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Autophagy, a vacuolar degradative pathway, constitutes a stress adaptation that avoids cell death
or elicits the alternative cell-death pathway. This study was undertaken to determine whether
autophagy is activated in palmitate (PA)-treated ␤-cells and, if activated, what the role of autophagy is in the PA-induced ␤-cell death. The enhanced formation of autophagosomes and autolysosomes was observed by exposure of INS-1 ␤-cells to 400 M PA in the presence of 25 mM glucose
for 12 h. The formation of green fluorescent protein-LC3-labeled structures (green fluorescent
protein-LC3 dots), with the conversion from LC3-I to LC3-II, was also distinct in the PA-treated cells.
The phospho-mammalian target of rapamycin level, a typical signal pathway that inhibits activation of autophagy, was gradually decreased by PA treatment. Blockage of the mammalian target
of rapamycin signaling pathway by treatment with rapamycin augmented the formation of autophagosomes but reduced PA-induced INS-1 cell death. In contrast, reduction of autophagosome
formation by knocking down the ATG5, inhibition of fusion between autophagosome and lysosome by treatment with bafilomycin A1, or inhibition of proteolytic degradation by treatment with
E64d/pepstatin A, significantly augmented PA-induced INS-1 cell death. These findings showed
that the autophagy system could be activated in PA-treated INS-1 ␤-cells, and suggested that the
induction of autophagy might play an adaptive and protective role in PA-induced cell death.
(Endocrinology 150: 126 –134, 2009)

I

ncreased free fatty acids (FFAs), alone or in conjunction with
hyperglycemia, have been proposed to trigger the loss of ␤-cells
in type 2 diabetes (1), and moreover, in vitro studies have demonstrated that long-term exposure to FFAs induces ␤-cell death
in culture and in isolated islets. The death was mainly apoptotic with cytochrome c release, caspase 3 activation, and
DNA fragmentation (2). Saturated fatty acids like palmitic
and stearic acids were found to be particularly cytotoxic to
␤-cells, whereas unsaturated fatty acids like linoleic, oleic, and
palmitoleic acids, were not, and interestingly, these unsaturated FFAs protected the cells from saturated FFA-induced
apoptosis (3, 4).

The cellular mechanisms involved in FFA-induced ␤-cell apoptosis are not fully understood. FFAs are usually nontoxic to
␤-cells if they are oxidized. However, the accumulation of longchain acyl-coenzyme As or lipid derivatives, such as diacylglycerol, lysophosphatidic acid, and sphingolipids, are thought to
promote ␤-cell apoptosis (5). Ceramide has been suggested to be
an important mediator of FFA-induced ␤-cell death (2, 3, 6, 7).
Down-regulation of Bcl-2, an antiapoptosis regulator, was detected in FFA-exposed human islets, suggesting that FFA-induced ␤-cell death was affected by the expression of apoptosisrelated molecules (2). Nuclear translocation and activation of
protein kinase C-␦ were necessary for saturated fatty acid-in-
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duced ␤-cell apoptosis (8). Elevated concentrations of FFAs produced reactive oxygen species (ROS) (9), and, therefore, ROS
and oxidative stress were believed to be involved in FFA-induced
␤-cell death. On the other hand, inhibition of the insulin receptor
substrate/phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway was critical in FFA-induced ␤-cell apoptosis (10, 11).
Recently, endoplasmic reticulum (ER) stress was postulated to be
a critical mediator of FFA-induced ␤-cell apoptosis (12, 13), and
the involvement of calcium-mediated apoptotic signals was also
reported (14).
Macroautophagy (autophagy) is a physiologically conserved
process maintaining homeostatic functions like protein degradation and organelle turnover (15). In the first step of autophagy,
a lipid bilayer structure is developed, and the bilayer then sequesters cytoplasmic materials to form autophagosomes. During
this step, LC3, a mammalian homolog of yeast ATG8, is processed and cleaved into a soluble form known as LC3-I, which
undergoes covalent conjugation to phosphatidylethanolamine
to form an autophagosome-bound LC3-II (16). Autophagosomes then fuse with lysosomes and mature into autolysosomes
rounded with a singular membrane structure. Sequestrated materials in the autolysosomes are digested into amino acids by the
lysosomal enzymes (17, 18). Autophagy is rapidly up-regulated
under conditions that include the deprivation of nutrient or
growth factors, and then provide an alternative source of intracellular building blocks and substrates for the generation of energy to enable cell survival (19). Evidence also exists to indicate
that the autophagic machinery can be recruited to kill cells, generating a caspase-independent form of cell death, named autophagic cell death (20). Autophagy is regulated by both class I and
class III PI3K pathways (21, 22). The mammalian target of rapamycin (mTOR), a downstream of the class-I PI3K/Akt, is a key
negative regulator for the induction of autophagy. mTOR serves
as a metabolic sensor that coordinates cross talk between nutrient availability and autophagy (23). On the other hand, class III
PI3K in conjunction with beclin positively regulates autophagy.
It has been suggested that the trafficking of autophagosomes is
regulated by class III PI3Ks because 3-methyladenine (3-MA), an
inhibitor of class III PI3K activity, inhibits autophagosome formation (21, 22). In addition to PI3K signals, MAPKs such as Erk,
p38, and c-Jun N-terminal kinase (JNK) have been involved in
activation or suppression of autophagy (19, 24).
Because ER stress and oxidative stress, known as central mediators for FFA-induced ␤-cell death, have been implicated in the
induction of autophagy (25, 26), we questioned whether autophagy is induced during palmitate (PA)-induced INS-1 cell death
and, if activated, what the role of autophagy is in the PA-induced
␤-cell death. The activation of autophagy was determined by the
accumulation and subsequent degradation of LC3-II molecules,
as well as a two-layer vesicle (autophagosome) formation and
green fluorescent protein (GFP)-LC3 autofluorescent dot formation. To determine whether PA-induced autophagy played a
suppressive or stimulatory role in PA-induced cell death, we augmented autophagy by blocking the Akt/mTOR signaling pathways or reduced autophagy by knocking down the ATG5, and
then studied the effect of the augmentation or reduction of autophagy on PA-induced cell death. The effect of inhibitors of
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fusion between autophagosome and autolysosome, as well as
proteolysis within the lysosome on PA-induced INS-1 cell death
was also investigated.

