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Glucose Regulates Foxo1 Through Insulin Receptor
Signaling in the Pancreatic Islet �-cell
Sara C. Martinez, Corentin Cras-Méneur, Ernesto Bernal-Mizrachi, and M. Alan Permutt

Glucose controls islet �-cell mass and function at least in
part through the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway downstream of insulin signaling. The Foxo pro-
teins, transcription factors known in other tissues to be
negatively regulated by Akt activation, affect proliferation
and metabolism. In this study, we tested the hypothesis
that glucose regulates Foxo1 activity in the �-cell via an
autocrine/paracrine effect of released insulin on its recep-
tor. Mouse insulinoma cells (MIN6) were starved overnight
for glucose (5 mmol/l) then refed with glucose (25 mmol/l),
resulting in rapid Foxo1 phosphorylation (30 min, P < 0.05
vs. untreated). This glucose response was demonstrated to
be time (0.5–2 h) and dose (5–30 mmol/l) dependent. The
use of inhibitors demonstrated that glucose-induced Foxo1
phosphorylation was dependent upon depolarization, cal-
cium influx, and PI3K signaling. Additionally, increases in
glucose concentration over a physiological range (2.5–20
mmol/l) resulted in nuclear to cytoplasmic translocation of
Foxo1. Phosphorylation and translocation of Foxo1 follow-
ing glucose refeeding were eliminated in an insulin recep-
tor knockdown cell line, indicating that the glucose effects
are mediated primarily through the insulin receptor. Activ-
ity of Foxo1 was observed to increase with decreased
glucose concentrations, assessed by an IGF binding pro-
tein-1 promoter luciferase assay. Starvation of MIN6 cells
identified a putative Foxo1 target, Chop, and a Chop-
promoter luciferase assay in the presence of cotransfected
Foxo1 supported this hypothesis. The importance of these
observations was that nutritional alterations in the �-cell
are associated with changes in Foxo1 transcriptional activ-
ity and that these changes are predominantly mediated
through glucose-stimulated insulin secretion acting
through its own receptor. Diabetes 55:1581–1591, 2006

N
utrients have major effects on pancreatic �-cell
function and growth. The �-cells adapt to high
concentrations of extracellular glucose and
growth factors with concomitant enhanced se-

cretion of insulin and an increase in mass (1). Recent
evidence suggests the importance of insulin secretion and
insulin receptor signaling in �-cell growth and metabolism.
The insulin receptor is a member of a family of receptor
tyrosine kinases, along with the IGF receptor, in which
members share proximate components, including insulin
receptor substrates (IRSs) and activation of phosphoino-
sitol 3-kinase (PI3K) (2). The �-cell–specific overexpres-
sion of protein kinase B (PKB)/Akt, a downstream target
of PI3K, has been shown to greatly expand the mass and
augment insulin secretion of islets (3,4). Conversely, de-
creases in insulin receptor signaling within the �-cell
result in reduced islet mass and impaired �-cell function,
as demonstrated with targeted knockouts of the insulin
receptor and Irs2 in �-cells (5,6). Previous studies of
glucose regulation of early gene transcription in mouse
insulinoma cells (MIN6) revealed a predominant effect
mediated through the insulin receptor (7,8). The down-
stream targets of glucose-mediated insulin signaling in
pancreatic islet �-cells mediating these effects are cur-
rently unknown.

The Foxo family members of transcription factors are
evolutionarily conserved downstream targets of PKB/Akt,
which may be involved in nutrient regulation of �-cell
mass and function. In a number of cells including fibro-
blasts and liver cells, phosphorylation by Akt at conserved
phosphorylation sites has been shown to inhibit activity of
Foxo transcription factors by promoting nuclear to cyto-
plasmic translocation (9,10). Mammalian members include
Foxo1, Foxo3, Foxo4, and the dominantly brain-specific
Foxo6 (rev. in 11). A tissue survey of isoform expression
revealed that Foxo1 was the most abundant family mem-
ber in �-cells (10). It was demonstrated that haploinsuffi-
ciency of Foxo1 restored insulin sensitivity to Insr�/� and
Irs2�/� mice (10,12). The possibility that unregulated
Foxo1 activity could have harmful effects on �-cells was
suggested when transgenic mice were made glucose intol-
erant by overexpressing Foxo1 in the liver and �-cells,
although the contribution of Foxo1 to �-cell dysfunction
could not be fully resolved in this model (12).

In pancreatic �-cells, the regulation and function of
Foxo proteins remains largely uncharacterized. The role of
Foxo family members in �-cell dysfunction could be
important because of the known reduction of cell mass in
diabetes and the demonstrated control of proliferation and
cellular survival by Foxo in other tissues (13). Glucose has
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been shown to activate Akt in MIN6 and INS-1 cells, for
which Foxo1 is a known substrate (7,14). Glucose and
IGF-1 treatment of insulinoma cells protected against free
fatty–induced apoptosis and was associated with in-
creased phosphorylation of both Akt and Foxo1 (15).
These observations were extended in the current report by
demonstrating that glucose regulation of Foxo1 phosphor-
ylation is mediated through depolarization, is Ca2� depen-
dent, and requires an intact insulin receptor. Further, we
demonstrate nutrient regulation of Foxo1 cellular localiza-
tion and activity in �-cells and have identified a previously
known nutrient regulated gene (Gadd153 or Chop) as a
potential transcriptional target of Foxo1.

