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Background: Hepatic steatosis, which involves the excessive accumulation of lipid droplets in hepatocytes, presents a significant
global health concern due to its association with obesity and metabolic disorders. Inflammation plays a crucial role in the progres-
sion of hepatic steatosis; however, the precise molecular mechanisms responsible for this process remain unknown.

Methods: This study investigated the involvement of the nucleotide-binding oligomerization domain-like receptor pyrin domain-con-
taining-3 (NLRP3) inflammasome and the forkhead box O6 (FoxO6) transcription factor in the pathogenesis of hepatic steatosis. We
monitored the NLRP3 inflammasome and lipogenesis in mice overexpressing the constitutively active (CA)-FoxO6 allele and FoxO6-
null mice. In an in vitro study, we administered palmitate to liver cells overexpressing CA-FoxO6 and measured changes in lipid me-
tabolism.

Results: We administered palmitate treatment to clarify the mechanisms through which FoxO6 activates cytokine interleukin (IL)-1p
through the NLRP3 inflammasome. The initial experiments revealed that dephosphorylation led to palmitate-induced FoxO6 transcrip-
tional activity. Further palmitate experiments showed increased expression of IL-1f and the hepatic NLRP3 inflammasome complex,
including adaptor protein apoptotic speck protein containing a caspase recruitment domain (ASC) and pro-caspase-1. Furthermore,
thioredoxin-interacting protein (TXNIP), a key regulator of cellular redox conditions upstream of the NLRP3 inflammasome, was in-
duced by FoxO6 in the liver and HepG2 cells.

Conclusion: The findings of this study shed light on the molecular mechanisms underpinning the FoxO6-NLRP3 inflammasome
axis in promoting inflammation and lipid accumulation in the liver.
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INTRODUCTION

Forkhead box O (FoxO) transcription factors regulate the target
genes of cellular metabolic pathways and play an important role
in the oxidative stress response, cell death, and cell cycle [1,2].
FoxO is involved in modulating the expression of genes in-
volved in combating insulin resistance, and molecular modifica-
tions of FoxO, including ubiquitination, methylation, acetyla-
tion, and phosphorylation, play a role in those processes. For in-
stance, FoxO is phosphorylated by protein kinase B (also
known as Akt) in response to insulin and several other growth
factors, which allows it to be translocated to the cytoplasm from
the nucleus [2-4]. Lower levels of growth factor signaling acti-
vate FoxO, since FoxO stops being inhibited by Akt, while
FoxO is activated through the c-Jun N terminal kinase pathway
in the presence of elevated intracellular levels of reactive oxy-
gen species and certain fatty acids (palmitate) [5,6].

Insulin resistance and low-grade inflammation constitute two
key components that function interdependently in type 2 diabe-
tes and obesity. In the former condition, peripheral tissues ex-
hibit a significantly diminished response to normal plasma insu-
lin levels, whereas in the latter condition, proinflammatory cy-
tokines are produced at markedly elevated levels. The causal re-
lationship between chronic low-grade inflammation and the de-
velopment of insulin resistance has yet to be definitively estab-
lished, but the association between these two pathological traits
implies a crosstalk mechanism in which the abnormal produc-
tion of inflammatory cytokines is linked to the onset of insulin
resistance in obese individuals and, eventually, type 2 diabetes
[7,8]. Recent studies have reported that FoxO1 mediates the im-
pact of insulin on the expression of target genes in peripheral
cells [2,3,9]. However, selectively inhibiting the activity of
FoxO6, another member of the FoxO family, in the liver of in-
sulin-resistant mice improved lipid metabolism via the suppres-
sion of both hepatic lipogenesis and the excessive production of
very low-density lipoprotein assembled from triglycerides. In
contrast, the activation of FoxO6 was linked to metabolic disor-
ders such as hepatic steatosis, hyperlipidemia, and insulin resis-
tance [10]. FoxO inhibition has been found to efficiently curb
excessive hepatic glucose production and improve glycemic
control in diabetes [11]. We aimed to investigate this relation-
ship because the mechanisms linking inflammation to insulin
resistance are not understood completely. In addition, previous
research has shown that patients with type 2 diabetes and mice
that consumed a high-fat diet produced interleukin (IL)-1f after
obesity-induced “danger signals” prompted the activation of the
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nucleotide-binding oligomerization domain (NOD)-like recep-
tor pyrin domain-containing-3 (NLRP3) inflammasome [12].
Elevated serum levels of proinflammatory cytokines are inte-
grally involved in the pathogenesis of metabolic disorders, and
novel anti-inflammatory therapies have been suggested to treat
these conditions [13]. However, the specific inflammation-relat-
ed signaling pathways that give rise to the abovementioned
metabolic abnormalities have yet to be identified.