Materials and Methods
Materials
All chemicals, including PA, 3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazoilium bromide (MTT), 4⬘,6-diamidino-2-phenylindole
(DAPI), N-acetylcysteine (NAC) (antioxidant), reduced glutathione
(GSH) (antioxidant), 4-phenyl butyric acid (4-PBA) (chemical chaperone), SP600125 (JNK inhibitor), SB203589 (p38 inhibitor), PD98059
(Erk inhibitor) and 3-MA (class III PI3K inhibitor), AKT inhibitor 4,
rapamycin (inhibitor of mTOR), bafilomycin A1 (inhibitor of vacuolar
H⫹ adenosine triphosphatase), monensin (Na⫹/H⫹ ionophore), (2S,3S)trans-Epoxysuccinyl-L-leucylamido-3-methylbutane ethyl ester (E64d)
(inhibitor of lysosomal protease), pepstatin A (inhibitor of lysosomal
protease), and monodansylcadaverine (MDC), were purchased from either Merck Bioscience (Darmstadt, Germany) or Sigma-Aldrich Corp.
(St. Louis, MO). Lyso Tracker Red lysosomal Probe was obtained from
Lonza (Walkersville, MD). The 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 accordance with the supplier’s recommendations. Anti-P-Erk, Erk, and actin
antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), and Anti-LC3, P-Akt, Akt, P-mTOR, mTOR, cleaved caspase
3, and poly (ADP-ribose) polymerase (PARP) antibodies were from Cell
Signaling Technologies (Beverly, MA). Anti-ATG5 antibodies were from
Sigma-Aldrich. PA/BSA conjugates were prepared as described previously (27). Briefly, a 20-mM solution of PA in 0.01 M NaOH was incubated at 70 C for 30 min, and fatty acid soaps were then complexed with
5% BSA in PBS at an 8:1 molar ratio of fatty acid to BSA. The PA/BSA
conjugates were administered on cultured cells.

Cells
INS-1 rat insulinoma cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (Invitrogen Corp., Carlsbad,
CA), 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.

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

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).

Immunoblotting
Cells were suspended in radioimmunoprecipitation assay buffer [150
mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 50 mM Tris Cl (pH 7.5), and 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 (Bio-Rad Laboratories). An equal
volume of 2⫻ SDS sample buffer [125 mM Tris Cl (pH 6.8), 4% SDS, 4%
2-mercaptoethanol, and 20% glycerol] was added to cell lysates, and
equivalent amounts of protein (30 g) were loaded onto 10 –15% poly-
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acrylamide gels, electrophoresed, and then transferred onto polyvinylidene fluoride 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
(horseradish peroxidase-conjugated antimouse IgG or antirabbit IgG
antibodies). Immunoreactive bands were then developed using an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech, Arlington Height, IL).

Transmission electron microscopy (EM)
INS-1 cells were fixed with Karnovsky’s fixative solution [1% paraformaldehyde, 2% glutaraldehyde, 2 mM calcium chloride, and 100 mM
cacodylate buffer (pH 7.4)] for 2 h and washed with cacodylate buffer.
After postfixing with the fixative solution containing 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 h, the cells were dehydrated with 50 –100% alcohol and stained with en bloc in 0.5% uranyl
acetate. The cells were then embedded in Poly/Bed 812 resin (Pelco,
Redding, CA) and polymerized, after which they were sectioned by
Reichert Jung Ultracut S (Leica, Wetzetlar, Germany) and stained with
uranyl acetate and lead citrate. The cells were observed and photographed under a transmission electron microscope (EM 902A; Carl Zeiss
MicroImaging GmbH, Göttingen, Germany).

MDC staining
To detect the autophagic vacuoles, cells were grown in the Lab-Tek
Chambered no. 1.0 Borosilicate Coverglass System (Nalge Nunc Intl.,
Rochester, NY). After treatment with PA for 12 h, the cells were stained
with 50 M MDC in PBS at 37 C for 10 min. After washing with PBS, the
cells were immediately analyzed under a fluorescence microscopy (355
nm excitation and 460 nm emission).

