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Abstract
The extracellular Ca2+ chelator EGTA and L-type Ca2+ channel blockers, such as, nifedipine and nimodipine were found to have a protective
effect on palmitate-induced MIN6N8a beta cell apoptosis, whereas the Ca2+ channel opener, Bay K8644, enhanced the apoptotic process. Moreover,
the phospho-form of Bad, in conjunction with phospho-Akt, was reduced in response to palmitate and the palmitate-induced dephosphorylations of
Akt and Bad were dependent on Ca2+ influx. The transient expression of catalytically active Akt prevented MIN6N8a cells from palmitate-induced
apoptosis. Deltamethrin, an inhibitor of Ca2+ -activated phosphatase, delayed Akt and Bad dephosphorylations, and then protected MIN6N8a cells
from palmitate-induced apoptosis. On the other hand, palmitate was found to induce CHOP, an apoptotic transcription factor in response to ER
stress, and this induction was enhanced by Ca2+ influx. Our studies suggested that Ca2+ influx and subsequent Ca2+ -mediated apoptotic signals are
involved in palmitate-induced beta cell death.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
A deficiency of insulin through the loss of pancreatic beta
cells and subsequent impaired compensation against insulin
resistance is believed to be a pathogenic cause of type 2 diabetes (Butler et al., 2003; Donath et al., 2003; Mandrup-Poulsen,
2003). Increased free fatty acids (FFAs), alone or in conjunction with hyperglycemia, have been proposed to trigger beta
cell loss in type 2 diabetes (Leonardi et al., 2003) and moreover,
in vitro studies have demonstrated that long-term exposure to
FFA can induce beta cell death in culture and in isolated islets
(Shimabukuro et al., 1998; Cnop et al., 2001; Lupi et al., 2002).
The death was mainly apoptotic with cytochrome c release, caspase 3 activation, and DNA fragmentation (Maedler et al., 2001;
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Lupi et al., 2002; Wrede et al., 2002). Especially, saturated fatty
acids like palmitic and stearic acids, were found to be generally cytotoxic to beta cells, whereas unsaturated fatty acids like
linoleic, oleic, and palmitoleic acids, were not, and even protected cells from saturated FFA-induced apoptosis (Maedler et
al., 2001, 2003).
The molecular and cellular mechanisms involved in FFAinduced beta cell apoptosis are not fully understood. When
FFAs are exposed to beta cells, they are usually non-toxic
if they are oxidized, but when their oxidation is blocked
and lipid esterification is continuously increased, FFAs are
cytotoxic. Accumulations of long chain (LC) acyl-CoAs or
lipid derivatives, such as, diacylglycerol, lysophosphatidic acid,
and sphingolipids, are thought to promote beta cell apoptosis (Prentki et al., 2002; Assimacopoulos-Jeannet, 2004), since
FFA-oxidizing AMPK activators, such as, AICAR and metformin, were found to neutralize FFA-induced cytotoxicity
(El-Assaad et al., 2003; Marchetti et al., 2004). Ceramide and
the ceramide-induced up-regulation of nitric oxide (NO) have
been suggested to be important mediators of FFA-induced beta
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cell death (Shimabukuro et al., 1998) and the involvements of
these mediators are further supported by several other studies
(Maedler et al., 2001, 2003; Lupi et al., 2002; Okuyama et al.,
2003). Especially, a recent work showed the involvement of NOmediated mitochondrial DNA damage in FFA-induced INS-1
beta cell apoptosis (Grishko et al., 2005). However, the role
of ceramide or NO was believed to be minor due to the minimal protective effects of ceramide synthase inhibitor or iNOS
inhibitor on palmitate-induced beta cell death (Cnop et al., 2001;
Listenberger et al., 2001; Beeharry et al., 2004).
On the other hand, FFA-induced activation of PKC-␦ was suggested to contribute to beta cell loss in type 2 diabetes (Wrede et
al., 2003). Nuclear translocation and activation of PKC-␦ were
reported to be necessary for saturated fatty acid-induced beta cell
apoptosis (Eitel et al., 2003). However, a recent report argued a
role of PKC-␦ in palmitate-induced beta cell death (Welters et
al., 2004). Although one report concluded that activation of NFB signal was involved in FFA-induced apoptosis (Rakatzi et al.,
2004), a recent report demonstrated that FFA-induced beta cell
apoptosis was not NF-B-dependent (Kharroubi et al., 2004).
Elevated concentrations of FFAs can produce reactive oxygen
species (ROS) (Carlsson et al., 1999; Piro et al., 2002; Wang
et al., 2004), but it has not been determined whether ROS are
directly involved in FFA-induced beta cell death. Inhibition of
the IRS/PI3 kinase/Akt signaling pathway was reported to be a
critical in FFA-induced beta cell apoptosis (Haber et al., 2003;
Lingohr et al., 2003). Apoptotic endoplasmic reticulum (ER)
stress was suggested to be a critical mediator of FFA-induced
beta cell apoptosis (Karaskov et al., 2006). Down-regulation of
Bcl-2, an anti-apoptosis regulator, was detected in FFA-exposed
human islets, suggesting that FFA-induced beta cell apoptosis could be affected by the expression of apoptosis-related
molecules (Lupi et al., 2002).
Whereas Ca2+ is a key regulator of cell survival, the breakdown of Ca2+ homeostasis due to its sustained elevation was
able to trigger cell death (Rizzuto et al., 2003). In relation to
the development of diabetes, Ca2+ elevation has been reported
to be an important mediator of beta cell death (Chandra et al.,
2001). Ca2+ dependency was reported in cytokine- sulfonylureaor glucose-induced beta cell death (Efanova et al., 1998; Iwakura
et al., 2000; Zaitsev et al., 2001; Chang et al., 2004; Maedler
et al., 2004). Sustained elevation of [Ca2+ ]i could activate various Ca2+ signals connected to apoptosis. Calpain has been
reported to cleave Bid (Chen et al., 2001; Mandic et al., 2002)
and calcineurin reported to be able to dephosphorylate Bad
(Wang et al., 1999). Ca2+ /calmodulin-dependent protein kinase
II (CaMK II) may activate c-JUN N-terminal kinase (JNK)
(Enslen et al., 1996; Wang et al., 2003). Ca2+ overloading in
mitochondria could directly induce apoptotic signals by releasing apoptosis promoting factors and by generating reactive
oxygen species (ROS) (Kruman and Mattson, 1999). Moreover, an elevation of [Ca2+ ]i , due to consistent Ca2+ release
from endoplasmic reticulum (ER) stores or the continued blockage of calcium reflux into ER stores, could elicit ER stress to
induce cell death by activating apoptosis signals such as caspase 12, Ask1-mediated JNK, and CHOP (GADD153) (Xu et
al., 2005).

