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Aim: The pathogenesis of non-alcoholic fatty liver disease is currently unclear, however,
lipid accumulation leading to endoplasmic reticulum stress appears to be pivotal in
the process. At present, FOXO1 is known to be involved in NAFLD progression.
The relationship between necroptosis and non-alcoholic steatohepatitis has been of
great research interest more recently. However, whether FOXO1 regulates ER stress
and necroptosis in mice fed with a high fat diet is not clear. Therefore, in this
study we analyzed the relationship between non-alcoholic steatohepatitis, ER stress,
and necroptosis.

Main Methods: Male C57BL/6J mice were fed with an HFD for 14 weeks to induce
non-alcoholic steatohepatitis. ER stress and activation of necroptosis in AML12 cells
were evaluated after inhibition of FOXO1 in AML12 cells. In addition, mice were fed with
AS1842856 for 14 weeks. Liver function and lipid accumulation were measured, and
further, ER stress and necroptosis were evaluated by Western Blot and Transmission
Electron Microscopy.

Key Findings: Mice fed with a high fat diet showed high levels of FOXO1,
accompanying activation of endoplasmic reticulum stress and necroptosis. Further,
sustained PA stimulation caused ER stress and necroptosis in AML12 cells. At the
same time, protein levels of FOXO1 increased significantly. Inhibition of FOXO1 with
AS1842856 alleviated ER stress and necroptosis. Additionally, treatment of mice with
a FOXO1 inhibitor ameliorated liver function after they were fed with a high fat diet,
displaying better liver condition and lighter necroptosis.

Significance: Inhibition of FOXO1 attenuates ER stress and necroptosis in a mouse
model of non-alcoholic steatohepatitis.

Keywords: non-alcoholic steatohepatitis, FOXO1, endoplasmic reticulum stress, necroptosis, NAFLD (non
alcoholic fatty liver disease)
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INTRODUCTION

Obesity and its related metabolic syndrome have gradually
become an important factor affecting human health all
over the world. The incidence of NAFLD in western
countries has reached 30%, which has seriously affected
worldwide healthcare (Abdelmalek, 2016; Younossi et al.,
2016; Fiorucci et al., 2018). NAFLD is characterized by
excessive fat deposition in hepatocytes caused by other
definite liver-damaging factors besides alcohol and can
progress to non-alcoholic steatohepatitis, liver cirrhosis
and hepatocellular carcinoma (Qian et al., 2019). Thus,
the treatment of NAFLD is a focus of world health
concerns. The treatment of NAFLD is mainly based on
diet control and exercise. Currently, medical treatment of
non-alcoholic steatohepatitis lacks the effects of properly
designed drugs and equipment (Brunt et al., 2015), in part
because, at present, the mechanism of non-alcoholic fatty
liver disease is not completely clear. A widely accepted
theory regarding the pathogenesis of NAFLD is the “Two
Hits” theory (Cheung et al., 2019). The first hit is insulin
resistance caused by fat accumulation, and the second
hit is lipid peroxidation, oxidative stress, and secondary
inflammation. Oxidative stress, including mitochondrial
dysfunction and ER stress, is the main cause of cell injury and
death in the disease.

The endoplasmic reticulum is an important organelle in
eukaryotic cells, a cavity surrounded by a closed membrane
system and another membrane, forming a three-dimensional
network structure that can communicate within (Fernandez
et al., 2015; Oakes and Papa, 2015). Changes in calcium
homeostasis and accumulation of unfolded or misfolded
proteins in the endoplasmic reticulum can trigger ER stress
(Lebeaupin et al., 2018). Proper folding of proteins after
translation requires the involvement of other proteins in the
endoplasmic reticulum. Among them, the glucose regulatory
protein GRP78 plays a key role in the UPR process (Ogawa
et al., 2017; Gifford and Hill, 2018). GRP78 is also known
as BIP. Up-regulation of GRP78 expression is a hallmark of
UPR and ER stress. Prolonged or chronic ER stress without
adaptive response will eventually lead to apoptosis, where
CHOP is an important pro-apoptotic protein in UPR (Wang
and Kaufman, 2016; Wu et al., 2016). NAFLD lipid sources
include residues of chylomicrons in the diet, release of free
fatty acids of triacylglycerols in adipose tissue, and newly
synthesized adipose tissue. Excessive lipid accumulation and
insulin resistance are the main causes ER stress, therefore,
regulating ER stress is important in alleviating the progression
of NAFLD. Because ER stress plays an important role

Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase;
BIP, binding immunoglobulin heavy chain protein; CHOP, CCAAT-enhancer-
binding protein homology protein; ER stress, endoplasmic reticulum stress;
FOXO1, Forkhead box protein O1; GRP78, glucose-regulated protein 78; HFD,
high-fat diet; MLKL, mixed lineage kinase domain-like protein; NAFLD, non-
alcoholic fatty liver disease; PBS, phosphate buffered saline; RIP1, receptor-
interacting protein1; RIP3, receptor-interacting protein3; TC, total cholesterol;
TEM, transmission electron microscopy; TGs, triglycerides; TLR3/4, toll-like
receptors 3/4; UPR, the unfolded protein response.

in lipid metabolism, it has become a focal point in the
research of non-alcoholic steatohepatitis (Kanda et al., 2018;
Wang et al., 2018).

