cells but there was no significant effect of BEL in
the ER-stressed INS-1 cells. These findings suggest that ER stress induces iPLA2β-mediated
expression of NSMase in INS-1 cells.

ER stress induces increases in ER-associated iPLA2β protein and catalytic activity and
concomitant NSMase protein expression that is inhibited by inactivation of iPLA2β with BEL

To further examine the link between ER stress, iPLA2β activation, and NSMase expression
the affects of ER stress on ER-associated iPLA2β were first examined. ER fraction was
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prepared from V and OE INS-1 cells using an ER-isolation kit and organelle marker analyses
verified that this fraction was enriched in ER protein calnexin, but not in proteins associated
with other organelles (data not shown). As shown in Figure 4A, ER stress led to temporal
accumulations in ER-associated iPLA2β protein between 2–8 h. This was reflected by increases
in ER associated iPLA2β catalytic activity (Fig. 4B). Both iPLA2β protein accumulation and
catalytic activity in the ER during ER stress were greater in the OE INS-1 cells, relative to V
INS-1 cells.

We next examined whether induction of NSMase message during ER stress leads to increased
expression of NSMase protein and whether this could be inhibited by inactivation of
iPLA2β. As seen in Figure 4C, a temporal increase in NSMase protein expression is seen in
ER stressed INS-1 cells, with the increases being greater in the OE INS-1 cells. Pretreatment
of the INS-1 cells with BEL for 1 h prior to induction of ER stress resulted in inhibition of
induction of NSMase protein for up to 16 h. During this period, iPLA2β catalytic activity was
inhibited in the V INS-1 cells by 95, 78, 83, and 78% and by 97, 90, 79, and 58% in the OE
INS-1 cells at 0, 4, 8, 16h, respectively. These findings support and strengthen an association
between NSMase expression and iPLA2β activation in ER-stressed INS-1 cells.

ER stress induces decreases in the relative abundances of sphingomyelin molecular species
in INS-1 cells

To allow quantitation of INS-1 cell sphingomyelins, standard curves for various molecular
species were first constructed. Because commercially-available synthetic sphingomyelins were
not available when these studies were initiated, natural sphingomyelins from egg and brain
(Avanti Polar Lipids, Alabaster, AL) were used. To identify the individual species, the amounts
of the natural sphingomyelins were varied in the presence of a constant amount of an internal
standard and ESI/MS/MS with constant neutral loss scanning of 59 ([M + Li]+ -N(CH3)3) was
performed. 14:0/14:0-glycerophosphocholine (GPC, m/z 684) was used as the internal standard
because it does not occur naturally in rats, mice, humans, or INS-1 cells. Next, the
sphingomyelins were saponified to liberate the individual fatty acids and their ratios determined
using d8-arachidonic acid as internal standard. The percent contribution of individual fatty
acids to the total fatty acid content of each source was then determined and used to construct
standard curves of the individual sphingomyelin species (Figure 5).

To determine whether induction of NSMase mRNA during ER stress is associated with
increased sphingomyelin hydrolysis, lipid extracts were prepared in the presence of the
14:0/14:0-GPC internal standard from vehicle-treated and ER-stressed INS-1 cells and
analysed by ESI/MS/MS. As shown in Figure 6A (insert), the prominent ions in the total ion
current spectrum of GPC are those of the even mass PC species. The emergence of the odd m/
z sphingomyelin species is facilitated by constant neutral loss of 59 (Figure 6A). Figure 6
displays the positive ion ESI-MS TIC tracing of Li+ adducts of the sphingomyelin species in
INS-1 cell lipids 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 793), 24:1 (m/z 819), and 24:0 (m/z 821). The spectra were acquired by monitoring constant
neutral loss of 59 in V and OE INS-1 cells treated with either vehicle (Figures 6A and C) or
thapsigargin (Figures 6B and D). Following induction of ER stress, the relative abundances of
the sphingomyelins in both V (Figure 6B) and OE (Figure 6D) INS-1 cells decreased, as
reflected by the decreases in the intensities of ions representing them.
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ER stress-induced generation of ceramides and sphingomyelin hydrolysis in INS-1 cells are
inhibited by BEL