51

To elucidate the role of Ca2+ in FFA-induced beta cell death,
we first examined the effect of Ca2+ chelator or Ca2+ channel
blockers on palmitate-induced MIN6N8a cell death. To elucidate the mechanism of palmitate-induced beta cell apoptosis, we
determined the levels of different apoptosis-related molecules,
i.e., Bcl-xL, Bcl2 , Bad, Bid and Akt. To determine what kinds of
Ca2+ -activated signals were involved, we investigated the protective effects of different inhibitors of Ca2+ -activated enzymes
on palmitate-induced cell death, and finally, we examined the ER
stress induction by palmitate and investigated the involvement
of Ca2+ influx in this induction.
2. Materials and methods
2.1. Materials
All chemicals, i.e., palmitate, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoilium bromide (MTT), 4,6-diamidino-2-phenylindole (DAPI), NF-B
cell permeable peptide inhibitor (SN50), fumonisin B1, 4-(4-fluorophenyl)2-(4-methylsulfinylphenyl)-5-(4pyridyl)-1H-imidazole (SB203580), reduced
glutathione (GSH), NG -monomethyl-l-arginine (l-NMMA), rottrelin, 5-aminoimidazolecarboxamide riboside (AICAR), 2-(4-(2-((4-chlorobenzoyl)amino)
ethyl)phenoxy)-2-methylpropionic acid (bezafibrate), 1,4-dihydro-2,6dimethyl-5-nitro-4-[2 -(trifluoromethyl)phenyl]-3-pyridinecarboxylic
acid
methyl ester (Bay K8644), 7-chloro-3-methyl-2H-1,2,4-benzothiadiazine
1,1,-dioxide (diazoxide), N-acetyl-l-cysteine (NAC), 1,9-pyrazoloanthrone
(SP600125),
ethylenglycol-bis(␤-aminoethyl)-N,N,N ,N -tetraacetic
acid
(EGTA),
1,4-dihydro-2,6-dimethyl-4-(3 -nitrophenyl)-3,5-pyridinedicarboxylic acid 2-methoxyethyl-1-methylethyl ester (nimodipine), 1,4-dihydro-2,6dimethyl-4-(2-nitrophenyl)-3,5-pyridinedicarboxylic acid dimethyl ester
(nifedipine), nickel chloride, xestospongin c, ryanodol 3-(1H-pyrrole-3carboxylate) (ryanodine), thapsigargin, carbobezoxy-valinyl-phenylalanal
(MDL28170),
N-acetyl-leu-leu-methioninal
(calpain
inhibitor
II),
3-(4-Idophenyl)-2-mercapto-(Z)-2-propenoic acid (PD150606), (S)-a-cyano3-phenoxybenzyl(1R)-cis-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropane
carboxylate (deltamethrin), and Ca2+ /calmodulin kinase II peptide inhibitor
were purchased from either Merck Bioscience (Darmstadt, Germany) or
Sigma–Aldrich (St. Louis, Missouri). Chemicals were dissolved in either
appropriate media solution or dimethyl sulfoxide (DMSO) and then treated at
the required working dilution. All chemicals were handled in accord with the
supplier’s recommendations. Ficoll was obtained from Amersham Pharmacia
Biotech (Arlington Height, IL) and collagenase P from Roche Applied Science
(Mannheim, Germany). Antibodies were obtained as follows; anti-cytochrome
c, tubulin, actin, Bcl-XL Bcl-2, Bax, and CHOP antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA); anti-p-JNK, JNK, COX 4, p-Akt,
Akt, p-Bad, Bid, cleaved caspase 3, and PARP antibodies from Cell Signaling
Technology (Beverly, MA); and anti-Bad and GRP78 antibodies from BD
Biosciences (San Jose, USA). Expression vectors (pUSEs) for wild type
(WT) and catalytically active (CA) mouse Akt were obtained from UPSTATE
(Charlottesville, VA). Palmitate/BSA (bovine serum albumin) conjugates were
prepared as described previously (Listenberger et al., 2001). Briefly, a 20 mM
solution of palmitate in 0.01 M NaOH was incubated at 70 ◦ C for 30 min and
fatty acid soaps were then complexed with 5% BSA in phosphate-buffered
saline (PBS) at an 8:1 ratio of fatty acid to BSA. The palmitate/BSA conjugates
were administered to cultured cells.

2.2. Cells
MIN6N8a beta cells were grown in DMEM (1 g/l glucose) supplemented
with 10% FBS, 100 units/ml penicillin and 100 g/ml streptomycin (Life Technologies Inc., Gaithersburg, MD). INS-1 rat beta cells were grown in RPMI 1640
medium containing 10% FBS, 100 units/ml penicillin and 100 g/ml streptomycin.
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2.3. Isolation of rat pancreatic islets
Islets were isolated from 10 week-old male Sprague Dawley (SD) rats using
a collagenase digestion method. Briefly, after injecting 10 ml of collagenase
P (0.75 mg/ml) into the bile ducts, swollen pancreases were excised and then
incubated in water bath at 37 ◦ C for 7 min. After stopping the enzymatic digestion
with cold HBSS, tissues were disrupted by repetitive pipetting and subsequently
by passing them through a 400-m mash. Islets were separated by centrifugation
on 25, 23, 21.5 and 11.5% Ficoll gradients. Islets at the interface between the
21.5% and 11.5% fractions were collected and washed with HBSS. Healthy islets
were hand-picked under a stereomicroscope. To obtain single beta cells, islets
were treated with trypsin-EDTA for 2 min and the dissociated islet cells obtained
were then grown in RPMI 1640 medium containing 10% FBS, 100 units/ml
penicillin and 100 g/ml streptomycin.

2.4. MTT viability assay
Briefly, cells were treated with MTT (0.5 mg/ml) for 2 h at 37 ◦ C. Supernatants were discarded and acidic isopropanol (0.04 N HCl) added. After
incubating for 30 min at room temperature for 30 min, absorbency was measured
at 570 nm using a microplate reader (BIO-RAD, Hercules, CA).

