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A B S T R A C T

FoxO has been proposed to play a role in the promotion of insulin resistance, and inflammation. FoxO is a pro-
inflammatory transcription factor that is a key mediator of generation of inflammatory cytokines such as IL-1β in
the liver. However, the detailed association of FoxO6 with insulin resistance and age-related inflammation has
not been fully documented. Here, we showed that FoxO6 was elevated in the livers of aging rats and obese mice
that exhibited insulin resistance. In addition, virus-mediated FoxO6 activation led to insulin resistance in mice
with a notable increase in PAR2 and inflammatory signaling in the liver. On the other hand, FoxO6-KO mice
showed reduced PAR2 signaling with a decrease in inflammatory cytokine expression and elevated insulin
signaling. Because FoxO6 is closely associated with abnormal production of IL-1β in the liver, we focused on the
FoxO6/IL-1β/PAR2 axis to further examine mechanisms underlying FoxO6-mediated insulin resistance and
inflammation in the liver. In vitro experiments showed that FoxO6 directly binds to and elevates IL-1β ex-
pression. In turn, IL-1β treatment elevated the protein levels of PAR2 with a significant decrease in hepatic
insulin signaling, whereas PAR2-siRNA treatment abolished these effects. However, PAR2-siRNA treatment had
no effect on IL-1β expression induced by FoxO6, indicating that IL-1β may not be downstream of PAR2. Taken
together, we assume that FoxO6-mediated IL-1β is involved in hepatic inflammation and insulin resistance via
TF/PAR2 pathway in the liver.

1. Introduction

Forkhead transcription factor (FoxO) plays key roles in the induc-
tion of various downstream genes involved in the inhibition of cellular
metabolism, cell cycle, cell death, and oxidative stress responses [1].
Furthermore, it has been reported that FoxO family members are as-
sociated with insulin resistance partially by suppressing the down-
stream pathways of the PI3K/Akt signaling [2]. The roles of FoxO1 in
glucose metabolism was extensively studied. A FoxO1 gain-of-function
mutant mice showed a diabetic phenotype in part by the suppression of
genes related to insulin sensitivity in the liver, adipocytes, and pan-
creatic β cells [3]. FoxO1 also induced insulin resistance and in-
flammation and stimulated the production of inflammatory cytokines
including IL-1β in macrophages [4]. However, the roles of FoxO6 in

inflammatory signaling including IL-1β production have not been fully
understood.

Low-grade, chronic inflammation, and insulin resistance are two
key processes that operate interdependently during aging and in type 2
diabetes (T2D). The former is accompanied by the elevated production
of pro-inflammatory cytokines in the body, whereas the latter is char-
acterized by significantly diminished responsiveness of peripheral tis-
sues to normal plasma insulin levels. Although there is a lack of con-
sensus regarding the cause-and-effect relationship between chronic
exposure to low-grade inflammation and the onset of insulin resistance,
these two physio-pathological traits share mechanisms of cross-talk that
integrate abnormal production of inflammatory cytokines with the
development of insulin resistance in T2D [5]. To delineate the me-
chanisms linking inflammation and insulin resistance, in the present
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study, we set out to investigate their relationship by defining the novel
role of FoxO6 in protease-activated receptor-2 (PAR2)/Tissue factor
(TF) signaling.

PAR2 is a G protein-coupled receptor that has been shown to play an
important role in mesenchymal cell activation and inflammatory sig-
naling [6]. The PAR2 signaling has been associated with various sig-
naling cascade. The PAR2-activating tissue factor VIIa can also activate
inflammation in adipose tissue through the production of TNF-α and IL-
6 and cause insulin resistance through the suppression of Akt phos-
phorylation [7], and monocyte recruitment [8]. The confluence of these
PAR2 proteases during tissue injury and remodeling leads to a micro-
environment that may trigger prolonged pathological activation of the
PAR2 signaling pathway. Included is the activation of mitogen-acti-
vated protein kinases (ERK, p38, and JNK) involved in proliferation,
inflammation, and differentiation of mesenchymal cells via the TGF-β,
TNF-α, IL-1β, and NF-κB pathways during tissue fibrosis [9,10].
Nevertheless, it is unclear whether FoxO6 is associated with PAR2
signaling in the liver.

Aging represents the functional deficits accumulated in the or-
ganism over time. The aging process is accompanied with many age-
related chronic diseases such as diabetes, cancer, arthritis, dementia,
vascular diseases, obesity, and metabolic syndrome [11]. It is now well
established that increased incidences of diabetes and obesity are closely
associated with insulin resistance [12]. Solar lentigines are macular
hyperpigmented lesions associated with sun exposure, inflammation,
and age through PAR2 [13]. Age-related changes in vascular PAR2 and
increased oxidative stress in metabolic syndrome [14]. Uncontrolled
regulation of insulin signaling in inflammatory status causes T2D and
accelerates the aging process. However, very little is known about the
roles of PAR2 in the liver under diabetic and aging conditions.

In the present study, we explored interplay among FoxO6, IL-1β,
and PAR2 for insulin resistance and inflammation in the liver.

We specifically focused on whether the FoxO6 activates PAR2
through IL-1β and studied its effects on glucose metabolism and in-
flammation.

2. Material and methods

2.1. Animals

C57BL/6J mice aged 6 weeks were purchased from the Jackson
Laboratory. The mice received standard rodent chow and water ad li-
bitum, and were kept in sterile cages with a 12 h light/dark cycle. The
C57BL/6J mice were classified by body weight and randomly assigned
to two groups; the mice in one group received an intravenous injection
of an adenoviral vector containing a constitutively active FoxO6 allele
(AdV-FoxO6-CA) in the tail, whereas the mice in the other group re-
ceived an intravenous injection of an AdV-null vector in the tail, both at
1.5× 1011 plaque forming units (pfu)/kg body weight. The mice were
sacrificed two weeks after the AdV-FoxO6-CA injection. The mice fasted
for 24 h, and venous blood samples were collected from the tail in order
to determine blood glucose levels, as previously described.