Under inflammatory conditions, several NOD-like receptors,
including NLRP3, the adaptor protein apoptotic speck protein
containing a caspase recruitment domain (ASC), and pro-cas-
pase-1, are recruited by certain pattern recognition proteins and
combine to form molecular platforms known as inflamma-
somes. Inflammasomes mediate the catalytic activation of cas-
pase-1, after which the proinflammatory cytokines IL-18 and
IL-1p are released [14]. IL-1p is a major inflammatory cytokine,
and research has suggested its involvement in metabolic disor-
ders such as diabetes [15]. Inflammatory stimuli, including both
endogenous danger-associated molecules and the products of
microbes, trigger the production of IL-1f, initially in its inactive
form (pro-IL-1p). The cleavage of pro-IL-1p into the bioactive
IL-1p is catalyzed by caspase-1, which in turn is activated from
pro-caspase-1 by the inflammasomes [16].

Thioredoxin-interacting protein (TXNIP) is the product of an
early response gene that shows a high level of induced expres-
sion under hyperglycemic conditions and diabetes [17,18].
Zhou et al. [19] found that TXNIP and vitamin D3 upregulated
protein 1 (VDUP1) were integrally involved in the activation of
caspase-1 in response to high glucose levels in murine B-cells
through direct interactions with the NLRP3 inflammasome. Nu-
merous cell types, including adipocytes, endothelial cells, pan-
creatic B-cells, and skeletal myocytes, express TXNIP, and
TXNIP functions as an endogenous inhibitor of thioredoxin, a
protein that scavenges reactive oxygen species [20,21]. The im-
pairment of thioredoxin activity by FoxO1 increased the expres-
sion of TXNIP-induced reactive oxygen species [22]. An in-
crease in VDUPI expression contributed to cellular senescence
establishment by FoxO3a at the transcriptional and post-tran-
scriptional levels [19]. Furthermore, individuals with type 2 dia-
betes demonstrated elevated TXNIP levels [21], and glucose-
6-phosphate induces TXNIP expression through an intracellular
transcriptional complex consisting of MondoA and Max-like
protein X [23]. However, the role of FoxO6 in the TXNIP-in-
duced activation of the NLRP3 inflammasome has yet to be
clearly established.

In this study, we documented the FoxO6 dephosphorylation

Copyright © 2024 Korean Endocrine Society



FoxO6 Regulates NLRP3 Inflammasome E n M

process in HepG2 cells and mouse liver, showing how FoxO6
and NLRP3 inflammasome activities change during inflamma-
tion, with potential implications for the pathogenesis of hepatic
steatosis.

METHODS

Animals

Male C57BL/6J mice aged 6 weeks were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA). The mice were kept
in sterile cages with a 12-hour light/dark cycle, and they received
standard rodent chow and water ad libitum. The C57BL/6J mice
were randomly allocated to two groups. In one group, the mice
received an intravenous injection (into the tail) of an adenoviral
vector containing the FoxO6 constitutively active allele (AdV-
Fox06-CA), which converted Ser184 to Alal84 in the FoxO6
polypeptide chain. The other group of mice received an intrave-
nous injection of an AdV-null vector into the tail. Both injections
involved a dose of 1.5X 10" plaque-forming units (pfu) per kilo-
gram of body weight. After a 2-week period following the AdV-
FoxO6-CA injection, mice were fasted for 24 hours before being
sacrificed. Venous blood samples were then obtained from their
tails to determine blood glucose levels, as previously described.

To generate homozygous knockout mice (Fox06-KO), FoxO6""
heterozygous mice received standard rodent chow or a high-fat
diet (fat content, 60 kcal%,; Research Diets Inc., New Bruns-
wick, NJ, USA), according to the group they were in, as well as
water ad libitum. The mice were kept in sterile cages with a 12-
hour light/dark cycle. We obtained livers from FoxO6-KO mice
from the University of Pittsburgh Medical Center (Pittsburgh,
PA, USA).

All experiments were approved and carried out in accordance
with the regulations of the Chosun University Care and Use Com-
mittee (CIACUC2022-A0022). All mice were housed at the Cho-
sun University Specific-Pathogen-Free (SPF) Animal Care Unit.

Cell culture system

HepG2 cells (human hepatocellular carcinoma) were obtained
from American Type Culture Collection (Manassas, VA, USA,
USA). The cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Nissui Co., Tokyo, Japan) supplemented with
0.25 pg/mL amphotericin B, 233.6 mg/mL glutamine, and 10%
heat-inactivated (56°C, 30 minutes) fetal bovine serum (Gibco,
Grand Island, NY, USA). The cells were maintained at 37°C in a
5% CO, humidified atmosphere.
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Materials

We obtained all chemical reagents from Sigma (St. Louis, MO,
USA), except as otherwise noted. The compound 2’,7’-dichlo-
rodihydrofluorescein was obtained from Molecular Probes Inc.
(Eugene, OR, USA). We obtained Western blotting detection re-
agents from Amersham (Bucks, UK); RNAzol B from TEL-
TEST Inc. (Friendwood, TX, USA); antibodies against TXNIP,
IL-1B, caspase-1, ASC, NLRP3, total-Akt, p-Akt, histone H1,
B-actin, and o-tubulin from Santa Cruz Biotechnology (Dallas,
TX, USA); antibodies against FoxO6 and p-FoxO6 (Ser184)
from Dr. HH Dong (University of Pittsburgh, Pittsburgh, PA,
USA); horseradish peroxidase-conjugated anti-rabbit immuno-
globulin G (IgG), and horseradish peroxidase-conjugated anti-
mouse IgG antibodies from Amersham; horseradish peroxidase-
conjugated anti-sheep/goat IgG from donkey from Serotec (Ox-
ford, UK); and polyvinylidene difluoride (PVDF) membranes
from Millipore Corporation (Billerica, MA, USA).

