Wang et al. Lipids in Health and Disease (2019) 18:197
https://doi.org/10.1186/512944-019-1132-2 L|p|ds in Health and Disease

RESEARCH Open Access

Check for
updates

FoxO3 requlates hepatic triglyceride
metabolism via modulation of the
expression of sterol requlatory-element
binding protein 1¢

Liu Wang"*", Xiaopeng Zhu'“", Xiaoyang Sun"? Xinyu Yang'? Xinxia Chang', Mingfeng Xia'?, Yan Lu'?
Pu Xia'? Hongmei Yan'*", Hua Bian'* and Xin Gao'?

Abstract

Background: Excessive intrahepatic lipid accumulation is the major characteristic of nonalcoholic fatty liver disease
(NAFLD). We sought to identify the mechanisms involved in hepatic triglyceride (TG) homeostasis. Forkhead box
class O (FoxQ) transcription factors have been shown to play an important role in hepatic metabolism. However,
little is known about the effect of FoxO3 on hepatic TG metabolism.

Methods: Liver biopsy samples from patients with NALFD and liver tissues from high glucose and high sucrose
(HFHS) fed mice, ob/ob mice and db/db mice were collected for protein and mRNA analysis. HepG2 cells were
transfected with small interfering RNA to mediate FoxO3 knockdown, or adenovirus and plasmid to mediate FoxO3
overexpression. FoxO3-cDNA was delivered by adenovirus to the liver of C57BL/6 J male mice on a chow diet or on
a high-fat diet, followed by determination of hepatic lipid metabolism. Sterol regulatory element-binding protein 1c
(SREBP1¢) luciferase reporter gene plasmid was co-transfected into HepG2 cells with FoxO3 overexpression plasmid.

Results: FoxO3 expression was increased in the livers of HFHS mice, ob/ob mice, db/db mice and patients with
NAFLD. Knockdown of FoxO3 reduced whereas overexpression of FoxO3 increased cellular TG concentrations in
HepG2 cells. FoxO3 gain-of-function caused hepatic TG deposition in C57BL/6 J mice on a chow diet and
aggravated hepatic steatosis when fed a high-fat diet. Analysis of the transcripts established the increased
expression of genes related to TG synthesis, including SREBP1c, SCD1, FAS, ACC1, GPAM and DGAT2 in mouse liver.
Mechanistically, overexpression of FoxO3 stimulated the expression of SREBP1c, whereas knockdown of FoxO3
inhibited the expression of SREBP1c. Luciferase reporter assays showed that SREBP1c regulated the transcriptional
activity of the SREBP1c promoter.

Conclusions: FoxO3 promotes the transcriptional activity of the SREBP1c promoter, thus leading to increased TG
synthesis and hepatic TG accumulation.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the predom-
inant cause of chronic liver disease. The incidence of
NAFLD in the world is 25.24%, with a range of 13.5% in
Africa to 31.8% in the Middle East [1]. NAFLD is a
highly prevalent metabolic disease closely linked to insu-
lin resistance and metabolic syndrome, leading to an
increased risk of liver cirrhosis and hepatocellular car-
cinoma, type 2 diabetes mellitus, cardiovascular diseases,
and chronic kidney disease [2]. The pathogenesis of
NAFLD has been extensively studied but remains poorly
understood. Disturbed lipid homeostasis and an excessive
accumulation of triglyceride (TG) and other lipid species
is the first step in the pathophysiology of NAFLD. Insulin
resistance, enhanced de novo lipogenesis (DNL), and a
high-fat diet are pivotal for the development of hepatic
steatosis [3, 4].

Forkhead box class O (FoxO) is a nuclear protein sub-
family that includes four homologous proteins in mam-
mals: FoxO1, FoxO3, FoxO4 and FoxO6. These proteins
share a highly conserved Forkhead DNA binding domain
[5]. FoxOs mediate the inhibitory actions of insulin or
insulin-like growth factor on key genes in diverse pathways
that include cell cycle regulation, energy metabolism, pro-
teostasis, oxidative stress, apoptosis and immunity [5-9].
Current studies characterized FoxO1 as an important regu-
lator of gluconeogenic activity and lipid metabolism [10].
FoxO3 has the highest degree of homology in amino acid
sequence with that of FoxO1 [11], in accordance with mild
hepatic glucose production [12]. In lipid metabolism, the
homolog of FoxO3 in C. elegans, DAF-16, enhanced the ex-
pression of gene networks involved in lipid synthesis [13].
However, little is known about the role of FoxO3 in lipid
metabolism in mammals. Two cell experiments showed
that palmitic acid (PA) or stearate treatment upregulated
nuclear FoxO3 protein [14, 15]. Consistently, our team
found that FoxO3 expression was elevated in the livers of
rats fed a high-fat diet via microarray analysis and con-
firmed by real-time PCR (Additional file 1: Figure Sla). In
human studies, there was a correlation between FoxO3
gene polymorphism and the insulin resistance index and
body mass index [16]. Together, these results imply that
abnormal expression of FoxO3 may be closely associated
with NAFLD. Nonetheless, whether and how FoxO3 affects
hepatic TG metabolism has been poorly explored.

