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Forkhead box O1 in metabolic
dysfunction-associated fatty liver
disease: molecular mechanisms
and drug research

Xiangjun Sha', Xinlei Zou', Sidi Liu', Canghai Guan, Wujiang Shi,
Jianjun Gao, Xiangyu Zhong* and Xingming Jiang*

General Surgery Department, The 2nd Affiliated Hospital of Harbin Medical University, Harbin, China

Metabolic dysfunction-associated fatty liver disease (MAFLD) is a chronic liver
disease that progresses from hepatic steatosis to non-alcoholic steatohepatitis,
cirrhosis, and liver cancer, posing a huge burden on human health. Existing
research has confirmed that forkhead box O1 (FOXO1), as a member of the FOXO
transcription factor family, is upregulated in MAFLD. Its activity is closely related
to nuclear-cytoplasmic shuttling and various post-translational modifications
including phosphorylation, acetylation, and methylation. FOXO1 mediates the
progression of MAFLD by regulating glucose metabolism, lipid metabolism,
insulin resistance, oxidative stress, hepatic fibrosis, hepatocyte autophagy,
apoptosis, and immune inflammation. This article elaborates on the regulatory
role of FOXO1 in MAFLD, providing a summary and new insights for the current
status of drug research and targeted therapies for MAFLD.
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1 Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD) is a metabolic stress-
induced liver injury closely related to insulin resistance and genetic susceptibility. Its
pathological changes are similar to alcoholic liver disease and are characterized by liver
steatosis, inflammation, hepatic cell damage and varying degrees of fibrosis (1, 2). The disease
spectrum includes nonalcoholic fatty liver, non-alcoholic steatohepatitis (NASH) and their
related cirrhosis and hepatocellular carcinoma (3). Epidemiological studies show that the
current prevalence of MAFLD has reached 25%, this increase in the disease incidence will
cause a huge economic burden and be accompanied by an increase in the number of patients
with end-stage liver disease and hepatic cancer who require liver transplantation (4). There
are currently no guidelines determining the optimal treatment for MAFLD, however lifestyle
changes combined with a multi-targeted treatment approaches that target specific triggers
(type 2 diabetes, dyslipidemia, obesity, insulin resistance, etc.) may be more effective than
single treatment approach. Therefore, there is an urgent need to find MAFLD-related
therapeutic targets. Based on comprehensive bioinformatics analysis, FOXO1 is identified as
a characteristic target gene in MAFLD (5). Recent studies have shown that various drugs
targeting FOXO1 directly or indirectly have been developed and applied in MAFLD. In this
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review, we focus on the regulatory role of FOXO1 in the occurrence
and development of MAFLD, and provide new insights into the
diagnosis and treatment of MAFLD.

2 Transcription factor FOXO1

The forkhead box (FOX) is a family of transcription factors and
41 genes have been identified in humans so far. This family shares a
highly conserved DNA-binding domain (forkhead box domain)
consisting of about 100 amino acid residues, which has been proven
to be involved in the regulation of cell growth, differentiation,
metabolism, and embryonic development (6). Forkhead box O
(FOXO) is the O subgroup among the 19 subgroups in the FOX
protein family, including four members: FOXO1, FOXO3, FOXO4
and FOXO6. FOXO can specifically recognize two different DNA
response elements, DAF-16 binding element (DBE) and insulin-
responsive element (IRE) through the forkhead box domain, and the
core sequence is 5-(A/C)AA(C/T)A-3". Different subtypes of the
FOXO family overlap in some functions, but each subtype also has
specific physiological and pathological roles. FOXO1 is mainly
involved in glucose metabolism, insulin signaling, and lipid synthesis,
while FOXO3 is more associated with anti-stress responses, longevity,
and cancer. FOXO4 is related to apoptosis and aging, and FOXOG6 is
primarily expressed in the brain and plays a role in neurodevelopment
and function (7). FOXO1 and other FOXO isoforms work
synergistically, with their expression and activation being
interdependent. Research has shown that FOXOI1 induces the
expression of RICTOR (rapamycin-insensitive companion of
mammalian target of rapamycin), a component of the mTORC2
(mechanistic target of rapamycin kinase complex 2) complex, which
mediates the AKT-dependent inactivation of FOXO3 (8). Additionally,
FOXO3 can increase the transcription levels of PIK3CA and
FOXOL1 (9).