Nuclear extract preparation

Frozen mouse liver tissues (0.2 to 0.4 pg) were rinsed in phos-
phate-buffered saline (PBS) and then transferred to a Dounce
tissue grinder (Wheaton, DWK Life Sciences, Millville, NJ,
USA). Solution A (10 mM 4-(2-hydroxyethyl)-1-piperazine eth-
ane sulfonic acid [HEPES] at a pH of 7.9, with 0.5 mM phenyl-
methylsulfonyl fluoride [PMSF], 1 mM dithiothreitol [DTT],
0.1 mM ethylene glycol tetraacetic acid [EGTA], 0.1 mM ethyl-
ene glycol-bis(f-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
[EDTA], and 10 mM potassium chloride) was added at a con-
centration of 2.5 mL/g of tissue. The tissue was homogenized
into a liquid mass using five pestle strokes. Five additional
strokes were performed for homogenization after NP-40 (0.5%)
was added. We transferred the homogenates to Eppendorf tubes
and centrifuged them in a microcentrifuge (Beckman, Brea, CA,
USA) for 1 minute.

The supernatant predominantly contained content from the cy-
toplasm. The nuclear pellet was obtained by adding 400 pL of
solution C (20 mM HEPES at a pH of 7.9, with 0.4 M sodium
chloride [NaCl] and 1 mM of PMSF, DTT, EGTA, and EDTA).
After thorough stirring, the tubes were placed on a small rotatory
shaker for 15 minutes. The mixture was subsequently centri-
fuged in a microcentrifuge at 12,000 rpm for 3 minutes. The su-
pernatant, which contained nuclear proteins, was then carefully
removed and transferred to a fresh tube, followed by storage at
—80°C until Western blotting was performed. A bicinchoninic
acid assay (Sigma) was used to determine the protein content.
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Western blotting

Western blotting was performed as described elsewhere [24].
The homogenized samples were mixed with a gel-loading buf-
fer (125 mM Tris-Cl, 4% sodium dodecyl sulfate [SDS], 10%
2-mercaptoethanol at a pH of 6.8, 0.2% bromophenol blue) at a
1:1 ratio and boiled for 5 minutes. SDS-polyacrylamide gel elec-
trophoresis (PAGE) was performed to separate the total protein-
equivalents for each sample, following the description of Laem-
mli [25], and a semi-dry transfer system (15 V for 1 hour) was
used to transfer the proteins to a PVDF membrane. We immedi-
ately placed the membrane into a blocking buffer (1% non-fat
milk) with 10 mM Tris at a pH of 7.5, 100 mM NacCl, and 0.1%
Tween-20. Blocking was conducted at room temperature for 1
hour. Incubation of the membrane with a specific primary anti-
body was conducted at 25°C for 1 hour, followed by incubation
with a horseradish peroxidase-conjugated secondary antibody at
25°C for 1 hour. Enhanced chemiluminescence was used to de-
tect antibody labeling, following the manufacturer’s instructions.
Pre-stained protein markers were used to determine the molecu-
lar weight.

Immunoprecipitation of cell extracts

Cell extracts were immunoprecipitated in a buffer containing 40
mM Tris-HCI (pH 7.6), 120 mM NaCl, 20 mM NaF, 20 mM
B-glycerophosphate, 5 mM EDTA, 2 mM sodium orthovana-
date, 1 mM PMSEF, 0.1% NP40, leupeptin (2 pg/mL), pepstatin
A (1 pg/mL), and aprotinin (1 pg/mL). Aliquots of cell extracts
were centrifuged at 12,000 X g at 4°C for 15 minutes, incubated
overnight at 4°C with the corresponding antibody, and then in-
cubated overnight at 4°C with a 50% protein A-agarose slurry.
The immunoprecipitates were washed thrice with immunopre-
cipitation buffer, and the immunoprecipitated proteins were then
analyzed using SDS-PAGE and Western blotting, as described
above.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was used to investigate
the interactions between FoxO6 and the TXNIP promoter DNA.
HepG2 cells (2% 10° cells) were transfected with pGHI1 in the
presence of the FoxO6 vector at a multiplicity of infection
(MOI) of 100 pfu/cell in triplicate. After 24 hours of incubation,
a ChIP assay (Upstate Biotechnology, Lake Placid, NY, USA)
was performed using the anti-FoxO6 antibody. Immunoblot as-
says with the rabbit anti-FoxO6 antibody were used to analyze
the immunoprecipitates, and polymerase chain reaction (PCR)
was used to detect coimmunoprecipitated DNA by means of
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TXNIP promoter-specific primers (forward 5'-CACGCGCCA-
CAGCGATCTCACTGA-3", reverse 5'-AGATCCGATCTC-
CACAAGCACTCC-3") that flank the FoxO6 consensus site
(-3/-214 nt) within the human TXNIP promoter.

