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ABSTRACT

Context Emerging evidence indicates
regulatory roles for ceramide in the metabolic
dysfunction of the islet beta cell. Recently,
potential similarities between IL-lbeta and
ceramide on their effects on islet beta cell
have been reported, including reduction in
mitochondrial membrane potential and loss in
metabolic cell viability.

Objective Herein, we investigated whether
IL-1beta-induced nitric oxide synthetase
(INOS) expression, nitric oxide (NO) release
and loss in metabolic cell viability require
ceramide biosynthesis either via the activation
of sphingomyelinase or ceramide synthase.

Setting Insulin-secreting INS 832/13 cells.

Results We found that two structurally-
distinct inhibitors of sphingomyelinase
activation (e.g., 3-O-methylsphingomyelin or
desipramine) or ceramide biosynthesis inhib-
itor (e.g., fumonisin) failed to exert clear
effects on IL-1beta-induced iNOS expression,
NO release and loss in cell viability.

Conclusions Taken together, our findings
indicate that neither the sphingomyelinase nor
the ceramide synthase activation is required

for IL-1beta-induced metabolic abnormalities
in insulin-secreting INS 832/13 cells.

INTRODUCTION

It is well established that cytokine (e.g., IL-
Ibeta)-mediated metabolic dysfunction and
demise of the islet beta cell is attributable, at
least to a large degree, to the increase in the
expression of 1INOS and subsequent
generation of NO. Potential cytotoxic effects
of intracellularly-generated NO are demons-
trable in variety of insulin-secreting cells,
including human islets, rat islets, mouse islets
and clonal beta cell preparations [1, 2, 3, 4,
5]. While there is an ongoing debate on
whether cytokine-induced death of the islet
beta cell involves apoptotic, necrotic or other
processes, it is well accepted that IL-1beta-
induced increase in the intracellular NO levels
exerts direct effects on various cellular
compartments, including the mitochondrion
and the nucleus [6, 7].

Recent data from our laboratory demonstrated
IL-1beta-mediated effects on islet
mitochondria, including loss in mitochondrial
membrane potential, leakage of mitochondrial
cytochrome c into the cytosolic compartment,
leading to the activation of specific caspases
and terminating in cell death [6]. We also
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observed similar changes in the mitochondria
in isolated beta cells incubated in the presence
of exogenously added biologically active,
cell-permeable analogs of ceramide (CER)
(C2-CER), but not its inactive analog,
dihydro-CER [6]. Together, our findings
implicated that CER- or IL-1beta-mediated
effects on isolated beta cells might involve
common signaling pathways leading to
mitochondrial damage.

To further evaluate if IL-1beta-induced
metabolic dysfunction of the islet beta cell
requires intracellular CER, we undertook the
current study to examine potential effects of
known pharmacological inhibitors of CER
biosynthesis on IL-Ibeta-induced iNOS
expression, NO release, and loss in metabolic
function in INS 832/13 cells. We utilized
known inhibitors of neutral as well as acidic
sphingomyelinases (SMases) or a known
inhibitor of CER synthase to address this
question. Our findings suggest that specific
indices of IL-1beta-mediated effects on the
islet beta cell, namely iINOS expression, NO
release, and loss in cell viability are resistant
to these inhibitors, suggesting that such
signaling steps may not be critical for IL-
Ibeta-induced metabolic dysfunction of the
beta cell.

MATERIALS AND METHODS

IL-1beta was purchased from R&D Systems
(Minneapolis, MN, USA), Griess reagent,
desipramine, fumonisin B1, and pyrrolidine
dithiocarbamic acid (PTDC) was purchased
from Sigma (St Louis, MO, USA). 3-O-
methylsphingomyelin (MSM) was purchased
from  Biomol Research  Laboratories
(Plymouth Meeting, PA, USA). Affinity
purified, monoclonal antisera directed against
iINOS and mouse monoclonal alpha-tubulin
antibody were purchased from Transduction
Laboratories (Lexington, KY, USA) and
Calbiochem (La Jolla, CA, USA),
respectively. Cell viability assay kit and cell
death detection ELISA PLUS for the in vitro
determination of cytoplasmic histone-
associated DNA fragments (mono- and
oligonucleosomes) during cell death were

purchased from Roche (Indianapolis, IN,
USA).