The FOXO1 gene was first discovered in human cancer
chromosomal translocation studies, located on 13ql4.11, and
consisted of 3 exons with a total length of 144,267 nt. FOXO1 contains
four functional domains, the nh2-terminal DNA-binding domain
(DBD, residues 158-237), the nuclear export sequence (NES, residues
374-401), the nuclear localization signal (NLS, residues 251-253), and
the transactivation domain (TAD, residues 596-655) (Figure 1), which
control nucleoplasmic translocation and gene transcription of FOXO1
(10, 11). The structure of FOXO1 is highly conserved across different
species, particularly its DBD and NLS. These conserved domains
enable FOXOL1 to perform similar functions in various organisms.
FOXOL1 is closely associated with metabolic regulation, particularly
under the control of the insulin signaling pathway. This mechanism
has been validated in various organisms, ranging from nematodes to
mammals (7). It has been shown that a variety of post-translational
modifications including methylation, GlcNAcylation, ubiquitination,
phosphorylation and acetylation can activate or inhibit FOXO1
expression, which binds cis-responsive elements of downstream target
genes in the nucleus to mediate its transcriptional regulation, whereas
its activity is significantly reduced in the cytoplasm, and its cellular
distribution is dependent on the internal environment and in vivo
equilibria (12). FOXO1 facilitates cardiovascular development and
prevents pathological remodelling during embryonic development
and is the key mediator of exercise-induced physiological cardiac
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hypertrophy; FOXO1-deficient mouse embryos die around
mid-gestation due to abnormal cardiovascular development (13-15).
Activation of FOXO1 in neurological diseases improves Huntington’s
disease progression and neuronal survival (16). FOXO1 is a well-
recognized tumor suppressor gene that can inhibit the proliferation,
invasion, and migration abilities of various malignant tumor cells
(such as hepatocellular carcinoma, colorectal cancer, gastric cancer,
prostate cancer, etc.), while promoting their apoptosis (17). As a
cancer suppressor, the loss of FOXO1 activity in tumor-infiltrating
regulatory T cells leads to their accumulation in tumor tissues,
triggering a strong anti-cancer immune response (18). FOXOL is
expressed in tissues that regulate energy homeostasis, such as the liver,
pancreas, skeletal muscle, adipose tissue, and hypothalamus (19). The
liver is a key site of action for FOXO1, and compared to normal liver
tissue, FOXO1 is highly expressed in MAFLD. It acts as a key
regulatory factor mediating physiological and pathological processes
such as glucose metabolism, lipid metabolism, insulin resistance, and
oxidative stress (17, 20-22).

3 Regulation of FOXOL1 activity

Post-translational modifications are important pathways for
regulating protein function and controlling fundamental physiological
processes. Regulation of FOXO1 activity involves a number of
modifications including phosphorylation, acetylation, methylation,
ubiquitination, glucosylation and glutathionylation (Figure 1). These
modifications regulate FOXO1 activity by affecting the subcellular
distribution of FOXO1 and DNA-binding affinity (23).

3.1 Phosphorylation

Phosphorylation modifications are the most common type of
covalent post-translational modifications of FOXO1, and one of the
best-known  kinase-mediated FOXO1 phosphorylation is
phosphoinositide 3-kinase (PI3K)/AKT signaling, in which AKT, a
negative regulator, phosphorylates three conserved amino acid
residues of the FOXO1 protein, including threonine 24 (Thr24), serine
256 (Ser256), and serine 319 (Ser319), in response to stimulation by
insulin or IGF-1 (24, 25). Upon phosphorylation of FOXO1, the
14-3-3 protein binds to the phosphorylation site of FOXO1 to form
the FOXO1-14-3-3 complex which in turn affects the subcellular
localization of FOXO1, and in the presence of 14-3-3 protein binding
FOXO1 normally migrates from the nucleus to the cytoplasm, thus
limiting its activity in the nucleus (26-29). Phosphorylated FOXO1 is
excluded from the nucleus and this model of FOXOI-mediated
nuclear exclusion has been widely recognized (26). Guo et al. have
shown that only phosphorylation of Ser256 was necessary for insulin
to repress transcriptional activation of FOXO1 (30). However, some
of the subsequent experimental data were difficult to explain with the
nuclear exclusion model, which was complemented by an intranuclear
translocation model proposed by Tamaki Arai’s research, an insulin-
dependent translocation model of Ser256 phosphorylated FOXO1
from the nuclear speck of SRSF2 to the perinuclear area (31). In
addition to the classical pathway PI3K/AKT, there are also upstream
kinases such as AMPK, MST1, CDK1/2, PKA, CK1, CDK4, DYRK1A,
NLK, MAPK, and so on. Among them, the phosphorylation of Ser22
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FIGURE 1

