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ABSTRACT
Chronic exposure to elevated concentration of free fatty acids (FFA) has been verified to induce endoplasmic reticulum (ER) stress, which leads

to pancreatic b-cell apoptosis. As one of the medium and long chain FFA receptors, GPR40 is highly expressed in pancreatic b cells, mediates

both acute and chronic effects of FFA on b-cell function, but the role of GPR40 in FFA-induced b-cell apoptosis remains unclear. In this study,

we investigated the possible effects of GPR40 in palmitate-induced MIN6 b-cell apoptosis, and found that DC260126, a novel small molecular

antagonist of GPR40, could protect MIN6 b cells from palmitate-induced ER stress and apoptosis. Similar results were observed in GPR40-

deficient MIN6 cells, indicating that palmitate-induced b-cell apoptosis is at least partially dependent on ER stress pathway via GRP40. J. Cell.

Biochem. 113: 1152–1158, 2012. � 2011 Wiley Periodicals, Inc.
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T ype 2 diabetes (T2D) is characterized by an increased insulin

resistance in peripheral tissues and progressive b-cell failure

[Kahn, 2003; Butler et al., 2003a; Donath and Halban, 2004]. Both

the defects in insulin secretion and loss of b-cell mass contribute a

lot to b-cell failure [Butler et al., 2003a, 2003b; Lupi and Del, 2008;

Cnop et al., 2010]. And in obesity-associated diabetes models, the

free fatty acids (FFA) have been shown to be cytotoxic to pancreatic

b cells, known as lipotoxicity, is one of the main causes of b-cell

apoptosis [Butler et al., 2003b; Donath and Halban, 2004; Cnop

et al., 2005; Kahn et al., 2006; Lupi and Del, 2008; Thomas et al.,

2009].

Acute stimulation of FFA can amplify glucose-stimulated insulin

secretion (GSIS) in pancreatic b cells [Briscoe et al., 2003; Itoh and

Hinuma, 2005]. However, chronic exposure to elevated levels of

FFA, particularly saturated FFA, can cause b-cell dysfunction and

induce b-cell apoptosis in T2D [Cnop et al., 2005, 2010]. Recent

studies have shown that several events, such as nitric oxide (NO)

synthesis and depletion of endoplasmic reticulum (ER) calcium

(Ca2þ) are associated with lipotoxicity in b cell [Cnop et al., 2001;

Robertson et al., 2004; Lupi and Del, 2008]. Nevertheless, the

molecular mechanism of FFA-induced b-cell apoptosis is not

completely understood.

ER stress is caused by increased misfolded proteins, overloaded

chaperones, failure of folding/exporting newly synthesized protein

and ER Ca2þ depletion. And such conditions induce an impaired

folding capacity in ER [Diakogiannaki and Morgan, 2008; van der

Kallen et al., 2009; Wang et al., 2009]. Upon initiation of ER stress,

the accumulation of unfolded protein triggers unfolded protein

response (UPR), which attempts to inhibit protein synthesis, increase

folding capacity, promote the degradation of misfolded protein in

ER [Harding et al., 2002; Diakogiannaki and Morgan, 2008].

However, when the counterregulatory mechanisms cannot com-

pensate for prolonged ER stress, cell apoptosis finally occurs

[Laybutt et al., 2007; Thomas et al., 2010]. More evidences revealed

that sustained high level of FFA could cause ER Ca2þ depletion,

which could induce ER stress of b cells [Cunha et al., 2008; Gwiazda

et al., 2009; Cnop et al., 2010]. Pancreatic b cells possess a highly

developed ER, required for Ca2þ stores, insulin biosynthesis and

the folding of newly synthesized proinsulin [Laybutt et al., 2007;

Schroder, 2008; Gwiazda et al., 2009; Thomas et al., 2010].

Therefore, b cells are particularly sensitive to ER stress, which is

closely related to b-cell apoptosis [Harding and Ron, 2002; Araki

et al., 2003;Wang et al., 2009]. Recent studies have indicated that ER

stress is strongly associated with palmitate-induced MIN6 b-cell
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apoptosis [Laybutt et al., 2007; Martinez et al., 2008]. Consequently,

the mediators of FFA signaling could be important in the ER stress-

induced apoptosis of b cells.

G-protein-coupled receptor 40 (GPR40) is highly expressed in

pancreatic b cells in both human and rodents, which is identified as

one of medium- and long-chain FFA receptors [Briscoe et al., 2003;

Itoh and Hinuma, 2005; Hu et al., 2009]. FFA can activate GPR40

to increase cytosolic-free calcium ([Ca2þ]i) and amplify GSIS in

pancreatic b cells [Schnell et al., 2007]. But sustained high levels of

FFA cause b-cell damage, which might lead to abnormalities of

cytosolic calcium homeostasis through uninterrupted activation of

GPR40 [Abaraviciene et al., 2008b; Gwiazda et al., 2009]. It was

reported that GPR40 knockout (KO) mice were resistant to hepatic

steatosis, hypertriglyceridemia and some other diabetes-related

effects under high fat diet treatments, and GPR40 overexpression in

b cells could cause mice to generate a diabetic phenotype [Steneberg

et al., 2005]. Above results suggest that overstimulation of GPR40

may be detrimental to b cells in the condition of hyperlipidemia.

