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For many cell types, including pancreatic �-cells, nitric ox-
ide is a mediator of cell death; paradoxically, nitric oxide can
also activate pathways that promote the repair of cellular dam-
age. In this report, a role for FoxO1-dependent transcriptional
activation and its regulation by SIRT1 in determining the
cellular response to nitric oxide is provided. In response to
nitric oxide, FoxO1 translocates from the cytoplasm to the nu-
cleus and stimulates the expression of the DNA repair gene
GADD45�, resulting in FoxO1-dependent DNA repair.
FoxO1-dependent gene expression appears to be regulated by
the NAD�-dependent deacetylase SIRT1. In response to
SIRT1 inhibitors, the FoxO1-dependent protective actions of
nitric oxide (GADD45� expression and DNA repair) are atten-
uated, and FoxO1 activates a proapoptotic program that in-
cludes PUMA (p53-up-regulated mediator of apoptosis)
mRNA accumulation and caspase-3 cleavage. These findings
support primary roles for FoxO1 and SIRT1 in regulating the
cellular responses of �-cells to nitric oxide.

Nitric oxide plays a central role in regulating the re-
sponse(s) of pancreatic �-cells to cytokine treatment. Cyto-
kines such as IL-1 (rat) and a combination of IL-1 � IFN-�
(mouse and human) stimulate the expression of the inducible
isoform of nitric-oxide synthase (NOS) and the production of
micromolar levels of nitric oxide by �-cells (1–4). Nitric oxide
attenuates insulin secretion by inhibiting the oxidation of glu-
cose to CO2 and the activity of mitochondrial iron-sulfur cen-
ter containing enzymes such as aconitase and complexes of
the electron transport system (5, 6). The result is a 4-fold re-
duction in cellular ATP concentration (2, 7) that leads to the
inhibition of glucose-induced insulin secretion due to the in-
ability to generate sufficient levels of ATP to close the ATP-
sensitive K� channels, an event required for �-cell depolariza-
tion and Ca2�-dependent exocytosis (8, 9). In addition to the
inhibition of �-cell function, nitric oxide induces DNA strand
breaks and oxidative DNA damage (10, 11).
The inhibitory actions of IL-1 on �-cell function and DNA

damage are reversible (12, 13). The addition of a NOS inhibi-
tor to islets pretreated for 24 h with IL-1 (without removing
IL-1) results in a time-dependent recovery of insulin secretion

and mitochondrial function (3) and the repair of damaged
DNA (14, 15). This recovery response requires new gene ex-
pression, the activation of JNK, and can be stimulated by ni-
tric oxide (16, 17). The ability of �-cells to recover from cyto-
kine- and nitric oxide-induced damage is temporally limited.
Following a 36-h exposure to IL-1, �-cells are no longer capa-
ble of recovering metabolic and secretory function, and the
islets are committed to death (14, 18). Studies have shown
that cytokines can kill �-cells by nitric oxide-dependent and
-independent necrotic and apoptotic mechanisms (19–26).
This dichotomy in the type of cell death that has been ob-
served appears to reflect the temporal changes in the meta-
bolic responses and the extent of DNA damage caused by ni-
tric oxide. Following short exposures to cytokines, under
conditions in which nitric oxide-mediated damage is reversi-
ble, biochemical assays indicate that cell death is necrotic in
nature. At points in which �-cells no longer have the capacity
to recover from this damage, cytokine-mediated �-cell death
shifts to an apoptotic process that is associated with irreversi-
ble DNA damage and caspase activation (14). Similar to what
has been observed in �-cells, nitric oxide has been implicated
in the induction of both necrosis and apoptosis of multiple
cell types (27–29).
Although nitric oxide is a known activator of p53 (30, 31),

we recently observed that the repair of nitric oxide-damaged
DNA in �-cells occurs by a p53-independent but GADD45�-
dependent process (32). A number of studies have shown that
GADD45� expression is regulated by p53 (33). Our findings
suggest that there is an alternative pathway because p53
knockdown does not modify GADD45� expression or
GADD45�-dependent DNA repair in �-cells. Members of the
Forkhead family of transcription factors are known to regu-
late genes involved in cell cycle, stress resistance, DNA repair,
and apoptosis (34, 35). FoxO1 is one member of this family
whose activity is regulated by various external stimuli, includ-
ing insulin, growth factors, and oxidative stress (36, 37). These
stimuli can regulate FoxO1 activity by modifying its subcellu-
lar localization (cytoplasmic versus nuclear) and posttransla-
tional modifications (37, 38). In response to insulin signaling,
Akt phosphorylates FoxO1, resulting in its binding to 14-3-3
and sequestration in the cytoplasm where it is inactive (37). In
contrast, stresses such as nutrient deprivation attenuate Akt-
mediated phosphorylation and result in the nuclear transloca-
tion of FoxO1 (37). Once in the nucleus, the activity of FoxO1
is controlled by acetylation via the histone acetyltransferase
p300/CBP and deacetylation by the NAD�-dependent
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deacetylase SIRT1 (39–41). Nuclear deacetylated FoxO1 pro-
motes the transcription of genes involved in DNA repair and
stress resistance, whereas acetylated FoxO1 promotes the ex-
pression of genes involved in apoptosis (39, 40). Recently, evi-
dence has suggested that acetylation may also direct nuclear
localization of FoxO1 independent of phosphorylation (38).
In this study we provide evidence that FoxO1 and its regu-