Structure and activity regulation of FOXO1. The human transcription factor FOXO1 consists of 655 amino acid residues, including four functional
domains: the NH2-terminal DBD (residues 158-237), the NES (residues 374-401), the NLS (residues 251-253), and the TAD (residues 596—-655). There
are interactions between different post-translational modifications, and PI3K/AKT signaling pathway is the most typical phosphorylation pathway for
FOXOL1 (phosphorylation sites Thr24, Ser256, Ser319). Acetylation of FOXO1 enhances AKT-mediated phosphorylation. Methylation of Arg251 and
Arg253 inhibits phosphorylation of Ser256. Ubiquitin ligases SKP2 and Mdm?2 participate in the ubiquitination and degradation of FOXO1 by binding to
phosphorylated Ser256. The phosphorylation of Ser22 mediated by AMPK can interfere with the phosphorylation of Thr24 mediated by AKT. FOXO1,
forkhead box O 1; DBD, DNA-binding domain; NES, nuclear export sequence; NLS, nuclear localization signal; TAD, transactivation domain; PI3K,
phosphatidylinositol 3-kinase; AKT, protein Kinase B; SKP2, S-phase kinase-associated protein 2; Mdm2, murine double minute 2; AMPK, AMP-

activated protein kinase.

mediated by AMPK can interfere with the phosphorylation of Thr24
mediated by AKT, directly and indirectly preventing the binding of
FOXOL to 14-3-3 protein, thereby maintaining the activity of FOXO1
(32). Different kinases target different phosphorylation sites on
FOXO1, and the different phosphorylation states correspond to
differences in FOXO1 activity (activation/inhibition), thereby affecting
biological functions such as glucose metabolism, oxidative stress, cell
differentiation, and angiogenesis.

3.2 Acetylation

Regulation of FOXO1 activity also involves protein acetylation
modifications, and FOXOI1 can bind to homology sites on
nucleosomes in vitro; this binding stably disrupts core histone-dna
contacts and results in the opening of chromatin (33). Acetylation
of FOXO1 reduces its affinity for binding to DNA, but it does not
disrupt the binding of FOXO1 to DNA or has an effect on the stable
remodelling of nucleosomes (34, 35). Response elementbinding
protein-binding protein and its homologue p300 are histone
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acetyltransferases involved in the regulation of a variety of
pathophysiological processes including oxidative stress, and can
acetylate FOXO1 (36, 37). Acetylated FOXO1 can be deacetylated
by histone deacetylase (HDAC) with silencing information
regulator 1 (Sirtl) and Sirt2, which promotes its nuclear localisation
and enhances transcriptional activity (38-43). Furthermore,
FOXO1 CoRepressor, a novel FOXO1-binding protein expressed in
mouse adipocytes, can directly acetylate FOXO1 in vitro by
disrupting the interaction between FOXO1 and Sirtl (44). The two
modifications, acetylation and phosphorylation, can be decoupled
from each other, with partly overlapping and partly independent
regulatory mechanisms for phosphorylation and acetylation (45).
Mutations mimicking the acetylation state make FOXO1 more
sensitive to AKT-mediated phosphorylation and nuclear rejection
and can reverse the constitutive nuclear localisation of
phosphorylation-deficient FOXO1, which leads to an increase in the
cytoplasmic translocation of FOXO1 and inhibits its activity by
indirectly promoting degradation (45, 46). However, the
phosphorylation of FOXO1 is not dependent on its acetylation
state (45).
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3.3 Methylation

