
Vol.:(0123456789)

Journal of Molecular Medicine 
https://doi.org/10.1007/s00109-024-02480-2

ORIGINAL ARTICLE

Endoplasmic reticulum stress induces hepatic steatosis 
through interaction between PPARα and FoxO6 in vivo and in vitro

Dae Hyun Kim1 

Received: 6 March 2024 / Revised: 12 August 2024 / Accepted: 19 August 2024 
© The Author(s) 2024

Abstract 
Endoplasmic reticulum (ER) stress is a major cause of hepatic steatosis through increasing de novo lipogenesis. Forkhead 
box O6 (FoxO6) is a transcription factor mediating insulin signaling to glucose and lipid metabolism. Therefore, dysregulated 
FoxO6 is involved in hepatic lipogenesis. This study elucidated the role of FoxO6 in ER stress–induced hepatic steatosis 
in vivo and in vitro. Hepatic ER stress responses and β-oxidation were monitored in mice overexpressed with constitutively 
active FoxO6 allele and FoxO6-null mice. For the in vitro study, liver cells overexpressing constitutively active FoxO6 and 
FoxO6-siRNA were treated with high glucose, and lipid metabolism alterations were measured. ER stress–induced FoxO6 
activation suppressed hepatic β-oxidation in vivo. The expression and transcriptional activity of peroxisome proliferator-
activated receptor α (PPARα) were significantly decreased in the constitutively active FoxO6 allele. Otherwise, inhibiting 
β-oxidation genes were reduced in the FoxO6-siRNA and FoxO6-KO mice. Our data showed that the FoxO6-induced hepatic 
lipid accumulation was negatively regulated by insulin signaling. High glucose treatment as a hyperglycemia condition 
caused the expression of ER stress–inducible genes, which was deteriorated by FoxO6 activation in liver cells. However, 
high glucose-mediated ER stress suppressed β-oxidation gene expression through interactions between PPARα and FoxO6 
corresponding to findings in the in vivo study—lipid catabolism is also regulated by FoxO6. Furthermore, insulin resist-
ance suppressed b-oxidation through the interaction between FoxO6 and PPARα promotes hepatic steatosis, which, due to 
hyperglycemia-induced ER stress, impairs insulin signaling.

Key messages 
Our original aims were to delineate the interrelation between the regulation of PPARα and the transcription factor FoxO6 
pathway in relation to lipid metabolism at molecular levels.

• Evidence on high glucose promoted FoxO6 activation 
induced lipid accumulation in liver cells.

• The effect of PPARα activation of the insulin signaling.

• FoxO6 plays a pivotal role in hepatic lipid accumulation 
through inactivation of PPARα in FoxO6-overexpression 
mice.
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Introduction

The global prevalence of obesity and associated metabolic 
diseases has significantly increased recently [1, 2]. Insulin 
resistance is a pathological condition in which cells fail to 
respond to normal insulin signals to store glucose in the tis-
sues. Owing to the reduced glucose uptake from tissues in 
response to insulin and the consequent increase in insulin 
secretion by pancreatic beta cells, hyperglycemia and hyper-
insulinemia occur in the body’s attempt to control glucose 
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homeostasis. Moreover, diabetics overproduce glucose and 
triglycerides, contributing to the twin abnormalities of this 
disease—hyperglycemia and hypertriglyceridemia [3]. How-
ever, how these actions of insulin are mediated and why 
they are inextricably linked to the pathogenesis of insulin 
resistance, the forerunner of type-2 diabetes, remain unclear. 
Endoplasmic reticulum (ER) stress also influences insulin 
resistance [4–7]. Nevertheless, the molecular mechanism by 
which ER stress–mediated Forkhead box O6 (FoxO6) can 
lead to hepatic steatosis needs further investigation.

FoxO transcription factors induce target genes involved 
in the regulation of cellular metabolic pathways. The FoxO 
subfamily of proteins, including FoxO1, FoxO3, FoxO4, 
and FoxO6, is characterized by a highly conserved, winged-
helix DNA-binding motif. Furthermore, FoxO proteins act 
as Akt substrates that mediate insulin’s inhibitory effect on 
key genes involved in cell survival, proliferation, differentia-
tion, oxidative stress, and metabolism in mammals [8]. For 
instance, the phosphorylation of FoxO by Akt, in response 
to insulin or other growth factors, allows FoxO to be trans-
located from the nucleus to the cytoplasm [8–10]. Sup-
pressed growth factor signaling activates FoxO due to the 
Akt-induced FoxO inhibition; certain elevated fatty acids, 
such as palmitate, activate FoxO via a distinct mechanism 
involving the c-Jun N-terminal kinase (JNK) pathway [11]. 
ER stress has been associated with the JNK pathway through 
IRE1-mediated activation of JNK signaling [12, 13]. JNK 
phosphorylates the insulin receptor substrate (IRS) proteins 
and limits the activation of phosphatidylinositol 3-kinase 
(PI3K)/Akt signaling in response to insulin.