Accordingly, as one of mediators of FFA signaling, GPR40 may play

a crucial role in FFA-induced ER stress and apoptosis in b cells.

This study was specifically designed to investigate a potential

role of GPR40 in palmitate-induced MIN6 b-cell apoptosis by both

a small molecular antagonist, namely DC260126 [Hu et al., 2009],

and a GPR40-knockdown MIN6 cell model. We confirmed that

GPR40 is involved in the process of palmitate-induced ER stress and

apoptosis in MIN6 cells, and DC260126 could protect palmitate-

induced MIN6 cell apoptosis.

MATERIALS AND METHODS

REAGENTS AND MATERIALS

MIN6 cells were kindly provided by Dr. Susumu Seino. All general

reagents for cell culture were purchased from GIBCO; palmitate,

bovine serum albumin (BSA), and DAPI were purchased from Sigma;

and cytokines were obtained from R&D Systems; shRNA matching

the mouse GPR40 sequence and negative control shRNA were

provided from GenePharma (Shanghai, CN); primers for GPR40 and

GAPDH were synthesized by Biosune Biothenology Inc (Shanghai,

CN); SYBR Premix ExTaq kits were purchased from Takara;

The transfection reagent fugene 6 and cell death ELISA kit were

purchased from Roche Diagnostics. Rabbit anti-GAPDH, anti-

phospho-eIF2a, anti-eIF2a, anti-cleaved caspase-3 (Asp 175)

antibodies, and mouse anti-insulin antibody were purchased from

Cell signaling Technology; Rabbit anti-GADD153/CHOP(F-168)

antibody and anti-GPR40 (FL-300) antibody were obtained

from Santa Cruz Biotechnology. Peroxidase-conjugated Goat

anti-rabbit IgG was from Jackson Immuno Research, Alexafluor

488-conjugated goat anti-rabbit IgG and Alexfluor 546-conjugated

goat anti-mouse IgG were purchased from Invitrogen.

CELL CULTURE

MIN6 cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 25mM glucose, 10mM HEPES, 10%

FBS, 100 units/ml penicillin, 100mg/ml streptomycin, and 50mM

b-mercaptoethanol at 378C under 5% CO2 [Minami et al., 2000].

CELL TRANSFECTION

The short-hairpin RNA (shRNA) of GPR40 was designed to inhibit

expression of GPR40 in MIN6 cells. The sequence of GPR40 shRNA

were 50-CACCG CCGTC TCAGT TTCTC CATTT CAAAG AGAAT

GGAGA AACTG AGACG GGCTT TTTTG-30 and 50-GATCC AAAAA

AGCCC GTCTC AGTTT CTCCA TTCTC TTGAA ATGGA GAAAC

TGAGA CGGGC-30. And the vector, PGPU6/GFP/Neo-shNC was

used as the negative control (NC) shRNA.

MIN6 cells were seeded in 12-well plates (40,0000 cells per well)

for 24 h and transfected with GPR40 shRNA (or negative control

shRNA) using fugene 6 transfection reagent with a transfection

efficiency more than 80%. Twenty-four hours after transfection, the

medium was replaced with growth medium for further experiments.

QUANTITATIVE REAL-TIME PCR (RT-PCR)

RT-PCR was carried out with previous described to examine

the transfection efficiency [Hu et al., 2009]. The primers were as

follows: mouse GPR40 (forward primer, 50-GCTTTCCATTGAACTTT-
TAGCC-30, and reverse primer, 50-CGCTGAGAGCAGCTAGGAAG-
30), GAPDH (forward primer, 50-CCCACTCCTCCACCTTTGAC-30, and
reverse primer, 50-CATACCAGGAAATGAGCTTGACAA-30). The

mRNA level was assessed by normalized relative to the amount

of GAPDH mRNA.

PALMITATE PREPARATION, CELL TREATMENT,

AND APOPTOSIS ASSAY

Palmitate/BSA preparation was carried out as previously described

[Martinez et al., 2008]. MIN6 cells were seeded in 12-well plates

(40,0000 cells per well) for 24 h. After pretreating the cells

with DC260126 for 1 h, 0.4mM palmitate coupled with 0.5%

BSA (palmitate: BSA¼ 6:1) or cytokines (200 ng/ml IL-1b and

1,000 units/ml IFN-g) were added into wells. Following a 48 h

culture, the apoptotic cells was measured by cell death ELISA kits

following its protocol. Briefly, the cells were incubated with lysis

buffer. After centrifugation, transfer aliquot of lysate to strepta-

vidin-coated microplate, and incubate lysate with immunoreagent

(anti-histone and anti-DNA). Finally add substrate to wells, incubate

and measure absorbance at 405 nm.