Small interfering RNA-mediated gene silencing

TXNIP was knocked down in HepG2 cells using scrambled or
TXNIP small interfering RNAs (siRNAs) purchased from IDT
(Coralville, IA, USA). Transfection was performed using the
Lipofectamine 2000 reagent (Invitrogen, Grand Island, NY,
USA). Cells were treated with scrambled or TXNIP-siRNA Li-
pofectamine complexes (20 nM) in Opti-MEM (Invitrogen)
without serum. Following 4 hours of incubation, we replaced
the transfection medium with fresh medium. This was followed
by another 48 hours of incubation. During this time, the cells
were treated with an adenoviral vector containing FoxO6 at the
indicated times.

Transfection and luciferase assay

IL-1P activity was estimated using an IL-1B-luciferase vector
(University of Pittsburgh) that contained a specific binding se-
quence for FoxO6. Transfection was performed using Lipo-
fectamine 2000 (Invitrogen). Briefly, 1xX10* cells/well were
seeded in 48-well plates. Once approximately 40% confluence
was achieved, the cells were treated with DNA/Lipofectamine
2000 complexes (1 pg/uL) in 500 pL of normal medium (with
10% serum) for 24 hours, then treated with adenovirus-FoxO6
(100 MOI), or adenovirus FoxO6-siRNA (100 MOI) at 24 hours
after transfection. Subsequently, palmitate (500 M) was added
for 8 hours. The cells were then washed with PBS and subjected
to the Steady-Glo Luciferase Assay System (Promega, Madi-
son, WI, USA). A luminometer was used to measure luciferase
activity (GENious, TECAN, Salzburg, Austria).

RNA isolation and real-time RT-PCR

RNA was isolated from liver cells (20 mg) and HepG2 cells (ap-
proximately 2 10° cells) using the RNeasy Mini Kit (QIAGEN,
Valencia, CA, USA). Real-time quantitative reverse-transcrip-
tion PCR (qRT-PCR) with SYBR Green was conducted to quan-
tify mRNA concentrations in a CFX Connect System (Bio-Rad
Laboratories Inc., Hercules, CA, USA). The primers are present-
ed in Supplemental Tables S1, S2. All primers were purchased
from Integrated DNA Technologies (Coralville, [A, USA).

Serum cytokine measurements
Cytokine levels were measured utilizing the Luminex multiplex
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analysis system (Millipore). Kits from Bioassay Systems (Hay-
ward, CA, USA) were used to analyze serum glucose levels. In-
sulin concentrations were measured using a specific kit (Shibay-
agi, Shibukawa, Japan).

Immunofluorescence

HepG2 cells were seeded at 1X10* cells/well in 12-well plates,
incubated for 24 hours, fixed in 4% paraformaldehyde solution
(15 minutes at room temperature), washed with PBS buffer,
blocked with 3% normal goat serum (Gibco), and immunos-
tained using rabbit anti-TXNIP antibody (1:1,000 dilution; San-
ta Cruz) at 4°C overnight. Next, we washed the cells with Tris-
buffered saline and incubated them for 3 hours in the presence
of anti-rabbit IgG labeled with Alexa Fluor 488 (1:200; Invitro-
gen). Immunostaining with Hoechst 33342 (1:1,000; Invitro-
gen) was conducted to visualize the cell nuclei, and TXNIP was
determined by confocal laser scanning microscopy (TCS SP2,
Leica, Wetzler, Germany).

Hepatic lipid content
Liver tissue samples (20 mg) underwent homogenization in 400
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puL of HPLC-grade acetone. After incubation overnight with ag-
itation at room temperature, 50 pL-aliquots of acetone-extracted
lipid suspensions were utilized to calculate triglyceride concen-
trations via the triglyceride kit (Bioassay Systems). Hepatic lip-
id content was expressed as milligrams of triglycerides per gram
of total liver proteins.

Histological analysis

Oil Red O staining was performed as described elsewhere to vi-
sualize lipid accumulation, with formazan-treated cells or fro-
zen tissues at an optimal cutting temperature.