Necroptosis is a recently discovered cell death pathway and
is thought to be involved in the development of many diseases
(Gunther et al., 2013; Karunakaran et al., 2016; Mizumura
et al., 2016; Dhuriya and Sharma, 2018). Necroptosis is a
form of cell death that lies between necrosis and apoptosis.
Receptor-interacting protein3 (RIP3) is a switch molecule
for cell necroptosis, whereby the recruitment of RIP3 leads
to recruitment and phosphorylation of MLKL, eventually
leading to changes in cell membrane permeability, which can
eventually result in cell membrane rupture (Christofferson
and Yuan, 2010). Necroptosis can be regulated by TNFα and
toll-like receptors 3 and 4 (TLR3/TLR4). Hepatocyte death
due to hepatic steatosis can cause inflammation, fibrosis
and other liver problems, and it is closely related to the
aggravation of NAFLD. Reducing hepatocyte death is critical
to reversing the progression of NAFLD. Roychowdhury
found that a high-fat diet increased the level of necroptosis
in liver. Necroptosis is closely related to inflammation
and the accumulation of fat in the liver, but the specific
mechanisms are not clear (Roychowdhury et al., 2016). At
present, there are few studies on necroptosis in the field
of NAFLD. So, we carried out research with the aim of
gaining insight into the phenomenon and mechanism of
necroptosis in NAFLD.

The forkhead family is a family of highly functional
transcription factors with highly conserved DNA binding
domains (Wang et al., 2016), they are key downstream
factors in the insulin/IGF-1 signaling pathway and play an
important role in regulating cell growth, differentiation,
and metabolic regulation. FOXO1 has been shown to
be involved in the regulation of glucose metabolism.
Phosphorylated AKT phosphorylates FOXO1 and moves
from the nucleus to the cytoplasm, restricting FOXO1
transfer into the nucleus, and subsequently reducing its
transcriptional activity (Kim et al., 2011). In recent years,
there has been more research into the regulation of hepatic
lipid metabolism by FOXO1 (Matsumoto et al., 2006; Liu
et al., 2016; Li et al., 2017). Decreased FOXO1 expression
in insulin receptor knockout mice has been shown to
lead to lower lipid deposition in the liver (Matsumoto
et al., 2007), which suggests that FOXO1 may be regulate
NAFLD progression. As mentioned above, necroptosis
and ER stress are involved in the progression of NAFLD.
As an important regulatory protein for cell survival and
metabolism, FOXO1 may be an important regulatory factor
in necroptosis and ER stress in NAFLD. In this study we
aimed to investigate whether FOXO1 participates in ER
stress and necroptosis during the progression of NAFLD.
We explored the relationship between FOXO1 and ER stress
and necroptosis in NAFLD, and we investigated the effect of
inhibition of FOXO1 on these processes, thus hoping finding
a therapeutic target for NAFLD. Our hypothesis is that there
is a link between necroptosis and ER stress in NAFLD, and
this is our focus.
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MATERIALS AND METHODS

Western Blotting Analysis
Western blotting analysis was performed according to the
standard protocols (Machado et al., 2015). Protein was extracted
from AML12 cells or liver with RIPA lysis buffer and quantified
using a BCA protein quantitative kit. Equal amounts of protein
were separated on 12% glycine SDS-PAGE gels and transferred
to a PVDF membrane. Membranes were blocked in 7% dry
milk in TBST for 1 h before being incubated in the indicated
primary antibodies. Primary antibodies were rabbit FOXO1
(Abcam, ab39670), p-FOXO1 (Abcam, ab131339), GRP78
(Abcam, ab21685), PERK (Cell signal Technology, #3192), CHOP
(Cell signal Technology, #2895), RIP1 (Cell signal Technology,
#3493), RIP3 (Santa-Cruz, sc-374639), and p-MLKL (Abcam,
ab196436). GAPDH (Abcam, ab181603) expression was used as a
loading control. The immunoreative bands were visualized with
enhanced chemiluminescence (ECL) reagent (Thermo Fisher
Scientific, Waltham, MA, United States). Densitometric analysis
of signal intensity was performed using Image J software (NIH,
Bethesda, MD, United States).

Animals
Male C57BL/6J mice aged 4 weeks were obtained from animal
experimental base of Nanjing Drum Tower Hospital Affiliated to
Nanjing University. Mice were allowed free access to sterile water
and Research Diet 12492 (60 kcal%). This experiment passed the
approval of the institutional animal care and use Committee of
Nanjing University.

Experimental Groups
A total of 36 mice were randomly divided into three groups:
a standard chow diet (CFD) group; a 60 kcal% high fat diet
group (HFD) group; and a high fat diet group treated with the
FOXO1 inhibitor AS1842856 by gavage (20 mg/kg) (HFD+ AS).
Male C57BL/6J mice were fed with high fat diet (HFD: 60% fat,
20% protein, and 20% carbohydrates; 520 kcal/100 g; D12492;
Research Diets, New Brunswick, NJ, United States) for 14 weeks
to induce steatosis.

Liver Function Examination
Levels of ALT, AST, and triglycerides and cholesterol were
determined with an automated biochemical analyzer (iMagic-
M7; Mindray, Shenzhen, China).

Histology Analysis
Liver samples were immobilized with 4% paraformaldehyde
and then dehydrated. They were embedded in paraffin and
then made into slices (<3 µm thick, three from each liver).
The pathological examination was performed using hematoxylin
and eosin staining.

Transmission Electron Microscopy
Liver specimens were collected, fixed and solidified according
to the routine method. Specimens were adhered to the slices
after drying naturally. Samples were then observed using TEM.

Thickness of the sections applied for TEM analysis is 40 nm.
We chose 400 mesh copper as the grids for TEM (Transmission
Electron Microscope, JEM-1011, Japan).

PI Staining
AML12 cells were cultured in growth medium containing high-
glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Grand Island, NY, United States) supplemented with 10%
fetal bovine serum (Sciencell, San Diego, CA, United States),
100 mg/mL streptomycin and 100 U/mL penicillin. The cells were
cultured in a humidified atmosphere containing 5% CO2 at 37◦C.
AML12 cells were treated with PA (0.5 mM) for 24 h. AML12
cells were immobilized in 4% paraformaldehyde for 30 min and
washed twice with PBS. After treatment with RNase A for 30 min
at 37◦C. 10 mg/mL propidium iodide (PI, KeyGEN BioTECH,
China) was used to stain cell nuclei. After counterstaining with
DAPI, we observed the cells using fluorescence microscopy.