WESTERN BLOT ANALYSIS

Proteins from each group were collected and the expression levels

of proteins were detected using Western blotting as described

previously [Hu et al., 2009]. The following primary antibodies

and dilutions were used: phospho-eIF2a (1:1,000), eIF2a (1:1,000),

GADD153/CHOP (F-168) (1:200), cleaved caspase-3 (Asp 175)

(1:500), GPR40 (FL-300) (1:200), GAPDH (1:5,000).

CELL IMMUNOFLUORESCENCE

MIN6 cells were grown on glass coverslips in a six-well plate and

incubated with BSA alone, palmitate/BSA or palmitate/BSA mixed

with DC260126 (3mM) for 48 h. Then the cells were fixed in 4%

paraformaldehyde for 2 h at room temperature. After fixation

the MIN6 cells were incubated with primary antibodies (rabbit

anti insulin antibody, dilution 1:100; mouse anti GADD153/

CHOP, dilution 1:100) and secondary antibodies (Alexafluor 488-

conjugated goat anti-rabbit IgG and Alexfluor 546-conjugated goat
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anti-mouse IgG, dilution 1:400). After DAPI staining, coverslips

were mounted and captured by fluorescence microscopy (DP70,

Olympus).

DATA ANALYSIS

All data are expressed as the mean� SE. The comparison of different

groups was assessed by two-tailed unpaired Student’s t-test.

Differences were considered statistically significant at P< 0.05.

RESULTS

DC260126 PROTECTS MIN6 CELLS FROM

PALMITATE-INDUCED APOPTOSIS

Chronic exposure to elevated saturated FFA levels has been shown

to induce pancreatic b-cell apoptosis [Karaskov et al., 2006; Thorn

and Bergsten, 2010; Yang et al., 2010]. In order to investigate the

role of GPR40 in fatty acid-induced b-cell apoptosis, MIN6 cells

were induced apoptosis by palmitate as previously described [Thorn

and Bergsten, 2010] and treated with DC260126 at the same time.

Sustained palmitate stimulation for 48 h in MIN6 cells induced an

obviously raise of apoptosis, and DC260126 could dose-dependently

attenuate the effect. Three micromolar DC260126 significantly

decreased the palmitate-induced MIN6 cells apoptosis at 48 h

(Fig. 1). The results suggested that inhibition of GPR40 can protects

MIN6 cells from palmitate-induced apoptosis.

DC260126 RESISTS PALMITATE-INDUCED ER STRESS IN

MIN6 CELLS

To identify whether GPR40 is involved in fatty acid-induced ER

stress of MIN6 cells, MIN6 cells were incubated with palmitate for 6,

24, and 48 h in the absence or presence of DC260126. The total

protein was then collected and the expression levels of some

proteins in ER stress pathway (p-eIF2a, total eIF2a, CHOP) and

cleaved caspase-3 were analyzed by Western blotting. Figure 2

shows that palmitate causes an increased expression level of

p-eIF2a, CHOP and cleaved caspase-3 proteins at 24 and 48 h.

However, the increase of ER stress pathways markers p-eIF2a and

CHOP were suppressed dose-dependently by DC260126, and 3mM

DC260126 also prevented palmitate-induced enhancive expression

of cleaved caspase-3 significantly at both 24 and 48 h (Fig. 2),

suggesting that inhibition of GPR40 can protects MIN6 cells from

palmitate-induced ER stress.

MORPHOLOGICAL EVIDENCE OF DC260126 PROTECTS MIN6 CELLS

FROM PALMITATE-INDUCED ER STRESS AND APOPTOSIS

In situ distribution of insulin and CHOP proteins were examined

by double-immunofluoresence to confirm the key protein in the

process of ER stress. There was almost no CHOP-positive cell in

negative control MIN6 cells. However, a significant increase of

CHOP-stained cells and a slightly decline of insulin expression were

observed in cytoplasmic staining in palmitate-treated MIN6 cells.

Similar to Western blotting analysis, 3mM DC260126 could reduce

CHOP expression in MIN6 cells under 0.4mM palmitate-stimulated

condition for 48 h (Fig. 3). These data indicate that inhibition of

GPR40 can protects MIN6 cells from palmitate-induced ER stress

and apoptosis.

DOWNREGULATION OF GPR40 IN MIN6 CELLS BY RNA

INTERFERENCE PROTECTS AGAINST PALMITATE-INDUCED ER

STRESS AND APOPTOSIS

As shown above, inhibition of GPR40 by DC260126 could

counteract palmitate-induced MIN6 cells ER stress and apoptosis.