DNL is thought to play a significant role in the patho-
genesis of NAFLD, with sterol regulatory-element binding
protein 1c (SREBPIc) acting as a major regulator [17]. In
the context of DNL, SREBPIc is activated to promote the
transcription of lipogenic genes such as fatty acid synthase
(FAS), acetyl CoA carboxylase 1 (ACC1) and stearoyl-
CoA desaturase 1 (SCD1) [18]. Here, we used two inde-
pendent approaches (loss or gain-of-function) to study
what and how FoxO3 exerts effects on hepatic TG
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metabolism in vitro and in vivo. FoxO3 knockdown sup-
pressed whereas FoxO3 overexpression increased intracel-
lular TG levels. A dual luciferase reporter assay showed
that FoxO3 activated the SREBP1c promoter. Thus, we
identified that FoxO3 prompted hepatic steatosis via tran-
scriptionally upregulating the expression of SREBP1c.

Methods

Human liver samples

We collected eight liver biopsy samples at Zhongshan Hos-
pital, Fudan University. There were four samples from nor-
mal subjects and four samples from patients with NAFLD
diagnosed by liver biopsy. This study was in accordance
with the Helsinki Declaration of 1975 and approved by the
ethics committee of Zhongshan Hospital, Fudan University,
and each subject provided written informed consent.

Reagents and antibodies

We obtained insulin, glucose and palmitic acid from
Sigma-Aldrich. The anti-FoxO3 antibody (#2497) was
purchased from Cell Signaling Technology (Cell Signal-
ing, USA). The anti-SREBP-1 antibody (#8984) was pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
USA). The mouse monoclonal antibody against 3-actin
was purchased from Sigma (St. Louis). The goat poly-
clonal secondary antibodies against mouse (#3032) or
rabbit (#3012) were purchased from Signal way Anti-
body (SAB, USA). The dual-luciferase reporter assay kit
was purchased from Promega (Madison, USA).

Cell culture

Human HepG2 and 293 T cells were maintained in
DMEM (Gibco, USA) containing 1% penicillin/strepto-
mycin (Invitrogen, USA), 1 g/liter glucose, and 10% fetal
bovine serum (Gibco). For the cell experiments, the cells
were cultured in serum free media containing 30 mM
glucose and 100 pM palmitic acid for 24 h.

Cell transfection

For knockdown experiments, three sequences of small
interfering RNA (siRNA) targeting human FoxO3 or
control non-silencing siRNA (Gene Pharma, China) were
transfected into HepG2 cells for 48 h. For overexpression
experiments, adenovirus carrying green fluorescent pro-
tein (GFP) (Ad-GV314-GFP, GeneChem, China) or
FoxO3 coding sequence (Ad-GV314-FoxO3, GeneChem,
China) was diluted in PBS and added to media according
to the multiplicity of infection (MOI). Generally, HepG2
cells were infected with adenovirus at an MOI of 50 for
24 h. HepG2 cells were transfected with a plasmid express-
ing green fluorescent protein (GFP), or human FoxO3
(FoxO3-WT, #1787, Addgene, USA), or human FoxO3 with
three mutated phosphorylation sites (T32, S253, and S315)
(FoxO3-TM, #1788, Addgene, USA).
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Oil red O staining
The cells were washed with PBS twice and fixed with
10% paraformaldehyde for 30 min. Oil red O staining
was performed using an Oil red O staining kit (#D027,
Jiancheng Biotech, China) according to the manufac-
turer’s protocols.

Cellular triglyceride measurement

Cells in 6-well plates were washed twice with PBS, and
collected by scraping the cells. Cellular TGs were ex-
tracted using the chloroform/methanol (2:1 v/v) method
and dried in a chemical hood. After drying, 40 ul 1%
Triton X-100-ethol was added [19]. Then, the concen-
tration of TG was measured using a TG reagent kit
(Shensuo UNF, China) according to the manufacturer’s
protocols.

Total RNA isolation and quantitative real-time PCR

The total RNA of the cells and liver tissue were isolated
using the TRIzol method. An RT reagent kit with cDNA
eraser (Takara, Japan) was used to perform reverse tran-
scription. SYBR Green Premix Ex Taq (Takara, Japan)
was used to perform quantitative real-time PCR. The
data were analyzed by the 27°*“" method. p-Actin was

Table 1 Sequence of primers for quantitative real-time PCR
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used as an internal reference. The primers are described
in Table 1.

Western blot analysis

Protein extraction of cells and liver tissue was performed
with RIPA in the presence of protease inhibitors. A
BCA-100 Protein Quantitative Analysis Kit (Beyotime
Biotechnology, China) was used to measure the protein
concentration. A total of 20 ug of protein lysates was
loaded onto 10% SDS-PAGE gels and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore)
and subjected to immunoblot analysis using antibodies
against proteins.