2.5. Quantitation of cell death
Quantitation of cell death was determined by measuring cytolpasmic histoneassociated DNA fragments using Cell Death Detection ELISA kit (Roche
Applied Science, Mannheim, Germany). Briefly, cells treated with palmitate
were lysed by adding incubation buffer (supplied from kit). After centrifugation (20,000 × g, 10 min), the supernatant was pipetted into each well of
anti-histone-coated microplate. After incubation for 90 min at 25 ◦ C, the wells
were rinsed with washing solution (supplied from kit). Anti-DNA PODs
were then bound to the nucleosome complex by adding conjugation solution (supplied from kit) and incubating at 25 ◦ C for 90 min. After washing
the wells with washing solution, the color was developed by adding ABTS
(2,2 -azino-di-[3-ethylbenzthiazoline sulfonate]) substrate solution (1 mg/ml)
and by shaking incubation at 250 rpm for 10–20 min. The amount of peroxidase retained in nucleosome complex was determined by measuring absorbency
at 405 nm.

2.6. Nuclear staining
Cells were fixed with 4% paraformaldehyde (pH 7.4) for 10 min and then
treated with DAPI (1 g/ml) for 15 min at 37 ◦ C. After washing with PBS,
stained cells were observed under a fluorescence microscope (340-nm excitation
and 388-nm emission).

2.7. Fractionation of mitochondrial and cytosolic proteins
Cells were suspended in low salt/sucrose buffer [10 mM HEPES (pH 8.0),
250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 2 mM PMSF, and
protease inhibitor cocktail (Roche Applied Science)]. After douncing the cells,
unbroken cells and nuclear fractions were separated and discarded after centrifugation (600 × g, 10 min). After further centrifugation of supernatants at
15,000 × g for 10 min, pellets were suspended in heavy membrane buffer
(10 mM HEPES, 5 mM MgCl2 , 42 mM KCl, and 1% Triton X-100), and
used for mitochondrial proteins. Alternatively, supernatants were divided into
a light membrane fraction and a cytosolic fraction by further centrifugation
(100,000 × g) for 60 min. The purity of mitochondrail and cytosolic fractions
were determined by immunoblotting with complex 4 (Cox4) and tubulin for
mitochondrial and cytosolic proteins, respectively.

2.8. Immunoblotting
Cells were suspended in RIPA buffer [150 mM NaCl, 1% NP-40, 0.5% DOC,
0.1% SDS, 50 mM Tris.Cl, (pH 7.5), protease inhibitor cocktail (Roche Applied
Science, Mannheim Germany)] and then incubated on ice for 30 min. Whole

proteins were extracted by differential centrifugation (10,000 × g, 10 min) and
protein concentrations in lysates were determined using protein assay kits (BioRad, Hercules, CA). An equal volume of 2× SDS sample buffer [125 mM
Tris.Cl, (pH 6.8), 4% SDS, 4% 2-mercaptoethanol, 20% glycerol] was added to
cell lysates, and equivalent amounts of protein (30 g) were loaded onto 10–15%
polyacrylamide gels, electrophoresed, and then transferred to PVDF membranes
(Millipore, Bedford, MA). After blocking these membranes with 5% skimmed
milk for 30 min, target antigens were reacted with primary antibodies. Secondary antibodies, i.e., horseradish peroxidase-conjugated anti-mouse IgG or
anti-rabbit IgG antibodies were then treated and immunoreactive bands were
developed using an enhanced chemiluminescence detection system (Amersham
Pharmacia Biotech, Arlington Height, IL).

2.9. DNA transfection
Expression vectors coding wild (WT) or catalytically active (CA) Akt were
transfected into MIN6N8a cells. Briefly, DNA–liposome complexes were prepared by mixing the vector DNAs and lipofectamine (Invitrogen, Carlsbad,
CA) and incubating at room temperature for 30 min. The complexes so prepared were then overlaid onto 50–60% confluent MIN6N8a cells for 6 h, and
media were exchanged for fresh medium, the cells were then further cultured for
2–3 days. DNA transfection was confirmed by immunoblotting with anti-Akt
antibodies.

2.10. Statistics
Data are presented as mean ± S.D. of at least three independent experiments.
Statistically differences between groups were determined by using the Student’s
t-test. P-values of <0.05 were considered to be statistically significant.

3. Results
3.1. Apoptotic death of MIN6N8a mouse beta cells by
palmitate
While MTT assay showed that palmitate, concentration and
time dependently, reduced MIN6N8a beta cell viability, photometric immunoassay of cytoplsamic histone-associated DNA
fragments also showed that palmitate, concentration and time
dependently, increased DNA fragmentation, demonstrating that
palmitate could induce MIN6N8a beta cell death (Fig. 1A).
Exposure to 500 M palmitate for 36 h was sufficient to reduce
viability by 50% and increase DNA fragmentation by around 4fold, compared to untreated one. Increase of DNA fragmentation
in cytoplasm without increase in culture medium suggests that
palmitate-induced MIN6N8a cell death is mainly due to apoptosis. Morphological study of nuclear DNAs supports apoptotic
death since DAPI staining demonstrated nuclear condensation, a
characteristic of apoptosis, in palmitate-treated MIN6N8a cells
(Fig. 1B). On the other hand, biochemical analysis of apoptotic molecules demonstrated that palmitate-induced MIN6N8a
cell apoptosis follows the activation of the intrinsic mitochondrial apoptotic pathway. As shown in Fig. 1C, cytochrome c in
the mitochondrial fraction gradually decreased as expense of
cytochrome c in cytosolic fraction. Also, caspase 3, a typical
execution caspase in apoptotic process, was clearly activated
by palmitate treatment since cleavage of caspase 3 was distinct at 24 h after palmitate treatment and poly ADP-ribosyl
polymerase (PARP), a substrate of caspase 3, was cleaved
(Fig. 1D).
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Fig. 1. Apoptotic death of MIN6N8a mouse beta cells by palmitate. (A) MIN6N8a cells were treated with different concentrations of palmitate for 24 h or with
500 M palmitate for indicated times. Cell viability was determined using MTT assay and Cell apoptosis was determined by Cell Death Detection ELISA. (*)
P < 0.05 and (**) P < 0.01 vs. viability from untreated or at zero time. (#) P < 0.05 and (##) P < 0.01 vs. absorbance from untreated or at zero time. (B) Nuclear DNAs
in 500 M palmitate-treated MIN6N8a cells were stained with DAPI and were observed under a fluorescence microscope (388 nm). (C) Cytochrome c (Cyto C) was
analyzed by immunoblotting with anti-cytochrome c antibodies in mitochondrial and cytosolic fractions. (*) P < 0.05 and (**) P < 0.01 vs. mitochondrial cytochrome
c at zero time. (#) P < 0.05 and (##) P < 0.01 vs. cytosolic cytochrome c at zero time. (D) Caspase 3 activation was determined by immunoblotting analysis with
anti-cleaved caspase 3 and anti-PARP antibodies. Pro-Cas 3, C-Cas 3, PARP, and C-PARP represent pro-caspase 3, cleaved caspase 3, uncleaved PARP, and cleaved
PARP, respectively. (*) P < 0.05 vs. cleaved caspase 3 at zero time. (#) P < 0.05 and (##) P < 0.01 vs. cleaved PARP at zero time.