Specific pathogen-free male Fischer 344 rats (6 or 24 months old)
were obtained from Samtako (Osan, Korea) and fed a diet with the
following composition: 21% soybean protein, 15% sucrose, 43.65%
dextrin, 10% corn oil, 0.15% α-methionine, 0.2% choline chloride, 5%
salt mix, 2% vitamin mix, and 3% Solka-Floc fiber. Eight-week-old male
C57BLKS/J-lean and C57BLKS/J-db/db (diabetic) mice were purchased
from Japan SLC. The mice were maintained under a 12 h light/dark
cycle at 23 ± 1 °C and 50 ± 5% relative humidity under specific pa-
thogen-free conditions. Homozygote PAR2 knockout mice (PAR2−/−;
strain: B6.Cg-F2rl1tm1Mslb/J) aged 8 weeks were obtained from Dr. Yu
(Pusan National University, Busan, Korea). The livers from FoxO6-Tg
and FoxO6-KO mice were obtained from the University of Pittsburgh
Medical Center, Pittsburgh, PA, USA.

The animal protocol used in this study was reviewed and approved

by the Pusan National University Institutional Animal Care and Use
Committee (PNU-IACUC) with respect to ethics and animal care.

2.2. Cell culture system

HepG2 cells (human hepatocellular carcinoma) were obtained from
the American Type Culture Collection (ATCC, Rockville, MD, USA).
Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
(Nissui Co., Tokyo) supplemented with 10% heat-inactivated (56 °C for
30min) fetal bovine serum (Gibco, Grand Island, NY), 233.6 mg/ml
glutamine, 100mg/mL penicillin streptomycin, and 0.25 μg/mL am-
photericin B. Cells were maintained at 37 °C in a humidified 5% CO2/
95% air atmosphere.

2.3. Materials

Western blotting reagents were purchased from Amersham (Bucks,
UK). RNAzol™ B was obtained from TEL-TEST, Inc. (Friendwood, TX,
USA). Antibodies against β-actin, Histone H1, p-IRS (ser), p-IRS (tyr), p-
Akt, total-Akt, p-c-Jun, C-Jun, and COX-2 were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against FoxO6
and p-FoxO6 (Ser184) were obtained from Dr. H. H. Dong (University
of Pittsburgh, PA). Anti-rabbit IgG-horseradish peroxidase-conjugated
antibody and anti-mouse IgG-horseradish peroxidase-conjugated anti-
body were obtained from Amersham (Bucks, UK). Horseradish perox-
idase-conjugated donkey anti-sheep/goat IgG was purchased from
Serotec (Oxford, UK). Polyvinylidene difluoride (PVDF) membranes
were obtained from the Millipore Corporation (Bedford, MA, USA).

2.4. Nuclear extract preparation

Frozen rat liver tissues (20–40mg) were rinsed in PBS buffer and
then transferred to a Dounce tissue grinder (Wheaton Manufacturers,
NJ). Solution A (10mM HEPES pH 7.9, 10mM KCl, 0.1mM EDTA,
0.1 mM EGTA, 1mM DTT, 0.5mM PMSF) was then added to the tissues
(2.5 g/ml). Tissues were homogenized with five strokes of a pestle and
after adding NP-40 (0.5%), then further homogenized with an addi-
tional five strokes. Homogenates were transferred to Eppendorf tubes
and centrifuged in a microcentrifuge (Beckman) for 5min at
12000 rpm.

Supernatants contained predominantly cytoplasmic constituents. To
obtain nuclear pellets, 400 μl of solution C (20mM HEPES pH 7.9,
0.4 M NaCl, 1 mM of each of EDTA, EGTA, DTT, and PMSF) was added
to supernatants. Tubes were mixed thoroughly and placed on a small
rotatory shaker for 15min. Finally, they were centrifuged at 12000 rpm
for 10min in a microcentrifuge. Supernatants, which contained nuclear
proteins, were then removed, transferred carefully to fresh tubes, and
stored at −80 °C until required for Western blotting. Protein contents
were determined using the Bicinchoninic Acid Protein Assay (Sigma).

2.5. Western blotting

Homogenized samples were boiled for 5min with gel-loading buffer
(125mM Tris-Cl, 4% SDS, 10% 2-mercaptoethanol, pH 6.8, 0.2% bro-
mophenol blue) at a ratio of 1:1. Equal amounts of protein were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
using 6–17% gels and then transferred to PVDF membranes at 15 V for
1 h using a semi-dry transfer system. Membranes were then im-
mediately placed into a blocking buffer 10mM Tris (pH 7.5), 100mM
NaCl, and 0.1% Tween-20 containing 1% non-fat milk. Blots were
blocked at room temperature for 1 h, and membranes were incubated
with the appropriate specific primary antibody at 25 °C for 1 h, followed
by horseradish peroxidase-conjugated secondary antibody at 25 °C for
1 h. Antibody labeling was detected using enhanced chemilumines-
cence, according to the manufacturer's instructions. Molecular weights
were determined using pre-stained protein markers.
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2.6. Transfection and luciferase reporter assay

IL-1β activities were estimated using an IL-1β-luciferase vector (Dr.
Dong, University of Pittsburgh, PA, USA) that contained a specific
binding sequence for FoxO6. Transfection was carried out using
Lipofectamine 2000 (Invitrogen). Briefly, 1×104 cells per well were
seeded in 48-well plates. When the cultured cells reached approxi-
mately 40% confluence, they were treated with DNA/Lipofectamine
2000 complexes (1 μg/μl) in 500 μl normal media (with 10% serum) for
24 h, then treated with the vector containing FoxO6 (100 MOI) at 24 h
after transfection. Then, the cells were washed with PBS and subjected
to the Steady-Glo Luciferase Assay System (Promega, Madison, WI,
USA). Luciferase activity was measured by a luminometer (GENious,
TECAN, Salzburg, Austria).