Dual luciferase reporter assay

A luciferase reporter plasmid encoding the SREBP1c pro-
moter of — 2000/+ 194 was constructed by the GeneChem
Corporation (GeneChem, China). HepG2 cells were co-
transfected with 0.5 pg of empty vector or FoxO3 plasmid,
along with 0.5 pg of luciferase reporter plasmid and 50 ng
of pRL-CMV Renilla luciferase plasmid (Promega, USA)
as an internal control in 12-well plates via lipo-3000 (Invi-
trogen) according to the manufacturer’s instructions. After
48 h, dual luciferase reporter assays were performed and
analyzed according to the manufacturer’s protocol.

Gene Species Forward primer Reverse primer

FoxO3 Human TCAAGGATAAGGGCGACAGC GGACCCGCATGAATCGACTA
SREBP-1c Human GCGCCTTGACAGGTGAAGTC GCCAGGGAAGTCACTGTCTTG
SCD1 Human AGCTCATCGTCTGTGGAGCC GCCACGTCGGGAATTATGAGG
FAS Human GGGATGAACCAGACTGCGTG TCTGCACTTGGTATTCTGGGT
ACCI Human ATGTCTGGCTTGCACCTAGTA CCCCAAAGCGAGTAACAAATTCT
CD36 Human CTTTGGCTTAATGAGACTGGGAC GCAACAAACATCACCACACCA
MTTP Human ACAAGCTCACGTACTCCACTG TCCTCCATAGTAAGGCCACATC
PPARa Human TTCGCAATCCATCGGCGAG CCACAGGATAAGTCACCGAGG
B-actin Human GATGAGATTGGCATGGCTTT GTCACCTTCACCGTTCCAGT
FoxO3 Mouse CTCACTTTGTCCCAGATCTACG CTTCATTCTGAACGCGCATG
SREBP-1c Mouse GTGAGCCTGACAAGCAATCA GGTGCCTACAGAGCAAGAG
ChREBP Mouse AGATGGAGAACCGACGTATCA ACTGAGCGTGCTGACAAGTC
SCD1 Mouse TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
FAS Mouse GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT
ACC1 Mouse ATGGGCGGAATGGTCTCTTTC TGGGGACCTTGTCTTCATCAT
GPAM Mouse ACAGTTGGCACAATAGACGTTT CCTTCCATTTCAGTGTTGCAGA
DGAT2 Mouse GCGCTACTTCCGAGACTACTT GGGCCTTATGCCAGGAAACT
SREBP-2 Mouse GCAGCAACGGGACCATTCT CCCCATGACTAAGTCCTTCAACT
HMGCS1 Mouse AACTGGTGCAGAAATCTCTAGC GGTTGAATAGCTCAGAACTAGCC
HMGCR Mouse AGCTTGCCCGAATTGTATGTG TCTGTTGTGAACCATGTGACTTC
36B4 Mouse AGATTCGGGATATGCTGTTGGC TCGGGTCCTAGACCAGTGTTC
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Animal experiments

We used 9-week-old C57BL/6] male mice (Shanghai
SLAC Laboratory Animal Company) for the chow diet
study. We delivered recombinant adenovirus encoding
FoxO3-cDNA or control adenovirus by tail vein injec-
tion in a total volume of 200 pl. The total viral load was
approximately 3 x 10° plaque forming units per mouse.
Each animal had free access to drinking water and chow
and was housed at constant room temperature (20 * 2)
°C under a 12-h light/dark cycle. All animal experiments
were approved by the Animal Use and Care Committee
of Fudan University.

We performed the intraperitoneal glucose tolerance
tests (IPGTT) on day 7 post-injection and intraperitoneal
insulin tolerance tests (IPITT) on day 12 post-injection.
On day 19 post-injection, mice were sacrificed after fasting
overnight. Blood was collected from the eyeball and cen-
trifuged at 3500 rpm for 15 min at 4 °C. For the obtained
liver tissue, some of it was fixed in 10% formaldehyde and
analyzed by H&E staining, part was frozen with Tissue
OCT-Freeze Medium (Sakura Finetek, USA) for Oil red O
staining to evaluate hepatic TG concentration, and the
remaining portion was placed in liquid nitrogen for pro-
tein, mRNA and TG analysis. Liver H&E staining and Oil
red O staining were performed by Wuhan Seville Biotech-
nology, China. The lipid profiles were detected by Shang-
hai BioTNT Company.

For the high-fat diet experiment, 8-week-old C57BL/6]
male mice were fed a high-fat diet (D12492, Research Diets,
USA) for 20 days, with virus injection at a concentration of
2x10° plaque forming units per mouse on day 5. We
performed IPGTT on day 7 and IPITT on day 12 post-
injection. After day 15 post-injection, mice were sacrificed.

db/db mice, ob/ob mice and high glucose and high
sucrose (HFHS) fed mice were gifted by Prof. Yu Li and
Prof. Xin Gao.