Cell Culture

INS 832/13 cells were kindly provided by Dr.
Chris Newgard (Duke University Medical
Center, Durham, NC, USA), and were
cultured in RPMI 1640 medium supplemented
with 1 mmol/L sodium pyruvate, 50 pmol/L
2-mercaptoethanol and 10 mmol/L HEPES at
pH 7.4. The medium was changed twice
weekly, and cells were trypsinized and
subcloned weekly [6, 7, 8].

Quantitation of IL-1beta-Induced Nitrite
Release

INS 832/13 cells grown in 24-well plates
were treated with PTDC, a known inhibitor of
NF-kappaB, for 2 h prior to the addition of
IL-1beta. Cells were also treated with
inhibitors of CER biosynthesis, namely
desipramine (DES; 10 umol/L),
methylsphingomyelin (MSM; 10 umol/L) or
fumonisin B1 (FB; 10 umol/L) half-hour prior
to the addition of IL-1beta (600 pmol/L; 24
h). The medium was collected after 24 h and
centrifuged at 100 g for 5 min. Equal volumes
of medium and Griess reagent were mixed,
and the absorbance was measured at 540 nm
as we previously described [6, 7, 8].

Quantitation of IL-1beta-Induced INOS
Expression

INS 832/13 cells grown in 24-well plates
were treated with PTDC, an inhibitor of NF-
kappaB, (2 h prior to the addition of IL-
Ibeta), or inhibitors of CER biosynthesis,
namely DES, MSM or FB half-hour prior to
the addition of IL-1beta (600 pmol/L; 24 h).
Extracted proteins (40 npg) from different
conditions were separated by SDS-PAGE and
the resolved proteins were transferred to a
nitrocellulose membrane by wet transfer as we
previously described [7, §]. Blots were then
probed with either anti-iINOS or alpha-tubulin
antibodies. Immune-complexes were detected
using Enhanced Chemiluminescent kit
(Amersham Biosciences, Piscataway, NIJ,
USA).
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Determination of Metabolic Cell Viability

INS 832/13 cells, seeded at a density of 1x10°
cells/'mL in round-bottomed 96-well plates,
were treated with diluent alone or MSM as
indicated in the text half-hour prior to the
addition of IL-1beta (600 pmol/L; 24 h). Cell
viability was assessed using a colorimetric
assay (at 550-690 nm) wusing 3-[4,5-
dimethylthiazolyl-2]-2,5-diphenyltetrazolium
bromide (MTT), which measures the
reduction of MTT into the blue formazan
product by metabolically active cells.

Determination of DNA Fragmentation by
ELISA

INS 832/13 cells were incubated with diluent
or palmitate (250 pmol/L; 18 h) in the
presence of diluent alone or FB (50 umol/L),
MSM (50 pumol/L), or DES (15 pmol/L).
Abundance of mono- or oligo-nucleosomes
was quantitated using an ELISA kit. The
assay is based on the quantitative “sandwich
enzyme immunoassay’” principle using mouse
monoclonal antibodies directed against DNA
and histones. This allows the specific
determination of mono- and oligo-
nucleosomes in the cytoplasmic fraction of
cell lysates. The samples placed in a
streptavidin-coated microplate are incubated
with a mixture of anti-histone-biotin and anti-
DNA-peroxidase antibodies. During the
incubation period, nucleosomes are captured
by anti-histone-biotin antibody, whereas, anti-
DNA-peroxidase binds to the DNA part of the
nucleosomes. After removal of the unbound
antibodies, the amount of peroxidase retained
in the immune complex is photometrically
determined with 2,2'-azino-bis (3-
ethylbenzthiazoline-6)-sulfonic acid (ABTS)
as the substrate.

Protein Assay
Protein concentrations were determined by

dye-binding method of Bradford using bovine
serum albumin as the standard.

