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Background: Protease-activated protein-2 (PAR2) has been reported to regulate hepatic insulin resistance condition in type 2 diabe-
tes mice. However, the mechanism of lipid metabolism through PAR2 in obesity mice have not yet been examined. In liver, Fork-
head box O1 (FoxO1) activity induces peroxisome proliferator-activated receptor γ (PPARγ), leading to accumulation of lipids and 
hyperlipidemia. Hyperlipidemia significantly influence hepatic steatoses, but the mechanisms underlying PAR2 signaling are com-
plex and have not yet been elucidated. 
Methods: To examine the modulatory action of FoxO1 and its altered interaction with PPARγ, we utilized db/db mice and PAR2-
knockout (KO) mice administered with high-fat diet (HFD). 
Results: Here, we demonstrated that PAR2 was overexpressed and regulated downstream gene expressions in db/db but not in db+ 
mice. The interaction between PAR2/β-arrestin and Akt was also greater in db/db mice. The Akt inhibition increased FoxO1 activity 
and subsequently PPARγ gene in the livers that led to hepatic lipid accumulation. Our data showed that FoxO1 was negatively con-
trolled by Akt signaling and consequently, the activity of a major lipogenesis-associated transcription factors such as PPARγ in-
creased, leading to hepatic lipid accumulation through the PAR2 pathway under hyperglycemic conditions in mice. Furthermore, the 
association between PPARγ and FoxO1 was increased in hepatic steatosis condition in db/db mice. However, HFD-fed PAR2-KO 
mice showed suppressed FoxO1-induced hepatic lipid accumulation compared with HFD-fed control groups.
Conclusion: Collectively, our results provide evidence that the interaction of FoxO1 with PPARγ promotes hepatic steatosis in mice. 
This might be due to defects in PAR2/β-arrestin-mediated Akt signaling in diabetic and HFD-fed mice. 
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INTRODUCTION

The global prevalence of obese population and associated meta-
bolic diseases have significantly increased in these recent years 
[1,2]. The predisposition to the obesity appears different be-
tween genders, and this is majorly attributed to the different ef-
fects of sex hormones in adipose tissue metabolism [3,4]. Fur-

thermore, gender-related differences in types of cells in adipose 
tissue in addition to adipocytes contribute to disparity in obesity 
between genders. These different characteristics are due to the 
molecular modulatory action of sex hormones in addition to the 
X chromosome-specific genes. Various up-to-date research 
based on molecular studies and in vivo models have explained 
an important role of sex hormones and particular molecules on 
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fat accumulation.
Forkhead transcription factors (FoxOs) exert key roles in the 

regulation of cell metabolism, apoptosis, and redox stress re-
sponses [5]. Additionally, FoxO families are partially involved 
in regulation of insulin resistance through inhibiting phos-
phoinositide 3-kinase (PI3K)/Akt pathway [6]. For example, 
Akt-mediated FoxOs inactivates, and their shuttling from the 
nucleus to cytoplasmic fraction [7,8]. Moreover, increased in-
tracellular reactive oxygen species levels and fatty acids con-
tents promote FoxOs activation through a particular signaling 
mechanism, for example, through c-Jun N-terminal kinase 
(JNK) signaling [9,10]. However, forkhead box O1 (FoxO1) is 
involved in glucose metabolism. FoxO1-overexpressed mice 
demonstrated a diabetic phenotype by decreasing of genes that 
regulate insulin sensitivity in metabolic organ such as liver and 
adipocytes [11]. 

Peroxisome proliferator-activated receptors (PPARs) is one of 
nuclear hormone receptors transcription factors that are modu-
lated by ligand. PPARs form heterodimer with retinoid X recep-
tors (RXRs) and bind to PPAR response elements (PPRE) in the 
promoter region of particular target genes, leading to increased 
gene expressions. As of now, three subtypes of PPARs that are 
PPARα, PPARβ, and PPARγ have been found. In particular, 
PPARγ controls lipid accumulation by regulating transcription 
of adipocyte-released molecules and adipocytokines including 
adiponectin and leptin in order to decrease lipotoxicity in adipo-
cytes [12] and hepatic lipid metabolism [13,14]. Kim et al. [15] 
reported that hepatic FoxO regulates genes that promote insulin 
resistance in the liver, consequently inducing hepatic lipogene-
sis and increasing hepatic fat content in diabetic mice model 
such as db/db mice.