Intraperitoneal glucose tolerance tests

Mice were fasted overnight before the experiment and
injected intraperitoneally with glucose solution at a dose
of 2g/kg body weight. Blood glucose was measured
using a blood glucose meter (ROCHE, Germany) before
and 15 min, 30 min, 60 min, and 120 min post-injection.

Intraperitoneal insulin tolerance tests

Mice were fasted for 4—6h before the experiment and
injected intraperitoneally with regular human insulin at a
dose of 1 U/kg body weight. Blood glucose was measured
using a blood glucose meter (ROCHE, Germany) before
and 15 min, 30 min, 60 min, and 120 min post-infusion.

Quantification of hepatic lipid content
A total of 20 mg—40 mg of liver tissue was cut and ho-
mogenized in 1 ml of PBS. The lipids in the tissue were
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extracted via the chloroform/methanol (2:1 v/v) method
and dried in a chemical hood. After drying, 200 ul of
ethanol was added to dissolve it. The concentration of
TG was measured using a TG reagent kit (Shensuo
UNE, China) according to the manufacturer’s protocols.

Statistics

All data are presented as the mean + standard error of the
mean (SEM). An unpaired two-tailed t test or Mann-
Whitney test was performed for two-group comparisons.
For more than two groups, one-way ANOVA was per-
formed for intergroup comparisons. The Chi-square test
or Fisher’s exact test was performed for the analysis of
contingency tables. All data were analyzed with GraphPad
Prism 7. P < 0.05 was considered statistically significant.

Results

FoxO3 expression is elevated in the liver of NAFLD
models and NAFLD patients

To determine whether there is a correlation between
FoxO3 and NAFLD, we examined the expression of
FoxO3 in the liver of different types of NAFLD models.
According to the western blotting, the protein level of
FoxO3 was upregulated in the livers of high fat and high
sucrose (HFHS)-fed mice, ob/ob mice and db/db mice
compared with the chow diet mice or wild-type (WT)
mice (Fig. 1a, ¢, €). The mRNA level of FoxO3 was also
increased in the livers of HFHS mice and ob/ob mice, of
which it was significantly increased in the livers of db/db
mice (P =0.082) (Fig. 1b, d, f). Additionally, FoxO3 pro-
tein expression was increased dramatically in the livers
of NAFLD patients (Fig. 1g). Next, we performed an
analysis of FoxO3 protein in vitro. HepG2 cells were
exposed to high glucose (30 mM) and high palmitic acid
(100 uM, PA) for 24 h to mimic the pathology of NAFLD.
Consistently, the protein level of FoxO3 was increased
dramatically in HepG2 cells challenged with high glucose
and high palmitic acid (HFHG) (Fig. 1h). Additionally, the
content of nuclear FoxO3 protein was also increased
compared to that of the control group (Additional file 2:
Figure S2a). These results indicate that FoxO3 expression
becomes abnormally higher in fatty liver and steatotic
cells, suggesting a close relationship between NAFLD and
FoxO3.

FoxO03 loss-of-function inhibits triglyceride accumulation
in HepG2 cells

To study the physiological effect of FoxO3 on hepatic
TG metabolism, we used siRNA to knock down FoxO3
in HepG2 cells. FoxO3 siRNA1 and siRNA2 transfection
triggered a significant decrease in FoxO3 protein levels
compared to that of the control group (Fig. 2a). HFHG
exposure induced higher levels of lipid droplets in
HepG2 cells, which were markedly diminished by FoxO3
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Fig. 1 FoxO3 expression is elevated in the liver of NAFLD models and patients with NAFLD. a and b Protein and mRNA levels of FoxO3 were
analyzed in the livers of mice fed a high fat and high sucrose diet (HFHS) or chow diet for 12 weeks. ¢ and d Protein and mRNA levels of FoxO3
in the livers of ob/ob mice and wild-type (WT) mice fed a chow diet for 12 weeks. e and f Protein and mRNA levels of FoxO3 in the livers of db/
db mice and WT mice fed a chow diet for 12 weeks. g The protein level of FoxO3 was measured in the livers of patients with NAFLD and healthy
subjects (NC). h Protein analysis of FoxO3 in HepG2 cells exposed to high glucose and high palmitic acid (PA) for 24 h. The data are presented as
the mean + SEM, n = 3-5 for each group. P < 0.05 versus control, P < 0.01 versus control

siRNA-transfection, as shown by Oil red O staining
(Fig. 2b). Quantitatively, the intracellular TG concen-
tration was increased by HFHG administration and was
decreased by FoxO3 siRNA treatment (Fig. 2c). These
data imply that FoxO3 loss-of-function protects against
hepatic steatosis induced by HFHG in vitro.