2.7. Small interfering RNA-mediated gene silencing

To knock down PAR2 in HepG2 cells, we utilized scrambled or
PAR2-siRNAs obtained from a commercial source (IDT, Coralville,
Iowa, USA). Transfection was carried out using the Lipofectamine 2000
reagent (Invitrogen, Grand Island, New York, USA). The cells were
treated with scrambled or PAR2-siRNA-Lipofectamine complexes
(20 nM) in Opti-MEM (Invitrogen) without serum. After incubation for
4 h, the transfection medium was replaced with fresh medium, and the
cells were incubated for another 24 h, during which they were treated
with an adenoviral vector containing FoxO6 at the indicated times.

2.8. Serum biochemical analysis and cytokine measurements

Serum glucose was analyzed using kits from Bioassay Systems
(Hayward, CA, USA). Specific kits were used, following the manufac-
turer's instructions, to determine the concentrations of insulin
(Shibayagi, Japan). Cytokine levels were measured using the Luminex
multiplex analysis system (Millipore, Billerica, MA, USA).

2.9. Glucose tolerance test

Mice were fasted for 24 h, followed by intraperitoneal injection of
glucose (2 g/kg). Blood glucose levels were measured before and after
the glucose injection by using a Glucometer Elite meter (Bayer, IN,
USA).

2.10. RNA isolation and real-time RT-PCR

RNA isolation from liver (20mg) cells and HepG2 cells (approxi-
mately 2×106 cells) was performed using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). Real-Time Quantitative Reverse
Transcription PCR (qRT-PCR) with SYBR Green was used for quanti-
fying mRNA concentrations in a CFX Connect System (Bio-Rad
Laboratories Inc., Hercules, CA, USA). All primers were obtained from
Integrated DNA Technologies (Coralville, IA, USA).

2.11. Chromatin immunoprecipitation (ChIP) assay

ChIP was used to study the interaction between FoxO6 and the IL-1β
promoter DNA. HepG2 cells (2× 105 cells) were transfected with
pGH11 in the presence of the FoxO6 vector at a multiplicity of infection
(MOI) of 100 pfu/cell in triplicate. After a 24-h incubation period, the
cells were subjected to a ChIP assay using the anti-FoxO6 antibody and
the ChIP assay kit (Upstate Biotechnology). The immunoprecipitates
were analyzed by immunoblot assays using rabbit anti-FoxO6 antibody,
and by PCR assay to detect coimmunoprecipitated DNA using IL-1β
promoter-specific primers (forward 5′-TCTATTTCCCTTCAGTGCTG-3′,
reverse 5′-TTCATGAGCACAGTCCATCT-3′), which flank the consensus
FoxO6 binding site in the human IL-1β promoters, respectively.

2.12. Immunoprecipitation (IP) of nuclear extracts

Nuclear extracts were immunoprecipitated in a buffer containing
40mM Tris-HCl (pH 7.6), 120mM NaCl, 20mM β-glycerophosphate,
20mM NaF, 2mM sodium orthovanadate, 5 mM EDTA, 1mM PMSF,
0.1% NP40, leupeptin (2 μg/ml), aprotinin (1 μg/ml), and pepstatin A
(1 μg/ml). Aliquots of nuclear extracts were than precleared using a
50% protein A agarose for 30min at 4 °C, centrifuged at 12,000×g at
4 °C for 15min, incubated overnight at 4 °C with the required antibody,
and then incubated overnight at 4 °C with 50% protein A agarose slurry.
After washing immunoprecipitates three times with IP buffer, im-
munoprecipitated proteins were analyzed by SDS-PAGE, and Western
blotting analysis was performed as described above.

2.13. Immunohistochemistry

For immunostaining, liver sections were treated with 0.6% H2O2 in
Tris-buffered saline (TBS; pH7.5) to block endogenous peroxidase for
15min at RT. After incubation, sections were incubated with TBS con-
taining 0.1% Triton X-100 and 3% goat serum (TBS-TS) at 37 °C for 1 h
and then incubated with primary anti-F4/80 or anti-CD68 antibody
(Santa Cruz, Texas, USA) in TBS-TS overnight at 4 °C. Sections were
then further incubated with secondary goat anti-mouse IgG-HRP anti-
body (Santa Cruz) at RT for 3 h. Sections were then stained with dia-
minobenzidine (DAB) solution and mounted with Dako mounting
medium (Dako, Glostrup, Denmark), and cover slipped. Images were
acquired using an Olympus IX71 microscope (Olympus, Tokyo, Japan).

2.14. Flow cytometric analysis

HepG2 cells were transfected with PAR2 siRNA by Lipofectamine
2000. siRNA and Lipofectamine 2000 were mixed and incubated at
room temperature for 20min. The medium was replaced with serum-
free media, and then the siRNA mixture was added to the cells for 4 h.
After incubation, the medium was replaced with complete cell culture
medium and the cells were cultured for 20 h. After which, cells were
treated with 10 ng/ml IL-1β peptide for 24 h. The cells were collected in
conical tubes and washed 2 times with cold PBS. IL-1β intracellular
staining was performed with BD cytofix/cytoperm Fixation/
Permeabilization Solution Kit (BD Biosciences, NJ, USA). The cells were
incubated with 250 μl BD Cytofix/Cytoperm solution per tube for
20min at 4 °C and then the cells were washed 2 times with BD Perm/
Wash™ buffer. Diluted FoxO6 antibody (1:500 dilution) was added into
cells and incubated at 4 °C for 30min. After incubation, the cells were
washed 2 times with BD Perm/Wash™ buffer and then treated with
FITC-conjugated rabbit IgG antibody (1:500) at 4 °C for 30min in the
dark room. The cells were fixed with 4% paraformaldehyde following
washing with BD Perm/Wash™ buffer and analyzed by flow cytometry
(FC500, Beckman Coulter, CA, USA).

2.15. Statistical analysis

ANOVA was conducted to determine the significance of differences
between groups. Fisher's Protected LSD post-hoc test was used to de-
termine the significance of differences between group means. P-va-
lues< 0.05 were taken to indicate statistical significance.

