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Background: The FoxO1 transcription factor, which controls the hepatic metabolism, is regulated through Akt-mediated
phosphorylation.
Results:We show that stimulation of hepatocytes with the pro-inflammatory cytokine IL-1� leads to increased FoxO1 nuclear
content through an Akt-independent mechanism involving neutral sphingomyelinase-2 and ceramide.
Conclusion: IL-1� is a regulator of FoxO1.
Significance: IL-1� may adversely affect hepatic metabolism by modulating FoxO1 regulation.

FoxO1 transcription factor controls the glucose and lipid
metabolism, as well as cell proliferation and stress response.
Akt, activated by insulin and other growth factors, phosphory-
lates FoxO1 causing its nuclear export and activity suppression.
In this manuscript, we show that IL-1�, a pro-inflammatory
cytokine, has the opposite effects on FoxO1. IL-1� stimulation
of primary rat hepatocytes andHEK293 cells overexpressing the
IL-1� receptor (293-IL-1RI) results in increased nuclear and
cytosolic FoxO1 protein but not mRNA levels. IL-1� stimula-
tion also elevates the levels of amutant FoxO1 that is resistant to
Akt phosphorylation. This suggests that an Akt-independent
mechanism is involved. Co-stimulation with insulin does not
affect the IL-1� inductionof FoxO1.The IL-1� effects onFoxO1
are counteracted, however, by the silencing or inhibition of neu-
tral sphingomyelinase 2 (nSMase-2) using shRNAi, scyphosta-
tin, or GW4869, as well as by the pharmacological inhibition of
JNK and ERK. Reversely, the overexpression of nSMase-2
through adenovirus-mediated gene transfer potentiates, in a
JNK- and ERK-dependent manner, the IL-1� effects. We also
show that transcription of insulin-like growth factor-binding
protein-1mRNA, which requires active FoxO1, is stimulated by
IL-1� and is suppressed by the inhibition of nSMase-2 and JNK.
In conclusion, we propose that IL-1� regulates FoxO1 activity
through a novel nSMase-2-dependent pathway.

IL-1� coordinates the systemic and local responses of the
body to infection, injury, or antigen challenge. The liver is one
of the main organs affected by these factors. The “acute phase
response” is the most prominent hepatic reaction to IL-1�
stimulation. However, this cytokine also influences numerous
hepatic housekeeping functions, including the control of glu-
cose, lipid, and protein metabolism. IL-1� has consequently

been implicated in the deregulation of glucose metabolism in
type II diabetes (1, 2) and in the development of hypercholes-
terolemia in atherosclerosis (3).
IL-1� regulation of hepatic function is achieved through the

activation of theToll-like/IL-� receptor signaling pathway. The
binding of IL-1� to the IL-1� receptor forms an active receptor
complex involving the IL-1 receptor accessory protein and sev-
eral adaptor proteins (4, 5). Furthermore, a signaling complex
consisting of IL-1R-associated kinase-1 (IRAK-1),3 IRAK-4,
and TNF-associated factor-6 is formed, ultimately leading to
activation of I�B kinase and the MAP kinase pathway (6). The
mechanism of MAP kinase activation by IL-1� also involves
activation of neutral sphingomyelinase 2 (nSMase-2) and the
generation of ceramide at the plasma membrane (7, 8). The
latter is required for the proper activation of the JNK arm of
the IL-1� signaling pathway because it regulates the phosphor-
ylation and ubiquitination of IRAK-1 (9). The IL-1� signaling
cascade ends with the stimulation of NF-�B and activator pro-
tein-1 transcription factors that launch the hepatic acute phase
response.
On the other hand, the FoxO1 transcription factor regulates

the transcription of genes involved in various hepatic house-
keeping functions such as gluconeogenesis and protein and
lipid synthesis (10–12). The members of the FoxO family have
been the subject of extensive studies because of their key roles
in the stress response, type II diabetes, and cancer (Refs. 13 and
14 and the references therein). FoxO1 activity is regulated
through reversible changes in subcellular localizations. In its
active state, FoxO1 is localized in the nucleus, and it regulates
gene transcription through its interactions with co-stimulators
or with co-repressors. Newly synthesized FoxO1 is targeted
directly to the nucleus because of a nuclear localization signal.
Activation of Akt by insulin or by other growth factors leads to
the phosphorylation of FoxO1 at the Thr24, Ser256, and Ser319
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glucocorticoid-inducible kinase can phosphorylate FoxO1 at
the same sites with similar results. The phosphorylated FoxO1
is exported to the cytosol by interacting with adapter 14-3-3
proteins, and it can undergo ubiquitination and proteosomal
degradation, depending on the phosphorylation status at the
FoxO1 Ser256 site and its binding to the E3 ubiquitin ligase
complex. Phosphatases such as PP2A can act on phosphory-
lated FoxO1 and/or its binding partners and add more com-
plexity to the mechanism behind its regulation.
Akt-dependent phosphorylation is a major factor that regu-

lates FoxO1 nuclear export; however, antagonistic pathways
that promote FoxO1 nuclear retention also exist. One study
reports that oxidative stress is associated with increased
nuclear retention of FoxO1, which requires active JNK (15). In
that particular study, the effects of JNK were considered indi-
rect and were attributed to the down-regulation of Akt (15).
Other studies, however, seem to suggest that JNK may directly
regulate FoxO1 activity. FoxO1 phosphorylation and nuclear
retention is caused by a variety of stress stimuli that activate
JNK and include oxidative stress, heat shock, and UV radiation
(14). Recombinant JNK can phosphorylate FoxO1 in vitro.
However, a JNK phosphorylation site has not been identified in
the FoxO1 molecule. JNK-mediated signaling has nevertheless
emerged as an alternative pathway for FoxO1 regulation and
apparently counteracts insulin- and growth factor-mediated
pathways. It is unknownwhether physiological inducers of JNK
such as pro-inflammatory cytokines can similarly regulate
FoxO1 nuclear export and/or retention.
The experiments we performed show that IL-1� elevates

FoxO1 protein content and induces the nuclear retention of
FoxO1 in hepatocytes. We also found that the underlying
mechanism is Akt-independent and involves JNK, nSMase-2,
and ceramide. Our study suggests that IL-1� effectively inter-
feres with the normal regulation of FoxO1 in healthy, insulin-
responsive cells. Considering the role of FoxO1 in regulating
hepatic lipid protein and glucose metabolism, our study indi-
cates the existence of novel pathways by which IL-1� (and
inflammation in general) can influence the basic metabolic
functions of an organism.