Conversely, the function of FoxO6 in hepatic lipid metab-
olism and its possible contribution to hypertriglyceridemia 
in type 2 diabetes remain unclear. Although increased ER 
stress results in insulin resistance, the molecular mechanism 
by which ER stress causes aberrant insulin responses has 
not been completely elucidated. This study reports a similar 
mechanism for ER stress that acts via the protein kinases 
inositol-requiring enzyme 1 (IRE1) and PKR-like ER kinase 
(PERK), which override the insulin-mediated inhibition of 
FoxO6 activity. ER stress has been suggested to be a cru-
cial common factor in hepatic lipogenesis, liver-specific 
inflammation, and insulin resistance [14, 15]. ER stress also 
induces serine phosphorylation of IRS1 via the JNK path-
way, inhibits insulin response in cultured liver cells [13, 16], 
enhances lipogenesis, affects hepatic steatosis, and influ-
ences insulin resistance [17]. Nonetheless, these inferences 
were drawn from studies conducted in genetically obese or 
prolonged chronic high-fat feeding models [13, 18], which 
have not provided reasonable insights into the effect of ER 
stress on de novo lipogenesis or lipid influx. The unfolded 
protein response (UPR) is induced by the accumulation of 
unfolded protein aggregates or excessive protein trafficking 
[19, 20]. Arsenic can activate the UPR, initiated by IRE1, 

PERK, and ATF6 [21]. ATF4, ATF6, and XBP1 regulate the 
transcription of several genes, such as CHOP10—one of the 
genes highly expressed during ER stress [20]. However, C/
EBPβ initially induces the expression of peroxisome pro-
liferator-activated receptor γ (PPARγ) and C/EBPα, which 
then form a positive feedback loop by activating each other’s 
expression and contribute to the induction and maintenance 
of expression of adipocyte-specific genes [22, 23]. Emerg-
ing evidence has demonstrated that PPARs regulate various 
cellular processes, including senescence, metabolism, and 
inflammation. Therefore, there is a cause to investigate the 
potential relationship between ER stress–mediated FoxO6 
and other PPARα-related molecules in liver cells.

PPARs belong to the nuclear hormone receptor super-
family comprising ligand-modulated transcription factors. 
PPARs heterodimerize with retinoid X receptors (RXRs) 
and bind to PPAR response elements (PPRE) in the promoter 
region of specific target genes, regulating their transcrip-
tion. Currently, three PPAR subtypes—PPARα, PPARβ, 
and PPARγ—have been identified. Among them, PPARγ 
promotes adipogenesis, controls lipid accumulation in adi-
pocytes, and regulates the expression of adipocyte-secreted 
proteins and adipocytokines (leptin and adiponectin) to 
reduce lipotoxicity [24] and hepatic lipid metabolism 
[25, 26]. Kim et al. [27] reported that, in diabetic db/db 
mice, hepatic FoxO6 significantly induced hepatic PPARγ 
expression in insulin-resistant liver and hepatic lipogen-
esis and increased hepatic fat content. Accumulating evi-
dence indicates that PPARα activation also participates in 
the regulation of cell apoptosis besides lipid metabolism 
and inflammation in cardiovascular diseases. PPARα ago-
nist fenofibrate could prevent high glucose-induced apopto-
sis of VECs [28]. The apoptosis of vascular smooth muscle 
cells (VSMCs) induces the plaque vulnerability involved in 
cardiovascular diseases [29]. PPARα activation by agonists 
or overexpression of PPARα could regulate the apoptosis 
of VSMCs [30, 31]. Nevertheless, a molecular interaction 
between FoxO6 and PPARα in lipid accumulation by ER 
stress has not been reported. Alterations in lipid metabo-
lism have been implicated in various metabolic diseases 
[32]. PPARα is the key transcriptional factor that regulates 
intracellular lipids through direct transcriptional control of 
genes involved in peroxisomal and mitochondrial fatty acid 
oxidation pathways, fatty acid uptakes, and TG catabolism 
[33, 34]. Accumulating evidence supports a link between 
PPARα and metabolic diseases, including diabetes, obesity, 
dyslipidemia, and fatty liver [34].

PPARα expression is enriched in tissues with high fatty 
acid oxidation (FAO) rates, such as the liver, heart, skeletal 
muscle, brown adipose tissue, and kidneys, and is expressed 
in many tissues and cells, including the intestine, vascular 
endothelium, and smooth muscle and immune cells (e.g., 
monocytes, macrophages, and lymphocytes) [33]. PPARα is 
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a nutritional sensor that allows adaptation of the rates of fatty 
acid (FA) catabolism, lipogenesis, and ketone body synthe-
sis in response to feeding and starvation [35]. PPARα is a 
transcriptional regulator of genes involved in peroxisomal 
and mitochondrial β-oxidation, FA transport, and hepatic 
glucose production, the latter being rodent-specific [36]. 
PPARα ligands are FA derivatives formed during lipolysis, 
lipogenesis, or FA catabolism. Substrates of the first rate-
limiting peroxisomal β-oxidation enzyme, acyl-CoA oxidase 
1 (ACOX1), are likely PPARα agonists. Consistently, dis-
ruption of ACOX1 in mice results in increased peroxisome 
proliferation, hepatocarcinoma, and elevated PPARα target 
gene expression [37, 38]. The oxidized phospholipid fraction 
of oxidized low-density lipoprotein (LDL) enhances PPARα 
transcriptional activity and induces its target gene, FATP-
1, in human primary endothelial cells [39]. Liver-specific 
knockout of fatty acid synthase (FAS), an enzyme catalyz-
ing the synthesis of FA, resulted in hypoglycemia and liver 
steatosis when mice were fed a fat-depleted diet, which was 
reversed by dietary fat or a synthetic PPARα agonist, iden-
tifying products of FAS-dependent de novo lipogenesis as 
PPARα activators [40]. In rodents and primates, FA trans-
port across the mitochondrial membrane is triggered by 
PPRE-dependent regulation of CPT-I and CPT-II, in which 
proteins are localized in the outer and inner mitochondrial 
membrane, respectively.

