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Overexpression of sphingosine-1-phosphate lyase protects
insulin-secreting cells against cytokine toxicity
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Increasing evidence suggests a crucial role of inflammation in
cytokine-mediated �-cell dysfunction and death in type 1 diabe-
tes mellitus, although the mechanisms are incompletely under-
stood. Sphingosine 1-phosphate (S1P) is a multifunctional bio-
active sphingolipid involved in the development of many
autoimmune and inflammatory diseases. Here, we investigated
the role of intracellular S1P in insulin-secreting INS1E cells by
genetically manipulating the S1P-metabolizing enzyme S1P
lyase (SPL). The expression of spl was down-regulated by cyto-
kines in INS1E cells and rat islets. Overexpression of SPL
protected against cytokine toxicity. Interestingly, the SPL over-
expression did not suppress the cytokine-induced NF�B-
iNOS-NO pathway but attenuated calcium leakage from
endoplasmic reticulum (ER) stores as manifested by lower cyto-
solic calcium levels, higher expression of the ER protein Sec61a,
decreased dephosphorylation of Bcl-2–associated death pro-
moter (Bad) protein, and weaker caspase-3 activation in cyto-
kine-treated (IL-1�, TNF�, and IFN�) cells. This coincided with
reduced cytokine-mediated ER stress, indicated by measure-
ments of CCAAT/enhancer-binding protein homologous pro-
tein (chop) and immunoglobulin heavy chain binding protein
(bip) levels. Moreover, cytokine-treated SPL-overexpressing
cells exhibited increased expression of prohibitin 2 (Phb2),
involved in the regulation of mitochondrial assembly and
respiration. SPL-overexpressing cells were partially protected
against cytokine-mediated ATP reduction and inhibition of glu-
cose-induced insulin secretion. siRNA-mediated spl suppres-
sion resulted in effects opposite to those observed for SPL over-
expression. Knockdown of phb2 partially reversed beneficial
effects of SPL overexpression. In conclusion, the relatively low

endogenous Spl expression level in insulin-secreting cells con-
tributes to their extraordinary vulnerability to proinflammatory
cytokine toxicity and may therefore represent a promising tar-
get for �-cell protection in type 1 diabetes mellitus.

Type 1 diabetes mellitus (T1DM)5 is an autoimmune disease
characterized by a gradual loss of insulin-secreting pancreatic
�-cells (1, 2). During T1DM development, activated immune
cells generate and secrete in the vicinity of �-cells in the islets a
number of inflammatory mediators, which either directly dam-
age the �-cells or act via �-cell-surface receptors to alter their
intracellular signaling and metabolism. This leads to �-cell dys-
function and death (1– 4). The proinflammatory cytokines
IL-1�, TNF�, and, to a lesser extent, IFN� play a crucial role in
the destruction process of �-cells by inducing nitrooxidative
stress together with mitochondrial and ER disturbances (3,
5– 8). Although recent years have strengthened our knowledge
about the role of inflammation in T1DM development (6,
9 –11), the inflammatory process within the �-cells is not fully
understood.

Sphingolipid metabolism and sphingosine 1-phosphate
(S1P) play an important role in the development of several
inflammatory and autoimmune disorders (12–16). S1P is a bio-
active, signaling sphingolipid, which is found in the circulation
and various tissues (14). S1P is involved in innate and adaptive
immunity, lymphocyte trafficking, angiogenesis, development,
cell growth, apoptosis, carcinogenesis, and the inflammatory
response (12–15, 17). S1P can act intracellularly as a second
messenger or be released and activate G protein– coupled cell-
surface receptors (18). Together, these two signaling mecha-
nisms mediate the manifold biological activities of S1P. Because
of its signaling functions, the intracellular concentration of S1P
is low and is tightly regulated by the balance between its syn-
thesis and degradation (18). The degradation of S1P into hexa-
decenal and phosphoethanolamine is the last, irreversible step
in sphingolipid metabolism and is controlled by the highly con-
served ER enzyme S1P lyase (SPL) (18).
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Whereas adverse, proapoptotic effects of ceramide and
sphingosine in �-cells and a protective role of S1P in type 2
diabetes mellitus are well established (19 –21), contradictory
findings have been published on the role of S1P in the context of
T1DM. On the one hand, incubations with S1P and its ana-
logues showed protective effects on islet �-cell viability against
cytokine-mediated cell death (22). On the other hand, fingoli-
mod, an antagonist of the S1P receptor (FTY720), had protec-
tive effects in animal models of T1DM (23, 24). It prevented
manifestation of diabetes in the LEW.1AR1-iddm rat (23, 24)
and the onset of diabetes in nonobese diabetic mice (25),
although S1P was also shown to inhibit the CD4(�) T-cell acti-
vation and inflammation in this mouse model (26). The protec-
tive effect of fingolimod in animal models of T1DM was
strongly linked to its ability to regulate T-cell trafficking
(23–25).

SPL is a promising drug target for design of autoimmune and
anticancer therapies (27–29). SPL deficiency in mice has been
shown to induce systemic inflammation (27). SPL inhibition or
knockdown contributes to deleterious inflammatory responses
in the brain, heart, colon, and lungs (27, 30, 31) and can cause
cardio- and neurotoxicity (32–34). So far, very little is known
about the role of SPL in insulin-secreting cells. The present
study demonstrates that overexpression of SPL can efficiently
prevent cytokine-induced dysfunction and cell death in an
NF�B/NO-independent manner by maintenance of calcium
homeostasis and prevention of cytokine-induced mitochon-
drial and ER stress in insulin-secreting cells.

Results

Effects of extracellular S1P in insulin-secreting INS1E cells

Insulin-secreting INS1E cells express S1P receptors (S1Pr2,
S1Pr3, and S1Pr5) and S1P transporters (Table 1). The abca1
transporter was predominantly expressed, followed by an �10-
fold lower expression of the abcc1 transporter and 100-fold
lower expression of spns2 (Table 1). Their expression was
affected by proinflammatory cytokines. A short incubation of
6 h with the mixture of proinflammatory cytokines (60 units/ml
IL-1�, 185 units/ml TNF�, and 14 units/ml IFN�) led to a tran-
sient decrease of transcription (with the exception of S1Pr2),
whereas a prolonged incubation of 24 h with cytokines
increased it (supplemental Table S1).