The function of FoxO1 is widely recognized in regulating 
genes involved in gluconeogenesis, but its regulatory role in lip-
id metabolism in the liver remains not fully known. As previous 
study has indicated that the overexpression of a constitutively 
active form of FoxO1 induces hepatic triglyceride (TG) accu-
mulation [16], although there are other studies that have not 
replicated this result. Interestingly, FoxO1 inhibits the differen-
tiation of adipocytes through PPARγ [17] and a number of re-
search results have demonstrated that FoxO1 binds to promoter 
region of PPARγ and regulates its target gene expression [18]. 
Future studies are required in order to understand the function 
of FoxO1 in controlling hepatic steatosis in obesity.

Obesity is a physiological condition with body fat accumula-
tion caused by excessive food intake and/or lack of energy ex-
penditure. According to the World Health Organization, at least 

1 in 10 adult populations worldwide are obese. Obesity is close-
ly associated with metabolic syndrome, leading to shortened 
life-span by increasing risk factors of various diseases including 
stroke, diabetes, cardiovascular diseases, and cancers [19]. 
Therefore, obesity prevention may be an important strategy to 
ameliorate metabolic syndrome including insulin resistance, 
dyslipidemia, and fatty liver.

Insulin resistance is a pathological status that cells do not re-
spond to normal insulin stimulation to uptake and store glucose. 
Consequently, hyperglycemia and hyperinsulinemia inhibited 
glucose uptake in reaction to insulin circulating from tissues. 
Furthermore, the subsequent promotion in insulin release from 
pancreatic beta-cells is additional effort to maintain glucose ho-
meostasis. Furthermore, insulin resistance is associated with el-
evated glucose and TG level, contributing to hyperglycemia and 
hypertriglyceridemia in diabetes [20]. The underlying mecha-
nism of such insulin actions and its association to insulin resis-
tance are is still unclear. To elucidate the mechanisms underly-
ing insulin resistance, we aimed to study their relationships by 
understanding the new role of FoxO1 in protease-activated pro-
tein-2 (PAR2) signaling.

PAR2 is a G protein-coupled receptor family known to act a 
critical role in activation of mesenchymal cell and proinflam-
matory signaling and responses [21]. The tissue factor (TF)/
VIIα complex could activate PAR2 leading to inflammatory re-
sponse through cytokine production including interleukin 6 (IL-
6) and tumor necrosis factor-α (TNF-α). Furthermore, PAR2 
could lead to insulin resistance by suppressing Akt signaling in 
adipose tissue [22] and recruitment of monocytes [23]. The acti-
vation of such action of PAR2 during progression of tissue inju-
ry and remodeling microenvironment could initiate lengthened 
pathological initiation of the PAR2 signaling pathway. Never-
theless, it is unclear whether FoxO1 is associated with steatosis 
mediated by PAR2 signaling in the livers of obese mice.

In the current study, we examined hepatic steatosis in associa-
tion to hyperglycemia via FoxO1 interaction with PPARγ 
through the PAR2 pathway in the livers of diabetic mice, to un-
derstand a detailed molecular signaling pathway during PAR2 
involvement in lipid accumulation. 

METHODS

Animals
Six- and 9-week-old male or female C57BLKS/J-lean (wild 
type [WT]) and C57BLKS/J-db/db mice were obtained from 
SLC (Hamamatsu, Japan). The purchased stains of mice were 
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maintained under condition of a 12-hour light/dark cycle, 
23°C±1°C and 50%±5% relative humidity, specific pathogen-
free environment. The mice were sacrificed after 1 week.