EXPERIMENTAL PROCEDURES

Materials—Male Fisher 344 rats (150–200 g) were pur-
chased from Harlan, Inc. (Indianapolis, IN). The animals
received humane care according to the criteria outlined in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. HEK293 cells overexpressing
the IL-1� receptor type I (293-IL-1RI) were a gift fromDr. X. Li
(Cleveland Clinic, Cleveland, OH). Rat and human recombi-
nant IL-1� were from Invitrogen. Tet system-approved FBS
was from Clontech, and growth factor-reduced Matrigel� was
from BD Bioscience Discovery Labware (Bedford, MA). Scy-
phostatin was kindly provided by Sankyo (Tokyo, Japan).
SP600125 and PD 980059 were from Sigma. GW4869 was from
EMD Biosciences (Billerica, MA). Anti-FoxO1 antibodies were
from Cell Signaling (Danvers, MA), anti-GFP antibodies were
from Invitrogen, whereas anti-�-actin, and all secondary anti-
bodies were from Sigma. IGFBP-1 antibody was from Upstate

(Lake Placid, NY).N-Acetyl sphingosine was fromAvanti Polar
Lipids (Alabaster, AL).
Adenoviral and Plasmid Constructs—GFP-tagged human

FoxO1 (FoxO1 WT), GFP-tagged mutant FoxO1 caring three
mutations of Thr24, Ser256, and Ser319 to Ala (FoxO1 (AAA))
(plasmid 9023) (17), and the corresponding empty vector
expressing only GFP were purchased from AddGene (Cam-
bridge, MA). Adenovirus expressing FLAG-tagged mouse
nSMase-2 (Ad-nSMase-2) was purified as previously described
(8). DNA oligonucleotides encoding a sense loop antisense
sequence (GCCCTCATCTTCCCATGTTACTTCAAGAGA-
GTACATGGGAAGATGAGGGC) against the rat nSMase-2
and a scrambled sense loop antisense RNA sequence (scr) were
cloned into pENTR/U6 entry vector (Invitrogen) creating an
RNAi cassette that was subcloned into pAdTrack vector that
also encodes GFP (gift from Dr. George Smith, University
of Kentucky). Homologous recombination between the
pAdTrack and the adenoviral backbone plasmid (pAdEasy-1)
was done in Escherichia coli strain BJ5183 to produce adenovi-
rus expressing the shRNA against nSMase-2 (Ad-sh-nS-
Mase-2) or the corresponding scrambled sequence (Ad-scr).
Plasmid 12146 (IGFBP1 promoter/pGL3) containing the
canonical insulin response sequence and driving a luciferase
reporter was obtained from Addgene (Cambridge, MA),
whereas pRL-TK plasmid expressing the Renilla reporter was
gift from Dr. Karyn Esser (University of Kentucky).
Cell Cultures and Treatments—Hepatocytes were isolated

from ether-anesthetized male Fisher 344 rats and cultured in
Matrigel-coated dishes as described previously (7, 19). 293-IL-
1RI cells were maintained in DMEM supplemented with 10%
FBS (standard conditions). In some instances indicated in the
text, the cells were kept in DMEMwithout serum for 2 h before
treatments, as well as during treatments. Infections with Ad-
nSMase-2, Ad-sh-nSMase-2, or Ad-scr were performed 48 h
after hepatocyte isolation, at amultiplicity of infection between
2 and 5. When necessary, the expression of the transgene was
induced by the addition of doxycycline at the day of infection
and again 48 h later (for additional details see Refs. 7 and 20).
Transfections of 293-IL-1RI cells with FoxO1 plasmids were
done using Lipofectamine Plus reagent when cells reached
�75–90% confluency. Hepatocytes were treated with IL-1�
72 h after infection, whereas 293-IL-1RI at 24 h post-transfec-
tion. Inhibitors (or appropriate vehicles) were added 30 min
before the treatment with IL-1� at the indicated
concentrations.
Luciferase Assay—HepG2 cells were transfected with

IGFBP1 promoter/pGL3 containing the canonical insulin
response sequence and driving a firefly luciferase reporter, as
well as with pRL-TK Renilla luciferase reporter vector (Pro-
mega) as an internal control. After 48–72 h, the cells were har-
vested, and firefly and Renilla luciferase activities were meas-
ured using the dual luciferase reporter assay system (Promega).
The results were presented as ratios of firefly and Renilla lucif-
erase activity.
Preparation of Cell Extracts—To harvest cultured primary

hepatocytes, the medium was first aspirated, and the Matrigel
was reliquidified by incubating with PBS containing 5 mM

EDTA for 30 min at 4 °C. 293-IL-1RI cells were harvested in
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cold PBSusing cell scrapers. The collected cellswere pelleted by
centrifugation at 500 � g for 4 min, rinsed, and incubated with
50–200�l of lysis buffer (1mMEDTA, 0.5%TritonX-100, 1mM