To confirm the protect effect of GPR40 inhibition, the GPR40

shRNA-transfected MIN6 cells were incubated in 48 h palmitate

stimulation. GPR40 mRNA and protein expression levels were

inhibited (by approximately 50%) in transfected with GPR40 shRNA

MIN6 cells compared with negative control (NC) at 24 h (Fig. 4). Then

the transfected MIN6 cells were exposure to 0.4mM palmitate for

48 h. MIN6 cells transfected with GPR40 shRNA were resistant to

palmitate-induced apoptosis at 48 h (Fig. 5), and compared with NC

group, reduced protein levels of p-eIF2a, CHOP and cleaved

caspase-3 were shown in Figure 6. Taken together, these results

Fig. 2. DC260126 resists palmitate-induced ER stress and apoptosis in MIN6

cells. MIN6 cells were plated in 12-well plates and cultured in the presence of

0.4mM palmitate with different concentrations of DC260126 (0, 1, 3mM) for

6, 24, or 48 h, vehicle was 0.5% BSA. Then the cell lysates were collected and

subjected to Western blotting using phospho (p)-eIF2a, total eIF2a, CHOP,

cleaved caspase-3, and GAPDH antibodies. GAPDH was used as housekeeping

protein. Each blot was replicated three times.

Fig. 1. DC260126 protects palmitate-induced MIN6 cells apoptosis. Apo-

ptosis rate of MIN6 cells was measured by a cell death detection ELISA kit. The

relative apoptosis rates were determined at 6, 24, and 48 h after cells were

cultured in the absence (white bars) and presence (black bars) of 0.4mM

palmitate, and DC260126 protected MIN6 cells from 0.4mM palmitate

induced apoptosis in a concentration of 1mM (dark gray bars) or 3mM

(gray bars). �P< 0.05 compared to 0.4mM palmitate treated alone. Data

are shown as mean� SE of three independent trails each performed with

triplicate samples.
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demonstrate that GPR40 has an important role in palmitate-induced

MIN6 cells ER stress and apoptosis, and inhibition of GPR40 could be

beneficial for resisting palmitate-induced MIN6 cell ER stress and

apoptosis.

DC260126 AND DOWNREGULATION OF GPR40 EXPRESSION

BY RNA INTERFERENCE COULD NOT PROTECT AGAINST

CYTOKINE-INDUCED APOPTOSIS IN MIN6 CELLS

Inflammatory cytokines such as interleukin (IL)-1b, g-interferon

(IFN-g), and tumor necrosis factor-a (TNF-a) can also induce b-cell

apoptosis [Lee et al., 2004; Akerfeldt et al., 2008; Wang et al., 2009].

To determine whether GPR40 mediates cytokine-induced apoptosis

in MIN6 cells, MIN6 cells were treated with DC260126 in

combination with cytokines (IL-1b 200 ng/ml and IFN-g 1,000U/

ml) for 6, 24, and 48 h. MIN6 cells transfected with GPR40 shRNA

were also treated with cytokines as above. Compared with negative

control (no cytokines-treated group), cytokines could induce an

apparently apoptosis at 48 h in MIN6 cells. However, neither

DC260126 nor GPR40 shRNA-transfected MIN6 cells showed a

protective effect in cytokine-treated MIN6 cells (Figs. 7 and 8),

indicating that as a FFA receptor, GPR40 selectively mediates FFA-

induced MIN6 cells ER stress-related apoptosis.

DISCUSSION

Plasma FFAs levels are increased in obesity-associated T2D [Cnop

et al., 2005; Kahn et al., 2006]. Chronically elevated levels of FFA,

especially saturated FFA might be cytotoxic to b cells both in vitro

and in vivo [Shimabukuro et al., 1998; Cunha et al., 2008; Sachdeva

et al., 2009; Giacca et al., 2010]. Several studies have experimentally

verified that saturated FFA such as palmitate could induce b-cell

apoptosis [Karaskov et al., 2006; Thorn and Bergsten, 2010]. GPR40

is highly expressed in b cells which mediates acutely amplify of

GSIS and chronically impair in b cells by medium- and long-chain

FFA activation [Briscoe et al., 2003; Abaraviciene et al., 2008a,

2008b; Zhang et al., 2010]. However, whether GPR40 is associated

with chronic FFA-induced apoptosis of b cells remains unclear. In

this study, we investigated the potential role of GPR40 in FFA-

induced MIN6 b-cell apoptosis [Abaraviciene et al., 2008a] have

mentioned that GPR40 might be related to palmitate-induced

MIN6c4-cell apoptosis in discussion, but no effective evidence has

been provided. We found DC260126, a novel antagonist of GPR40,

could protect MIN6 cells from palmitate-induced apoptosis at 48 h in

a dose-dependent manner (Fig. 1). Suppression of GPR40 expression

by RNA interference had also resisted palmitate-induced apoptosis

of MIN6 cells (Fig. 5). These results provide the strong evidence that

GPR40 is involved in palmitate-induced MIN6 b-cell apoptosis.