The analysis of S1P effects in insulin-secreting INS1E cells
revealed no induction of cell viability loss in the nanomolar to 1

�M concentration range (supplemental Table S2), at which S1P
acts extracellularly (35). Concentrations above 5 �M, at which
S1P acts intracellularly (35), however, caused cell viability loss
(supplemental Table S2). Proinflammatory cytokines, IL-1� as
well as a mixture of IL-1�, TNF�, and IFN�, stimulated the
activation of caspase-3 (Fig. 1A). At a concentration of 5 �M,
S1P did not induce caspase-3 activation (Fig. 1A) but slightly
inhibited the proliferation rate (data not shown). S1P (5 �M)
inhibited cytokine-induced caspase-3 activation (Fig. 1A) and,
again, at higher concentrations potentiated cytokine toxicity
(data not shown). Although S1P (5 �M) slightly induced the
NF�B activation (124 � 7% versus 100 � 3% in untreated cells,
p � 0.05), it failed to potentiate cytokine-mediated NF�B acti-
vation (701 � 33% (IL-1�) versus 713 � 34% (IL-1� � S1P);
504 � 27% (cytokine mixture) versus 520 � 327% (cytokine
mixture � S1P), n � 8).

Basal insulin secretion was increased by a 1-h incubation
with 5 �M S1P (Fig. 1B). S1P potentiated glucose-induced insu-
lin secretion by a factor of 2 in response to 10 and 30 mM glucose
(Fig. 1B). This effect went along with an increased rate of cAMP
generation (Fig. 1C). The rate of ATP production, however, was
not affected by S1P (Fig. 1D).

Expression of sphingolipid pathway enzymes in insulin-
secreting INS1E cells

To estimate the intracellular potential of insulin-secreting
INS1E cells for S1P production, an extensive gene expression
analysis of enzymes involved in the sphingolipid pathway was
performed (supplemental Table S3 and Fig. 2). The results
revealed a high capacity for de novo generation of ceramide in
the ER, namely high expression levels of serine palmitoyl trans-
ferase (spt) and ceramide synthase (cers), providing evidence for
a high capacity for conversion of membrane sphingomyelin
into ceramide (Fig. 2A). The enzymes involved in the ceramide
conversion to sphingosine (ceramidases; CDase) were more
strongly expressed than the enzymes responsible for ceramide
conversion into sphingomyelin (sphingomyelin synthase; sms).
Insulin-secreting INS1E cells expressed sphingosine kinases
(sk), which phosphorylate sphingosine to the bioactive lipid
S1P. The enzymes responsible for S1P dephosphorylation (S1P
phosphatase; spp) or for its irreversible degradation (S1P lyase;
spl) were expressed in insulin-secreting cells, with a higher
expression of spl (Fig. 2A). The expression of aldh3a2, the
enzyme responsible for the degradation of trans-2-hexadecenal
(the S1P degradation product) was in a similar range as that of
SPL (supplemental Table S3). Thus, in untreated INS1E cells,
the expression pattern of sphingolipid pathway enzymes points
toward a high rate of ceramide and sphingosine formation and
a lower rate of S1P generation with a good detoxification capac-
ity for S1P degradation products.

Upon a prolonged exposure to proinflammatory cytokines
(24 h), the expression pattern was changed, as depicted in Fig. 2
(B and C). Ceramide synthesis was induced, providing more
substrate for sphingosine formation. In parallel, the expression
of the enzymes converting ceramide into sphingomyelin was
reduced, whereas spp expression was strongly increased (Fig. 2,
B and C). sk1 expression was not affected by proinflammatory
cytokines, whereas sk2 expression was increased and spl was

Table 1
S1P receptor and transporter gene expression in insulin-secreting
INS1E cells
Total RNA was isolated, and after reverse transcription, real-time RT-PCR was
performed. Expression was normalized to the housekeeping gene �-actin. Data are
means � 1000 � S.E., with the number of experiments indicated in parentheses.
ND, not detectable.

Gene Relative expression

S1Pr1 ND
S1Pr2 0.1 �0.02 (4)
S1Pr3 0.6 �0.1 (6)
S1Pr4 ND
S1Pr5 0.2 �0.02 (6)
abca1 8 �1 (4)
abcc1 0.3 �0.01 (4)
abcg2 ND
spns2 0.04 �0.003 (4)
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down-regulated after a prolonged incubation with cytokines
(24 h). Thus, a higher sphingosine generation rate along with
increased S1P turnover in the presence of proinflammatory
cytokines can be expected (Fig. 2B).

Generation of SPL-overexpressing and knockdown clones of
insulin-secreting INS1E cells

All steps in the sphingolipid cascade are reversible with the
exception of the last step, the degradation of S1P into ethanol-
amine phosphate and hexadecenal catalyzed by SPL (Fig. 2).
The expression of spl in insulin-secreting INS1E cells was sim-
ilar to that in rat islets and much lower than in rat liver, but in an
intermediate range when compared with other tissues such as
heart, intestine, or skeletal muscle (Table 2). Immunofluores-
cence staining for Spl revealed that this enzyme is localized in
the vicinity of the endoplasmic reticulum in insulin-secreting
cells (co-staining with the ER marker Pdi; data not shown). The
spl gene expression was transiently weakly increased by proin-
flammatory cytokines in INS1E cells (6 h; 100 � 7 for untreated,
132 � 13 for IL-1�, 157 � 15 for cytokine mixture; n � 6; p �
0.05), followed by a decrease after a 24-h incubation with cyto-
kines, the time point of cytokine toxicity occurrence (Fig. 2, B
and C). This was confirmed in rat islets treated with cytokines
for 24 h (Fig. 2C).

To define the role of intracellular S1P in insulin-secreting
cells, SPL was stably overexpressed or suppressed by a use of
siRNA technology in INS1E cells (Fig. 3A). Overexpression of
SPL cDNA resulted in a 20-fold increase in SPL expression
(human SPL gene: 24 � 4-fold (INS1E-SPL K1) and 6 �
0.2-fold (INS1E-SPL K2) changes versus INS1E-control cells,
n � 3), whereas suppression by a mixture of three siRNAs
against spl led to a 60% decrease in SPL expression (rat spl
gene: 100 � 5% (siQ) and 41 � 6% (siSPL), n � 6) (Fig. 3A).
This was confirmed by Western blotting (Fig. 3A). The intra-
cellular S1P concentration in INS1E cells was 0.2 nmol/�g
protein (n � 4). SPL overexpression resulted in a 35 � 4%
decrease in intracellular S1P concentration, and Spl suppres-
sion resulted in an 18 � 2% increase in the S1P concentration
(n � 4, p � 0.05).