Protein arginine methyltransferase 1 (PRMT1) methylates
multiple proteins and regulates glucose metabolism and stress
tolerance. In mice, FOXO1 is methylated by PRMT1 at the Arg248
and Arg250 (equivalent to Arg251 and Arg253 of human FOXO1)
sites, and methylation of these residues has an inhibitory effect on
AKT-mediated phosphorylation of FOXO1 Ser253 (equivalent to
Ser256 of human FOXO1), which promotes FOXO1 entry into the
nucleus leading to its enhanced activity. Arginine methylation can act
as an antagonistic mechanism to balance FOXO1 phosphorylation
(47,48). In addition, the Lys273 residue of FOXO1 was methylated by
euchromatin histone lysine methyltransferase 2 (EHMT2), a histone
methyltransferase that regulates apoptotic processes and cell
differentiation (49, 50). The different effects of methylation of different
FOXOL1 residues on protein function indicate the complexity of
biological regulation.

3.4 GlcNAcylation

GlcNAcylation is a post-translational modification targeting
serine/threonine residues involved in the regulation of glucose
metabolism, oxidative stress and tumourigenesis. FOXOl1
GlcNAcylation mediated by O-GlcNAc transferase (OGT)
promotes nuclear translocation of FOXO1 and enhances the
transcriptional activity of target genes, such as the gluconeogenesis
gene glucose-6-phosphatase (G6Pase), in a manner that is not
FOXO1 AKT-mediated
phosphorylation or subcellular distribution (51). Reports indicate
that the Thr317, Ser318, Ser550, Thr648, and Ser654 residues are
the FOXO1 GlcNAcylated sites and that GIcNAcylated Thr317
affects the transcriptional activity of human FOXOI1 (52).

related to protein  expression,

However, Fardini et al. revealed that this GIcNAcylation effect is
not obvious in mouse experiments (53). The GlcNAcylation
protein PGC-1la can act as a co-activator of OGT, enhancing the
GlcNAcylation of FOXO1 and its subsequent transcriptional
activity (54).

3.5 Ubiquitination

FOXO1 activity is controlled by the ubiquitination process.
FOXOL1 is degraded via the 26S ubiquitin-proteasome pathway in
HepG2 and INS-1 cells, and polyubiquitination-mediated degradation
is promoted by insulin through PI3K/AKT induced phosphorylation,
which leads to cytoplasmic translocation (55, 56). S-phase kinase-
associated protein 2 (SKP2) and murine double minute 2 (Mdm?2) are
E3 ubiquitin ligases involved in FOXO1 ubiquitination degradation
and inhibition of FOXO1 activity by binding to AKT-induced
phosphorylated Ser256 of FOXO1 (57, 58). Ubiquitin-specific
protease 7 (USP7) directly deubiquitinates monoubiquitinated
FOXO1 and has an inhibitory effect on the transcriptional activity of
FOXO1, leading to decreased expression of downstream genes
glucose-6-phosphatase ~ (G6Pase) and  phosphoenolpyruvate
carboxykinase (PEPCK). USP7 does not affect FOXOL1 protein levels
and subcellular localisation but reduces FOXO1 DNA binding
affinity (59).
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3.6 Glutathionylation

Cysteine S-glutathionylation is a post-translational modification
closely related to oxidative stress, and FOXO1 glutathionylation
mainly enhances the dna-binding capacity and transcriptional activity
of FOXO1 in oxidative environment without affecting the
phosphorylation status and subcellular localisation of FOXO1 (60, 61).
However, which of the specific cysteine residues contribute to the
effect and how it contributes remains unknown. This requires further
exploration of the regulation of glutathionylation of FOXO1.

4 The role of FOXO1 in MAFLD

FOXO1 plays pivotal roles in MAFLD. As a transcription factor,
FOXOL1 regulates crucial processes including glucose metabolism,
lipid metabolism, inflammation, and fibrosis. During the onset and
progression of MAFLD, the function of FOXO1 is regulated by various
factors such as nutritional status, insulin signaling pathways, and
inflammatory cytokines. Changes in the activity and expression levels
of FOXO1 influence the pathophysiological processes in the liver. In
clinical settings, increased expression and activity of FOXO1 have
been observed in patients with NASH (62, 63) (Figure 2). See Table 1
for details.