Immunofluorescence
AML12 cells were treated with 0.3% Triton (Triton X-100,
Dilution with PBS) for 15 min. 10% Normal goat serum
was dripped on to the slide, which was then sealed at room
temperature for 30 min. The slides were then incubated overnight
in the primary antibodies at 4◦C. PBST was used to wash three
times before incubation with second antibody for 30 min at
room temperature. The nuclei were stained with DAPI and
the following antibodies were used to highlight other cellular
components: anti-RIP3 (Santa-Cruz, sc-374639), goat antimouse
IgG H&L (Alexa Fluor R© 488) (Abcam, ab150117). 12 mice were
examined in each group, and 3 independent view fields per
section were quantified.

Statistical Analysis
All data were represented by the mean ± standard deviation.
The comparison of two independent samples performed using
a Student’s t-test. In statistical analysis we used “∗” to represent
P < 0.05. Prism software was used for all statistical analysis.

RESULTS

Levels of FOXO1, ER Stress and
Necroptosis Related Proteins Increase in
HFD Fed Mice
Compared with the control group, mice fed with the HFD
developed typical NAFLD characteristics and displayed worse
liver function, observed using the following measurements;
body weight, serum triglycerides, cholesterol and serum ALT
and AST (Figures 1A–E). By comparing liver specimens from
the mice, we found that the liver of mice fed with the
HFD was larger and more yellow then the control group
(Figure 1F). HE and Oil Red staining of liver sections
from HFD fed mice exhibited lipid accumulation and cell
vacuolization (Figure 1G). Previous studies have shown that
the expression of FOXO1 is linked with dysfunction in
glucose and lipid metabolism (Al-Massadi et al., 2019).
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FIGURE 1 | HFD feeding established NAFLD models. (A) Body weight of HFD
and CD feeding mice. (B–E) The levels of serum TG, AST, ALT, and CHO in
CD and HFD feeding mice. (F) Representative images of liver after CD or HFD
feeding. Scale bars: 1 cm. (G) Representative H&E staining and Oil red
staining of liver sections after CD or HFD feeding for 14 week. ∗P < 0.05 vs.
CD controls. t-Test, data are shown as mean ± standard deviation.

To investigate the effect of FOXO1 on NAFLD mice, the
expression of FOXO1 was analyzed in HFD fed mice by
western blot. We found that the expression of FOXO1 was
significantly increased in the HFD fed mice compared with
the normal mice, while the levels of phosphorylated FOXO1
was significantly decreased in normal mice. Overall, the ratio
of p-FOXO1/FOXO1 was significantly increased in HFD fed
mice compared with normal mice. In addition, the expression
levels of ER stress related proteins (PERK, GRP78, CHOP)
were analyzed. The results showed that there was a significant
increase in expression of ER stress markers in HFD fed
mice. Next, we investigated whether necroptosis occurred in
the HFD fed mice. The results showed that expression levels
of RIP1, RIP3 and phosphorylated MLKL proteins were all
increased in HFD fed mice compared with normal mice
(Figures 2A,C).

Effects of PA on FOXO1, ER Stress and
Necroptosis Related Proteins Expression
in AML12 Cells
To further explore the changes in FOXO1 levels, ER stress and
necroptosis in NAFLD we treated AML12 cells with palmitic acid
(PA) to induce an in vitro model of NAFLD. AML12 cells were
treated with PA (0, 0.125, 0.25, 0.5, 0.75, 1.0 mM) for 24 h. We
investigated the impact of PA on ER stress, a cellular response
that is closely related to altered metabolism in NAFLD, in
AML12 cells. As shown in Figure 2B, GRP78, CHOP and protein
kinase R-like ER kinase (PERK), which are major ER stress
markers, were significantly up-regulated as the concentration of
PA treatment increased. We next assessed whether PA treatment
activated necroptosis in AML12 cells, a novel process of caspase-
independent cell death (Galluzzi et al., 2017; Shan et al.,
2018). We found that protein expression of RIP1, RIP3 and
phosphorylated MLKL was strongly increased in the treatment
group when compared with the control group. Furthermore,
protein levels of FOXO1 were significantly up-regulated in
AML12 cells treated with PA. Meanwhile, phosphorylation
levels of FOXO1 were significantly down-regulated in AML12
cells treated with PA (Figures 2B,D). We found the same
phenomenon in primary hepatocytes (Supplementary Figures
S1A,B). Thus, the data indicate that PA treatment activates ER
stress, induces necroptosis and increases FOXO1 activity.

Effects of Inhibition of FOXO1 in AML12
Cells Treated With PA
To determine whether ER stress and necroptosis could be
attenuated via inhibition of FOXO1, we treated AML12 cells
with a FOXO1 antagonist (AS1842856, 1 µM, Selleck Chemicals)
for 2 h before stimulation with PA (500 µM, Sigma-Aldrich).
After 24 h, we detected changes in the activation of ER stress
and necroptosis. The results showed that inhibition of FOXO1
suppressed protein expression of GRP78, CHOP, and PERK in
AML12 cells (Figures 3A,B). Therefore, we show that inhibiting
FOXO1 activity in NAFLD can inhibit ER stress. Next, we wanted
to explore the effect of FOXO1 inhibition on necroptosis. Our
results showed that RIP1, RIP3 and phosphorylated MLKL were
significantly down-regulated in AML12 cells treated with the
FOXO1 antagonist in comparison to AML12 cells treated with
PA alone (Figures 3A,B). We found that inhibiting the activity
of FOXO1 reduces apoptosis levels. Meanwhile, levels of the
necroptosis marker protein RIPK3 was significantly lower in the
PA + AS group when compared to the PA group (Figures 3C,D
and Supplementary Figures S1C,D). Overall, inhibition of
FOXO1 can reduce ER stress and necroptosis in vitro.