This study investigated the role of FoxO6 in downregu-
lating PPARα expression through ER stress in the liver and 
liver cells to form a better understanding of the molecular 
mechanisms involved in hepatic lipogenesis.

Materials and methods

Materials

Except where noted otherwise, all chemical reagents were 
obtained from Sigma (St. Louis, MO, USA). Western blot-
ting detection reagents were obtained from Amersham 
(Bucks, UK), and RNAzol™ B was obtained from Tel-Test 
Inc. (Friendswood, TX, USA). Antibodies against α-tubulin 
(sc-5286), β-actin (sc-47778), TFIIB (sc-271736), p-Akt (sc-
101629), total-Akt (sc-1618), p-PERK (sc-32577), PERK 
(sc-13073), IRE (sc-390960), ATF6 (sc-22799), pS-IRS (sc-
33956), pT-IRS (sc-17196), and IRS (sc-559) were obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Antibodies against p-IRE (ab48187), PPARα (ab24509), 
CPT1α (ab128568), and ACOX1 (ab184032) were pur-
chased from Abcam (Cambridge, UK). Antibodies against 
FoxO6 and p-FoxO6 (Ser184) were obtained from Dr. Dong 
(University of Pittsburgh, Pittsburgh, PA, USA). Horserad-
ish peroxidase–conjugated anti-rabbit IgG and horseradish 
peroxidase–conjugated anti-mouse IgG antibodies were 

obtained from Amersham (Bucks, UK). Horseradish per-
oxidase–conjugated anti-sheep/goat IgG from donkey was 
purchased from Serotec (Oxford, UK). Polyvinylidene dif-
luoride (PVDF) membranes were obtained from Millipore 
Corporation (Bedford, MA, USA). PPARα-siRNA (20 nM) 
was obtained from Integrated DNA Technologies (IDT; Cor-
alville, Iowa).

Animal experimental procedures

The FoxO6-overexpression (FoxO6-Tg) and FoxO6-knock-
out (FoxO6-KO) male mice aged 8 weeks were fed stand-
ard rodent chow or a high-fat diet (fat content, 60 kcal%; 
Research Diets, Inc., New Brunswick, NJ), depending on 
the group they were in, and were provided water ad libi-
tum. The mice were kept in sterile cages, with a 12-h light/
dark cycle. The livers from the FoxO6-Tg and FoxO6-KO 
mice were obtained from the University of Pittsburgh 
Medical Center (Dr. Dong, University of Pittsburgh, PA, 
USA).

Cell culture

Human hepatoma cells line (HepG2 cells) were purchased 
from the American Type Culture Collection (ATCC, VA, 
USA). Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Lonza, Walkersville, MD) and were 
transduced with an Adv-FoxO6-CA vector expressing the 
constitutively active FoxO6 allele, as previously described 
[41]. The Adv-Empty vector was used as a control. Previ-
ous research has described the Adv-FoxO6-siRNA vector 
expressing the FoxO6-specific siRNA and Adv-Sc-siRNA 
vector encoding scrambled siRNA [41]. The Adv-Akt-CA 
vector encodes a constitutively active form of Akt [42], and 
all adenoviral vectors were produced in HEK293 cells [43].

Transfection and luciferase assay

The HepG2 cells were purchased from the American Type 
Culture Collection (ATCC, VA, USA). Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, 
Lonza, Walkersville, MD). For a peroxisome proliferator 
response element (PPRE; 5′-GAT CCC CGA ACG TGA CCT 
TTG TCC TGG TCC -3′)-driven luciferase assay, 1 ×  104 
HepG2 cells were seeded per well into a 48-well cell cul-
ture plate. The PPRE-X3-TK-LUC plasmid (0.5 µg) (a kind 
gift from Dr. Christoper K. Glass, University of California, 
San Diego, CA, USA) and 0.05 µg of full-length human 
PPARα expression vectors (kind gifts from Dr. Han Geuk 
Seo, Konkuk University, Seoul, South Korea) were trans-
fected into the cells using 0.5 µg DNA/0.5 µl Lipofectamine 
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2000 (Invitrogen, Carlsbad, CA, USA) complexes in 500 µl 
normal media containing 10% serum, incubated for 24 h, 
and treated with the scrambled or FoxO6-CA (100 MOI). 
After incubation, the transfection medium was replaced 
with a fresh medium. Subsequently, 25 mM of glucose was 
added, and after 24 h incubation, the cells were washed 
with phosphate-buffered saline (PBS). Luciferase activity 
was analyzed using the Steady-Glo Luciferase Assay System 
(Promega, Madison, WI, USA) and was measured using a 
luminometer (GENious, TECAN, Salzburg, Austria).