Whole PAR2 knockout (KO) mice (homozygote, PAR2−/−; 
strain: B6.Cg-F2rl1tm1Mslb/J), 8-week-old, were provided by Dr. 
Yu (Pusan National University, YangSan, Korea) [24]. The male 
mice (n=6 per group) were fed with water vehicle and normal 
chow diet or 60% high-fat diet (HFD) for total 4 months period. 
Genotyping of mice was performed according to the Jackson 
Laboratory’s protocol with minor modifications (Jackson Labo-
ratory, Bar Harbor, ME, USA). DNA was extracted from tail 
samples using the QuickExtractTM DNA Extraction Solution 1.0 
(Epicentre, Madison, WI, USA). Standard polymerase chain re-
action (PCR) amplification of cDNA was carried out with nTaq 
(Mg2+ plus) DNA polymerase (Enzynomics, Daejeon, Korea) 
and specific primers. The primer sequences for genotyping 
PAR2 KO mice were as follows: mutant, 5´- GCC AGA GGC 
CAC TTG TGT AG -3´; WT forward, 5´- TCA AAG ACT GCT 
GGT GGT TG-3´; WT reverse, 5´- GGT CCA ACA GTA AGG 
CTG CT-3´. PCR products were separated on a 1.5% agarose 
gel, visualized, and photographed under ultraviolet light. The 
animal protocol for this study was approved by the Pusan Na-
tional University Institutional Animal Care and Use Committee 
(PNU-IACUC-2019-2197; PNU-IACUC-2019-2280) under 
guideline of ethics and animal care.

Materials
The chemicals for Western blotting were purchased from Amer-
sham (Bucks, UK). RNAzolTM B was purchased from TEL-
TEST Inc. (Friendwood, TX, USA). Primary antibodies against 
FoxO1, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
transcription factor IIB (TFIIB), tyrosine reside phosphorylation 
of insulin receptor substrate (p-IRS (Tyr632)), p-IRS (Ser307), 
phosphorylation-serine/threonine protein kinase (p-Akt), total 
Akt, peroxisome proliferator-activated receptor-alpha (PPARα), 
PPARβ, PPARγ, β-arrestin, phosphorylation-AMP-activated 
protein kinase (p-AMPK), AMPK, sterol regulatory element-
binding protein 1c (SREBP-1c), and PAR2 were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Pri-
mary antibodies against p-FoxO1 (Thr24) and p-FoxO1 
(Ser256) were manufactured by Cell Signaling Technology, Inc. 
(Danvers, MA, USA). Secondary antibodies, both anti-rabbit 
and anti-mouse immunoglobulin G (IgG)-horseradish peroxi-
dase-conjugated antibodies, were purchased from Amersham. 
Horseradish peroxidase-conjugated donkey anti-sheep/goat IgG 
was obtained from Serotec (Oxford, UK). Polyvinylidene diflu-

oride (PVDF) transfer membranes were obtained from manu-
facturer Millipore Corporation (Bedford, MA, USA).

Nuclear extract preparation
Frozen mouse liver tissues (20 mg) were washed in phosphate 
buffered saline (PBS) buffer and then were subject to a Dounce 
tissue grinder (Wheaton Manufacturers, Millville, NJ, USA). 
Solution A (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid [HEPES] pH 7.9, 10 mM KCl, 0.1 mM ethylenedi-
amine tetraacetic acid [EDTA], 0.1 mM ethylene glycol-bis(β-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid [EGTA], 0.5 mM 
phenylmethylsulfonyl fluoride [PMSF], and 1 mM dithiothrei-
tol [DTT]) was then added to the tissues (2.5 g/mL). Tissues 
were stressed and homogenized with five hits of a pestle after 
addition of NP-40 (0.5%) and then further homogenized with 
five more strokes. Liver homogenates were transferred to 1.5 
mL Eppendorf tubes and centrifuged using a microcentrifuge 
(Beckman, Brea, CA, USA) for 5 minutes at 12,000 rpm.

Supernatants is majorly comprised of cytoplasmic constitu-
ents. To have nuclear pellets, 400 µL of solution C (20 mM 
HEPES pH 7.9, 0.4 M NaCl, 1 mM of each of EDTA, EGTA, 
PMSF, and DTT) was added to the supernatants. Tube contents 
were blended thoroughly and set on a small rotatory shaker for 
15 minutes. Finally, they were centrifuged for 10 minutes at 
12,000 rpm in a microcentrifuge. The supernatants, which con-
tained nuclear proteins, were transferred carefully to 1.5 mL 
new tubes, and kept at –80°C until required for Western blot-
ting. Protein concentrations were determined using the bicin-
choninic acid (BCA) protein assay (Sigma, St. Louis, MO, 
USA).