Effects of Inhibition of FOXO1 in Mice
Fed With a High Fat Diet
To further confirm the role of FOXO1 in NAFLD, C57BL/6J mice
were fed with a high fat diet (60 kcal% fat), to induce a model
of non-alcoholic steatohepatitis, for 14 weeks. We established
fatty liver model by feeding 14 weeks and 20 weeks mice
respectively. Both methods can induce fatty liver successfully
(Supplementary Figure S3). AS1842856 was used when mice
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FIGURE 2 | Effects of PA on FOXO1, ER stress, and necroptosis in AML12 cells. (A) Immunoblot analysis of FoxO1, p-FoxO1, PERK, GRP78, CHOP, RIP1, RIP3,
p-MLKL in CD and HFD feeding mice. (B) Immunoblot analysis of FoxO1, p-FoxO1, PERK, GRP78, CHOP, RIP1, RIP3, p-MLKL in cells treated with PA.
(C) Quantitative analysis of (A). (D) Quantitative analysis of (B) ∗P < 0.05 vs. CD controls. t-Test, data are shown as mean ± standard deviation.

were fed with an HFD (Supplementary Figure S2A). HE
staining, oil red staining and TEM showed that HFD caused
large-scale macrovesicular steatosis. The group treated with the
FOXO1 inhibitor had slightly lower steatosis levels, but still
exhibited some signs of macrovesicular steatosis (Figure 4A).
We evaluated the effect of FOXO1 on NAFLD by body weight,
triglyceride, cholesterol, ALT and AST after 14 weeks of feeding
the diet (Figure 4B). Consistent with the results of in vitro
experiments, inhibition of FoxO1 significantly reduced ER stress
and necroptosis (Supplementary Figure S2B). The use of
FOXO1 inhibitor increased the phosphorylation of PERK and
IRE1-alpha, but had little effect on the MLKL total protein
(Supplementary Figures S2C,D). We show unequivocally that
inhibition of FOXO1 in mice fed with the HFD improved ER
stress and necroptosis (Figure 4C).

DISCUSSION

It has been shown that unhealthy diet and metabolic dysfunction
can lead to NAFLD. Sustained ER stress and necroptosis caused
by excessive accumulation of lipids bring about chronic injury of

hepatic parenchymal cells, which are the main functional cells in
the liver. With this being the case, it is very important to search
for the key regulatory factors of ER stress and necroptosis in
NAFLD, in order to find a potential treatment for ameliorating
NAFLD. We fed an HFD to mice and stimulated AML12 cells
with PA to establish an NAFLD model and found that ER
stress and necroptosis was enhanced, which was consistent with
previous study (Zhang et al., 2017). Further, we found that an
important regulatory protein, FOXO1, was associated with ER
stress and necroptosis.

Hepatocytes ER stress plays an important bridging role in
inflammation, injury, repair, fibrosis and even canceration, and
is closely related to the occurrence and progression of NAFLD.
ER stress interferes with lipid synthesis and transport while
inhibiting lipid secretion from liver cells. The unfolded protein
response is insufficient to cope with liver lipotoxicity as lipid
accumulation increases and subsequently ER stress is induced.
There is increasing evidence that ER stress plays an essential
role in promoting the progression of NAFLD (Leamy et al.,
2013; Ashraf and Sheikh, 2015; Ao et al., 2016; Xu et al.,
2017), and when ER stress initiated by intracellular calcium
imbalance and/or accumulation of unfolded protein, GRP78,
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FIGURE 3 | Effects of inhibition of FOXO1 in AML12 cells treated with PA. (A) Immunoblot analysis of PERK, GRP78, CHOP, RIP1, RIP3, p-MLKL. (B) Quantitative
analysis of (A). (C) Representative immunofluorescence staining of RIP3 was performed in Ctr, PA, PA + AS. (D) Representative immunofluorescence staining of PI.
#P < 0.05 vs. PA controls. t-Test, data are shown as mean ± standard deviation.

PERK and CHOP are upregulated, initiating the unfolded protein
response. Sustained or excessive ER stress makes the cell’s self-
repairing ability insufficient in resisting external stimuli, leading
to activation of an ER overload response. Our study found
that levels of ER stress-related proteins (GRP78, CHOP, and
PERK) were increased with the accumulation of lipid, which was
consistent with levels of hepatic steatosis.

Previous studies have suggested that cell necrosis is an
irreversible process. The discovery of necroptosis has changed
this traditional view and is of great significance to the study
of life science and the treatment of disease. Necroptosis is a
form of cellular death with necrotic morphological features.
Necroptosis is caspase independent, and is a regulated death
mode that differs from apoptosis (Radi et al., 2014; Van et al.,
2017). Necroptosis is thought to play an important role in
liver disease (Afonso et al., 2015) and RIP3 is a key molecule
regulating the process. Meanwhile, MLKL is a protein important
in stimulating cell membrane rupture (Degterev et al., 2008; Sun
et al., 2012). Gautheron et al. (2014) have confirmed that RIP3-
dependent necroptosis regulates NAFLD-induced liver fibrosis,
and our research shows that increases in the levels of markers
of necroptosis (RIP1, RIP3, and p-MLKL) can be induced by
the NAFLD mouse model. In future study, we would aim to

find targets that can influence the degradation of RIP1 and RIP3
proteins, or the phosphorylation of MLKL, which would thereby
interfere with the occurrence of necroptosis.