Acute stimulation of palmitate could activate GPR40 to induce an

increase of [Ca2þ]i to amplify the GSIS in b cells [Briscoe et al.,

2003]. However, sustained elevation of [Ca2þ]i by chronic palmitate

stimulation leads to a sustained ER Ca2þ depletion and reduce

the sensitivity of cytosolic Ca2þ oscillations to glucose or FFA,

which might be the main causes of ER stress in pancreatic b cells

[Cunha et al., 2008; Gwiazda et al., 2009; Cnop et al., 2010]. Thus,

GPR40 might be of critical importance in the sustained elevation of

Fig. 3. Change in levels of ER stress marker protein expression and cellular distribution of CHOP in MIN6 cells. MIN6 cells were grew on coverglasses in 12-well plates and

cultured in the presence of 0.4mM palmitate with 3mM DC260126 for 48 h, vehicle was 0.5% BSA. Cytoplasm staining of insulin and CHOP were marked with green and red

fluorescence, respectively, in a double-immunofluorescence experiment. The nuclear was stained with DAPI (blue) and the merge figures were shown on the right. Vehicle,

0.4mM palmitate and 0.4mM palmitate co-incubated with 3mM DC260126-treated cells were shown as negative control (Cont), palmitate (PA) and palmitateþDC260126

(PAþ 126). Data were repeated for at least three times, scale bar¼ 50mm, and referred to all panels. [Color figure can be seen in the online version of this article, available at

http://wileyonlinelibrary.com/journal/jcb]
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[Ca2þ]i-induced ER stress in b cells, which is caused by long-term

palmitate stimulation. We had demonstrated that DC260126 could

dose-dependently inhibit palmitate-stimulated [Ca2þ]i elevation in

MIN6 cells [Hu et al., 2009]. Therefore, we speculated that inhibition

of GPR40 in MIN6 cells might provide benefits to suppress ER stress.

Hence, the effects of DC260126 treatment or GPR40 knockdown in

MIN6 cells on palmitate-induced ER stress were examined.

Fig. 7. DC260126 does not protect cytokines induced apoptosis in MIN6

cells. A: The relative apoptosis rates were determined by a cell death detection

ELISA kit at 6, 24, or 48 h after cells were cultured in the absence (white bars)

and presence (black bars) of cytokines (IL-1b and IFN-g), and DC260126 in a

concentration of 1mM (dark gray bars) or 3mM (gray bars) was also co-

incubated with cytokines. No significant difference was found between each

group. Data were shown as mean� SE of three independent trails each with

triplicate samples. B: Western blot analysis on the expression of cleaved

caspase-3 protein from MIN6 cells cultured in the absence of cytokines

with 0, 1, or 3mM DC260126, vehicle was 0.5% BSA. Blots were replicated

three times.

Fig. 4. Expression of GPR40 was inhibited by GPR40 RNA interference in

MIN6 cells. A: GPR40-shRNA suppressed the expression of GPR40 mRNA in

MIN6 cells to 47% compared to negative plasmid control (GFP) by RT-PCR

analysis. ��P< 0.01, the experiment was carried out for three times.

B: Western blot results showed that GPR40-shRNA reduced the expression

of GPR40 protein to 50% in MIN6 cells compared to negative plasmid

control (GFP), GAPDH was used as housekeeping protein. Each blot was

replicated three times.

Fig. 6. GPR40 RNA interference resists palmitate-induced ER stress and

apoptosis in MIN6 cells. MIN6 cells that had been transfected with negative

plasmid control and GPR40-shRNA were cultured with or without 0.4mM

palmitate (PA) for 6, 24 or 48 h, the cell lysates were collected and subjected to

Western blotting using phospho(p)-eIF2a, total eIF2a, CHOP, cleaved caspase-

3, and GAPDH antibodies. GAPDH was used as housekeeping protein. Blots were

replicated three times.

Fig. 5. GPR40 RNA interference reduced palmitate-induced apoptosis in

MIN6 cells. MIN6 cells that had been transfected with negative plasmid

control (white bars) or GPR40-shRNA (black bars) were stimulated with or

without 0.4mM palmitate. After 6, 24, or 48 h stimulation, the apoptosis rate

of MIN6 cells was determined using a cell death detection ELISA kit. Data are

shown as percent of the respective control. Values are mean� SE, the

experiments were carried out for three independent times from triplicate

samples. �P< 0.05 for indicated cells on palmitate treated in GPR40-shRNA

transfected cells versus negative control group.
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The palmitate-induced ER stress mainly activates PKR-like kinase

