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There are three types of cell death; apoptosis, necrosis, and
autophagy. The possibility that activation of the macroautoph-
agy (autophagy) pathwaymay increasebetacelldeath isaddressed
in this study. Increased autophagy was present in pancreatic islets
from Pdx1�/� mice with reduced insulin secretion and beta cell
mass. Pdx1expressionwas reduced inmouse insulinoma6 (MIN6)
cells bydelivering smallhairpinRNAsusinga lentiviral vector.The
MIN6cells died after 7days ofPdx1deficiency, and autophagywas
evident prior to the onset of cell death. Inhibition of autophagy
prolonged cell survival and delayed cell death. Nutrient depriva-
tion increased autophagy in MIN6 cells and mouse and human
islets after starvation. Autophagy inhibition partly prevented
amino acid starvation-inducedMIN6cell death.The in vivo effects
of reduced autophagy were studied by crossing Pdx1�/� mice to
Becn1�/�mice.After1weekonahighfatdiet,4-week-oldPdx1�/�

Becn1�/� mice showed normal glucose tolerance, preserved beta
cell function, and increasedbeta cellmass comparedwithPdx1�/�

mice. This protective effect of reduced autophagy had worn off
after 7weeks on ahigh fat diet. Increased autophagy contributes to
pancreatic beta cell death in Pdx1 deficiency and following nutri-
ent deprivation. The role of autophagy should be considered in
studies of pancreatic beta cell death anddiabetes andas a target for
novel therapeutic intervention.

Normal pancreatic beta cell function is essential for normal glu-
cose tolerance, and abnormal beta cell function leads to glucose
intolerance anddiabetes.Aprogressive reduction inbeta cellmass
has been shown to occur in the evolution of diabetes (1). Thus
understanding the mechanisms responsible for the reduction in
beta cell mass is important for understanding the pathogenesis of
diabetes and in developing novel approaches to prevention and
treatment.

There are three types of cell death; apoptosis, necrosis, and
autophagy (2). Previous studies have focused on apoptosis as
the mechanism underlying beta cell death (1, 3–5). The possi-
bility that activation of the macroautophagy (hereafter referred
to as autophagy) pathway may increase beta cell death has not
been systematically studied. Autophagy is a regulated lysoso-
mal pathway leading to the degradation and recycling of long-
lived proteins and organelles. During autophagy, cytoplasmic
constituents are sequestered into autophagosomes with double
membranes and fused to lysosomes (autolysosomes), where
degradation occurs. Under certain circumstances such as in
response to nutrient deprivation, autophagy may function as a
pro-survival pathway bymediating cellular turnover of proteins
and organelles (6–8). On the other hand, an increase in auto-
phagy can cause autophagic cell death distinct from apoptosis
(9, 10). It has been suggested that autophagy plays a key role in
the turnover of insulin secretory granules and of mitochondria
within the beta cell, thereby regulating insulin secretion (11,
12). Complete genetic ablation of Atg7 in beta cells resulted in
degradation of islets and impaired glucose tolerance, suggest-
ing that “basal autophagy” is important formaintenance of nor-
mal islet architecture and function (13, 14).
The present study was designed to determine whether acti-

vation of autophagy can contribute to pancreatic beta cell death
that occurs with reduced expression of Pdx1 (pancreas duode-
nal homeobox 1). We chose to study Pdx1 deficiency because
this homeodomain-containing transcription factor is essential
for normal pancreatic beta cell function and survival. Complete
deficiency of Pdx1 is associated with pancreatic agenesis, and
partial deficiency leads to reduced insulin secretion and beta
cell mass (15–19). Complementary studies were performed to
determine whether nutrient deprivation leads to a similar
increase in autophagy in the beta cell as it does in other cells and
tissues (8).

EXPERIMENTAL PROCEDURES

Cell Culture—Mouse insulinoma MIN63 cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
15% FBS, antibiotics (100 units/ml penicillin and 100 �g/ml
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streptomycin), 1 mM sodium pyruvate, 10 mM HEPES, and 50
�M �-mercaptoethanol. For amino acid deprivation, the afore-
mentioned media were changed to 5% FBS without amino
acids. For experiments involving both amino acid and serum
starvation, MIN6 cells were incubated in HBSS medium sup-
plemented with 10 mM HEPES. Mouse fibroblastoid NIH 3T3
and HEK 293T cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with antibiotics plus 10% horse
serumor 10%FBS, respectively. All of the cells weremaintained
at 37 °C in an atmosphere of 5% CO2/balance air and 100%
humidity.
Western Blot—Attached MIN6 and NIH 3T3 cells and islets

were lysed in cell lysis buffer containing 1%Triton X-100, 1mM

EDTA, 1 mM EGTA, 10 mM dithiothreitol, 1 mM Na3VO4, and
complete protease inhibitor mixture. Equal amounts of protein
were fractionated by SDS-PAGE, and blots were probed with
antibodies against Pdx1 (sc-14664; Santa Cruz Biotechnology
Inc., Santa Cruz, CA), Becn1 (3738; Cell Signaling Technolo-
gies, Beverly, MA), LC3 (NB100-2331; Novus Biologicals Inc.,
Littleton, CO), cleaved caspase-3 (9661; Cell Signaling Tech-

nologies), actin (A-2066; Sigma),
and Atg5 (NB110-53818; Novus
Biologicals).
Propidium Iodide/DAPI Cell

Death Assay—For the last hour of
incubation, 10 �g/ml propidium
iodide (PI) and 20 �g/ml DAPI
were added directly to the media.
After this incubation, the MIN6
cells were washed three times with
PBS and fixed with 3.7% formalde-
hyde for 15 min at 4 °C. Each condi-
tion reported represents �600 cells
counted by randomized field selec-
tion. The percentage of cell death
was calculated as the number of PI-
stained nuclei over the total number
of nuclei stained by DAPI.
Isolation and Culture of Primary