3.2. Protective effect of extracellular Ca2+ chelator on
palmitate-induced MIN6N8a cell apoptosis
To elucidate the mechanism of palmitate-induced MIN6N8a
cell apoptosis, we first investigated the relative contribution of
several apoptotic mediators, i.e., ceramide, NO, PKC-␦, NFB, ROS, and stress kinases on palmitate-induced MIN6N8a
cell apoptosis. Effect of lipogenesis on palmitate-induced apoptosis was also investigated. We pretreated MIN6N8a cells
with different concentration of appropriate inhibitors or lipid
oxidizing agents and then investigated their protective effect
on palmitate-induced apoptosis. Initially, we determined nontoxic, but effective concentrations for each agent and then
investigated their protective effect. Table 1 demonstrated the
protective effect of different inhibitors with two representative concentrations. Pretreatment with 50 M fumonisin B1, an
inhibitor of sphingosine N-acetyl transferase which synthesizes
ceramide from sphingosine, had a significant protective effect
on palmitate-induced apoptosis, whereas 25 M fumonisin B1
had not. NMMA, a nitric oxide synthase inhibitor, in both 0.1
and 0.2 mM showed significant protective effect on palmitateinduced MIN6N8a cell apoptosis and 0.2 mM NMMA was more

protective than 0.1 mM. The PKC-␦ inhibitor rottrelin (2.5 M)
showed significant protective effect. However, NF-B inhibitor
SN50 and ROS scavengers such as GSH and NAC, were not
found to have any protective effect. In terms of stress-related signals, p38 MAPK inhibitor SB203580 showed a little protective
effect in palmitate-induced MIN6N8a cell apoptosis, whereas
JNK inhibitor SP600125 did not. On the other hand, AICAR and
bezafibrate, which stimulate fatty acid oxidation through AMPK
or PPAR␣ activation, respectively, protected palmitate-induced
MIN6N8a cell death in concentration-dependent manner. Interestingly, EGTA, an extracellular Ca2+ chelator had very strong
protective effect on palmitate-induced MIN6N8a apoptosis and
the effect was concentration dependent. Pretreatment of 0.5 mM
EGTA reduced palmitate-induced DNA fragmentation by about
70%.
3.3. Involvement of Ca2+ inﬂux in palmitate-induced
MIN6N8a cell apoptosis
Since an extracellular Ca2+ chelator EGTA showed a strong
protective effect on palmitate-induced MIN6N8a cell apoptosis, effect of Ca2+ channel blockers or Ca2+ channel opener
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Fig. 2. Involvement of Ca2+ influx in palmitate-induced MIN6N8a cell apoptosis. (A) MIN6N8a cells were treated with 0.5% BSA (Con) or 500 M palmitate
in the presence of 10 M nifedipine (Nif), 200 M diazoxide (DXZ), or 10 M Bay K8644 (Bay) for 18 h. Cytochrome c release into cytosol was analyzed by
immunoblotting with anti-cytochrome c antibodies. (*) P < 0.05 vs. mitochondrial cytochrome c from palmitate-treated cells. (#) P < 0.05 and (##) P < 0.01 vs.
cytosolic cytochrome c from palmitate-treated cells. (B) Caspase 3 activation was analyzed by immunoblotting with anti-cleaved caspase 3 (C-Cas 3) and anti-PARP
(C-PARP) antibodies. (**) P < 0.01 vs. cleaved caspase 3 at 24 or 36 h after palmitate treatment. (##) P < 0.01 vs. cleaved PARP at 24 or 36 h after palmitate treatment.
($) P < 0.05 vs. cleaved caspase 3 at 6, 12, or 24 h after palmitate treatment. (+) P < 0.05 vs. cleaved PARP at 12 h and (++) P < 0.01 vs. cleaved PARP at 6 h after
palmitate treatment.

on palmitate-induced apoptosis was investigated. As shown in
Table 2, the VDCC blockers nifedipine and nimodipine significantly protected MIN6N8a cells from palmitate-induced
apoptosis, whereas the VDCC opener Bay K8644 accelerated
MIN6N8a cell apoptosis. 100 M NiCl2 , a blocker of both Ltype and T-type Ca2+ channels, had also a significant protective
effect on palmitate-induced apoptosis. Moreover, diazoxide, a
KATP channel opener which elicits membrane hyperpolarization and maintains VDCC closure, showed a dose-dependent
protective effect on palmitate-induced apoptosis. On the other
hand, xestospongin c or dantrolin, blockers of Ca2+ release
from the endoplasmic reticulum (ER) store through IP3 or ryanodine receptor, respectively, did not protect palmitate-induced
MIN6N8a cell apoptosis. To determine whether Ca2+ influx

affects palmitate-induced apoptotic signals, palmitate-induced
cytochrome c release and caspase 3 cleavages were investigated after pre-treating MIN6N8a cells with VDCC blockers
or opener. Pretreatment of nifedipine or diazoxide reduced
palmitate-induced cytochrome c release into cytosol whereas
Bay K8644 increased palmitate-induced cytochrome c release
(Fig. 2A). In addition, nifedipine reduced palmitate-induced
cleavage of caspase 3 and PARP whereas Bay K8644 accelerated
cleavage of both capsase 3 and PARP (Fig. 2B). The cleavage
of caspase 3 and PARP were detected from 6 h after simultaneous treatment with palmitate and Bay K8644, whereas a similar
cleavage pattern was produced at 12 or 24 h after treatment of
palmitate alone. All these data suggest that Ca2+ influx is critically involved in palmitate-induced MIN6N8a cell apoptosis.
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Table 1
Protective effect of extracellular calcium chelator on palmitate-induced
MIN6N8a cell apoptosis
Inhibitors