FoxO3 gain-of-function results in hepatic steatosis in vitro
and in vivo

Next, we assessed the role of FoxO3 in TG homeostasis
with gain-of-function approaches in the culture of hepa-
tocytes and liver of mice. Overexpression of FoxO3 was
achieved by adenovirus infection of HepG2 cells and was
confirmed by western blotting (Fig. 3a). FoxO3 overex-
pression adenovirus (Ad-FoxO3) infection induced

increased lipid droplets in HepG2 cells, as shown by Oil
red O staining (Fig. 3b). Consistently, cellular TG con-
centration analysis suggested a trend toward an increase
in Ad-FoxO3-treated cells (Fig. 3c). These data indicate
a steatosis effect of FoxO3 on hepatocytes.

To confirm the effect of FoxO3 gain-of-function on
hepatic steatosis, we injected adenovirus into adult mice
via the tail vein. Ad-FoxO3 injection caused an upper
shift in FoxO3 protein (Fig. 3d). Histological analysis of
liver sections by Oil red O staining showed a high abun-
dance of lipid droplets dispersed in Ad-FoxO3-treated
mice compared to Ad-GFP-treated mice (Fig. 3e). The
histological result was confirmed by the quantification
analysis of hepatic TG content. Ad-FoxO3-treated mice
showed 2-fold higher levels of hepatic TG content
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compared with levels of control littermates (Fig. 3f). To
examine what contributed to the higher hepatic TG
concentrations, we measured the expression of lipogenic
genes. As expected, the liver of Ad-FoxO3-treated mice
demonstrated increased gene transcript levels of SREBP1c
and its target genes (SCD1) (Fig. 3g). Other genes involved
in TG synthesis, such as glycerol-3-phosphate acyltrans-
ferase (GPAM), which catalyzes the first committed step
of TG synthesis [20], were highly expressed, whereas diac-
ylglycerol acyltransferase 2 (DGAT2), which catalyzes the
final committed step of TG synthesis [20], had no signifi-
cant change (Fig. 3g). FoxO1 has been shown to be an
important regulator of lipid metabolism [21]. To deter-
mine the potential effect of FoxO3 overexpression on the
expression of FoxOl, we detected the mRNA level of
FoxO1 and found no significant difference (Fig. 3g).
Carbohydrate response element binding protein (ChREBP),
another transcription factor associated with glucose and lipid
metabolism [22], was highly expressed in Ad-FoxO3-
treated-mice, but did not reach a significant difference
(Additional file 3: Figure S3a). Additionally, the mRNA
abundance of genes involved in cholesterol synthesis, includ-
ing sterol regulatory-element binding protein 2 (SREBP-2)
[23], 3-hydroxy-3-methylglutaryl-coenzyme A (HMGC) syn-
thase 1 (HMGCS1) and HMGC reductase (HMGCR), had a

tendency to increase but only that of SREBP-2 had a signifi-
cant difference (Additional file 3: Figure S3a).

We also assessed the role of FoxO3 overexpression in
glucose metabolism. In response to glucose injection,
Ad-FoxO3-treated mice displayed elevated blood glucose
levels at 30 min, 60 min and 120 min post-injection, in
accordance with an increase in the area under the curve
(AUC) (Fig. 3h and i). After insulin injection, the blood
glucose concentrations demonstrated no significant dif-
ference between the two groups, with a mild increase in
the AUC in Ad-FoxO3-treated mice (Fig. 3j and k). Consist-
ently, Ad-FoxO3 treatment increased the gene expression of
glucose-6-phosphatase (G6pc) and phosphoenolpyruvate car-
boxykinasel (Pckl), two enzymes catalyzing the rate-limiting
step of gluconeogenesis (Fig. 3g). No significant difference in
body weight was observed (Fig. 3).

Together, these data indicate that FoxO3 overexpres-
sion results in hepatic steatosis and impaired glucose
tolerance.

FoxO3 gain-of-function aggravates hepatic steatosis in
mice fed a high-fat diet

To assess the contribution of FoxO3 to TG accumula-
tion in the pathological state, we next delivered adeno-
virus encoding FoxO3-cDNA to mice fed a high-fat diet.
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Fig. 4 FoxO3 gain-of-function aggravates hepatic steatosis in mice fed a high-fat diet. a-d C57BL/6 J male mice (8 weeks old) were fed a high-fat
diet and were housed under regular light/dark cycles. On day 5, mice were treated with 2 x 10° plaque forming units of Ad-GFP (n = 8) or Ad-
FoxO3 (n = 8) via the tail vein and sacrificed on day 20. a Western blot analysis of liver extracts from adenovirus-injected mice. b Oil red O
staining of liver sections from representative livers of mice after an overnight fast. ¢ Intrahepatic triglyceride contents were analyzed in the livers
of mice after an overnight fast. d Gene expression analysis by RT-PCR in livers from Ad-GFP-treated mice (white bars) or Ad-FoxO3-treated mice
(red bars). e and g Intraperitoneal glucose tolerance tests (IPGTT) and intraperitoneal insulin tolerance tests (IPITT) were performed on day 7 and
day 12 respectively after overnight fast. Blood glucose levels were measured in Ad-GFP-treated mice (black line) or Ad-FoxO3-treated mice (red
line) before and 15, 30, 60, and 120 min post-injection with 2 g/kg dextrose or 1 U/kg insulin intraperitoneally. f and h Area under the curve (AUC)
of blood glucose profiles during IPGTT and IPITT. i Body weight analysis of mice. The data are presented as the mean + SEM. "P <005 versus Ad-
GFP; “P< 001 versus Ad-GFP, P < 0.001 versus Ad-GFP. FoxO1, Forkhead box class O 1: SREBP1¢, sterol regulatory-element binding protein 1¢;
SCD1, stearyl-coenzyme A desaturase 1; FAS, fatty acid synthase; ACC1, acetyl-CoA carboxylase 1; GPAM, glycerol-3-phosphate acyltransferase;
DGAT2, diacylglycerol acyltransferase 2; Gépc, glucose-6-phosphatase; Pck1, phosphoenolpyruvate carboxykinase