Western blot analysis

The homogenized samples were boiled for 5 min with a gel-
loading buffer (0.125 M Tris–HCl, pH 6.8, 4% sodium dode-
cyl sulfate (SDS), 10% 2-mercaptoethanol, and 0.2% bromo-
phenol blue) at a 1:1 ratio. Equal amounts of total protein 
from each sample were separated by SDS–polyacrylamide 
gel electrophoresis (SDS-PAGE) using 10% acrylamide gels 
and transferred to PVDF membranes at 80 V for 1.5 h in a 
semi-dry transfer system. The membranes were immediately 
placed in a blocking buffer (5% non-fat milk in 10 mM Tris 
at pH 7.5, 100 mM NaCl, and 0.1% Tween 20). The blot 
was blocked at room temperature for 30 min. The mem-
brane was incubated with a specific primary antibody at 4 °C 
overnight, followed by a horseradish peroxidase–conjugated 
anti-rabbit antibody at room temperature for 1.5 h. Labeled 
antibodies were detected using WESTSAVE™ (Abfrontier, 
South Korea). Pre-stained protein markers were used for 
molecular weight determinations.

Hepatic lipid content

Liver tissues or cells (20 mg) were homogenized in 400 µl 
of HPLC-grade acetone. After an overnight incubation with 
agitation at room temperature, 50 µl aliquots of acetone-
extracted lipid suspensions were used to determine triglyc-
eride concentrations via the infinity triglyceride reagent 
(Thermo Electron). As described earlier, hepatic lipid con-
tent was defined as milligrams of triglyceride per gram of 
total liver proteins(Kamagate et al., 2008; Qu et al., 2006).

RNA isolation and real‑time quantitative reverse 
transcriptase PCR (qRT‑PCR)

RNA was isolated from liver tissue or cells using the RNe-
asy Mini Kit (QIAGEN, Valencia, CA). qRT-PCR analysis 
was performed to quantify mRNA concentrations using the 
SYBR Green and the CFX Connect System (Bio-Rad Labo-
ratories Inc., Hercules, CA, USA). Supplementary Table 1 

shows the primers used. All primers were purchased from 
IDT (Coralville, IA). The  2−ΔΔCt method was used to calcu-
late the fold changes. The Gapdh gene served as a reference 
gene.

Immunoprecipitation (IP) of tissue extracts

Liver tissue extracts were immunoprecipitated in a buffer 
containing 40  mM Tris–HCl (pH 7.6), 120  mM NaCl, 
20 mM glycerophosphate, 20 mM NaF, 2 mM sodium ortho-
vanadate, 5 mM ethylenediaminetetraacetic acid (EDTA), 
1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1% NP40 
containing leupeptin (2 µg/ml), aprotinin (1 µg/ml), and pep-
statin A (1 µg/ml). Aliquots of cell extracts were centrifuged 
at 12,000 × g at 4 °C for 15 min and incubated overnight at 
4 °C with the required antibody and at 4 °C in a 50% pro-
tein A agarose slurry. After washing the immunoprecipitates 
three times with IP buffer, immunoprecipitated proteins were 
analyzed using SDS-PAGE, and Western blotting analysis 
was performed as described above.

Histological analysis

The Oil Red O staining was performed with optimal cutting 
temperature of frozen tissues to visualize lipid accumulation.

Immunostaining

HepG2 cells were seeded at 1 ×  104 cells per well in a 6-well 
plate, incubated for 24 h, fixed in 4% paraformaldehyde solu-
tion (15 min at room temperature), washed with PBS buffer, 
blocked with 3% normal goat serum (Gibco, Grand Island, 
USA), and immunostained using a rabbit anti-PPARα anti-
body (1:500 dilution) at 4 °C overnight. Subsequently, the 
cells were washed with TBS and incubated for 3 h in the 
presence of anti-rabbit IgG labeled with Alexa Fluor 488 
(1:200; Invitrogen, CA, USA). The cell nuclei were visual-
ized by immunostaining with Hoechst 33,342 (1:1000; Inv-
itrogen), and PPARα localization was determined by confo-
cal laser scanning microscopy (TCS SP2, Leica, Wetzler, 
Germany).

Statistical analyses

The t test was used to analyze differences between the two 
groups, and treatments were compared by one-way analysis 
of variance (ANOVA) followed by Dunnett’s post-hoc test. 
p-values < 0.05 were considered statistically significant. The 
analysis was performed using GraphPad Prism 5 (GraphPad 
software).
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Results

ER stress–mediated lipid accumulation 
through the interaction between FoxO6 and PPARα

The transcriptional activities of FoxO family proteins have 
been previously demonstrated to increase when insulin 
levels are reduced [9]. We examined the expression of 
ER stress genes in glucose concentration-treatment liver 
cells. To examine the hypothesis that insulin signaling 
transactivates ER stress genes, we conducted studies to 
assess the glucose-induced expression of ER stress genes 
in HepG2 cells. The results showed that glucose construc-
tion enhanced p-IRE, p-PERK, ATF6, and p-JNK levels 
(Supp. Figure 1).

We further explored the relationships between FoxO6 
and PPARα. To this end, serum-starved liver cells were 
treated with 25 mM glucose. We found that FoxO6 lev-
els increased in glucose-treated groups, and nuclear pro-
tein levels of PPARα and target genes, such as ACOX1 
and CPT1α, were reduced in the liver cells of high glu-
cose (Fig. 1A). Additionally, our immunoprecipitation 
experiments showed that the interaction between FoxO6 
and PPARα was suppressed in the high glucose groups 
(Fig. 1B). Moreover, high glucose inhibited the transcrip-
tional activation of PPARα, as determined by PPARα lucif-
erase assay in human liver cells (Fig. 1C). These results 
were confirmed by liver cell Oil Red O staining—lipid 
accumulates in high glucose-treated cells (Fig. 1D). We 
explored the effect of high glucose on lipid accumulation in 
liver cells and found a remarkable high glucose increase in 
TG concentration (Fig. 1E). Nevertheless, the target genes 
of β-oxidation PPARα (e.g., CPT1α) and acyl-CoA oxidase 
(ACOX) decreased in high glucose (Fig. 1F). We exam-
ined insulin signaling in the liver. As shown in Fig. 1G, 
phosphorylated IRS and phosphorylated Akt were found 
to decrease with high glucose (Fig. 1G).