Na2VO4, 1 mM NaF, 1:200 (v/v) protease inhibitor mixture, 10
mM Tris-HCl, pH 7.4) on ice for 30 min. Cell lysates were cen-
trifuged at 16,000 � g for 10 min at 4 °C. The clear supernatant
was used for SDS-PAGE and Western blot analyses. IGFBP-1
protein levels were assessed in the cell medium. Equal volumes
ofmedium (1ml) were aspired from the culture dishes contain-
ing equal cell numbers, and 20 �l/line were subsequently used
for Western blotting.
SDS-PAGE and Western Blotting—The proteins were

resolved by 10% SDS-PAGE and transferred to Immobilon-P
polyvinylidene fluoride membrane by semidry blotting. Speci-
fied proteins were detected using the antibodies described
under “Materials.” Protein-antibody interactions were visual-
ized using the ECF kit (Amersham Biosciences) and Storm 860
PhosphorImager (Molecular Dynamics) and analyzed using
ImageQuant5.0 software (Molecular Dynamics).
Fluorescent Imaging—293-IL-1RI cells were cultured on cov-

erslips to 90% confluency and treated as indicated. The cells
were mounted on slides in glycerol buffer containing Hoechst
33342 or DAPI for nuclear staining. GFP fluorescence was
examined on a Leica LCS confocal laser scanning microscope.
nSMaseActivity Assay—Cells fromeach dishwere harvested,

resuspended in lysis buffer without Triton X-100, lysed with
three consecutive freeze-thaw cycles, and homogenized by son-
ication for 5 min. nSMase activity was determined as
described previously using 6-N-(7-nitrobenz-2-oxa-1,3-dia-
zol-4-yl)amino-sphingomyelin as a substrate (19, 21).
Statistical Analysis—After proving the assumption of equal

variance across groups, statistical significance was determined
by Student’s t test. Each experiment was reproduced at least
three times. The data are reported as means� S.D. A p value of
less then 0.05 was considered significant.

RESULTS

IL-1� Stimulation Increases the Nuclear and Total Cellular
Content of FoxO1—The effects of IL-1� on FoxO1 were first
studied in 293-IL-1RI cells that transiently overexpressed GFP-
tagged human FoxO1. IL-1�-stimulated cells exhibited signifi-
cantly higher levels of GFP fluorescence, compared with con-
trol cells. The increased fluorescence was seemingly correlated
with IL-1� stimulation in a time- and dose-dependent manner
(Fig. 1A). In the control cells, co-staining with DAPI showed
that most of the GFP fluorescence was cytoplasmic. This was
anticipated because the cells were grown in the presence of
serum. In IL-1�-treated cells, however, GFP fluorescence was
ubiquitously localized throughout the cells with enhanced flu-
orescence in the nuclei (Fig. 1, B and C). This was paralleled by
an overall increase in the cellular levels of FoxO1, based on
Western blot analyses (Fig. 1,D and E). These effects were pres-
ent as early as 2 h (data not shown) and 6 h after IL-1� stimu-
lation and were even greater after 16 h. To test directly whether
the increases in FoxO1 levels were the results of increased
nuclear FoxO1 content, we performed subcellular fractionation
(Fig. 1F). Western blot analysis of the nuclear and cytosolic
fractions indeed revealed that the levels of FoxO1 in the nuclei

increased 3–4-fold (Fig. 1G). Some elevation in cytosolic
FoxO1 was also noticeable, but only after 16 h of IL-1�
stimulation.
To ascertain that these effects were not limited to the heter-

ologous expression system and that theymay be physiologically
relevant, the levels of endogenous FoxO1 were measured in
293-IL-1RI cells (Fig. 2,A andD) and in primary rat hepatocytes
(Fig. 2, B and C). IL-1� stimulation of 293-IL-1RI cells led to a
significant increase in endogenous FoxO1, whichwas similar to
the increase occurring with the overexpressed protein. In
hepatic cells, the endogenous FoxO1 appeared as a doublet on
the Western blot test, and the IL-1� stimulation increased the
intensity of both bands. Separation of cellular homogenates
into nuclear and cytosolic fractions confirmed that the nuclear
FoxO1 was significantly elevated in response to IL-1� stimula-
tion (Fig. 2, D and E). The levels of endogenous FoxO1 mRNA
in the control cells and in the IL-1�-treated cells were similar,
based on real time PCR assay (Fig. 2F). This precluded the pos-
sibility that the higher FoxO1 levels resulted from increases in

FIGURE 1. IL-1� treatment leads to increased FoxO1 levels. GFP-FoxO1-
transfected 293-IL-1RI cells were cultured for 24 h under standard conditions.
The cells were then treated with IL-1� at the indicated doses and times.
A, GFP-FoxO1 was monitored by direct live fluorescent microscopy. B, nuclear
localization of GFP-FoxO1 was assessed using DAPI nuclear staining of fixed
cells. The green (GFP) and blue (DAPI) fluorescence was monitored by confocal
microscopy. C, quantification of the changes shown in B. The data were cal-
culated by dividing the number of cells with GFP-positive nuclei to the num-
ber of GFP-positive cells. The results are the averages � S.D. (n � 3) and are
representative of multiple independent experiments. D, GFP-FoxO1 level was
determined in whole cell lysates by Western blotting using anti-GFP anti-
body. The abundance of �-actin was used to control for equal loading.
E, quantification of the changes shown in D. The results are expressed as
percentages of the FoxO1 levels (normalized for �-actin content) in untreated
cells. The data are representative of at least five independent experiments.
F, levels of GFP-FoxO1 were monitored in purified nuclear and cytosolic frac-
tions of 293-IL-1RI cells by Western blotting using anti-GFP antibody. 20 �g of
each subcellular fraction were loaded per line. Lamin A/C served as control for
the purity of nuclear fraction. G, quantification of the changes shown in F. The
results are expressed as percentages of the FoxO1 levels in untreated cells.
The values are the means � S.D. (n � 3). *, p � 0.05; **, p � 0.01.
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the transcription and/or stabilization of mRNA. These results
altogether indicate that IL-1� stimulation in various cell types
increases the nuclear and total cellular FoxO1 content, which is
likely the result of changes in the post-transcriptional process-
ing of the protein.
IL-1� Effects on FoxO1 Are Independent of Akt-1—Newly