Pancreatic Islets—Mouse islets were
isolated by using collagenase and fil-
tration as previously described (3),
and human islets were provided by
the Human Islet Isolation Core at
Washington University in St. Louis.
The islets were cultured in RPMI
1640 medium with antibiotics, 10%
FBS, pH 7.4, with NaOH at 37 °C
and 5% CO2.
Quantification of mRNA Levels—

RNA isolation, first strand cDNA
synthesis, and TaqMan gene ex-
pression assays were performed as
previously described (20). The RNA
level was normalized to the amount
ofHmbsmRNA in the same sample.
Applied Biosystems (Foster City,
CA) TaqMan assay numbers were:

Hmbs, Mm00660262_g1; and Pdx1, Mm00435565_m1.
Lentivirus-mediated shRNA Expression—The pLKO.1-puro

lentivirus vector was generously provided by Dr. Sheila Stewart
of Washington University Medical School (St. Louis, MO).
Potential shRNA targets in the murine Pdx1 mRNA (Gen-
BankTM accession number NM_008814) were identified using
the Dharmacon on-line siDESIGN tool. Following a BLAST
search of theNCBI data base, one potential targetwas identified
that lacks significant homology to non-Pdx1 gene products.
Pdx1 target sequence 5�-CAGTGAGGAGCAGTACTAC-3� or
control sequence 5�-ACTACCGTTGTTATAGGTG-3� was
subcloned into theAgeI/EcoRI restriction site of pLKO-1-puro.
shRNA targeting mouse Becn1 and Atg5 were obtained from
Sigma. Recombinant lentiviral particles were prepared by
transfectingHEK293T cells with the appropriate pLKO.1-puro
plasmid plus pHR�CVM8.2 delta R and pCMV-VSV-G plas-
mids. Lentivirus was added to the medium on days 1 and 2
followed by 2 �g/ml puromycin selections on days 4, 5, and 7.
Themedia including autophagy inhibitorwere changed ondays
3, 4, 5, and 7 (supplemental Fig. S1).

FIGURE 1. Pdx1 deficiency induces MIN6 cell death accompanied by increased autophagy. A, MIN6 cells
were infected with a lentiviral vector that drives expression of an shRNA targeting Pdx1 transcript (Pdx1 KD) or
control lentiviral vector. Five days after infection, Pdx1 mRNA levels assayed by real time reverse transcription-
PCR were reduced to 52 � 3% of control values (n � 3) (*, p � 0.0001). B, six days after infection, Pdx1 protein
levels assayed by Western blot were reduced in the Pdx1 KD MIN6 cells compared with control (n � 3).
C, following infection with the control or Pdx1 KD vector, MIN6 cells received no treatment (panels a and b), 1
mM 3-MA (panels c and d), 0.3 �M chloroquine (CQ) (panels e and f), or 30 nM wortmannin (Wm) (panels g and h).
PI (red)/DAPI (blue) staining revealed that all three treatments prevented the Pdx1 KD-induced cell death on
day 7. 40 � 3% of Pdx1 KD stained with PI, and this was reduced (n � 3). Bottom panel, control versus Pdx1 KD
(*, p � 0.001), Pdx1 KD versus Pdx1 KD with 3-MA (**, p � 0.001), Pdx1 KD versus Pdx1 KD with chloroquine (**,
p � 0.001), and Pdx1 KD versus Pdx1 KD with wortmannin (**, p � 0.001). D, in the upper panel, LC3-II levels in
MIN6 cells infected with a control or Pdx1 KD lentiviral construct were measured on days 5 and 7. LC3-II levels
were increased in Pdx1 KD MIN6 cells on day 5 before cell death became evident and on day 7 when death of
these cells was evident (n � 3). The lower panel shows LC3-II levels in control or Pdx1 KD MIN6 cells cultured in
the absence or presence of 1 nM BafA1 on day 7. LC3-II levels were increased in the presence of BafA1 in Pdx1
KD MIN6 cells, indicating increased autophagic flux in Pdx1 KD MIN6 (n � 3). The intensity of LC3-I and LC3-II
bans was quantified, and the calculated LC3-II/LC3-I ratio is indicated.
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Detection of Autophagy by Immunostaining—The presence
of autophagosomes in MIN6 cells or islets was evaluated using
immunostaining. MIN6 cells were fixed with 3.7% formalde-
hyde at room temperature for 60 min followed by immuno-
staining with anti-LC3 antibody (NB100-2331; Novus Biologi-
cals). For immunostaining of islets, the mice were anesthetized
andperfused through the left ventriclewith 3.7% formaldehyde.
The pancreas was isolated and then fixed at room temperature
overnight. To quantitate the extent of autophagy, the number
of LC3 punctae in each cell was counted in five independent
visual fields from at least two independent experiments. Bafilo-
mycin A1 (BafA1) is known as a strong inhibitor of the vacuolar
type H�-ATPase and thereby inhibits the final step of lysoso-
mal digestion in autophagy (21). To determine whether
reduced Pdx1 expression in MIN6 cells increases autophagic
flux, 1 nM BafA1 (Sigma) was added to the medium 4 h prior to
the end of the treatment.
Electron Microscopy—MIN6 cells were infected with the

shPdx1 or control vector, and islets were isolated from 3-week-
old male Pdx1�/� or Pdx1�/� mice followed by fixation with
modified Karnovsky’s fixative containing 3% glutaraldehyde
and 1% paraformaldehyde in sodium cacodylate buffer, pH 7.4,
overnight. The cells or islets were then rinsed in sodium caco-
dylate buffer followed by post-fixation in cacodylate-buffered

1% OsO4, for 1 h, dehydrated in
graded ethanol with a final dehydra-
tion in propylene oxide, and em-
bedded in EMbed-812 (Electron
Microscopy Sciences, Hatfield,
PA). Tissue blocks were sectioned
at ninety nanometers thick, post-
stained with uranyl acetate and
Venable’s lead citrate, and viewed
with a JEOL model 1200EX elec-
tron microscope (JEOL, Tokyo,
Japan). Digital images were ac-
quired using the AMT Advantage
HR (Advanced Microscopy Tech-
niques, Danvers, MA) high defini-
tion CCD, 1.3 megapixel transmis-
sion electron microscopy camera.
In Vivo Characterization of Mice—