None
Fumonisin B1 (25 M)
Fumonisin B1 (50 M)
NMMA (0.1 mM)
NMMA (0.2 mM)
Rottrelin (1.25 M)
Rottrelin (2.5 M)
SN50 (5 mM)
SN50 (10 mM)
GSH (2.5 mM)
GSH (5 mM)
NAC (2.5 mM)
NAC (5 mM)
SB203580 (10 M)
SB203580 (20 M)
SP600125 (5 M)
SP600125 (10 M)
AICAR (0.5 mM)
AICAR (1 mM)
Bezafibrate (0.25 mM)
Bezafibrate (0.5 mM)
EGTA (0.25 mM)
EGTA (0.5 mM)

Table 2
Involvement of calcium influx in palmitate-induced MIN6N8a cell apoptosis
Inhibitors

Palmitate
Non-treated
0.51
0.51
0.55
0.49
0.46
0.54
0.53
0.56
0.54
0.44
0.40
0.47
0.44
0.44
0.45
0.52
0.54
0.45
0.48
0.50
0.47
0.44
0.53

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.04
0.02
0.06
0.01
0.03
0.01
0.03
0.02
0.01
0.02
0.03
0.01
0.02
0.04
0.03
0.07
0.07
0.03
0.04
0.02
0.05
0.02
0.03
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Palmitate
Non-treated

500 M
1.24
1.21
1.14
1.12
1.05
1.19
0.97
1.21
1.25
1.26
1.22
1.24
1.22
1.17
1.11
1.21
1.21
1.13
1.00
1.01
0.85
1.08
0.75

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.01
0.01
0.01a
0.01a
0.01b
0.08
0.04a
0.01
0.03
0.01
0.05
0.04
0.04
0.10
0.02a
0.01
0.04
0.03
0.01a
0.04a
0.04b
0.01b
0.04b

MIN6N8a mouse beta cells was pretreated with fumonisin B1 (inhibitor
of sphingosine N-acetyltransferase), NG -methyl-l-arginine acetate (NMMA,
inhibitor of nitric oxide), rottrelin (PKC ␦ inhibitor), SN50 (NF-B inhibitor),
reduced glutathione (GSH, endogenous antioxidant), N-acetyl-cysteine (NAC,
anti-oxidant), SB203580 (p38 MAPK inhibitor), SP600125 (JNK inhibitor),
5 -aminoimidazole-4-carboxamide 1-␤-d-ribofuranoside (AICAR, AMP kinase
activator), bezafibrate (peroxisome proliferator-activated receptor ␣ agonist),
or ethylene glycol-bis(2-aminoethylether)-N,N,N ,N,-tetraacetic acid (EGTA,
extracellular Ca2+ chelator) for 30 min before adding 500 g/ml palmitate. After 24 h incubation, cell apoptosis was determined by Cell Death
Detection ELISA. Data are expressed as mean ± S.D. in four independent
experiments.
a P < 0.05 and b P < 0.01 vs. absorbance from palmitate-treated MIN6N8a cells.

3.4. Involvement of Ca2+ inﬂux in palmitate-induced rat
islet beta cell apoptosis
Since Ca2+ influx was thought to be a critical mediator of
palmitate-induced mouse beta cell apoptosis, we questioned
whether Ca2+ influx was also involved in palmitate-induced rat
beta cell death. We investigated the effect of nifedipine or Bay
K8644 on palmitate-induced SD rat islet cell apoptosis. DNA
fragmentation assay showed that nifedipine significantly protected palmitate-induced SD islet beta cell apoptosis whereas
Bay K8644 significantly enhanced palmitate-induced apoptosis
(Fig. 3A). Immunoblotting analysis for caspase 3 also showed
that nifedipine reduced, but Bay K8644 enhanced level of
cleaved caspase 3 in palmitate-treated SD islet cells (Fig. 3B).
The same protective and accelerative effects by nifedipine and
Bay K8644, respectively, were observed in palmitate-treated
rat INS-1 cells (Fig. 3C). Pretreatment of nifedipine reduced
cleaved caspase 3 level at 12 h after palmitate treatment, but pretreatment of Bay K8644 accelerated caspase 3 cleavage. Cleaved
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EGTA (0.25 mM)
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Nifedipine (5 M)
Nifedipine (10 M)
Nimodipine (5 M)
Nimodipine (10 M)
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NiCl2 (50 M)
NiCl2 (100 M)
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Diazoxide (200 M)
Xestospongin c (200 nM)
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Dantrolin (10 M)
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±
±
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±
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±
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0.05
0.02
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0.01
0.01
0.01a
0.04
0.04
0.04
0.01
0.02
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0.01
0.05

500 M
1.34
1.11
0.8
0.68
0.64
0.56
0.54
1.85
1.84
1.29
1.08
0.85
0.6
1.19
1.31
1.15
1.20

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.04
0.01b
0.01c
0.03c
0.02c
0.05c
0.03c
0.06b
0.01c
0.01
0.02b
0.02b
0.06c
0.04
0.04
0.07
0.05

MIN6N8a mouse beta cells were pretreated with EGTA (extracellular Ca2+
chelator), nifedipine (L-type Ca2+ channel blocker), nimodipine (L-type Ca2+
channel blocker), Bay K8644 (L-type Ca2+ channel opener), NiCl2 (non-specific
plasma Ca2+ channel blocker), diazoxide (KATP channel opener), xestospongin
c (IP3 receptor Ca2+ channel blocker), or dantrolin (ryanodine receptor Ca2+
channel blocker) for 30 min before adding palmitate (500 M). After 24 h incubation, cell apoptosis was determined using Cell Death Detection ELISA.
a P < 0.05 vs. absorbance from non-treated MIN6N8a cells. b P < 0.05 and
c P < 0.01 vs. absorbance from palmitate-treated MIN6N8a cells.