Western blotting
Homogenized samples were boiled for 5 minutes with a gel-
loading buffer (125 mM Tris-Cl, 4% SDS, 10% 2-mercaptoeth-
anol, pH 6.8, and 0.2% bromophenol blue) at a ratio of 1:1. The 
same amounts of protein were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, using 6% to 17% 
separating running gels and then proteins were transferred to 
PVDF membranes at 15 V for 1 hour using a semi-dry transfer 
method. Immediately, the membrane was immersed in a block-
ing buffer containing 10 mM Tris (pH 7.5), 100 mM NaCl, and 
0.1% Tween-20 containing 1% non-fat milk. Membranes were 
blocked for 1 hour at room temperature, and the membranes 
were incubated and proteins were probed with the appropriate 
specific primary antibody at 25°C for 1 hour, subsequently fol-
lowed by horseradish peroxidase-conjugated secondary anti-
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body at 25°C for another 1 hour. Antibody labeling was detected 
using enhanced chemiluminescence in accordance to the manu-
facturer’s instructions. Molecular weights were determined us-
ing pre-stained lane protein markers.

Serum biochemical analysis 
Serum glucose concentration was measured using kits from 
Bioassay Systems (Hayward, CA, USA). Specific kits were 
used, following the manufacturer’s protocols, to measure the 
concentrations of insulin (Shibayagi, Japan).

Immunoprecipitation of nuclear extracts
Cytosol or nuclear extract fractions were immunoprecipitated in 
a immunoprecipitation (IP) buffer comprised of 40 mM Tris-
HCl (pH 7.6), 120 mM NaCl, 20 mM β-glycerophosphate, 20 
mM NaF, 2 mM sodium orthovanadate, 1 mM PMSF, 5 mM 
EDTA, 0.1% NP-40, leupeptin (2 µg/mL), aprotinin (1 µg/mL), 
and pepstatin A (1 µg/mL). Aliquots of cytosol or nuclear ex-
tracts were than pre-cleared by using 50% protein A agarose for 
30 minutes at 4°C, centrifuged at 12,000 ×g at 4°C for 15 min-
utes, incubated overnight at 4°C with the appropriate antibody, 
and then incubated overnight at 4°C with a 50% protein A aga-
rose slurry. After washing the immunoprecipitates three times 
with an IP buffer, immunoprecipitated proteins were detected 
using sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE); Western blotting analysis was performed as 
described above.

Hepatic lipid content
Liver tissues were thoroughly homogenized in PBS. TGs were 
extracted with a 1:2 methanol-chloroform solution by incubat-
ing at room temperature for 2 hours. After filtering out impuri-
ties using a filter, the TG liquid solvent was evaporated. The TG 
levels were assessed using a kit (Bioassay Systems).

RNA isolation and real-time reverse transcriptase 
polymerase chain reaction
RNA isolation from mouse liver tissues (20 mg) was performed 
using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Quanti-
tative reverse transcriptase polymerase chain reaction (qRT-
PCR) analysis was performed to quantify mRNA levels using 
the SYBR Green and CFX Connect System (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA). All primers were designed and 
purchased from Integrated DNA Technologies (Coralville, IA, 
USA). The primers sequence used are listed in Supplemental 
Table S1.

Statistical analysis
Analysis of variance (ANOVA) was used in order to determine 
the statistical significance of the differences between the groups. 
Fisher’s protected least significant difference post hoc test was 
used to test the significant difference between group means. P 
values <0.05 were cutoff to indicate statistical significance.

RESULTS 

Changes in glucose and lipid metabolism in diabetic mice
Obesity changes blood lipid levels, which are highly related 
with hepatic steatosis [25]. Liver weight increased in diabetic 
mice (Fig. 1A), and blood lipid profiles were investigated in db/
db mice. Glucose level significantly elevated glucose levels in 
mice (Fig. 1B). Furthermore, hyperinsulinemia significantly el-
evated insulin in the serum, compared to age-matched animals 
(Fig. 1C). Our data suggest that obesity induced hyperinsulemia 
and hyperglycemia in diabetic mice. 

Modulation of both FoxO1 and PPARs in the livers of 
diabetic mice
To confirm potential changes hepatic lipid accumulation in obe-
sity, we measured the TG concentration in liver tissues. The 
contents of hepatic TG were significantly increased in age-
matched male db/db mice (Fig. 2A). In addition, female db/db 
mice had increase in hepatic TG content, while male db/db mice 
showed no increasing tendency (Supplemental Fig. S1). There-
fore, we further focus on male db/db mice and investigated its 
mechanism of hepatic steatosis.