synthesized FoxO1 protein is targeted to the nucleus. However,
in the presence of serum and/or growth factors, FoxO1 is local-
ized in the cytosol because Akt-mediated phosphorylation at
the Thr24, Ser256, and Ser319 sites causes nuclear export.
Depending on other protein interactions in the cytosol, the
phosphorylated FoxO1 is ubiquitinated and degraded. Some
inflammatory agents are shown to inhibit Akt phosphorylation.
The suppression of Akt-dependent FoxO1 nuclear export and
degradation may therefore explain the increased FoxO1 con-
tent in IL-1�-treated cells. To test this hypothesis, a GFP-
tagged mutant construct, FoxO1 (AAA), was used. In this con-
struct all three Akt-1 phosphorylation sites are replaced with
Ala. This construct is resistant to Akt-dependent regulation
(17). The 293-IL1-RI cells were transiently transfected with
FoxO1 (AAA), with FoxO1 WT, or with a control pcDNA3
vector that expresses only GFP. Confocal microscopy (Fig. 3)
and Western blotting (Fig. 4) were used to monitor GFP fluo-
rescence and the levels of overexpressed proteins. As we antic-
ipated, in the presence of serum, FoxO1 WT was localized in
the cytosol, whereas FoxO1 (AAA) was retained in the nucleus.
Stimulation with IL-1� seemed to intensify fluorescence in the
nuclei in the FoxO1 WT-transfected cells and in the FoxO1

(AAA)-transfected cells (Fig. 3,A and B).Western blot analyses
confirmed that the increased nuclear fluorescence resulted
from elevated levels of total FoxO1 wild-type and mutant pro-
teins (Fig. 4A). Statistically significant increases were present
after 6 h of treatment and were even more pronounced after
16 h of treatment (Fig. 4B). By contrast, there were no differ-
ences in the protein levels in the GFP-only control cells (Fig.
4B). This ruled out the possibility that IL-1� affected transfec-
tion efficiency and/or transgene expression. IL-1� apparently
regulates FoxO1 levels through Akt-independent pathways.
Cross-talk between Insulin and IL-1� in FoxO1 Regulation—

The influence of insulin and/or serumon the effects of IL-1� on
FoxO1 was tested to elucidate the physiological role of IL-1� in
FoxO1 regulation. Experiments were first performed in the
presence of serum (Fig. 5,A–D). IL-1� stimulation elevated the
total FoxO1 level. The magnitude of the increase was not
affected by adding insulin (Fig. 5, A and B). Insulin co-stimula-
tion, however, seems to have a slight and statistically significant
effect on the subcellular distribution of FoxO1 (Fig. 5,C andD).
Direct immunofluorescence observation of the control cells
showed that FoxO1was localizedmostly in the cytosol and that
�10% of the cells exhibited nuclear FoxO1. Less than 1% of the
insulin-treated cells exhibited nuclear FoxO1, confirming that
insulin stimulation induced the nuclear export of Fox O1. By
contrast, 80% of the IL-1�-stimulated cells had GFP-positive
nuclei. A small but statistically significant decline in this num-
ber occurredwith insulin. This suggests that the effects of IL-1�
and insulin on FoxO1 are additive, albeit independent, with

FIGURE 2. Effects of IL-1� on FoxO1 mRNA and proteins levels in 293-IL-1RI cells and primary hepatocytes. The levels of endogenous FoxO1 were
assessed by Western blotting using an antibody specific for FoxO1 or by RT-PCR. A, 293-IL-1RI cells were treated with human IL-1� (25 ng/ml) in DMEM without
serum for the indicated times. B, primary rat hepatocytes were cultured for 5 days on Matrigel� and treated with rat IL-1� (25 ng/ml) for the indicated times.
C, primary rat hepatocytes were cultured for 5 days and treated with rat IL-1� at the indicated concentrations for 6 h. D, 293-IL-1RI cells were treated with human
IL-1� (25 ng/ml) in DMEM without serum for the indicated times. Nuclear and cytosolic subfractions were purified from total cell homogenates. E, primary rat
hepatocytes were cultured for 5 days on Matrigel� and treated with rat IL-1� (25 ng/ml) for the indicated times. The cells were harvested, and nucleus and
cytosolic fractions were prepared. F, primary hepatocytes were treated with IL-1� at the indicated doses for 6 h. The cells were harvested, and mRNA was
isolated. The abundance of FoxO1 mRNA was measured by real time PCR and normalized for the levels of �-actin. The data are the averages � S.D. (n � 3). The
data are representatives from at least three independent experiments.
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respect to the distribution of FoxO1 between the nucleus and
cytosol.
In a second cohort of experiments, the cells were serum-

starved before stimulation with IL-1� or insulin (Fig. 5, E–G).
Similar results were observed with these cells. IL-1� induced a
potent increase in the total FoxO1 protein content. However,
the magnitude of the induction surprisingly was somewhat
larger in the presence of insulin (Fig. 5E). To address this fur-
ther, FoxO1 content was measured in purified nuclear and
cytosolic cell fractions. In the absence of serum, FoxO1 was
detected mostly in the nuclear fraction, as anticipated (Fig. 5, F
and G). IL-1� treatment increased the nuclear FoxO1 content

and had no effect on FoxO1 cytosolic levels. Adding insulin
alone elevated the cytosolic FoxO1 content, which is consistent
with the expected export of FoxO1 to the cytosol. The FoxO1
cytosolic levels interestingly increased even further in cells
stimulated with the combination of insulin and IL-1� (Fig. 5, F
and G). Insulin seems to potentiate IL-1�-induced increases in
FoxO1, but only in the absence of serum. A trivial explanation
for the serum-dependent effect of insulin is that insulin signal-
ing in the presence of serum is weak because Akt is already
active. An alternate explanation is that growth factors present
in the serummay induce the ubiquitination and degradation of
cytosolic FoxO1, thus lessening insulin-dependent increases.