Ad-FoxO3-treated-mice showed elevated expression of Consistently, the mRNA expression of FoxO1l showed
FoxO3 protein (Fig. 4a). Histologically, Ad-FoxO3- no significant change (Fig. 4d). The mRNA expression
treated mice experienced numerous small and dense of ChREBP, HMGCS1 and HMGCR was upregulated
lipid droplets, whereas Ad-GFP-treated mice had little significantly relative to that of the control (Additional
lipid droplets (Fig. 4b). Hepatic TG concentrations were file 3: Figure S3b).

also increased in Ad-FoxO3-treated mice (Fig. 4c). Con- In the glucose tolerance tests, Ad-FoxO3-treated
sistently, the mRNA levels of SREBP1c and downstream  mice exhibited higher levels of blood glucose and in-
target genes (SCDI1, FAS, and ACC1) were increased, creased AUC (Fig. 4e and f). Moreover, insulin toler-
and the expression of genes involved in TG synthesis ance tests revealed that Ad-FoxO3-treated mice
(GPAM and DGAT?2) was increased markedly (Fig. 4d). showed reduced insulin tolerance at the set point of
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time of glucose measurements, as determined by an
increase in AUC (Fig. 4g and h). Additionally, the
mRNA levels of G6pc and Pckl were also increased
(Fig. 4d). Ad-FoxO3-treated mice had more body
weight gain than control mice (Fig. 4i).

Together, these data indicate that FoxO3 overexpres-
sion aggravates hepatic steatosis and reduces glucose tol-
erance and insulin sensitivity in mice fed a high-fat diet.

FoxO3 transcriptionally stimulates the expression of
SREBP1c

To define the underlying mechanism by which FoxO3
functions in hepatic steatosis, we transfected siRNA into
HepG2 cells for knockdown of FoxO3 and examined the
mRNA levels of genes involved in hepatic TG metabol-
ism. Hepatic TG homeostasis is controlled by at least
four pathways including free fatty acid uptake, fatty acid
oxidation, de novo lipogenesis (DNL) and TG secretion.
Fatty acid transmembrane transporter (CD36), peroxi-
some proliferator-activated receptor alpha (PPAR«),
SREBP1c and microsomal triglyceride transfer protein
(MTTP) are the key regulators [24]. Interestingly, FoxO3
knockdown curbed the transcription and mRNA levels
of SREBP1c and its downstream target genes (SCD1, FAS,
and ACC1), without significantly influencing CD36, PPAR«a
and MTTP expression (Fig. 5a). FoxO3 downregulation by
siRNA resulted in a marked repression of SREBP1c and
SCD1 protein expression (Fig. 5b). FoxO3 overexpression
mediated by plasmid increased the mRNA level of SREBPIc,
without influencing the mRNA levels of CD36, PPARa and
MTTP (Fig. 5¢). Plasmid-mediated overexpression of FoxO3
increased the protein levels of SREBP1c and SCD1 (Fig. 5d).
Additionally, an induction of SREBPIc, in a manner that
paralleled the increase in FoxO3 expression, was observed in
HepG2 cells infected with Ad-FoxO3 (Fig. 5e). These
observations imply that FoxO3 mediates the expres-
sion of SREBPIc.

FoxO3 has been shown to act as a transcriptional acti-
vator to regulate target gene expression [25]. To gain
additional insight into the molecular mechanisms under-
lying the induction of SREBP1c by FoxO3, we analyzed
the promoter of mouse and human SREBP1c genes and
identified a novel FoxO3 binding site using the JASPAR
database (http://jaspar.genereg.net/cgi-bin/jaspar_db.pl)
(Additional file 4: Figure S4a and b). To confirm this
mechanism, we performed a dual-luciferase reporter
assay to detect the capacity of FoxO3 to activate the
promoter of SREBPI1c in HepG2 cells. FoxO3-TM co-
transfection resulted in a two-fold induction of luciferase
activity, equivalent to the increased activity induced by
plasmid expressing LXR (Fig. 5f). These data indicate
that FoxO3 transcriptionally activates the activity of the
SREBPI1c promoter.
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Discussion

In this work, we characterized the role of FoxO3 in
hepatic TG deposition in vitro and in vivo. We showed
that knockdown or overexpression of FoxO3 reduced
or increased lipid droplets in HepG2 cells. In vivo,
FoxO3 gain of function increased TG accumulation,
along with up-regulation of numerous lipogenic genes
(SREBP1c, SCD1, FAS, ACC1, GPAM and DGAT?2).
Mechanically, FoxO3 promotes the transcriptional ac-
tivity of the SREBP1c promoter.