To examine whether iPLA2β participates in ceramide generation or sphingomyelin hydrolysis
in ER stressed INS-1cells, the cells were treated with thapsigargin in the absence or presence
of BEL, a suicide inhibitor of iPLA2β. In the absence of ER stress, the total ceramide pool in
INS-1 cells was found to be similar (V, 8.37 ± 2.01 and OE, 8.18 ± 2.17 nmol/μmol PO4). ER
stress induced an increase in all of the identified ceramide species in both V and OE INS-1
cells (Table 1) and the increase in total ceramide pool was two-fold higher in the OE than in
the V INS-1 cells (Figure 7A). BEL alone had no effect in the absence of ER stress (data were
therefore combined with corresponding control groups) but addition of BEL to ER-stressed
cells resulted in inhibition of ceramide generation.

In the absence of ER stress, the total sphingomyelin pools in the V and OE INS-1 cells were
also not found to be different (V, 118 ± 14 and OE, 111± 12 pmol/μmol PO4). Quantitation of
individual sphingomyelin species revealed decreases in the major endogenous sphingomyelin
species in both V and OE INS-1 cells subjected to ER stress, reflecting an increase in
sphingomyelin hydrolysis (Table 2). And as shown in Figure 7B, ER stress induced a two-fold
greater decrease in the total sphingomyelin pool in the OE group, in comparison with the V
group. Addition of BEL resulted in prevention of ER stress-induced decreases in
sphingomyelin hydrolysis in both V and OE INS-1 cells. The data presented in Tables 1 and
2 and Figures 3–6 therefore suggest that ER stress induces NSMase expression in INS-1 cells
leading to hydrolysis of sphingomyelins and generation of ceramides, and that iPLA2β
participates in this process.

ER stress-induced ceramide generation, sphingomyelin hydrolysis, and INS-1 cell apoptosis
are suppressed by inhibition of NSMase but not the de novo synthesis pathway

We next examined whether sphingomyelin hydrolysis or the de novo synthesis pathway is the
more important contributor to the generation of ceramides in ER-stressed INS-1 cells. Lipids
were extracted from INS-1 cells treated with either vehicle or thapsigargin in the absence or
presence of either the SPT inhibitor l-cycloserine (LCS) or the NSMase inhibitor GW4869
(GW). These inhibitors and the concentrations of the inhibitors used in the present study have
been widely used to distinguish ceramide-generating pathways in various cell systems,
including pancreatic islets (78,79). ESI/MS/MS analyses used to determine the ceramide and
sphingomyelin contents revealed a lack of effect of inhibitor treatment alone (data were
therefore combined with corresponding controls). LCS also failed to prevent ER stress-induced
changes in ceramides or sphingomyelins (Tables 1 and 2; Figures 8A and 8B). In contrast,
GW4869 suppressed both the increase in ceramide generation and decrease in sphingomyelins
in the ER-stressed INS-1 cells. These data taken together with the finding of increased NSMase,
but not SPT, message expression suggest that ER stress-induced ceramide generation in INS-1
cells most likely occurs via increased hydrolysis of sphingomyelins.

As de novo synthesis of ceramides was reported to participate in lipoapoptosis of β-cells (79),
the possibility that this pathway may also contribute to ER stress-induced INS-1cell apoptosis
was examined. As reflected by DNA laddering and MitoMP analyses (Figures 8C and 8D,
respectively), treatment with the inhibitor alone had no effect and LCS was unable to prevent
ER stress-induced INS-1 cell apoptosis. In contrast, inhibition of NSMase prevented DNA
fragmentation and significantly suppressed compromising of MitoMP in ER-stressed INS-1
cells. Collectively, these findings suggest that NSMase-mediated increases in ceramide
generation, but not de novo synthesis of ceramides, contribute to ER stress-mediated INS-1
cell apoptosis.
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Knock-down (KD) of NSMase suppresses ER stress-induced ceramide generation,
sphingomyelin hydrolysis, and INS-1 cell apoptosis