FIGURE 3. IL-1� effects on FoxO1 are Akt-independent: cell localization assays. 293-IL-1RI cells were transfected with plasmids expressing either GFP alone
(pcDNA), human GFP-tagged FoxO1 (Foxo1(wt)), or mutant GFP-tagged FoxO1 in which the three Akt phosphorylation sites (Thr24, Ser256, and Ser319) of FoxO1
were replaced with alanines (Foxo1(AAA)). The cells were cultured for 24 h under standard conditions and then treated with IL-1� (25 ng/ml) for 6 or 16 h.
Fluorescence from the overexpressed GFP-tagged proteins (green) and from the Hoechst nuclear stain (blue) was monitored by confocal microscopy. The
results are representative of at least four independent experiments. A, pictures captured on a Leica LCS confocal laser-scanning microscope. B, 5-fold magnified
excerpts from the pictures shown in A.
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These results altogether show that 1) the stimulation of FoxO1
in response to IL-1� is not affected by the presence of insulin or
serumand2) insulinmay affect, to some extent, the distribution
of FoxO1 in IL-1�-stimulated cells.
MAPKinase PathwayMediates the Effects of IL-1� on FoxO1—

Activation of the MAP kinases—specifically ERK1/2 and
JNK—mediates many cellular effects of IL-1�. The JNK1/2
inhibitor SP600125 and the ERK1/2 inhibitor PD98069 were
used to ascertain whether the increases in the nuclear FoxO1
levels occurring after IL-1� stimulation are MAP kinase-de-
pendent. The FoxO1 status in FoxO1-overexpressing 293-
IL1-RI cells was examined by direct fluorescence observation
(Fig. 6A), and the FoxO1 status of total cell homogenates (Fig. 6,
B and C) and purified nuclear and cytosolic fractions (Fig. 6D)
was examined by Western blot analysis. In comparison with
cells treated with IL-1� alone, the 293-IL1-RI cells treated with
the inhibitors exhibited a lower FoxO1 nuclear level (Fig. 6, A
andD) and lower total FoxO1 level (Fig. 6,B andC), whereas the
cytosolic FoxO1 levels were not affected (Fig. 6D). These results
confirmed that the mechanism for the elevation of nuclear
FoxO1 content in response to IL-1� involved the MAP kinase
pathway.
The Role of nSMase-2 in FoxO1 Regulation—Our earlier

studies have identified nSMase-2 and ceramide as mediators of
IL-1� responses that act upstream of the ERK/JNK arm of the
signaling pathway (8). Because ceramide has been shown to
induce apoptosis and cell growth arrest (22)—two responses
that are typically associated with increased FoxO1 activity—we
decided to test whether nSMase-2 and ceramide play a role in
FoxO1 regulation. IL-1�-induced activation of nSMase was
first characterized in primary hepatocytes. As reported previ-

ously, the total cellular nSMase activity increasedwithin 30min
of IL-1� stimulation. The short hairpin RNA interference pre-
vented an increase in the nSMase activity, confirming that
IL-1� activated nSMase-2 (Fig. 6A). The pharmacological
nSMase inhibitors scyphostatin (Fig. 6A) and GW4869 (data
not shown; see Ref. 20) had similar effects.
A pharmacological and genetic approach was then used to

test how changes in nSMase-2 activity affect FoxO1 regulation.
The 293-IL-1R cells were first treated with scyphostatin and
GW4869. In the presence of scyphostatin, IL-1� failed to
induce an increase in nuclear FoxO1 fluorescence, indicating
that nSMase activity and ceramide generation are required for
this effect (Fig. 7B). A similar inhibition was observed in the
presence of GW4868. Subcellular fractionation studies further-
more confirmed that GW4868 prevented increases in nuclear
FoxO1 but has no effect on cytosolic levels (Fig. 7C). By con-
trast, stimulation of cellswithC2-ceramide, a short chainmem-
brane-permeable analog of ceramide, potentiated the magni-
tude of the IL-1� effect (Fig. 7D).

Similar effects were observed when testing the role of
nSMase-2 in regulating endogenous FoxO1 levels in primary
rat hepatocytes (Fig. 7E). In this cell culture system, a genetic
approach modulated nSMase-2 activity through the adenovi-
rus-mediated transfer of shRNAi or cDNA for the rat nSMase-2
(8, 9). Suppressing nSMase-2 activity—which prevented the
IL-1�-induced stimulation of sphingomyelin turnover, cer-
amide generation, and JNK activation (Fig. 6A and Ref. 9)—also
blocked increases in the FoxO1 level in IL-1�-stimulated cells
(Fig. 7E).We found that the overexpression of nSMase-2, which
elevates the hepatocyte ceramide content by 30% and augments
JNK activation (20), conversely increased the magnitude of
IL-1�-induced stimulation of FoxO1 (Fig. 7E). This outcome is
in agreement with the role nSMase-2 has in the IL-1� signaling
cascade, which was described in detail in our earlier studies (8,
9, 20).
MAP Kinase Pathway Is Downstream of nSMase-2 in the

Pathway Leading to FoxO1 Stimulation—The overexpression
of nSMase-2 in 293-IL-1R cells caused a 2-fold increase in
FoxO1 levels in nonstimulated cells and in IL-1�-stimulated
cells after 6 and 16 h (Fig. 8, A and D). Furthermore, JNK and
ERK inhibitors, which reversed IL-1�-induced FoxO1
increases (compare Fig. 6), also blocked the effects occurring
after nSMase-2 overexpression (Figs. 8B and 5, C and E). These
results confirmed that, with respect to FoxO1 stimulation,
nSMase-2 activation is upstream of the JNK/ERK pathways,
and it is part of the mechanism by which IL-1� elevates FoxO1
content and induces its nuclear retention.
IL-1�, nSMase-2, and JNK Regulate the Expression of