The forkhead transcription factor (FOXO1) is the first
transcription factor found in the FoxO family. Kamo et al.
(2013) have previously elucidated that a specific PI3K blockade
inhibits Akt/β-catenin signaling and increases FOXO1-mediated
TLR4-driven local inflammation. Our data shows that with
the accumulation of lipids, protein expression of FOXO1 is
significantly increased, while levels of phosphorylated FOXO1
decrease. The transcriptional activation of FOXO1 increased
during lipid accumulation in the liver, therefore, we aimed to
investigate the role of FOXO1 in regulating NAFLD. Further
to this, inhibition of FOXO1 ameliorated lipid-induced ER
stress and necroptosis. However, when continuing feeding an
HFD and treating with a FOXO1 inhibitor, mice showed
lower levels steatosis. Interestingly, Wang and Ren (2016)
theorize that the FOXO1 inhibitor AS1842856 acts through
phosphorylation. However, Nagashima et al. (2010) found that
AS1842856 selectively inhibited FOXO1 without altering the
phosphorylation of FOXO1. In this study, we inhibited the
function of FoxO1 through inhibitors rather than gene knockout.
However in terms of exploring mechanism, it is not as persuasive
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FIGURE 4 | Effects of inhibition of FOXO1 in mice fed with a high fat diet. (A) Representative H&E staining, Oil red staining and Transmission electron microscopy of
liver sections after CD or HFD or HFD + AS. (B) Weight, TG, AST, ALT, and CHO in CD, HFD, HFD + AS. (C) Graphical abstract. #P < 0.05 vs. HFD controls,
∗P < 0.05 vs. CD controls. t-Test, data are shown as mean ± standard deviation.

as gene knockout. In this paper, for HFD induction, other models
are not verified. Another recent study conducted in male Swiss
mice found no elevation of ER stress after 12 weeks of HFD
feeding regimen (de Freitas Carvalho et al., 2019). Future studies
using other models of NAFLD (such as CDAA-HFD; Western
diet. or other animal species) are needed to confirm our findings
(Farrell et al., 2019; Wei et al., 2020).

The inhibition of FoxO1 can block the induction of ER
stress and necrosis, and prevent the occurrence of NAFLD.
At present, the pathological process of liver fibrosis or NASH
induced by high fat diet is still unclear. Some scholars think
that hepatic steatosis is an important process in the development
of NASH and even hepatic fibrosis. On this basis, our research
has certain significance for finding the target of treating fatty
liver disease. However, it is still unclear whether inhibition of
FoxO1 can reverse the development of NAFLD to NASH or
even cirrhosis, which is also the direction of our efforts. We
will examine more severe fatty liver disease such as NASH or
fibrosis. FOXO family is a transcription regulator. FOXO gene is
highly conserved in evolution. There are three highly conserved
PKB phosphorylation motifs in its amino acid sequence. Its
activity is directly related to phosphorylation state. FOXO can
regulate the metabolic balance of cells. It has been previously
shown that PERK represents one FOXO regulator (Zhang et al.,
2013). But strangely, our study found that FOXO1 can affect the
expression of PERK, and PERK can phosphorylate FOXO, which

describes an interesting cycle that may be an important regulatory
mechanism between FOXO and ER stress.

In future study, more experiments should be conducted
to confirm the role of FOXO1 and its relationship with
ER stress and necroptosis in NAFLD. Moreover, the
specific mechanism between ER stress and necroptosis
should be further investigated. In general, we investigated
the effects of FOXO1 in regulating steatosis-induced ER
stress and necroptosis and our data indicate that FOXO1
does participate in the regulation of NAFLD and that
the protein may be a potential therapeutic target in the
treatment of NAFLD.
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FIGURE S1 | Effects of inhibition of FOXO1 in primary hepatocytes treated with
PA. (A) Effects of PA on FOXO1 and P-FOXO1. (B) Immunoblot analysis of PERK,
GRP78, CHOP, RIP1, RIP3, p-MLKL. (C) Representative immunofluorescence
staining of RIP3 was performed in Ctr, PA, PA + AS. (D) Representative
immunofluorescence staining of PI.

FIGURE S2 | Effects of inhibition of FOXO1 on ER stress and necroptosis in mice
fed with a high fat diet. (A) Body weight of HFD + AS feeding mice. (B)
Immunoblot analysis of PERK, GRP78, CHOP, RIP1, RIP3, p-MLKL. (C)
Immunoblot analysis of IRE-1α, P-IRE-1α, PERK, P-PERK, MLKL total protein in
in vitro experiment. (D) Immunoblot analysis of IRE-1α, P-IRE-1α, PERK, P-PERK,
MLKL total protein in in vivo experiment.

FIGURE S3 | Fatty liver model by feeding 14 weeks and 20 weeks. (A) Body
weight of HFD (14 w) and HFD (20 w) feeding mice. (B) Oil red staining of liver
sections after HFD feeding for 14w or 20 w.

REFERENCES
Abdelmalek, M. F. (2016). ). NAFLD, The clinical and economic burden of NAFLD,

time to turn the tide. Nat. Rev. Gastroenterol. Hepatol. 13, 685–686. doi: 10.1038/
nrgastro.2016.178

Afonso, M. B., Rodrigues, P. M., Carvalho, T., Caridade, M., Borralho, P., Cortez-
Pinto, H., et al. (2015). Necroptosis is a key pathogenic event in human and
experimental murine models of non-alcoholic steatohepatitis. Clin. Sci. 129,
721–739. doi: 10.1042/CS20140732

Al-Massadi, O., Quiñones, M., Clasadonte, J., Hernandez-Bautista, R., Romero-
Picó, A., and Folgueira, C. (2019). MCH Regulates SIRT1/FoxO1 and Reduces
POMC neuronal activity to induce hyperphagia, adiposity, and glucose
intolerance. Diabetes 68, 2210–2222. doi: 10.2337/db19-0029

Ao, N., Yang, J., Wang, X., and Du, J. (2016). Glucagon-like peptide-1 preserves
non-alcoholic fatty liver disease through inhibition of the endoplasmic
reticulum stress-associated pathway. Hepatol. Res. 46, 343–353. doi: 10.1111/
hepr.12551

Ashraf, N. U., and Sheikh, T. A. (2015). Endoplasmic reticulum stress and
Oxidative stress in the pathogenesis of Non-alcoholic fatty liver disease. Free
Radic Res. 49, 1405–1418. doi: 10.3109/10715762.2015.1078461

Brunt, E. M., Wong, V. W., Nobili, V., Day, C. P., Sookoian, S., Maher, J. J.,
et al. (2015). Nonalcoholic fatty liver disease. Nat. Rev. Dis. Primers 1:15080.
doi: 10.1038/nrdp.2015.80