STATISTICS

Data are reported as mean values together
with SEM or SD. Statistical significance of
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Figure 1. IL-1beta-induces NO release (a.) and iNOS
expression (b.) in INS cells in an NF-kappaB-
dependent manner. a. INS 832/13 cells were incubated
in the absence or presence (600 pmol/L; 24 h) of IL-
1beta as indicated in the figure. PTDC (0-100 umol/L)
was also present in the incubation medium (2 h prior to
the addition of IL-1beta) as indicated in the figure. NO
released into the medium was quantitated using Griess
reagent. Data, which are expressed as NO released into
the medium, were meantSEM from three independent
studies carried out in triplicates. b. INS lysate protein
from cells treated with PDTC (50 pmol/L) alone or
with IL-lbeta were separated by SDS-PAGE,
transferred onto nitrocellulose membranes and
subjected to immunoblot analysis with an antibody
directed against iNOS or alpha-tubulin as described
under Material and Methods. Data are representative of
three separate experiments with comparable results.
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Figure 2. Lack of effects of MSM, DES or FB on IL-
Ibeta-induced NO release in INS cells. INS 832/13
cells were incubated in the absence or presence (600
pmol/L; 24 h) of IL-1beta as indicated in the figure.
MSM, DES or FB (10 umol/L each) were also present
in the incubation medium as indicated in the figure.
NO released into the medium was quantitated using
Griess reagent. Data, which are expressed as NO
released into the medium, were mean+SEM from two
independent studies carried out in triplicates.

differences between the control and
experimental groups was determined by
ANOVA and P values less than 0.05 were
considered significant. The Sigma Stat™,
statistical software, Version 1, was used to
analyze the data.

RESULTS

Initial experiments were aimed at verifying
our model system that we employed in the
present study by quantitating IL-1beta-
induced iNOS expression and NO release
(Figure 1a); a robust increase in NO release in
INS 832/13 cells incubated with IL-1beta was
demonstrated (P<0.001). Also, IL-Ibeta-
induced NO release was markedly (P<0.001)
inhibited by PTDC, a known inhibitor of NF-
kappaB activation [9]. We observed greater

than 60% inhibition in IL-1beta-induced NO
release by PTDC at a concentration as low as
30 umol/L. Compatible with these data are
our findings in Figure 1b, which demonstrate
a marked inhibition in IL-1beta-induced iNOS
expression by PTDC. Together, these data
demonstrate that IL-lbeta-induces iNOS
expression and NO release in an NF-kappaB-
dependent manner. In the subsequent
experiments performed in the present study,
we  utilized  IL-1beta-induced  iNOS
expression and NO release as indices to
examine potential roles for SMase or CER
synthase activation, if any, on IL-lbeta-
mediated effects on INS 832/13 cells.

At the outset, we examined effects of two-
structurally dissimilar inhibitors of SMases,
namely MSM [10, 11, 12, 13], or DES [14,
15] on IL-1beta-induced NO release from INS
832/13 cells. Data in Figure 2 indicate that
incubation of these cells with IL-1beta (600
pmol/L; 24 h) significantly (nearly five-fold)
increased NO release compared to untreated
control cells (P<0.001). However, we
observed no effects of either DES or MSM
(10 pumol/L each) on IL-1beta-induced NO
release in these cells (P=0.131 and P=0.478,
respectively; Figure 2). At this concentrations,
both DES and MSM have been shown to
inhibit the target acidic or neutral SMase
activities [10, 11, 12, 13, 14, 15]. In addition,
to further rule out the possibility that IL-1beta
mediates its effects via the activation of CER
synthase, we studied IL-1beta-induced NO
release in these cells in the presence of FB (10
umol/L), a known inhibitor of CER synthase
[16, 17, 18, 19]. Data in Figure 2 indicate no
demonstrable effects of FB on IL-1beta-
induced NO release (P=0.509). Compatible
with data in Figure 2 are our findings in
Figure 3, which indicate no significant effects
of either MSM or FB on IL-lbeta-induced
INOS expression. In summary, these data
implicate involvement of neither SMases nor
CER synthase in IL-1beta-mediated effects on
INS 832/13 cells.