lation by SIRT1 play primary roles in regulating the cellular
responses to nitric oxide. Nitric oxide, produced in response
to IL-1, or supplied exogenously, stimulates the nuclear local-
ization of FoxO1 and the FoxO1-dependent expression of
GADD45� and repair of nitric oxide-damaged DNA in
�-cells. This protective response is controlled by the activity
of SIRT1. Activators of SIRT1 accelerate, whereas inhibitors
attenuate, the repair of nitric oxide-damaged DNA. Further,
inhibition of SIRT1 is associated with the induction of apo-
ptosis that is characterized by enhanced expression of the
proapoptotic gene p53-up-regulated mediator of apoptosis
(PUMA)2 and caspase activation. These findings suggest that
the fate of �-cells in response to nitric oxide is controlled by
the cellular localization of FoxO1 and activity of SIRT1 to
either promote a protective response or induce �-cell death
by apoptosis.

EXPERIMENTAL PROCEDURES

Materials—Male Sprague-Dawley rats (250–300 g) were
purchased from Harlan (Indianapolis, IN). INS 832/13 cells
were a gift from Chris Newgard (Duke University, NC). RPMI
1640 medium, CMRL-1066 tissue culture medium, L-gluta-
mine, streptomycin, and penicillin were from Invitrogen. Fetal
calf serum was from Sigma. Human recombinant IL-1 was
purchased from PeproTech (Rocky Hill, NJ). L-NG-Monom-
ethyl arginine (NMMA) and (Z)-1-(N,N-diethylamino)diazen-
1-ium-1,2-diolate (DEANO; half-life �2 min) were purchased
from Axxora (San Diego, CA). Splitomicin and EX-527 were
obtained from Sigma. FoxO1, phospho-FoxO1, Ac-histone
H3, Ac-lysine, cleaved caspase-3, cleaved caspase-9 antibodies
were from Cell Signaling (Beverly, MA). GAPDH antibody
was from Ambion (Austin, TX). HRP-conjugated donkey
anti-rabbit and donkey anti-mouse were from Jackson Immu-
noresearch Laboratories, Inc (West Grove, PA). GADD45�,
hsp70, PUMA, and GAPDH primers were from Integrated
DNA Technologies (Coralville, IA). FoxO1 adenoviral con-
structs were a gift from Domenico Accili.
Islet Isolation and Cell Lines—Islets were isolated from

male Sprague-Dawley rats (250–300 g) by collagenase diges-
tion as described previously (42). Islets were cultured over-
night in CMRL-1066 (containing 2 mM L-glutamine, 10%
heat-inactivated fetal calf serum, 100 units/ml penicillin, and
100 �g/ml streptomycin) at 37 °C under an atmosphere of
95% air and 5% CO2 prior to experimentation. INS 832/13
cells were removed from growth flasks by treatment with
0.05% trypsin and 0.02% EDTA for 5 min. at 37 °C, washed

twice with RPMI, and plated at 200,000 cells/400 �l, unless
otherwise noted. The INS 832/13 cells used in this study were
glucose responsive for insulin secretion (data not shown).
Western Blot Analysis—Cells were lysed in Laemmli buffer

and proteins separated by SDS-PAGE and transferred to ni-
trocellulose membrane under semidry transfer conditions as
described previously (43). Blots were blocked with 5% milk in
TBST for 1 h and then incubated overnight at 4 °C with the
following dilutions for primary antibodies GADD45� (1:500),
Ac-histone H3 (1:1,000), FoxO1 (1:1,000), cleaved caspase-3
(1:1,000), cleaved caspase-9 (1:1,000), or GAPDH (1:50,000)
antibodies. Membranes were incubated for 1 h with HRP-
conjugated donkey anti-rabbit or anti-mouse (1:7,000, 1:5,000,
respectively) secondary antibodies, and antigen was detected
by luminol chemiluminescence (44).
Adenoviral Transduction—INS 832/13 cells were trans-

duced with WT-FoxO1 or �256-FoxO1 adenovirus con-
structs at 50 plaque-forming units/cell for 1 h as described
previously (45). Following transduction, cells were washed
three times, and experiments were started 24 h after
transduction.
FoxO1 Translocation—INS 832/13 cells were seeded in

chamber slides (Nunc/Thermo Fisher) and incubated for 24 h.
Cells were then transfected using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s protocol for a surface
area of 0.3 cm2. Briefly, cells were transfected with 200 ng of
GFP-FoxO1 (Addgene plasmid 17551) (36) using 0.5 �l of
Lipofectamine diluted in 50 �l of Opti-MEM (Invitrogen) per
chamber. Cells were incubated for 24 h, the medium was then
replaced with fresh medium, and cells were treated as de-
scribed in the figure legends. Following treatments, cells were
fixed gently to preserve GFP fluorescence using 2% paraform-
aldehyde for 15 min at room temperature followed by several
washes with PBS. Cells were then permeabilized (0.2% Triton
X-100, 150 mM NaCl, 10 mM Tris, pH 7.5) for 2 min at room
temperature and washed with PBS. Nuclei were stained with
DAPI (50 ng/ml in PBS) for 10 min at room temperature.
Cells were imaged using Metamorph software and a Nikon
eclipse 90i at 40� magnification.
Real Time PCR—RNA was isolated using the RNeasy kit

