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a b s t r a c t
Free fatty acids (FFAs) are believed to be a stimulus to elicit beta cell dysfunction. The present study was
undertaken to determine whether endoplasmic reticulum (ER) stress was involved in palmitate-induced
inhibition of glucose-stimulated insulin secretion (GSIS) and whether reduction of ER stress using a
chemical chaperone restored the GSIS-inhibition. Treatment of INS-1 cells with 300 lM palmitate for
24 h elicited ER stress, showing increased levels of phospho-eIF2a, Bip and spliced XBP, and also induced
GSIS-inhibition without reduction of cell viability. Replenishment with 4-phenyl butyric acid (4-PBA) as a
chemical chaperone reduced the palmitate-induced-ER stress and signiﬁcantly reversed the palmitateinduced GSIS-inhibition. Furthermore, 4-PBA ameliorated palmitate-induced GSIS-inhibition in primary
rat islet cells. These data suggested that ER stress was involved in FFA-induced GSIS-inhibition and that
the FFA-induced beta cell dysfunction could be ameliorated by treatment with a chemical chaperone.
Ó 2008 Elsevier Inc. All rights reserved.

A deﬁciency of insulin through the loss of beta cell function as
well as mass, and a subsequently impaired compensation against
insulin resistance is believed to be a pathogenic cause of type 2
diabetes [1]. Increased free fatty acids (FFAs)1, alone or in conjunction with hyperglycemia, have been proposed to trigger insulin
deﬁciency in type 2 diabetes. This was proposed on the basis of
several studies, which have demonstrated that long-term exposure
to saturated FFAs could elicit the inhibition of glucose-stimulated
insulin secretion (GSIS), down-regulation of insulin gene expression,
and cell death in cultured beta cells as well as isolated islets [2–4].
The cellular injury through excess FFA levels, accompanied by
triglyceride accumulation, is termed lipotoxicity.
The cellular mechanisms of FFA-mediated lipotoxicity in beta
cells are not fully understood. In islets that were chronically
exposed to FFA, impairment of cell function was associated with
altered mitochondrial function and included the overexpression
of uncoupling protein-2 (UCP-2), which resulted in impaired glucose oxidation and reduced ATP production [5,6]. The production
of reactive oxygen species (ROS) by elevated concentrations of
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FFAs suggested that oxidative stress and its subsequent activation
of stress kinases were involved in FFA-induced beta cell dysfunction and cell death [7,8]. Accumulation of long chain acyl-CoAs or
lipid derivatives such as diacylglycerol, lysophosphatidic acid,
and sphingosine have also been suggested to be involved in promoting beta cell death through the activation of the ceramideand PKC-d-induced apoptotic pathway [4,9]. On the other hand,
down-regulation of the IRS/PI3 kinase/Akt signaling pathway was
reported to be critical for induction of FFA-induced lipotoxicity
[10]. Recently, endoplasmic reticulum (ER) stress was also suggested to be a mediator of FFA-induced beta cell death [11,12].
ER stress is a response to unfolded proteins in the ER as well as
conditions breaking ER homeostasis [13]. Adaptive responses to
dissipate ER stress are ﬁrst activated by means of general translation attenuation, transcriptional up-regulation of molecular chaperones, and activation of ER-associated protein degradation.
Activation of PERK, ATF6a, and inositol requirement 1 (IRE1) are
three initiation sensors of the ER stress response [14]. Upon release
from BiP (GRP78), a molecular chaperone in ER lumen, PERK
dimerizes and thereby triggers its phosphorylation and activation,
leading to the phosphorylation of eIF2a, which attenuates the rate
of translation initiation and activates a transcription factor ATF4.
The release of BiP from IRE1 also activates endonuclease activity,