Cheung, A., Figueredo, C., and Rinella, M. E. (2019). Nonalcoholic fatty
liver disease, identification and management of high-risk patients. Am. J.
Gastroenterol. 114, 579–590. doi: 10.14309/ajg.0000000000000058

Christofferson, D. E., and Yuan, J. (2010). Necroptosis as an alternative form of
programmed cell death. Curr. Opin. Cell Biol. 22, 263–268. doi: 10.1016/j.ceb.
2009.12.003

de Freitas Carvalho, M. M., Lage, N. N., de Souza Paulino, A. H., Pereira,
R. R., de Almeida, L. T., da Silva, T. F., et al. (2019). Effects of açai on
oxidative stress, ER stress, and inflammation-related parameters in mice with
high fat diet-fed induced NAFLD. Sci. Rep. 9:8107. doi: 10.1038/s41598-019-44
563-y

Degterev, A., Hitomi, J., Germscheid, M., Ch’En, I. L., Korkina, O., Teng,
X., et al. (2008). Identification of RIP1 kinase as a specific cellular
target of necrostatins. Nat. Chem. Biol. 4, 313–321. doi: 10.1038/nchem
bio.83

Dhuriya, Y. K., and Sharma, D. (2018). Necroptosis, a regulated inflammatory
mode of cell death. J. Neuroinflammation 15:199. doi: 10.1186/s12974-018-
1235-0

Farrell, G., Schattenberg, J. M., Leclercq, I., Yeh, M. M., Goldin, R., Teoh, N., et al.
(2019). Mouse models of nonalcoholic steatohepatitis, toward optimization of
their relevance to human nonalcoholic steatohepatitis. Hepatology 69, 2241–
2257. doi: 10.1002/hep.30333

Fernandez, A., Ordonez, R., Reiter, R. J., Gonzalez-Gallego, J., and Mauriz, J. L.
(2015). Melatonin and endoplasmic reticulum stress, relation to autophagy and
apoptosis. J. Pineal. Res. 59, 292–307. doi: 10.1111/jpi.12264

Fiorucci, S., Biagioli, M., and Distrutti, E. (2018). Future trends in the treatment
of non-alcoholic steatohepatitis. Pharmacol. Res. 134, 289–298. doi: 10.1016/j.
phrs.2018.07.014

Galluzzi, L., Kepp, O., Chan, F. K., and Kroemer, G. (2017). Necroptosis,
mechanisms and relevance to disease. Annu. Rev. Pathol. 12, 103–130. doi:
10.1146/annurev-pathol-052016-100247

Gautheron, J., Vucur, M., Reisinger, F., Cardenas, D. V., Roderburg, C., Koppe, C.,
et al. (2014). A positive feedback loop between RIP3 and JNK controls non-
alcoholic steatohepatitis. Embo. Mol. Med 6, 1062–1074. doi: 10.15252/emmm.
201403856

Gifford, J. B., and Hill, R. (2018). GRP78 Influences chemoresistance and
prognosis in cancer. Curr. Drug Targets 19, 701–708. doi: 10.2174/
1389450118666170615100918

Gunther, C., Neumann, H., Neurath, M. F., and Becker, C. (2013). Apoptosis,
necrosis and necroptosis, cell death regulation in the intestinal epithelium. Gut
62, 1062–1071. doi: 10.1136/gutjnl-2011-301364

Kamo, N., Ke, B., Busuttil, R. W., and Kupiec-Weglinski, J. W. (2013). PTEN-
mediated Akt/β-catenin/Foxo1 signaling regulates innate immune responses in
mouse liver ischemia/reperfusion injury. Hepatology 57, 289–298. doi: 10.1002/
hep.25958

Frontiers in Physiology | www.frontiersin.org 8 March 2020 | Volume 11 | Article 177

https://www.frontiersin.org/articles/10.3389/fphys.2020.00177/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2020.00177/full#supplementary-material
https://doi.org/10.1038/nrgastro.2016.178
https://doi.org/10.1038/nrgastro.2016.178
https://doi.org/10.1042/CS20140732
https://doi.org/10.2337/db19-0029
https://doi.org/10.1111/hepr.12551
https://doi.org/10.1111/hepr.12551
https://doi.org/10.3109/10715762.2015.1078461
https://doi.org/10.1038/nrdp.2015.80
https://doi.org/10.14309/ajg.0000000000000058
https://doi.org/10.1016/j.ceb.2009.12.003
https://doi.org/10.1016/j.ceb.2009.12.003
https://doi.org/10.1038/s41598-019-44563-y
https://doi.org/10.1038/s41598-019-44563-y
https://doi.org/10.1038/nchembio.83
https://doi.org/10.1038/nchembio.83
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1002/hep.30333
https://doi.org/10.1111/jpi.12264
https://doi.org/10.1016/j.phrs.2018.07.014
https://doi.org/10.1016/j.phrs.2018.07.014
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.1146/annurev-pathol-052016-100247
https://doi.org/10.15252/emmm.201403856
https://doi.org/10.15252/emmm.201403856
https://doi.org/10.2174/1389450118666170615100918
https://doi.org/10.2174/1389450118666170615100918
https://doi.org/10.1136/gutjnl-2011-301364
https://doi.org/10.1002/hep.25958
https://doi.org/10.1002/hep.25958
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00177 March 9, 2020 Time: 17:37 # 9

Ding et al. FOXO1, ER Stress, and Necroptosis in NAFLD

Kanda, T., Matsuoka, S., Yamazaki, M., Shibata, T., Nirei, K., Takahashi, H., et al.
(2018). Apoptosis and non-alcoholic fatty liver diseases. World J. Gastroenterol.
24, 2661–2672. doi: 10.3748/wjg.v24.i25.2661