To further establish the relationship between ER stress, iPLA2β, NSMase, and INS-1cell
apoptosis, we used sRNAi technology to generate INS-1 cells in which NSMase is knocked-
down (KD). This protocol resulted in the identification by Northern analyses of V and OE
INS-1 cell lines in which NSMase was knocked down. One OE cell line (OE KD3) in which
sRNAi treatment failed to suppress NSMase message was included as a negative control. As
illustrated in Figure 9A, NSMase-KD completely prevented induction of NSMase message in
ER-stressed INS-1 cells. As expected, induction of NSMase was not suppressed in the OE-
KD3 cells.

We next determined whether knock-down of NSMase is able to suppress ER stress-induced
affects on ceramides, sphingomyelins, and INS-1cell apoptosis. Quantitation of ceramides and
sphingomyelins in untreated (c)ontrol (V and OE INS-1 cells infected with construct encoded
with scrambled RNA) and NSMase-KD V and OE INS-1 cells were found to be similar and
pooled separately and presented as “V C” and “OE C” bars. As the data in thapsigargin-treated
V KD and OE KD1 and KD2 INS-1 cells were similar, they were pooled and presented as a
single “KDT” bar. Similarly, as the data obtained in thapsigargin-treated OE KD3 cells were
similar to thapsigargin-treated OE INS-1 cells, they were pooled and presented as a single “
OE T” bar. As illustrated in Figure 9, NSMase-KD completely abolished ER stress-induced
increases in ceramide generation (Figure 9B) and sphingomyelin hydrolysis (Figure 9C) in
ER-stressed INS-1cells. DNA laddering analyses (Figure 9D) revealed that ER stress induced
with thapsigargin promoted DNA fragmentation in the V, OE, and OE KD3 INS-1 cells, but
not in the VKD or OEKD INS-1 cells. The findings further support an involvement of NSMase
in ER stress-induced INS-1cell apoptosis.

DISCUSSION
It is becoming widely accepted that apoptosis plays a prominent role in the loss of β-cells during
the progression of diabetes mellitus (2,10,11,14,16–20,80–82). It is therefore important to gain
a better understanding of the processes that lead to apoptotic β-cell death, so that more targeted
therapeutic measures can be used to prevent or delay this process. Among the recognized
apoptotic signaling pathways (22,23), β□-cell death in the Akita diabetic (15,21) and NOD.k
iHEL nonimmune (83) diabetic mouse models have been reported to be due to ER stress.
Wolfram syndrome, which is associated with juvenile-onset diabetes mellitus, is also thought
to be a consequence of chronic ER stress in pancreatic β-cells (80–82). These reports raise the
possibility that the ER stress pathway contributes to β-cell losses in diabetes. However, very
little is currently known about the cellular events that are triggered by ER stress and that
eventually lead to β-cell apoptosis. As such, elucidation of the mechanisms that contribute to
ER stress-induced β-cell apoptosis is very much warranted.

Earlier findings in insulinoma cells (39) and pancreatic islets (40) using inhibitors of SERCA
to deplete ER Ca2+ stores (38) suggested that the Group VIA Ca2+-independent PLA2
(iPLA2β) participates in ER stress-induced β-cell apoptosis. We have since demonstrated that
ER stress induces apoptosis of INS-1 insulinoma cells and that the incidence of apoptosis (a)
is inhibited by BEL, a suicide-inhibitor of iPLA2β, (b) is amplified in OE INS-1 cells, and (c)
correlates with the expression levels of iPLA2β protein and activity (63). These findings are
consistent with a role for iPLA2β in ER stress-induced β-cell apoptosis.