Endocrinology, January 2009, 150(1):126 –134

Construction of GFP-LC3-expressing INS-1 cells and
analysis of GFP-LC3 dots
To construct the GFP-LC3 vector, the rat LC3 gene was first amplified with PCR primer sets (forward primer, 5⬘-GCTCAAGCTTCGATGCCGTCCGAGAAGACC-3⬘; and reverse primer, 5⬘-CGGTGGATCCCCAAACATTAGGTATTGTT-3⬘) from the RNA of INS-1 cells using
an RNA PCR kit (Takara Shuzo, Shiga, Japan). After HindIII and BamHI
digestion of the PCR fragment, the amplified DNA fragments were inserted into the corresponding sites of pEGFP-C1 vector (Clontech Laboratories, Inc., Mountain View, CA). To obtain stable INS-1 cells expressing GFP-LC3, INS-1 cells were transfected with the plasmid pEGFPC1-GFP-LC3, and the stable cell lines were then selected under G418
(500 g/ml). To detect translocation of GFP-LC3 from the cytosolic
fraction to autophagic vacuoles, the stable cell lines expressing GFP-LC3
were grown in the Lab-Tek Chambered no. 1.0 Borosilicate Coverglass
System, and then treated with 400 M PA and 25 mM glucose for 12 h.
Autofluorescence GFP-LC3 was observed under a confocal microscope
(448 nm excitation and 515 nm emission) (Carl Zeiss MicroImaging
GmbH).

Lysosomal staining
To detect fusion of lysosomes and autophagosomes, GFP-LC3-expressing cells were grown in the Lab-Tek Chambered no. 1.0 Borosilicate
Coverglass System, and the cells were then stained with 1 M Lyso
Tracker Red lysosomal Probe in RPMI 1640 medium at 37 C for 10 min.
After washing with PBS, the cells were immediately analyzed under fluorescence microscopy (540 nm excitation and 560 nm emission).

RNA interference
The 21-nucleotide small interfering ATG5 RNA duplexes (rat ATG
5⬘-GUUCAGCGUGUCCGGCGAGTT-3⬘) were designed and constructed at Samchully Co. (Seoul, Korea). The ATG5-specific small interfering RNA
(siRNA) constructs were transfected into GFP-LC3expressing INS-1 using a pipet type electroporator
(Digitalbiotechnology, Seoul, South Korea) according
to the manufacturer’s instructions. Briefly, 2 g ATG5
siRNA and 5 g pCDNA3 as a cDNA in 100 l R
buffer of 5 ⫻ 106 INS-1 cells were transfected using the
microporator under conditions of 1170 V and 30 mm
width. After transfection the cells were seeded into sixwell plates at a concentration of 1.5 ⫻ 106 cells and
then treated with PA.

Statistics
Data are presented as mean ⫾ SD of at least three
independent experiments. Statistical differences between the various groups were determined using the
Student’s t test. P values less than 0.05 were considered statistically significant.
FIG. 1. Treatment with PA in the presence of high concentrations of glucose induced caspase 3dependant apoptotic death in INS-1 cells. A, INS-1 cells were treated with 400 M PA in the presence of
different concentrations of glucose for 24 h. Cell viability was measured by MTT assay. *, P ⬍ 0.05; **,
P ⬍ 0.01 vs. viability of cells cultured in the presence of BSA (0.3%) and 5 mM glucose. B, INS-1 cells
were treated with 400 M PA in the presence of 25 mM glucose for the indicated duration of time. Cell
viability was analyzed using MTT assay. *, P ⬍ 0.05; **, P ⬍ 0.01 vs. viability of PA-untreated cells (0 h
incubation). C, Nuclear DNAs in BSA- or PA-treated INS-1 cells were stained with DAPI and observed
under a fluorescence microscope (388 nm emission). Arrows indicate condensed and fragmented
nucleosomes. D, Caspase 3 activation and PARP cleavage was determined by immunoblotting analysis
with anticleaved caspase 3 and anti-PARP antibodies. C-Cas 3, Cleaved caspase 3; C-PARP, cleaved
PARP; Pro-Cas 3, pro-caspase 3; Pro-PARP, uncleaved PARP. The band intensity was determined using a
one-dimensional image analysis program (Quantity One; Bio-Rad Laboratories). The maximum intensity
of cleaved caspase 3 or cleaved PARP at 24 h after PA treatment was converted to 100%, and the
relative intensities were calculated on the basis of maximum intensity. Data are expressed as the
mean ⫾ SD values for three independent experiments. *, P ⬍ 0.05; **, P ⬍ 0.01 vs. cleaved caspase 3 at
zero time. #, P ⬍ 0.05; ##, P ⬍ 0.01 vs. cleaved PARP at zero time. E, Ultrastructure of INS-1 cells
treated with 400 M PA in the presence of 25 mM glucose for 24 h was analyzed by transmission EM.

Results
Apoptotic death of INS-1 cells by PA
treatment
BecausesaturatedfattyacidPAwasreportedto
becytotoxicto ␤-cellsandsynergizedwithelevated
glucose to cause ␤-cell cytotoxicity (28), we first
tested the effect of PA on different concentrations
of glucose on INS-1 cell cytotoxicity. As shown in
Fig. 1A, glucose itself did not reduce the viability of
INS-1 ␤-cells and rather, enhanced INS-1 cell via-
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bility in a concentration-dependent manner. On the other hand, PA
reduced INS-1 cell viability, and the glucose significantly synergized the PA-induced reduction in viability. Incubation of INS-1
cells with 0.4 mM PA in the presence of 5 mM glucose for 24 h
reduced the viability of the cells by 13%, but in the presence of
25 mM glucose, the viability of the cells was reduced by around
60% (Fig. 1A). Therefore, the cytotoxic effect of PA on INS-1 ␤
cells was studied in the presence of 25 mM glucose due to its
maximal effect. The reduction in viability of the cells by exposure
to PA was also found to be time dependent (Fig. 1B). As reported
by El-Assaad et al. (28), viability reduction by the PA was mainly
due to apoptosis. In PA-treated INS-1 cells, DAPI staining demonstrated nuclear condensation, a characteristic that is typical of
apoptosis (Fig. 1C), and immunoblotting analysis showed an
increase in the level of the cleavage form of caspase 3 (Fig. 1D)
and PARP, which represents caspase 3 activation (Fig. 1D).
Caspase 3 and PARP were cleaved in a time-dependent manner
(Fig. 1D). EM clearly demonstrated nuclear condensation in
INS-1 ␤-cells treated with PA, with weak formation of membrane blebbings and apoptotic bodies (Fig. 1E). All these data
demonstrated that PA was able to elicit the apoptotic death of
INS-1 ␤-cells and that the cytotoxic effect of PA was enhanced in
the presence of higher concentrations of glucose.