RESEARCH DESIGN AND METHODS

Cell culture of mouse insulinoma cells. MIN6 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 25 mmol/l glucose,
with 15% fetal bovine serum (FBS), 100 units/ml penicillin, 100 �g/ml
streptomycin, 100 �g/ml L-glutamine, and 5 �l/l �-mercaptoethanol in humid-
ified 5% CO2, 95% air at 37°C (16). MIN6 cells used were between passages
21–29. An siRNA-expressing plasmid system (pSUPER vector) (17) was used
to reduce the insulin receptor in the insulin receptor knockdown (�80%)
(IRKD�80) cell line previously described (7). The target sequence against the
mouse insulin receptor was 5�-ACTGCATGGTTGCCC ATGA-3�. The IRKD�80
cell line was maintained in culture medium with 200 �g/ml G418. Normal
media for both cell lines contains 25 mmol/l glucose and 15% FBS, while
starved media for both cell lines contains 5 mmol/l glucose and 2% FBS, with
G418 added for the IRKD�80 cell line. The purpose of preincubating the cells
under glucose and serum starvation was to optimize the opportunity to
observe the effect of glucose readdition on subsequent signaling pathways. In
each of the MIN6 experiments measuring activation of Foxo1, after serum and
glucose deprivation, only glucose was added back. We used 2% FBS because
we have found that complete serum withdrawal leads to cell death.
Islet isolation. All procedures were performed in accordance with Washing-
ton University’s Animal Studies Committee. Animals were killed in a carbon
dioxide chamber. Islets of 8-week-old wild-type C57BL/6 mice were isolated
by collagenase distension/digestion of the pancreas (3), followed by filtering
and washing through a 70-� Nylon mesh. Isolated islets were then kept in a
low-glucose (2 mmol/l) or high-glucose (11 mmol/l) media (RPMI with 10%
FBS) overnight, or a HEPES-balanced Krebs-Ringer bicarbonate buffer (119
mmol/l NaCl, 4.74 mmol/l KCl, 2.54 mmol/l CaCl2, 1.19 mmol/l MgCl2, 1.19 mmol/l
KHPO, 25 mmol/l NaHCO3, and 10 mmol/l HEPES, pH 7.4) containing 0.5% BSA
at 37°C for a period of 1 h and then either kept in the Krebs-Ringer bicarbonate/
BSA solution or exposed to 25 mmol/l glucose for an additional 30 min.
Western blot analysis. Protein was extracted with a cell lysis buffer (diluted
from 10� cell lysis buffer [Cell Signaling Technology, Boston, MA] and an
additional protease inhibitor cocktail tablet [Roche] at 1 tablet/10 ml final
buffer volume). Protein samples (30 �g) were separated by electrophoresis
through 8% polyacrylamide, 0.1% SDS gels, and transferred to polyvinylidine
fluoride or nitrocellulose membranes, followed by immunoblotting according
to the protocol outlined by Cell Signaling Technology. Immunodetection was
developed with ECL Advance (Amersham Biosciences, Buckinghamshire,
U.K.) and imaged with a charge-coupled device camera (Alpha Innotech, San
Leandro, CA). Antibodies used in this study are anti–�-tubulin (monoclonal;
Sigma, St. Louis, MO) anti–phospho-Ser256-Foxo1 (Cell Signaling), and anti-
Gadd153/Chop (mouse monoclonal; Santa Cruz Biotechnology, Santa Cruz,
CA). At least three blots were performed for each experiment with each blot
reprobed for �-tubulin as a loading control.
Statistical analysis. Western blot quantitation consisted of acquiring a
per-lane ratio of the chemiluminescent signal intensities from the phospho-
Ser256-Foxo1 or Gadd153 to its respective tubulin using NIH Image J (http://
rsb.info.nih.gov/ij/), then normalizing each signal to the first condition of the
starved state in each respective blot. For the luciferase assays, ratios of
luciferase to renilla were generated with SDs and SEs. Error was propagated
for fold calculations between different conditions. Student’s two-tailed t test
for independent samples was used in significance calculations. The P value for
significance is in the figure.
Plasmid constructs. Hemagglutinin-tagged Foxo1 from the pCMV5 vector
(from D. Accili, Columbia University, New York, NY) was cloned into the
multiple cloning site of pEGFPC1 (Clontech, Mountain View, CA) to create a
fusion protein with green florescence protein (GFP) at the NH2-terminus of
Foxo1. The hemagglutinin-tagged �256-Foxo1 and T24A-Foxo1 in the pCMV5
vector were also from D. Accili. The IGFBP-1 promoter/luciferase gene
construct (p925GL3) was a generous gift from the laboratory of M. Rechler