4.1 FOXO1 and lipid metabolism

Disruption in lipid synthesis, transport, and breakdown is one of
the primary causes of MAFLD. Various lipid metabolism
abnormalities interact in the body, leading to excessive fat
accumulation in the liver and ultimately resulting in MAFLD. FOXO1
is a key player in various lipid metabolism pathways in MAFLD. As a
transcription factor, it regulates the expression of downstream genes
related to lipid breakdown and synthesis, maintaining the balance of
lipid synthesis and metabolism in the liver. Ubiquitination-mediated
degradation of FOXO1 has been shown to inhibit lipid accumulation
in hepatic cells, thus playing a protective role against fatty liver (98).
Targeting FOXOL1 to regulate lipid metabolism is a current research
hotspot in the treatment of MAFLD. Resveratrol is a polyphenolic
compound naturally found in plants, it reduces hepatic fat deposition
by inhibiting the expression of sterol regulatory element binding
transcription factor 1 (SREBPI) through the sirtuin 1 (SIRT1)/
FOXOL signaling cascade (64). As a major active component of clove
extract, f-Caryophyllene effectively prevents palmitate-induced lipid
accumulation and damage in HepG2 cells. It functions by
phosphorylating AMPK at Thr172 through the cannabinoid type 2
(CB2) receptor. This process leads to the translocation of FOXO1 from
the cytoplasm to the nucleus. Inside the nucleus, FOXO1 upregulates
the expression of ATGL, thereby increasing the B-oxidation of free
fatty acids (65). Additionally, Alpha-lipoic acid, the thiazolidinedione
derivative LPSF/GQ-02, the natural steroid saponin Dioscin, and the
tomato extract tomatine all exhibit similar mechanisms in MAFLD:
by inhibiting FOXO1 nuclear exclusion and subsequently upregulating
ATGL expression, they promote triglyceride breakdown, thereby
reducing fat accumulation within liver cells (66-69). The peroxisome
proliferator-activated receptor alpha (PPARa)/FOXO1 signaling
pathway is also an important pathway in hepatic triglyceride synthesis.
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FIGURE 2

The regulating role of FOXO1 in MAFLD. The nuclear expression of FOXO1 is mainly determined by its phosphorylation and acetylation levels.
Phosphorylation of FOXO1 by p-AKT and p-AMPK can lead to its nuclear exclusion. The deacetylases HDAC, SIRT1, and SIRT3 can deacetylate FOXO1,
thereby upregulating its nuclear expression. Elevated FOXO1 expression can promote hepatic gluconeogenesis, lipolysis, and hepatocellular autophagy
and apoptosis, while inhibiting hepatic oxidative stress, fibrosis, and cholesterol synthesis. Different drugs or genes can directly or indirectly influence
nuclear FOXO1 expression, thereby modulating MAFLD. IR, insulin receptor; IRS, insulin receptor substrate; PI3K, phosphoinositide 3-kinases; AMPK,

10.3389/fnut.2024.1426780

LncRNA MEG3, long non-coding RNA maternally expressed 3.

AMP-activated protein kinase; Menl, menin 1; HDAC, histone deacetylase; SIRT1/3, sirtuin 1/3; PPARa, peroxisome proliferator-activated receptor
alpha; ATGL, adipose triglyceride lipase; THC, tetrahydrocurcumin; EGCG, epigallocatechin gallate; DLK1, delta like non-canonical Notch ligand 1;
TMZ, trimetazidine; LPSF/GQ-02, a thiazolidinone derivative; SARML, sterile alpha and armadillo motif-containing protein 1; Rgl, ginsenoside Rg1l;
QSHX, a kind of Chinese medicine extract; H,S, hydrogen sulfide; SI00A11, S100 calcium binding protein Al1; FcyRllb, Fc-gamma receptor-I1ib; n3-
PUFAs, n3-polyunsaturated fatty acids; As1842856, a specific inhibitor of FOXO1; LncRNA SRA, long non-coding RNA steroid receptor RNA activator;