Formation of autophagosomes and autolysosomes in
PA-treated INS-1 cells
Because ER stress and oxidative stress, known as central mediators for FFA-induced ␤-cell death, were linked to the induction of autophagy (25, 26), we carefully examined the appearance of autophagic vesicles in EM images obtained. The
ultrastructure of PA-treated INS-1 cells showed highly vacuolated structures with condensed nucleus within the cytoplasm
(Fig. 1E). The vacuoles consisted of singular membrane structures and contained dark debris. Because the existence of vacuoles engulfing cytoplasmic organelles are a typical characteristic
of autophagy, we precisely reexamined the formation of autophagic vesicles in PA-treated INS-1 ␤-cells. All three kinds of
vacuolar structures, such as double-layered curved structures,
double membrane autophagosomes, and singular membrane autolysosomes, even in the situation without nuclear condensation,
were simultaneously observed in INS-1 cells with short incubation (12 h) in the presence of PA (Fig. 2A), demonstrating that PA
did indeed activate autophagy in INS-1 ␤-cells. When MDC, an
autofluorescent compound used for the in vivo labeling of autophagic vacuoles, was applied to PA-treated INS-1 cells, dotlike structures appeared in cytoplasmic and perinuclear regions
(Fig. 2B). The proportion of cells with MDCstained dots was dramatically increased at
12 h after PA treatment. To reconfirm the formation of autophagic vesicles, the localization
of LC3 to autophagosomes was examined. Localization of LC3 in the autophagic vesicles
was determined by the formation the GFPautofluorescent dots in GFP-LC3 expressing
INS-1 cells. As shown in Fig. 2B, PA extensively elicited fluorescence-positive dots in the
cytoplasmic region. The fluorescent dots began to increase from 6 h after PA treatment,
and size of the dots was gradually increased
during PA incubation. When the conversion
of LC3-I to LC3-II was investigated by immunoblotting with anti-LC3 antibodies,
LC3-IIs were detected at 6 h after PA treatment, and the level was peaked at 12 h, and
then gradually decreased (Fig. 2C). On the
other hand, BSA alone did not elicit conversion from LC3-I to LC3-II. When GFP-LC3
FIG. 2. Autophagy was activated by treatment with 400 M PA in the presence of 25 mM glucose. A,
fluorescence merged with the Lyso Tracker
Ultrastructure of INS-1 cells treated with PA for 12 h was analyzed under transmission EM. Panels a– c
fluorescence, yellowish dots demonstrating
are high-magnification images of boxes and showed examples of autophagosome (a), autolysosome (b),
and curved isolation membrane (c). B, The INS-1 cells treated with 400 M PA for indicated time
fusion between autophagosomes and lysodurations were stained with 50 M MDC for 10 min. After washing with PBS, the blue fluorescent dots
somes were increased in PA-treated INS-1
were observed under a fluorescence microscope. The INS-1 cells expressing GFP-LC3 were also
cells. Together, these findings confirmed
incubated with the 400 M PA for the indicated times. Translocation of LC3s to autophagosomes was
determined by formation of GFP autofluorescent dots. C, The INS-1 cells expressing GFP-LC3 were
that PA activated the whole process of auincubated with the PA (400 M PA) for the indicated times. The conversion of LC3-I into LC3-II was then
tophagy in INS-1 ␤-cells.
analyzed by immunoblotting with anti-LC3 antibodies. The band intensity was determined using a onedimensional image analysis program (Quantity One; Bio-Rad Laboratories). The maximum intensity of
LC3-II at 12 h after PA treatment was converted to 100%, and the relative intensities were calculated on
the basis of maximum intensity. Data are expressed as the mean ⫾ SD values for three independent
experiments. *, P ⬍ 0.05; **, P ⬍ 0.01 vs. LC3-II level at zero time. D, Maturation of autophagosomes
into autolysosomes in PA-treated INS-1 cells was detected by colocalization of LC3 with lysosomes. GFPLC3-expressing INS-1 cells treated with PA for 12 h were stained with Lyso Tracker Red lysosomal Probe
for 10 min. After washing with PBS, the cells were observed by confocal microscopy. The green
fluorescent images representing GFP-LC3 molecules and red images representing lysosomes were
merged to yellow fluorescence, demonstrating LC3-harboring lysosomes (autolysosome).