Statistical analysis

One-way analysis of variance (ANOVA) was used to analyze
differences among the three or more groups. Differences in the
means of individual groups were assessed using the Bonferroni
post hoc test. The Student’s ¢ test was used to analyze the differ-
ences between two groups. Results are expressed as the mean+
standard error of the mean. P values <0.05 were considered to
indicate statistical significance.
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Fig. 1. Effects of forkhead box O6 (FoxO6) on cytokine production. Serum levels of pro-cytokines in mice injected with either constitutive-
ly active form of FoxO6 (FoxO6-CA) or null adenoviral vectors, assessed over a period of 13 days: enzyme-linked immunosorbent assay
(ELISA) of (A) interleukin (IL)-1B, (B) IL-6, (C) tumor necrosis factor o (TNF-a), and (D) IL-10 (n=5 in each group). Three experiments
were run for each protein, which yielded similar results; a single representative result is shown here for each protein. NS, not significant.
*P<0.01 vs. the results obtained using the empty adenovirus vector by paired ¢ test.
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Date availability statement

The datasets supporting the findings of the current study are
available from the corresponding author upon reasonable re-
quest.

RESULTS

FoxO6 and cytokine production in FoxO6-overexpressing
mouse liver

The production of proinflammatory cytokines is dysregulated in
obesity and type 2 diabetes. To elucidate the molecular under-
pinnings of this proinflammatory cytokine production, we in-
vestigated the impact of FoxO6 on hepatic cytokine production
in mice following injection with a viral vector encoding FoxO6.
As depicted in Fig. 1, administration of FoxO6 led to a signifi-
cant increase in circulating IL-1 without affecting the levels of
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other cytokines, such as tumor necrosis factor o, [L-6, or IL-10.
We verified that FoxO6 was active in the liver, as this transgenic
mouse model exhibited liver-specific expression of a constitu-
tively active form of FoxO6 (FoxO6-CA), with no detectable
expression in other tissues like adipose or muscle tissue (Sup-
plemental Fig. S1). These findings underscore the role of FoxO6
in the regulation of IL-1p in vivo (Fig. 1). Because FoxO6 is as-
sociated with abnormal levels of IL-1f, our study concentrated
on delineating the molecular mechanisms by which FoxO6 in-
creases IL-1p production.

FoxO6 activation regulates lipid accumulation and NLRP3
inflammasome in mouse liver

To investigate the potential role of FoxO6 in connecting the
NLRP3 inflammasome with abnormal IL-1[3 expression, we ex-
amined inflammasome and IL-1 expression in mice following
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Fig. 2. Forkhead box 06 (FoxO6) regulates nucleotide-binding oligomerization domain-like receptor pyrin domain-containing-3 (NLRP3)
inflammasome and lipid accumulation in the liver of mice injected with an adenoviral vector expressing FoxO6. (A) Western blotting was
used to detect FoxO6 in the nuclear extracts (20 pg of protein) of liver tissues. Bars in densitometry data represent mean+ standard error, and
significance was determined using the unpaired test non-trangenic (Ntg). (B) FoxO6 activated the NLRP3 inflammasome genes. Western
blotting was used to detect NLRP3, apoptotic speck protein containing a caspase recruitment domain (ASC), caspase-1, interleukin (IL)-1f,
and thioredoxin-interacting protein (TXNIP) in cytoplasmic extracts (20 pg of protein) from the liver. (C) Livers were stained with Oil Red
O to visualize lipid accumulation (bar=100 um). (D) Triglyceride levels in hepatic tissues. FoxO6-CA, constitutively active form of FoxO6.
*P<0.01 vs. non-transgenic (n=3 each); *P<0.001 vs. empty vector virus by paired 7 test.
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injection with a FoxO6-CA virus vector. Mice received intrave-
nous injections of either an AdV-FoxO6-CA or an AdV-null
vector, after which inflammasome expression levels were mea-
sured. Injection with FoxO6-CA was followed by a marked in-
crease in FoxO6 expression in the livers of the treated mice
(Fig. 2A). This increase was associated with elevated levels of
NLRP3, ASC, and caspase-1 (Fig. 2B), which are three critical

FoxO6 Regulates NLRP3 Inflammasome

components of the inflammasome complex. Additionally, he-
patic IL-1P and TXNIP expression were upregulated in the mice
treated with FoxO6 (Fig. 2B). Histological analysis using Oil
Red O staining also showed greater lipid accumulation in the
livers of the FoxO6-CA group compared to the control group
(Fig. 2C). In line with these findings, liver triglyceride levels
were significantly higher in the FoxO6-CA group (Fig. 2D).
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Fig. 3. Interaction between forkhead box O6 (FoxO6) and thioredoxin-interacting protein (TXNIP) induced interleukin (IL)-1f in palmitate-
treated HepG2 cells. HepG2 cells were treated with palmitate at various concentrations, and FoxO6 levels were determined by Western blot-
ting. Samples loaded on gels were probed with o-tubulin. (A) Levels of FoxO6 and IL-1f noticeably increased after treatment with 100 and
500 uM palmitate. (B) Effects of palmitate on IL-1f production. The conditioned medium from the experiment in (A) was used for the deter-
mination of IL-1f levels. (C) Western blotting showed that immunoprecipitated FoxO6 and TXNIP were physically associated with each other.
(D) Levels of phosphoinositide 3-kinase (PI3K), phosphorylated protein kinase B (p-Akt), and total-Akt were noticeably diminished after treat-
ment with 100 and 500 pM palmitate. (E) HepG2 cells were treated with palmitate (500 uM) for 24 hours. Cells were immunostained using
rabbit anti-TXNIP antibody followed by immunoglobulin G conjugated with fluorescein isothiocyanate (green) (bar=50 pm). (F) -Oxidation
and lipogenesis genes were subjected to real-time quantitative reverse-transcription polymerase chain reaction analysis. IP, immunoprecipita-
tion; IB, immunoblotting; PPARa, peroxisome proliferator-activated receptor alpha; ACO, acyl-coA oxidase; CPT, carnitine palmitoyltransfer-
ase; PPARy, peroxisome proliferator-activated receptor gamma; ACC, acetyl-coA carboxylase; FASN, fatty acid synthase. *P<0.05 and "P<
0.01 vs. normal by paired # test; ‘P<0.001 vs. vehicle by one-way analysis of variance (ANOVA) with Tukey’s post hoc test.
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Association of FoxO6 with TXNIP in palmitate-induced
lipid accumulation