(Qiagen). cDNA synthesis was performed using oligo(dT) and
reverse transcriptase Superscript Preamplification System
(Invitrogen) according to the manufacturer’s instructions.
Real time PCR was performed using the Light Cycler 480
(Roche Applied Science) and SYBR Green incorporation for
product detection. The-fold-increase of GADD45� and
PUMA are normalized to the housekeeping gene GAPDH as
described previously (14, 32).
Comet Assay—DNA damage was assessed using the comet

assay (single cell gel electrophoresis) as described previously
(10, 32). Briefly, cells were harvested and embedded in 0.6%
low melting agarose on slides precoated with 1.0% agar. Sam-
ples were then incubated in lysing solution (2.5 M NaCl, 100
mM EDTA, 10 mM Tris, 1% Triton X-100) overnight. Follow-
ing lysis, the slides were incubated in an alkaline electropho-
resis buffer (0.3 M NaOH, 1 mM EDTA, pH �13) for 40 min
followed by electrophoresis at 25 volts for 20 min. Slides were
washed three times in 0.4 M Tris, pH 7.5, and stained with

2 The abbreviations used are: PUMA, p53-up-regulated mediator of apopto-
sis; DEANO, (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate; NMMA,
L-NG-monomethyl arginine; TSA, trichostatin A; AMPK, AMP-activated
protein kinase.
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ethidium bromide (2 �g/ml). Comet images were captured
using a Nikon eclipse 90i and comets were quantified using
the CASP program as the mean tail moment from 30–50
cells/condition.
Immunoprecipitation of Acetylated Lysine—To isolate

crude nuclei, �107 cells were washed with PBS (4 °C) and col-
lected in nuclear lysis buffer (10 mM Tris, pH 7.5, 10 mM

NaCl, 3 mM MgCl2, 0.05% Nonidet P-40, 1 mM EGTA, with
protease and phosphatase inhibitors). The lysate was then
centrifuged at 2,700 � g for 10 min, and the nuclei-containing
pellet was retained. The nuclei were washed twice in nuclear
lysis buffer. The nuclei were then lysed and the proteins dena-
tured by the addition of SDS to 1% followed by boiling for 5
min. 100 �g of the nuclear lysate was then diluted to 200 �l
with PBS/0.1% BSA for immunoprecipitation. Immunopre-
cipitations were performed using sheep anti-mouse IgG
Dynabeads (Invitrogen). The Dynabeads, 10 �l of slurry/sam-
ple, were washed twice in PBS/0.1% BSA using a magnetic
particle separator. The beads were incubated with 4 �l of an-
ti-acetylated lysine/sample in 200 �l of PBS/BSA at 4 °C with
end-over-end mixing overnight. The beads were then washed
twice in PBS/BSA followed by the addition of cell lysate (100
�g of protein). The beads plus lysate were incubated at 4 °C
for 2 h with end-over-end mixing. The beads were then
washed three times with PBS/BSA. The proteins were eluted
from the beads by the addition of Laemmli sample buffer and
boiling for 5 min.
siRNA Transfection—siRNA transfection was performed

using Lipofectamine 2000 transfection reagent (Invitrogen)
according to the manufacturer’s instructions. Lipofectamine
(1.5 �l/well) and siRNA were diluted in OptiMem (Invitro-
gen) to give a final concentration of 100 nM siRNA. The di-
luted Lipofectamine-siRNA complex was added to each well
and overlaid with 200,000 cells in 400 �l. Experiments were
started 48 h following transfection. The following Silencer�
Select Pre-designed siRNA for SIRT1, 5�-GAUCAAGAGAU-

GGUAUUUAtt-3� and 5�-CGAUAUUGAGUAUUUUAGAt-
t-3� were obtained from Ambion.
SIRT1 Activity—The enzymatic activity of SIRT1 was evalu-

ated using the Fluor-de-lys Sirt1 fluorometric drug discovery
assay kit (Enzo Life Sciences, Plymouth Meeting, Pa).
Statistics—Statistical comparisons were made between

groups using one-way ANOVA. Significant differences be-
tween groups (p � 0.05) were determined by Newman-Keuls
post hoc analysis.

RESULTS

Nitric Oxide Stimulates the Nuclear Translocation of FoxO1—
Akt-mediated phosphorylation at serine residue 256 (Ser-256)
retains FoxO1 in the cytoplasm and attenuates FoxO1-depen-
dent transcription (37). Cellular stresses, including nutrient
deprivation and oxidative stress, attenuate Ser-256 phosphor-
ylation, resulting in FoxO1 translocation to the nucleus where
it is transcriptionally active (36, 37, 46). Nitric oxide, pro-
duced endogenously by the inducible isoform of NOS follow-
ing 12- or 24-h IL-1 treatments, attenuates Ser-256 phosphor-
ylation of FoxO1 (Fig. 1A). The NOS inhibitor NMMA
prevents the loss of Ser-256 phosphorylation of FoxO1 in re-
sponse to IL-1. Kitamura et al. (41) have shown that nuclear,
transcriptionally active FoxO1 is rapidly ubiquitinated and
degraded by the proteasome. Consistent with these findings,
there is a significant reduction in the levels of total FoxO1 in
INS 832/13 cells treated for 24 h with IL-1, and this loss of
FoxO1 is prevented by NMMA (Fig. 1A). Akt-mediated Ser-
256 phosphorylation of FoxO1 and Akt phosphorylation itself
are reduced in INS 832/13 cells (Fig. 1B) and rat islets (Fig.
1C) treated with the nitric oxide donor DEANO. These find-
ings indicate that nitric oxide is a mediator of the actions of
IL-1 on FoxO1 activation.
To confirm that the loss of Ser-256 phosphorylation in re-

sponse to nitric oxide results in FoxO1 nuclear localization,
cytoplasmic and nuclear fractions were prepared from INS