IGFBP1, a FoxO1-responsive Target—Hepatocytes secrete
insulin-like growth factor-binding protein 1 (IGFBP1), which
binds to and neutralizes IGF in the plasma. In the absence of
insulin, high IGFBP1 mRNA expression is maintained because
FoxO1 transcription factor is bound to the classical insulin
response element in the 1-kb IGFBP1 promoter. Insulin-initi-
ated FoxO1 nuclear export, however, stops the transcription of
IGFBP1 mRNA, causing a rapid drop in IGFBP1 mRNA and
IGFBP1 protein levels. To understand better the physiological
significance of IL-1�-induced increases in FoxO1, we used pri-

FIGURE 4. IL-1� effects on FoxO1 are Akt-independent: quantitative
assays. 293-IL-1RI cells were transfected with plasmids expressing either GFP
alone (pcDNA), human GFP-tagged FoxO1 (Foxo1(wt)), or mutant GFP-
tagged FoxO1 in which the three Akt phosphorylation sites (Thr24, Ser256, and
Ser319) of FoxO1 were replaced with alanines (Foxo1(AAA)). The cells were
cultured for 24 h under standard conditions and then treated with IL-1� (25
ng/ml) for 6 or 16 h. A, the levels of the overexpressed GFP, FoxO1 (WT), and
FoxO1 (AAA) were determined by Western blotting using anti-GFP antibody.
The abundance of �-actin was used to control for equal loading and for nor-
malization. B, quantification of the results from A. The data are the averages �
S.D. (n � 3). The results are representative of at least three independent
experiments.
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mary rat hepatocytes to test the effects of IL-1�, nSMase-2, and
JNK on IGFBP1 production (Fig. 9, A–D). The cells were ini-
tially treated with IL-1� alone or with IL-1� in combination
with insulin. The IGFBP1 level in the medium was monitored
by Western blotting. As recently reported, IL-1� stimulated
IGFBP1 production in a time- (Fig. 9A) and dose-dependent
manner (Fig. 1, B and C). The level of IGFBP1 in the medium
began to increase after 6 h of IL-1� treatment and continued to
rise after 12 and 24 h. This IL-1�-related effect occurred in the
absence of insulin or other growth factors. Insulin alone signif-
icantly suppressed the basal expression of IGFBP1 (Fig. 9,B and
C). Nevertheless, IL-1� stimulation effectively increased
IGFBP1 secretion 5-fold, even in the presence of insulin. There-
fore, IL-1� seemed to efficiently counteract the insulin-induced
suppression of IGFBP1 production.

The dual luciferase system was employed to elucidate
whether IL-1� had a direct effect on the activity of the IGFBP1
promoter. In these experiments, HepG2 cells were trans-
fected with a plasmid encoding firefly luciferase under the
1-kb IGFBP1 promoter or transfected with a control plasmid
expressing Renilla luciferase. IL-1� treatment stimulated
the firefly luciferase activity 2–3-fold, whereas insulin had
the opposite effect (Fig. 9D). The combined stimulation of
IL-1� and insulin had a significantly smaller effect, com-
pared with the effect of IL-1� alone. This indicates that
IL-1� and insulin likely acted on the same response element
in the IGFBP1 promoter.
The suppression of nSMase-2 expression in primary rat

hepatocytes (Fig. 9D) or the pharmacological inhibition of JNK
activity (data not shown; see Ref. 23) completely blocked IL-1�-

FIGURE 5. Effect of insulin on IL-1� regulation of FoxO1. 293-IL-1RI cells were transfected with plasmids expressing either the human GFP-tagged FoxO1
(Foxo1(wt)) or mutant GFP-tagged FoxO1 in which the three Akt phosphorylation sites (Thr24, Ser256, and Ser319) of FoxO1 were replaced with alanines
(Foxo1(AAA)). The cells were cultured for 24 h in DMEM containing 10% serum. Then the medium was exchanged to DMEM containing 10% serum (A–D) or to
DMEM containing no serum (E–G). The cells were cultured for an additional 1 h and then treated with IL-1� (25 ng/ml) and/or insulin (100 ng/ml) either for the
indicated times (A–D) or for 6 h (E–G). A, the levels of the overexpressed FoxO1 (WT) and FoxO1 (AAA) were assessed by Western blotting using anti-GFP
antibody. The abundance of �-actin was used to control for equal loading and for normalization. B, quantification of the results from A. The intensity of FoxO1
was normalized for the amount of �-actin. The results are presented as percentages of the normalized FoxO1 level in the untreated cells. C, fluorescence from
the overexpressed GFP-tagged proteins (green) and from the DAPI nuclear stain (blue) was monitored by confocal microscopy. Pictures were captured on a
Leica LCS confocal laser-scanning microscope. The last four panels on the right represent 10-fold magnified excerpts of DAPI/GFP overlay. D, quantification of
the changes shown in C. The data were calculated by dividing the number of cells with GFP-positive nuclei to the number of GFP-positive cells. The results are
the averages � S.D. (n � 3) and are representative of multiple independent experiments. E, the levels of the overexpressed FoxO1 (WT) were assessed in whole
cell lysates by Western blotting using anti-GFP antibody. F, the levels of GFP-FoxO1 (WT) were monitored in purified nuclear and cytosolic fractions of 293-IL-1RI
cells by Western blotting using anti-GFP antibody. 20 �g of each subcellular fraction were loaded per line. Lamin A/C served as control for the purity of nuclear
fraction. G, quantification of the changes shown in F. The results are expressed as percentages of the FoxO1 levels in untreated cells. The values are the means �
S.D. (n � 3). * or ˆ, p � 0.05; ** or ˆˆ, p � 0.01. Asterisks represent the significance of IL-1� effects; carets represent the significance of insulin effect.
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induced IGFBP1 secretion. This confirmed that the same
mechanism or mechanisms likely mediate IL-1� regulation of
FoxO1 and IGFBP1.