The Pdx1�/� mice have been previ-
ously described (16) and were kindly
provided by Dr. Helena Edlund (Uni-
versity of Umea, Umea, Sweden).
Becn1�/� mice (22) were kindly
provided by Dr. Beth Levine of Uni-
versity of Texas SouthwesternMed-
ical Center (Dallas, TX). For high fat
diet, male mice were fed food con-
taining 42% fat (Harlan Laborato-
ries, Inc., Indianapolis, IN) from 3
weeks of age and provided with
water ad libitum. Wild type litter-
mates were used as controls. Intrap-
eritoneal glucose tolerance tests
were performed after a 4 h fast (2 g

of dextrose/kg of body weight). Autophagic flux was evaluated
by intraperitoneal administration of BafA1 (Sigma) at 0.3
mg/kg for 24 h. For morphometric analysis, the sections were
immunostained with antibody against cleaved caspase-3 (9661;
Cell Signaling Technologies) or Ki-67 (Zymed Laboratories
Inc./Invitrogen). Pancreatic area and beta cell area were each
estimated using the intensity thresholding function of the inte-
grated morphometry package in MetaMorph as previously
described (3). All of the experiments in this study using animal
protocols were approved by theWashingtonUniversity Animal
Studies Committee.
Statistical Analysis—Statistical analyses were performed by

Student’s unpaired t test. The differences were considered sig-
nificant when p � 0.05. The results are presented as the
means � S.E.

RESULTS

Reduced Pdx1 Expression Leads to Autophagy in MIN6 Cells—
To determine whether reduced Pdx1 expression affects auto-
phagy, we developed a lentivirus-based system to deliver an
shRNA construct toMIN6 cells a mouse insulinoma cell line to
knock down-expression of Pdx1. Infection of MIN6 cells with
lentivirus encoding this construct significantly reduced Pdx1
mRNA levels to 52 � 3% of control on day 5 (Fig. 1A). A

FIGURE 2. Inhibition of autophagy in Pdx1-reduced MIN6 cells. A and B, 5 days after infection with the
shPdx1 or control vector in the absence or presence of 1 mM 3-MA, MIN6 cells were fixed and stained for LC3. A
representative area (box) from Pdx1 KD MIN6 cells was magnified (High mag). The number of LC3 punctae per
cell increased from 8.61 � 1.54 in control cells to 27.0 � 3.14 in Pdx1 KD cells (*, p � 0.001), and this increase was
prevented by treatment with 1 mM 3-MA (7.86 � 3.87) (*, p � 0.001). C, representative electron micrographs of
Pdx1 KD or control MIN6 cells on day 5. Pdx1 KD cells showed the presence of autophagosomes and autoly-
sosomes (arrows) with cytoplasmic contents ranging from granular cytoplasm with occasional organelles to
well formed autophagosomes containing degenerating organelles. Autophagosomes and autolysosomes
were rarely seen in control MIN6 cells. The scale bars represent 2 �M. D, following infection with a control or
Pdx1 KD vector, MIN6 cells were exposed to 1 mM 3-MA, 10 �M DEVD-CHO, or no treatment. On day 9, 63 � 11%
of Pdx1 KD cells stained positive for PI, whereas only 19 � 12% of DEVD-CHO-treated Pdx1 KD cells and 53 �
16% of 3-MA-treated Pdx1 KD cells stained for PI (n � 3). Pdx1 KD versus Pdx1 KD with DEVD-CHO on day 9 (*,
p � 0.001). E, cleaved caspase-3 levels in 1 mM 3-MA or 10 �M DEVD-CHO treated Pdx1 KD MIN6 cells. Increased
cleaved caspase-3 levels were observed in 3-MA-treated Pdx1 KD cells on day 9 compared with day 5 and day
7, whereas cleaved caspase-3 was not detected in DEVD-CHO-treated Pdx1 KD cells (n � 4).
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decrease in Pdx1 protein levels was also observed on day 6 (Fig.
1B), and an increase in cell death was observed on day 7 as
assessed by PI staining, which stains dying and dead cells (Fig.
1C, panels a and b). Infection of MIN6 cells with lentivirus
containing a control construct did not cause cell death, and the
Pdx1 KD construct did not cause death in mouse fibroblastoid
NIH 3T3 cells that do not express Pdx1 (data not shown). Thus
the increase in cell death after lentiviral infection is due to a
decrease in Pdx1 expression and not nonspecific cellular
effect(s) of viral infection.
To determine whether autophagy is present in MIN6 cells

with reduced Pdx1 expression, Western blots of microtubule-
associated protein 1 LC3 were performed on Pdx1 KD MIN6
cells at two time points: 48 h before cell death became micro-
scopically evident (on day 5) and on day 7 when cell death was
evident. LC3-II levels were increased at both time points (Fig.
1D, upper panel). In addition, we treated Pdx1 KD MIN6 cells
with BafA1, which inhibits the final step of lysosomal digestion
in autophagy to determinewhether reduced Pdx1 expression in
MIN6 cells increases autophagic flux. Reduced Pdx1 expression
in the presence of 1 nM BafA1 resulted in accumulation of
LC3-II in comparison with the absence of BafA1 in Pdx1 KD
MIN6 cells on day 7 (Fig. 1D, lower panel), indicating that auto-
phagic flux is increased in Pdx1-reducedMIN6 cells. Immuno-
staining revealed a diffuse pattern of LC3 fluorescence in con-
trol cells, whereas LC3 developed the punctate appearance
characteristic of autophagy (23) in the Pdx1 KDMIN6 cells on

day 5. This effect was blocked by the
autophagy inhibitor 1 mM 3-methy-
ladenine (3-MA) (Fig. 2A). Quanti-
tative morphometric analysis re-
vealed a significant increase in LC3
punctae in the Pdx1 KDMIN6 cells
compared with control MIN6 cells.
Exposure of the cells to 1 mM 3-MA
blocked this effect and reduced the
number of LC3 punctae to levels
seen in cells exposed to lentivirus
containing a control vector (Fig.
2B). Thus 1mM3-MAprevents acti-
vation of autophagy but does not
inhibit basal autophagy. Transmis-
sion electron microscopy provided
additional morphological evidence
for autophagy in the Pdx1KDMIN6
cells. Autophagosomes and autoly-
sosomes were evident 5 days after
Pdx1 KD but not in MIN6 cells
infected with lentivirus containing a
control vector (Fig. 2C). All of these
findings indicate that autophagy is
increased in Pdx1-reduced MIN6
cells.
Autophagy Inhibition Enhances