(NIDDK, NIH, Bethesda, MD). The CHOP-promoter/luciferase gene construct
(pGL2/3) was a gift from the lab of David Ron (Skirball Institute, New York
University, New York, NY). The pRL-TK control vector contains the thymidine
kinase promoter of the herpes simplex virus upstream of Renilla luciferase
(Promega, Madison, WI).
GFP-Foxo1 plasmid transfection and fluorescence visualization. Two
days before transfection, MIN6 or IRKD�80 cells were seeded in standard
media onto coverslips in six-well plates. Each well was transfected overnight
with 2 �g plasmid, the pEGFPC1-Foxo1, and 5 �l Lipofectamine 2000 in 250 �l
OptiMem (Invitrogen, Carlsbad, CA). The next morning, the cells were given
fresh media, and 24 h later, the cells were given either standard or starved
media for an additional 24 h. The next day, different subsets of cells in
triplicate in the starved media were either untreated or treated with glucose
(25 mmol/l), glucose (25 mmol/l) and wortmannin (100 nmol/l; Sigma), IGF-1
(100 ng/ml; Sigma), or IGF-1 (100 ng/ml) and wortmannin (100 nmol/l) for a
period of 1 h. Cells were then washed within the six-well plates twice in PBS
and fixed in 1.5 ml 4% paraformaldehyde in PBS for 15 min at 4°C. After three
washes with PBS, each coverslip was mounted onto a standard microscope
slide using VectaShield with DAPI (Vector Laboratories, Burlingame, CA). The
slides were viewed under a fluorescence microscope Leica DM4000 B (Leica
Microsystems, Bannockburn, IL), and cells were blindly scored. At least 100
GFP-positive cells per slide were scored for either cytoplasmic or nuclear
localization. Three slides and 	300 GFP-positive cells were scored for each
condition in both the MIN6 and IRKD�80 cell lines.
Luciferase assay. MIN6 cells were plated in 12-well plates 2 days before
transfection. At 
60–70% confluence, each well of cells was transfected with
100 ng IGF binding protein (IGFBP)-1/luciferase or CHOP/luciferase plasmid,
20 ng pRL-TK control vector, and either 200 ng pCMV5-Foxo1, pCMV5-�256-
Foxo1, pCMV5-T24A-Foxo1, or an empty pCMV5 vector unless otherwise
indicated in 2 �l Lipofectamine 2000 in 100 �l OptiMem. For cell lysis, 200 �l
passive lysis buffer (Promega) was used. The firefly and Renilla luciferase
activities were measured after 24 h of incubation in the indicated media in a
Monolight 3010 luminometer (BD Biosciences, San Jose, CA) using the
dual-luciferase reporter assay system (Promega).
RT-PCR. Total RNA was harvested from MIN6 cells and islets grown in
triplicate in either normal or starved media for a period of 24 h using DNAse
treatment (Gentra Systems, Minneapolis, MN). Total RNA (1 �g) from each
sample was used to prepare cDNA with random hexamers as primers and
reverse-transcribed with Superscipt II (Invitrogen) according to the manufac-
turer’s protocol. Primers used for the MIN6 GADD45 are as follows: GADD45
5�-TAA CTG TCG GCG TGT ACG AGG-3� and 5�-CAC CCA CTG ATC CAT GTA
GCG-3� (18). Primers for cyclophilin A were the following: 5�-CAG GTC CTG
GCA TCT TGT CC-3� and 5�-TTG CTG GTC TTG CCA TTC CT-3� (19).
Quantitative RT-PCR of mouse islets was performed by monitoring in real-
time the fluorescence of SYBR-green dye using the ABI 7000 sequence
detection system. The primers used were those as generated from Primer
Bank (20) and were the following: GADD45 5�-CCG AAA GGA TGG ACA CGG
TG-3� and 5�-TTA TCG GGG TCT ACG TTG AGC-3; cyclophilin A 5�- GAG CTG
TTT GCA GAC AAA GTT C-3� and 5�-CCC TGG CAC ATG AAT CCT GG-3�.
Microarray experiments. The microarray experiments were conducted
similarly to a previously published protocol (8). At the end of the culture, cells
were harvested and total RNA was extracted from cells using TRIzol reagent
or RNeasy columns according to the manufacturer’s protocol (Invitrogen and
Qiagen, respectively). Briefly, labeled RNA were hybridized on cDNA-based
microarray developed as part of the Endocrine Pancreas Consortium effort
(21). Samples were labeled with either Cy3 or Cy5 and hybridized on the same
array. To limit hybridization artifacts, the same samples were also labeled
with the other dye and hybridized as well. A total of three hybridizations were
performed and the average ratio between the two conditions taken in
consideration after background subtraction and normalization. A two-step
normalization was performed as previously described (8), and after evaluation
of the mean variance and false-positive rate, it was estimated that genes
displaying a fold change 	1.5 and with a 95% CI not encompassing one could be
considered statistically significant. A total of 2,744 genes presented expression
levels twofold above background on all three arrays that could be taken in
consideration for further analysis. The complete list of these genes is provided in
the online appendix (available at http://diabetes.diabetesjournals.org).