Possible involvement of signaling
pathways related to mTOR, ER stress,
and class III PI3K in PA-induced
autophagy activation
The inhibition of the target of rapamycin
(TOR) signaling pathway is known to be a
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FIG. 3. Signaling pathways related to mTOR, ER stress, and class III PI3K may be involved in PA-induced autophagy. A, INS-1 cells were treated with 400 M PA in the
presence of 25 mM glucose for indicated times, and the protein levels were then analyzed by immunoblotting with antiphosphorylated Akt (P-Akt), Akt, phosphorylated
mTOR (P-mTOR), TOR, or actin antibodies. *, P ⬍ 0.05; **, P ⬍ 0.01 vs. phosphorylated Akt at zero time. #, P ⬍ 0.05; ##, P ⬍ 0.01 vs. phosphorylated mTOR at zero
time. B, INS-1 cells expressing GFP-LC3 were treated with various signal inhibitors, such as NAC (antioxidant), reduced GSH (reducing agent), 4-PBA (chemical
chaperone), SP600125 (SP) (JNK inhibitor), SB203589 (SB) (p38 inhibitor), PD98059 (PD) (Erk inhibitor), and 3-MA (class III PK3K inhibitor), and then treated with 400
M PA in the presence of 25 mM glucose for 12 h. Formation of autophagic vesicles was determined by the appearance of GFP-LC3 autofluorescent dots. Percentages
of cells with GFP-LC3 dots were determined by direct counting over 200 cells three times. *, P ⬍ 0.05; **, P ⬍ 0.01 vs. percentage of PA-treated cells with GFP-LC3
dots. #, P ⬍ 0.05 vs. percentage of BSA-treated cells with GFP-LC3 dots.

central player for initiation and maturation of autophagy (15).
To determine whether the mTOR signaling pathway was involved in the PA-induced activation of autophagy, the level of
phospho-form mTOR was determined by immunoblot analysis.
The level of phospho-mTOR was gradually decreased in PAtreated INS-1 cells in a time-dependent manner, and the phos-

pho-form of Akt, an upstream signal of mTOR signaling pathway, was also decreased, showing similar kinetics to that of the
phospho-mTOR level (Fig. 3A). To determine whether signaling
pathways related to oxidative stress, ER stress, JNK, p38, Erk,
and class III PI3K were involved in PA-induced autophagy activation, the effect of antioxidants (NAC and reduced GSH),
chemical chaperone (4-PBA), JNK inhibitor
(SP600125), p38 inhibitor (SB203589), Erk inhibitor (PD98059), and class III PI3K inhibitor
(3-MA) on PA-induced autophagosome formation was examined. As shown in Fig. 3B, 4-PBA
and 3-MA significantly reduced proportion of
cells with GFP-LC3 positive dots in PA-treated
INS-1 cells. In particular, 3-MA almost completely blocked PA-induced autophagosome
formation (Fig. 3B and supplemental 4, which is
published as supplemental data on The Endocrine Society’s Journals Online web site at http://
endo.endojournals.org). These data suggested
that ER stress and class III PI3K were involved in
PA-induced activation of autophagy.

FIG. 4. Enhanced autophagy by treatment with AKT inhibitor 4 (AKT I) or rapamycin (Rapa) prevented
PA-induced INS-1 cell death. A, INS-1 cells expressing GFP-LC3 were treated with 20 nM AKT inhibitor 4
or 20 nM rapamycin for 30 min. The cells were then treated with 400 M PA in the presence of 25 mM
glucose for 12 h. Formation of autophagic vesicles was determined by the appearance of GFP-LC3
autofluorescent dots. Percentages of cells with GFP-LC3 dots were determined by directly counting over
200 cells three times. *, P ⬍ 0.05; **, P ⬍ 0.01 vs. percentage of BSA- and DMSO-treated cells with
GFP-LC3 dots. #, P ⬍ 0.05 vs. percentage of PA- and DMSO-treated cells with GFP-LC3 dots. B, INS-1 cells
pretreated with AKT inhibitor 4 or rapamycin were treated with 400 M PA for 24 h, and the cell viability was
then determined by MTT assay. *, P ⬍ 0.05 viability from PA- and DMSO-treated cells. C, Caspase 3
activation was analyzed by immunoblotting analysis with anticleaved caspase 3 and anti-PARP antibodies. **,
P ⬍ 0.01 vs. cleaved caspase 3 (C-Cas 3) of PA- and DMSO-treated cells. ##, P ⬍ 0.01 vs. cleaved PARP (CPARP) of PA- and DMSO-treated cells. Pro-Cas 3, Pro-caspase 3; Pro-PARP, uncleaved PARP.

