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Chronic exposure to high concentrations of saturated fatty acids, such as palmitic acid (PA), leads to apop-
tosis of pancreatic B-cells through the activation of the c-Jun N-terminal kinase (JNK) signaling pathway.
This study of B-cell lipoapoptosis was designed to investigate the roles of pancreatic-derived factor (PAN-
DER), a pro-apoptosis cytokine-like peptide, and exendin-4, a long-acting agonist of the hormone gluca-
gon-like peptide-1 (GLP-1) receptor and anti-apoptosis factor. The glucose-sensitive mouse B-pancreatic
cell line, BTC6, was used to investigate the mechanisms of PA-induced apoptosis. Twenty-four hours of PA
exposure led to increased PANDER expression in a dose- and time-dependent manner, and significantly
increased phosphorylation of JNK. Treatment with the JNK-specific inhibitor SP600125 reduced the PA-
induced PANDER expression. After the 24 h of PA exposure, cells also underwent marked apoptosis
and showed increased activation of the apoptosis protease, caspase-3. The small interfering (si)RNA-med-
iated silencing of PANDER gene expression significantly reduced both of these effects. When PA-treated
BTC6 cells were exposed to exogenous exendin-4, JNK activation was inhibited, PANDER expression was
decreased, and the numbers of apoptotic cells were reduced. Collectively, these results demonstrated that
the JNK-mediated signaling mechanism of PA-induced B-cell apoptosis involves up-regulated expression
of PANDER and activation of caspase-3. Exendin-4 may protect against lipoapoptosis by interfering with
the JNK-PANDER pathway.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The detrimental effects of free fatty acids (FFAs) on pancreatic
B-cells have long been recognized. Chronic exposure of pancreatic
B-cells to high concentrations of saturated fatty acids, such as pal-
mitic acid (PA), leads to apoptosis [1-3], a process known as lipoa-
poptosis. However, the underlying molecular mechanisms remain
to be fully elucidated, and may represent feasible therapeutic tar-
gets to protect against loss of the insulin-producing pancreatic
B-cells and consequent hyperglycemia.

Recently, a novel cytokine-like peptide was identified as a pos-
sible regulator of B-cell apoptosis. The pancreatic-derived factor
(PANDER) is not only highly expressed in pancreatic islet B-cells
but also in the islet o-cells, which produce the insulin-counteract-
ing hormone glucagon [4]. Since both of these cell types are the key
mediators of glucose metabolism, PANDER has been hypothesized
to play an important pathophysiological role in diabetes mellitus
[5-7].

It is well known that gut-secreted factors influence glucose
metabolism. One such factor is the hormone glucagon-like pep-
tide-1 (GLP-1), which is secreted by the intestinal L-cells in re-
sponse to nutrient ingestion [8]. GLP-1 binding to its cognate
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receptor GLP1R, a glucagon-receptor family member expressed
on pancreatic p-cells, activates an adenylyl cyclase signaling path-
way that stimulates insulin synthesis and secretion. A GLP-1 recep-
tor agonist, exendin-4, was identified from the Gila monster in
1992 and found to share 53% homology with GLP-1. While the
two hormones exert the same antidiabetic actions, exendin-4 has
a significantly longer duration of action [9,10]. Both GLP-1 and
exendin-4 have been developed as glucose control therapeutic
agents and successfully applied in clinic. Exogenous administration
of these hormones has been shown to enhance glucose-dependent
insulin secretion, decrease glucagon release, stimulate B-cell prolif-
eration and islet neogenesis, and inhibit p-cell apoptosis [11-14].
In order to gain a better understanding of the lipoapoptotic pro-
cess in B-cells, this study was designed to investigate the putative
role of PANDER and the possible protective effect of exendin-4.

2. Methods
2.1. BTC6 cell culture

The mouse BTC6 insulinoma cell line was obtained from the
American Type Culture Collection (Manassas, VA, USA). Cells were
grown at 37 °C in a humidified, 5% C0O,/95% air (v/v) atmosphere
with low glucose (5.6 mM) Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
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bovine serum (FBS; Gibco). The medium was changed twice a
week, and the cells were trypsinized once a week for passaging.
Cells from passages 30 to 70 were used for all experiments.