RESULTS

Glucose induces rapid phosphorylation of Foxo1 in
MIN6 cells. Knowing that downstream targets of glucose-
regulated insulin signaling are predominant mediators of
early gene transcription (13), in this study, we evaluated
the regulation of Foxo1 by glucose in �-cells. To address
this issue, glucose-responsive �-cell–derived MIN6 cells
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were initially utilized (16). Following 24 h of starvation (5
mmol/l glucose/2% FBS), there was a relatively low level of
Foxo1 phosphorylation (Fig. 1). With the addition of
glucose (25 mmol/l) there was a rapid phosphorylation of
Foxo1, which reached a peak in intensity between 30 min
and 2 h and then declined within 6 h to a baseline level
(Fig. 1A and B). To determine whether Foxo1 phosphory-
lation responds within the range of glucose that triggers

insulin secretion, cells were treated with varying glucose
concentrations from 5 to 30 mmol/l, and the effects on
Foxo1 phosphorylation were observed. As shown in Figs.
1C and D, there was a gradual increase in Foxo1 phos-
phorylation with increasing concentrations of glucose,
examined at a 30-min time point. To validate the result of
the experiment on Foxo1 phosphorylation in conditions
closer to the in vivo, primary cultures of mouse islets were

FIG. 1. Glucose induces phosphorylation of Foxo1 in MIN6 insulinoma cells. A: MIN6 cells were grown in starved media (5 mmol/l glucose and 2%
FBS in DMEM) for 24 h and then harvested at the indicated times after glucose (25 mmol/l) exposure. Phosphorylation of Foxo1 was determined
by Western blot analysis with anti–phospho-Ser256-Foxo1. B: Quantitation of Foxo1 phosphorylation in a glucose time course (n � 4) is shown
with SEM. P value according to Student’s t test. C: Dose response of Foxo1 phosphorylation in MIN6 cells grown in starved media and exposed
to varying concentrations of glucose at 30 min. D: Quantitation of triplicate blots of Foxo1 phosphorylation at 30 min in MIN6 shown with SEM.
E: Western blot of phosphorylated Foxo1 from isolated mouse islets preincubated (1 h) in Krebs-Ringer bicarbonate without glucose followed by
a 30-min incubation with (25 mmol/l) or without glucose. This is a representative blot of three identical blots evaluating a total of six mice. F:
Quantitation of Foxo1 phosphorylation from the experiment in E.
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also evaluated. As shown in Fig. 1E, there was a significant
phosphorylation of Foxo1 observed after 30 min of 25
mmol/l glucose refeeding (P � 0.05). These experiments
established that following a period of nutrient deprivation,
glucose refeeding resulted in the phosphorylation of en-
dogenous Foxo1 in insulin-secreting �-cells.
Glucose phosphorylation of Foxo1 is dependent on
depolarization and calcium influx and is mediated by
intact PI3K signaling. We next evaluated the mechanism
by which glucose leads to the phosphorylation of Foxo1.
Treatment of pancreatic �-cells with glucose is known to
result in cell depolarization, mediated through inhibition
of ATP-sensitive K� channels (KATP channels) (22). Depo-
larization leads to the activation of voltage-gated calcium
channels, with subsequent Ca2� influx and the release of
insulin (23). To determine which of these steps are re-
quired for glucose-induced Foxo1 phosphorylation, sev-
eral experimental conditions were evaluated. MIN6 cells
were incubated for 24 h in starvation media, after which
cells were exposed for 1 h to glucose, potassium, or
glucose plus one of several inhibitors. As illustrated in Fig.
2A, depolarization of the MIN6 cells by exposure to
potassium (30 mmol/l) also resulted in Foxo1 phosphory-
lation, suggesting that depolarization could be a major
component of the mechanism of glucose stimulation. To
further document that depolarization is a vital component
of glucose-induced phosphorylation of Foxo1, diazoxide, a
KATP channel activator, obliterated Foxo1 phosphorylation
by glucose. This result indicated that glucose-induced
depolarization was required and that the glucose effect
was not due to an osmotic change. Treatment with EGTA,
a calcium-chelator, blocked the glucose response, indicat-
ing that an extracellular calcium influx was required. Two
of the major signaling pathways downstream of depolar-

ization-induced calcium influx are the Ras-Mek–mitogen-
activated protein kinase (24) and the PI3K pathways (14).
To evaluate the possible role of these pathways, inhibitors
of either Mek or PI3K signaling were used. Wortmannin
(100 nmol/l), a PI3K inhibitor, significantly blocked the
glucose-induced Foxo1 phosphorylation. The Mek inhibi-
tor PD98059 (50 �mol/l) led to inactivation of extracellular
signal–related kinase (data not shown), and while there
appeared to be some inhibition of glucose-induced phos-
phorylation, this was not significant (Fig. 2B). These
results illustrated that endogenous Foxo1 phosphorylation
in �-cells can be induced by depolarization alone and that
the ability for glucose to enhance Foxo1 phosphorylation
is dependent upon KATP channel closure, calcium influx,
and the PI3K signaling pathway.
Insulin also results in a rapid and dose-dependent
phosphorylation of Foxo1. Glucose-induced depolariza-
tion of �-cells is known to result in insulin secretion, and
the addition of exogenous insulin in other mammalian
cells has been shown to induce Foxo1 phosphorylation
(25,26). In previous experiments, we demonstrated that
MIN6 cells are responsive to insulin, leading to phosphor-
ylation of IRSs and Akt (7). To determine whether exoge-
nous insulin would also result in Foxo1 phosphorylation in
MIN6 cells, insulin was added to cells after an overnight
starvation. Similar to the response to glucose, the addition
of insulin (100 nmol/l) resulted in the rapid phosphoryla-
tion of Foxo1 (Fig. 3A and B). This response of insulin on
Foxo1 phosphorylation was also shown to be time- and
dose-dependent (Fig. 3C and D).
Glucose-induced phosphorylation of Foxo1 is medi-
ated by the insulin receptor. The results of the previous
experiments are consistent with the hypothesis that glu-
cose treatment promotes the phosphorylation of Foxo1