Next, we utilized these SMase or CER
synthase inhibitors to further determine if
these signaling steps play regulatory roles in
IL-1beta-mediated loss in the metabolic cell
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Figure 3. Effects of MSM and FB on IL-1beta-induced
iNOS expression in INS cells. INS 832/13 cells were
incubated in the absence or presence (600 pmol/L; 24
h) of IL-1beta as indicated in the figure. MSM or FB1
(50 umol/L each) were also present in the incubation
medium as indicated in the figure. iNOS expression
was determined by Western blotting method as
previously described [7, 8]. Relative abundance of
alpha-tubulin remained unchanged under all the
experimental conditions. A representative blot of two
experiments is shown here.

viability of the beta cell, which was
quantitated by MTT assay (see Materials and
Methods for additional details). Data in
Figure 4 indicate significant reduction in
metabolic cell viability of INS 832/13 cells
following exposure to IL-lbeta (P<0.001).
MSM (even up to a concentration of 50
umol/L), by itself, exerted no effects on the
metabolic cell viability of these cells in the
absence of IL-1beta (P=0.738). Furthermore,
it failed to protect these cells against IL-
Ibeta-induced loss in cell viability (P<0.001).
We also observed no significant protective
effects of either DES or FB on IL-1beta-
induced loss in the metabolic cell viability in
these cells under our current experimental
conditions (additional data not shown).
Together, these data  indicate that
pharmacological inhibitors of SMases or CER
synthase (Figures 2, 3, and 4) exert no
protective effects against IL-1beta-mediated
INOS expression, NO release and loss in
metabolic cell viability, further supporting our
hypothesis that these signaling steps may not
be necessary for the cytotoxic effects of IL-
Ibeta.

In the last series of studies, we verified if FB
(employed in the above studies) affords
protection against palmitate-induced
dysfunction in INS 832/13 cells. This was
determined by quantitation of

oligonucleosomal content, an index of DNA
degradation, in cells incubated in the presence
of palmitate and in the absence or presence of
FB. Data in Figure 5 demonstrate a significant
increase in the oligonucleosomal content in
cells incubated with palmitate (P<0.001),
which was inhibited significantly by FB
(P=0.031). It should be noted that neither
MSM nor DES exerted any protective effects
against palmitate-induced DNA degradation
in these cells (P=0.905, and P=0.156,
respectively), further supporting our model
with respect to specificity of the inhibitors
used in the current investigation. Taken
together, our findings indicate that neither the
SMase activation nor CER synthase signaling
steps are required for IL-1beta-induced iNOS
expression, NO release and loss in metabolic
cell viability in insulin-secreting INS 832/13
cells.

DISCUSSION

One of the specific objectives of this study
was to determine if intracellular generation of
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Figure 4. Lack of effects of MSM on IL-1beta-induced
loss in metabolic cell viability in INS cells. INS 832/13
cells were incubated in the absence or presence (600
pmol/L; 24 h) of IL-lbeta as indicated in the figure.
MSM (50 umol/L) were also present in the incubation
medium as indicated in the figure. Metabolic cell
viability was determined using MTT assay (see
Material and Methods for additional details). Data are
means=SD from two independent experiments.
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Figure 5. FB, but not MSM or DES, selectively inhibit
DNA degradation in INS cells following exposure to
palmitate. INS cells were incubated with diluent or
palmitate (250 pmol/L; 18 h) in the presence or
absence of FB (50 umol/L), MSM (50 pmol/L) or DES
(15 pmol/L). Abundance of mono- or oligo-
nucleosomes was quantitated using a kit (Roche,
Indianapolis, IN, USA). Data are meantSEM from
three individual experiments.