A puzzling finding in that study was that ER stress also induced ceramide generation in INS-1.
Further, the ceramides reached higher levels in iPLA2β-overexpressing INS-1 cells, suggesting
that iPLA2β might mediate ceramide generation in INS-1 cells during ER stress.
Accumulations in cellular levels of ceramides can be achieved by an increase in de novo
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synthesis from palmitate and other precursors (79) or hydrolysis of sphingomyelins resulting
in the generation of ceramide and phosphocholine (84), or by a decrease in degradation of
ceramide (85,86). The de novo pathway is thought to participate in lipoapoptosis of β-cells
(79,86), but, as yet, there are no studies which examined ceramide generation during ER stress.
In view of our earlier findings, it was therefore of interest to determine (a) which ceramide-
generating pathway contributes to ceramide generation in ER-stressed INS-1 cells, (b) if
iPLA2β is a requisite, and (c) whether inhibition of this pathway prevents ER stress-induced
INS-1cell apoptosis.

Similar to the earlier study (63), thapsigargin triggered an ER stress response (15,35,36),
induced apoptosis, and increased ceramide accumulation in INS-1 cells in the present study.
To examine whether INS-1 cell accumulations in ceramides during ER stress require
iPLA2β, ER stress was induced in INS-1 cells in the absence or presence of BEL and lipids
were extracted for ESI/MS/MS analyses of ceramides (73). Such analyses revealed five major
ceramide species that are endogenous to the INS-1 cells and nearly all of the ceramide species
were increased in ER-stressed INS-1 cells. Inhibition of iPLA2β with BEL, however,
completely prevented the increase in the total ceramide pool. These findings were taken to
indicate that iPLA2β contributes to the rise in ceramides in INS-1 cells during ER stress.

As ceramide formation can be increased by different pathways, quantitative PCR analyses were
used to examine message levels of ceramide-generating enzymes to determine the source of
the ceramide increases in INS-1 cells during ER stress. They included serine palmitoyl
transferase (SPT), which catalyzes the rate-limiting step in de novo synthesis of ceramides
(79); neutral sphingomyelinase (NSMase), which hydrolyzes sphingomyelins to generate
ceramides and phosphocholine (84); and the ceramide-degrading enzyme ceramidase,
inactivation of which by nitric oxide could lead to ceramide accumulations (85).

Unexpectedly, ER stress did not induce SPT message expression but increased NSMase mRNA
and protein levels in the INS-1 cells. This is in contrast to earlier reports that de novo synthesis
of ceramides contributes to lipoapoptosis of β-cells in ZDF rats (79) and of pancreatic islets
exposed to free fatty acids (86,87). The increases in NSMase levels seen in our studies were
accompanied by increases in sphingomyelin hydrolysis, as reflected by decreases in
sphingomyelin molecular species, identified by ESI/MS/MS analyses (74). Analogous to the
effects of BEL on ceramide increases, both the increases in NSMase message and protein
expression and sphingomyelin hydrolysis in ER-stressed INS-1 cells were inhibited by BEL.
Further, chemical inhibition of NSMase activity or knock-down of NSMase were not only
effective in preventing ceramide generation and sphingomyelin hydrolysis in ER-stressed
INS-1 cells but they also suppressed ER stress-induced INS-1 cell apoptosis. In contrast,
inhibition of the de novo pathway was ineffective in preventing these consequences of ER
stress in INS-1 cells. The ER stress pathway and the consequences of its induction that included
increases in ceramide generation, NSMase, sphingomyelin hydrolysis, and apoptosis were all
accelerated and/or amplified in iPLA2β-overexpressing (OE) INS-1 cells. As in the V INS-1
cells, inhibition of iPLA2β or NSMase were effective in preventing these ER stress-induced
effects in the OE INS-1 cells, but inhibition of the de novo pathway was not. An alternate
salvage pathway where sphingoid bases generated by hydrolysis of complex sphingolipids by
ceramidase are recycled into ceramides has recently been reported to also increase ceramide
formation (88). While this pathway was not examined directly in the present study, the findings
that ER stress did not increase mRNA levels of either ceramidase or of iNOS (data not
presented) might be taken to mean that the salvage pathway is most likely not a major pathway
during ER stress in INS-1 cells. In fact, mRNA levels for ceramidase were modestly decreased
by ER stress and they remained unaffected by inhibition of iPLA2β with BEL. Our data
therefore suggest that ceramides generated via hydrolysis of sphingomyelins by NSMase
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contributes to ER stress-induced INS-1 cell apoptosis and strongly support a role for iPLA2β
in activating this pathway.