2.2. PANDER small interfering (si)RNA construct and transient
transfection

An siRNA targeting mouse PANDER mRNA (GenBank Accession
Number: 52793; CCAGCACUCUCUACAACAUTT) and a negative
control (UUCUCCGAACGUGUCACGUTT) were designed and synthe-
sized by GenePharma Co., Ltd. (Shanghai, China). The siRNAs were
transfected, respectively, into PTC6 cells (1.5 x 10° cells/well in 6-
well plates) using Lipofectamine2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. After 4-6 h of
incubation, the transfection medium was replaced with DMEM
(5.6 mM glucose, 10% FBS) and allowed to incubate for an addi-
tional 72 h. PANDER mRNA and protein expression was analyzed
by quantitative real-time reverse transcription-polymerase chain
reaction (qRT-PCR) and Western blotting.

2.3. RNA extraction and qRT-PCR

Total RNA was extracted from BTC6 cells by using the TRIzol re-
agent (Invitrogen). RNase-free DNase (Invitrogen) was used
according to the manufacturer’s instructions to remove any con-
taminating genomic DNA. cDNA was synthesized from the total
RNA by using the RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Burlington, Ontario, Canada) and following the manu-
facturer’s protocol. The qRT-PCR reactions were carried out in a
Thermal Cycler Dice Real Time System (TaKaRa, Shiota, Japan) with
SYBR® Premix ExTaq (TaKaRa) under the following conditions:
95 °C for 3 min (for initial denaturation) followed by 40 cycles of
95 °C for 30 s (denaturation)/62 °C for 40 s (annealing)/72 °C for
30 s (extension). Primers for mouse PANDER were: forward, 5-CC
AAACTGAAGGCTCAAGCAAAG-3'; reverse, 5'-TTTCTCTCTCGATTTCT
GAAGGGAG-3'. Primers for the normalization gene, mouse B-actin,
were: forward, 5'-AGTGTGACGTTGACATCCGTA-3'; reverse, 5'-GCC
AGAGCAGTAATCTCCTTCT-3’ (Invitrogen).

2.4. Protein extraction and Western blotting

Cells were lysed with ice-cold radioimmune precipitation assay
(RIPA) buffer and 1 mM phenylmethylsulfonyl fluoride (PMSF;
Sigma-Aldrich, St. Louis, MO, USA). Lysates were centrifuged at
12,000g at 4 °C for 10 min, and the supernatant containing the cel-
lular protein was collected. The total protein of each sample was
separated by 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Invitrogen). The membranes were
incubated overnight with primary antibodies on a platform rocker,
washed, and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies for 1 h. Immunoreactive protein
bands were detected with the WesternBreeze kit (Invitrogen).
Primary antibodies were used at the following working dilutions:
rabbit anti-human PANDER polyclonal antibody (1:200 dilution,
sc-83250; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
anti-human JNK polyclonal antibody (1:500, sc-7345; Santa Cruz
Biotechnology), mouse anti-human phosphorylated (p)-JNK poly-
clonal antibody (1:500, sc-6254; Santa Cruz Biotechnology), rabbit
anti-human cleaved caspase-3 polyclonal antibody (1:200, Cat. No.
9664; Cell Signaling Technology, Beverly, MA, USA), and mouse
monoclonal antibody B-actin (1:1000, sc-47778; Santa Cruz
Biotechnology). For PANDER and cleaved caspase-3, the secondary
antibodies were goat anti-rabbit IgG-HRP (1:5000, sc-2004; Santa
Cruz Biotechnology). For B-actin, JNK and p-JNK, the secondary

antibodies were goat anti-mouse IgG-HRP (1:5000, sc-2005; Santa
Cruz Biotechnology).

2.5. Flow cytometric analysis

Apoptotic cells were quantified by the Annexin V and propidi-
um iodide (PI) double-staining technique using an Annexin V-FITC
and PI apoptosis detection kit (Becton-Dickinson Bioscience,
Franklin Lakes, NJ, USA). BTC6 cells were harvested by centrifuga-
tion, and labeling was carried out by serial addition of Annexin V
and PI in the dark, according to the manufacturer’s instructions.
Cell apoptosis was analyzed on a Cytomics™ FC500 Flow Cytome-
ter (Beckman Coulter, Brea, CA, USA). Annexin V-FITC(+)/PI(—) cells
were scored as apoptotic, and Annexin V-FITC(+)/PI(+) (double-
stained) cells were considered either necrotic or late apoptotic.