3. Results

3.1. FoxO6 induces insulin resistance and cytokines in the FoxO6-
overexpressed liver

We investigated the effect of FoxO6 in mice injected with a viral
vector containing FoxO6. We generated mice expressing constitutively
active FoxO6-CA in the liver. Male mice injected with FoxO6-CA de-
veloped hyperinsulinemia, culminating in significantly elevated fasting
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glucose levels (Fig. 1A), insulin levels (Fig. 1B), and glucose intolerance
(Fig. 1C), compared to age/sex-matched control littermates.

To determine whether FoxO6 plays a role in linking insulin re-
sistance to aberrant cytokine expression, we studied insulin resistance
and cytokine expression in FoxO6-Tg mice. FoxO6 resulted in sig-
nificantly increased expression of FoxO6 and PAR2 in the liver of
FoxO6-Tg mice (Fig. 1D). Also, the increased FoxO6 expression was
associated with the increased expression of PEPCK and G6Pase, two key
genes in gluconeogenesis (Fig. 1E). However, this effect was accom-
panied by increased expression of the cytokines TNFα, IL-6, IL-1β, and

MCP-1. FoxO6 overexpression resulted in a significant increase in
CCR1, CR5, CCR7, IL-1β, IL-6, IL-10, TNFα, and MMP-9 production,
without altering the production of other cytokines such as CCR3 or IL-
1α (Fig. 1F). These data indicate the important roles of FoxO6 in reg-
ulating cytokine production in vivo. Because of the close association of
FoxO6 with abnormal production of IL-1β in the liver, we focused on
delineation of the molecular basis underlying FoxO6-mediated induc-
tion of cytokines.

Inflammatory pathways play an important role in impaired glucose
metabolism and insulin production. Moreover, the inflammatory
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response was assumed to be the consequence rather than the cause of
the disease. Liver inflammation is characterized by infiltration and
expansion of macrophages [15]. To examine whether FoxO6 induced
macrophage infiltration in FoxO6-Tg, we performed histologic analysis
of liver tissue in the Non-transgenic (Ntg) group compared with the
FoxO6-Tg group. As shown in Fig. 1G, macrophage infiltration was
substantially higher in FoxO6-Tg than in Ntg. Deletion of FoxO6 in-
hibited macrophage infiltration (Supplementary Fig. 1). We next eval-
uated the expression levels of pro-inflammatory cytokines and chemo-
kines in the FoxO6-Tg group and found that pro-inflammatory
cytokines and chemokines were significantly induced. These results
indicate that FoxO6-Tg strongly induces macrophage infiltration and
pro-inflammatory cytokines as well as chemokines.

3.2. Interaction of TF and PAR2 in the FoxO6-Tg liver

The liver and other tissues contain PAR2, a G-protein coupled re-
ceptor that has been shown to play an important role in inflammation
and steatosis [16]. Four forms of PARs have been reported (PAR-1
through PAR-4). In particular, PAR2 is activated by trypsin-like pro-
teases, such as tryptase, and by coagulation factors VIIα and Xα when
TF expression.

PAR2 mRNA levels increased about 3-fold and PAR1 level increased
2-fold in the FoxO6-Tg liver. No other significant differences in hepatic
PAR3 and PAR4 mRNA levels were detected in FoxO6-Tg (Fig. 2A).
However, mRNA levels of TF significantly increased in the FoxO6-Tg
liver (Fig. 2B). In the immunoprecipitation study, TF and PAR2 were
observed to interact in FoxO6-Tg (Fig. 2C).

3.3. Deletion of FoxO6 suppresses various cytokines in the FoxO6-KO liver

FoxO6-KO mice were viable and exhibited significantly lower

fasting blood glucose levels than WT control mice. In the glucose tol-
erance tests, FoxO6-KO mice exhibited significantly improved blood
glucose profiles [17]. To determine the effect of FoxO6 depletion on
systemic inflammation, we measured cytokine levels. Significant dif-
ferences in pro-inflammatory cytokines levels were detectable between
FoxO6-KO and WT littermates (n= 6/group). We also measured PAR2
and insulin signaling by western blotting. PAR2, FoxO6, AP-1, and JNK
signaling were suppressed in the FoxO6-KO group (Fig. 3A). However,
IRS/Akt signaling increased in the FoxO6-KO liver. Fig. 3B shows qRT-
PCR results for the FoxO6-KO liver. FoxO6 had an enhanced stimula-
tory effect on cytokine expression. This effect was accompanied by
decreased mRNA levels of TNFα, IL-1β, and MCP-1 (Fig. 3B). However,
FoxO6 and PAR2 levels were also suppressed in FoxO6-KO mice. In
terms of glucose metabolism, FoxO6-KO suppressed the expression of
G6Pase and PEPCK, two key genes in gluconeogenesis (Supplementary
Fig. 2).

3.4. FoxO6-induced IL-1β regulates insulin signaling and inflammation
through PAR2 in HepG2 cells

We examined PAR2 expression in HepG2 cells exposed to FoxO6-
virus. Cells were treated with or without different concentrations of
FoxO6-carrying viruses (50–200 MOI). Treatment with 50–200 MOI of
FoxO6 increased the protein level of PAR2 (Supplementary Fig. 3).
Considering the decrease and increase in PAR2 protein levels in FoxO6
deficient and activated conditions, respectively, FoxO6 may regulate
PAR2 expression. To examine the hypothesis that FoxO6 targets the IL-
1β gene for transactivation, we investigated whether FoxO6 stimulated
IL-1β expression in HepG2 cells. FoxO6 bound to the IL-1β promoter, as
determined by luciferase assay (Fig. 4A) and a chromatin im-
munoprecipitation assay (Fig. 4B), performed in HepG2 cells trans-
fected with empty and FoxO6-containing vectors. FoxO6 was associated
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extracts were prepared from the liver of FoxO6-Tg mice. Immunoprecipitated TF was determined to be physically associated with PAR2 by Western blotting.
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with IL-1β promoter DNA in cells transfected with FoxO6 and exhibited
a stimulatory effect on IL-1β expression compared with the empty
vector in HepG2 cells. Constitutively active FoxO6-CA treatment sig-
nificantly increased the phosphorylation of c-Jun, a major component
of the pro-inflammatory transcription factor AP-1 in the nucleus of the
liver cells, indicating that AP-1 may be activated by FoxO6 (Fig. 4C).