To investigate the molecular events that lead to increased
FoxO6 expression in HepG2 cells in response to palmitate, we
assessed FoxO6 levels using Western blot analysis. Treatment
of HepG2 cells with palmitate at concentrations of 100 and 500
UM in serum-free media for 24 hours resulted in a significant
elevation of FoxO6 protein levels 24 hours post-treatment (Fig.
3A). Additionally, we explored the effect of palmitate on the cy-
tokine IL-1f (Fig. 3B). The concentration of IL-1f in the medi-
um significantly increased in a dose-dependent manner follow-
ing palmitate exposure. Similarly, exposing liver cells to high
glucose concentrations of 30 mM for durations ranging from 1
to 24 hours produced comparable effects (Supplemental Fig.
S2). Immunoprecipitation studies revealed a palmitate-induced
interaction between FoxO6 and TXNIP (Fig. 3C). Reduced
growth factor signaling leads to FoxO activation due to the loss
of Akt-mediated FoxO inhibition, which is also observed with
elevated levels of certain fatty acids, such as palmitate. In this
study, treatment of HepG2 cells with palmitate at concentrations
ranging from 100 to 500 uM for 24 hours resulted in a notable
decrease in p-Akt protein levels (Fig. 3D). Treatment with 500
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B ]
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Histone H1 ’ o

8 r Cellular TG
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uM palmitate led to a significant translocation of TXNIP to the
cytoplasm, as determined by immunostaining (Fig. 3E). This
was accompanied by increased mRNA expression of lipogene-
sis genes and decreased mRNA levels of B-oxidation genes, as
quantified by quantitative PCR (qPCR) (Fig. 3F).

Palmitate as a mediator of the FoxO6-induced NLRP3
inflammasome in HepG2 cells

The transcriptional activities of FoxO family proteins are known
to increase in response to reduced insulin levels [3]. To test the
hypothesis that FoxO6 activates the IL-1p gene, we investigated
the nuclear translocation of FoxO6 in HepG2 cells under in-
flammatory conditions. This was done by treating cells infected
with a FoxO6 virus with either 0 or 500 uM palmitate. As
shown in Fig. 4A, cells treated with 500 uM palmitate and
FoxO6 vectors showed a marked increase in FoxO6 expression.
Moreover, the activation of FoxO6 by palmitate in the presence
of FoxO6 vectors led to an upregulation of NLRP3 inflamma-
some gene expression (Fig. 4B). This upsurge in NLRP3 in-
flammasome levels further corroborates the observed increase
in triglyceride content in the FoxO6 and palmitate-treated
groups (Fig. 4C).
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Fig. 4. Palmitate-induced forkhead box O6 (FoxO6) regulated the nucleotide-binding oligomerization domain-like receptor pyrin domain-
containing-3 (NLRP3) inflammasome in HepG2 cells. (A) Phosphorylated FoxO6 (p-FoxO6) and total-FoxO6 expression in nuclear. (B) Cy-
tosolic levels of thioredoxin-interacting protein (TXNIP), caspase-1, and interleukin (IL)-1p noticeably increased in FoxO6-transfected (100
multiplicity of infection [MOI]) cells after treatment with 500 uM palmitate. (C) Triglyceride levels in liver cells. *P<0.01 vs. empty vector
virus; P<0.05 vs. FoxO6 virus by one-way analysis of variance (ANOVA) with Tukey’s post hoc test.
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IL-1p activation in response to TXNIP-FoxO6 binding

Hepatic oxidative stress is related to TXNIP, which inhibits
thioredoxin-1 and -2 in the cytosol and mitochondria, respec-
tively [26]. TXNIP has been identified as a promising therapeu-
tic target for conditions such as hepatic ischemia-reperfusion in-
jury [27], hyperglycemia [28], and acute liver failure. A recent

some activation [19]. Furthermore, the introduction of palmitate
has been shown to increase the expression of NLRP3 in cul-
tured hepatic stellate cells and hepatocytes [29].