2.6. PA, SP600125 and exendin-4 intervention

BTCG6 cells were seeded in 6-well plates (1.5 x 10° cells/well).
When ~70-80% confluency was reached, the medium was replaced
with fresh DMEM medium with the final concentration of BSA ad-
justed to 0.5% (w/v). To measure PA-induced PANDER expression,
cells were treated with PA (dissolved in ethanol; Sigma-Aldrich)
at various concentrations (0, 0.125, 0.25, 0.5 and 1.0 mmol/L) for
different times (0, 6, 12, 24 and 48 h). Cells treated with 0.5%
BSA/ethanol in DMEM without PA (uninduced) served as the
control.

To investigate the effect of J]NK on PA-induced PANDER expres-
sion, cells were pre-treated with 25 pumol/L of the JNK-specific
inhibitor SP600125 (dissolved in 0.1% DMSO (v/v); Sigma-Aldrich)
for 1h, then exposed to 0.5 mmol/L of PA plus 25 pmol/L of
SP600125 for 24 h. PA-induced cells without SP600125 and unin-
duced cells exposed to SP600125 only served as controls.

To investigate the effects of exendin-4 on PA-induced lipoapop-
tosis, cells were pre-treated with 50 nmol/L of exendin-4 (dis-
solved in sterile H,O and diluted in DMEM; Sigma-Aldrich) for
24 h, then exposed to 0.5 mmol/L of PA plus 50 nmol/L of exen-
din-4 for 24 h. PA-induced cells without exendin-4 and uninduced
cells exposed to exendin-4 only served as controls.

2.7. Statistical analysis

Statistical analysis was performed using the Student’s t-test for
unpaired data when two samples were compared. Data are ex-
pressed as means * standard deviation (SD). A p-value of <0.05
was considered statistically significant.

3. Results
3.1. Effects of PA on PANDER gene expression in STC6 cells

As detected by qRT-PCR, uninduced BTC6 cells expressed PAN-
DER mRNA, which was used as the baseline level of expression.
PA exposure induced PANDER expression in a dose- and time-
dependent manner (Fig. 1A and B, respectively). The peak value
of PA-induced PANDER mRNA expression occurred with the
0.5 mmol/L concentration at 12 h of incubation. The PANDER pro-
tein expression pattern detected by Western blotting was consis-
tent with the mRNA expression pattern. PANDER protein levels
increased in conjunction with increases in PA concentrations and
exposure times (Fig. 1C and D, respectively). The maximal
enhancement of PANDER protein expression was also induced by
0.5 mmol/L PA but occurred at 24 h of incubation.
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Fig. 1. PA induces PANDER mRNA and protein expression in BTC6 cells, as detected by qRT-PCR (A and B) and Western blotting (C and D), respectively. (A and C) BTC6 cells
were stimulated with 0, 0.125, 0.25, 0.5 or 1.0 mmol/L of PA for 24 h. (B and D). BTC6 cells were stimulated with 0.5 mmol/L of PA for 0, 6, 12, 24 or 48 h. All qRT-PCR data are
presented as mean + SD of three independent experiments. p-actin was detected in Western blotting as the loading control. A representative Western blot of three

independent experiments is shown.

3.2. Role of JNK in PA-induced PANDER expression in BTC6 cells

JNK activation in response to PA exposure and in conjunction
with stimulated PANDER expression was assessed by detecting
the level of phosphorylated JNK using Western blotting. As shown
in Fig. 2, 24 h exposure to PA significantly increased the levels of p-
JNK. Treatment of BTC6 cells with the JNK-specific inhibitor
SP600125 reduced the PA-induced PANDER expression.