In addition, cells treated with FoxO6-CA showed increased the
protein levels of TF, PAR2, and IL-1β and elevated the phosphorylation
of ERK and JNK proteins (Fig. 4D). This effect was accompanied by
increased mRNA levels of FoxO6, IL-1β, G6Pase, and PEPCK (Fig. 4E).

3.5. Deletion of PAR2 suppresses insulin resistance and inflammation in
vitro/in vivo

We examined PAR2 expression in HepG2 cells exposed to PAR2-
siRNA. PAR2 knockdown was induced 24 h after PAR2-siRNA treatment
at 25 nM. To further illustrate the importance of FoxO6 in inflamma-
tion, we used a siRNA-mediated gene approach to knock down FoxO6
expression in HepG2 cells, which was performed by treating the cells
with PAR2-siRNA. Levels of AP-1 gene expression increased with FoxO6
expression but were reduced when cells were treated with PAR2-siRNA
(Fig. 5A). We examined the ability of FoxO6 to stimulate pro-in-
flammatory AP-1 expression in HepG2 cells. FoxO6 activates MAPKs
and AP-1. We found that FoxO6-mediated induction of IL-1β, PAR2,
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Fig. 3. Deletion of FoxO6 suppresses various cytokines. (A) FoxO6, p-c-Jun, c-Jun, PAR2, p-IRS (S307), p-IRS (T632), IRS, p-Akt, Akt, p-JNK1/2, and JNK1/2 levels
were assessed using nuclear and cytosolic proteins from FoxO6-KO mice. TFIIB was the loading control of the nuclear fraction. β-actin was the loading control of the
cytosolic fractions. Results are representative of three independent experiments. Bars in densitometry data represent means ± SE, and significance was determined
using an unpaired t-test: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Ntg. (B) FoxO6, TNFα, IL-6, IL-1β, MCP-1, and PAR2 mRNA. Real-time PCR analyses were
performed to determine mRNA levels in liver tissues of FoxO6-knockout mice. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. wt.
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and p-ERK was reduced by treatment with PAR2-siRNA. However,
FoxO6 treatment also increased serine phosphorylation of insulin re-
ceptor substrate-1 (IRS-1) and thus increased tyrosine phosphorylation
of IRS-1 and phosphorylation of JNK. These effects were reversed in
cells treated with PAR2-siRNA (Fig. 5B). To determine whether PAR2
plays a role in linking insulin resistance to aberrant cytokine expression

in vivo, we studied insulin signaling and cytokine expression in PAR2-
KO mice. PAR2, FoxO6, AP-1, and JNK signaling were suppressed in
PAR2-KO mice. However, IRS/Akt signaling increased in the PAR2-KO
liver (Fig. 5C).

Fig. 4. FoxO6-induced IL-1β regulates insulin signaling and inflammation. (A) Effect of wild-type FoxO6 on the activity of the IL-1β promoter. HepG2 cells in 48-well
microplates were transduced with AdV-FoxO6, or control AdV-null vectors at a fixed dose (MOI, 100 pfu/cell), followed by transfection with 0.5 μg of pCDNA in the
culture medium. Results are presented in relative luminescence units (RLU). Results were obtained using one-factor ANOVA: ###p < 0.001 vs. blank; ∗∗∗p < 0.001
vs. IL-1β treated cells. (B) FoxO6 bound to the IL-1β promoter in HepG2 cells transfected with the FoxO6 vector (100 MOI). After incubation for 24 h, the cells were
subjected to a chromatin immunoprecipitation (ChIP) assay using rabbit pre-immune IgG (lanes 1, 2), or anti-FoxO6 antibody (lanes 3, 4). The immunoprecipitates
were subjected to PCR using the IL-1β promoter. (C) Western blot was used to detect FoxO6, p-c-Jun, c-Jun in liver nuclei; TFIIB levels were used as loading controls.
Bars in densitometry data represent means ± SE, and significance was determined using an unpaired t-test: #p < 0.05, ##p < 0.01 vs. Ntg. (D) Western blot was
used to detect TF, PAR2, IL-1β, p-ERK, ERK, p-JNK1/2, and JNK1/2 in liver tissues; β-actin levels were used as loading controls. Bars in densitometry data represent
means ± SE, and significance was determined using an unpaired t-test: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Ntg. (E) The expression of relevant genes
(FoxO6, IL-1β, G6Pase, and PEPCK) was analyzed by qPCR. The results were normalized with respect to actin levels. ∗p < 0.05, ∗∗p < 0.01 vs. Normal.
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3.6. IL-1β induces insulin resistance via the PAR2 pathway in HepG2 cells

We examined PAR2 expression in HepG2 cells exposed to IL-1β.
Cells were treated with or without different concentrations (1–50 ng/ml

of IL-1β). Treatment with IL-1β at 10 ng/ml induced PAR2 expression
(Supplementary Fig. 4). To further illustrate the importance of cytokine
IL-1β, we used the siRNA-mediated gene approach to knock down PAR2
expression in HepG2 cells, by treating the cells with PAR2-siRNA