To further explore the importance of FoxO6 in the inflamma-
some, we employed an siRNA-mediated gene expression ap-
proach to knock down TXNIP in HepG2 cells. This was

study found that TXNIP may link oxidative stress to inflamma-  achieved by treating the cells with TXNIP-siRNA. We observed
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Fig. 5. Forkhead box O6 (FoxO6)-induced thioredoxin-interacting protein (TXNIP) regulated the nucleotide-binding oligomerization do-
main-like receptor pyrin domain-containing-3 (NLRP3) inflammasome. (A) Pre-treated (1 day) with or without TXNIP-small interfering
RNA (siRNA; 20 nM), and then stimulated with FoxO6 (100 multiplicity of infection [MOI]) in cells, and analyzed by Western blotting. (B)
FoxO6 bound to the TXNIP promoter in HepG2 cells transfected with a vector containing FoxO6 (100 MOI) or FoxO6-siRNA (100 MOI).
After incubation for 24 hours, the cells were subjected to a chromatin immunoprecipitation (ChIP) assay using rabbit pre-immune immuno-
globulin G (lanes 1, 2) or anti-FoxO6 antibody (lanes 3—6). The immunoprecipitates were subjected to polymerase chain reaction using the
TXNIP promoter. (C) Effect of wild-type FoxO6 with or without TXNIP-siRNA (20 nM) on the activity of the interleukin (IL)-1 promoter.
HepQG2 cells in 48-well microplates were transduced with adenoviral vector (AdV)-FoxO6, TXNIP-siRNA (20 nM), or control AdV-null vec-
tors at a fixed dose (MOI, 100 pfu/cell), followed by transfection with 0.5 pg of pcDNA and IL-1f DNA in the culture medium. After incuba-
tion for 24 hours, the cells were harvested and treated with palmitate (500 pM); luciferase and p-galactosidase activities were determined 8
hours after palmitate treatment. The relative luciferase activity was calculated based on the IL-1B-luciferase/p-galactosidase activity ratio. The
data are expressed as mean=standard error of the mean. *P<0.001 vs. pcDNA treated cells; *P<0.01, °P<0.001 vs. IL-1p DNA treated cells
by one-way analysis of variance (ANOVA) with Tukey’s post hoc test.
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that levels of NLRP3 inflammasome genes increased with
FoxO6 expression but decreased upon treatment with TXNIP-
siRNA (Fig. 5A). Subsequently, we investigated FoxO6’s ability
to promote TXNIP expression in HepG2 cells. ChIP assays re-
vealed that FoxO6 was associated with binding to and activa-
tion of the TXNIP promoter (Fig. 5B). These assays were con-
ducted on HepG2 cells transduced with vectors either empty,
containing FoxO6, or containing TXNIP-siRNA. Specifically,
FoxO6 showed an association with the TXNIP promoter DNA
in cells transduced with FoxO6, an association not detected in
cells transduced with the empty vector. Conversely, FoxO6 did
not associate with the TXNIP promoter DNA in cells transduced

WT Fox06-KO

L

with FoxO6-siRNA (Fig. 5B). Additionally, TXNIP was found
to be associated with activity at the IL-1 promoter, as demon-
strated by IL-1p luciferase assays (Fig. 5C) in cells transduced
with the empty vector, the FoxO6-containing vector, and the
TXNIP-siRNA-containing vector. FoxO6 was associated with
the IL-1P promoter DNA in TXNIP-transfected cells, and this
association not observed in the empty-vector-transduced HepG2
cells.

Change in the NLRP3 inflammasome in FoxO6-KO liver

To investigate the role of FoxO6 in glucose metabolism, Cala-
buig-Navarro et al. [30] employed a breeding strategy to pro-
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Fig. 6. Changes in the nucleotide-binding oligomerization domain-like receptor pyrin domain-containing-3 (NLRP3) inflammasome in re-
sponse to forkhead box 06 (FoxO6) depletion. (A) Western blot was used to detect FoxO6, thioredoxin-interacting protein (TXNIP), NLRP3,
apoptotic speck protein containing a caspase recruitment domain (ASC), caspase-1, and interleukin (IL)-1p in liver tissues; B-actin levels were
used as loading controls. (B) The expression of relevant genes (FoxO®6, insulin receptor substrate 1 [IRS1], IRS2, and IL-1§) was analyzed by
quantitative polymerase chain reaction. The results were normalized with respect to actin levels. (C) Possible mechanism by which FoxO6 ac-
tivates the NLRP3 inflammasome in insulin resistance. WT, wild-type; KO, knockout; TG, triglyceride; p, phospho; Ser, serine; Tyr, tyrosine;

Akt, protein kinase B. *P<0.001 vs. WT by paired  test.
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duce mice with a homozygous KO of the FoxO6 gene. These
FoxO6-KO mice were viable and, when compared to wild-type
control mice, exhibited markedly lower fasting blood glucose
levels. Additionally, the FoxO6-KO mice demonstrated signifi-
cantly enhanced blood glucose profiles during glucose tolerance
tests.