3.3. Role of PANDER in PA-induced apoptosis in BTCG6 cells
3.3.1. Effects of siRNA-mediated PANDER silencing

Transfection of siRNA targeting endogenous PANDER mRNA in
BTC6 cells caused a 78% decrease PANDER expression, compared
to the expression detected in cells transfected with the negative

control (NC) siRNA (Fig. 3A). The NC siRNA had no significant effect
on PANDER expression, compared with BTC6 cells exposed to

p-JNK

JNK

PANDER

B-Actin

PA SP600125 PA+SP600125

control

Fig. 2. ]NK contributes to PA-induced PANDER expression in BTC6 cells, as detected
by Western blotting. activated JNK (p-JNK), JNK and PANDER protein expression
was detected in PA-induced (0.5 mmol/L PA for 24 h) BTC6 cells with or without
SP600125 (25 umol/L), and compared with levels detected in the uninduced
(control) and JNK-inhibited (SP600125) BTC6 cells. B-actin was detected as the
loading control. A representative Western blot of three independent experiments is
shown.

transfection reagent alone (MOCK) or no treatment (BC) (Fig. 3A
and B, respectively).

3.3.2. Role of PANDER in PA-induced apoptosis

Detection of the apoptotic marker Annexin V/PI ratio indicated
that 24 h exposure of BTC6 cells to PA led to a significant increase
in the percentage of apoptotic cells. When PANDER expression was
silenced by siRNA, the PA-induced apoptosis rate decreased by
~10%, compared with that observed in NC-transfected PA-induced
cells (Fig. 3C).

3.3.3. Effects of PANDER in PA-induced activation of caspase-3

Detection of cleaved caspase-3 by Western blotting indicated
that 24 h exposure of BTC6 cells to PA led to increase the levels
of activated caspase-3. When PANDER expression was silenced
by siRNA, the PA-induced level of cleaved caspase-3 was decreased,
compared with that observed in NC-transfected PA-induced cells
(Fig. 3D).

3.4. Effects of exendin-4 on PA-induced apoptosis in STC6 cells

3.4.1. Exendin-4 inhibits PA-induced apoptosis

To determine whether exendin-4 was able to exert its anti-
apoptotic effects on PA-induced apoptosis, BTC6 cells were ex-
posed to PA or a combination of PA and exendin-4. As shown
above, PA exposure for 24 h induced a statistically significant in-
crease in apoptosis. This effect was partially reduced by exendin-
4 (Fig. 4A).

3.4.2. Effects of exendin-4 on JNK activation, PANDER expression, and
caspase-3 activation in PA-treated BTC6 cells

Western blotting was used to analyze whether exendin-4 ex-
erted its anti-apoptotic effects by modulating p-JNK, PANDER,
and cleaved caspase-3 protein levels in PA-induced cells.
Exendin-4 treatment alone had no effect on the protein levels,
compared with those in untreated/uninduced BTC6 cells. After
24 h of exposure to PA, however, BTC6 cells showed significantly
increased levels of p-JNK, PANDER, and cleaved caspase-3. When
cells were induced by PA in the presence of exendin-4, the PA-
induced increases in p-JNK, PANDER, and cleaved caspase-3 were
less extensive (Fig. 4B).
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Fig. 3. PANDER contributes to PA-induced apoptosis in BTC6 cells. (A) Quantification of PANDER mRNA expression by qRT-PCR in no-treatment control BTC6 cells (BC),
transfection reagent-exposed BTC6 cells (MOCK), and cells transfected with negative control siRNA (NC) or PANDER siRNA. Data are presented as the percent of PANDER
expression in cells relative to that in NC cells. (B) PANDER protein expression levels detected by Western blotting in NC, BC, MOCK and PANDER siRNA-transfected BTC6 cells.
(C) Flow cytometric analysis of apoptotic cells stained with Annexin V and PI. NC-transfected cells and PANDER siRNA-transfected cells were cultured without PA or with
0.5 mmol/L of PA for 24 h. (D) Cleaved caspase-3 protein expression levels detected by Western blotting in NC- or PANDER siRNA-transfected cells cultured without PA or
with 0.5 mmol/L of PA for 24 h. For qRT-PCR in (A) and flow cytometry (C), the data are presented as mean * SD of three independent experiments; *p < 0.05 vs. NC and
#p < 0.05 vs. NC + PA. For Western blots in (B and D), p-actin was detected as the loading control and a representative blot of three independent experiments is shown .
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Fig. 4. Exendin-4 inhibits PA-induced apoptosis in BTC6 cells. Uninduced or PA-induced BTC6 cells were cultured in the presence or absence of exendin-4 (50 nmol/L) for
24 h. (A) Flow cytometric analysis of apoptotic cells stained with Annexin V and PI. The data are shown as mean * SD of three independent experiments; “p < 0.05 vs. control
and *p <0.05 vs. PA. (B) PANDER, p-JNK, JNK and cleaved caspase-3 protein expression levels detected by Western blotting. A representative Western blot from three

independent experiments is shown.