FIGURE 1. Nitric oxide stimulates the nuclear translocation of FoxO1. A and B, INS 832/13 cells were treated with IL-1 (10 units/ml) � NMMA (2 mM) for
12 or 24 h (A) or DEANO (1 mM) for the indicated times (B). Western blot analysis was performed for phospho-FoxO1, phospho-Akt, total FoxO1, and total
Akt. C, rat islets were treated with DEANO (1 mM) for the indicated times, and Western blot analysis was used to examine Ser(P)-256 FoxO1. GAPDH was
used as a loading control. D, INS 832/13 cells were treated with DEANO (1 mM) for 1 h followed by cellular fractionation. Western blot analysis for total
FoxO1 was performed. Lamin B (nuclear, N) and GAPDH (cytoplasmic, C) were used as subcellular fractionation markers. Results are representative of at
least three independent experiments.
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832/13 cells treated for 1 h with DEANO. In untreated con-
trol cells FoxO1 is localized predominantly in cytoplasmic
fractions (Fig. 1D). Following the 1-h treatment with the ni-
tric oxide donor there is a shift in the localization of FoxO1 to
the nucleus (Fig. 1D). As a second measure of FoxO1 translo-
cation, a GFP-FoxO1 construct was transfected into INS
832/13 cells. Both DEANO (30, 60 min) and IL-1 (24 h) stim-
ulate GFP-FoxO1 nuclear localization (Fig. 2). The percentage
of INS 832/13 cells containing nuclear FoxO1 was 79 � 9% at
30 min and 94 � 3% following a 60-min incubation (B, p �
0.05). Consistent with the effects of the nitric oxide donor,
IL-1 stimulates the nuclear localization of FoxO1 in 60 � 3%
of INS 832/13 cells, and this nuclear translocation is attenu-
ated to control levels by NMMA (Fig. 2). These findings show
that nitric oxide stimulates the loss of Ser-256 phosphoryla-
tion and promotes the nuclear localization of FoxO1 in
�-cells.
FoxO1 Is Required for Nitric Oxide-induced GADD45� Ex-

pression and DNA Repair—Nitric oxide is a known inducer of
oxidative DNA damage (10, 11, 47). The comet assay was used
to evaluate both the extent of nitric oxide-mediated DNA
damage and the ability of �-cells to repair this damage (32).
Treatment of INS 832/13 cells with DEANO for 1 h results in
DNA damage as indicated by a 4-fold increase in mean tail
moment (Fig. 3A). Removal of the donor by washing and con-
tinued culture for 5 h (in the absence of nitric oxide) results in
the repair of this DNA damage (mean tail moment returns to
control levels; Fig. 3A). The repair of nitric oxide-damaged
DNA in �-cells does not require the presence of p53; how-
ever, GADD45� is required for DNA repair (32). Because
both p53 and FoxO1 participate in the transcriptional regula-
tion of GADD45�, yet p53 is not necessary for the repair of
nitric oxide-damaged DNA in �-cells, the role of FoxO1 as a
regulator of GADD45� expression by �-cells was examined.
INS 832/13 cells were transduced with an adenovirus express-
ing either a wild-type FoxO1 (WT-FoxO1) or a dominant
negative FoxO1 (�256-FoxO1) mutant lacking the transacti-
vating domain (45). In cells expressing WT-FoxO1, DEANO
stimulates an �4-fold increase in GADD45� mRNA accumu-
lation following a 3-h incubation. There is an �8-fold in-
crease in GADD45� mRNA accumulation in response to
DNA repair conditions (1-h incubation with DEANO, fol-
lowed by washing to remove the donor and an additional 5 h
of incubation in the absence of donor; Fig. 3B). Nitric oxide-
stimulated GADD45� mRNA accumulation is attenuated in
INS 832/13 cells expressing the �256-FoxO1 mutant (Fig. 3B,
gray bars). The inhibitory effects of the �256-FoxO1 mutant
are selective because this mutant does not modify the expres-
sion of hsp70, a FoxO-independent gene whose expression
is stimulated by nitric oxide (16) (Fig. 3C). In these experiments,
WT-FoxO1 and �256-FoxO1 were expressed to similar levels
(Fig. 3D). The effects of WT-FoxO1 on DEANO-induced
gene expression are shown as a control for these studies be-
cause it takes into account the potential effects of the vector
and the increased expression of the target protein. There were
no differences in the levels of nitric oxide-induced mRNA
accumulation in cells transfected with the empty vector com-
pared with WT-FoxO1 (control data not shown).

Because FoxO1 regulates nitric oxide-induced GADD45�
expression (Fig. 3B) and GADD45� is required for the repair
of nitric oxide-damaged DNA (32), the role of FoxO1 in the
repair of nitric oxide-damaged DNA in �-cells was examined.