Survival of Pdx1-reduced MIN6
Cells—MIN6 cells with reduced
Pdx1 expression were exposed to
agents that inhibit formation of

autolysosomes by different mechanisms (24). One mM

3-MA, 0.3 �M chloroquine, and 30 nM wortmannin almost
completely prevented Pdx1 KD-induced MIN6 cell death on
day 7 (Fig. 1C). Optimal concentrations were 5–10 times
lower than the concentrations used in previous studies (24)
(data not shown). To determine the relative roles of apopto-
sis and autophagy on the observed cell death, MIN6 cells
with reduced Pdx1 expression were treated with 3-MA (1
mM) or caspase-3 inhibitor DEVD-CHO (10 �M). Pdx1 KD
MIN6 cells treated with DEVD-CHO showed nearly com-
plete inhibition of Pdx1 KD-induced cell death compared
with 1 mM 3-MA-treated Pdx1 KD MIN6 cells on day 9 (Fig.
2D). A progressive increase in cleaved caspase-3 levels was
observed in 3-MA-treated Pdx1 KD MIN6 cells on days 5, 7,
and 9, respectively (Fig. 2E). This increase in cleaved
caspase-3 over time was completely prevented in DEVD-
CHO-treated Pdx1 KD MIN6 cells. These results indicate
that 3-MA delays Pdx1 KD-induced MIN6 cell death, but
3-MA-treated Pdx1 KD MIN6 cells finally die by caspase-3-
dependent cell death. Thus in the temporal evolution of the
cell death induced by reduced Pdx1 expression, an increase
in autophagy appears to occur early, and this is followed by
an increase in apoptosis.
Effect of Becn1 and Atg5 Knockdown—Because the autoph-

agy inhibitors used in this study may have nonspecific effects
(24), we also studied the effects of knocking down expression
of Becn1 or Atg5 in MIN6 cells. Becn1 and Atg5 are key

FIGURE 3. Effects of Becn1 and Atg5 KD in Pdx1-reduced MIN6 cells. A, Becn1 and cleaved caspase-3 levels
were measured by Western blot 11 days after infection with the control or shBecn1 vector. Nearly complete
suppression of Becn1 to inhibit basal autophagy induced cleaved caspase-3. MIN6 cells exposed to 1 �M

thapsigargin for 24 h were used as a positive control for cleaved caspase-3 (n � 2). PI-positive cells were
increased from 3 � 1 to 67 � 4% in Becn1 KD MIN6 cells (*, p � 0.0001). B, Becn1 protein levels 7 days after
coinfection with shPdx1 and shBecn1�30, shBecn1�50, or shBecn1�90 are shown in the inset (n � 3).
Becn1�30 and Becn1�50 reduced the proportion of Pdx1 KD cells staining positive for PI from 41 � 2 to 18 �
2% (*, p � 0.01) and 7 � 1% (**, p � 0.001), respectively. Becn1 KD by 90% (Becn1�90) increased the proportion
of Pdx1 KD MIN6 cells staining with PI to 55 � 4% (***, p � 0.001) (n � 3). C, following infection with a Pdx1 KD
vector, MIN6 cells were exposed to lentivirus containing control, shBecn1, or shAtg5 vectors. On day 7, 39 � 3%
of Pdx1 KD cells stained positive for PI, whereas only 12 � 2 and 7 � 1% of Pdx1/Becn1 KD cells and Pdx1/Atg5
KD cells, respectively, stained with PI. On day 9, the proportion of PI-positive Pdx1/Becn1 KD cells and Pdx1/
Atg5 KD cells increased to 44 � 4 and 33 � 6%, respectively (n � 3). Pdx1 KD versus Pdx1/Becn1 KD (*, p � 0.001)
and Pdx1/Atg5 KD (*, p � 0.001) on day 7. The right panels show Western blots of Pdx1, Becn1, and Atg5 from
the aforementioned experiments on day 7 (n � 3).
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mediators of autophagosome formation (25, 26). Becn1 is the
mammalian orthologue of the yeast Atg6/Vps30 gene and a
regulator of the class III phosphoinositide 3-kinase complex
involved in autophagosome formation (25). Nearly complete
Becn1 KD in MIN6 cells lead to an increase in cleaved
caspase-3, and this was associated with a substantial increase
in the death of the cells, with 68 � 3% of cells taking up PI
indicative of cell death (Fig. 3A). Different shRNA constructs
were next utilized to reduce Becn1 expression in Pdx1 KD
MIN6 cells by 30% (Becn1�30), 50% (Becn1�50), and 90%
(Becn1�90) (Fig. 3B, inset). Reducing Becn1 expression in
Pdx1-deficient cells reduced MIN6 cell death as judged by
the percentage of cells that take up PI from 41 � 2% in
control cells to 18 � 2 and 7 � 1% in cells in which Becn1
expression had been reduced by 30 and 50%, respectively (*,
p � 0.01; **, p � 0.001). On the other hand when Becn1
expression was reduced by 90%, the percentage of cells tak-
ing up PI increased to 55 � 4% (***, p � 0.001) (Fig. 3B).