In this study, we confirmed the abnormally higher ex-
pression of FoxO3 in various steatosis cell models, ani-
mal models and patients with NAFLD, implying a close
link between FoxO3 and fatty liver. Further, FoxO3 loss
of function via siRNA abolished the lipid accumulation
induced by HFHG treatment in HepG2 cells, and over-
expression of FoxO3 mimicked the effect of HFHG. In
vivo, FoxO3 gain of function prompted hepatic TG de-
position and impaired glucose tolerance on a chow diet,
and those impacts were further enhanced when fed a
high-fat diet. These results indicate that FoxO3 stimu-
lates lipid accumulation in vitro and in vivo.

Current studies have highlighted the importance of
FoxOs, especially FoxO1, in hepatic lipid metabolism
using liver-specific triple-null mice or overexpression
models. Combined ablation of FoxOs studies exhibited
changes in the hepatic lipid content [12, 26, 27], whereas
FoxO1 gain-of-function studies seemed to imply both
positive and negative effects on lipid production and ac-
cumulation. For overexpression of FoxO1 in vivo, there
are two studies showing increased hepatic TG [28, 29],
one showing no change [30], and one showing decreased
hepatic TG [31]. Together, FoxO1 is involved in liver
lipid metabolism but the exact effects are conflicting. To
our knowledge, there is only one study about FoxO3 loss
or gain of function on hepatic TG deposition [12]. In
this study, FoxO3 ablation exerted no impact on liver
histopathology, but increased the gene transcriptional
level of FAS in vivo. In vitro, FoxO3 gain of function de-
creased the mRNA level of FAS [12]. In contrast, we de-
tected an increase in FAS mRNA levels in Ad-FoxO3-
injected mice. This discrepancy may be due to the differ-
ences in the level and model of FoxO3 overexpression,
of which in their experiment, it was by 1500-fold medi-
ated by plasmid, and in our study, it was 100-fold medi-
ated by adenovirus. Moreover, the expression of FoxO1
remained unchanged with FoxO3 gain-of-function or
knockdown in vitro and in vivo, excluding the interfer-
ence of FoxOl on lipid metabolism. Our study is the
first to clarify that FoxO3 prompted hepatic TG depos-
ition in vitro and in vivo.

The effect of FoxO3 on cholesterol metabolism has
been poorly explored. Only one study reported that
FoxO3 and sirt6 reduced LDL-cholesterol levels through


http://jaspar.genereg.net/cgi-bin/jaspar_db.pl

Wang et al. Lipids in Health and Disease (2019) 18:197

Page 10 of 12

3 control i
< FoxO3 siRNA1 - - + + - -
5 157 @@ FoXO3 siRNA
E FoxO3 siRNA2 - - - -+ o+
a—
°
5 1.0 FoxO3 |eesss s
.3 5 .
gg— o I B SREBPIC |wee s s - e
x o5« * *
@ * SCD1 [N
g
0.0- CACTIN | — — — — — —I
2 +°”’ 49\ & Q\S’ o‘-’& & &to & g8 B
& & & L S
C l d
5 FoxO3 TM - + -
d - 3 control FoxO3 WT - = +
£ : Bl FoxO3WT
5 e Fox03 - -
s
(=]
- 34
3] x SREBPIC | i e s
2L,
g SCD1 | —
g 7
o B-actin M
] P O NP O PR
(4 & & Q,Qg <O o o é\ QQV'
QQ.
e f
HepG2 293T
[ Control
Ad-FoxO3MOI 10 10 50 50 100 100 10 S50 100 4 ' l LXR
M FoxO3 TM
FoxO3
*
f-actin I—--—'—-—---l I ' v v v v )
-2000/+194 ° N Vv ] ™ )
Relative luciferase activity
Fig. 5 FoxO3 transcriptionally stimulates the expression of SREBP1c. a Gene expression analysis of HepG2 cells transduced with FoxO3 siRNA or
control siRNA for 48 h. b The protein levels of FoxO3, SREBP1c and SCD1 transfected with FoxO3 siRNA or control siRNA. ¢ Gene expression
analysis of HepG2 cells transfected with plasmid. d The protein levels of FoxO3, SREBP1c and SCD1 in HepG2 cells transfected with plasmid. e
FoxO3 and SREBP1c protein levels of HepG2 cells treated with adenovirus at different multiplicities of infection (MOIs) for 24 h. f Luciferase (Luc)
reporter assays using constructs of the full-length (—2000/+ 194) SREBP1c gene promoter of mouse. Luc- SREBP1c was co-transfected into HepG2
cells for 24 h with a plasmid vector expressing the constitutively activated form of FoxO3 (Foxo3-TM) or an empty vector or plasmid expressing
LXR. P < 0.05 versus control, P < 0.01 versus control, P < 0.001 versus control. FoxO1, Forkhead box class O 1; SREBP1c, sterol regulatory-
element binding protein 1¢; SCD1, stearyl-coenzyme A desaturase 1; FAS, fatty acid synthase; ACC1, acetyl-CoA carboxylase 1; CD36, fatty acid
translocase protein; MTTP, microsomal triglyceride transfer protein; PPARa, peroxisome proliferator-activated receptor; LXR, liver X factor