SIRT1 in the liver of MAFLD mice activates the transcription factor
FOXOL1 by transcriptionally regulating PPARa, thereby inhibiting
triglyceride synthesis and impeding the progression of MAFLD (70).
High molecular weight adiponectin (HMW APN) is a cytokine that
helps delay the progression of MAFLD and is mainly regulated by
disulfide-bond A oxidoreductase-like protein (DsbA-L) aggregation.
The Chinese herbal extract QSHX inhibits FOXO1 signaling
activation to increase the expression of DsbA-L and HMW APN,
thereby significantly reducing hepatic steatosis and damage in
MAFLD rats (71). Another study has shown that APN improves
MAFLD by inhibiting FOXO1 expression through the Akt/FOXO1
signaling pathway. It was found that the Akt1 subtype plays a major
role in this signaling pathway (99). Trimetazidine (TMZ) is a drug
primarily used to alleviate chest pain associated with angina. In recent
years, TMZ has been shown in MAFLD research to reduce hepatic
lipid synthesis and block fibrosis progression. After TMZ intervention
in palmitic acid-induced HepG2 cells, FOXO1 expression decreases
with AMPK activation. The suppressed FOXO1 downregulates the
expression and transcriptional activity of carbohydrate-responsive
element-binding protein (CHREBP), thereby reducing hepatic lipid
synthesis (72). Berberine is a lipophilic alkaloid from the
Berberidaceae family, and its protective effect against MAFLD has
been confirmed in the recent study. Sterol regulatory element-binding
protein 2 (SREBP2) transcriptionally regulates 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR), a classic pathway
for cholesterol synthesis. Berberine upregulates the mRNA and
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protein expression of SIRT1 in palmitic acid-induced HepG2 cells,
leading to deacetylation of FOXO1 and promoting its nuclear
retention. FOXO1 binds to the IRE sequence in the SREBP2 promoter
region in the nucleus, inhibiting SREBP2 transcription and indirectly
suppressing HMGCR expression and cholesterol synthesis (73). The
muscle-liver-adipose metabolic axis is a recently discovered axis
involved in the regulation of hepatic steatosis. Female mice lacking the
muscle-specific histone methyltransferase G9a show resistance to
obesity and hepatic steatosis induced by a high-fat diet. The potential
mechanism involves the muscle-liver-adipose metabolic axis, with the
phosphorylation level of FOXO1 playing a key role in this metabolic
axis (100). As1842856 is a specific inhibitor of FOXO1, which
enhances FOXOI1 phosphorylation in the mice liver without
significantly affecting total FOXO1 expression. As1842856 has a
protective effect against chronic stress-induced hepatic lipid
deposition and inflammation. It can inhibit the expression of lipid
metabolism-related genes (FAS, FATP and FABP) and cholesterol
metabolism-related genes (HMG-CoAR and CYP7AIl) (101).
Tacrolimus, a macrolide calcineurin inhibitor, is the most commonly
used immunosuppressant post-liver transplantation. Li et al.
discovered that long-term use of tacrolimus promotes the formation
of the FKBP51-FOXOI1 complex within hepatocytes, thereby
inhibiting the nuclear translocation of FOXO1 and its subsequent
binding to the promoter of HMGCS2, the rate-limiting enzyme for
ketogenesis. This ultimately results in the low expression of HMGCS2
and reduced ketogenesis. The finding provides a new therapeutic
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TABLE 1 Trial interventions related to FOXO1.