SPL overexpression protects against cytokine-mediated
inhibition of cell proliferation and caspase-3 activation in
insulin-secreting INS1E cells.

Proinflammatory cytokines stimulated caspase-3 activation
in control insulin-secreting INS1E cells (Fig. 3B). The cytokine-
induced caspase-3 activation was significantly lower in INS1E-
SPL cells (Fig. 3B). The spl suppression by siRNA resulted in a
potentiation of cytokine toxicity (Fig. 3B). Cyclosporine A, a
blocker of the ABCA1 S1P transporter (36), potentiated
cytokine-mediated caspase-3 activation and reversed the
protective effects of SPL overexpression (data not shown).
The most pronounced potentiating effect of cyclosporine A
was observed in INS1E cells treated with siRNA against spl
(data not shown).

SPL overexpression partially protected against cytokine-me-
diated reduction of cell proliferation (Fig. 3C). Again, an oppo-
site effect was observed by spl suppression (Fig. 3C).

SPL overexpression does not affect the cytokine-mediated
NF�B-iNOS-NO pathway and nitrooxidative stress

Next, we examined the key mechanisms involved in cytokine
toxicity toward insulin-secreting cells, namely the activation of
the master transcription factor NF�B and the iNOS pathway
(Fig. 4, A and B). The untreated SPL-overexpressing INS1E cells
showed a lower level of the NF�B activation as compared with
control cells (80 � 6% versus 100 � 3% in INS1E-control cells,
n � 8). In line with this, spl suppression resulted in a slightly
increased level of the NF�B activation in untreated cells (123 �
14%, n � 4).

Although providing a significant protection against cyto-
kine-induced caspase-3 activation, SPL overexpression did not
reduce the cytokine-mediated NF�B activation, iNOS protein
expression, or nitrite accumulation (Fig. 4, A–C). No significant
effect of SPL overexpression or suppression on reactive oxygen
species generation upon exposure to cytokines was observed
(Fig. 4D).

SPL overexpression reduces cytokine-induced ER stress

Proinflammatory cytokines induced an ER stress response in
insulin-secreting INS1E cells. The expression of chop was sig-

Figure 1. Effects of S1P in insulin-secreting INS1E cells. Insulin-secreting INS1E cells were incubated in the absence or presence of 5 �M S1P for 24 h and
thereafter. A, caspase-3 activation was measured by the Caspase3-Glo assay after a 24-h incubation with 600 units/ml IL-1� or a cytokine mixture (60 units/ml
IL-1�, 185 units/ml TNF�, 14 units/ml IFN�) in the absence or presence of S1P. B, insulin secretion from cells incubated with 3, 10, and 30 mM Glc was estimated
by RIA. C, cAMP concentration in cells grown at 10 mM Glc in the absence or presence of S1P was measured by cAMP-Glo assay. D, ATP content in cells grown
at 10 mM Glc in the absence or presence of S1P was measured by the ATPlite assay. Data are means from 4 – 6 independent experiments, each performed at least
in duplicates. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus untreated or 3 mM Glc; #, p � 0.05 versus cells treated identically but without S1P; ANOVA followed
by Bonferroni correction. Error bars, S.E.
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nificantly enhanced, whereas the expression of bip was down-
regulated in INS1E-control cells incubated with 600
units/ml IL-1� or a cytokine mixture (Fig. 4, E and F). Expo-

sure of insulin-secreting INS1E cells to a nontoxic concen-
tration of S1P (5 �M) did not modify the cytokine-induced
expression level of the ER stress marker gene chop (data not

Figure 2. Expression of sphingolipid pathway enzymes in insulin-secreting INS1E cells. The gene expression levels of various rat enzymes of the sphin-
golipid pathway were measured by real-time RT-PCR in control INS1E insulin-secreting cells. A, schematic enzyme gene expression pattern in untreated cells;
B, schematic enzyme gene expression changes upon 24-h incubation with a mixture of cytokines (60 units/ml IL-1�, 185 units/ml TNF�, 14 units/ml IFN�); C,
gene expression determined by quantitative RT-PCR, means � S.E., n � 3– 8. CDase, ceramidases; CerS, ceramide synthase; SPT, serine palmitoyl transferase;
SMS, sphingomyelin synthetase; SK, sphingosine kinases. Upward arrows, increase; downward arrows, decrease; �, no change in the gene expression level; the
number of plus signs indicates the magnitude of gene expression. *, p � 0.05; **, p � 0.01 versus untreated; ANOVA followed by Bonferroni correction. Error bars,
S.E.
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shown). Interestingly, overexpression of SPL reduced cyto-
kine-mediated chop gene expression (Fig. 4F). In cells with a
knockdown of spl, the effects of cytokines on chop expres-
sion were more pronounced than those observed in control
INS1E cells (Fig. 4F). SPL overexpression prevented the
cytokine-mediated reduction of bip expression, whereas spl
suppression showed a mild potentiating effect on cytokine-
mediated bip decrease (Fig. 4E).

SPL overexpression regulates Ca2� homeostasis and
Bcl2-associated death promotor (Bad) phosphorylation in
INS1E cells

To analyze the intracellular calcium levels, we employed the
genetically encoded fluorescence sensor pCASE12, which
allows a direct detection of Ca2� concentration changes in a
physiological range inside living cells in various subcellular
compartments. Interestingly, we observed that changes in Spl
expression can influence intracellular Ca2� (Fig. 4G). SPL-
overexpressing cells had lower cytosolic Ca2� levels when com-
pared with control cells (Fig. 4G). On the contrary, spl suppres-
sion resulted in a significant increase of the cytosolic Ca2� pool
(Fig. 4G). The mitochondrial Ca2� level was mildly decreased
by SPL overexpression, whereas spl suppression resulted in a
significant rise (Fig. 4G). The protein expression of Serca2b
(sarcoplasmic/endoplasmic reticulum calcium ATPase; ER
Ca2� pump) was not affected by SPL overexpression (data not
shown); however, SPL-overexpressing cells had a higher pro-
tein expression of Sec61a (ER peptide and calcium transport
protein subunit �1), also in the presence of cytokines (Fig. 4I).
Because an increase in cytosolic Ca2� can lead to dephosphor-
ylation of Bad, we measured the expression of P-Bad in INS1E
cells overexpressing SPL (Fig. 4H). The experiments revealed
that the basal and cytokine-mediated protein expression of
P-Bad was higher in INS1E-SPL K1 cells as compared with
INS1E-control cells (Fig. 4H). The total Bad protein expression
was similar in control and SPL-overexpressing INS1E cells (Fig.
4H). The ratio of P-Bad/Bad in cytokine-treated cells was sig-
nificantly higher in INS1E-SPL cells than in control INS1E cells
(Fig. 4H).