FoxO6 is a transcription factor negatively regulated by 
Akt during insulin signaling. FoxO6 dephosphorylation 
enhances its stability and activity, stimulating gluconeogen-
esis and hyperlipidemia. PPARα expression was increased 
by various concentrations of a constitutively active form of 
Akt (CA-Akt) (Supp. Figure 2).

ER stress–mediated FoxO6 activation decreases 
β‑oxidation by suppressing PPARα in liver cells

To determine whether FoxO6 influences the functional 
relationships between lipogenesis genes and aberrant ER 
stress, treatment of cells with ER stress activators (tuni-
camycin) induced ER stress genes (Supp. Figure 3A). 
However, our immunoprecipitation experiments showed 

that an interaction between FoxO6 and PPARα was sup-
pressed in the tunicamycin groups. Phosphorylation of 
FoxO6 (inactivation form) decreased in tunicamycin-
treated groups (Supp. Figure 3B). Further, tunicamycin 
was accompanied by decreased expression of CPT and 
ACOX1 (Supp. Figure 3C), two key enzymes involved in 
fatty acid oxidation through PPARα. We examined PAR2 
expression in HepG2 cells exposed to the FoxO6 virus. 
Cells were treated with or without different concentra-
tions of FoxO6-carrying viruses (20–500 MOI). Treat-
ment with 20–500 MOI of FoxO6 suppressed PPARα 
expression (Supp. Figure 4).

We employed a viral system for the exogenous over-
expression of FoxO6 in liver cells. Liver cells were intra-
venously transfected with a constitutively active form 
of FoxO6 (FoxO6-CA) or empty vector, and ER stress 
was assessed. We examined the expression of ER stress 
genes in FoxO6 virus-transduced liver cells. As shown 
in Fig. 2A, treatment with 100 MOI FoxO6 suppressed 
PPARα levels. However, the β-oxidation gene, ACOX1, 
was affected in FoxO6-transduced hepatocytes (Fig. 2A). 
We used the liver cell line to investigate the functional 
role of FoxO6 in hepatic steatosis. Specifically, we hypoth-
esized that FoxO6-induced lipid accumulation in the liver 
occurs, at least in part, via PPARγ activation. As a tran-
scription factor, PPARγ influences hepatic steatosis by 
inducing lipogenesis-related gene expression [44, 45]. 
We explored the effect of FoxO6 overexpression on lipid 
accumulation in liver cells and found a remarkable FoxO6-
dependent increase in TG concentration (Fig. 2B). These 
results were confirmed by liver cell Oil Red O staining—
fat accumulates in FoxO6-overexpressing cells (Fig. 2C). 
The target genes of β-oxidation PPARα (e.g., CPT1α) and 
ACOX were decreased in FoxO6-CA (Fig. 2D). Addition-
ally, our immunoprecipitation experiments showed that the 
interaction between FoxO6 and PPARα was suppressed in 
FoxO6-CA (Fig. 2E). Furthermore, FoxO6 caused the tran-
scriptional activation of PPARα, as determined by PPARα 
luciferase assay in HepG2 cells (Fig. 2F). Based on these 
findings, we suggest that FoxO6 induces lipid accumula-
tion through the downregulation of β-oxidation genes.

PPARα deficiency blunt liver lipid accumulation 
in liver cells

To confirm the role of PPARα in FoxO6-CA-induced lipid 
accumulation, we subjected liver cells to PPARα-siRNA 
and FoxO6-CA and compared changes in lipid metabolism. 
As expected, FoxO6-CA showed decreased PPARα gene 
expression (Fig. 3A). Compared with FoxO6-CA, PPARα-
siRNA led to reduced expression of β-oxidation-associated 
proteins (Fig. 3A). In liver cells, FoxO6 activity suppressed 
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Fig. 1  High glucose-induced ER stress–mediated lipid accumu-
lation. A Western blot analysis was used to detect FoxO6, PPARα, 
ACOX1, and CPT1α in nuclear extracts and cytosolic from liver 
cells. TFIIB was the loading control of the nuclear fraction. β-actin 
acts as the loading control for the cytosolic fractions. One-factor 
ANOVA was used to determine the significant differences. ##p < 0.01, 
###p < 0.001 vs. glucose-treated HepG2 cells. B Western blot analy-
sis showed that immunoprecipitated FoxO6 and PPARα were physi-
cally associated with PPARα and FoxO6, respectively. C Effect 
of glucose on the activity of the PPARα promoter. HepG2 cells in 
48-well microplates were transduced with glucose (25  mM), fol-
lowed by transfection with 0.05  µg of pcDNA and PPARα DNA in 
the culture medium. After a 24-h incubation, the cells were harvested. 
The relative luciferase activity was calculated based on the PPARα 
luciferase/β-galactosidase activity ratio. The data are expressed as 
a mean ± SEM. $$$p < 0.001 vs. pcDNA treated cells; ###p < 0.001 