DISCUSSION

This study makes the novel observation that stimulation of
hepatocytes with IL-1� leads to increases in nuclear FoxO1
through a mechanism that is Akt-independent and involves

nSMase-2, ceramide, and the MAP kinase pathway. Data are
also presented implicating IL-1� in the negative regulation of
cellular insulin responses in respect to FoxO1 activity and
FoxO1-mediated processes.
The pro-inflammatory cytokines and inflammation in gen-

eral are well known factors in the onset of insulin resistance and
hyperglycemia. IL-1� in particular, plays a key role, as under-
scored by studies showing significant improvement of hyper-
glycemia in mice and humans following the administration of
IL-1� receptor antagonist, IL-1RA (1, 2, 24–27). The IL-1�
action has been associated with down-regulation of the insulin
signaling pathway at the insulin receptor level (28). Indeed, sev-
eral key mediators of IL-1� signaling pathway, namely cer-
amide (29–34), IRAK-1 (35), and JNK (36, 37) have been shown
to inhibit IRS-1 and/or Akt-1 activation. These studies indicate
that IL-1� may suppress the cellular insulin response. Our
experiments however, show that IL-1� also has a direct, Akt-
independent, effect on FoxO1 as evidenced by 1) FoxO1mutant
lacking all three Akt phosphorylation sites being regulated sim-
ilarly to the wild type FoxO1 and 2) the effects of IL-1� that
were clearly observed even when Akt was not active, i.e., in the
absence of insulin and other growth factors.
Akt-1 is known to be the main factor regulating FoxO1

nuclear localization and activity. The current paradigm states
that insulin activates Akt, which then is translocated to the
nucleus and phosphorylates FoxO1 at Thr24, Ser256, and Ser319
(13, 14). The phosphorylated FoxO1 is exported to the cytosol,
terminating its transcriptional activity. This same mechanism
accounts for the insulin-induced down-regulation of gluconeo-
genesis in the liver, which is central for the systemic regulation
of glucose homeostasis. The identification of FoxO1 as a direct
target of IL-1� in the presented data implies that the inflamma-
tory and metabolic signaling pathways in the liver converge on
FoxO1 regulating its transcriptional activity.
The mechanism by which IL-1� modulates FoxO1 levels is

not entirely clear.We show that the increases in nuclear FoxO1
are not a consequence of higher transcription levels. TNF�, by
contrast, has been shown to induce the expression of FoxO1 in
asymptomatic plaques smooth muscle cells by affecting the
FoxO1 mRNA levels (38). The data presented here also clearly
show that IL-1� does not act to redistribute the existing FoxO1
between cytosol and nucleus, because the levels of cytosolic
FoxO1 also actually rose. We therefore conclude that the
observed IL-1�-induced increases in FoxO1 nuclear levels are
probably due to the retention of FoxO1 in the nucleus and,
consequently, its delayed cytosolic degradation.
We further show that nSMase-2 activation and the conse-

quent increases in ceramide levels are required steps in the
pathway leading to FoxO1 accumulation in IL-1�-stimulated
cells. This leads us to hypothesize that ceramide-activated
phosphates (PP2A or PP1) are probably involved. PP2A has
been shown to have a central role in the regulation of the phos-
phorylation status of FoxO1 (39) and the interactions with its
chaperon binding proteins, the 14-3-3 proteins. Furthermore,
our previous studies have shown that IL-1� activates PP2A in
nSMase-2-dependent manner (9). It is thus possible that acti-
vation of PP2A and subsequent dephosphorylation of 14-3-3
proteins or FoxO1 (at an Akt-independent site) may be

FIGURE 6. JNK and ERK mediate IL-1� effects on FoxO1. GFP-FoxO1-trans-
fected 293-IL-1RI cells were cultured for 24 h under standard conditions. The
cells were then pretreated for 30 min with SP600125 (20 �M), an inhibitor of
JNK, PD98059 (50 �M), an inhibitor of ERK, or Me2SO. IL-1� (25 ng/ml) treat-
ments were done in the presence of the respective inhibitors/vehicle for 6 h.
A, the presence of GFP-FoxO1 was monitored by direct fluorescent micros-
copy of live cells. B, levels of FoxO1 were determined in whole cell lysates by
Western blotting using anti-GFP antibody. The abundance of �-actin was
used to control for equal loading and to normalize the data. The data are
representative of at least three independent experiments. C, quantification of
the changes shown in B. The results are expressed as percentages of the
FoxO1 levels in untreated cells. The values are the means � S.D. (n � 3). *, p �
0.05; **, p � 0.01. D, the levels of GFP-FoxO1 (WT) in purified nuclear and
cytosolic fractions of 293-IL-1RI cells were analyzed by Western blotting using
anti-GFP antibody. 20 �g of each subcellular fraction were loaded per line.
Lamin A/C served as control for the purity of nuclear fraction.
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involved in the IL-1� response. Currently we are conducting
studies aimed at assessment of the changes in FoxO1 and
14-3-3 proteins phosphorylation.
The direct effect of IL-1� on FoxO1 also seems to involve the

activation of JNK/ERK in an nSMase-2/ceramide-dependent
manner. In previous studies we identified nSMase-2 as being
IL-1�-inducible signaling sphingomyelinase, responsible for
the transient accumulation of ceramide and the activation of
JNK activation following IL-1� stimulation (9, 19, 20). The role
of nSMase-2 and ceramide in JNK activation was shown to be
intricate. nSMase-2 activity was required, but not sufficient, for
the phosphorylation and activation of JNK in response to IL-1�.
Also, in the absence of IL-1�, neither increasednSMase-2 activ-
ity nor ceramide supplementation alone induced JNK phos-
phorylation. nSMase-2, however, potently increased the mag-
nitude of JNK phosphorylation following IL-1� treatment,
suggesting that nSMase-2may be part of a positive feed forward

mechanism for control of JNK activation. The effects of
nSMase-2 on FoxO1 seen in this study closely recall those
nSMase-2 has on JNK. This further underscores the important
connection between nSMase-2, JNK, and FoxO1 in the IL-1�
signaling pathway.
The mechanism of action of JNK on FoxO1 is not clear.