SPL overexpression increases the expression of mitochondrial
prohibitin 2 (Phb2) and prevents the cytokine-mediated ATP
drop

Interestingly, INS1E cells overexpressing SPL were protected
against a cytokine-dependent drop in ATP production (Fig.
3D). Suppression of spl potentiated the toxic cytokine effects on
ATP content (Fig. 3D). To uncover the mechanism underlying
the SPL overexpression effects on cytokine-mediated ATP
changes, we measured the expression of two mitochondrial
chaperones, mimitin and prohibitin 2, that are involved in the
regulation of ATP formation and glucose-induced insulin
secretion (GSIS) (37, 38). Both proteins were up-regulated in
untreated INS1E-SPL cells (data not shown), and because Phb2
was expressed on a higher level than mimitin, we explored the
role of Phb2 in the protective effect of SPL overexpression on
ATP in INS1E cells. The Phb2 protein expression was stronger
in untreated INS1E-SPL cells as compared with INS1E-control
cells (122 � 14% versus 100% in INS1E-control cells, n � 4; Fig.
4J). The Phb2 expression remained significantly higher also
upon cytokine exposure in SPL-overexpressing cells (Fig. 4J).

Knockdown of phb2 in SPL-overexpressing INS1E cells
resulted in a partial reduction of ATP content in cytokine-
treated cells and boosted the cytokine-mediated caspase-3 acti-
vation (Fig. 4, K–M).

SPL overexpression does not modulate basal GSIS but partially
protects against cytokine-mediated inhibition of GSIS

Control insulin-secreting INS1E cells showed a concentra-
tion-dependent glucose responsiveness of insulin secretion
(Fig. 5A). SPL overexpression or suppression did not signifi-
cantly influence GSIS in INS1E cells (Fig. 5A). Interestingly,
SPL overexpression partially protected against cytokine-medi-
ated loss of GSIS (Fig. 5B). On the other hand, spl suppression
aggravated the inhibitory effects of cytokines on GSIS (Fig. 5B).
Insulin content in control INS1E cells was 28 � 3 ng/�g DNA
and was somewhat higher in INS1E-SPL cells (33 � 3 ng/�g
DNA (INS1E-SPL K1) versus 42 � 3 ng/�g DNA (INS1E-SPL
K2)). Knockdown of phb2 did not significantly affect cytokine-
mediated effects on GSIS (data not shown).

Discussion

Inflammation plays an important role in the autoimmune
process responsible for �-cell dysfunction and death in T1DM
(1, 6, 9, 10, 39). The extraordinary vulnerability of �-cells to
proinflammatory cytokines is caused by their weak intracellular
antioxidative and anti-inflammatory defense mechanisms and
leads to the induction of nitrooxidative stress with parallel
mitochondrial and ER disturbances (3, 5– 8). Cytokines induce
the generation of a variety of inflammatory mediators in �-cells
(1– 4, 11), among which the formation of ceramide from the
plasma membrane sphingomyelin has been linked to TNF�
toxicity and inhibition of insulin transcription (22, 40). TNF� is
the major cytotoxic proinflammatory cytokine released from
the islet infiltrating immune cells in T1DM (41).

Many studies have linked disturbances in the sphingolipid
metabolism and S1P milieu to autoimmune and inflammatory
diseases (12–16). In the present study, we observed that the
sphingolipid pathway enzymes were expressed in a similar fash-

Table 2
S1P lyase (spl) gene expression in various rat tissues
Total RNA was isolated from different rat tissues. Real-time RT-PCR was per-
formed to determine rat spl expression. SPL expression was normalized to �-actin.
Data are means � S.E., with the number of experiments provided in parentheses.
The value for liver was 0.019 � 0.002 (arbitrary units) and was set as 100%. ***, p �
0.001 versus liver, ANOVA followed by Bonferroni correction.

Tissue Rat spl

%
Brain 11 �2 (4)***
Heart 1 �0.5 (4)***
Intestine 5 �1 (4)***
Kidney 16 �5 (4)***
Liver 100 �13 (12)
Skeletal muscle 0 �0 (4)***
Spleen 16 �1 (4)***
Testis 2 �0.5 (4)***
Pancreas 16 �5 (8)***
Pancreatic islets 21 �3 (10)***
INS1E cells 16 �3 (12)***
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ion in insulin-secreting cells as in other cell types (12–16, 42).
Proinflammatory cytokines shifted the pathway toward gener-
ation of proapoptotic ceramide and sphingosine and a differen-
tialexpressionoftheenzymesinvolvedinS1Pgeneration,dephos-
phorylation, and degradation. These data are in line with earlier
reports from various �-cell lines (43, 44). Whereas short-term
incubations with cytokines decreased expression of S1P trans-
porters, longer incubations resulted in an enhanced expression
of both S1P transporters and receptors. This is in accordance
with the lack of S1P release from INS1 cells upon short-term
incubation with IL-1� and TNF� as shown before (43). It sug-
gests that upon cytokine exposure, accumulation of S1P might
take place, especially because SPL expression is reduced upon a
prolonged incubation with cytokines as we showed here in
INS1E cells and rat islets. The expression of sk2 in INS1E cells
was stronger than that of sk1, confirming earlier observations
(43). sk2-mediated S1P generation is associated in many cell
types with the proapoptotic effect of S1P (32, 45– 47). Both
IL-1� and TNF� increase Sk activity, with the predominance of
Sk2, in INS1 cells and rat islets (43). Thus, in insulin-secreting
cells, S1P is predominantly formed via Sk2, which is suggestive
of its proapoptotic function (Fig. 6, A and B).