(PERK) pathway in pancreatic b cells, PERK phosphorylates

eukaryotic translation initiation factor2a, leading to inhibition of

new protein translation [Diakogiannaki and Morgan, 2008; Cnop

et al., 2010; Thomas et al., 2010]. And the proapoptotic transcription

factor CHOP, which mediates the lethal effect of PERK signaling, is

ubiquitously expressed at a very low level but robustly expressed in

b cells under ER stress condition [Oyadomari and Mori, 2004; Wang

et al., 2009]. Then cleaved caspase-3 could be activated by PERK

pathway and causes b-cell apoptosis [Lei et al., 2008]. Our results

confirmed that DC260126 counteracted palmitate-induced upregu-

lation of p-eIF2a, CHOP and cleaved caspase-3 by Western blotting

analysis (Fig. 2) and immunofluoresence (Fig. 3). To verify the

consequence, we inhibited GPR40 expression in MIN6 cells by RNA

interference (Fig. 4), and the experiments of DC260126-treated

MIN6 cells were repeated on GPR40-deficient MIN6 cells. As

expected, in accord with the effects of DC260126 on MIN6 cells,

similar results were observed on GPR40-deficient MIN6 cells (Figs. 5

and 6). The above results provided strong evidences that protective

effect of DC260126 in palmitate-induced MIN6 cells apoptosis was

at least partially involved in decreased ER stress via GPR40

inhibition. Moreover, it has been elucidated that GPR40 mRNA

expression got a down-regulation under long-term FFA stimulation

in b cells [Flodgren, 2007]. Although the detailed mechanism still

needs further investigation, down-regulation of GPR40 in chronic

FFA-stimulated pancreatic b cells might be a compensatory signal

that is able to suppress cell death. Consequently, GPR40 play an

important positive role in palmitate-induced ER apoptosis in MIN6 b

cells, and inhibition of continuous GPR40 activation by GPR40

antagonists or inhibition of GPR40 expression in b cells might

provide benefits to prevent FFA-induced b-cell apoptosis.

Compared to FFA-induced apoptosis, inflammatory cytokine-

induced apoptosis is another important cause of b-cell apoptosis

which is independent of ER stress signaling (Akerfeldt et al., 2008).

Cytokines, such as IL-1b, IFN-g, and TNF-a, are reported to be

mediators of b-cell dysfunction and apoptosis [Lee et al., 2004;

Akerfeldt et al., 2008]. In this study, we also examined whether

DC260126 and GPR40 knockdown were effective to cytokine-

induced apoptosis in MIN6 cells. Figures 7 and 8 showed that neither

DC260126 nor knocking down GPR40 could protect MIN6 cells from

cytokine-induced apoptosis, indicated that GPR40 selectively

mediated FFA- but not cytokine-induced MIN6 cell apoptosis.

In summary, the present studies provided supporting evidence

that GPR40 mediates palmitate-induced b-cell apoptosis and was at

least partially through ER stress pathway. Both a small-molecular

antagonist of GPR40, DC260126, and GPR40 knocking-down could

protect MIN6 from palmitate-induced apoptosis. Although some

GPR40 agonists have been reported to be benefit for T2D treatment

as glucose-sensitive insulin secretagogues [Briscoe et al., 2006], and

a selective GPR40 agonist, TAK-875 could stimulates glucose-

dependent insulin secretion without b-cell toxicity [Tsujihata et al.,

2011]. Anyhow, according to our results, using of GPR40 agonist in

long-term obesity-associated T2D should be further investigated.

ACKNOWLEDGMENTS

We gratefully acknowledge the kind provision of MIN6 cells by
Professor S. Seino.

REFERENCES

Abaraviciene SM, Lundquist I, Galvanovskis J, Flodgren E, Olde B, Salehi A.
2008a. Palmitate-induced beta-cell dysfunction is associated with excessive
NO production and is reversed by thiazolidinedione-mediated inhibition of
GPR40 transduction mechanisms. Plos One 3:e2182.

Abaraviciene SM, Lundquist I, Salehi A. 2008b. Rosiglitazone counteracts
palmitate-induced beta-cell dysfunction by suppression of MAP kinase,
inducible nitric oxide synthase and caspase 3 activities. Cell Mol Life Sci
65:2256–2265.

Akerfeldt MC, Howes J, Chan JY, Stevens VA, Boubenna N, McGuire HM,
King C, Biden TJ, Laybutt DR. 2008. Cytokine-induced beta-cell death is
independent of endoplasmic reticulum stress signaling. Diabetes 57:3034–
3044.

Araki E, Oyadomari S, Mori M. 2003. Impact of endoplasmic reticulum stress
pathway on pancreatic beta-cells and diabetes mellitus. Exp Biol Med
(Maywood) 228:1213–1217.

Briscoe CP, Tadayyon M, Andrews JL, Benson WG, Chambers JK, Eilert MM,
Ellis C, Elshourbagy NA, Goetz AS, Minnick DT, Murdock PR, Sauls HR, Jr,
Shabon U, Spinage LD, Strum JC, Szekeres PG, Tan KB, Way JM, Ignar DM,
Wilson S, Muir AI. 2003. The orphan G protein-coupled receptor GPR40 is
activated by medium and long chain fatty acids. J Biol Chem 278:11303–
11311.

Briscoe CP, Peat AJ, McKeown SC, Corbett DF, Goetz AS, Littleton TR, McCoy
DC, Kenakin TP, Andrews JL, Ammala C, Fornwald JA, Ignar DM, Jenkinson
S. 2006. Pharmacological regulation of insulin secretion in MIN6cells
through the fatty acid receptor GPR40: Identification of agonist and antago-
nist small molecules. Br J Pharmacol 148:619–628.

Fig. 8. GPR40 RNA interference does not reduce cytokines induced apoptosis

in MIN6 cells. A: MIN6 cells that had been transfected with negative plasmid

control (white bars) or GPR40-shRNA (black bars) were stimulated with or

without cytokines (IL-1b and IFN-g). After 6, 24, or 48 h stimulation, the

apoptosis rate of MIN6 cells was determined by a cell death detection ELISA kit.