FIGURE 2. Nuclear translocation of FoxO1 in response to IL-1. A, INS
832/13 cells expressing wild-type FoxO1 tagged with green fluorescent
protein (GFP-FoxO1) were treated for 30 or 60 min with 1 mM DEANO or for
24 h with 10 units/ml IL-1 with or without NMMA. Following treatments
GFP-FoxO1 cellular localization was evaluated by fluorescence microscopy
(green). Nuclei were labeled using DAPI (blue). In response to DEANO or IL-1,
in a nitric oxide-dependent manner, FoxO1 is localized to the nucleus
whereas in untreated cells FoxO1 displays cytoplasmic localization. B, nu-
clear localization was quantified. Results are representative (A) or the aver-
age � S.E. (error bars) of three independent experiments (B,*, p � 0.05 ver-
sus control).
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Treatment of INS 832/13 expressing a WT-FoxO1 or �256-
FoxO1 for 1 h with DEANO results in DNA damage as evi-
denced by the large comet tail and �4-fold increase in the
mean tail moment (Fig. 3, E and F). This DNA damage is re-
paired when nitric oxide is removed by washing and the cells
are cultured for an additional 5 h in the absence of nitric ox-
ide (mean tail moment returns to levels observed in untreated
WT-FoxO1-expressing cells). INS 832/13 cells expressing the
�256-FoxO1 mutant fail to repair nitric oxide-damage as in-
dicated by a mean tail moment that is not significantly re-
duced compared with the DEANO-treated cells. In fact, nitric
oxide appears to be more damaging to DNA in INS 832/13
cells expressing the �256-FoxO1 mutant than the levels ob-

served in INS 832/13 cells expressing WT-FoxO1 (Fig. 3, E
and F).
Inhibition of SIRT1 Attenuates Nitric Oxide-induced

GADD45� Expression—FoxO-dependent transcription is
controlled, in part, by the posttranslational modification
acetylation (36, 39). When deacetylated by SIRT1, FoxO tran-
scription factors activate the expression of genes involved in
the resistance to cellular oxidative stress (e.g. GADD45�) (39).
In contrast, under conditions in which SIRT1 is inhibited,
acetylated FoxO directs the expression of proapoptotic genes
such as PUMA, NOXA, and BIM (39, 48). To evaluate the
potential role of SIRT1 in the regulation of FoxO1-dependent
gene expression, we evaluated the actions of two structurally

FIGURE 3. FoxO1 is required for nitric oxide-induced GADD45� expression. A, INS 832/13 cells were treated with DEANO (1 mM) for 1 h followed by
washing and 5-h incubation in the absence of DEANO. The comet assay was used to examine DNA damage. B and C, INS 832/13 cells were transduced with
�256-FoxO1 or WT-FoxO1 adenoviral constructs. Twenty-four hours after adenoviral transduction the cells were treated with DEANO (1 mM) for 1 h,
3 h, or 1 h followed by wash and 5-h recovery incubation. Total RNA was isolated, and real time PCR for GADD45� (B) or hsp70 (C) was performed
and normalized to actin levels. D, alternatively, after adenoviral transduction, FoxO1 expression was examined by Western blot analysis. E and F, INS
832/13 cells transduced with �256-FoxO1 or WT-FoxO1 adenoviral constructs were treated with DEANO (1 mM) for 1 h or treated for DEANO for 1 h
followed by washing and 5-h recovery incubation. The comet assay was used to assess DNA damage, and representative comet tails are shown (E) or
quantified as the mean tail moment (F). Results are the average � S.E. (error bars) of three independent experiments (A, B, C, and F; or representative
of three independent experiments (D and E). Statistical significance is indicated (*, p � 0.05 compared with untreated control, †, p � 0.05 compared
with WT-FoxO1 transduced cells).
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different inhibitors of SIRT1 on nitric oxide-stimulated
GADD45� mRNA accumulation. In a concentration-related
manner, the SIRT1 inhibitors splitomicin and EX527 attenu-
ate nitric oxide (DEANO)-induced GADD45� mRNA accu-
mulation (Fig. 4, A and B). The inhibitory actions of SIRT1
inhibition on GADD45� mRNA accumulation correlate with
an increase in the acetylation of FoxO1 (Fig. 4C), and this oc-
curs at concentrations that do not modify histone acetylation
(data not shown). As a control for potential nonspecific ac-
tions of SIRT1 inhibitors, the class I and II HDAC inhibitor
trichostatin A (TSA), at concentrations that enhance histone
acetylation (Fig. 4D), does not modify DEANO-induced
GADD45� mRNA accumulation (Fig. 4A).

Consistent with the effects of pharmacological inhibitors of
SIRT1, gene knockdown also attenuates GADD45� mRNA
accumulation in INS 832/13 cells. Treatment of these cells
for 1 or 3 h with DEANO results in the accumulation of
GADD45� mRNA (Fig. 4E). In cells depleted of SIRT1 mRNA
(Fig. 4F) there is a statistically significant attenuation in

DEANO-induced GADD45� mRNA accumulation following
3-h incubation. Nitric oxide-stimulated GADD45� mRNA is
also attenuated following a 1-h incubation, but at this time
point the inhibitory actions of SIRT1 siRNA depletion did not
achieve statistical significance. Taken together, the findings
presented in Fig. 4 support a role for SIRT1 in the regulation
of GADD45� gene expression in response to nitric oxide.
Regulation of DNA Damage and Repair by SIRT1—To de-

termine whether SIRT1 activity is required for DNA repair,
INS 832/13 cells were treated with DEANO for 1 h, the donor
was removed by washing, and the cells were incubated for an
additional 5 h in fresh medium in the presence or absence of
splitomicin. DEANO induces comet formation (Fig. 5A) and a
5-fold increase in the mean tail moment (Fig. 5B). This DNA
damage is repaired when nitric oxide is removing by washing
and the INS 832/13 cells are cultured for an additional 5 h in
the absence of nitric oxide (repair conditions). Cells treated
with splitomicin during the DEANO treatment and 5-h re-
covery incubation fail to repair nitric oxide-damaged DNA