Insulin-secreting cells respond to extracellular S1P via cell-
surface S1P receptors (22, 45, 48), the expression of which we
confirmed here in INS1E cells. We showed that the S1Pr2
expression was strongly increased by cytokines. S1P at nano-
molar concentrations has been shown to protect pancreatic
islets against cytokine toxicity (22) and preserves GSIS in islets
from diabetes animal models in vitro (22, 45, 48). In the present
study, S1P at low concentrations was not toxic and was slightly
protective against cytokine-mediated caspase-3 activation in
insulin-secreting INS1E cells without inhibition of the NF�B
signaling pathway, thus confirming earlier studies (22). How-
ever, when used at high concentrations (�5 �M), S1P was toxic
to insulin-secreting cells, leading to the activation of caspase-3
and NF�B.6 S1P at low concentrations is known to act via cell-
surface receptor activation, whereas when present at high con-
centrations, much above the optimal receptor-activating con-
centrations of extracellular S1P (49), it acts intracellularly and
was shown to induce deleterious effects (35).

In view of the contradictory reports on the role of S1P under
T1DM conditions, we studied the role of intracellularly gener-
ated S1P in insulin-secreting cells exposed to proinflammatory
cytokines. The analysis was performed by genetic manipula-
tions of SPL expression, the ER-localized enzyme catalyzing the
breakdown of S1P to phosphoethanolamine and hexadecenal
(18). We showed that the expression of spl in insulin-secreting
cells and rat islets is in the intermediate range as compared with

6 C. Hahn, unpublished observations.

Figure 3. SPL expression and effects on cytokine toxicity. Insulin-secret-
ing control, SPL-overexpressing, or SPL-suppressing INS1E cells were incu-
bated for 24 h with 600 units/ml IL-1� or a cytokine mixture (60 units/ml IL-1�,
185 units/ml TNF�, and 14 units/ml IFN�). A, expression of SPL was measured

by quantitative RT-PCR and Western blotting. B, caspase-3 activation was
estimated by Caspase3-Glo assay. C, proliferation of cells was estimated by
BrdU ELISA. Data are expressed as a percentage of the values in untreated
INS1E-control cells. D, ATP was measured by an ATPlite chemiluminescence
assay. Data are means from 4 – 6 independent experiments, each performed
at least in duplicates. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus untreated;
#, p � 0.05 versus control cells treated identically; ANOVA followed by Bonfer-
roni correction. Error bars, S.E.
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other tissues, with levels being 15–20% of the spl expression in
liver. Because the expression level of spl did not differ between
rat pancreatic islets and the insulin-secreting INS1E cell line,
we used in the present study INS1E cells as model �-cells.

Changes of the spl expression level revealed an association
between intracellular S1P and cytokine-mediated dysfunction

and apoptosis of insulin-secreting INS1E cells (Fig. 6). We
observed a reduced cytokine-mediated caspase-3 activation
and proliferation inhibition in INS1E-SPL cells, whereas spl
knockdown potentiated cytotoxic effects of cytokines. Our data
are in accordance with results in the mouse knockout model of
Spp2, the enzyme dephosphorylating S1P to sphingosine
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(hence decreasing the S1P intracellular concentration), in
which a worsening of �-cell function was reported (50). Inter-
estingly, SPL overexpression resulted in a parallel 2-fold reduc-
tion of the proapoptotic sk2 expression,7 an effect that might
be mediated by reduced S1P availability for inhibition of
HDAC1/2 (13, 51) by SPL overexpression.

The cytokine-mediated NF�B-iNOS-NO pathway activation
is a crucial event in cytokine toxicity to rat insulin-secreting

cells (3, 52). Interestingly, although providing protection
against cytokine-mediated cell death, SPL overexpression did
not inhibit the cytokine-mediated NF�B-iNOS-NO pathway in
INS1E cells. A similar observation has been made in insulin-
secreting INS1E cells overexpressing mimitin, where the pro-
tection against cytokine toxicity via suppression of mitochon-
drial stress was also achieved without concomitant inhibition of
the NF�B-iNOS-NO pathway (37). Thus, the protective effect
of SPL overexpression did not depend on the inhibition of cyto-
kine-mediated nitrooxidative stress, explaining the relatively
weaker protection against cytokine toxicity as compared with
the strategies involving nitrooxidative stress inhibition (7, 53).

SPL overexpression/suppression did not significantly modu-
late glucose-induced insulin secretion in INS1E cells in the
absence of cytokines. Nevertheless, SPL overexpression pro-
vided a mild protection against cytokine-mediated reduction of
GSIS. This protective effect of SPL overexpression correlated
with a prevention of cytokine-mediated ATP reduction and a
superior expression of the mitochondrial chaperone Phb2, a
highly conserved mitochondrial protein, which regulates mito-
chondrial assembly and respiration and is crucial for mitochon-
drial structure integrity (54). phb2 knockout mice develop dia-
betes due to impaired �-cell function and reduced GSIS (38).
We observed that the protein expression of Phb2 in INS1E-SPL
cells was higher in SPL-overexpressing cells and was not
decreased by proinflammatory cytokines. Suppression of phb2
decreased ATP content and potentiated caspase-3 activation in
the presence of cytokines, an effect that was more pronounced
in the case of INS1E-SPL cells. Suppression of phb2 failed, how-
ever, to inhibit the protective effect of SPL overexpression on
GSIS in cytokine-treated cells, suggesting the involvement of
another mechanism regulating SPL-mediated effects on GSIS.
Thus, SPL overexpression prevented cytokine-mediated reduc-
tion of ATP content and GSIS in insulin-secreting INS1E cells
at least partially by increasing the expression of the mitochon-
drial Phb2.

S1P induces Ca2� mobilization from ER and increases cyto-
solic Ca2� (18), which we confirmed here in insulin-secreting
INS1E cells. We observed that spl suppression resulted in a
significant increase of Ca2� in cytosol and mitochondria, which
correlated with greater cytokine toxicity. Ca2� modulates pan-
creatic �-cell function and fate (55, 56). A prolonged elevation
of cytosolic Ca2� activates calpains, the Ca2�-dependent non-
lysosomal cysteine proteases, which play a key role in the acti-
vation of caspases and proapoptotic members of the Bcl2-pro-
tein cascade, like BAD (57). Such a mechanism has also been
reported in insulin-secreting MIN6 cells treated with TNF� �
IFN� (56). We observed greater Bad phosphorylation in the7 E. Gurgul-Convey, unpublished results.