Fig. 5. FoxO6 induced inflammation through PAR2 in HepG2 cells and PAR2-KO mice. (A) Cells transfected with the FoxO6 vector (100 MOI), pre-incubated with
PAR2-siRNA (25 nM) for 24 h were subjected to qRT-PCR analysis using actin as a control. FoxO6, PAR2, IL-1β, TF, and AP-1 mRNA levels were assessed. The results
were normalized with respect to actin levels. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Normal; ∗p < 0.05, ∗∗p < 0.01 vs. FoxO6 treated group. (B) HepG2 cells
were transiently transfected pre-incubated with PAR2-siRNA (25 nM) for 24 h with or without FoxO6 (100 MOI). Cells were analyzed by Western blotting using
FoxO6, IL-1β, PAR2, p-ERK1/2, ERK1/2, AP-1 (c-Jun), PEPCK, p-JNK1/2, JNK1/2, p-IRS (S307), p-IRS (T632), IRS, p-Akt, Akt, and β-actin antibodies. Bars in
densitometry data represent means ± SE, and significance was determined using an unpaired t-test: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Normal;
∗∗p < 0.01, ∗∗∗p < 0.001 vs. FoxO6 treated cells. (C) FoxO6, p-c-Jun, c-Jun, PAR2, p-IRS (S307), p-IRS (T632), IRS, p-Akt, Akt, p-JNK1/2, and JNK1/2 levels were
assessed using nuclear and cytosolic proteins isolated from the liver samples of PAR2-KO mice. TFIIB was the loading control of the nuclear fraction. β-actin was the
loading control of the cytosolic fractions. Results are representative of three independent experiments. Bars in densitometry data represent means (n=4) ± SE, and
significance was determined using an unpaired t-test: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. wt.
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Fig. 6. IL-1β induced insulin resistance via the PAR2 pathway. (A) HepG2 cells were grown to 80% confluence in 100-mm dishes in DMEM medium, pre-treated (1
day) with or without PAR2-siRNA (25 nM), and then stimulated with IL-1β (10 ng/ml) and analyzed by Western blotting using antibodies. Bars in densitometry data
represent means ± SE, and significance was determined using an unpaired t-test: ##p < 0.01, ###p < 0.001 vs. Normal; ∗∗p < 0.01, ∗∗∗p < 0.001 vs. IL-1β
treated cells. (B) Gluconeogenesis genes (G6P and PEPCK) were subjected to real-time qRT-PCR analysis. Results of one factor ANOVA: ##p < 0.01, ###p < 0.001
vs. Normal; ∗∗p < 0.01, ∗∗∗p < 0.001 vs. IL-1β-treated group. (C) HepG2 cells were transiently transfected pre-incubated with PAR2-siRNA (25 nM) for 24 h with or
without IL-1β (10 ng/ml). Cells were analyzed by Western blotting using p-JNK1/2, JNK1/2, p-IRS (S307), p-IRS (T632), IRS, p-Akt, and Akt antibodies. Bars in
densitometry data represent means ± SE, and significance was determined using an unpaired t-test: ##p < 0.01, ###p < 0.001 vs. Normal; ∗∗p < 0.01,
∗∗∗p < 0.001 vs. IL-1β treated cells. (D) HepG2 cells were transiently transfected with PAR2-siRNA or control siRNA for 24 h using lipofectamine 2000 and then
stimulated with IL-1β (10 ng/ml) for 24 h. The cells were stained with anti-FoxO6 and FITC goat anti-Rabbit IgG.
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followed by IL-1β treatment at 10 ng/ml.
As shown in Fig. 6A, IL-1β enhanced ERK phosphorylation and re-

duced phosphorylated ERK levels in PAR2-siRNA-treated HepG2 cells.
It also reduced PAR2 and p65 levels in PAR2-siRNA transduced cells
(Fig. 6A). Therefore, we examined the ability of IL-1β to stimulate
gluconeogenesis-related genes, including G6Pase and PEPCK, in HepG2
cells. IL-1β-induced G6Pase and PEPCK levels were reduced by PAR2-
siRNA (Fig. 6B). However, IL-1β treatment also increased serine phos-
phorylation of the insulin receptor substrate-1 (IRS-1) and thus de-
creased tyrosine phosphorylation of IRS-1. In addition, IL-1β elevated
the phosphorylation of JNK, which has been known to phosphorylate
the serine residue of IRS-1. Thus, we assume that IL-1β-mediated JNK
phosphorylation contributes to the impaired insulin signaling in HepG2
cells. These effects were reversed in PAR2-siRNA groups treated with
IL-1β (Fig. 6C). As shown in Fig. 5A and B, FoxO6-CA-induced mRNA
and protein expression of IL-1β and PAR2, but PAR2-siRNA treatment
did not affect the protein level of IL-1β. As shown in Fig. 6D, we also
investigated whether IL-1β treatment induced FoxO6 expression in the
absence or presence of PAR2. As a result, IL-1β induced FoxO6 ex-
pression, and down-regulation of PAR2 inhibited the IL-1β-mediated
induction of FoxO6.

3.7. Impacts of aging on insulin resistance and cytokine production

Insulin resistance was significantly unregulated, correlating with
the pathogenesis of fasting hyperglycemia in the aging process.
Aberrant pro-inflammatory cytokine production is intertwined with
insulin resistance in obesity and T2D. To better understand the re-
lationship between the molecular basis of the pro-inflammatory cyto-
kine production and insulin resistance, we determined the relationship
between insulin resistance and hepatic cytokine production using 6-
and 24-month-old male Fischer 344 rats. As shown in Fig. 7, hyper-
insulinemia developed with aging, culminating in significantly elevated
fasting glucose (Fig. 7A) and insulin levels (Fig. 7B), as opposed to age/
sex-matched control littermates. However, aging resulted in a sig-
nificant increase in IL-1β and IL-6 production, without alterations in the
production of other cytokines such as TNFα, leading to age-related
inflammation. These data showed the importance of aging in regulating
cytokine production and inflammation in vivo (Fig. 7C–E).

Aging was accompanied by increased expression of PEPCK and
G6Pase, two key genes in gluconeogenesis (Fig. 7F). Hepatic CXCL5, IL-
6, MCP-1, and IL-1β mRNA levels were also increased in aging
(Fig. 7G). No difference was found in TNFα mRNA levels in old com-
pared with the young liver. These data indicated the importance of
aging in regulating cytokine production in vivo. To identify the cells in
which inflammation markers accumulated, liver sections were stained
with an antibody against CD-68. Immunofluorescence assays showed
that the macrophage marker CD-68 localized to the liver (Fig. 7H),
indicating that inflammation is activated in the liver via macrophage
recruitment.