FIGURE 4. Inhibition of SIRT1 attenuates nitric oxide-induced GADD45� expression. A and B, INS 832/13 cells were treated with DEANO (1 mM) for
3 h � splitomicin (A), TSA (A), or EX527 (B) at the indicated concentrations. Total RNA was isolated, and GADD45� mRNA accumulation was detected by real
time PCR and normalized to GAPDH levels (*, p � 0.05). C, effects of splitomicin (400 �M) and EX-527 (100 �M) on FoxO1 acetylation were examined by im-
munoprecipitating Ac-K and immunoblotting for FoxO1. D, effects of TSA on the acetylation of histone H3 were examined by Western blot analysis. E and F,
INS 832/13 cells were transfected with two different siRNAs for SIRT1 and scrambled siRNA for 48 h, DEANO (1 mM) was added, and the cells were cultured
for 1 or 3 h as indicated. GADD45� and SIRT1 mRNA levels were evaluated by real time PCR (E, *, p � 0.05, versus scramble). Results are the average � S.E.
(error bars) of three or four independent experiment (A, B, E, and F) or representative of three independent experiments (C and D).
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(Fig. 5, A and B). Not only do these cells fail to repair DNA
damage in the presence of a SIRT1 inhibitor, the absolute lev-
els of DNA damage exceed the levels induced by nitric oxide
alone. This is reflected in the large comet tail and small comet
head in cells treated with splitomicin and DEANO (Fig. 5A).
The DNA damage under these conditions was so extensive
that in �20% of cells examined, the CASP program used to
quantify DNA damage was not capable of distinguishing
comet heads from tails. Thus, the level of DNA damage
shown in Fig. 5B likely underestimates the actual level of
DNA damage observed in INS 832/13 cells treated with nitric
oxide and splitomicin. As a control, TSA does not affect DNA
repair, indicating that the actions of splitomicin are not medi-
ated by nonselective inhibition of deacetylation (Fig. 5B).

If inhibition of SIRT1 prevents the repair of nitric oxide-
damaged DNA, then activation of this deacetylase should en-
hance the rate of DNA repair. Consistent with this hypothe-
sis, activation of SIRT1 with resveratrol enhances the rate
DNA repair in INS 832/13 cells (Fig. 5C). The repair of nitric
oxide-mediated DNA damage is half-maximal following a 3-h
incubation and nearly complete following a 5-h incubation

(Fig. 5C). In the presence of resveratrol (at a concentration of
10 �M, which enhances SIRT1 enzymatic activity �2-fold),
the time required to achieve half-maximal repair is less than
1 h, and complete repair of DNA damage is observed by 3 h
(Fig. 5C). These findings provide experimental evidence that
inhibition of SIRT1 attenuates DNA repair, whereas activa-
tion enhances the rate at which �-cells repair nitric oxide-
damaged DNA.
Regulation of Cell Fate Decisions Is FoxO1-dependent—

Short exposures of islets to cytokines for 12–24 h result in
islet cell death that is consistent with necrosis as determined
by the release of HMGB1 (19). Under these conditions there
is little evidence of apoptotic cell death because caspases are
not active or processed to their active form (19, 20). In con-
trast, prolonged exposures to cytokines (36 h or longer) result
in islet cell death that is associated with an increase in caspase
activity and cleavage (14). The shift to apoptosis is associated
with irreversible inhibition of oxidative metabolism and DNA
damage and the increased expression of PUMA (14). Consis-
tent with these findings, IL-1 fails to stimulate PUMA expres-
sion (Fig. 6A) in INS 832/13 following a 24-h incubation, un-

FIGURE 5. Regulation of DNA damage and repair by modulation of SIRT1 activity. A and B, INS 832/13 cells were treated with DEANO (1 mM) for 1 h �
splitomicin or treated with DEANO (1 mM) for 1 h � splitomicin, washed, and allowed to recover for an additional 5 h in the presence or absence of splitomi-
cin. DNA damage was assessed using the comet assay. Representative comets from each condition are shown in A and quantified as the average (B). C, INS
832/13 cells were treated with DEANO for 1 h � resveratrol (10 �M) or treated with DEANO for 1 h � resveratrol, washed, and allowed to recover for 1, 3, or
5 h � resveratrol. DNA damage was quantified using the comet assay. Results are the average � S.E. (error bars) of three independent experiments (B and C)
or representative of three independent experiments (A). Statistical significance is indicated (*, p � 0.05 compared with untreated control).
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der conditions in which the INS 832/13 cells produce nitric
oxide (Fig. 6B). In contrast, when SIRT-1 is inhibited using
splitomicin, IL-1 induces a rapid 3-fold increase in the accu-
mulation of PUMAmRNA following a 12-h incubation and
�5-fold increase following a 24-h incubation (Fig. 6A). The
accumulation of PUMAmRNA in response to IL-1 � split-
omicin is sensitive to inhibition by NMMA, indicating that
nitric oxide is required for induction of this proapoptotic fac-
tor (Fig. 6A). Splitomicin does not modify IL-1-induced nitrite
production by �-cells (Fig. 5B) or stimulate PUMAmRNA
accumulation in the absence of IL-1 (Fig. 6A). These results
suggest that SIRT1 may protect �-cells from IL-1-induced
apoptosis, as the inhibition of SIRT1 enhances PUMA expres-
sion following cytokine treatments.
In further support of this hypothesis, nitric oxide- and