Data are shown as percent of the respective control. Values are mean� SE, the

experiments were carried out for three independent times from triplicate

samples. B: Western blot analysis on the expression of cleaved caspase-3

protein from cytokines treated GPR40-shRNA or negative plasmid transfected

MIN6 cells, vehicle was 0.5% BSA. Blots were replicated three times.

JOURNAL OF CELLULAR BIOCHEMISTRY GPR40 ANTAGONIST PROTECTS b-CELLS APOPTOSIS 1157



Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC. 2003a.
Beta-cell deficit and increased beta-cell apoptosis in humans with type 2
diabetes. Diabetes 52:102–110.

Butler AE, Janson J, Soeller WC, Butler PC. 2003b. Increased beta-cell
apoptosis prevents adaptive increase in beta-cell mass in mouse model of
type 2 diabetes: Evidence for role of islet amyloid formation rather than
direct action of amyloid. Diabetes 52:2304–2314.

Cnop M, Hannaert JC, Hoorens A, Eizirik DL, Pipeleers DG. 2001. Inverse
relationship between cytotoxicity of free fatty acids in pancreatic islet cells
and cellular triglyceride accumulation. Diabetes 50:1771–1777.

Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S, Eizirik DL. 2005. Mechanisms
of pancreatic beta-cell death in type 1 and type 2 diabetes: Many differences,
few similarities. Diabetes 54(Suppl. 2):S97–S107.

CnopM, Ladriere L, Igoillo-Esteve M, Moura RF, Cunha DA. 2010. Causes and
cures for endoplasmic reticulum stress in lipotoxic beta-cell dysfunction.
Diabetes Obes Metab 12(Suppl. 2):76–82.

Cunha DA, Hekerman P, Ladriere L, Bazarra-Castro A, Ortis F, WakehamMC,
Moore F, Rasschaert J, Cardozo AK, Bellomo E, Overbergh L, Mathieu C, Lupi
R, Hai T, Herchuelz A, Marchetti P, Rutter GA, Eizirik DL, Cnop M. 2008.
Initiation and execution of lipotoxic ER stress in pancreatic beta-cells. J Cell
Sci 121:2308–2318.

Diakogiannaki E, Morgan NG. 2008. Differential regulation of the ER stress
response by long-chain fatty acids in the pancreatic beta-cell. Biochem Soc
Trans 36:959–962.

Donath MY, Halban PA. 2004. Decreased beta-cell mass in diabetes: Signifi-
cance, mechanisms and therapeutic implications. Diabetologia 47:581–
589.

Flodgren E. 2007. The free fatty acid receptor GPR40-expression and role
in islet hormone secretion. Lund University, Faculty of Medicine Doctoral
Dissertation 2007:48, p 106.

Giacca A, Xiao C, Oprescu AI, Carpentier AC, Lewis GF. 2010. Lipid-induced
pancreatic {beta}-cell dysfunction: Focus on in vivo studies. Am J Physiol
Endocrinol Metab 300:E255–E262.

Gwiazda KS, Yang TL, Lin Y, Johnson JD. 2009. Effects of palmitate on ER
and cytosolic Ca2þ homeostasis in beta-cells. Am J Physiol Endocrinol Metab
296:E690–E701.

Harding HP, Ron D. 2002. Endoplasmic reticulum stress and the development
of diabetes: A review. Diabetes 51(Suppl. 3):S455–S461.

Harding HP, Calfon M, Urano F, Novoa I, Ron D. 2002. Transcriptional and
translational control in the Mammalian unfolded protein response. Annu Rev
Cell Dev Biol 18:575–599.

Hu H, He LY, Gong Z, Li N, Lu YN, Zhai QW, Liu H, Jiang HL, Zhu WL, Wang
HY. 2009. A novel class of antagonists for the FFAs receptor GPR40. Biochem
Biophys Res Commun 390:557–563.

Itoh Y, Hinuma S. 2005. GPR40, a free fatty acid receptor on pancreatic beta
cells, regulates insulin secretion. Hepatol Res 33:171–173.

Kahn SE. 2003. The relative contributions of insulin resistance and beta-cell
dysfunction to the pathophysiology of Type 2 diabetes. Diabetologia 46:
3–19.

Kahn SE, Hull RL, Utzschneider KM. 2006. Mechanisms linking obesity to
insulin resistance and type 2 diabetes. Nature 444:840–846.

Karaskov E, Scott C, Zhang L, Teodoro T, Ravazzola M, Volchuk A. 2006.
Chronic palmitate but not oleate exposure induces endoplasmic reticulum
stress, which may contribute to INS-1 pancreatic beta-cell apoptosis. Endo-
crinology 147:3398–3407.

Laybutt DR, Preston AM, Akerfeldt MC, Kench JG, Busch AK, Biankin AV,
Biden TJ. 2007. Endoplasmic reticulum stress contributes to beta cell
apoptosis in type 2 diabetes. Diabetologia 50:752–763.