FIG. 2. Glucose-induced Foxo1 phosphoryla-
tion in MIN6 cells is voltage, calcium, and PI3K
dependent. A: Western blot of Foxo1 phosphor-
ylation. MIN6 were grown for 24 h in starved
media (5 mmol/l glucose and 2% FBS in DMEM)
and then exposed for 1 h to glucose (25 mmol/
l), KCl (30 mmol/l), glucose (25 mmol/l) plus
wortmannin (100 nmol/l), glucose (25 mmol/l)
plus PD98059 (50 �mol/l), glucose (25 mmol/l)
plus diazoxide (500 �mol/l), and glucose (25
mmol/l) plus EGTA (2.5 mmol/l). This blot is
representative of three identical blots. B:
Quantitation of the effects from the inhibitors
on Foxo1-phosphorylation, shown with SEM. D,
diazoxide; G, glucose; PD, PD98059; W, wort-
mannin. *Difference from starved; **difference
from glucose treatment.
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through an autocrine/paracrine effect of released insulin
on its receptor. To further test this hypothesis, we re-
peated the same glucose time course in MIN6 cells stably

expressing small interfering RNA toward the insulin recep-
tor, the IRKD�80 cell line. These cells exhibit 80% reduc-
tion in the insulin receptor, decreased IRS-1 tyrosine
phosphorylation, and reduced Akt phosphorylation by
glucose treatment, as compared with MIN6 cells or MIN6
stably transfected cells with an empty vector or expressing
scrambled siRNA (7). In contrast to the results on Foxo1
phosphorylation on MIN6 cells and islets, similar treat-
ment with glucose in IRKD�80 cells showed no change in
Foxo1 phosphorylation (Fig. 4). Since the IRKD�80 cells
have been shown to maintain a robust insulin secretory
response to glucose (7), the block of glucose-induced
Foxo1 phosphorylation is likely due to decreased insulin
receptor function. Thus, it appears that the major effect of
glucose leading to phosphorylation of Foxo1 is mediated
via secreted insulin acting on its own receptor.
Glucose induces a PI3K-dependent nuclear to cyto-
plasmic Foxo1 translocation in �-cells. In cells other
than pancreatic �-cells, phosphorylation of Foxo1 by Akt
is associated with inactivation of the transcriptional activ-
ity and nuclear to cytoplasmic translocation (9,10). To
determine whether the glucose-induced phosphorylation
was associated with intracellular translocation within
�-cells, we evaluated the intracellular localization of a
GFP-tagged full-length Foxo1 in MIN6 cells following
various stimuli. Cells were transiently transfected with a
plasmid expressing a full-length Foxo1 protein fused with
GFP at the NH2-terminus. After a 24-h recovery period
from transfection, the cells were incubated for an addi-
tional 24 h in normal or starved media. In normal media,
the majority (70%) of GFP-tagged Foxo1 was in the cyto-
plasm of MIN6 cells (Fig. 5A and B). In contrast, incuba-
tion in starved media resulted in 
80% of the GFP-tagged
Foxo1 in the nucleus. After 1 h of glucose (25 mmol/l)
refeeding, there was a shift in localization from the nu-
cleus to the cytoplasm. This shift was blocked by the
simultaneous addition of the PI3K inhibitor wortmannin
(100 nmol/l). It had been shown in rat insulinoma cells
(INS1) that IGF-1 treatment leads to the activation of Akt
in a PI3K-dependent manner and rapid phosphorylation of
Foxo1 (27). Following starvation, treatment with IGF-1
(100 ng/ml) for 1 h resulted in nuclear exclusion of Foxo1,
and this effect was also blocked by wortmannin (100
nmol/l).

To determine whether the nuclear to cytoplasmic trans-
location that was observed with refeeding required insulin
receptor signaling, the experiments were repeated with
the IRKD�80 cells. In contrast to the cytoplasmic localiza-
tion of Foxo1 in MIN6 cells, IRKD�80 cells grown in
normal media maintained most (80%) of the GFP-tagged
Foxo1 in the nucleus (Fig. 5A and C). Additionally, follow-
ing glucose refeeding, the majority of Foxo1 was retained
in the nucleus, and wortmannin, as anticipated, did not
alter this response. The only condition promoting a
nuclear-to-cytoplasmic translocation of Foxo1 in the
IRKD�80 cells was exposure to IGF-1 (100 ng/ml) for 1 h
following starvation (Fig. 5A and C). These results indi-
cated that while the insulin receptor signaling is reduced
in the IRKD�80 cells, the PI3K signaling pathway is intact.
Since the IRKD�80 cells have been shown to maintain
glucose-stimulated insulin secretion, the block of glucose-
induced Foxo1 phosphorylation is likely due to decreased
insulin receptor function (28,29).