Figure 4. Mechanisms of cytokine toxicity and SPL expression. Insulin-secreting control, SPL-overexpressing, or SPL-suppressing INS1E cells were incu-
bated for 24 h with 600 units/ml IL-1� or a cytokine mixture (60 units/ml IL-1�, 185 units/ml TNF�, and 14 units/ml IFN�). A, NF�B activation was measured by
a SEAP-reporter gene assay. B, iNOS protein expression was analyzed by Western blotting; a representative blot of four independent experiments is shown. C,
accumulated nitrite was measured by a Griess assay. D, reactive oxygen species formation was estimated by dichlorofluorescein fluorescence. E, bip gene
expression. F, chop gene expression measured by real-time RT-PCR. G, intracellular Ca2� (at 10 mM Glc) was measured by the fluorescence sensor pCASE12
expressed either in the cytoplasm or in mitochondria. H, P-Bad and tBad, representative Western blots from n � 6 and the ratio of P-Bad/tBad from the
densitometry measurements of all blots. I, Sec61a, a representative Western blot from n � 4 and densitometry measurements. J, Phb2 after 24-h cytokine
incubation, a representative Western blot from n � 6. K, Phb2 knockdown (siPhb2) confirmation by Western blotting. L, ATP after Phb2 knockdown was
measured by an ATPlite assay. M, caspase-3 activation after Phb2 knockdown was estimated by a Caspase3-Glo assay. Data are means from 3– 6 independent
experiments, each performed at least in duplicates. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus untreated; #, p � 0.05 versus control cells treated identically;
§, p � 0.05; §§, p � 0.01 versus the same cell clone incubated with siQ treated identically; ANOVA followed by Bonferroni correction. Error bars, S.E.

Figure 5. Effects of SPL expression on insulin secretion. Insulin-secreting
control, SPL-overexpressing, or SPL-suppressing INS1E cells were incubated
with 3, 10, or 30 mM glucose (Glc), after which insulin secretion was measured.
A, insulin secretion from cells grown in 3, 10, or 30 mM Glc. B, effects of cyto-
kines (24-h incubation with either 600 units/ml IL-1� or a cytokine mixture
consisting of 60 units/ml IL-1�, 185 units/ml TNF�, and 14 units/ml IFN�) on
insulin secretion at 10 mM Glc. Data are means from 4 – 6 independent exper-
iments, each performed in duplicate. *, p � 0.05; **, p � 0.01 versus control
conditions; #, p � 0.05 versus control clone treated identically; ANOVA fol-
lowed by Bonferroni correction. Error bars, S.E.
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INS1E-SPL cells, which were characterized by lower cytosolic
Ca2� and reduced cytokine-mediated caspase-3 activation.
Thus, the protective effect of SPL overexpression correlated
with decreased cytosolic Ca2�, increased Phb2 expression, and
maintenance of Bad phosphorylation.

In pancreatic �-cells, cytokines deplete the ER Ca2� stores
mostly by a NO-dependent mechanism involving SERCA2b
(55, 58). However, in the case of SPL overexpression, a NO-inde-
pendent mechanism of controlling Ca2� homeostasis must be
involved, because SPL overexpression did not influence the
NF�B-iNOS-NO pathway and did not affect cytokine-medi-
ated serca2b expression. We showed that SPL overexpression
enhanced basal and cytokine-mediated expression of the Sec61
polypeptide transporter, which has been recently shown to be
responsible for controlling of Ca2� leakage from ER by a Bip-
dependent mechanism (59). This indicates an excellent poly-
peptide translocation capacity in INS1E-SPL cells and is in line
with higher insulin content and a mild protection against
cytokine-mediated GSIS inhibition in INS1E-SPL cells. The
Sec61a1 transporter requires for its proper function a guarding
by the ER chaperone protein BIP (60), which was expressed at a
higher level in SPL-overexpressing cells. A higher bip expres-
sion in INS1E-SPL cells can additionally contribute to the
maintenance of ER Ca2� homeostasis by a recently described
mechanism involving PERK-regulated ER-plasma membrane
contact site formation and refilling of the Ca2� stores in the ER
(61). Thus, SPL overexpression prevents Ca2� leakage from ER
and protects Ca2� homeostasis by maintaining the adequate
Bip and Sec61a expression upon cytokine incubation.

In the present study, we showed that SPL overexpression
resulted in a reduction of chop and an increase of bip expression
upon cytokine exposure. Reduction of cytokine-mediated ER
stress by SPL overexpression is in line with the observation
made in the Spp2 knockout mice, where increased intracellular
S1P levels correlated with a stronger activation of ER stress in
pancreatic �-cells (50).

SPL deficiency participates in the development and progres-
sion of immune and neurological disorders, cancer as well as
lung and heart inflammation (27, 30 –32, 34, 62). Our study
indicates that the relatively low expression level of SPL com-
pared with the expression pattern of other sphingolipid path-
way enzymes in insulin-secreting cells contributes to their
extraordinary vulnerability against proinflammatory cytokines.
Accumulation of Sk2-derived S1P in ER and mitochondria as a
result of low expression of Spl boosts cytokine-induced �-
cell dysfunction and death independently from the NF�B-
iNOS-NO pathway (Fig. 6). Because TNF�, the main proin-
flammatory cytokine present in the endocrine pancreas during
T1DM development (41), does not activate the NF�B-
iNOS-NO pathway in �-cells, the proposed mechanism might
be of particular relevance for its toxicity. It has recently been
shown that SPL deficiency can be successfully overcome in
colon cancer by oral administration of plant-type sphingolipids
called sphingadiens (34) or by delivery of bacterial SPL as in the
case of fibrosis therapy (63). Thus, SPL may be a new promising
target for �-cell protection in T1DM.