vs. PPRE-treated cells; and **p < 0.01, ***p < 0.001 vs. PPRE with 
PPARα DNA-treated cells. D Liver cells were stained with Oil Red 
O to visualize lipid accumulation by high glucose. Scale bar, 100 µm. 
E Cellular triglyceride concentration after treatment with glucose 
(25  mM) for 24  h was measured by a colorimetric assay. The data 
are expressed as a mean ± SEM. ###p < 0.001 vs. glucose-treated cells. 
F Real-time PCR analyses were performed to measure the mRNA 
levels of β-oxidation genes (PPARα, CPT1α, and ACOX1). The data 
are expressed as a mean ± SEM. *p < 0.05 vs. glucose-treated cells. 
G Western blot was used to detect pSer-IRS1, pTyr-IRS1, IRS1, 
p-Akt, and Akt in cytoplasmic extracts (20 µg protein) after treatment 
of liver cells with glucose (25 mM) for 6 h. β-actin was the loading 
control of the cytosolic fractions. One-factor ANOVA was used to 
determine the significant differences. #p < 0.05 and ###p < 0.001 vs. 
glucose-treated HepG2 cells
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PPARα transcriptional activity, as assessed by immunofluo-
rescence staining (Fig. 3B). However, FoxO6-CA combined 
with PPARα-siRNA led to significantly lower β-oxidation 
genes (e.g., PPARα, CPT1α, and ACOX) compare with 
FoxO6-CA alone (Fig.  3C). FoxO6-CA combined with 
PPARα-siRNA led to significantly higher cellular TG com-
pared with FoxO6-CA alone (Fig. 3D). These data indicate 
that PPARα deficiency significantly decreases β-oxidation 
with high lipid accumulation in liver cells.

Decrease of hepatic TGs through PPARα activation 
in FoxO6‑siRNA transfected cells

To further establish the importance of FoxO6 in ER stress, 
we employed siRNA-mediated gene silencing to knock 
down FoxO6 expression in liver cells. We also meas-
ured FoxO6 and PPARα levels using Western blotting. 
Significant differences in the expression levels of FoxO6 
and PPARα were observed in the FoxO6-deficient cells 

Fig. 1  (continued)
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Fig. 2  FoxO6 regulates lipid accumulation in FoxO6-virus-treated 
cells. A Inactivation of PPARα by FoxO6. Liver cells were grown 
to 80% confluence in 100-mm dishes in DMEM and then stimulated 
with 100 MOI FoxO6 and analyzed by Western blotting using the 
appropriate antibody. TFIIB was the loading control of the nuclear 
fraction. β-actin acts as the loading control for the cytosolic fractions. 
One-factor ANOVA was used to determine the significant differ-
ences. #p < 0.05 and ###p < 0.001 vs. FoxO6-CA-treated HepG2 cells. 
B Cellular triglyceride levels by FoxO6-CA in cells. Results of one-
way ANOVA: ###p < 0.001 vs. FoxO6-CA vector. C Liver cells were 
stained with Oil Red O to visualize lipid accumulation. Scale bar, 
100  µm. D β-oxidation genes were subjected to real-time qRT-PCR 

analysis. Results of the one-way ANOVA: *p < 0.05 vs. FoxO6-CA 
vector. E Western blotting showed that immunoprecipitated FoxO6 
and PPARα were physically associated with PPARα and FoxO6, 
respectively. F 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 0.05  µg of pcDNA and 
PPARα DNA in the culture medium. After a 24-h incubation, the 
cells were harvested. The relative luciferase activity was calculated 
based on the PPARα-luciferase/β-galactosidase activity ratio. The 
data are expressed as a mean ± SEM. ###p < 0.001 vs. PPRE-treated 
cells; **p < 0.01 and ***p < 0.001 vs. PPRE with PPARα DNA-
treated cells
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(Fig. 4A). We explored the effect of FoxO6-deficient on 
lipid accumulation in liver cells and found remarkable 
FoxO6-siRNA suppression in TG concentration (Fig. 4B). 
The target gene of β-oxidation PPARα was increased in 
FoxO6-siRNA (Fig. 4C). Considered together, these results 
suggested that the knockdown of FoxO6 partially prevented 
hyperglycemia-induced activation of lipogenesis genes.

Effect of hepatic TGs in Akt inhibitor 
and metformin‑treated cells

We examined PPARα expression in HepG2 cells exposed 
to Akt inhibitor and metformin. Akt was suppressed for 
4 h after LY294002 treatment at 30 µM. Levels of PPARα 
expression decreased when cells were treated with 

Fig. 2  (continued)
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Fig. 3  FoxO6 regulates lipid accumulation through PPARα in 
FoxO6-virus with PPARα-siRNA-treated cells. A AC2F cells were 
grown to 80% confluence in 100-mm dishes containing DMEM, 
pre-treated (1  day) with or without PPARα-siRNA (20  nM), then 
stimulated with the FoxO6 virus (100 MOI) for 1 day. Western blot-
ting was used to detect FoxO6 and PPARα in whole extracts (20 µg 
protein) by using the β-actin as a control from liver cells. One-factor 
ANOVA was used to determine the significant differences. ##p < 0.01, 
###p < 0.001 vs. FoxO6-CA-treated HepG2 cells. B Liver cells were 