10.3389/fnut.2024.1426780

Name Models Mechanisms Therapeutic effects References
Resveratrol HepG2 cells Sirtl 1, FOXO1 1, SREBP1 | Reduces hepatic lipid accumulation (64)
B-Caryophyllene HepG2 cells AMPK 1, FOXO1 1, p-FOXO1 |, ATGL 1t Promote lipid decomposition and inhibit liver (65)
damage
Alpha-lipoic acid HepG2 cells AMPK 1, FOXOL1 1, p-FOXO1 |, ATGL 1 Promote lipid decomposition (66)
LPSF/GQ-02 C57BL/6] mice AMPK 1, FOXOL1 1, p-FOXO1 |, ATGL 1 Promote lipid decomposition and inhibit (67)
inflammatory cell infiltration
Dioscin AML-12 cells, HepG2 cells, Sirtl 1, p-AMPK 1, FOXOL1 1, ATGL Promote lipid decomposition and inhibit liver (68)
C57BL/6] mice damage
Tomatidine HepG2 cells p-AMPK 1, FOXO1 1, ATGL 1 Promote lipid decomposition (69)
Sirtl C57BL/6] mice PPAR«a 1, FOXO1 1 Reduces hepatic lipid accumulation (70)
QSHX SD rats p-AKT |, p-FOXO1 |, FOXO1 | Reduces liver lipid accumulation and damage (71)
TMZ HepG2 cells, C57BL/6] mice p-AMPK 1, FOXOL1 |, CHREBP | Inhibit liver lipid synthesis and block the (72)
progression of liver fibrosis
Berberine HepG2 cells Sirtl 1, FOXO1 nuclear retention, SREBP2 | Inhibits the synthesis of triglycerides and (73)
cholesterol
Tacrolimus AMLI2 cells, C57BL/6] mice FKBP51-FOXO1 complex 1, HMGCS2 | Inhibit ketosis (74)
LncRNA SRA HepG2 cells, ob/ob mice FOXO1 |, ATGL | Inhibits lipid breakdown (75)
LncRNA MEG3 HepG2 cells FOXO1 |, ACC1 |, FAS | Inhibits hepatic lipid synthesis (76)
DLK1 db/db mice, C57BL/6] mice p-AMPK 1, p-AKT 1, p-FOXOL1 1, G6pase |, Reduce liver lipid accumulation, inhibit 77)
PEPCK | gluconeogenesis, and inhibit inflammatory cell
infiltration
FcyRIIb HepG2 cells, C57BL/6] mice p-AKT |, p-FOXOL1 |, Gépase 1, PEPCK 1 Promotes hepatic lipid accumulation and (78)
gluconeogenesis
Infliximab Wistar rats TNF-« |, p-AKT 1, p-FOXOL1 1, Gé6pase |, Reduces liver inflammation, steatosis, and (79)
PEPCK | fibrosis while improving insulin signaling
THC HepG2 cells p-AKT 1, p-FOXO1 1, Gépase |, PEPCK | Inhibits hepatic lipid synthesis and (80)
gluconeogenesis
Luteolin Wistar rats p-AKT 1, p-FOXO1 1, Gépase |, PEPCK |, Reduce serum triglycerides and total (81)
SREBPI | cholesterol, inhibit gluconeogenesis
Vitamin D C57BL/6] mice p-AKT 1, p-FOXO1 1, Gépase |, PEPCK |, Inhibits hepatic lipid synthesis and (82)
SREBPIC |, ACC | gluconeogenesis
SARMI1-knockout | C57BL/6] mice p-AKT 1, p-FOXO1 1, Gépase |, PEPCK | Inhibit liver damage and insulin resistance, (83)
reduce inflammation and oxidative stress
Menl NCTC-1469 cells negative feedback loop between Men1 and Maintaining stable glucose and lipid (84, 85)
fox01 metabolism
Rgl C57BL/6] mice FOXO1 1, p-FOXOL1 | Enhance liver antioxidant capacity and reduce (86)
inflammation
Resveratrol C57BL/6] mice FOXO1 1,SOD2 t Enhance liver antioxidant (87)
Salvianolic acid B SD rats Sirt3 1, Ac-FOXO1 |, FOXO1 1, SOD2 1 Enhance liver antioxidant (88)
H,S HepG2 cells, C57BL/6] mice Sirtl 1, FOXO1 1, SOD2 1, PCSK9 | Relieve endoplasmic reticulum stress in liver (89)
cells
EGCG SD rats p-PI3K 1, p-AKT 1, p-FOXO1 | Improve liver fibrosis (90,91)
Esculetin Wistar rats p-FOXO1 1, TGF-B | Improve liver fibrosis (92)
S100A11 C57BL/6] mice Ac-FOXO1 1, FOXO1 t, ATG7 1, LC3-1I 1 Activation of hepatocyte autophagy and (93)
lipogenesis
n3-PUFAs SD rats p-IRS-1 |, FOXOL1 |, MAPILC3B |, Inhibit hepatocyte autophagy (94)
GAPARAPL1 |
AS1842856 FOXO1 antagonists (95)
(Continued)
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TABLE 1 (Continued)

Models Mechanisms

10.3389/fnut.2024.1426780

References

Therapeutic effects

Serpina3c- Apoe—/—mice f-catenin |, FOXO1 |, TLR4 |

knockout

Inhibit necroptosis (96)

exosomal miR- SD rats

192-5p

RICTOR |, p-FOXO1 |, M1 macrophages 1

Inducing inflammation

©7)

direction for addressing hyperlipidemia and hepatic lipid
accumulation induced by long-term tacrolimus use (74).