Reduction of PA-induced INS-1 cell
death by treatment with mTOR inhibitor
To elucidate the role of autophagy in PAinduced INS-1 cell death, we attempted to accelerate the autophagic system by enhanced
autophagosome formation. Because autophagosome formation could be augmented by
blocking the mTOR signaling pathway, rapamycin as an mTOR inhibitor or Akt 4 inhibitor as an inhibitor of upstream signal of
mTOR was used, and the effect of mTOR inhibition on PA-induced INS-1 cell death was
then investigated. Cotreatment of the cells
with 20 nM rapamycin and 0.4 mM PA in the
presence of 25 mM glucose significantly in-
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creased PA-induced autophagosome formation. The proportion
of autophagosome-positive cells increased from 60% to nearly
90% by treatment with rapamycin (Fig. 4A). In addition, the Akt
4 inhibitor also increased autophagosome-positive cells from
60 –75%. Rapamycin and Akt 4 inhibitors increased the viability
of INS-1 cells from 40 – 65% and 40 –70%, respectively (Fig.
4B). Both these inhibitors also significantly reduced PA-induced
activation of caspase 3 (Fig. 4C). In particular, treatment of the
cells with rapamycin reduced the level of cleaved caspase to 15%
and the level of cleaved PARP to 10%, respectively, demonstrating that rapamycin and Akt 4 inhibitor were able to reduce PAinduced apoptosis.
Augmentation of PA-induced INS-1 cell death by
blockage of autophagy
To determine whether impaired autophagy augmented or
protected the PA-induced INS-1 cell death, we reduced the autophagic flux in PA-treated INS-1 cells at the stage of autophagosome formation to lysosomal degradation, and the effect of
autophagy inhibition on PA-induced death was then investigated. We first reduced autophagosome formation by knocking
down ATG5 because ATG5 is known to be a critical protein
required for autophagosome precursor synthesis (29). As shown
in Fig. 5A, the transient transfection of ATG5 siRNA reduced the
protein level of ATG5 and significantly reduced the autophagosome formation in PA-treated INS-1 cells. The proportion of
cells with LC3-positive dots was reduced from about 50 –15%
(Fig. 5B). However, the PA-induced reduction in the viability of
the cells, as well as the PA-induced activation of caspase 3 was
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more augmented in ATG5 siRNA-transfected cells (Fig. 5, C and
D). Next, the autophagic flux was inhibited by treatment with
bafilomycin A1, a pharmacological inhibitor of fusion between
autophagosomes and autolysosomes, or E64d/pepstatin A, protease inhibitors in the autolysosome. Treatment of the INS-1 cells
with bafilomycin A1 dramatically increased the autophagosome
accumulation but completely removed the lysosomes in the cytoplasm (Fig. 6A). On the other hand, treatment of these cells
with E64d/pepstatin A dramatically increased Lyso Trackerstained lysosome level. In particular, E64d/pepstatin A enhanced
autolysosome accumulation (Fig. 6A). PA in the presence of
E64d/pepstatin A significantly increased the population of cells
with GFP-LC3 dots comparing with E64d/pepstatin A alone,
whereas PA in the presence of bafilomycin A1 did not. When we
performed immunoblotting analysis for LC3 level at different
time points after treatment with PA and bafilomycin A1, or
E64d/pepstatin A, we obtained data that PA in the presence of
bafilomycin A1 or E64d/pepstatin A increased LC3-II level more
at 12 h after PA treatment than in the presence of bafilomycin A1
or E64d/pepstain A only (Fig. 6B). Bafilomycin A1 or E64d/
pepstatin A accumulates LC3-III level in a delayed pattern and
slows down the degradation of LC3-II. Both Bafilomycin A1 and
E64d/pepstatin A significantly augmented the PA-induced reduction in viability of INS-1 cells, although these drugs inhibited
autophagic flux at different stages. Both drugs similarly reduced
the viability from around 50% to less than 20%. Monensin,
another inhibitor of fusion between autophagosome and lysosomes, showed the similar augmentation effect on the PA-induced reduction in viability of the cells. In accordance with the
viability-reduction effect, bafilomycin A1,
monensin, or E64d/pepstatin A significantly
increased the cleavage of caspase 3 and PARP
in PA-treated INS-1 cells (Fig. 6D).

Discussion

FIG. 5. Knockdown of ATG5 augmented PA-induced INS-1 cell death. A, INS-1 cells were transfected
with ATG5 siRNA or scrambled RNA (nonsilencing) using a microporator. ATG5 expression was analyzed
by immunoblotting with anti-ATG5 antibodies 36 h after transfection. **, P ⬍ 0.01 vs. the level of
ATG5 after transfection of scrambled RNA. B, INS-1 cells expressing GFP-LC3 were transfected with
ATG5 siRNA. After treatment of ATG5 siRNA-transfected cells with 400 M PA in the presence of 25 mM
glucose for 12 h, GFP-LC3 fluorescence was observed by confocal microscopy. Percentages of cells with
GFP-LC3 dots were determined by directly counting over 200 cells three times. **, P ⬍ 0.01 vs.
percentage of PA-treated cells with GFP-LC3 dots. C, After treatment of ATG5 siRNA-transfected cells
with 400 M PA for 24 h, cell viability was measured by MTT assay. *, P ⬍ 0.05 vs. viability of PAtreated cells. D, After treatment ATG5 siRNA-transfected cells with 400 M PA in the presence of 25 mM
glucose for 24 h, caspase 3 activation was analyzed by immunoblotting with anticleaved caspase 3 and
anti-PARP antibodies. **, P ⬍ 0.01 vs. cleaved caspase 3 (C-Cas 3) of PA-treated cells. #, P ⬍ 0.05 vs.
cleaved PARP (C-PARP) at PA-treated cells. Pro-Cas 3, Pro-caspase 3; Pro-PARP, uncleaved PARP.