Karunakaran, D., Geoffrion, M., Wei, L., Gan, W., Richards, L., Shangari, P.,
et al. (2016). Targeting macrophage necroptosis for therapeutic and diagnostic
interventions in atherosclerosis. Sci. Adv. 2:e1600224. doi: 10.1126/sciadv.
1600224

Kim, D. H., Zhang, T., Ringquist, S., and Dong, H. H. (2011). Targeting FoxO1
for hypertriglyceridemia. Curr Drug Targets. 12, 1245–1255. doi: 10.2174/
138945011796150262

Leamy, A. K., Egnatchik, R. A., and Young, J. D. (2013). Molecular mechanisms
and the role of saturated fatty acids in the progression of non-alcoholic fatty
liver disease. Prog Lipid Res. 52, 165–174. doi: 10.1016/j.plipres.2012.10.004

Lebeaupin, C., Vallee, D., Hazari, Y., Hetz, C., Chevet, E., and Bailly-Maitre, B.
(2018). Endoplasmic reticulum stress signalling and the pathogenesis of non-
alcoholic fatty liver disease. J. Hepatol. 69, 927–947. doi: 10.1016/j.jhep.2018.06.
008

Li, Y., Ma, Z., Jiang, S., Hu, W., Li, T., Di, S., et al. (2017). A global perspective
on FOXO1 in lipid metabolism and lipid-related diseases. Prog Lipid Res. 66,
42–49. doi: 10.1016/j.plipres.2017.04.002

Liu, L., Zheng, L. D., Zou, P., Brooke, J., Smith, C., Long, Y. C., et al. (2016). FoxO1
antagonist suppresses autophagy and lipid droplet growth in adipocytes. Cell
Cycle 15, 2033–2041. doi: 10.1080/15384101.2016.1192732

Machado, M. V., Michelotti, G. A., Pereira, T. A., Boursier, J., Kruger, L., Swiderska-
Syn, M., et al. (2015). Reduced lipoapoptosis, hedgehog pathway activation and
fibrosis in caspase-2 deficient mice with non-alcoholic steatohepatitis. Gut 64,
1148–1157. doi: 10.1136/gutjnl-2014-307362

Matsumoto, M., Han, S., Kitamura, T., and Accili, D. (2006). Dual role of
transcription factor FoxO1 in controlling hepatic insulin sensitivity and lipid
metabolism. J. Clin. Invest 116, 2464–2472. doi: 10.1172/JCI27047

Matsumoto, M., Pocai, A., Rossetti, L., Depinho, R. A., and Accili, D. (2007).
Impaired regulation of hepatic glucose production in mice lacking the forkhead
transcription factor Foxo1 in liver. Cell Metab. 6, 208–216. doi: 10.1016/j.cmet.
2007.08.006

Mizumura, K., Maruoka, S., Gon, Y., Choi, A. M., and Hashimoto, S. (2016).
The role of necroptosis in pulmonary diseases. Respir Investig 54, 407–412.
doi: 10.1016/j.resinv.2016.03.008

Nagashima, T., Shigematsu, N., Maruki, R., Urano, Y., Tanaka, H., Shimaya, A.,
et al. (2010). Discovery of novel forkhead box O1 inhibitors for treating type
2 diabetes, improvement of fasting glycemia in diabetic db/db mice. Mol.
Pharmacol. 78, 961–970. doi: 10.1124/mol.110.065714

Oakes, S. A., and Papa, F. R. (2015). The role of endoplasmic reticulum stress
in human pathology. Annu. Rev. Pathol. 10, 173–194. doi: 10.1146/annurev-
pathol-012513-104649

Ogawa, H., Kaira, K., Takahashi, K., Shimizu, A., Altan, B., Yoshinari, D., et al.
(2017). Prognostic role of BiP/GRP78 expression as ER stress in patients with
gastric adenocarcinoma. Cancer Biomark 20, 273–281. doi: 10.3233/CBM-
170062

Qian, M., Lyu, Q., Liu, Y., Hu, H., Wang, S., Pan, C., et al. (2019). Chitosan
oligosaccharide ameliorates nonalcoholic fatty liver disease (NAFLD) in diet-
induced obese mice. Mar. Drugs 17:391. doi: 10.3390/md17070391

Radi, E., Formichi, P., Battisti, C., and Federico, A. (2014). Apoptosis and oxidative
stress in neurodegenerative diseases. J. Alzheimer’s Dis. 3, S125–S125.

Roychowdhury, S., McCullough, R. L., Sanz-Garcia, C., Saikia, P., Alkhouri, N.,
Matloob, A., et al. (2016). Receptor interacting protein 3 protects mice from
high-fat diet-induced liver injury. Hepatology 64, 1518–1533. doi: 10.1002/hep.
28676

Shan, B., Pan, H., Najafov, A., and Yuan, J. (2018). Necroptosis in development and
diseases. Genes Dev. 32, 327–340. doi: 10.1101/gad.312561.118

Sun, L., Wang, H., Wang, Z., He, S., Chen, S., Liao, D., et al. (2012). Mixed lineage
kinase domain-like protein mediates necrosis signaling downstream of RIP3
kinase. Cell 148, 213–227. doi: 10.1016/j.cell.2011.11.031

Van, T. M., Polykratis, A., Straub, B. K., Kondylis, V., Papadopoulou, N.,
and Pasparakis, M. (2017). Kinase-independent functions of RIPK1 regulate
hepatocyte survival and liver carcinogenesis. J. Clin. Investig. 127, 2662–2677.
doi: 10.1172/JCI92508

Wang, M., and Kaufman, R. J. (2016). Protein misfolding in the endoplasmic
reticulum as a conduit to human disease. Nature 529, 326–335. doi: 10.1038/
nature17041

Wang, Q., and Ren, J. (2016). mTOR-Independent autophagy inducer trehalose
rescues against insulin resistance-induced myocardial contractile anomalies,
Role of p38 MAPK and Foxo1. Pharmacol. Res. 11, 357–373. doi: 10.1016/j.phrs.
2016.06.024