Figure 6. The mechanisms of cytokine-induced dysfunction and death of
insulin-secreting cells mediated by intracellular S1P. A, control condi-
tions. B, Cytokine incubation. A, pancreatic �-cells are characterized by a rel-
atively high endogenous expression of the proapoptotic SK2, which gener-
ates S1P. S1P is well metabolized upon control conditions as a result of an
adequate expression of sphingolipid pathway enzymes, together with a par-
allel presence of S1P transporters (T) and receptors (R). This keeps S1P at a low
concentration and enables the proper function and viability of �-cells and
participates in Ca2� homeostasis. B, proinflammatory cytokines, IL-1�, TNF�,
and IFN�, acting via their specific extracellular receptors, stimulate the
expression and activity of SK2, resulting in an increased rate of S1P generation
in ER, mitochondria, and nucleus. In parallel, cytokines decrease the expres-
sion of S1P transporters and SPL, leading to the accumulation of S1P within
the cell. The transcription factor CHOP, which participates in �-cell apoptosis,
is activated, and the chaperone protein BIP is down-regulated in the ER. BIP is
a partner protein for the polypeptide-transporting channel SEC61 (which
binds to its SEC61a1 subunit), and the decreased expression of BIP results in
the failure of SEC61 channel closure and leakage of Ca2� from the ER lumen
into the cytoplasm. Elevation of cytosolic Ca2� activates calpain, leading to
dephosphorylation of BAD. This results in cytochrome c release from the
mitochondrial membrane and caspase-3/7 activation. A parallel increase in
Ca2� within mitochondria disturbs mitochondrial function. S1P produced
inside the nucleus regulates the expression level of a variety of genes proba-
bly by histone deacetylase modifications. S1P accumulation results in a
reduction of prohibitin 2 and mimitin expression, the two mitochondrial pro-
teins involved in ATP generation. As a consequence, the ATP content is
reduced, leading to disturbances in glucose-induced insulin secretion. A
reduced ATP content potentiates the proapoptotic effect of intracellular S1P.
Thus, intracellular S1P is a novel and important second messenger and regu-
latory molecule involved in cytokine-mediated �-cell dysfunction and death.
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Experimental procedures

Chemicals

BiothermTM Taq polymerase was from GeneCraft (Münster,
Germany). Hybond N nylon membranes and the ECL detection
system were from Amersham Biosciences (Freiburg, Germany).
S1P ELISA was from Echelon Bioscience Inc. (Salt Lake City,
UT), and pCASE vectors were from Evrogen (Moscow, Rus-
sia). Cytokines were from Promocell (Heidelberg, Germany).
All other reagents were from Sigma Chemicals (Munich,
Germany).

Animals and tissues

Pancreatic islets and other tissues were from 250 –300-g
adult male Lewis rats bred in our institution according to the
German animal law. Islets were isolated by collagenase diges-
tion, separated by Ficoll gradient, and hand-picked under a ste-
reomicroscope. Isolated islets were incubated overnight in 5
mM Glc fully supplemented RPMI medium as described earlier
(37). Thereafter, islets were incubated with IL-1� (600 U/ml) or
cytokine mixture (60 units/ml IL-1�, 185 units/ml TNF�, and
14 units/ml IFN�). RNA was isolated as described below.

Cell culture and cytokine incubations

Insulin-secreting INS1E cells were cultured as described (64)
in fully supplemented RPMI medium, with 10 mM glucose, 10%
(v/v) FCS, penicillin, and streptomycin, in a humidified atmo-
sphere at 37 °C and 5% CO2. Cells were regularly checked for
mycoplasma contamination, and only mycoplasma-free cells
were used in this study. For tests, cells were incubated with 600
units/ml IL-1� or the cytokine mixture for 24 h.

Overexpression of SPL in insulin-secreting cells

The human SPL cDNA (pcDNA3.1-hSPL vector) (65) was
stably overexpressed in insulin-secreting INS1E cells using the
LipofectamineTM transfection method. Positive clones were
selected under G418, and SPL expression levels were confirmed
by real-time RT-PCR measurements and Western blotting.

Suppression of spl and phb2 in insulin-secreting cells

INS1E cells were transfected with rat spl siRNA (SPL08, -10,
and -12) (Santa Cruz Biotechnology, Heidelberg, Germany) or
rat phb2 stealth siRNA (RSS340509) (Invitrogen) using Lipo-
fectamine RNAiMAX (ThermoFisher Scientific), and silencing
was verified by Western blotting.

Proliferation assay

The proliferation rate of INS1E cells was quantified by a col-
orimetric method using the Cell Proliferation BrdU-ELISA
(Roche, Mannheim, Germany). Cells were seeded at a concen-
tration of 40,000 cells/well in 96-well microtiter plates and
allowed to attach for 24 h. Thereafter, cells were incubated with
the chemical compounds for 24 h. The proliferation assay was
performed as described (9). Absorbance was measured at 450
nm (reference wavelength 650 nm). Data were expressed as a
percentage of untreated cells.

Insulin secretion and content

Insulin secretion and content in control and genetically mod-
ified insulin-secreting INS1E cell clones were measured by

radioimmunoassay (RIA) as described (66). Cells were seeded at
a density of 500,000 cells/well onto 6-well plates 2 days before
the addition of test compounds. A 24-h incubation with the test
compounds was followed by a 1-h incubation without glucose
and a 2-h stimulation with glucose (3, 10, or 30 mM) or KCl (25
mM) in the absence or presence of the chemical compounds.
Thereafter, supernatants and cell pellets were collected for RIA.
Insulin values were normalized to the DNA content of the incu-
bated cells measured by a PicoGreen assay.

RNA isolation, cDNA synthesis, and real-time RT-PCR

Total RNA from insulin-secreting cell clones or rat tissues
was obtained using the RNeasy kit (Qiagen, Hilden, Germany).
The quality of the total RNA was verified by agarose gel elec-
trophoresis. RNA was quantified spectrophotometrically at
260/280 nm. Thereafter, 2 �g of RNA were reverse transcribed
into cDNA using a random hexamer primer (Life Technolo-
gies) and RevertAid H Minus M-MuLV reverse transcriptase
(Thermo Fisher Scientific, Braunschweig, Germany). Quanti-
Tect SYBR GreenTM technology (Qiagen), which uses a fluores-
cent dye that binds only double-stranded DNA, was employed.
The reactions were performed on a ViiA7 real-time PCR system
(Life Technologies) with the following protocol: 50 °C for 2
min, 95 °C for 10 min, and 40 cycles comprising a melting step
at 95 °C for 15 s, an annealing step at 58 °C for 60 s, and an
extension step at 72 °C for 30 s. The quality of reactions was
controlled by analysis of melting curves. Each sample was
amplified as triplicate. Data normalization was performed with
qBasePlus (Biogazelle, Zwijnaarde, Belgium) against the geo-
metric mean of the housekeeping gene �-actin. The primer
sequences are given in supplemental Table S4.