PA elicited INS-1 ␤-cell death mainly through
apoptosis. The cytotoxic effect of PA on INS-1
cells was more enhanced in the presence of
increasing concentrations of glucose (30).
Glucose itself in the absence of PA was not
toxic and, rather, increased cell viability. The
ultrastructure of PA-treated INS-1 cells clearly
demonstrated the formation of double-membrane autophagosomes and single-membrane
autolysosomes. An impressive feature in electron microscopical observations was the detection of angular vacuoles that segregated the
cytoplasmic contents. The vacuoles were believed to be extended ER (31). Conversion of
LC3-I to LC3-II was significantly increased in
PA-treated INS-1 cells, although the efficiency
of the conversion was relatively weak. LC3-II
level was then gradually decreased after peak
accumulation, demonstrating degradation of
LC3-II molecules in autolysosomes. The grad-
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induce autophagic vacuoles at the same concentration at which PA induced autophagosomes (supplemental 2).
The reason why PA was able to activate
autophagy in ␤-cells is speculative. Autophagy
could be activated as an adaptive process responding to metabolic stress that eventually
results in degradation of intracellular protein
and organelles (32). Extracellular stimuli such
as starvation and therapeutic treatment, as
well as intracellular stimuli such as accumulation of misfolded proteins and invasion of
microorganisms, were reported to be able to
modulate the autophagic responses. Autophagy also occurs when the mitochondria fail to
maintain its function during starvation (33) or
when the mitochondria are damaged (34).
ROS was also a mediator for induction of autophagy (35). Because FFA has generated ROS
in ␤-cells and the antioxidants have prevented
FFA-induced ␤-cell dysfunction (36, 37), oxidative stress could be a mediator in the induction of FFA-induced autophagy activation
in ␤-cells (38). In addition, because autophagy
was activated as a novel signaling pathway in
response to ER stress (25, 39), and, furthermore, ER stress was known to be a critical
FIG. 6. Inhibition of autophagic flux augments PA-induced INS-1 cell death. INS-1 cells expressing GFPLC3 were cotreated with 400 M PA, and autophagic inhibitors such as 100 nM bafilomycin A1 (Baf)
mediator for FFA-mediated ␤-cell death (12,
(inhibitor of fusion between autophagosome and lysosome), 100 nM monensin (Mon) (inhibitor of fusion
13, 40), ER stress could play a role as a mebetween autophagosome and lysosome), or 10 g/ml E64d (E) (inhibitor of lysosomal protease) and 10
diator for PA-induced autophagy. In fact, our
g/ml pepstatin A (P) (inhibitor of lysosomal protease). A, After 12 h incubation, GFP-LC3 fluorescence
and lysosomal fluorescence were observed under confocal microscopy. Percentages of cells with GFPstudy was initiated to test the possibility that
LC3 dots were determined by directly counting over 200 cells three times. *, P ⬍ 0.05; **, P ⬍ 0.01 vs.
oxidative stress or ER stress was involved in
percentage of BSA- and DMSO-treated cells with GFP-LC3 dots. #, P ⬍ 0.05 percentage of PA- and
PA-induced autophagy induction. We investiDMSO-treated cells with GFP-LC3 dots. B, After the indicated time of incubation, the conversion of LC3I into LC3-II was then analyzed by immunoblotting with anti-LC3 antibodies. The band intensity was
gated the role of ROS and ER stress in PAdetermined using a one-dimensional image analysis program (Quantity One; Bio-Rad Laboratories). The
induced autophagy activation by treatment
maximum intensity of LC3-II at 12 h after PA treatment was converted to 100%, and the relative
with antioxidants such as NAC and reduced
intensities were calculated on the basis of maximum intensity. Data are expressed as the mean ⫾ SD
values for three independent experiments. *, P ⬍ 0.05; *, P ⬍ 0.01 vs. LC3-II level from PA-treated cells
GSH, and a chemical chaperone 4-PBA.
without autophagy inhibitors. C, After 24 h incubation, cell viability was measured by MTT assay. *, P ⬍
4-PBA but not NAC and reduced GSH signif0.05 vs. viability from PA-treated cells. D, After 24 h incubation, caspase 3 activation was assessed by
icantly reduced PA-induced autophagosome
immunoblotting with anticleaved caspase 3 and anti-PARP antibodies. *, P ⬍ 0.05 vs. cleaved caspase 3
(C-Cas 3) of PA- and DMSO-treated cells. #, P ⬍ 0.05 vs. cleaved PARP (C-PARP) of PA- and DMSOformation. This finding suggested that ER stress
treated cells. Pro-Cas 3, Pro-caspase 3; Pro-PARP, uncleaved PARP.
could be a mediator of PA-induced autophagy
induction, but ROS was not involved in PA-induced autophagy induction. On the other hand, extracellular stimual increase of fluorescent dots after MDC staining and autofluouli such as cytokines (IL-1␤, TNF-␣, interferon-␥), ROS, and nitric
rescent dots in GFP-LC3-transfected cells also suggested that PA
was able to elicit autophagosome formation. In particular, the
oxide could induce GFP-LC3-positive autophagosome dots in
colocalization of GFP-LC3 autofluorescence with lysosomes
INS-1 cells (supplemental 3).
suggested that autolysosomes were created in PA-treated INS-1
The blocking of the mTOR pathway is thought to be the
cells through the fusion between autophagosomes and lysocentral player in the initiation and maturation of autophagy (18).
somes. Some debris in autolysosomes suggested that cytoplasmic
Because mTOR is a downstream signal of PI3K/Akt, inhibition
organelles were functionally degraded by autophagy. All the data
of the insulin signal can exert an augmented effect on autophagy
presented in this report demonstrated that PA in the presence of
induction. Since insulin signals, including Akt, have been imhigh concentrations of glucose activated whole process of autopaired by exposure to FFA (41, 42) and, particularly, IGF-Iphagy in INS-1 ␤-cells. Induction of autophagy appears to be
induced activation of Akt was inhibited by FFA in the INS-1