caspase 3 appeared at 6 h after palmitate and Bay K8644 treatment in INS-1 beta cells.
3.5. Involvement of Ca2+ inﬂux in palmitate-mediated AKT
and BAD dephosphorylation
Since activation of the mitochondial apoptotic pathway was
believed to be the main pathway of palmitate-induced MIN6N8a
cell apoptosis, the levels of several pro- and anti-apoptotic
molecules were determined by immunoblotting analysis after
palmitate treatment. The expressions of the phospho-forms of
Akt and Bad began to decrease from 12 h after palmitate treatment and continued to decrease until 36 h, while the levels of
other apoptosis-related molecules i.e., Bcl-xL, Bcl-2, Bad, and
Bid were little changed (Fig. 4A) and surprisingly, the level
of pro-apoptotic Bax reduced slightly. To determine whether
Ca2+ influx is involved in the palmitate-induced dephosphorylations of Akt and Bad, the levels of the phospho-forms
of Akt and Bad were monitored after pre-treating MIN6N8a
cells with Ca2+ channel blocker or opener. Pretreatment with
nifedipine prevented the palmitate-induced dephosphorylations
of Akt and Bad and stabilized the phospho-forms of Akt
and Bad for 36 h (Fig. 4B). On the other hand, simultaneous treatment with palmitate and Bay K8644 was followed
by the rapid dephosphorylations of phospho-Akt and -Bad
in 6 h after treatment (Fig. 4B). These findings show that
blocking of Ca2+ influx delayed the palmitate-induced dephosphorylations of Akt and Bad, whereas the opening of VDCC
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Fig. 3. Involvement of Ca2+ influx in palmitate-induced SD islet and INS-1 beta cell apoptosis. (A) Dissociated islet cells were treated with 0.5% BSA (Con) or
500 M palmitate in the presence of 10 M nifedipine (Nif) or 10 M Bay K8644 (Bay) for 24 h. Apoptotic death was determined by the Cell Death Detection ELISA.
(*) P < 0.05 vs. absorbance from palmitate-treated islet cells. (B) Caspase 3 activation was determined by immunoblotting with anti-cleaved caspase 3 antibodies.
(*) P < 0.05 vs. cleaved caspase 3 from palmitate-treated islet cells. (C) INS-cells were treated with 500 M palmitate in the presence of 10 M nifedipine or 10 M
Bay K8644. Caspase 3 activation was determined by immunoblotting with anti-cleaved caspase 3 antibodies. (*) P < 0.05 vs. cleaved caspase 3 at 12 h after palmitate
treatment in INS-1 cells. (#) P < 0.05 vs. cleaved caspase 3 at 6 h after palmitate treatment in INS-1 cells.

enhanced palmitate-induced dephosphorylations of Akt and
Bad.
3.6. Protection of MIN6N8a cells from palmitate-induced
apoptosis by expression of catalytically active Akt
Since phospho-Akt and -Bad were found to be reduced by
palmitate, and furthermore, because Bad was known to be a
direct substrate of Akt, the effect of Akt activation on palmitateinduced MIN6N8a cell apoptosis was investigated. Akt activity
was enhanced by transient transfection of catalytically active
(CA) Akt. As shown in Fig. 5A, CA Akt significantly reduced
palmitate-induced DNA fragmentation, suggesting that CA Akt
protected palmitate-induced MIN6N8a cell apoptosis. As shown
in Fig. 5B, the transient expressions of WT and CA Akt increased
the protein levels of exogenous Akt but only CA Akt significantly reduced the level of palmitate-induced cleaved caspase
3. In accelerated model of cell apoptosis by treatment of both
palmitate and Bay K8644, CA Akt also significantly reduced
cleaved caspase 3 level, suggesting that the dephosphorylation
of Akt and the subsequent inactivation of Akt are involved in
palmitate-induced MIN6N8a cell apoptosis (Fig. 5B).
3.7. Involvement of calcineurin in palmitate-induced
MIN6N8a cell apoptosis
Since Ca2+ influx was thought to be a critical mediator of
palmitate-induced MIN6N8a cell apoptosis, we wondered what

type of Ca2+ -activated signals were involved in this process.
We examined the involvement of Ca2+ signals by pre-treating
MIN6N8a cells with different Ca2+ -activated enzyme inhibitors
and then by measuring their protective effects. Calpain inhibitors
such as MDL28170, PD150606, and Calpain II inhibitor did
not have any significant protective effect on palmitate-induced
apoptosis, but CaMK II-specific peptide inhibitor showed a
significant protective effect. However, the calcineurin inhibitor
deltamethrin had a more significant protective effect (Fig. 6A).
To elucidate whether Akt and Bad dephophorylations were
mediated by Ca2+ -activated calcineurin, the levels of the
phospho-forms of Akt and Bad were analyzed by immunoloting after treating cells with deltamethrin prior to palmitate. The
pre-treatment of deltamethrin delayed palmitate-induced Akt
and Bad dephosphorylation and furthermore, reduced palmitateinduced caspase 3 cleavage, compared to palmitate treatment
alone (Fig. 6B).
3.8. Involvement of Ca2+ inﬂux in palmitate-induced
endoplasmic reticulum stress
ER stress has been proposed to be a critical mediator of
FFA-induced beta cell death. To determine whether ER stress
is induced by palmitate in MIN6N8a cells, CHOP and GRP78
levels were investigated by immunoblotting. As shown in
Fig. 7, 500 M palmitate up-regulated CHOP expression, timedependently, but the same treatment did not affect the expression
of GRP78. To determine whether Ca2+ influx is involved in
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Fig. 4. Involvement of Ca2+ influx in the palmitate-induced dephosphorylation of Akt and Bad in MIN6N8a cells. (A) MIN6N8a mouse beta cells were treated
with 500 M palmitate. Expression level of apoptotic molecules was analyzed by immunoblotting with anti-Bcl-xL, Bcl-2, Bax, phosphorylated Akt (P-Akt),
phosphorylated Bad (P-Bad), Bad, Bid, or actin antibodies. (*) P < 0.05 vs. phosphorylated Akt at zero time. (#) P < 0.05 vs. phosphorylated Bad at zero time. (B)
MIN6N8a cells were treated with 500 M palmitate in the presence of 10 M nifedipine or 10 M Bay K8644. The phospho-Akt and phospho-Bad were analyzed
by immunoblotting. (*) P < 0.05 vs. phosphorylated Akt at 12, 24 or 36 h after palmitate treatment. (#) P < 0.05 vs. phosphorylated Bad at 24 or 36 h after palmitate
treatment. ($) P < 0.05 vs. phosphorylated Akt at 6 or 12 h after palmitate treatment. (+) P < 0.05 vs. phosphorylated Bad at 6 h after palmitate treatment.

palmitate-induced CHOP expression, the effects of nifedipine
or Bay K8644 on palmitate-induced CHOP expression were
investigated. It was found that nifedipine delayed palmitateinduced CHOP expression whereas Bay K8644 accelerated. The
expression of CHOP began to appear from 36 h after palmitate
treatment in the presence of nifedipine, while, in the presence
of Bay K8644, palmitate-induced CHOP expression began to
appear in 12 h post palmitate treatment. These results demonstrate that Ca2+ influx is involved in palmitate-induced ER stress
induction in MIN6N8a cells.
4. Discussion
FFA-induced beta cell death is thought to be a contributor to
the pathogenesis of type 2 diabetes. This work was undertaken to
elucidate the cellular mechanism of FFA-induced beta cell death.