thereby initiating the splicing of a 26-base intron from the X-
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box-binding protein 1 (XBP1) mRNA. The spliced XBP1 then elicits
transcriptional activation of several molecular chaperones, including BiP. The release of BiP from ER membrane also allows for the
translocation of ATF6 to the cis-Golgi compartment, where it
cleaved by site-1 and -2 proteases and acts as a transcription factor
for augmenting ER folding capacity. Should the ER stress response
be prolonged and/or the adaptive response fails, the apoptotic
death pathway can be triggered. While signals through PERK and
ATF6 can induce death signals by activation of CHOP (C/EBP
homologous protein), the signals through IRE1a provides death signals through the activation of c-Jun N-terminal kinase (JNK) and
caspase 12 [15]. Presently, ER stress is thought to be a link between
obesity and insulin resistance, and is thus postulated to act as a
mediator in obesity-induced type 2 diabetes [16]. Increased levels
of phospho-PERK and eIF2a and activation of JNK were found in the
liver and adipose tissues of obese mice [16].
While ER stress was reported to be a mediator in FFA-induced
beta cell death, the role of ER stress in FFA-induced GSIS-inhibition
has not yet been described. A chemical chaperone, 4-phenyl butyric acid (4-PBA), was shown to reduce ER stress and normalize
hyperglycemia by restoration of insulin sensitivity in obese and
diabetic mice [17]. In this study, we examined whether low concentrations of palmitate, eliciting GSIS-inhibition but not cell
death, induced the ER stress responses in INS-1 beta cells, and
whether a chemical chaperone reduced the ER stress responses
and restored palmitate-induced GSIS-inhibition. The protective effect of 4-PBA on palmitate-induced GSIS-inhibition was also examined in primary islet cells.
Materials and methods
Materials
Palmitate,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoilium
bromide
(MTT), and 4-phenylbutyrate (4-PBA) were obtained from Sigma–Aldrich (St. Louis,
MO). All the chemicals were dissolved in either the appropriate media solution or
dimethyl sulfoxide (DMSO) and then treated at required working dilutions. Ficoll
was obtained from Amersham Pharmacia Biotech (Arlington Height, IL) and collagenase P from Roche Applied Science (Mannheim, Germany). Brefeldin A-BODIPY 558/
568 conjugate isomer 1 was purchased from Invitrogen (Carlsbad, CA). Antibodies
were obtained as follows; XBP, CHOP, and actin antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA); anti-P-eIF2a and eIF2a antibodies from Cell
Signaling Technology (Beverly, MA); BiP antibodies were obtained from BD Biosciences (San Jose, CA); anti-calnexin and anti-PDI antibodies were purchased from
Stressgen (Victoria, BC, Canada).
Cells and culture
INS-1 rat insulinoma cells were grown in RPMI 1640 medium supplemented with
10% fetal bovine serum (Invitrogen), 100 U/mL penicillin, 100 g/mL streptomycin, and
10 mM HEPES at 37 °C in a humidiﬁed atmosphere containing 95% air and 5% CO2.
Isolation of rat pancreatic islet cells
Islets were isolated from 12-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. The collagenase digestion reaction was
stopped by addition of cold Hank’s balanced salt solution (HBSS) (Invitrogen) and
the swollen tissues were dissociated by repetitive pipetting and passing through
a 400-lm mesh. The islets were then separated by gradient centrifugation at
2000g for 10 min on 25, 23, 21.5, and 11.5% Ficoll. Islets at the interface between
the 21.5% and 11.5% Ficoll fractions were collected and washed with HBSS. Healthy
islets of appropriate sizes were hand-picked under a stereomicroscope. To obtain
dissociated islet cells, isolated islets were digested by treatment with trypsin-EDTA
(Invitrogen) for 2 min. The dissociated cells were incubated in RPMI 1640 medium
supplemented with 10% FBS.