To establish intracellular localization of Foxo1 within
physiologic glucose concentrations of fasting and feeding,
MIN6 cells were transfected with the GFP-tagged Foxo1

FIG. 3. Insulin induces phosphorylation of Foxo1 in MIN6 insulinoma
cells. A: MIN6 cells were grown in the starved media for 24 h and
harvested at the indicated times after exogenous administration of 100
nmol/l insulin to the media. This blot of Foxo1 phosphorylation is
representative of at least three identical blots. B: Quantitation of the
Foxo1 phosphorylation in the insulin time course is shown with SEM
and P value. C: Representative of three identical blots for Foxo1
phosphorylation of MIN6 cells grown in the starved media that were
exposed to varying concentrations of added insulin at 15 min. D:
Quantitation of the Foxo1 phosphorylation as responsive to insulin
concentration is shown with SEM and P value.
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and maintained in varying glucose concentrations over-
night ranging from 2.5 to 20 mmol/l (Fig. 5D). With each
increase in glucose concentration, there was an associa-
tive decrease in the nuclear localization of Foxo1 in MIN6
cells.
Foxo1 transcriptional activity is regulated by glu-
cose. To assess the relative activity of Foxo1 in 5 mmol/l
glucose compared with the normal media concentration of
25 mmol/l glucose in MIN6 cells, we used a Foxo1-
dependent promoter assay. Our studies of Foxo1 activity
used a promoter-luciferase construct containing an insulin
response element and conserved Foxo1 binding site in the
IGFBP-1 promoter (30). In the liver, IGFBP-1 transcription
has been shown to be dependent on Foxo1 activity (31).
We first observed that in starved cells at 5 mmol/l glucose,
endogenous Foxo1 activity was increased by twofold (P �
0.01) compared with that in fed cells at 25 mmol/l glucose
(Fig. 6A). The effect of starvation was more readily observed
with cotransfection of the full-length Foxo1 plasmid.

To further characterize the dynamics of endogenous
Foxo1 activity and extracellular glucose concentrations in
�-cells, additional experiments were conducted compar-
ing Foxo1 activity at 20, 10, 5, and 2.5 mmol/l glucose
concentrations for a 24-h incubation (Fig. 6B). Foxo1
activity demonstrated a progressive increase in activity as
the glucose concentration decreased.

In another set of experiments, we compared the effects
of starvation on Foxo1 activity in the presence of a
dominant-negative Foxo1, a truncated allele of Foxo1
(Foxo1�256) that retains the DNA-binding domain (amino
acid residues 1–256) but lacks the transactivation domain
(26). Following starvation, there was no increase in the
Foxo1 transcriptional activity of cells cotransfected with
Foxo1�256 (P � 0.001) (Fig. 6C), which strongly suggested

that the increased activity in starvation is predominantly
due to endogenous Foxo1. Additionally, a mutant Foxo1
allele (Foxo1T24A) previously shown to be nuclear in
hepatoma cells (26) was observed to be nuclear in MIN6
cells (data not shown). This was associated with increased
Foxo1 activity in the fed state (P � 0.01) when compared
with cotransfection with the wild-type allele of Foxo1. The
results of these promoter assays demonstrated that star-
vation-induced nuclear localization was associated with
increased Foxo1 transcriptional activity.
Glucose starvation regulates an endogenous Foxo
target gene in MIN6 cells and in pancreatic islets. To
determine whether the reduced phosphorylation and nu-
clear localization of Foxo1 could be correlated with an
increase in transcription of a direct Foxo target, we
evaluated the mRNA of Gadd45 from MIN6 cells incubated
for 24 h in either normal or starved media. The promoter
of this gene contains consensus-binding motifs of Foxo
family members and has been shown to be enhanced in
activity in various tissues by direct binding of Foxo3 and
Foxo4 (28,29). Gadd45 is a gene that is upregulated in
conditions of stress such as exposure to reactive oxygen
species or nutrient withdrawal, leading to a G2/M cell-
cycle arrest (28). Starvation of MIN6 cells (Fig. 7A) or
mouse islets (Fig. 7B) for 24 h revealed an increase in the
expression of Gadd45, demonstrated by RT-PCR and
real-time RT-PCR analysis, suggesting that nutrient regu-
lation of Foxo activity has a physiologically relevant
biological function.
Glucose starvation regulates a potential Foxo target
gene (Chop) in MIN6 cells and islet �-cells. To further
substantiate the possible biological consequences of nu-
trient regulation of Foxo activity in �-cells, RNA of starved
MIN6 cells was analyzed by microarray for additional

FIG. 4. Glucose-induced phosphorylation of
Foxo1 is impaired in insulin receptor–deficient
IRKD�80 cells. A: IRKD�80 cells were grown in
the starved media for 24 h and harvested at the
indicated times of glucose (25 mmol/l) expo-
sure. Foxo1 phosphorylation was determined
by Western blot analysis. This is a representa-
tive blot from four identical experiments. B:
Quantitation of the Foxo1 phosphorylation by
glucose in IRKD�80 cells. None of the time
points were significant for phosphorylation
from the starved state.
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Foxo1 targets. Of the 34 significantly upregulated genes in
glucose-starved cells, the gene that was most upregulated
was DNA damage–inducible transcript 3 (Ddit3, Chop, or
Gadd153; 3.72-fold [95% CI 3.31–4.46]) (online appendix
Table 1). The observation of enhanced expression of
Chop/Gadd153 by nutrient deprivation has been previously

described (32–34). Conversely, glucose treatment of
starved MIN6 cells resulted in the downregulation of Chop
(8). Conserved, consensus Foxo1 binding sites (35) were
identified in the proximal Chop promoter (Fig. 7C). To
confirm that the glucose-regulated changes in Chop mRNA
were reflected at the protein level, protein from MIN6 cells