Exposure of palmitate induced mouse MIN6N8a cell death
through mitochondrial apoptotic pathway. Ca2+ influx through
VDCC was found to be critically required for this apoptotic process since VDCC blockers such as nifedipine and nimodipine
significantly protected MIN6N8a cells from palmitate-induced
apoptosis, whereas the VDCC opener Bay K8644 accelerated
this process. Palmitate treatment was found to reduce the phosphorylations of Akt and Bad and the dephosphorylations were
dependent on Ca2+ influx. Palmitate induced CHOP expression
as an ER stress response and the induction of CHOP were also
dependent on Ca2+ influx.
Although pharmacological inhibitors used in the present
study have their limitations, our data provide valuable
information about relative roles of different mediators in
palmitate-induced MIN6N8a cell apoptosis. Previously known
mediators such as ceramide, NO, and PKC-␦ were found to be
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Fig. 5. Prevention of palmitate-induced MIN6N8a cell apoptosis by catalytically active Akt transfection. MIN6N8a cells were transfected with pCDNA3 control
vectors (pC), wild type (WT) human Akt expression vectors or catalytically active (CA) human Akt vectors using LipofectamineTM . Transfected cells were then
treated with palmitate (500 M) for 24 h after 36 h transfection. (A) Cell apoptosis was determined using the Cell Death Detection ELISA kit. (*) P < 0.05 vs.
absorbance from 500 M palmitate-treated cells with pCDNA3 transfection. (B) Caspase 3 activation was determined by immunoblotting with cleaved caspase 3
antibodies. (*) P < 0.05 vs. cleaved caspase 3 from palmitate-treated and pCDNA3-transfected cells. (#) P < 0.05 vs. cleaved caspase 3 from palmitate- and Bay
K8644-treated, and pCDNA3-transfected MIN6N8a cells.

involved, but their relative contributions were not so great. In particular, NF-B and JNK were uninvolved in palmitate-induced
MIN6N8a cell death. Our data are in accord with recent reports
that most mediators like ceramide, NO, PKC-␦, and NF-B are
slightly involved in FFA-induced beta cell death (Cnop et al.,
2001; Beeharry et al., 2004; Kharroubi et al., 2004; Listenberger
et al., 2001; Welters et al., 2004). On the other hand, enhanced
lipogenic pathway appeared to play a critical role in palmitatemediated apoptosis since AICAR or bezafibrate had a strong
protective effect on palmitate-induced MIN6N8a cell apoptosis.
The synergistic effect of elevated glucose on FFA-induced beta
cell death in rat INS-1 beta cells (El-Assaad et al., 2003) supports
the lipid partitioning hypothesis (Prentki et al., 2002). How-

ever, in our experiments, the presence of high glucose (16.5 or
25 mM) had protective effects on palmitate-induced MIN6N8a
cell apoptosis, rather than a synergistic toxic effect (data not
shown), suggesting that high glucose provides a survival signal
in palmitate-treated MIN6N8a cells.
Ca2+ influx was found as a critical mediator of palmitateinduced MIN6N8a cell death. The contribution of Ca2+ influx
to palmitate-induced beta cell apoptosis was supported by a
report that KN-62, a CaMK II inhibitor, can protect BRIN-BD11
beta cells from palmitate-induced apoptosis without CaMK II
inhibitory activity (Welters et al., 2004), because KN-62 has
known to be a blocking activity of Ca2+ influx (Bhatt et al., 2000).
On the other hand, Ca2+ release from intracellular calcium stores

Fig. 6. Involvement of calcineurin in the palmitate-induced MIN6N8a cell apoptosis. (A) MIN6N8a cells were treated with different inhibitors of various Ca2+ activated enzymes, namely, 10 M deltamethrin (calcineurin inhibitor), 5 M MDL28170 (calpain inhibitor), 10 M PD150606 (calpain inhibitor), 20 M Calpain
II inhibitor (calpain inhibitor), or 10 M CaMK II peptide inhibitor (calcium/calmodulin kinase II inhibitor) before 500 M palmitate treatment. Cell apoptosis was
determined using the Cell Death Detection ELISA kit. (*) P < 0.05 vs. absorbance from palmitate-treated cells. (B) MIN6N8a cells were treated with palmitate in
the absence or presence of deltamethrin (10 M). Apoptotic process was determined by immunobloting with anti-phosphorylated Akt (P-Akt), Akt, phosphorylated
Bad (P-Bad), Bad, and cleaved caspase 3 (C-Cas3) antibodies. (*) P < 0.05 vs. phospho-Akt at 24 or 36 h after palmitate treatment. (#) P < 0.05 vs. phospho-Bad at
24 or 36 h after palmitate treatment. ($) P < 0.05 vs. cleaved caspase 3 at 24 or 36 h after palmitate treatment.

S.-E. Choi et al. / Molecular and Cellular Endocrinology 272 (2007) 50–62

59

Fig. 7. Involvement of Ca2+ influx in palmitate-induced ER stress response. MIN6N8a cells were treated with 500 M palmitate in the presence of 10 M nifedipine
or 10 M Bay K8644. ER stress induction was determined by immunoblotted with anti-CHOP and GRP78 antibodies. (*) P < 0.05 vs. CHOP from untreated cells.
($) P < 0.05 vs. CHOP at 36 h after palmitate treatment. (#) P < 0.05 vs. CHOP at 24 h after palmitate treatment.