SIRT1-dependent induction of PUMA expression in re-
sponse to IL-1 correlates with the cleavage of caspase-3 and
caspase-9. Following a 24-h incubation, IL-1 fails to stimulate
caspase-3 and caspase-9 cleavage; however, in combination
with splitomicin, IL-1 induces the cleavage of both caspase
enzymes to their active forms (Fig. 6C). The levels of caspase-3
and -9 cleavage are similar to the levels induced by the topo-
isomerase inhibitor camptothecin, a known apoptosis inducer.
Alone, splitomicin does not stimulate caspase-3 or caspase-9
cleavage (Fig. 6C), and caspase-3 and caspase-9 cleavage in re-

sponse to IL-1 � splitomicin is sensitive to inhibition by NMMA
(data not shown).
FoxO1 is required for the activation of caspase-3 in re-

sponse to a 24-h incubation with IL-1 � splitomicin. Treat-
ment of INS 832/13 cells expressing the �256-FoxO1 mutant
with IL-1 � splitomicin for 24 h fails to stimulate the cleavage
of caspase-3; however, the combination of this cytokine and
SIRT1 inhibitor stimulates caspase-3 cleavage in INS 832/13
cells expressing WT-FoxO1 (Fig. 6D). Consistent with a role
for FoxO1 in regulating caspase activation, we show that ni-
tric oxide-induced PUMAmRNA accumulation following a
3-h incubation is attenuated in INS 832/13 cells expressing
�256-FoxO1 compared with cells expressing WT-FoxO1 (Fig.
6E). These findings support a role for FoxO1-dependent gene
expression in both the protective and apoptotic responses of
�-cells to nitric oxide.

DISCUSSION

The mechanisms regulating the response of cells to high
output (micromolar levels) nitric oxide have yet to be fully
identified. It has been reported that cytokines stimulate nitric
oxide-dependent cell death by necrosis or apoptosis and in
many cases in the same cell type (29). In pancreatic �-cells
and insulinoma cell lines, cytokines have been shown to in-
duce an early necrotic response that can be prevented by in-

µ
µ

∆

µ

µµ

∆

FIGURE 6. Inhibition of SIRT1 induces FoxO1-dependent apoptosis in response to cytokines. A and B, INS 832/13 cells were treated with IL-1 for 12 or
24 h � NMMA or splitomicin. Total RNA was isolated, and PUMA expression was examined by real time PCR (A). Culture supernatants were examined for
nitrite production (B) (*, p � 0.05). C and D, INS 832/13 cells (C) or INS 832/13 cells transduced with WT- or �256-FoxO1 (D) were treated with IL-1 (10 units/
ml) for 12 or 24 h with or without splitomicin, and caspase-3 and caspase-9 cleavage was determined by Western blot analysis. Camptothecin was used as a
positive control for caspase cleavage, and GAPDH was used as a loading control. E, INS 832/13 cells were transduced with �256-FoxO1 or WT-FoxO1 adeno-
viral constructs followed by 1- and 3-h incubation with 1 mM DEANO. Total RNA was isolated, and PUMA expression was examined by real time PCR and
normalized to GAPDH levels (*, p � 0.05 compared with untreated control, †, p � 0.05 compared with WT-FoxO1 transduced cells). Results are the aver-
age � S.E. (error bars) of three independent experiments (A, B, and E) or representative of three independent experiments (C and D).
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hibitors of NOS (19, 20). Others have shown that prolonged
incubation with cytokines, such as IL-1, stimulates an apopto-
tic cascade that is associated with the induction of endoplas-
mic reticulum stress and can be prevented using inhibitors of
NOS (22–26, 49). Prolonged exposures of islets for 7–9 days
with cytokines have been reported to stimulate nitric oxide-
independent apoptosis (21). Complicating these divergent
responses are reports that �-cells have the capacity to restore
metabolic function and repair damaged DNA if the source of
NO is removed and the cells are allowed a reasonable amount
of time to recover (8 h for maximal recovery/repair) (3, 32).
The findings presented in this study and in two recent re-

ports (14, 32) provide evidence in support of a molecular
mechanism that may explain these divergent cellular re-
sponses to nitric oxide. The central contributors to these re-
sponses appear to be the Forkhead transcription factor FoxO1
and the regulation of FoxO1-dependent transcription by
SIRT1. FoxO1 is a transcription factor that is activated in re-
sponse to various stress stimuli to alert the cell to damage.
The cellular response is to initiate repair/protective pathways
or, when the damage is too extensive, induce cell death by
apoptosis. Growth factors and hormones, such as insulin,
stimulate Ser-256 phosphorylation by Akt, inactivating FoxO1
by sequestering this transcription factor in the cytoplasm (37).
In response to nitric oxide (either endogenously produced
following cytokine treatment or exogenously applied using a
donor), FoxO1 is dephosphorylated on Ser-256 and translo-
cates to the nucleus (Figs. 1 and 2). Once in the nucleus,
deacetylated FoxO1 directs the expression of genes involved
in stress resistance and repair (39). Recently, we have shown
that the repair of nitric oxide-damaged DNA in �-cells re-
quires the expression of GADD45� by a mechanism that is at
least partially dependent on JNK (32). In this study, we now
show that nitric oxide activates GADD45� expression in a
FoxO1-dependent manner. We are currently examining the
potential role of JNK in the regulation of FoxO1.
The regulation of FoxO1 transcriptional activity is con-