While further studies are needed to elucidate the process by which ER stress affects iPLA2β
and iPLA2β induces NSMase expression, a potential mechanism might be gleaned by
considering the present findings along with our earlier observations (63). In that study, ER
stress was shown to stimulate iPLA2β activity and its perinuclear localization in INS-1 cells.
As membranes of the nucleus and ER are contiguous (89,90), perinuclear accumulation of
iPLA2β is consistent with association of the iPLA2β protein with a subcellular compartment
that is likely to include ER (89). That this in fact is occurring is supported by the present
observation of increases in ER-associated iPLA2β protein and catalytic activity in the ER
stressed INS-1 cells. The ER in β-cells is enriched in arachidonate-containing phospholipids
(91) and the increases in iPLA2β protein would amplify the hydrolysis and subsequent
metabolism of arachidonic acid. It is not unlikely that arachidonic acid and/or its bioactive
metabolites (eicosanoids) stimulate the activity of NSMase in β-cells, as they do in other cell
types (92–96), especially since there is evidence for NSMase in both nuclei and ER (97,98).
Alternatively, arachidonic acid or eicosanoids, by virtue of their ability to regulate transcription
of several gene families (99), could induce NSMase expression. This possibility is supported
by the present findings that inactivation of iPLA2β by BEL also inhibits NSMase message and
protein expression and that NSMase-KD INS-1 cells are resistant to ER stress-induced
ceramide accumulation and apoptosis. These findings taken together with earlier
demonstrations of inhibition of AA hydrolysis and eicosanoids generation in β-cells and INS-1
cells by BEL (54,55,61,62,91,100), strengthen the possibility that ER stress activates
iPLA2β, leading to the induction of NSmase and increased generation of ceramides via this
pathway. The various proposed roles of ceramides in cellular processes only raises the
complexity of the potential mechanism(s) by which they could promote β-cell death during
ER stress. It remains to be determined whether one molecular species of ceramide is more
active and essential than another or whether a rise in ceramides or a decrease in sphingomyelins
(101) is a more important factor in promoting β-cell death.

In summary, our findings demonstrate for the first time a link between ER stress-induced INS-1
insulinoma cell apoptosis, NSMase-mediated generation of ceramides, and iPLA2β activation.
Our observations therefore raise the importance of gaining a better understanding of the role
of iPLA2β, not only in ER stress-mediated effects, but also its potential role in β-cell apoptosis,
a process that is gaining recognition as a major contributor to β-cell losses during the
progression of diabetes.
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Figure 1. ER stress-induced apoptosis in INS-1 cells
INS-1 cells were treated with either vehicle (DMSO) or with thapsigargin (T, 1 μM) and
incubated at 37 °C under an atmosphere of 95%CO2/5% O2 for up to 24 h. The cells were
collected at 0, 12, and 24 h to determine the incidence of apoptosis. A. TUNEL-positive cells.
Percentage of TUNEL-positive cells relative to total number of cells (DAPI-stained) were
determined in a minimum of six fields on each slide from each experiment. Data represent
mean ± SEM of values obtained from 5–7 separate experiments. (insert, iPLA2β-
immunoreactive protein). (* Treated groups significantly different from corresponding 0 h
control groups, p < 0.05. #OE treated group at 24 h significantly different from all other groups,
p < 0.05.). B. DNA laddering. C. Mitochondrial membrane potential (MitoMP). Representative
fluorescence spectra generated from analyses of 10,000 INS-1 cells from each experiment by
flow cytometry are presented. M1 refers to the percentage of cells in which MitoMP is
compromised. (Each assay was done 3–5 times.)