was not involved in palmitate-induced MIN6N8a cell apoptosis since xestospongin c (a blocker of IP3-meidated Ca2+
release) and dantrolin (a blocker of ryanodine receptor-mediated
Ca2+ release) did not affect palmitate-induced apoptosis. The
activation of calpain, calcineurin, and CaMK, through the
sustained elevation of Ca2+ , was thought to be main Ca2+ activated enzymes promoting apoptotic signals (Hajnoczky et
al., 2003). Opening mitochondrial permeability transition pore
(MPT) by overloading Ca2+ in mitochondria was reported to
be another target of Ca2+ -mediated apoptosis (Hajnoczky et
al., 2003). In the case of palmitate-induced MIN6N8a cell
death, MPT opening appeared to occur since cytochrome c
release into the cytosolic fraction was distinct. However, it is
not clear whether this opening was induced by direct Ca2+
overloading in mitochondria or not. Since our data show that
palmitate induces Bad dephosphorylation, possibly through Akt
dephosphorylation, and the dephosphorylated Bad can elicit
mitochondrial pore opening with cytochrome c release, MTP
opening in palmitate-treated MIN6N8a cells seemed to caused
by Bad binding Bcl-2 and Bcl-xL. The calcineurin inhibitor
deltamethrin had a significant protective effect on palmitateinduced MIN6N8a cell apoptosis and the CaMK II peptide
inhibitor showed a weak protective effect. On the other hand,
several calpain inhibitors did not show any significant protective effect. These results suggest that the activation of calcium
phosphatase was the main mediator of palmitate-induced beta
cell death. Our result is in accord with a previous report that
calcineurin activation was critically involved in beta cell death
by cytokine such as IL-1␤, TNF-␣ and IFN-␥ (Zaitsev et al.,
2001).

Early studies reported that short-term treatment with FFAs
augments insulin secretion through intracellular Ca2+ elevation (Newgard and McGarry, 1995; Prentki and Corkey, 1996;
McGarry and Dobbins, 1999). In this situation, FFAs can produce ATP and result in cytosolic Ca2+ elevation (Prentki and
Corkey, 1996). In addition, FFAs have been reported to stimulate the electrical activity of beta cells, which suggests that FFAs
can enhance Ca2+ influx (Fernandez and Valdeolmillos, 1998).
However, because chronic exposure of beta cells to FFAs, especially in the presence of glucose, prefers lipogenic pathway,
LC-CoAs, metabolic intermediates in the lipogenic pathway,
are thought to be candidates for the elevation of [Ca2+ ]i . In
particular, palmitoyl-CoA has been reported to elicit the elevation of [Ca2+ ]i by directly regulating VDCC (Warnotte et al.,
1994; Haber et al., 2003) or by mobilizing calcium from internal calcium stores (Fitzsimmons et al., 1997). Another study
reports that the influx of Ca2+ through VDCC plays a role
in sustaining palmitate-evoked Ca2+ elevation (Remizov et al.,
2003).
To elucidate the mechanism of palmitate-induced MIN6N8a
cell apoptosis, the level of several pro- or anti-apoptotic
molecules was investigated. Phospho-form of Bad and Akt
was reduced by palmitate treatment, while decreased Bcl-2 or
increased Bax have been suggested to be involved in FFAinduced rat or human beta cell death (Lupi et al., 2002; Piro
et al., 2002; Maestre et al., 2003). Because Bad is phosphorylated by Akt and the phosphorylated Bad inhibit Bad binding
to Bcl-2 and Bcl-xL (Zha et al., 1996), the dephosphorylation of Bad through Akt inactivation appears to be critical
in palmitate-induced MIN6N8a cell apoptosis. Moreover, our
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observation that the transient expression of active Akt protected
palmitate-induced MIN6N8a cell apoptosis supports the role of
Bad and Akt dephospholation in the process. Several reports
have pointed out that Akt signaling pathway plays a role in FFAinduced beta cell death (Wrede et al., 2002; Lingohr et al., 2003).
Down-regulation of Akt upstream signals such as IRS-1/2, PI3K
or PDK1, translocation of Akt, and the activation of protein
phosphatase have been suggested to be involved in the downregulation of Akt signals (Wrede et al., 2002). Our data suggest
that Akt dephosphorylation by palmitate treatment is mediated
by Ca2+ -activated phosphatase. Several reports that Akt dephosphorylation can be enhanced by [Ca2+ ]i elevation (Kageyama et
al., 2002; Yasuoka et al., 2004) supports our result. However, it
remains to be determined whether Ca2+ -activated calcineurin is
directly involved in Akt dephosphorylation, since protein phosphatase 2A (PP2A) is known to be a major phosphatase in
Akt dephosphorylation (Millward et al., 1999), whereas protein phosphatase 2B (PP2B) like calcineurin is known to be
responsible for Bad dephosphorylation (Springer et al., 2000;
Yang et al., 2004; Cardoso and Oliveira, 2005). The possibility
that deltamethrin may directly inhibit protein phosphatase PP2A
cannot be excluded.
Beta cells are highly susceptible to ER stress (Araki et al.,
2003). Unfolded protein response (UPR) comprising of the
transient inhibition of translation, chaperone elevation, and ERassociated degradation (ERAD) can be elicited to counteract ER
stress (Xu et al., 2005). However, apoptotic pathways including caspase 12 activation, JNK activation, and CHOP/Gadd153
induction can be initiated when the defensive UPR cannot tolerate ER stress (Xu et al., 2005). Recently, FFAs were suggested to
induce ER stress response (Kharroubi et al., 2004). In particular,
palmitate-treated INS-1 rat beta cells selectively up-regulated
the expression of death-related CHOP (Karaskov et al., 2006).
In our results, CHOP was up-regulated and the CHOP induction
by palmitate was partly mediated by Ca2+ influx. Our finding that
palmitate-induced Ca2+ influx and subsequent [Ca2+ ]i elevation
might affect ER stress response is in accord with a presumption
that breakdown of [Ca2+ ]i homeostasis is a critical modulator of ER stress response (Xu et al., 2005). Based on a recent
report that Akt inactivation in thapsigargin-treated cells induces
CHOP expression (Hyoda et al., 2006), we can hypothesize that
palmitate-induced Ca2+ influx reduces Akt signals and that this
reduction may up-regulate CHOP expression.
In conclusion, palmitate, a saturated fatty acid, induced beta
cell apoptosis and this apoptosis was found to be dependent on
Ca2+ influx. Ca2+ -activated phosphatase calcineurin seemed to
be critically involved in this apoptotic process via the dephosphorylation of Akt and Bad. Death-related ER stress CHOP
signals were induced by palmitate treatment, and this induction
was also Ca2+ influx-dependent. Our results suggest that Ca2+ meidiated apoptotic signals are involved in beta cell destruction
during the development of type 2 diabetes.
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