treated with FoxO6 vector for 24 h. Cells were immunostained using 
rabbit anti-PPARα antibody followed by IgG conjugated with fluo-
rescein isothiocyanate (green). Bar = 50 µm. Liver cells were grown 
to 80% confluence in 100-mm dishes containing DMEM, pre-treated 
(1  day), and then stimulated with the FoxO6 virus (100 MOI) for 
1  day. C β-oxidation genes were subjected to real-time qRT-PCR 
analysis. Results of the one-way ANOVA: #p < 0.05 and ##p < 0.01 vs. 
FoxO6-CA vector. D Triglyceride levels in cells. Results of the one-
way ANOVA: #p < 0.05 and ###p < 0.001 vs. FoxO6-CA vector
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LY294002 (Fig. 5A). Moreover, our immunoprecipitation 
experiments showed that the interaction between FoxO6 
and PPARα was increased in the high glucose with Akt 
inhibitor groups compare with the glucose-treated groups 
(Fig. 5B). We explored the effect of the Akt inhibitor on 
lipid accumulation in liver cells and found a remarkably 
high glucose level with Akt inhibitor increase in the TG 

concentration (Fig. 5C). However, the Akt level was sup-
pressed 24 h after metformin. Levels of PPARα expression 
dropped when cells were treated with metformin (Fig. 5D). 
We explored the effect of metformin on lipid accumula-
tion in liver cells and found a remarkably high glucose 
level with metformin decrease in the TG concentration 
(Fig. 5E).

Fig. 4  Effect of FoxO6 deletion on the regulation of lipid metabo-
lism. A Western blot analysis was used to detect FoxO6 and PPARα 
in FoxO6-siRNA-treated liver cells. β-actin was used as a loading 
control. One-factor ANOVA was used to determine the significant 
differences. ###p < 0.001 vs. FoxO6-siRNA-treated HepG2 cells. 
B Liver cells were treated with FoxO6-siRNA (100 MOI) for 24 h. 
Triglyceride levels were quantified in the liver cells. #p < 0.05 vs. 

FoxO6-siRNA-treated HepG2 cells. C The expression of PPARα, 
CPT1, and ACOX1 was analyzed by qRT-PCR after 24 h in FoxO6-
siRNA-transfected (100 MOI) cells. The results were normalized 
based on the Gapdh level. One-factor ANOVA was used to determine 
the significant differences. #p < 0.05 vs. FoxO6-siRNA-treated HepG2 
cells
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Fig. 5  Lipid accumulation by Akt inhibitor and metformin in the 
liver. A Western blot analysis was used to detect Akt, FoxO6, and 
PPARα in whole extracts from Akt inhibitor-treated liver cells. 
β-actin was the loading control of the whole fraction. One-factor 
ANOVA was used to determine the significant differences. #p < 0.05, 
###p < 0.001 vs. LY294002-treated HepG2 cells. B The Western 
blot analysis showed that immunoprecipitated PPARα, FoxO6, and 
p-FoxO6 were physically associated with PPARα and FoxO6, respec-
tively. C Cellular triglyceride levels by glucose with Akt inhibitor 

(LY294002) in cells. Results of the one-way ANOVA: #p < 0.05 vs. 
glucose. D Western blot analysis was used to detect Akt, FoxO6, and 
PPARα in whole extracts from metformin-treated liver cells. β-actin 
was the loading control of the whole fraction. One-factor ANOVA 
was used to determine the significant differences. ###p < 0.001 vs. 
metformin-treated HepG2 cells. E Cellular triglyceride levels by 
glucose with metformin in cells. Results of the one-way ANOVA: 
##p < 0.01, ###p < 0.001 vs. glucose
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FoxO6 upregulates lipid accumulation 
through PPARα suppression in mice

To determine whether FoxO6 influences relating lipogen-
esis gene expression to aberrant ER stress and character-
ize the underlying mechanism, we determined the hepatic 
expression of genes involved in lipogenesis and fatty 
acid oxidation—two opposing pathways in hepatic lipid 
metabolism—in the FoxO6-Tg liver. FoxO6-Tg resulted 
in a significant reduction of β-oxidation, as reflected 
by the significantly decreased nuclear level of PPARα 
(Fig.  6A). FoxO6-Tg was accompanied by decreased 
expression of carnitine palmitoyltransferase (CPT) and 
acyl-coenzyme A oxidase 1 (ACOX1) (Fig.  6A), two 
key enzymes involved in fatty acid oxidation through 
PPARα. We measured the hepatic TG content and found 
that FoxO6-Tg mice were associated with increased fat 
content in the liver compared to their control littermates 

(Fig. 6B), which is consistent with the notion that FoxO6 
promotes hepatic lipogenesis. Furthermore, our immu-
noprecipitation experiments showed that the interaction 
between FoxO6 and PPARα was suppressed in the FoxO6-
Tg liver (Fig. 6C).

To characterize the role of FoxO6 in glucose metabo-
lism, Calabuig-Navarro et al. [46] bred  FoxO6+/− het-
erozygous mice to generate viable homozygous KO mice 
(FoxO6-KO). We analyzed the lipogenesis gene levels 
to determine the effect of lipid accumulation on FoxO6 
depletion. Significant differences were observed in the 
expression levels of PPARα between FoxO6-KO and their 
wild-type (WT) littermates on a high-fat diet. FoxO6-KO 
increased the PPARα level in liver tissues (Supp. Fig-
ure 5A). We explored the effect of FoxO6-deficient on 
lipid accumulation in FoxO6-KO liver and found remark-
able FoxO6-KO suppression in the TG concentration 
(Supp. Figure 5B).