FoxO1 is majorly suppressed by Akt during insulin signaling 
activation. FoxO1 shuttling from the nucleus to cytoplasmic 
fraction by Akt, inhibiting its action as its role as a transcription 
factor [26]. We found that FoxO1 phosphorylation level was re-
duced in the liver of diabetic db/db mice (Fig. 2B). In addition, 
the nuclear protein levels of PPARβ were found to be decreased 
in the liver of diabetic mice in comparison to that of the normal 
mice. In contrast, nuclear PPARγ levels were notably increased. 
However, lipogenic gene SREBP-1c level was increased in db/
db mice (Fig. 2C). Based on the IP experiments, the physical as-
sociation between FoxO1 and PPARγ was shown to be induced 
in db/db mice liver (Fig. 2D). Furthermore, the modulatory ac-
tion of FoxO1 as a regulator of lipogenic genes was explored in 
association with the obesity. Diabetic mice exhibited remark-
ably higher mRNA levels of PPARγ, whereas the transcripts of 
β-oxidation genes, such as PPARα and PPARβ, did not alter 
(Fig. 2E). The expression levels of target lipogenic genes of 
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PPARγ, such as fatty acid synthase (FASN), acetyl-CoA carbox-
ylase (ACC), and stearoyl-CoA desaturase 1 (SCD1), were cor-
related to PPARγ expression levels and increased in db/db mice 
in comparison to those of control db+ mice (Fig. 2F). In contrast, 

the expression levels of PPARα target genes remained un-
changed in db/db mouse livers (Fig. 2G). These data collective-
ly indicate that in the liver of db/db mice, the greater interaction 
between FoxO1 and PPARγ was induced and resulted in upreg-
ulated lipid accumulation in liver of db/db mice.

Change of insulin signaling in obesity mice
As fasting glucose contents are majorly modulated by insulin in 
the liver, we investigated insulin signaling in the livers of db/db 
mice. As demonstrated in Fig. 3, insulin resistance marker, p-
IRS1 (Ser307) was notably upregulated in age-matched db/db 
mice, whereas the concentration of Ser473-phosphorylated Akt 
were found to be decreased in db/db mice (Fig. 3A). AMPK is 
widely recognized to be a key regulator of fatty acid and glu-
cose homeostasis. We next investigated whether obesity modu-
lates AMPK. As shown in Fig 3B, obesity mice significantly 
decreased the phosphorylation of AMPK.

Interaction of PAR2 and β-arrestin in db/db mice
PAR2 plays a critical role in inflammatory response and steato-
sis in liver [27]. Up to now, there found four isoforms of PARs, 
PAR1-4. Particularly, PAR2 becomes activated by trypsin-like 
proteases including tryptase. In addition, PAR2 signaling be-
comes initiated by coagulation factors VIIα and Xα in TF ex-
pression.

Our previously reported PAR2 expression becomes upregu-
lated in the liver of FoxO6-transgenic mice compare with an-
other PAR family [28]. To find whether PAR2 acts a regulatory 
role in insulin resistance in vivo, we studied PAR2 and β-arrestin 
expression in db/db mice. PAR2 and β-arrestin expression was 
increased in db/db mice (Fig. 4A). In the IP experiments, PAR2 
and β-arrestin were observed to interact in db/db mice: PAR2 
and β-arrestin strongly interacted with each other in db/db mice 
(Fig. 4B). Furthermore, we found weak interactions between 
β-arrestin and Akt in db+ mice (Fig. 4C). 