These results suggest that a minimum basal level of autoph-
agy is required for MIN6 cell survival and are consistent with
the results reported in the beta cell-specific Atg7 knock-out
mouse showing that a complete absence of Atg7 is associated
with the activation of caspase-3 in islets and an increase in
beta cell death (13, 14). Based on these results, the Becn1�50
construct was used to inhibit activated autophagy in subse-
quent experiments. Inhibition of autophagy by shBecn1 or
shAtg5 prevented Pdx1 KD-induced MIN6 cell death on day
7, but ultimately cells started dying on day 9 (Fig. 3C), con-
sistent with the result obtained with 1 mM 3-MA-treated
Pdx1 KD MIN6 cells (Fig. 2D).
Activation of Autophagy in Pdx1�/� Beta Cells—To deter-

minewhether reduced Pdx1 expression is associatedwith auto-
phagy in vivo, we studied Pdx1�/� mouse islets. Pdx1�/� beta
cells demonstrated the punctate staining for LC3 that is char-
acteristic of autophagy (Fig. 4A). Quantitative morphometric
analysis of LC3 images revealed a significant increase in the

FIGURE 4. Autophagy is increased in Pdx1�/� beta cells. A, immunostaining for LC3 (green), insulin (red), and DAPI (blue) in islets from 11-week-old male
Pdx1�/� and Pdx1�/� mice. A representative area from an islet was magnified (High mag) in gray from each inset. Pdx1�/� beta cells revealed more frequent
LC3 punctae formation compared with Pdx1�/� beta cells. B, the number of LC3 punctae/beta cell was increased from 1.49 � 0.11 in Pdx1�/� beta cells to
9.38 � 1.64 in Pdx1�/� beta cells (*, p � 0.0001). C, Western blots of LC3 in islets from 3-week-old male Pdx1�/� mice showed an increased LC3-II and
LC3-I/LC3-II ratio compared with Pdx1�/� islets (n � 3). D, pancreatic islets isolated from 3-week-old male Pdx1�/� (panel a) and Pdx1�/� (panels b–f) mice
analyzed by transmission electron microscopy. Pdx1�/� islets showed numerous granules surrounded by halos in beta cells (panel a) in the absence of
autophagosomes, autolysosomes, and apoptotic bodies. Beta cells from Pdx1�/� mouse islets contained autophagosomes and autolysosomes (arrows), which
are shown at several magnifications (panel b–f). A representative area from the beta cell was magnified from each inset. Note that rough endoplasmic reticulum
is visible in autophagosomes in panel d from a Pdx1�/� beta cell. Panels e and f show several apoptotic bodies (asterisks) with autophagosomes and autolyso-
somes (arrows) from Pdx1�/� mouse islets. The scale bars represent 2 �M. E, the effect of 0.3 mg/kg BafA1 on autophagic flux was studied by LC3 staining. BafA1
treatment increased in LC3-positive punctae in Pdx1�/� beta cells from 8.85 � 3.56 to 17.31 � 2.26, indicating increased autophagic flux in Pdx1�/� compared
with Pdx1�/� beta cells (*, p � 0.01).
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number of LC3-positive punctae in Pdx1�/� beta cells com-
pared with Pdx1�/� controls (Fig. 4B). The levels of LC3-II and
the LC-II/LC-I ratio were increased in Pdx1�/� islets com-
pared with Pdx1�/� islets by Western blot analysis (Fig. 4C),
indicating that autophagy is increased in islets from Pdx1�/�

mice. To gain further insight into the pathological changes
present in Pdx1�/� islets, the ultrastructure of beta cells was
examined by transmission electron microscopy. Beta cells
could easily be distinguished fromnon-beta cells because of the
presence of a small electron-dense core surrounded by a large
halo (27) as shown in normal beta cells fromPdx1�/� islets (Fig.
4D, panel a). Autophagosomes and autolysosomes accumu-
lated in Pdx1�/� beta cells (Fig. 4D, panels b–f), a finding rarely
seen in Pdx1�/� beta cells. We also observed occasional apo-
ptotic bodies in Pdx1�/� beta cells (Fig. 4D, panels e and f) but
not in Pdx1�/� beta cells. Next we treated mice with BafA1 to
determine whether reduced Pdx1 expression in beta cells
increases autophagic flux in vivo. BafA1 (0.3 mg/kg) resulted in
an increase in the number of LC3-positive punctae in Pdx1�/�

beta cells compared with mice treated with vehicle controls
after 24 h (Fig. 4E), suggesting that autophagic flux is increased
in Pdx1�/� beta cells. Together, these results suggest that auto-
phagy is activated in Pdx1�/� beta cells in vivo.
Inhibition of Autophagy in Pdx1�/� Mice—To study the

functional significance of increased autophagy in Pdx1�/� beta
cells, Pdx1�/� mice were crossed to Becn1�/� mice to inhibit
autophagy in Pdx1�/� mice. Because a high fat diet increases
autophagy in beta cells (13), we put thesemice on a high fat diet
from 3 weeks of age. After 1 week on the high fat diet, Pdx1�/�

Becn1�/� mice showed significantly lower blood glucose con-
centrations after the intraperitoneal administration of glucose
compared with Pdx1�/� mice. Becn1�/� and wild type mice
had similar glucose concentrations (Fig. 5, A and B). This was
accompanied by significant increases in both fasting and
30-min insulin levels after glucose administration in Pdx1�/�

Becn1�/� mice compared with Pdx1�/� mice (Fig. 5C). Next
we evaluated whether autophagy and apoptosis were altered in
Pdx1�/� Becn1�/� mice. LC3-positive punctae were decreased
in Pdx1�/� Becn1�/� beta cells compared with beta cells from
Pdx1�/� mice, but LC3 punctae formation was not completely
inhibited (Fig. 6A), suggesting persistence of basal autophagy in
Pdx1�/� Becn1�/� beta cells. We have previously reported
increased caspase-3-dependent apoptosis in Pdx1�/� islets
accompanied by reduced beta cell mass (3). Cleaved caspase-3-
positive cells in islets were significantly decreased in Pdx1�/�

Becn1�/�mice comparedwithPdx1�/�mice (Fig. 6B), indicat-
ing that inhibition of autophagy in Pdx1�/� islets prevents
caspase-3 activation. Beta cell proliferation was studied by
staining with Ki-67. Ki-67-positive beta cells were increased in
Pdx1�/� Becn1�/� mice and Becn1�/� mice compared with
Pdx1�/� mice and wild type mice, respectively (Fig. 6C). As a
reflection of beta cell mass, the area occupied by beta cells
within multiple pancreatic sections was quantified and
expressed as a percentage of the pancreas area. As shown in Fig.
6D, the beta cell area/pancreas area was significantly greater in
Pdx1�/� Becn1�/� mice than in Pdx1�/� mice and was similar
to the levels found inwild type andBecn1�/�mice. Thus after 1
week on a high fat diet, when compared with Pdx1�/� mice,

FIGURE 5. Comparison of Pdx1�/� and Pdx1�/� Becn1�/� mice after 1 week on a high fat diet. A, blood glucose concentrations during intraperitoneal
glucose tolerance tests after 1 week on a high fat diet in 4-week-old Pdx1�/� and Pdx1�/� Becn1�/� mice (n � 4) (top panel) and Becn1�/� (n � 4) and WT mice
(n � 3) (lower panel). B, total areas under the glucose curves (AUC) from A. The AUC was reduced in Pdx1�/� Becn1�/� mice compared with Pdx1�/� mice (*, p �
0.05) and was similar to the AUC in the WT and Becn1�/� mice. C, fasting and 30-min serum insulin levels measured during intraperitoneal glucose tolerance
tests in Pdx1�/� Becn1�/� mice (n � 4) were significantly greater than in Pdx1�/� mice (n � 4) (*, p � 0.05; **, p � 0.01) and similar to the levels obtained in WT
(n � 4) and Becn1�/� mice (n � 4).
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Pdx1�/� Becn1�/� mice demonstrate inhibition of autophagy,
reduced activation of caspase-3, and increased proliferation of
beta cells This results in increased insulin secretion and pre-
served glucose tolerance and beta cell mass.
To determine the durability of these effects, these experi-

ments were repeated in animals maintained on a high fat diet
for 7 weeks. At this stage Pdx1�/�Becn1�/� and Pdx1�/�mice
demonstrated similar levels of hyperglycemia (supplemental
Fig. S2, A and B), similar impairment of insulin secretion (sup-
plemental Fig. S2C), similar increases in cleaved caspase-3 lev-
els (supplemental Fig. S3A), and similar reductions in beta cell
area/pancreas area (supplemental Fig. S3B). On the other hand
at 7 weeks on a high fat diet, proliferation was still increased in
Pdx1�/� Becn1�/� mice compared with Pdx1�/� mice (sup-
plemental Fig. S3C), and the number of LC3-positive punctae
was reduced (supplemental Fig. S3D), suggesting that autoph-
agy is still inhibited inPdx1�/�Becn1�/� beta cells at this stage.
These results indicate that if the activation of autophagy that
occurs inPdx1�/� beta cells is prevented, the onset of cell death
is delayed but ultimately occurs because of activation of
caspase-3-dependent apoptosis.

Regulation of Autophagy in Beta
Cells by Nutrient Deprivation—Be-
cause an increase in autophagy is a
major adaptive response to nutrient
deprivation, we determined whether
nutrient deprivation increases auto-
phagy in beta cells as in other cell
lines and organ systems (8, 28).
MIN6 cells incubated for 48 h in
HBSS medium (deficient both in
amino acids and serum) or amino
acid-starvedmedium demonstrated
an increase in LC3-II levels com-
pared with normal medium, and
the addition of amino acids in
amino acid-deprived medium in-
hibited starvation-induced LC3-II
(Fig. 7A). In response to nutrient
deprivation, the punctate pattern of
LC3 staining became evident (Fig.
7B). Autophagosome formation
induced by nutrient deprivationwas
significantly inhibited by 1 mM

3-MA or Becn1 KD (Fig. 7C). An
increase in LC3-II was also observed
in human islets incubated in me-
dium deficient in amino acid for 48 h
compared with normal medium, and
this increase was inhibited by 1 mM

3-MA (Fig. 7D).
Recently, Ebato et al. (13)

reported that starvation induces
autophagy in INS1 beta cells, and
overnight fasting does not induce
autophagy in islets in vivo. Thus we
starved mice for 24 h and stained
islets with LC3. The LC3 signal was

distributed diffusely in the cytoplasm of islet beta cells from fed
animals, whereas 24-h starvation induced punctate staining of
LC3 (Fig. 8A). Quantitative morphometric analysis of LC3
images revealed a significant increase in the number of LC3-
positive punctae in beta cells from animals starved for 24 h
compared with animals in the fed state (Fig. 8B). Taken
together, these results indicated that starvation induces auto-
phagy in the beta cell both in vitro and in vivo.
Effect of Autophagy Inhibition on Starvation-induced Cell

Death—Inhibition of autophagy using Atg7 small interfering
RNA prevented cell death during starvation in neurons,
whereas it increased cell death in fibroblasts (29). Thus we
investigated whether the increase in autophagy induced by
amino acid deprivation improves cell survival or leads to cell
death in MIN6 cells. A progressive increase in MIN6 cell death
was observed during a 72-h incubation in medium lacking
amino acids. In MIN6 cells, KD of Atg5 or Becn1 reduced but
did not eliminate the increase in cell death induced by amino
acid deprivation (Fig. 9A), suggesting that the increase in cell
death is partiallymediated by autophagy inMIN6 cells. Cleaved
caspase-3 levels were also increased in amino acid-deprived

FIGURE 6. Beta cell autophagy, apoptosis, proliferation and mass in pancreatic islets from mice after 1
week on a high fat diet. These analyses were conducted in the mouse groups depicted in Fig. 5. A, the number
of LC3 punctae was decreased from 10.19 � 3.36 punctae in Pdx1�/� beta cells to 4.33 � 2.34 punctae in
Pdx1�/� Becn1�/� beta cells (*, p � 0.001). The number of LC3 punctae in beta cells from WT and Becn1�/� mice
were 2.54 � 0.21 and 2.30 � 0.22 punctae (p � ns), respectively. B, the number of cells staining positive for
cleaved caspase-3 was significantly reduced in islets from Pdx1�/� Becn1�/� mice compared with Pdx1�/�

mice (*, p � 0.01). The percentage of cells staining positive for cleaved caspase-3 was similar in islets from
Becn1�/� and WT mice (n � 3). C, the number of Ki-67-positive beta cells per islet was increased in Pdx1�/�

Becn1�/� and Becn1�/� mice compared with Pdx1�/� and WT mice, respectively (*, Pdx1�/� Becn1�/� versus
Pdx1�/�, p � 0.05; **, Becn1�/� versus WT, p � 0.01) (n � 3). D, beta cell area at 1 week after high fat diet was
estimated using insulin immunoreactivity as described under “Experimental Procedures” and normalized to
the total pancreas area. Five or six sections were analyzed from each animal (n � 4). Pdx1�/� Becn1�/� beta cell
area/pancreas area (0.76 � 0.09%) was preserved compared with that of Pdx1�/� (0.29 � 0.05%) (*, p � 0.01)
and comparable with that seen in WT (0.76 � 0.03%) and Becn1�/� mice (0.78 � 0.09%).
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MIN6 cells (Fig. 9B), indicating that apoptosis is also present. In
contrast to the result in MIN6 cells, KD of Atg5 or Becn1 in
amino acid-deprived fibroblastoid NIH 3T3 cells lead to an
increase in cell death and cleaved caspase-3 levels compared
with control (Fig. 9, C and D). Thus the effects of autophagy
inhibition on amino acid starvation-induced cell death differ in
different cell types.

DISCUSSION

The present study addressed the role of autophagy in beta
cell survival and death. The possibility that an increase in auto-
phagy could play a role in the pathogenesis of diabetes has
received little attention, and it is not knownwhether autophagy
contributes to pancreatic beta cell death and reduced beta cell
mass. Marsh et al. (11) have suggested that the rate of microau-
tophagy within the insulin secretory granule determines the
rate of turnover of these granules, and this is an important
mechanism for ensuring that the pool of insulin secretory gran-
ules is adequate to meet the demands of the body for insulin.
Mice with beta cell-specific knock-out of Atg7 showed degra-
dation of islets and impaired glucose-induced insulin secretion
because of abnormal turnover and function of cellular
organelles (13, 14). Beta cells in db/db and C57BL/6 mice that
had been fed a high fat diet showed autophagosome formation,

probably because of increased insu-
lin resistance caused by high calorie
intake or obesity (13). Autophagy
has been noted in high glucose-in-
duced ubiquitination of proteins
into cytoplasmic aggregates in a dia-
betic model (30). Evidence of auto-
phagy induced by high glucose was
assessed by transfecting GFP-LC3
in INS1 cells. Because transfected
GFP-LC3 associates with protein
aggregates, and this aggregation is
thought to be independent of auto-
phagy (31), at present it is not clear
whether high glucose induces auto-
phagy in beta cells.
Pdx1 deficiency was selected as

the primary experimental model for
our studies because normal expres-
sion of this homeodomain tran-
scription factor is essential for beta
cell development, survival and func-
tion. Humans with a single mutated
Pdx1 allele develop a non-insulin-
dependent form of diabetes (18).
Mice heterozygous for a null muta-
tion in Pdx1 as well as animals in
which the Pdx1 gene has been dis-
rupted specifically in beta cells
develop hyperglycemia caused by
defective insulin secretion (15–17,
19), and Pdx1 plays an important
role in the pro-survival actions of
insulin signaling in the beta cell (4).

Our results have documented an important role for autoph-
agy in regulating the cellular response to reduced Pdx1 expres-
sion in vivo in Pdx1-deficient mice and in vitro in insulin-se-
cretingMIN6 cells. Pdx1�/� mice develop hyperglycemia soon
after birth, particularly on a high fat diet, and have reduced
insulin secretion and pancreatic beta cell mass. Autophagy is
clearly increased in these animals with an increase in LC3 stain-
ing and the presence of autophagosomes and autolysosomes
under electron microscopy. When autophagy was reduced in
Pdx1�/� mice by crossing themwith Becn1�/� mice, the onset
of hyperglycemia was delayed in the resulting Pdx1�/�

Becn1�/� offspring, and these animals demonstrated preserved
insulin secretion and beta cell mass and increased beta cell pro-
liferation compared with Pdx1�/� mice. The protective effects
on beta cell function of reduced autophagy in the Pdx1�/�

Becn1�/�micewere not durable, and after 7weeks on a high fat
diet the Pdx1�/� Becn1�/� and Pdx1�/� had similar levels of
hyperglycemia, impairment of insulin secretion, and reduction
in beta cell mass. The reduction in autophagy delayed but did
not prevent the development of caspase-3-dependent apopto-
sis in the Pdx1�/� Becn1�/� mice, and this was ultimately
responsible for the development of pancreatic beta cell death
and reduced beta cell mass. Our data also showed reduced
caspase-3-dependent apoptosis and increased beta cell prolif-

FIGURE 7. Nutrient deprivation induces autophagy in MIN6 cells. A, MIN6 cells were cultured for 48 h in
normal medium, amino acid-starved (aa starv) medium plus amino acids, HBSS medium that does not contain
either amino acids or serum, or amino acid-starved medium. LC3-II levels were increased in HBSS medium and
amino acid-starved medium, and the addition of amino acids in amino acid-starved medium prevented the
increase in LC3-II levels as assessed by Western blot (n � 3). B, MIN6 cells were cultured in normal medium,
HBSS medium, or amino acid-starved medium with or without 1 mM 3-MA for 24 h. Six days after infection with
a lentivirus containing shBecn1, MIN6 cells were cultured without amino acid for 24 h. C, LC3 punctae were
increased from 4.31 � 1.37 punctae/cell in normal medium to 28.0 � 3.51 punctae/cell in HBSS medium and
26.4 � 3.77 punctae/cell in normal medium without amino acids. The number of punctae/cell was significantly
decreased to 9.87 � 0.27 in HBSS medium with 3-MA, 8.74 � 2.17 in amino acid-starved medium with 3-MA,
and 3.21 � 1.47 in amino acid-starved Becn1 KD MIN6 cells. D, human islets were incubated for 48 h with or
without amino acids in the presence or absence of 1 mM 3-MA. Amino acid starvation increased LC3-II levels,
and this was prevented by3-MA (n � 3).
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eration in Pdx1�/� Becn1�/� mice compared with Pdx1�/�

mice at 1 week after starting a high fat diet. However, Pdx1�/�

Becn1�/� mice ultimately developed glucose intolerance and
reduced beta cell mass presumably caused by increased
caspase-3-dependent apoptosis.