Anothermember of the FoxO family, FoxO4, is phosphorylated
by JNK at Thr447 and Thr451 (40–42), which supersedes the
Akt-1-dependent regulation and induces nuclear retention.
These phosphorylation sites, however, are not conserved in
FoxO1, FoxO3, and DAF-16. Nevertheless, direct JNK phos-
phorylation of FoxO1 purified protein by JNK has been
shown in vitro, but the target phosphorylation sites have not
been identified. It is also plausible that JNK prevents FoxO1
nuclear export by disrupting its association with the 14-3-3
proteins. JNK phosphorylation of the 14-3-3 proteins has
been shown to impede their interaction with other down-

FIGURE 7. nSMase-2 and ceramide mediate the effects of IL-1� on FoxO1. A, primary rat hepatocytes were infected with adenovirus expressing shRNA
against nMSase2 or scrambled control for 48 h or with scyphostatin for 30 min. The cells were treated with IL-1� (25 ng/ml) for 30 min, and the activity of nMSase
was measured using NBD-SM as a substrate. B, GFP-FoxO1-transfected 293-IL-1RI cells were cultured for 24 h under standard conditions. The cells were then
treated with IL-1� (25 ng/ml) and/or an inhibitor of sphingomyelinase, scyphostatin. The presence of GFP-FoxO1 was monitored by direct fluorescent
microscopy of live cells. C, GFP-FoxO1-transfected 293-IL-1RI cells were cultured for 24 h under standard conditions. The cells were then treated with IL-1� (25
ng/ml) and/or an inhibitor of sphingomyelinase, GW4869 (10 �M). The levels of GFP-FoxO1 (WT) in purified nuclear and cytosolic fractions of 293-IL-1RI cells
were analyzed by Western blotting using anti-GFP antibody. 20 �g of each subcellular fraction were loaded per line. Lamin A/C served as control for the purity
of nuclear fraction. D, GFP-FoxO1-transfected 293-IL-1RI cells were cultured for 24 h under standard conditions. The cells were then treated with IL-1� (25
ng/ml) and/or C2-ceramide (30 �M). The presence of GFP-FoxO1 was monitored by direct fluorescent microscopy of live cells. E, primary rat hepatocytes were
cultured for 3 days, and one group was infected with adenovirus overexpressing the rat nSMase-2 (Ad-nSMase2), and expression of nSMase-2 was induced with
doxycycline. A second group of infected, noninduced hepatocytes serves as control. A third group was infected with adenovirus expressing shRNA against
nSMase-2 (Ad-sh-nSMase2). The levels of FoxO1 were determined in whole cell lysates by Western blotting using anti-FoxO1 antibody. The abundance of
�-actin was used to control for equal loading. The efficiency of nSMase-2 overexpression was tested using anti-FLAG antibody. The data are representative of
two independent experiments.
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stream target proteins, including Bad, FoxO3A, BAX, and
c-Abl (43–45).
We show that ERK1/2 inhibition also blocks the IL-1� regu-

lation of FoxO1. In contrast to JNK, the ERK pathway has not
been associated with the regulation of FoxO1 phosphoryla-

tion and/or its localization. Recent studies have, however,
shown that ERK activation results in direct phosphorylation
of the p300 co-activator ( at Ser2279, Ser2315, and Ser2366),
resulting in stimulation of its intrinsic acethylase activity
(16). This is relevant because FoxO1 is a p300 substrate but

FIGURE 8. JNK and ERK mediate the effects of nSMase-2 on FoxO1. 293-IL-1RI cells were infected with adenovirus expressing nSMase-2 for 48 h and then
treated with IL-1� (25 ng/ml) in the presence of absence of SP600125 (20 �M) or PD980059 (20 �M) for the indicated times (A and D) or for 6 h (B, C, and E). A–C,
the levels of the endogenous FoxO1 were assayed by Western blotting using antibody against FoxO1. The expression of nMSase2 was monitored using
Anti-nSMase-2 antibody. The abundance of �-actin was used to control for equal loading and to normalize the results. D and E, quantification of the changes
shown in A–C. The results are expressed as percentages of the FoxO1 levels in untreated cells. The values are the means � S.D. (n � 3). *, p � 0.05; **, p � 0.01.

FIGURE 9. Coordinated regulation of IGFBP1 expression and secretion by IL-1� and insulin. A–C, primary rat hepatocytes were cultured on Matrigel for 5
days and treated with IL-1� (25 ng/ml) at the indicated times (A) or with the indicated doses in the presence or absence of insulin for 6 h (B). The levels of IGFBP1
were determined in the medium by Western blotting using antibody against the rat IGFBP1 (A and B). The results were quantified and expressed as percentages
of the IGFBP1 levels secreted by untreated cells (C). D, primary rat hepatocytes were infected with adenovirus expressing shRNA against nSMase-2 or scrambled
control for 48 h and then treated with IL-1� for 6 h. The levels of IGFBP1 were determined in the medium by Western blotting using antibody against the rat
IGFBP1. E, HepG2 cells were transfected with plasmids expressing the firefly and the Renilla luciferase and treated with IL-1� and/or insulin (100 ng/ml) for 6 h.
The results were presented as ratios of firefly and Renilla luciferase activity.
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also more importantly because the p300/CBP-dependent
FoxO1 acethylation is known to play a role in regulating
FoxO1 signaling by promoting the nuclear localization
of FoxO1 (18).
The data presented clearly show that IL-1� counteracts the

Akt-mediated insulin signals by increasing the overall cellular
FoxO1 content and augmenting its nuclear localization. Stim-
ulation of hepatocytes with IL-1� apparently mimics the con-
sequences of insulin resistance (at least in respect to FoxO1) but
without the associated pathologies such as hepatic steatosis.
These direct effects of IL-1� on FoxO1, together with the pre-
viously reported IL-1� down-regulation of IRS-1 and Akt, may
constitute the key elements of a very complex, intricate mech-
anism for the deregulation of hepatic metabolic functions dur-
ing inflammation.
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