Serum changes in HFD-mediated PAR2-KO mice
Blood lipid profiles were investigated in HFD-feeding PAR2-
KO mice. Hyperglycemia was significantly elevated glucose 
level in HFD-mice (Fig. 5A). Otherwise, glucose level no 
changed in HFD-PAR2-KO compare with HFD groups. How-
ever, HFD-induced hypertriglyceridemia significantly elevated, 
as compared with WT chow. However, TG levels reduced in 
HFD-feeding PAR2-KO compared with HFD-feeding mice 
(Fig. 5B). Otherwise, no differences were found in the levels of 
non-esterified fatty acids (NEFA) (Fig. 5C). 
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Fig. 2. Obesity increase in Forkhead box O1 (FoxO1)-induced lipid accumulation. (A) Hepatic triglyceride (TG) in male db/db mice. One 
representative result of three experiments yielding similar outcomes for each protein is listed. Results of one-factor analysis of variance 
(ANOVA). (B) Western blotting was conducted to find the protein levels of p-FoxO1 and FoxO1 in db/db mice liver. Transcription factor II 
B (TFIIB) was used as the loading control protein of the nuclear fraction. (C) Western blotting of peroxisome proliferator-activated receptors 
(PPARs) and sterol regulatory element-binding protein 1c (SREBP-1c) in the nucleus of db/db mouse livers. TFIIB was used as the loading 
control of the nuclear fraction. (D) Western blotting showed that immunoprecipitated FoxO1 and PPARγ interacted with PPARγ and FoxO1, 
respectively. (E) Real-time polymerase chain reaction analysis was performed for analyzing the mRNA levels of PPARα, PPARβ, and 
PPARγ. Results of one-factor ANOVA. � (Continued to the next page)
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Relationship between PAR2 and hepatic steatosis with 
FoxO1 
HFD-mediated insulin resistance condition was notably pro-
moted and positively associated with the pathogenesis of hyper-
lipidemia. We investigated PAR2 pathway during hepatic ste-
atosis in HFD-fed PAR2-KO mice. As shown in Fig. 6, we in-
vestigated whether PAR2 modulate lipid accumulation in the 
livers of HFD-feeding mice. This result that FoxO1 activation 
was induced in HFD-feeding groups. However, nuclear protein 
levels of PPARγ level was increased in HFD-feeding animals. 
On the other hand, PPARγ protein expression was reduced 
HFD-PAR2-KO mice compared with HFD-feeding groups (Fig. 
6A). Moreover, to confirm potential PAR2-regulated changes in 
hepatic lipid accumulation, we measured the TG concentration 
in liver tissue. This result that the contents of hepatic TG were 
significantly reduced in HFD-feeding PAR2-KO mice com-
pared with HFD-feeding groups (Fig. 6B). However, PPARγ 

and its target genes, such as FASN, ACC, and SCD1, which was 
additively increased HFD-feeding groups, and PPARγ, FASN, 
and SCD1 was reduced in HFD-feeding PAR2-KO compared 
with HFD-feeding groups (Fig. 6C). These results showed that 
PAR2 promoted stimulatory effect on lipid accumulation in 
HFD-mediated groups.

DISCUSSION

This study investigated a change in association between FoxO1 
and PPARγ that mediates hepatic steatosis in obesity. Reported-
ly, FoxO1 ameliorates insulin signaling in liver and fatty liver 
disease, even though its underlying signaling mechanisms re-
main to be further examined [29,30]. Here, we studied the mo-
lecular signaling mechanism through which FoxO1 improves 
hepatic steatosis condition in obesity. Our data suggested that 
hyperinsulinemia impaired insulin signaling in db/db mouse 

Fig. 2. Continued. (F) Real-time PCR analysis was conducted for analyzing the mRNA expression levels of fatty acid synthase (FASN), 
acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase 1 (SCD1). Results of one-factor ANOVA. (G) Real-time PCR analysis was 
performed for analyzing the mRNA levels of carnitine palmitoyltransferase I α (CPT1α) and peroxisomal acyl-coenzyme A oxidase 1 
(ACOX1). IgG, immunoglobulin G; WT, wild type. aP<0.001 vs. 7 weeks db+ mice; bP<0.001 vs. 10 weeks db+ mice; cP<0.01 vs. 10 
weeks db+ mice; dP<0.01 vs. 7 weeks db+ mice; eP<0.05 vs. 10 weeks db+ mice.
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models (Fig. 3). We found that FoxO1 induced PPARγ-
mediated lipid accumulation through a hyperinsulinemia-medi-
ated PAR2 pathway, and the Akt level decreased and FoxO1 
was de-phosphorylated in the livers of obese mice (Fig. 2). In-
sulin resistance have not been previously investigated in HFD-
feeding PAR2-KO. We consider that the alterations in lipid met-
abolic profile were partially controlled by hyperinsulinemia in 
obesity mouse. 