FIG. 5. Glucose promotes nuclear to cytoplasmic translocation of Foxo1 with intact insulin receptor and PI3K signaling. A: GFP-tagged Foxo1
localized to either the nucleus or cytoplasm of MIN6 and IRKD�80 subjected to identical nutrient conditions (n >100/condition) of fed and
starved media, glucose (25 mmol/l) and IGF (100 ng/ml) alone or in the presence of wortmannin (W) (100 nmol/l). Quantization of the MIN6 or
IRKD80 cells in the nutrient conditions is represented in B and C, respectively. D: Nuclear localization of GFP-tagged Foxo1 in MIN6 cells
incubated at varying glucose concentrations for 24 h.
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and islets maintained in starved media overnight was
examined by a Western blot that revealed elevated Chop
expression (Fig. 7D and E).

The above results demonstrated an association between
nutrient deprivation, Foxo1 activity, and Chop expression.
To determine whether Chop expression was mediated by
enhanced Foxo1 activity, MIN6 cells were transfected with
a luciferase construct containing the Chop promoter.
Cotransfection of the full-length Foxo1 plasmid (pCMV5-
Foxo1) enhanced Chop-promoter activity in the presence
of normal media (Fig. 8A). This result indicated that
exogenous Foxo1 could activate the Chop reporter. Chop
promoter activity was increased with nutrient deprivation,
and this increase was significantly reduced with the co-
transfection of the dominant-negative Foxo1 (Foxo1�256)
(Fig. 8B). While these results suggest that under starved
conditions Foxo1 is regulating the promoter activity of
Chop, this conclusion needs to be confirmed by chromatin
immunoprecipitation, demonstrating a direct physical
binding of Foxo1 to the Chop promoter.

DISCUSSION

Glucose contributes to regulation of �-cell growth and
survival. The experiments presented here were designed
to test the hypothesis that glucose modulates Foxo1, a
transcription factor that affects both cell metabolism and
growth/apoptosis, activity. We examined whether Foxo1
could be regulated by glucose in pancreatic islet �-cells.
Our findings showed that starvation for glucose of both
MIN6 and mouse islets resulted in reduced Foxo1 phos-
phorylation and movement from a predominantly cyto-
plasmic to nuclear localization. Glucose treatment of
previously starved MIN6 cells resulted in rapid phosphor-
ylation of Foxo1 and nuclear exclusion. What evidence is
there that these results have relevance for �-cell physiol-
ogy? After an overnight fast, plasma glucose concentra-
tions are routinely �5 mmol/l. Using fluorescently tagged
Foxo1 in which the cellular localization could be moni-
tored, we showed that incubation in increasing concentra-
tions of glucose resulted in decreases in nuclear
localization. Foxo1 activity, measured with Foxo1-target
promoter fused to a luciferase reporter, correlated with
these observations with increased activity as glucose
concentrations decreased from 10 to 2.5 mmol/l. While
these results are not directly applicable to the in vivo
situation, they do provide suggestive evidence that at
physiological glucose concentrations found after an over-
night fast, Foxo1 is transcriptionally active and is sup-
pressed by glucose concentrations typically found upon
refeeding.

These observations provided a model to evaluate the
signaling mechanisms involved. Glucose effects on Foxo1
phosphorylation in the response to refeeding were shown
to be dependent on depolarization, PI3K activity, and
insulin secretion leading to activation of its own receptor.
While modulation of Foxo1 activity by insulin has been
amply demonstrated in a number of different insulin-target
tissues (36–38), a novel observation in the current exper-
iments was that in the case of the islet �-cell, a nutrient
activates hormone secretion that in turn regulates Foxo1
activity through a cell-autonomous mechanism.

Evidence that glucose regulation of Foxo1 activity is
mediated through insulin signaling includes the observa-
tion that KCl-induced depolarization, known to result in
insulin secretion, phosphorylated Foxo1 in the absence of

FIG. 6. Transcriptional activity of Foxo in the fed and starved state. A:
Endogenous or transfected Foxo1 activity is increased around twofold
(P < 0.01) in the starved state using an IGFBP1-promoter luciferase
assay. B: Foxo1 activity is increased as glucose concentrations de-
crease in this 24-h incubation. C: Truncated allele of Foxo1 (DN-
Foxo1) functions as a dominant-negative preventing endogenous
Foxo1 activity in the starved state while a constitutively nuclear allele
T24A-Foxo1 increases Foxo1 activity compared with a wild-type allele
(WT-Fox01).
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glucose. Further, diazoxide, a KATP channel opener and a
known inhibitor of glucose-induced insulin secretion (39),
effectively blocked glucose-induced Foxo1 phosphoryla-
tion. Calcium influx is essential for glucose-stimulated
insulin secretion, and the addition of a calcium chelator
inhibited glucose-induced Foxo1 phosphorylation. While
we also observed that exogenous insulin resulted in Foxo1
phosphorylation, this does not exclude the possibility that
this was a pharmacologic effect of the concentration added
or that insulin was acting through a homologous receptor,

such as the IGF-1 receptor. However, when glucose was
added to MIN6 cells with reduced insulin receptor expres-
sion (IRKD80), the glucose-stimulated insulin that was re-
leased had no effect on Foxo1 phosphorylation or
localization. This suggests that the glucose effect on Foxo1
activity is mediated primarily through an autocrine/para-
crine effect of insulin acting upon its own receptor.