To determine the impact of FoxO6 depletion on systemic in-
flammation, we measured the levels of the NLRP3 inflamma-
some. We observed significant differences in the levels of the
proinflammatory cytokine IL-1p between FoxO6 KO mice and
their wild-type littermates when fed a high-fat diet. Additional-
ly, we evaluated the NLRP3 inflammasome levels using West-
ern blot analysis. The results showed that NLRP3 inflamma-
some levels were lower in FoxO6-KO mice than in their wild-
type littermates (Fig. 6A). Interestingly, hepatic triglyceride lev-
els were also significantly lower in FoxO6-KO mice, as shown
in Fig. 6B. To further investigate the role of FoxO6, we studied
its ability to induce IL-1p expression in HepG2 cells. FoxO6
was found to be involved in the binding to and activation of the
IL-1P promoter. This was confirmed by an IL-1p luciferase as-
say conducted on cells transduced with either an empty vector, a
vector containing FoxO6, or a vector containing FoxO6-siRNA
(Supplemental Fig. S3). Our findings suggest that FoxO6 deple-
tion may lead to systemic inflammation in FoxO6-KO mice.

DISCUSSION

The primary contribution of our research is the novel identifica-
tion of an interaction between FoxO6 and TXNIP, indicating
that FoxO6 competes with its target genes. This finding is par-
ticularly intriguing because FoxO1, another FoxO family mem-
ber, has been previously identified as a differential regulator of
TXNIP expression in neurons [31] and in glucose-treated endo-
thelial cells [22]. However, the role of FoxO6 in TXNIP regula-
tion was not well understood until now. TXNIP has been recog-
nized as a FoxO target gene [32] and functions as a tumor sup-
pressor. Yamaguchi et al. [33] reported that the TXNIP-FoxO
axis was involved in cell cycle arrest. Our recent studies re-
vealed that FoxO6 was deregulated in the insulin-resistant liver,
leading to a significant increase in both mRNA and protein ex-
pression in hepatocytes from dietary obese mice and diabetic
db/db mice [11], which is associated with increased lipid me-
tabolism [34].

Recent reports have indicated that the expression of NLRP3
inflammasome-related genes is associated with insulin resis-
tance and obesity-induced impaired glucose tolerance [35]. Ad-

Copyright © 2024 Korean Endocrine Society

ditionally, activation of these genes has been observed in the he-
patocytes of mice [36]. The activation of the NLRP3 inflamma-
some is implicated in the pathophysiological processes leading
to visceral obesity and insulin resistance. Other recent studies
have demonstrated that NLRP3 knockout mice exhibit im-
proved insulin sensitivity, evidenced by increased phosphoryla-
tion of insulin receptor substrate-1 and Akt in the liver and mus-
cle [12,37]. Our findings support the notion that in the insulin-
resistant liver, FoxO6 activity is abnormally elevated.

One of our aims in the current study was to shed light on the
molecular interactions linking insulin resistance to the aberrant
production of the proinflammatory cytokine IL-1f in liver cells.
Our findings indicate that FoxO6 mediates the relationship be-
tween the abnormal production of proinflammatory cytokine
IL-1B and the development of insulin resistance in liver cells
(Fig. 3). Previous research has demonstrated that activation of
the phosphoinositide 3-kinase (PI3K)/Akt pathway can effec-
tively reduce palmitate-induced inflammatory cytokine produc-
tion; however, the underlying regulatory mechanism remains
uncharacterized [38,39]. In this study, we demonstrate that IL-
1B expression is regulated by FoxO6, a crucial nuclear tran-
scription factor that modulates the suppressive effects of insulin
on target gene expression. In the absence of insulin, FoxO6 is
localized in the nucleus, where it facilitates the expression of
target genes. Conversely, in the presence of insulin, FoxO6 un-
dergoes phosphorylation by Akt, leading to its exclusion from
the nucleus and contributing to the repression of target gene ex-
pression.

This phosphorylation-dependent protein trafficking mecha-
nism plays a major role in the ability of insulin to regulate the
transcriptional activity of FoxO6 in cells [2,3,9]. Despite the as-
sociation of insulin resistance with low-grade inflammation in
obesity and type 2 diabetes, the precise mechanism underlying
this association remains elusive. However, our data (Fig. 5B)
indicate that the binding of FoxO6 to the TXNIP promoter may
play a role in the relationship between insulin resistance and
low-grade inflammation. Our study is the first to show that in-
sulin resistance and palmitate can activate the TXNIP/NLRP3
inflammasome signaling pathway, which was associated with
the release of IL-1f in mouse liver cells and HepG2 cells. These
findings shed light on the cellular and molecular relationship
between FoxO6 and TXNIP, proposing a novel target for diabe-
tes treatment.

In conclusion, the binding of FoxO6 to TXNIP plays a signifi-
cant role in linking hepatic steatosis with NLRP3-induced pro-
duction of the proinflammatory cytokine IL-18, both in vivo and
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in vitro (Fig. 6C). Future research will concentrate on exploring
the potential applications of these findings in preventing diabe-
tes and its associated complications.
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