trolled by the NAD�-dependent deacetylase SIRT1 (34, 39,
51). The role of SIRT1 in the regulation of stress responses
has been described previously; however, studies have yet to
examine its role in the response of cells to nitric oxide. When
active, SIRT1 functions to deacetylate FoxO1 resulting in the
expression of protective stress-resistant genes (39, 51). Con-
sistent with a role for FoxO1 deacetylation in the repair path-
way, inhibitors of SIRT1, which increase FoxO1 acetylation,
attenuate the repair of nitric oxide-damaged DNA. Under
these conditions, the extent of DNA damage is enhanced
above the levels induced by nitric oxide alone. In contrast, the
SIRT1 activator resveratrol enhances the rate of DNA repair
by 3-fold (Fig. 5). The specificity of resveratrol has been ques-
tioned because it has been shown to activate targets in addi-
tion to SIRT1 (e.g. AMPK) (52), and the activation of these
nonselective targets may contribute to the enhancement in
DNA repair (Fig. 5C). Further, we have recently shown that
nitric oxide is an activator of AMPK and that AMPK partici-
pates in the recovery of islet metabolic function (53). In an
attempt to control for these potential nonselective actions of
resveratrol, the effects of SIRT1 inhibition and activation on

the repair of DNA damage have been evaluated. In addition,
we have examined the effects of siRNA knockdown of SIRT1.
Although we have taken both molecular and pharmacological
approaches, it is possible that additional SIRT1-dependent or
-independent factors, such as AMPK activation, also contrib-
ute to this DNA repair process.
In addition to activating this recovery response, SIRT1 pro-

tects �-cells from cytokine-mediated apoptosis. Consistent
with previous studies (19, 20), IL-1 fails to stimulate apoptosis
following a 24-h incubation; however, when SIRT1 is inhib-
ited, there is an accumulation of PUMAmRNA and the acti-
vation of caspases-3 and -9 by cleavage (Fig. 6). Under these
conditions, the inhibition of SIRT1 does not modify IL-1 in-
duced nitric oxide production, indicating that changes in ni-
tric oxide levels are not responsible for the differential gene
expression and caspase activation under conditions of SIRT1
inhibition. Rather, we favor changes in the activation state of
SIRT1 as the mechanism governing whether FoxO1 activates
a protective or apoptotic transcriptional response to nitric
oxide. Recently, we have shown the induction of caspase-3
activity, caspase-3 cleavage, and PUMAmRNA accumulation
when islets are cultured for 36 h with IL-1 (14). These effects,
which are not observed following a 24-h incubation with the
cytokine, are prevented by inhibitors of NOS. It is likely that
as damage induced by nitric oxide becomes more extensive,
SIRT1 is inhibited, resulting in a shift in the FoxO1 transcrip-
tional program from protection to the induction of apoptosis,
as evidenced by PUMA expression and caspase-3 and -9 acti-
vation. Currently, the mechanisms responsible for inhibition
of SIRT1 by nitric oxide are unknown. One potential target is
the activation of polyADP-ribose polymerase, which uses
NAD� as a substrate (54). Thus, overactivation of polyADP-
ribose polymerase resulting from DNA damage could result in
the reduction in cellular NAD� levels (15). Reductions in cel-
lular NAD� levels have been shown to inhibit the deacetylase
activity of the NAD�-dependent enzyme, SIRT1 (55, 56). It is
also possible that enhanced production of nitric oxide results
in the direct modifications in SIRT1 through S-nitrosation or
nitration of tyrosine residues, attenuating SIRT1 activity (57).
We are currently examining these potential mechanisms re-
sponsible for the regulation of SIRT1 activity by nitric oxide.
We are also exploring the mechanisms responsible for the

activation of FoxO1 by nitric oxide. The regulation of FoxO1
is likely controlled by Akt. Nitric oxide has been shown to
inhibit Akt activity (58, 59), and we show that nitric oxide
attenuates the phosphorylation of FoxO1 on the Akt-medi-
ated site, Ser-256 (Fig. 1). JNK is also a known activator of
FoxO-dependent gene expression and JNK participates in the
GADD45�-dependent repair of nitric oxide-mediated DNA
damage (32, 46). Although we have yet to observe a direct
effect of JNK on FoxO1 nuclear localization,3 there is poten-
tial cross-talk of transcription factors that can be activated by
JNK, such as ATF-2 (50), with FoxO1 in the regulation of ex-
pression of potential recovery factors such as GADD45�. Ad-
ditional studies will be required to determine the mechanism

3 K. J. Hughes and J. A. Corbett, unpublished observation.
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of action of JNK in both the induction of a defense/repair re-
sponse and the induction of apoptosis.
Overall, this study provides evidence that FoxO1 regulates

both DNA repair and the induction of �-cell apoptosis in re-
sponse to nitric oxide. The proposed mechanism that controls
these pathways is outlined in Fig. 7. Central to this regulation
of FoxO1 is the activity of the NAD�-dependent deacetylase
SIRT1. We hypothesize that when SIRT1 is active, it deacety-
lates FoxO1, thereby directing a transcriptional program that
attenuates apoptosis and stimulates the expression of factors
that protect �-cells from nitric oxide. In contrast, when
SIRT1 is less active, FoxO1 becomes more acetylated and di-
rects a proapoptotic transcriptional program resulting in apo-
ptosis. These findings provide a working model to explain
how it is possible that nitric oxide induces a protective re-
sponse as well as cell death by either necrosis or apoptosis in
the same cell type and in response to the same stimuli.
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