relatively general in PA-treated ␤-cells because the same concen␤-cell line (43), the exposure to FFA might elicit the down-regtration of PA elicited autophagic vacuoles in MIN6 mouse ␤-cells
ulation of the mTOR signal through inhibition of the Akt signal,
which was able to activate autophagy. We investigated the levels
and Sprague Dawley primary rat islet ␤-cells (supplemental 1).
of phospho-mTOR in PA-treated INS-1 cells. The phosphoOn the other hand, oleate as an unsaturated fatty acid did not
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mTOR level was gradually decreased and showed similar kinetics to that of the phospho-Akt level. Although direct evidence has
not been presented, the down-regulation of the mTOR signal is
thought to be a critical mediator for PA-induced induction of
autophagy. The experimental results that treatment with an
mTOR inhibitor, rapamycin, augmented the formation of autophagosomes support the role of mTOR in PA-induced autophagy activation. Many reports have demonstrated that class III
PI3K, in conjunction with beclin, positively regulates autophagy
(21, 22). In particular, 3-MA, a specific inhibitor of class III
PI3K, has been routinely used for blocking autophagy. Our data
also showed that 3-MA remarkably blocked PA-induced autophagosome formation, suggesting that class III PI3K may also be
involved in PA-induced autophagosome formation. On the other
hand, MAPK such as JNK and Erk does not seem to be involved
in PA-induced autophagosome formation, but p38 showed a
weak down-regulating activity on autophagosome formation.
However, all inhibitors of JNK, p38, and Erk did not affect
PA-induced autophagosome formation.
It is now generally accepted that autophagy participates in cell
death under some circumstances and promotes cell survival under others (44). We questioned what the role of autophagy induction was in PA-treated INS-1 cell death. The role of autophagy in PA-induced INS-1 cell death was investigated through the
augmentation or inhibition of autophagy. Because the inhibition
of the mTOR signal was a representative signaling pathway for
autophagosome formation, rapamycin as an mTOR inhibitor or
Akt 4 inhibitor as an Akt signal inhibitor have been used as
autophagy inducers (45– 47). Treatment with the Akt inhibitor
or rapamycin significantly increased autophagosome formation
and prevented the PA-induced reduction in the viability of cells.
PA-induced caspase 3 activation was also reduced by treatment
with these inhibitors. It is strongly suggested that augmentation
of the autophagic system had a protective effect on PA-induced
INS-1 death.
On the other hand, the autophagy system was shown to be
inhibited in several ways at various stage of the autophagy, such
as at the stage of autophagosome formation, during fusion between autophagosomes and lysosomes, or at the proteolytic degradation stage in the lysosome. Autophagosome formation was
blocked using ATG5 siRNA or 3-MA. As expected, the knockdown of ATG5 significantly reduced autophagosome formation,
even in PA-treated cells, while augmenting the PA-induced viability reduction, thereby demonstrating that the inhibition of
autophagosome formation could augment PA-induced INS-1
cell death. However, 3-MA, a chemical agent that blocks PAinduced autophagosome formation, did not augment PA-induced viability reduction of INS-1 cells but, rather, had a slightly
protective effect on PA-induced viability reduction (supplemental 4). The conflicting data that we first expected may be attributed to the possibility that 3-MA had a different effect on INS-1
␤-cell death. 3-MA was able to inhibit both class I and II PI3Ks
in a manner that was independent of autophagy inhibition (48),
as well as attenuate the apoptotic pathways (49). The slightly
protective effect of 3-MA on PA-induced INS-1 cell death may be
due to its inhibitory effect on cell death. On the other hand, when
INS-1 cells were treated with bafilomycin A1, very few lyso-
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somes were detected in the cytoplasm, although there was a large
accumulation of autophagosomes in the subcellular compartment. This may be due to an interruption of the autophagy flux
at the stage of fusion between autophagosome and lysosome.
E64d/pepstatin A treatment showed an enhanced accumulation
of lysosomes in the cytoplasm, possibly due to a blockage of the
natural turnover processes in the lysosome or autolysosome. The
treatment with bafilomycin A1 or E64d/pepstatin A showed an
augmented effect on PA-induced cell death. These data demonstrated that the inhibition of autophagy, regardless of which
stage was inhibited, augmented PA-induced INS-1 cell death.
Because mTOR is involved in most regulatory pathways that
control responses to change in nutrient availability or energy,
mTOR can act as a gatekeeper in the induction of autophagy for
intracellular nutritional and energy needs. In particular, mTOR
signals are known to be down-regulated through tuberous sclerosis complex activation by the AMP-activated protein kinase
signal (50, 51), in response to starvation (52). The data that
INS-1 cells exposed to PA showed mTOR down-regulation suggest that the PA-treated cells may experience intracellular starvation. It can be postulated that a long-term treatment of INS-1
cells with PA in the presence of high concentrations of glucose
may elicit the depletion of intracellular energy, which may result
in the down-regulation of the mTOR signal and subsequently
induce autophagy. Therefore, autophagy is thought to be an
adaptive and protective response to replenish nutrients and energy in PA-treated INS-1 cells.
In conclusion, our data showed that the autophagic system
could be activated in the PA-treated INS-1 ␤-cells and that the
activated autophagy played a protective role in PA-induced apoptotic cell death. Our data suggested that the induction of autophagy was an adaptive process that could overcome PA-induced death and delay ␤-cell loss in type 2 diabetes.
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