Lee MS, Chang I, Kim S. 2004. Death effectors of beta-cell apoptosis in type 1
diabetes. Mol Genet Metab 83:82–92.

Lei X, Zhang S, Bohrer A, Ramanadham S. 2008. Calcium-independent
phospholipase A2 (iPLA2 beta)-mediated ceramide generation plays a key
role in the cross-talk between the endoplasmic reticulum (ER) and mito-
chondria during ER stress-induced insulin-secreting cell apoptosis. J Biol
Chem 283:34819–34832.

Lupi R, Del Prato S. 2008. Beta-cell apoptosis in type 2 diabetes: Quantitative
and functional consequences. Diabetes Metab 34(Suppl. 2):S56–S64.

Martinez SC, Tanabe K, Cras-Meneur C, Abumrad NA, Bernal-Mizrachi E,
Permutt MA. 2008. Inhibition of Foxo1 protects pancreatic islet beta-cells
against fatty acid and endoplasmic reticulum stress-induced apoptosis.
Diabetes 57:846–859.

Minami K, Yano H, Miki T, Nagashima K, Wang CZ, Tanaka H, Miyazaki JI,
Seino S. 2000. Insulin secretion and differential gene expression in glucose-
responsive and -unresponsive MIN6 sublines. Am J Physiol Endocrinol
Metab 279:E773–E781.

Oyadomari S, Mori M. 2004. Roles of CHOP/GADD153 in endoplasmic
reticulum stress. Cell Death Differ 11:381–389.

Robertson RP, Harmon J, Tran PO, Poitout V. 2004. Beta-cell glucose toxicity,
lipotoxicity, and chronic oxidative stress in type 2 diabetes. Diabetes
53(Suppl. 1):S119–S124.

Sachdeva MM, Claiborn KC, Khoo C, Yang J, Groff DN, Mirmira RG, Stoffers
DA. 2009. Pdx1 (MODY4) regulates pancreatic beta cell susceptibility to ER
stress. Proc Natl Acad Sci USA 106:19090–19095.

Schnell S, Schaefer M, Schofl C. 2007. Free fatty acids increase cytosolic free
calcium and stimulate insulin secretion from beta-cells through activation of
GPR40. Mol Cell Endocrinol 263:173–180.

Schroder M. 2008. Endoplasmic reticulum stress responses. Cell Mol Life Sci
65:862–894.

Shimabukuro M, Zhou YT, Levi M, Unger RH. 1998. Fatty acid-induced beta
cell apoptosis: A link between obesity and diabetes. Proc Natl Acad Sci USA
95:2498–2502.

Steneberg P, Rubins N, Bartoov-Shifman R, Walker MD, Edlund H. 2005. The
FFA receptor GPR40 links hyperinsulinemia, hepatic steatosis, and impaired
glucose homeostasis in mouse. Cell Metab 1:245–258.

Thomas HE, McKenzie MD, Angstetra E, Campbell PD, Kay TW. 2009. Beta
cell apoptosis in diabetes. Apoptosis 14:1389–1404.

Thomas SE, Dalton LE, Daly ML, Malzer E, Marciniak SJ. 2010. Diabetes as a
disease of endoplasmic reticulum stress. DiabetesMetab Res Rev 26:611–621.

Thorn K, Bergsten P. 2010. Fatty acid-induced oxidation and triglyceride
formation is higher in insulin-producing MIN6cells exposed to oleate com-
pared to palmitate. J Cell Biochem 111:497–507.

Tsujihata Y, Ito R, Suzuki M, Harada A, Negoro N, Yasuma T, Momose Y,
Takeuchi K. 2011. TAK-875, an orally available GPR40/FFA1 agonist
enhances Glucose-dependent insulin secretion and improves both postpran-
dial and fasting hyperglycemia in type 2 diabetic rats. J Pharmacol Exp Ther
339:228–237.

van der Kallen CJ, van Greevenbroek MM, Stehouwer CD, Schalkwijk CG.
2009. Endoplasmic reticulum stress-induced apoptosis in the development
of diabetes: Is there a role for adipose tissue and liver? Apoptosis 14:1424–
1434.

Wang Q, Zhang H, Zhao B, Fei H. 2009. IL-1beta caused pancreatic beta-cells
apoptosis is mediated in part by endoplasmic reticulum stress via the
induction of endoplasmic reticulum Ca2þ release through the c-Jun N-
terminal kinase pathway. Mol Cell Biochem 324:183–190.

Yang M, Chisholm JW, Soelaiman S, Shryock JC. 2010. Sulfonylureas
uncouple glucose-dependence for GPR40-mediated enhancement of insulin
secretion from INS-1E cells. Mol Cell Endocrinol 315:308–313.

Zhang X, Yan G, Li Y, Zhu W, Wang H. 2010. DC260126, a small-molecule
antagonist of GPR40, improves insulin tolerance but not glucose tolerance in
obese Zucker rats. Biomed Pharmacother 64:647–651.

1158 GPR40 ANTAGONIST PROTECTS b-CELLS APOPTOSIS JOURNAL OF CELLULAR BIOCHEMISTRY