in phosphate-buffered saline (PBS) at an 8:1 molar ratio of palmitate to BSA. The
palmitate/BSA conjugates were directly administered onto cultured cells.
Quantitation of insulin
INS-1 (2  105) or islet cells (2  104) on 24-well plates were washed twice with
KRB buffer (24 mM NaHCO2, 1.2 mM MgCl2, 1 mM HEPES, 129 mM NaCl, 4.8 mM
KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 0.2% BSA, 0.2 mM glucose, pH 7.4) and then
incubated in the same buffer for 1 h. Insulin secretion was stimulated by treatment
of cells with 5.6 mM glucose or 16.7 mM glucose for 2 h. At the end of the incubation, the amount of insulin released into the supernatant was quantiﬁed using a rat
insulin RIA kit (Linco Research, St. Charles, MO). Brieﬂy, the diluted medium supernatant was mixed with 125I-insulin and anti-insulin antibody and then incubated
overnight at 4 °C. After incorporating the precipitating reagents to the mixtures
and further incubating at 4 °C for 20 min, the aggregates were collected by centrifugation at 2000g for 20 min. Radioactivity in the pellet aggregates was quantiﬁed
using a gamma-counter (Perkin-Elmer, Fremont, CA). The amount of insulin was
then calculated using a standard curve.
Cell viability assay
Brieﬂy, the 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) was then added. After
incubating for 30 min at room temperature, absorbency was measured at 570 nm
using a microplate reader (Bio-Rad, Hercules, CA).
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)]
and then incubated on ice for 30 min. Insoluble proteins were removed by centrifugation at 12,000g for 10 min. The protein concentration in the lysates was determined using commercially available protein assay kits (Bio-Rad, Hercules, CA). An
equal volume of 2 SDS sample buffer [125 mM Tris–Cl, (pH 6.8), 4% SDS, 4% 2mercaptoethanol, 20% glycerol] was added to lysates. Equivalent amounts of total
protein (10–30 lg) were loaded onto each well of a 10–15% polyacrylamide gels,
electrophoresed, and then transferred onto PVDF membranes (Millipore, Bedford,
MA). After blocking these membranes with 5% skimmed milk for 30 min, target
antigens were reacted with primary antibodies and subsequently secondary antibodies, i.e., horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG
antibodies. Immunoreactive bands were developed using an enhanced chemiluminescence detection system (GE Healthcare).
Morphological analysis of endoplasmic reticulum (ER) by confocal laser scanning
microscopy
INS-1 cells (2  105) grown on the chambered cover-glass were treated with
300 lM palmitate for 12 h and then washed with PBS. For staining ERs, cells on
the cover-glass were overlaid with brefeldin A-BODIPY 558/568 conjugate isomer
1 at 37 °C for 10 min. After washing with PBS, the stained cells were analyzed under
a confocal laser scanning microscope (Zeiss, Germany). To observe red ﬂuorescence
of BODIPY, a 543 nm laser was used as the excitation wavelength and the emitted
ﬂuorescence was passed through a 570 nm long-pass ﬁlter.
Quantitative analysis of ER integrity by ﬂow cytometer
INS-1 cells (2  105) grown on a 24-well plate were treated with 300 lM palmitate for 12 h. Cells were detached from culture plates by digesting with trypsin
(Invitrogen) and then sedimented by centrifugation at 500g for 5 min. To quantitatively analyze the integrity of the ER, the cells were stained with brefeldin A-BODIPY 558/568 conjugate isomer 1 at 37 °C for 10 min and the ﬂuorescence intensity of
the stained cells was then analyzed on a FACSVantage SE (Becton–Dickinson).
Statistics
Data were presented as the means ± SD (standard deviation) values for four independent experiments. Statistical differences between groups were determined by
using the Student’s t-test. P-values of <0.05 were considered to be statistically
signiﬁcant.

Results

Palmitate preparation

Palmitate reduced glucose-mediated stimulation effect on insulin
secretion in INS-1 beta cells

Palmitate/BSA (bovine serum albumin) conjugates were prepared as described
previously [18]. Brieﬂy, a 20 mM solution of palmitate in 0.01 M NaOH was incubated at 70 °C for 30 min and the palmitate soaps were then mixed with 5% BSA