To determine whether aging plays a role in linking inflammation to
aberrant IL-1β expression, we studied the expression of genes related to
inflammation and IL-1β in the aging liver. Aging was accompanied by
increased expression of TF and PAR2 mRNA (Fig. 7I). However, hepatic
PAR2, JNK, AP-1, and FoxO6 levels were also increased in the aging
group (Fig. 7J). We measured the relationship of IRS/Akt pathway to
insulin resistance signaling. This result showed that phosphorylated-IRS
and phosphorylated-Akt levels increased in aging (Fig. 7K) compared
with young groups. Levels of COX-2 and iNOS mRNA, two key enzymes
in inflammation, were increased compared with the aging group
(Fig. 7L).

3.8. Inflammation and insulin resistance are induced through TF/PAR2
signaling in T2D

To determine whether a role in linking the insulin resistance to

aberrant cytokine expression, we studied insulin resistance and cyto-
kine expression in db/db mice. Insulin resistance models showed sig-
nificantly increased expression of FoxO6, TF, and PAR2. Also, T2D was
accompanied by increased expression of PEPCK and G6Pase, two key
genes in gluconeogenesis. However, this effect was accompanied by
increased expression of TNFα, IL-6, IL-1β, and MCP-1 (Fig. 8A) in db/
db. We also investigated TF/PAR2 and insulin signaling by western
blotting. TF, PAR2, FoxO6, AP-1, and JNK signaling were increased in
db/db (Fig. 8B). Furthermore, IRS/Akt signaling was suppressed in the
db/db liver (Fig. 8C).

4. Discussion

In the present study, we show evidence that the FoxO6 transcription
factor independently mediates hepatic inflammation and insulin re-
sistance through PAR2 expression. The merit and significance of our
investigation is the identification of cross-talk between FoxO6 and
PAR2. To date, little is known about the regulation of PAR2 by FoxO6.
Here, we were able to show that liver IL-1β expression is regulated by
FoxO6, a key nuclear transcription factor that mediates TF and PAR2
expression as depicted in Fig. 4. Furthermore, we validated that insulin
resistance and inflammation are suppressed in PAR2-KO mice as shown
in Fig. 5, revealing the crucial role of TF/PAR2 signaling in hepatic
metabolic abnormalities associated with aging and obesity.

PAR2 activation in adipose macrophages induces M1 polarization
and increases proinflammatory mediators [7]. However, many pro-
teases signal through PAR2, and the role of PAR2 activation by each
protease in inflammation, metabolism, and obesity remain poorly un-
derstood. Previously reported PAR2 antagonists are not selective, po-
tent, bioavailable, or effective against protease-activated PAR2, and
thus, have not been used for inhibiting PAR2-mediated disease [18,19].
However, PAR2 activation in macrophages and adipocytes suppresses
Akt signaling, as well as the expression of downstream metabolic genes,
resulting in insulin resistance and obesity [20].

Lim et al. [21] reported that palmitic and other fatty acids can up-
regulate the expression of PAR2 mRNA, and augment PAR2-activated
secretion of the proinflammatory cytokines IL-1β and IL-6 in HMDMs,
supporting that PAR2 is an important regulator of metabolic home-
ostasis and inflammatory pathways. However, Su et al. [4] reported on
the molecular basis of the link between insulin resistance and induction
of pro-inflammatory cytokines. It follows that in insulin-resistant states,
loss of insulin inhibition by FoxO1 activity consequently results in
unrestrained IL-1β expression in activated macrophages.

In addition, FoxO6 establishes an association between abnormal
production of the pro-inflammatory cytokine IL-1β and the pathogen-
esis of insulin resistance through the PAR2 pathway in liver cells.
Furthermore, hematopoietic TF/PAR2 signaling plays a pivotal role in
the hepatic inflammatory response and insulin resistance that conse-
quently lead to systemic insulin resistance and T2D in obesity [22].
Obesity and aging are multifaceted disorders involving complex cross-
talk between metabolic and immune systems. These systems involve
proteases that contribute to nutrient sensing, protein degradation, and
metabolism, recruitment of immune cells to sites of inflammatory and
metabolic stress, and damaged cells [23]. These observations suggest
that TF/PAR2 signaling plays a role in hepatic inflammation and insulin
resistance in gain- and loss-FoxO6 mice.