FoxOs are critical downstream target transcription factors 
through insulin signaling and have been suggested to affect lon-
gevity by increased intracellular oxidative stress, both of which 
are potential factors that can lead to obesity acceleration [31,32]. 
On the other hand, modulatory effects on anti-oxidation are reg-
ulated by FoxO family, which, under condition lacking insulin 
signaling, it bind to promoters of antioxidant enzymes genes 
and upregulates and such gene transcription [33]. These and 

Fig. 3. Changes in insulin signaling in db/db mice. (A)Western blotting was conducted in order to detect the protein expression levels of the 
factors involved in insulin signaling and Akt signaling. Obesity-related insulin signaling factors phospho-serine-insulin receptor substrate 1 
(pSer-IRS1), phospho-tyrosine-insulin receptor substrate 1 (pTyr-IRS1), p-Akt, and total Akt levels. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as the loading control protein of the cytoplasm. Results are representative of three independent experiments for 
each protein. Results of one-factor analysis of variance. (B) Western blot analysis was performed to detect protein levels of phospho-AMP-
activated protein kinase (p-AMPK), and AMPK in liver homogenates. GAPDH was used as the loading control protein of the cytoplasm. 
WT, wild type. aP<0.05, bP<0.001 vs. 7 weeks db+ mice; cP<0.05, dP<0.001 vs. 10 weeks db+ mice.
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Fig. 4. Interaction of protease-activated protein-2 (PAR2) and β-arrestin in db/db mice. (A) PAR2 and β-arrestin concentrations were ana-
lyzed using cytosolic fraction extracted from the liver samples of db/db mice. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 
used as the loading control protein of the cytosolic fractions. Results of one-factor analysis of variance. (B) Western blotting showed that 
immunoprecipitated PAR2 and β-arrestin were physically interacted with PAR2 and β-arrestin, respectively. (C) Western blotting showed 
that immunoprecipitated β-arrestin and Akt were interact with β-arrestin and Akt, respectively. (D) A potential mechanism underlying the ef-
fect of Forkhead box O1 (FoxO1) on PAR2/β-arrestin signaling in obesity. WT, wild type; IP, immunoprecipitation; IB, immunoblotting; 
IgG, immunoglobulin G; FoxO1, forkhead box O1; PPARγ, peroxisome proliferator-activated receptor γ. aP<0.05, bP<0.01 vs. 7 weeks db+ 
mice; cP<0.01, dP<0.001 vs. 10 weeks db+ mice.
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other findings strongly suggest the involvement of FoxO1 in the 
progression of diabetes.

Lipogenesis-related transcription factor PPARγ was induced 
by FoxO1 in db/db mice (Fig. 2E). Since FoxO1 and PPARγ are 
closely associated with hepatic steatosis [29,34,35], this study 
provided substantial evidence that hepatic steatosis was induced 
FoxO1-induced PPARγ upregulation through hyperinsulinemia. 
Consistently, FoxO1-mediated lipogenesis enhanced hepatic 
lipid accumulation under these conditions (Fig. 2A). It is well 
reported that PPARγ induces hepatic lipid accumulation [36-
38]. PPARγ expression upregulation is involved in steatosis in 
liver through the upregulation of lipogenic gene transcription 
and subsequently expression in obese mice [34,36,38]. Consis-
tent with such findings, liver-specific deletion of PPARγ in db/
db mice has been found to markedly ameliorate steatosis in liver 
by downregulating ACC, SCD1, and FAS [37], although diverse 
research results have demonstrated [18] that both FoxO1 and 
PPARγ stimulate hepatic steatosis. The capability of FoxO1 to 
control inflammatory response exert a pivotal role in numbers 
of metabolic diseases, for example, obesity, insulin resistance, 
hyperlipidemia, and nonalcoholic fatty liver disease [39], al-
though its incidence in metabolic syndrome is correlated with a 
high-fat containing dietary habits or extreme calorie intake [40]. 
The association between aging and metabolic syndrome suggest 
that proinflammatory condition is critical risk factor for disease 
initiation and progression [41]. 