regulation of the Pcsk9 gene [32]. Our study showed that
hepatic FoxO3 overexpression led to increased expression
of cholesterol synthesis genes (SREBP-2, HMGCR, and
HMGCS]1), indicating a potential effect of FoxO3 on chol-
esterol homeostasis that is worthy of further investigation.

Ad-FoxO3-treated mice displayed increased blood glu-
cose concentrations after injection of glucose or insulin,
indicating the impaired glucose tolerance and reduced
insulin tolerance. This is in line with previous reports,

showing that FoxO3 has a synergistic effect with FoxO1
on hepatic gluconeogenesis. Hepatic deletion of FoxO1
reduced fasting blood glucose concentrations by 20%,
and combined deletion of FoxO1 and FoxO3 further re-
duced fasting blood glucose concentrations by 40% [12].
Either FoxO1 or FoxO3 gain of function in vitro increased
the gene expression of G6pc and Pckl [12]. Additionally,
intrahepatic TG accumulation also impairs insulin sensi-
tivity and causes elevated blood glucose levels [33]. Thus,
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the reduced glucose tolerance and insulin tolerance in our
study are likely due to the upregulated expression of
gluconeogenic genes or the indirect effect of hepatic TG
accumulation.

Our study points to a transcriptional stimulus of FoxO3
on SREBPIc gene expression to exert effects on liver histo-
pathology. This conclusion is based on the following obser-
vations: 1) transfection with Foxo3 siRNA in HepG2 cells
lowered the protein and mRNA levels of SREBPlc; 2)
adenovirus or plasmid mediated overexpression of FoxO3
resulted in increased expression of SREBP1c; 3) SREBPIc
expression was increased in the livers of Ad-FoxO3-treated
mice; and 4) the constitutively active form of FoxO3 in-
creased SREBP-1c promoter activity. The FoxO3-SREBP1c
pathway is activated in over-nutrition states, as evidenced
by the increased nuclear protein levels of FoxO3 and
SREBPIc in our study. However, this pathway is inhibited
under physiological conditions of inactivation of FoxO3 in-
duced by insulin-dependent phosphorylation. Additionally,
the mRNA expression of ChREBP, a glucose-activated tran-
scription factor regulating glycolytic and lipogenic genes
[22], was increased in the liver of Ad-FoxO3-treated mice,
implying that activated SREBP1c may account partially for
the hepatic lipid deposition in this study.

In the luciferase activity experiments, FoxO3-TM in-
creased the Luc-SREBPIc luciferase activity by 2-fold,
equivalent to the increased activity observed in the posi-
tive control treated with LXR plasmid. LXR plays a key
role in the transcriptional activation of SREBPlc [34].
This relatively lower stimulation may stem from the
interference of endogenous SREBPIc activity. Endogen-
ous SREBPI1c binds to the SRE site on the SREBP1c pro-
moter for feed-forward regulation [35], resulting in a
relatively high luciferase activity in the control group.
Moreover, a dual luciferase experiment implicates that
FoxO3 activates the promoter of SREBP1c, and whether
FoxO3 binds directly to the promoter of SREBPIc re-
mains unknown. Studies have reported that there is no
known FoxO-binding site in the proximal promoter of
the SREBP1c promoter [36]. Moreover, studies showed
that FoxO3 modulates gene expression via sequestering
transcription factors and co-activators or binding to en-
hancers: FoxO3 recruits Sirt6 to the proximal promoter
region of the proprotein convertase subtilisin/kexin type
9 gene to regulate cholesterol homeostasis [32]; FoxO3
binds to enhancers and increases polymerase II recruit-
ment to active target genes [37]. Thus, we hypothesized
that FoxO3 activation of the promoter of SREBP1c may
not depend on direct promoter- binding. In conclusion,
the underlying mechanism of how FoxO3 prompts
SREBP1c gene expression should be investigated in fur-
ther studies. Moreover, whether SREBPI1c is required for
the effect of FoxO3 on hepatic steatosis needs to be fur-
ther explored.
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Conclusions

The present study identifies that FoxO3 prompts hepatic
triglyceride accumulation via transcriptionally stimulat-
ing the expression of SREBPlc. The FoxO3-SREBPlc
pathway may play a potential role in the pathophysiology
of NAFLD.
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