To examine the concentration of palmitate that effectively induced GSIS-inhibition, INS-1 cells were treated with different con-
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centrations of palmitate as palmitate/BSA conjugates for 24 h and
the level of GSIS was then determined by measuring the amount
of insulin released after incubation of the cells with high glucose
(HG: 16.7 mM) for 2 h. Basal secretion of insulin was determined
by measuring the insulin released by 5.6 mM glucose (LG). As
shown in Fig. 1A, the HG-stimulated insulin level was about 3-fold
higher than the basal level released by LG. Pre-treatment of the
INS-1 cells with 200 or 300 lM palmitate signiﬁcantly reduced
GSIS, compared to untreated cells. In particular, palmitate at a concentration of 300 lM reduced GSIS to around 45% of untreated
cells. The level of insulin stimulated by HG in 300 lM palmitatetreated INS-1 cells was similar to that of insulin released by LG,
demonstrating that pre-treatment with 300 lM palmitate almost
completely inhibited HG-mediated stimulation effect on insulin
secretion. On the other hand, pre-treatment with palmitate increased the basal secretion of insulin in a palmitate concentration-dependent manner. The MTT assay showed that treatment
with 300 lM palmitate for 24 h did not affect cell viability (Fig.
1B). However, longer incubation of INS-1 cells with 300 lM palmitate was slightly cytotoxic to INS-1 cells. Incubation of the cells
with 300 lM palmitate for 48 h also reduced cell viability to
around 15%. This data demonstrated that appropriate incubation
of the cells with low doses of palmitate was able to elicit GSIS-inhibition in INS-1 cells without affecting cell viability.
Low dose palmitate-induced the ER stress response
To determine whether the treatment of INS-1 cells with low
doses of palmitate elicited the ER stress response, expression levels
of molecules involved in the ER stress were analyzed by immunoblotting techniques. Incubation of INS-1 cells with different concentrations of palmitate showed that a 300 lM palmitate
treatment for 24 h, the dose eliciting GSIS-inhibition without
reduction of cell viability, induced the expression of several ER
stress molecules, including phospho-eIF2a, BiP, and spliced XBP
(Fig. 2A), but excluding protein disulﬁde isomerase (PDI),
cleaved-calnexin, and CHOP. On the other hand, a higher concen-

Fig. 1. Reduction of GSIS in palmitate-treated INS-1 cells. (A) INS-1 cells were treated with different concentrations of palmitate for 24 h. Palmitate-treated cells
were incubated in KRB buffer for 1 h and then stimulated with 5.6 mM glucose (low
glucose: white bars) or 16.7 mM glucose (high glucose: black bars) for 2 h. The
amount of insulin released into the supernatants was measured using an insulin RIA
kit. Data are expressed as means ± SD for four independent experiments. (B) INS-1
cells were treated with 300 lM palmitate for 12, 24, 48, and 72 h and then the cell
viability was determined by MTT viability assay. Data are expressed as means ± SD
for four independent experiments. *P < 0.05 or **P < 0.01 vs. viability of palmitateuntreated INS-1 cells.
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tration (400 lM) of palmitate, or a longer incubation period with
300 lM palmitate, increasingly induced the levels of phosphoeIF2a, BiP, and XBP and also elicited enhanced expression of
cleaved-calnexin and CHOP (Fig. 2B). This data demonstrated that
the stress responses in ER were palmitate dose-dependent, and
that the induction of ER stress molecules by palmitate was selective. The dose of palmitate eliciting GSIS-inhibition without a
reduction in cell viability was sufﬁcient for induction of several
ER stress response molecules, such as phosphor-eIF2a, BiP, and
XBP.
4-PBA reduced the ER stress response
To determine whether the chemical chaperone, 4-PBA, reduced
the palmitate-induced ER stress response, INS-1 cells were treated
with 300 lM palmitate in the presence of 0.5 mM 4-PBA and the
levels of phospho-eIF2a were then analyzed. Phospho-eIF2a induced by 300 lM palmitate was signiﬁcantly reduced by co-treatment of the cells with 4-PBA (Fig. 3A). Just as shown previously by
others [19], we also observed changes in the morphology and distribution of the ER in palmitate-treated INS-1 cells using Brefeldin
A-BODIPY-staining [20]. Treatment of the cells with 300 lM palmitate for 12 h altered the morphology and distribution of Brefeldin
A-BODIPY-stained ERs (Fig. 3B). The ER morphology was altered
from a dispersed pattern to that of a localized punctated pattern,
possibly demonstrating the formation of ER vacuoles. The effect
of 4-PBA on the morphological changes of the ER in palmitate-treated INS-1 cells was also examined. 4-PBA reduced the Brefeldin ABODIPY-stained ER punctations and restored the staining pattern
of ERs to that of a normal dispersed pattern within the cytoplasm.
Furthermore, when ﬂuorescence levels were measured by ﬂow
cytometry, the ﬂuorescence intensity of Brefeldin A-BODIPY was
shown to have been reduced by palmitate-treatment. However,
the co-treatment of the cells with 4-PBA normalized the reduced
intensity to that of palmitate-untreated cells (Fig. 3C).
4-PBA reduced palmitate-induced GSIS-inhibition
To determine whether 4-PBA reduced palmitate-induced inhibition of GSIS, INS-1 cells were treated with 300 lM palmitate for
24 h in the presence of 0.25 and 0.5 mM 4-PBA and the levels of
GSIS were then quantiﬁed. As shown in Fig. 4A, 4-PBA restored
palmitate-induced GSIS-inhibition in a dose-dependent manner.
A 0.5 mM concentration of 4-PBA was shown to be sufﬁcient in almost completely reversing GSIS inhibition. To determine whether
palmitate induced GSIS-inhibition and whether 4-PBA had the
same protective effect on primary islet cells as it had on INS-1 cells,
islets were isolated from SD rats and single cells were then prepared. The palmitate-induced inhibitory effect on GSIS and the protective effect by 4-PBA on palmitate-induced GSIS-inhibition were
also investigated with the dissociated islet cells. Levels of insulin
stimulated by HG were found to be 8-fold higher than basal insulin
levels stimulated by LG, demonstrating that the stimulation effect
by glucose on insulin secretion was much stronger in isolated islet
cells than in INS-1 cells (Fig. 4B). Palmitate also inhibited GSIS in
isolated islet cells, although the inhibitory effect by palmitate
was weaker when compared to its effect on INS-1 cells. As observed in INS-1 cells, 4-PBA was found to have signiﬁcant protection against palmitate-induced GSIS-inhibition in primary islet
cells and the protective effect was 4-PBA dose-dependent (Fig. 4B).