The results of our study demonstrated that the interaction be-
tween FoxO1 and PPARγ mediated hepatic lipid accumulation 
through the PAR2 pathway. We also investigated the cross-talk 
between β-arrestin and PAR2. Here, we were able to show that 
the interaction between PAR2/β-arrestin and Akt was compared 
with db+, and PAR2 expression increased in db/db, as depicted 
in Fig. 4, indicating the essential role of PAR2 signaling path-
way in hepatic and metabolic diseases associated with obesity. 
These data indicate that in males, the increase in PAR2 and 
β-arrestin interaction might be due to an increase in PAR2 ex-
pression and that it may, in part, adds to the increase in lipid ac-
cumulation in liver compared to that of db+ mice. PAR2 expres-
sion was higher in db/db compared to that in db+ mice. PAR2 
controls and activates critical negative signaling molecule gene 
expressions involved in primitive cell proliferation [42]. In ad-
dition, PAR2 signaling activation exerts a pivotal role in hepatic 
insulin resistance that subsequently leads to systemic steatosis 
in obesity [43]. However, we previously reported that FoxO6/
IL-1β/PAR2 axis may be involved in obese mice and the protein 
levels of FoxO6 and PAR2 were elevated with the increase in 

Fig. 5. High-fat diet (HFD)-mediated serum changes in protease-
activated protein-2 (PAR2)-knockout (KO) mice. (A) Fasting glu-
cose levels, (B) triglycerides, (C) free fatty acids level in the serum 
of HFD-feeding PAR2-KO mice (each n=6). One representative 
result of three experiments yielding similar outcomes for each pro-
tein is demonstrated. Results of one-factor analysis of variance. 
WT, wild type; NEFA, non-esterified fatty acid. aP<0.01 vs. WT 
chop mice; bP<0.05 vs. HFD-feeding mice.

A

2,000

1,500

1,000

500

0

N
EF

A 
(µ

Eq
/L

)

	 WT	 HFD	 PAR2-KO	 PAR2-KO+HFD C

200

150

100

50

0

G
lu

co
se

 (m
g/

dL
)

	 WT	 HFD	 PAR2-KO	 PAR2-KO+HFD

a

200

150

100

50

0

Tr
ig

ly
ce

rid
e (

m
g/

dL
)

	 WT	 HFD	 PAR2-KO	 PAR2-KO+HFD

a
b

B



FoxO1 Induces Lipid Accumulation 

Copyright © 2021 Korean Endocrine Society www.e-enm.org  181

Fig. 6. Forkhead box O1 (FoxO1) induces hepatic steatosis in high-fat diet (HFD)-feeding protease-activated protein-2 (PAR2)-knockout 
(KO). Western blotting analyses of liver cytosolic fraction (A) FoxO1 and peroxisome proliferator-activated receptor γ (PPARγ) concentra-
tions were analyzed using nuclear proteins extracted from obese mice (n=6 in each group). Transcription factor II B (TFIIB) was the load-
ing control protein of the nuclear fractions. (B) Hepatic triglyceride (TG) in HFD-feeding PAR2-KO mice. One representative result of three 
experiments yielding similar outcomes for each protein is demonstrated. Results of one-factor analysis of variance (ANOVA). (C) Real-time 
polymerase chain reaction analyses was conducted for analyzing the mRNA levels of lipogenic genes such as PPARγ, fatty acid synthase 
(FASN), acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase 1 (SCD1). Results of one-factor ANOVA. WT, wild type. aP<0.01 
vs. normal control mice; bP<0.05 vs. HFD-feeding mice; cP<0.05, dP<0.01, eP<0.001 vs. WT chow; fP<0.05, gP<0.01, hP<0.001 vs. WT-
HFD. 
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HFD-induced insulin resistance was notably induced and 

positively associated with the pathogenesis of hyperlipidemia. 
TG levels reduced HFD-feeding PAR2-KO compare with HFD-
feeding mice (Fig. 5). However, PAR2 had an enhanced stimu-
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HFD-mediated groups (Fig. 6).
In conclusion, the interaction of FoxO1 with PPARγ leads to 

hepatic lipogenesis in db/db mice. In addition, PAR2/β-arrestin-
mediated Akt signaling induced lipid accumulation in db/db 
mice (Fig. 4D). This study showed that the pivotal role of 
FoxO1 interaction in hepatic steatosis can be observed by PAR2 
signaling pathway activation in obese mice.
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