Wang, S., Xia, P., Huang, G., Zhu, P., Liu, J., Ye, B., et al. (2016). FoxO1-mediated
autophagy is required for NK cell development and innate immunity. Nat.
Commun. 7:11023. doi: 10.1038/ncomms11023

Wang, Y., Zhang, P., Su, X., Yu, Q., Chen, Y., Guan, H., et al. (2018). Establishment
of a novel nonalcoholic fatty liver disease model using cholesterolfed rabbits
with reference to the potential role of endoplasmic reticulum stress. Mol. Med.
Rep. 18, 2898–2904. doi: 10.3892/mmr.2018.9258

Wei, G., An, P., Vaid, K. A., Nasser, I., Huang, P., and Tan, L. (2020). Comparison
of murine steatohepatitis models identifies a dietary intervention with robust
fibrosis, ductular reaction, and rapid progression to cirrhosis and cancer. Am. J.
Physiol. Gastrointest. Liver Physiol. 318, G174–G188. doi: 10.1152/ajpgi.00041.
2019

Wu, Y., Reece, E. A., Zhong, J., Dong, D., Shen, W. B., Harman, C. R., et al.
(2016). Type 2 diabetes mellitus induces congenital heart defects in murine
embryos by increasing oxidative stress, endoplasmic reticulum stress, and
apoptosis. Am. J. Obstet. Gynecol. 215, 366.e1-366.e10. doi: 10.1016/j.ajog.2016.
03.036

Xu, W., Zhang, X., Wu, J. L., Fu, L., Liu, K., Liu, D., et al. (2017). O-GlcNAc
transferase promotes fatty liver-associated liver cancer through inducing
palmitic acid and activating endoplasmic reticulum stress. J. Hepatol. 67,
310–320. doi: 10.1016/j.jhep.2017.03.017

Younossi, Z. M., Koenig, A. B., Abdelatif, D., Fazel, Y., Henry, L., and Wymer, M.
(2016). Global epidemiology of nonalcoholic fatty liver disease-Meta-analytic
assessment of prevalence, incidence, and outcomes. Hepatology 64, 73–84. doi:
10.1002/hep.28431

Zhang, J., Zhang, H., Deng, X., Zhang, Y., and Xu, K. (2017). Baicalin
protects AML-12 cells from lipotoxicity via the suppression of ER stress and
TXNIP/NLRP3 inflammasome activation. Chem. Biol. Interact. 278, 189–196.
doi: 10.1016/j.cbi.2017.10.010

Zhang, W., Hietakangas, V., Wee, S., Lim, S. C., Gunaratne, J., and Cohen,
S. M. (2013). ER stress potentiates insulin resistance through PERK-mediated
FOXO phosphorylation. Gene Dev. 27, 441–449. doi: 10.1101/gad.2017
31.112

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Ding, Tang, Tang, Zhu, Liu, Pan, Hu, Lin, Gou, Yuan, Cai,
Dong, Wang and Ren. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 9 March 2020 | Volume 11 | Article 177

https://doi.org/10.3748/wjg.v24.i25.2661
https://doi.org/10.1126/sciadv.1600224
https://doi.org/10.1126/sciadv.1600224
https://doi.org/10.2174/138945011796150262
https://doi.org/10.2174/138945011796150262
https://doi.org/10.1016/j.plipres.2012.10.004
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1016/j.plipres.2017.04.002
https://doi.org/10.1080/15384101.2016.1192732
https://doi.org/10.1136/gutjnl-2014-307362
https://doi.org/10.1172/JCI27047
https://doi.org/10.1016/j.cmet.2007.08.006
https://doi.org/10.1016/j.cmet.2007.08.006
https://doi.org/10.1016/j.resinv.2016.03.008
https://doi.org/10.1124/mol.110.065714
https://doi.org/10.1146/annurev-pathol-012513-104649
https://doi.org/10.1146/annurev-pathol-012513-104649
https://doi.org/10.3233/CBM-170062
https://doi.org/10.3233/CBM-170062
https://doi.org/10.3390/md17070391
https://doi.org/10.1002/hep.28676
https://doi.org/10.1002/hep.28676
https://doi.org/10.1101/gad.312561.118
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.1172/JCI92508
https://doi.org/10.1038/nature17041
https://doi.org/10.1038/nature17041
https://doi.org/10.1016/j.phrs.2016.06.024
https://doi.org/10.1016/j.phrs.2016.06.024
https://doi.org/10.1038/ncomms11023
https://doi.org/10.3892/mmr.2018.9258
https://doi.org/10.1152/ajpgi.00041.2019
https://doi.org/10.1152/ajpgi.00041.2019
https://doi.org/10.1016/j.ajog.2016.03.036
https://doi.org/10.1016/j.ajog.2016.03.036
https://doi.org/10.1016/j.jhep.2017.03.017
https://doi.org/10.1002/hep.28431
https://doi.org/10.1002/hep.28431
https://doi.org/10.1016/j.cbi.2017.10.010
https://doi.org/10.1101/gad.201731.112
https://doi.org/10.1101/gad.201731.112
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Protective Properties of FOXO1 Inhibition in a Murine Model of Non-alcoholic Fatty Liver Disease Are Associated With Attenuation of ER Stress and Necroptosis
	Introduction
	Materials and Methods
	Western Blotting Analysis
	Animals
	Experimental Groups
	Liver Function Examination
	Histology Analysis
	Transmission Electron Microscopy
	PI Staining
	Immunofluorescence
	Statistical Analysis

	Results
	Levels of FOXO1, ER Stress and Necroptosis Related Proteins Increase in HFD Fed Mice
	Effects of PA on FOXO1, ER Stress and Necroptosis Related Proteins Expression in AML12 Cells
	Effects of Inhibition of FOXO1 in AML12 Cells Treated With PA
	Effects of Inhibition of FOXO1 in Mice Fed With a High Fat Diet

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