*We thank the expert technical assistance of Mr. Wu Jin, Dr. Mary Wohltmann, and Ms. Min Tan.
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Figure 2. ER stress-induced expression of GRP78, CHOP, and PARP in INS-1 cells
INS-1 cells were treated with either vehicle (DMSO) or with thapsigargin (T, 1 μM). At various
times, the cells were harvested and cytosolic fractions prepared and processed for immunoblot
analyses. A. ER stress factors GRP78 and CHOP. B and C. Densitometric analyses of GRP78
and CHOP expression, respectively, relative to internal control tubulin. (Arrows indicate non-
detectable levels of expression). D. PARP. Immunoreactive bands were visualized by enhanced
chemiluminescence. (Each assay was done a minimum of 3 times.)
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Figure 3. ER stress induced expression of neutral sphingomyelinase (NSMase) message in INS-1
cells ± BEL
INS-1 cells were treated with either vehicle (DMSO, C) or with thapsigargin (T, 1 μM) and
cultured for up to 16 h in the absence or presence of BEL (1 μM). Total RNA was prepared
from the cells at various times for quantitative (Q) RT-PCR analyses for enzymes that
participate in the generation of ceramides via the de novo pathway (SPT, serine palmitoyl
transferase), sphingomyelin hydrolysis (NSMase), and inhibition of ceramide degradation
(CMase, ceramidase). A. QRT-PCR analyses of SPT, NSMase, and CMase (n = 4). (*OE-
NSMase group significantly different from V-NSMase group, p < 0.05). B. QRT-PCR analyses
of NSMase, SPT, and ceramidase ± BEL in control cells and 12 h after induction of ER stress
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(T12) (n=4). (*BEL-treated group significantly different from corresponding untreated group,
p < 0.05. #Untreated NSMase group at 12 h significantly different from other NSMase groups,
p < 0.05.).
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Figure 4. Effects of ER stress on ER-associated iPLA2β and on NSMase protein ± BEL in INS-1
cells
ER fractions were prepared from control and thapsigargin-treated V and OE INS-1 cells to
determine ER-associated (A) iPLA2β protein expression and (B) catalytic activity (*Activity
significantly different from corresponding untreated basal controls, p < 0.05, n= 5–9). C. INS-1
cells were treated without or with BEL (10 μM) for 1 h prior to vehicle or thapsigargin (1 μM)
exposure and NSMase protein expression in homogenates was examined by immunoblotting
analyses.
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Figure 5. Standard curves for sphingomyelin molecular species
Commercially-available synthetic sphingomyelins from egg and brain were used to construct
standard curves in the presence of (14:0/14:0)-GPC internal standard (IS, m/z 684), as described
in Results. The internal standard concentration was kept constant while varying the
concentration of the sphingomyelins.
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Figure 6. INS-1 cell sphingomyelin analyses by electrospray (ESI) ionization mass spectrometry
INS-1 cells were treated with either vehicle (DMSO, control) or with thapsigargin (T, 1 μM)
for 24 h. The cells were detached, washed in phosphate-buffered saline, extraction buffer
containing (14:0/14:0)-glycerophosphocholine (GPC) internal standard (IS, m/z 684) added to
the cells, and lipids extracted under acidic conditions. Relative abundances of sphingomyelin
(SM) molecular species were analysed by ESI/MS/MS by monitoring constant neutral loss
scanning of 59. A. Vector control. (insert, total ion current of GPC). B. Vector + T. C. OE
control. D. OE + T. The major sphingomyelin molecular species are indicated in each spectrum:
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).
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Figure 7. ER stress-induced ceramide generation and sphingomyelin hydrolysis in INS-1 cells are
inhibited by BEL
Following MS analyses, the ratios of each ceramide and sphingomyelinmolecular species,
relative to internal standard, were determined. The individual molecular species (16:0, 18:0,
22:0. 24:1, and 24:0) were then normalized to total lipid phosphorous content and the change