Discussion
The present studies were undertaken to examine whether low
doses of palmitate induced ER stress in beta cells and whether
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Fig. 2. Induction of the ER stress response in palmitate-treated INS-1 cells. INS-1 cells were treated with different concentrations of palmitate for 24 h (A) or with 300 lM
palmitate for 0, 12, 24, or 36 h (B). INS-1 cells were collected at the indicated times and the whole protein lysates were prepared by LIPA extraction and differential
centrifugation (described in Materials and methods). The proteins were electrophoretically resolved and then transferred onto PVDF membranes. The molecules induced
during the ER stress response were identiﬁed and analyzed by immunoblotting with anti-phospho-eIF2a, anti-BiP, anti-XBP, anti-PDI, anti-calnexin, and anti-CHOP antibodies. Data are expressed as the means ± SD values for four independent experiments. *P < 0.05 or **P < 0.01 vs. immunoblots of molecules isolated from palmitate-untreated
INS-1 cells.

the reduction of ER stress by treatment with a chemical chaperone
reversed palmitate-induced GSIS-inhibition. Treatment of the cells
with non-lethal doses of palmitate elicited beta cell dysfunction,
including suppression of GSIS, in both INS-1 and primary islet cells
and also induced ER stress, even though the stress responses were
relatively weak. On the other hand, co-treatment of the cells with
the chemical chaperone, 4-PBA, reduced palmitate-induced ER
stress and reversed the palmitate-induced GSIS-inhibition.
Several in vitro studies showed that FFAs were able to modulate
GSIS. Whereas acute application of FFAs enhanced GSIS by augmentation of KATP-independent amplifying pathways [21], prolonged exposure of FFAs decreased GSIS [2,22]. Although the
mechanism behind FFA-induced GSIS-inhibition has not yet been
fully established, it is believed that the down-regulation of PDX1 [23], depression of ATP/ADP ratio [24], activation of KATP channel
[25], and interference with insulin exocytosis [26] contribute toward FFA-induced GSIS-inhibition. In our studies, treatment of
cells with 200 lM palmitate for 24 h signiﬁcantly inhibited GSIS
whereas 300 lM palmitate for 24 h almost completely suppressed
the glucose-mediated stimulatory effect on insulin secretion, demonstrating that palmitate had an inhibitory effect on GSIS and that
this effect was palmitate-dose-dependent. Since a higher dose
(400 lM palmitate for 24 h or longer incubation periods with
300 lM) of palmitate was found to be lethally toxic to INS-1 cells,
we were unable to analyze the effect of such a treatment on GSIS
levels. However, treatment of INS-1 cells with a lower dose of
palmitate (100 lM palmitate for 24 h) showed an enhanced effect
on GSIS, as has been previously reported [21]. These data suggested