Fig. 5  (continued)
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Discussion

The major risk factor for the development of metabolic 
dysfunction–associated steatotic liver disease (MAFLD) 
[47] is excessive lipid accumulation in the liver by over-
consumption of caloric intake, mainly owing to a high-
fat diet [48]. Moreover, MAFLD is involved in metabolic 
disorders, including insulin resistance, dyslipidemia, and 
inflammation [49]. Previous research has determined that 

the expression of lipogenesis genes was increased in vivo 
and that this change was due to increased expression of 
the transcription factors FoxO1 and PPARγ, which are 
involved in lipid accumulation [50]. Our study charac-
terized FoxO6 as a novel transcription factor that inde-
pendently mediates hepatic lipogenesis during ER stress. 
We demonstrated crosstalk between FoxO6 and ER 
stress–induced hepatic lipogenesis. The lipotoxicity of 
MAFLD is caused by lipid oversupply directly influencing 

Fig. 6  FoxO6-induced lipid accumulation in the liver of FoxO6-Tg 
(each n = 6). A Western blot analysis of FoxO6, PPARα, ACOX1, and 
CPT1α in the nuclear and cytosol of FoxO6-Tg liver. TFIIB was the 
loading control of the nuclear fraction. β-actin was used as a loading 
control. Results of the one-factor ANOVA ##p < 0.01 and ###p < 0.001 

vs. FoxO6-Tg. B Hepatic triglyceride levels in FoxO6-Tg. Results of 
the one-factor ANOVA ###p < 0.001 vs. FoxO6-Tg. C The Western 
blot analysis showed that immunoprecipitated FoxO6 and PPARα 
were physically associated with PPARα and FoxO6 in FoxO6-Tg
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the balance between ER homeostasis and ER stress [51]. 
Thus far, little was known about FoxO6 and its regulatory 
role in ER stress–induced lipogenesis. When ER homeo-
stasis is disturbed, unfolded proteins accumulate in the ER 
lumen, activating the UPR through dissociation of immu-
noglobulin protein/78 kDa glucose-regulated protein (BiP/
GRP78) from PERK, IRE1α, and ATF6α [52, 53].

FoxO transcription factors are pivotal downstream tar-
gets of insulin/IGF-1 signaling and have been postulated 
to influence longevity by conferring increased resistance to 
oxidative stress, decreasing reactive oxygen species (ROS) 
production, and slowing the accumulation of oxidative 
damage [54, 55]. Some of these anti-oxidative effects are 
mediated by members of the FoxO family, which, in the 

Fig. 7  Possible mechanism for how FoxO6 suppresses PPARα in lipogenesis
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absence of insulin/IGF-1 signaling, bind to promoters of 
antioxidant enzymes and upregulate their expression [56]. 
These and other findings strongly suggest the involvement 
of FoxO in various diseases. For example, FoxO reduces 
the toxicity associated with aggregation-prone mutant pro-
teins involved in human Alzheimer’s and Huntington’s dis-
ease, suggesting that the regulation of homeostasis during 
aging has a direct effect on the pathogeneses of human 
neurodegenerative diseases [57–59]. Additionally, FoxO6 
was associated with elevated lipogenesis, contributing to 
increased fat accumulation in the liver of FoxO6-Tg mice 
(Supp. Figure 2). An increase in lipotoxicity will lead to 
insulin signaling. This study shows that ER stress can 
affect hepatic fat accumulation via FoxO6 activity.

FoxO6 involves inhibiter hepatic expression of the 
PPARα transcription factor. Our data further under-
score the critical role of PPARα in promoting hepatic 
β-oxidation. In support of this notion, we showed that 
hepatic PPARα level significantly increased in response 
to FoxO6 knockout in the insulin-resistant liver, result-
ing in the downregulation of hepatic TG (Supp. Figure 3). 
However, FoxO6-CA significantly increased liver lipid 
accumulation and decreased the expression of PPARα 
and β-oxidation-associated genes (Fig. 2). These data 
also suggest that the FoxO6-mediated decrease in PPARα 
activity partially contributed to the increase in hepatic 
lipid accumulation. We found that liver lipid metabolism 
was severely impaired in the deficiency of PPARα with 
increased lipid accumulation (Fig. 3). To investigate the 
underlying mechanism, we showed that hepatic expression 
of CPT1α and ACOX1 genes were significantly downregu-
lated, and the level of IRS/Akt protein decreased in the 
liver cells (Fig. 1). The strong association between hepatic 
steatosis and insulin resistance in human [60] and animal 
models [61, 62] suggests that insulin resistance may cause 
pathogenesis in obesity-related fatty liver disease.

In summary, the reciprocal activation ER stress attenuated 
insulin (IRS/Akt) signaling by a major mechanism underly-
ing glucose-mediated hepatic lipogenesis and was caused by 
an altered interaction between FoxO6 and PPARα in vivo 
(Fig. 7). Our results provide significant insights into the cel-
lular and molecular basis of the FoxO6/PPARα association. 
Accordingly, we propose this complex as a novel candidate 
target for the treatment of altered lipogenesis.

In conclusion, hyperglycemia-induced ER stress causes 
IRS/Akt inhibition, activating FoxO6 in vivo. Activation of 
FoxO6 interacts with PPARα, leading to hepatic steatosis 
in vivo and in vitro. Future research should focus on the 
potential application of these findings in the prevention of 
liver diseases and associated complications.
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