Autophagy was also observed in the Pdx1-reduced MIN6
cells including autophagosomes seen under the electronmicro-
scope and the characteristic increase in punctate LC3 staining
and LC3-II levels. The effects of inhibiting autophagy were
explored by exposing the Pdx1-reducedMIN6 cells to the auto-
phagy inhibitor 3-MA, Becn1, or Atg5 KD construct. This
delayed the onset of cell death but did not prevent the cells from
dying, and cell death was associated with increases in activated
caspase-3 levels. Thus autophagy is an integral part of the beta
cell response to reduced Pdx1, and it modulates the onset and
timing of beta cell death.
Nutrient deprivation is a classic stimulus of autophagy (8).

GFP-LC3 transgenicmice exhibited an increase in LC3 punctae
in starved pancreatic exocrine cells. However, low levels of
expression of GFP-LC3 in the transgenic mice prevented any
conclusions being drawn about changes in pancreatic islets
(28). Experiments were therefore performed to determine
whether the same was true in insulin-secreting beta cells. An
increase in autophagy was observed inMIN6 cells incubated in
nutrient-deprived medium, and this effect was inhibited by
exposure of the cells to 3-MA and reduced Becn1 expression as
previously reported in other cells (32, 33). Autophagy was
observed in pancreatic beta cells from mice that had been
starved for 24 h and in beta cells deprived of nutrients in vitro.
Autophagy was also activated in human islets deprived of
amino acids.
The predominant view of autophagy is that it represents

an adaptive response to promote cell survival in response to
various stressors such as nutrient deprivation. Our results
suggest that this process plays a more complex role in the
insulin-secreting beta cell. We have demonstrated an
improvement in the survival of Pdx1-reduced islets and insu-
lin-secreting cells and nutrient-deprived cells if autophagy is

inhibited by genetic (Becn1 and
Atg5 knockdown) manipulations,
suggesting that at least under these
circumstances autophagy promotes
cell death. The relationship between
autophagy and apoptosis is the topic
of ongoing debate. These two pro-
cesses have been reported to coexist
in the same cell (32, 33) and our
results demonstrate that the two
processes clearly coexist in insulin-
secreting beta cells. Under the
experimental conditions studied
(reduced Pdx1 and nutrient depri-
vation), autophagy was increased
before apoptosis. Inhibition of auto-
phagy delayed the onset of cell death
but did not prevent apoptosis. Near
total inhibition of basal autophagy
in MIN6 cells induces cell death
apparentlymediated by apoptosis in
light of the increase in cleaved
caspase-3 level. Thus, whereas auto-
phagy may modulate the develop-
ment of cell death, in the systemswe

FIGURE 8. Starvation induces autophagy in beta cells in vivo. A, immuno-
staining for LC3 (green), insulin (red), and DAPI (blue) in islets from fed or 24-h
fasted mice. A representative area from an islet was magnified (High mag) in
gray from each inset. Starvation increased the number of LC3-positive punc-
tae/beta cell in fasted compared with fed mice. B, LC3 punctae were increased
from 2.36 � 0.21 punctae in fed mice to 6.18 � 1.24 punctae in starved mice
(*, p � 0.01) (n � 3).

FIGURE 9. Amino acid deprivation-induced cell death in MIN6 and NIH 3T3 cells. A, PI-positive cells were
measured in control, Atg5, or Becn1 KD MIN6 cells incubated for 72 h in amino acid (aa)-deprived medium.
48 � 5% of cells incubated in amino acid-starved medium stained positive for PI, and this was decreased to
30 � 2 and 26 � 2% in Atg5 KD and Becn1 KD MIN6 cells, respectively (*, p � 0.01) (n � 3). B, representative
Western blots of cleaved caspase-3 from the cells at 72 h described for A. Cleaved caspase-3 levels were
increased in MIN6 cells maintained in amino acid-deprived medium compared with normal medium. Note that
Atg5 KD and Becn1 KD did not affect the level of cleaved caspase-3 in amino acid-starved MIN6 cells (n � 3).
C, in NIH 3T3 cells, PI-positive cells were increased to 28 � 3% when cells were incubated in amino acid-
deprived medium for 72 h, and this was further increased to 40 � 2 and 42 � 2% in Atg5 KD and Becn1 KD NIH
3T3 cells, respectively (*, p � 0.05) (n � 3). D, amino acid deprivation increased cleaved caspase-3 levels in NIH
3T3 cells, and this was further elevated in Atg5 KD and Becn1 KD NIH 3T3 cells at 72 h (n � 3).
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have studied apoptosis is the critical process responsible for cell
death. Inhibition of autophagy does not prevent eventual apo-
ptosis, and near total inhibition of basal autophagymay actually
induce caspase-3-dependent apoptosis.
In summary, an increase in autophagy is an integral compo-

nent of the response of insulin-secreting beta cells to reduced
Pdx1 expression and nutrient deprivation. Autophagy is evi-
dent prior to the onset of cell death induced by these conditions
and inhibition of autophagy delays but does not prevent cell
death, which is mediated primarily by apoptosis. The potential
role of autophagy should be considered in future studies of pan-
creatic beta cell death in diabetes and in attempts to develop
novel agents that target this process for prevention and treat-
ment of the disorder.
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