that palmitate differently affected beta cell function according to
the dosage used. A low dose of FFA had a beneﬁcial effect on GSIS,
whereas a medium dose elicited GSIS-inhibition. Furthermore, a
high dose of FFA induced beta cell death.
Oxidative stress, through the generation of ROS, has been implicated in FFA-induced GSIS-inhibition [7]. Since FFA has been
shown to generate ROS in beta cells and anti-oxidants have been
reported to prevent FFA-induced GSIS-inhibition [27,28], oxidative
stress was postulated to be a key mediator in the induction of FFAinduced beta cell dysfunction. Although the mechanisms by which
oxidative stress affects beta cell function have not been well-deﬁned, reduced production of ATP, possibly through UCP-2 induction, was reported to be a plausible mechanism for explaining
FFA-induced beta cell dysfunction [5]. In contrast, Moore et al. reported that not only were ROS levels unaffected by palmitate, but
that the palmitate-induced beta cell dysfunction was not protected
by an antioxidant N-acetylcysteine (NAC) [27]. Our preliminary
experiments using antioxidants such as NAC and reduced glutathione (GSH) suggested that oxidative stress may not be involved in
palmitate-induced GSIS-inhibition (data not shown). The role of
ROS in FFA-induced beta cell dysfunction has not yet been
conﬁrmed.
Prentki et al. hypothesized that lipid partitioning, including increased synthesis of malonyl-CoA and neutral lipids, played a critical role in the paradoxical effect of FFA on GSIS [9]. The authors
suggested that an appropriate level of lipid metabolic intermediates in the cytoplasm might provide amplifying signals for stimulation of insulin release, either directly on exocytosis or indirectly
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Fig. 3. Reduction of palmitate-induced phosphor-eIF2a and ER punctations by 4-PBA-treatment. (A) INS-1 cells were treated with 300 lM palmitate in the presence or
absence of 0.5 mM 4-PBA for 24 h. Phospho-eIF2a levels were determined by immunoblotting with anti-phospho-eIF2a antibodies. Data are expressed as the means ± SD
values for four independent experiments. (B) INS-1 cells were treated with 300 lM palmitate in the presence or absence of 0.5 mM 4-PBA for 12 h. The morphology of the ER
was assessed by confocal microscopic observation of Brefeldin A-BODIPY-stained ERs (described in Materials and methods). Arrows denote condensed ER punctation. Cotreatment with 0.5 mM 4-PBA restored palmitate-induced alteration of ER morphology. (C) Fluorescence intensity of Brefeldin A-BODIPY-stained ERs in palmitate-treated
INS-1 cells was determined by ﬂow cytometric analysis. Palmitate-induced reduction of ﬂuorescence intensity was restored by 4-PBA.

Fig. 4. Protective effect of 4-PBA on palmitate-induced GSIS-inhibition in INS-1
cells and SD rat islet cells. (A) INS-cells (2  105) were treated with 300 lM palmitate in the presence or absence of 0.5 mM 4-PBA for 24 h. The cells were incubated
with KRB buffer for 1 h and then stimulated with low glucose (5.6 mM glucose) or
high glucose (16.7 mM glucose) for 2 h. Insulin released into the supernatants was
measured using an insulin RIA kit. Data are expressed as means ± SD values for four
independent experiments. (B) Dissociated islet cells (2  104) were treated with
300 lM palmitate in the presence or absence of 0.5 mM 4-PBA for 24 h. Insulin
released by low glucose or high glucose was also determined as previously described. Data are expressed as means ± SD values for four independent experiments.