The results of the current studies demonstrated en-
hanced transcriptional activity of Foxo1 in the starved
state by the promoter-luciferase assay. In MIN6 cells and

FIG. 7. Known and novel targets of Foxo1 exhibit expression in the starved state. A: RT-PCR of total RNA for Gadd45, a Foxo-dependent target,
upregulated in MIN6 cells incubated in 5 mmol/l glucose/2% FBS vs. 25 mmol/l glucose/15% FBS media. B: Gadd45 RNA expression changes in
islets incubated in 2 or 11 mmol/l glucose for 24 h. Total RNA was extracted from islets and subjected to real-time RT-PCR. C: Chop promoter
from rat, mouse, and human sequences contains conserved consensus binding sites for Foxo1. D: Chop protein is upregulated with starved media
in MIN6 cells, triplicate experiment shown. E: Chop protein is upregulated in islets incubated in 2 compared with 11 mmol/l glucose for 24 h;
experiment in duplicate is shown.

FIG. 8. Chop promoter activity is upregulated by Foxo1 and starvation and ablated with DN-Foxo1. A: Cotransfection of full-length Foxo1
increases Chop-promoter luciferase activity in MIN6 cells incubated in 25 mmol/l glucose/15% FBS. B: Chop-promoter activity is increased in
MIN6 cells incubated in 5 mmol/l starved media, cotransfected with empty pCMV5 vector. Transfection of pCMV5-DNFoxo1 (dominant-negative)
ablated the increase in Chop-promoter luciferase activity in the starved media condition.
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islets, after 24 h of starvation, we observed increased
Gadd45 mRNA, previously shown to be Foxo-dependent
and upregulated upon nutrient withdrawal in other tissues
(18,28). It appears that a similar response in Foxo1 activity
to nutrient deprivation is present in islets as well, although
the targets and their physiological relevance are just
beginning to be uncovered.

Consistent with previous literature, we have observed
Chop mRNA and protein to be increased in MIN6 cells and
primary islets in nutrient deprivation (32). We have ex-
tended these studies by demonstrating enhanced Chop
promoter activation in starved media. We identified poten-
tial Foxo1 binding sites, demonstrated upregulation of
Chop promoter activity by the addition of Foxo1, and
significantly reduced endogenous Chop activation in star-
vation with the addition of a dominant-negative Foxo1.
These experiments suggest a novel mechanism and link
between nutrient deprivation and reduced insulin signal-
ing contributing to Chop expression in �-cells via in-
creased Foxo1 activity, although these conclusions need
to be supported by direct evidence.

While it is well known that increased Foxo1 activity in
insulin-responsive tissues such as the liver and muscle
contributes to insulin resistance (38,40), the specific role
of this transcription factor with respect to islet dysfunc-
tion present in type 2 diabetes has yet to be uncovered.
Increased Foxo1 activity has been shown to promote
neuronal cell death through enhanced transcription of
genes involved in apoptosis (41). Pancreatic �-cells are
especially susceptible to apoptosis induced by endoplas-
mic reticulum stress because they maintain a highly devel-
oped and active endoplasmic reticulum to secrete insulin
(42). Increased Chop expression has been associated with
endoplasmic reticulum stress and apoptosis in �-cells,
concomitant with decreased insulin signaling (43). In the
current experiments, we observed increased Chop expres-
sion in islets and MIN6 cells maintained in low-glucose
media and that this nutrient-regulated expression is medi-
ated by Foxo1 activity. Cultured mouse islets incubated
under conditions of 2 compared with 15 mmol/l glucose
and MIN6 cells incubated in 5 compared with 25 mmol/l
glucose exhibited a threefold increase in apoptosis, and
this apoptosis was blocked in MIN6 cells by the addition of
constitutively active Akt, an inhibitor of Foxo1 (44).

In addition to decreasing apoptosis, glucose has been
shown to be an important enhancer of proliferation in
�-cells as a result of increased PI3K and Akt activity (1).
Additionally, the expansion of �-cell mass through �-cell–
specific overexpression of PKB/Akt could be mediated, in
part, through strong inhibition of Foxo1 (3,4). Foxo family
members have been shown to promote expression of the
cell-cycle inhibitor p27 and decrease expression of cyclin
D (45), which induces growth arrest in diverse mammalian
cell types (46–48). Pancreatic �-cells expand and prolifer-
ate as a normal response to hyperglycemia, resulting in
increased insulin secretion and signaling (49). The current
observations that glucose treatment of MIN6 cells results
in inactivation of Foxo1 activity, provides a potential
mechanism and hypothesis by which glucose suppression
of Foxo1 activity may contribute to this increase in �-cell
proliferation. Because of the limited capacity of adult
�-cells to proliferate (50) and the demonstrated regulation
of Foxo1 by glucose and intact insulin receptor signaling,
the potential involvement of Foxo1 in the processes of
cell-cycle arrest and apoptosis within �-cells merits fur-
ther investigation. Whether aberrant regulation of Foxo1

activity contributes to the �-cell dysfunction of type 2
diabetes remains to be characterized.
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