CER (i.e., either via SMase activation or via
the de novo biosynthetic pathway) could
contribute toward IL-1beta-mediated effects
on iNOS expression and NO release in
isolated beta cells. We examined such a
possibility through the use of two structurally-
distinct, known inhibitors of SMases and a
known inhibitor of CER synthase. Our results
appear to indicate that neither of these
signaling steps are necessary for IL-1beta-
induced effects on iNOS expression and
subsequent generation of cytotoxic NO
release. To our knowledge, this represents the
first study that directly examined contributory
roles for SMase activation in IL-1beta-
mediated effects on the beta cell using known
pharmacological inhibitors of these enzymes.
Several lines of evidence tend to support a
critical regulatory role for CER in the
metabolic dysfunction of the islet beta cell

[20]. Initial studies from Sjoholm’s laboratory
demonstrated inhibitory effects of cell-
permeable analogs of CER on insulin
production and mitogenesis in the beta cell
[21]. They also reported that CER mimicked
the effects of IL-lbeta under such
experimental conditions. Follow-up studies by
these investigators demonstrated that IL-
Ibeta-mediated beta cell dysfunction is due to
the generation of intracellular NO, CERs and
prostaglandins in insulin-secreting RIN cells
[22]. Compatible with these data, Welsh [23]
reported that IL-lbeta-induced CER and
diacylglycerol generation leads to activation
of c-Jun kinase and ATF-2 in insulin-
secreting RIN cells.

While the above studies appear to support the
postulation that IL-1beta effects are mediated
via CER generation, several follow-up studies
were unable to detect any significant increase
in CER levels in isolated beta cell following
exposure to IL-1beta. For example, initial
studies by Kwon et al. [24] reported virtually
no effects of either IL-1beta or TNF-alpha on
sphingomyelin hydrolysis in the beta cell.
Further studies by these investigators
demonstrated that while exogenously added
cell-permeable analog of CER mimicked IL-
Ibeta-mediated effects on beta cell
dysfunction, CER, by itself, was unable to
exert any demonstrable effects on iNOS
expression and NO release. Along these lines
Saldeen et al. [25] have also reported no
significant effects of either IL-1beta or TNF-
alpha on SMase activities in insulin-secreting
RINmMSF cells. In the same studies, these
investigators observed that CER and TNF-
alpha potentiated IL-1beta-mediated effects
on iNOS expression, and that such
potentiating effects of TNF-alpha were
suppressed by SR 33557, an acid SMase
inhibitor. Taken together, the above findings
tend to suggest divergent mechanism(s) of
action of CER and cytokines such as IL-1beta
and TNF-alpha in promoting metabolic
dysfunction of the beta cell. Such a
postulation gained further strength from the
studies of Major et al. [26] who reported that
cell-permeable analogues of CERs decreased
metabolic cell viability in a manner akin to
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cytokines; they also provided further evidence
to suggest that cytokine-induced effects are
not mediated via sphingomyelin hydrolysis
and CER generation; studies compatible with
original findings of Kwon et al. [24].

More recent data from our laboratory clearly
provided evidence for  CER-induced
metabolic dysfunction of the islet beta cell
[6]. We identified direct effects of
exogenously added cell-permeable CER, but
not its inactive analog, on mitochondrial
dysfunction in insulin-secreting cells,
including loss in mitochondrial membrane
potential, cytochrome C release, caspase
activation, and subsequent demise of the beta
cell. In these studies, we presented first
evidence to suggest that CER activates a
mitochondrial protein phosphatase 2A-like
activity in insulin-secreting cells [6, 27],
leading to alterations in mitochondrial
membrane  properties, by  promoting
dephosphorylation of specific mitochondrial
proteins (e.g., Bcl2). Interestingly, we noticed
that effects of exogenous CER virtually
mimicked the effects of IL-1beta on beta cell
mitochondrial membrane properties. In these
studies, we have also demonstrated that
exogenously added CER exerted no direct
effects on basal iINOS expression and NO
release in INS cells. In fact, we observed a
decrease in NO release in the presence of
CER under basal conditions, thus implicating
no direct effects of CER on iNOS expression
and NO release. In support of those findings,
our current findings suggest that inhibition of
either SMase or CER synthase afford no
protective effects against IL-lbeta-induced
iINOS expression, NO release and loss in
metabolic cell viability in insulin-secreting
beta cells. Taken together, our current
findings further support our formulation that
IL-1beta-mediated  effects on  iNOS
expression and NO release are not mediated
via the activation of either SMases or CER
synthase. Additional studies are needed to
identify specific signaling pathways and
corresponding effector proteins that determine
the metabolic fate of the beta cell under the
duress of cytokines and/or CER.
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