Western blot analyses

Cells were homogenized in ice-cold PBS containing protease
inhibitors (Roche) using short bursts (Braun-Sonic 125
Homogenizer, Quigley-Rochester, Rochester, NY). Protein
content was determined by the BCA assay (Pierce). For West-
ern blotting, 40 �g of total protein was resolved by SDS-PAGE
and then electroblotted onto membranes. Immunodetection
was performed using specific primary antibodies (goat anti-SP-
lyase T-20 (sc-51431, lot A1808 Santa Cruz Biotechnology),
goat anti-NOS2 (sc-649, lot C2414, Santa Cruz Biotechnology),
rabbit anti-phospho-BAD (Ser-112) (catalog no. 9291, lot 8,
Cell Signaling), rabbit anti-total BAD sc-943 (C-20) (Santa Cruz
Biotechnology), mouse monoclonal anti-Phb2 (sc-133094, lot
LO413, Santa Cruz Biotechnology), rabbit anti-Sec61a (NB120-
15575, lot QD217867, Novus), goat anti-actin C11 (sc1615, lot
C1616, Santa Cruz Biotechnology)), as described (37). Pictures
were captured by the INTASR chemiluminescence detection
system (Intas Science Imaging Instruments, Göttingen, Ger-
many). The intensity of bands was quantified through densi-
tometry with Gel-Pro Analyzer version 4.0 software (Media
Cybernetics, Silver Spring, MD).

ATP measurements

ATP content was determined using the ATPlite Detection
Assay System (PerkinElmer Life Sciences, Zaventem, Belgium),
as described previously (66). Cells were seeded at a density of
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40,000 cells/well onto black 96-well plates 24 h before the addi-
tion of the chemical compounds. After incubation with test
compounds, cells were cultured in the absence of glucose for
1 h, followed by a 2-h incubation with glucose and/or chemical
compounds. Cells were then lysed and used for ATP concen-
tration measurements as described (66).

cAMP measurements

The cAMP concentration was measured by the cAMP-
GloTM assay kit according to the manufacturer’s instructions
(Promega, Mannheim, Germany). Cells were seeded at a den-
sity of 5,000 cells/well onto white 96-well plates 24 h before the
addition of chemical compounds. After incubation with test
compounds, cells were cultured in the absence of glucose for 1 h
and followed by a 2-h incubation with glucose and/or chemical
compounds. Cells were then lysed and used for cAMP concen-
tration measurements as described (66).

NF�B reporter gene assay

20,000 cells/well were seeded onto 96-well plates 24 h before
transient transfection was performed with jetPRIMETM trans-
fection reagent (HiSS Diagnostics, Freiburg, Germany). Test
compounds were added 24 h after transfection and for 24 h. The
pSEAP-NF-�B construct was used as described (37). Secreted
alkaline phosphatase was measured using the Phospha-
LightTM system kit (Applera, Darmstadt, Germany).

Nitrite measurements

Nitrite accumulation after a 24-h incubation with cytokines
was determined spectrophotometrically at 562 nm by the
Griess reaction assay as described (37).

Caspase-3/7 assay

Cells were seeded at a density of 10,000 cells/well onto
96-well plates and allowed to attach for 24 h before test com-
pounds were added. Activation of caspase-3 was quantified by
the CaspaseGlo-3/7 kit (Promega, Mannheim, Germany)
according to the manual’s instruction. Samples were analyzed
using the GloMax�Multi detection system (Promega), and data
were analyzed by Instinct software (Letterkenny, Co. Donegal,
Ireland). Data are expressed as the percentage of cells without
exposure to test compounds.

S1P ELISA

The S1P-coated 96-well microtiter plates blocked to reduce
nonspecific binding were used. Samples were prepared using
lysis buffer: 20 mM PIPES, 150 mM NaCl, 1 mM EGTA, 1% (v/v)
Triton X-100, 1.5 mM MgCl2, 0.1% SDS, 1 mM sodium
orthovanidate, 1� protease inhibitor mixture (without EDTA),
pH 7. The S1P-ELISA (Echelon, ImTec Diagnostics, Antwer-
pen, Belgium) was performed according to the manual’s
instructions. The absorbance at 450 nm was measured, and the
concentration of S1P in the samples was determined by com-
parison with the standard curve.

Calcium measurements

The levels of intracellular calcium were estimated using the
genetically encoded fluorescence sensor pCASE12 (Evrogen),

which allows direct detection of Ca2� concentration changes in
a physiological range inside living cells in various subcellular
compartments. Constructs enabling cytosolic (pCASE12-Cyto)
and mitochondrial (pCASE12-Mito) Ca2� measurements were
transiently transfected using JetPrime technology. At 48 h after
transfection,testcompoundswereadded,andfluorescencemea-
surements were performed. pCASE12 fluorescence intensity
was analyzed using a CellR/Olympus IX81 inverted microscope
system equipped with a Cellcubator (UPLSAPO �60, 1.35
numerical aperture oil immersion objective, GFP filter (485-nm
excitation and 520-nm emission), fluorescence intensity of
12.5%) (Olympus, Hamburg, Germany). The intensity of fluo-
rescence in the region of interest was measured for each condi-
tion in at least 100 cells.

Reactive species detection by dichlorofluorescein fluorescence

To detect overall oxidative and nitrosative stress, cells were
seeded onto 96-well coated black plates. Before the addition of
test compounds, cells were preincubated with 10 �M dichloro-
dihydrofluorescein diacetate (Invitrogen, Karlsruhe, Germany)
for 40 min at 37 °C. Plates were analyzed at 480/520-nm exci-
tation/emission using the fluorescence reader Victor2 1420
Multilabel Counter (PerkinElmer Life Sciences). Each condi-
tion was analyzed at least in duplicate. Data were expressed as a
percentage of untreated cells.

Data analysis

All data are expressed as means � S.E. Statistical analyses
were performed using the Prism analysis program (GraphPad,
San Diego, CA).
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