via signals generated from complex lipid formation, protein kinase
C activation, or protein acylation. However, they also reported that
persistent or excessive activation of the lipid signaling pathways
by long-term exposure of FFAs exerted GSIS-inhibition through
the same lipid signaling pathways. It was not clear how the same
lipid-mediated signals provided stimulatory or inhibitory effects
on GSIS. It has been hypothesized that beta cell-exhaustion due
to persistent activation of the ampliﬁcation pathway, continuing
processing of proinsulin, and hyper-secretion of insulin, may burden the translational capacity and ﬁnally result in reduction of
insulin secretion capacity [29].
ER stress was suggested to be a mediator for FFA-mediated beta
cell death. Lethal doses of palmitate enhanced phospho-eIF2a and
subsequently induced ATF4 and CHOP in beta cells [11]. Another
report demonstrated that palmitate could activate IRE and ATF6
as well as upregulate the ER chaperone machinery including BiP
[30]. Interestingly, it was also reported that MIN-6 beta cells overexpressing BiP showed milder ER stress and the cells was resistant
against palmitate-induced cell death [12]. These reports support a
hypothesis that the ER stress response is involved in palmitate-induced cytotoxicity to beta cells. Our data also showed that even a
non-lethal dose of palmitate was able to induce the ER stress response. However, it must be noted that the ER responses by low
dose of palmitate were weak and selective. The induction level of
phosphor-eIF2a caused by 300 lM palmitate was low, compared

114

Sung-E Choi et al. / Archives of Biochemistry and Biophysics 475 (2008) 109–114

to that induced by chemicals such as tunicamycin or thapsigargin
[11] and the ER marker CHOP was not signiﬁcantly increased by
palmitate at a concentration of 300 lM.
The mechanism by which the ER stress response modulates
GSIS has not yet been reported. The simple assumption is that a defect in ER functionality, generated during ER stress induction, may
prevent translation, folding, and processing of proinsulin, and may
lead to a secretion defect of insulin [31]. Several reports have
shown that the induction of ER stress using mis-folding mutants,
PERK deﬁcient mutants, and hyper-phosphorylation of eIF2a, could
elicit defective processing of secretory proteins and reduced mobilization of secretory vesicles [31–33]. However, our data showing
that the basal secretion of insulin was gradually increased in accordance with an increased dose of palmitate suggests that a fundamental defect of proinsulin-processing or granule-exocytosis may
not be involved in palmitate-induced GSIS-inhibition. Another possible mechanism is that a functional defect of the mitochondria,
generated by ER stress, may affect GSIS, since both the mitochondrial function and GSIS are closely related [24] and since it is
known that there is a communication between the ER and mitochondrion via Ca2+ released from the ER store [34]. The enhanced
release of [Ca2+]i, possibly during ER stress induction, can increase
basal secretion of insulin, but reduce GSIS. Since the enhanced basal [Ca2+]i levels and the reduction of glucose-stimulated Ca2+ inﬂux was a typical characteristic of islet beta cells isolated from
type 2 diabetic patients and since loss of GSIS was associated with
enhanced basal [Ca2+]i levels [35], the increase of basal [Ca2+]i levels during ER stress may explain the role of ER stress in GSIS-inhibition in type 2 diabetes. Furthermore, stress kinase JNK, which
was activated during the ER stress response may affect insulin
secretion since JNK is known to suppress insulin biosynthesis [36].
When cells are exposed to ER-associated stress, the unfolded
protein response (UPR) promotes the transcriptional induction of
chaperone genes, including BiP and GRP94, so as to re-fold unfolded and accumulated proteins and thereby escape stressful conditions [14]. Chemical chaperones, such as glycerol,
dimethylsulfoxide (DMSO) and 4-PBA, have been used to improve
the misfolding and mislocalization of proteins and to reduce ER
stress-mediated cellular dysfunction [37]. In particular, 4-PBA
was reported to facilitate the correct folding of misfolded and unfolded protein in vivo as well as in vitro [38]. Recently, 4-PBA was
reported to be capable of alleviating ER stress and causing the normalization of hyperglycemia in obese and diabetic mice by improving insulin sensitivity [16]. We have demonstrated that 4-PBA was
able to reduce ER stress in palmitate-treated beta cells since 4-PBA
signiﬁcantly reduced phosphor-eIF2a and normalized palmitateinduced morphological alterations of the ER. Our data suggest that
4-PBA can improve hyperglycemic conditions by ameliorating beta
cell dysfunction as well as insulin resistance.
In conclusion, we have shown that palmitate was able to elicit
beta cell dysfunction through the induction of ER stress response.
A chemical chaperone, 4-PBA, ameliorated the palmitate-induced
beta cell dysfunction. The result obtained from this study suggest
that the ER stress response can act as a mediator for beta cell dysfunction observed in type 2 diabetic patients and that treatment
with a chemical chaperone can normalize hyperglycemia by
restoring beta cell dysfunction.
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