4. Discussion

The PANDER cytokine-like peptide was recently cloned and
characterized. In addition to its high expression levels in pancreatic
islet B-cells, PANDER appears to colocalize with the insulin-
containing secretory granules. However, when PANDER was over-
expressed in B-cells through infection with adenovirus-PANDER,
the B-cells became apoptotic [7]. Studies to elucidate the regula-
tory mechanisms of gene expression of PANDER demonstrated that
glucose and some cytokines (such as interferon (IFN)-y, monocyte
chemoattractant protein-1 (MCP-1) or a combination of interleukin
(IL)-1B, tumor necrosis factor (TNF)-a and IFN-y [15-17]) act as
positive regulators, suggesting that PANDER may participate in
the glucose- or cytokine-mediated B-cell apoptosis.

FFAs contribute to B-cell dysfunction and apoptosis [18-21].
Our previous study demonstrated that FFAs exert pleiotropic

effects in pancreatic B-cells, as evidenced by a glucose-stimulated
insulin assay [22]. The study presented herein was designed to fur-
ther investigate the observed lipotoxicity in p-cells. By using the
glucose-sensitive, insulin secreting BTC6 cell line, we found that
the saturated fatty acid, PA, stimulated PANDER expression in a
dose- and time-dependent manner and induced apoptosis. Fur-
thermore, the underlying mechanism of PA-induced apoptosis in
BTC6 cells involved PANDER, as evidenced by the siRNA-mediated
knock-down of PANDER expression.

The cysteine-containing aspartate-specific protease (CASPASE)
family is known to function as important mediators of FFA-induced
apoptosis of B-cells [18]. The caspase-3 family member has been
characterized as a major effector caspase of the apoptosis signaling
cascade [23]. A recent study of PANDER-induced B-cell apoptosis
revealed that caspase-3 is critically involved in this process [5].
In our current study, PA-induced activation of caspase-3 was
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partially blocked in PANDER siRNA-transfected BTC6 cells, illus-
trating the role of PANDER in PA stimulation of caspase-3
activation.

JNK is widely recognized as a principal signaling node in the
regulation of cell survival in response to stress-activated apoptosis.
A number of studies have demonstrated that saturated FFAs are a
major source of metabolic stress and activators of JNK [18,24-
27]. Intriguingly, the promoter region of PANDER harbors a binding
site for one of the key JNK downstream transcription factors, acti-
vating protein-1 (AP-1) [16]. Furthermore, the protein kinase C
(PKC)-JNK-AP-1 signaling pathway was implicated in the MCP-1-
induced expression of the PANDER gene [17]. We found that when
JNK was specifically inhibited by a pharmacologic agent in BTC6
cells, the PA-induced increase in PANDER expression was attenu-
ated. This finding indicated that JNK-mediated signaling is in-
volved in PA stimulation of PANDER expression.

GLP-1 and its long-acting homologue exendin-4 are known to
reduce apoptosis in rodent and human isolated B-cells and intact
islets exposed to FFAs, cytokines, or toxic agents [28-32]. It has re-
cently been revealed that the anti-apoptotic effects of exendin-4
are related to JNK activation [13,33,34]. The results in the present
study showed that exendin-4 inhibits the activation of JNK, de-
creases the expression of PANDER, and protects BTC6 cells from lip-
oapoptosis. These findings led us to hypothesize that exendin-4
inhibits activation of JNK, leading to down-regulation of PANDER
expression and blocking the lipoapoptosis-promoting signaling
events.

In summary, the results of this in vitro study demonstrated that
PANDER participates in the process of PA-induced B-cell apoptosis
through the activation of caspase-3 in B-cells. The protective ef-
fects of exendin-4 on lipoapoptotic B-cells may involve interfer-
ence of the JNK-PANDER signaling pathway.
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