in total ceramide and sphingomyelinpools, relative to ceramide and sphingomyelin pools in
untreated control cells, are presented as mean ± SEM (n = 7–9). BEL treatment alone had no
significant effect and the data was combined with those from corresponding vehicle-treated
groups. A. Total ceramides. (*and‡Treated groups significantly different from corresponding
control groups at p < 0.005 and 0.0005, respectively. †BEL-treated groups, significantly
different from corresponding treated groups, p < 0.05. §OET group significantly different from
VT group, p < 0.05.). B. Total sphingomyelins. (*Treated groups significantly different from
corresponding control groups at p < 0.01. †OET group significantly different from VT, p <
0.05. ‡BEL-treated groups, significantly different from corresponding control and treated
groups, p < 0.05.)
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Figure 8. Effects of NSMase and SPT inhibition on ER stress-induced ceramide generation,
sphingomyelin hydrolysis, and INS-1 cell apoptosis
INS-1 cells were treated with either vehicle (Control) or with thapsigargin (T, 1 μM) and
cultured for up to 24 h in the absence or presence of the NSMase inhibitor GW4869 (GW, 10
μM) or the SPT inhibitor l-cycloserine (LCS, 1 mM). At various times, cells were detached
and processed for, ceramide, sphingomyelin, and apoptosis analyses. The relative abundances
of individual ceramide and sphingomyelin molecular species were analyzed by ESI/MS/MS
and quantitated relative to lipid phosphorous. The data are presented as means ± SEM (n = 3–
4 in each group) of change in total ceramides and sphingomyelins, relative to untreated control
groups. A. Total ceramides. (*Treated groups significantly different from corresponding
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control (C) groups, p < 0.005. †VT + LCS group significantly different from other vector
groups, p < 0.0001, §OET + GW significantly different from other OE groups, p < 0.05.). B.
Total sphingomyelins. (*Significantly different from corresponding control (C) groups, p <
0.05. †T + GW groups significantly different from corresponding control (C) groups, p < 0.01.).
C. DNA laddering. D. MitoMP.
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Figure 9. Effects of NSMase knock-down on ER stress-induced ceramide generation,
sphingomyelin hydrolysis, and INS-1 cell apoptosis
sRNAi was used to knock-down NSMase in the INS-1 cells. Single cell clones were then
cultured to confluency and total RNA was isolated to determine the expression of NSMase
message. Selected cell lines were then chosen for further study. A. Effects of ER stress on
NSMase expression in NSMase-KD INS-1 cells. Parental INS-1 cells and INS-1 cells in which
NSMase was knocked down were treated with either vehicle (DMSO, C) or with thapsigargin
(T, 1 μM). The cells were harvested at 16 h and total RNA was prepared for QRT-PCR. The
data is expressed as mean fold-change ± SEM, relative to control (n= 4–6). (*Treated groups
significantly different from corresponding control groups, p < 0.05. †KDT groups significantly
different from treated groups, p < 0.05. #OE treated groups significantly different from other
OE groups, p < 0.05.) The relative abundances of individual ceramide and sphingomyelin
molecular species were analyzed by ESI/MS/MS and quantitated relative to lipid phosphorous.
The data are presented as mean ± SEM (n = 3–4 in each group) of change in total ceramides
and sphingomyelins, relative to untreated control groups. As similar results were obtained in
vehicle-treated V and V–KD INS-1 cells and OE and OE-KD INS-1 cells, they were pooled
into two separate control values and presented as V C and OE C bars, respectively. The
measurements in thapsigargin-treated V-KD and OE-KD were also found to be similar and
therefore a combined value is presented as a single KDT bar. B. Total ceramides. (*VT group
significantly different from corresponding control group, P < 0.0005. †OET significantly
different from all groups, p < 0.005.). C. Total sphingomyelins. (*Treated groups significantly
different from corresponding control (C) groups, p < 0.01.). D. DNA laddering.
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