On the other hand, our data show that PAR2 knockdown amelio-
rated inflammation by inhibiting the ERK and JNK pathways in the liver
by reducing macrophage infiltration and ameliorating insulin resistance
(Fig. 6). However, PAR2 induced inflammation via the ERK/JNK
pathway in aging models (Fig. 7). Among the various roles of MAPKs,
ERK and JNK are reported to be involved in proliferation [24] and
inflammation [25] of endothelial cells. In the downstream signaling
pathway of ERK and JNK, some subunits of AP-1 are activated in re-
sponse to ERK and JNK, and these include c-Fos, c-Jun, ATF, and JDP.
The ERK and JNK pathways (with the involvement of AP-1) play an
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Fig. 7. Aging-induced insulin resistance and expression of pro-inflammatory genes through TF/PAR2 signaling. To test the relationship among aging, insulin re-
sistance, and the expression of pro-inflammatory genes, 6- and 24-month-old male Fischer 344 rats were used. (A) Glucose level (B) Insulin level in serum of aged
models. Cytokine levels of (C) IL-1β (D) IL-6 (E) TNFα in serum using ELISA assay. The results shown are representative of three experiments. The data are expressed
as a mean ± SEM (n=6). ##p < 0.01, ###p < 0.001 vs. Young. (F) G6Pase and PEPCK mRNA (G) CXCL5, IL-6, TNFα, MCP-1, and IL-1β mRNA. Real-time PCR
analyses were performed to determine mRNA levels in liver tissues of young (6 months) and old (24 months) rats. The results shown are representative of three
experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Young. (H) Representative macrophage recruitment immunohistochemistry. Liver sections were stained
with a specific antibody against the macrophage marker, CD68. (I) mRNA levels of TF and PAR2 genes. ##p < 0.01, ###p < 0.001 vs. Young. Western blot analyses
of liver nuclear and cytosolic (J) PAR2, p-JNK1/2, JNK1/2, p-FoxO6, FoxO6, p-c-Jun, c-Jun (K) p-IRS1 (S307), p-IRS (T632), IRS, p-Akt, and total-Akt levels were
performed using nuclear and cytosolic proteins from aged rats. Results are representative of three independent experiments. TFIIB was the loading control of the
nuclear fraction. β-actin was the loading control of the cytosolic fractions. Bars in densitometry data represent means ± SE, and significance was determined using
an unpaired t-test: ##p < 0.01, ###p < 0.001 vs. Young. (L) COX-2 and iNOS mRNA levels of pro-inflammatory genes. The data are expressed as the mean ± SEM.
##p < 0.01 vs. Young.
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Fig. 8. Obesity-induced inflammation and insulin resistance through TF/PAR2 signaling. (A) TNFα, IL-6, IL-1β, MCP-1, G6Pase, PEPCK, FoxO6, TF, and PAR2 mRNA.
Real-time PCR analyses were performed to determine mRNA levels in liver tissues of db/db mice (n= 4 in each group). The results shown are representative of three
experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. db+. (B) TF, PAR2, p-JNK1/2, JNK1/2, p-FoxO6, FoxO6, p-c-Jun, and c-Jun levels were assessed using
nuclear and cytosolic proteins from db/db mice. TFIIB was the loading control of the nuclear fraction. β-actin was the loading control of the cytosolic fractions.
Results are representative of three independent experiments. Bars in densitometry data represent means ± SE, and significance was determined using an unpaired t-
test: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. db+. (C) p-IRS (S307), p-IRS (T632), IRS, p-Akt, and total-Akt levels were assessed using cytosolic proteins from db/
db mice. β-actin was the loading control of the cytosolic fractions. Results are representative of three independent experiments. Bars in densitometry data represent
means ± SE, and significance was determined using an unpaired t-test: ##p < 0.01 vs. db+. (D) A possible mechanism underlying the effect of FoxO6 on PAR2
signaling in aging. PAR2, protease-activated receptor 2; FoxO6, Forkhead transcription factor O6. Figure out: 1, FoxO6 induced IL-1β; 2, secreted IL-1β mediated
tissue factor; 3, Tissue factor activated PAR2; 4, PAR2 induced ERK and JNK, and inhibited Akt level; 5, JNK induced phosphorylation of Ser-IRS; 6, Phosphorylated
IRS inhibited Akt; 7, Activated ERK and JNK induced inflammation by AP-1, dephosphorylation of Akt mediated insulin resistance through FoxO6 activation.
However, activation of FoxO6 induced IL-1β again.
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essential role in pro-inflammatory cytokine production [26], and in-
duction of enzymes such as COX-2 [27]. Hepatic inflammation induced
by local immune cells is linked to pathways that lead to hepatic insulin
resistance in response to obesity [28,29]. The link between insulin re-
sistance and an inflammatory pathological state in the obese liver fur-
ther induces and recruits macrophage cells [22]. To date, neither the
inflammatory response in the obese liver with respect to macrophages
and other immune cells nor the signaling pathways that activate pro-
inflammatory responses are well characterized.

We previously reported [30] that aged rats showed higher insulin
resistance and IL-1β levels in the liver than young rats, and in the
present study, we further examined the TF/PAR2 response in diabetic
mice and aged rats. We found that the increase in PAR2 levels in re-
sponse to FoxO6 was greater in obese and aged rat livers and that in-
flammation and FoxO6-induced increases in IL-1β levels were higher in
obese and aged rat livers. These results are important because PAR2 is
involved in the upregulation of inflammation and insulin resistance.
These observations suggest that TF/PAR2-mediated insulin resistance
and inflammation of the liver and hepatocytes have significant phy-
siological and pathological roles in diabetes and aging models.

Uncontrolled gluconeogenesis is one of the hallmarks of the liver
with insulin resistance. We also found that the highly increased mRNA
levels of PEPCK and G6Pase in the liver samples of old rats and obese
mice that exhibited hepatic insulin resistance (Figs. 7I and 8A). How-
ever, it is not fully understood how these gluconeogenesis genes are
regulated under the insulin resistant condition. Our study showed that
FoxO6/IL-1β/PAR2 axis may be involved in this process. In both old
rats and obese mice, the protein levels of FoxO6 and PAR2 were ele-
vated with the increase in the mRNA levels of IL-1β in the liver. In vitro
studies using HepG2 cells indicate that FoxO6 is able to bind to the
promoter of IL-1β and stimulate its transcription (Fig. 4A, B, and E).
Furthermore, IL-1β treatment elevated the protein levels of PAR2 with
the significant increase in the mRNA levels of G6Pase and PEPCK,
whereas PAR2-siRNA treatment abolished the IL-1β-mediated upregu-
lation of gluconeogenesis genes (Fig. 6A and B). However, PAR2-siRNA
treatment had no effect on the mRNA and protein levels of IL-1β in-
duced by FoxO6, indicating that IL-1βmay not be downstream of PAR2.
Based on these data, we think that the FoxO6-mediated IL-1β induction
is important for PAR2 activation followed by the induction of gluco-
neogenesis genes in insulin-resistant state. The present study aimed to
elucidate the mechanisms underlying the role of FoxO6 in TF/PAR2
signaling under potent pro-inflammatory conditions induced by IL-1β,
leading to insulin resistance (Fig. 8D). Furthermore, we present evi-
dence showing that TF/PAR2-mediated inflammation and insulin re-
sistance in aging and obesity is derived from activation of the pro-in-
flammatory transcription factor AP-1 via the ERK and JNK pathways in
the FoxO6-KO and PAR2-KO mouse liver, and HepG2 cells.

In conclusion, this study delineated that FoxO6-induced IL-1β plays
a pivotal role in the inflammatory response and hepatic insulin re-
sistance by inducing infiltration of macrophages via activation of the
TF/PAR2 pathway in murine models of type 2 diabetes and aging. A
better understanding of the novel mechanism of PAR2 in diabetes and
aging should promote the further development of therapeutic inter-
ventions against diabetes and aging.
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