The studies above indicate that FOXO1, as a transcription factor,
regulates lipid metabolism-related genes depending on its subcellular
localization and its phosphorylation/acetylation levels. FOXO1 has
higher transcriptional activity in the nucleus and lower post-
translational modification levels. FOXO1 has multiple effects on
MAFLD lipid metabolism; it can upregulate CHREBP to promote
hepatic lipid synthesis while also inhibiting SREBP2 to reduce
cholesterol production. FOXO1 activation of ATGL to promote
hepatic lipid oxidation and decomposition is also a classical pathway
for regulating MAFLD lipid metabolism. In addition to the
compounds mentioned above, the LncRNA (long non-coding RNA)
SRA (steroid receptor RNA activator) can also promote hepatic
steatosis by downregulating FOXO1 expression and inhibiting ATGL
transcription (75). LncRNA MEG3 (maternally expressed 3) can
reduce hepatic lipid accumulation by downregulating FOXO1
expression; however, the underlying mechanisms of this process still
require further investigation (76).

4.2 FOXO1 and gluconeogenesis/insulin
resistance

Insulin resistance is closely related to MAFLD, with up to
two-thirds of type 2 diabetes patients having MAFLD. The risk of
developing type 2 diabetes is more than doubled in MAFLD patients
compared to MAFLD patients, with the highest risk seen in NASH
patients. Under normal conditions, insulin promotes hepatic lipid
synthesis while inhibiting gluconeogenesis, thereby reducing hepatic
glucose production. Insulin resistance selectively inhibits insulin’s
glucose-lowering effects. Excessive glucose production leads to
elevated blood sugar level, further stimulating insulin secretion and
promoting the uptake of free fatty acids and synthesis of triglycerides
in the liver, ultimately leading to hepatic steatosis and the
development of MAFLD (102). In the formation of insulin resistance,
the degree of FOXO1 phosphorylation by upstream AKT decreases,
this upregulates the G6Pase expression (key gluconeogenic enzyme)
and PEPCK, while downregulating the activity of serum free fatty
acid metabolic enzymes, leading to the accumulation of fat in cells
(103). Specific knockdown of FOXO1 expression inhibits glycogen
breakdown and gluconeogenesis in fasted mice, ultimately leading
to hypoglycemia (104). Downregulation of SIRT1 expression in
human fetal liver cells leads to decreased phosphorylation levels of
AKT and FOXOLI. Activated FOXOL in the nucleus promotes the
expression of key gluconeogenic genes, such as G6Pase and PEPCK,
inducing an increase in glucose concentration in fetal liver cells
(105). Delta like non-canonical Notch ligand 1 (DLKI1) is an
imprinted gene that regulates mouse adipogenesis and muscle
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development. After DLK1 triggers AKT phosphorylation, FOXO1
translocates from the nucleus to the cytoplasm, thereby
downregulating the expression of G6Pase and PEPCK. This inhibits
hepatic glucose production and improves insulin resistance in mice
(77). Another example with a similar mechanism is Fc-gamma
receptor-IIb (FcyRIIb), which inhibits insulin-induced AKT and
FOXO1 thereby
gluconeogenesis by upregulating G6Pase and PEPCK mRNA

phosphorylation, promoting  hepatic
expression (78). Tumor necrosis factor alpha (TNF-a) is an
inflammatory cytokine that plays a key role in the progression of
NASH. Infliximab (anti-TNF-a monoclonal antibody) can reduce
hepatic steatosis and fibrosis by upregulating the phosphorylation
levels of AKT and FOXOI, thereby improving hepatic insulin
resistance (79). Tetrahydrocurcumin (THC), a metabolite of
curcumin, exhibits higher activity than curcumin in antioxidant,
anti-inflammatory, anticancer, antidiabetic, and neuroprotective
effects. In vitro experiments have shown that THC can partially
reverse the low-level phosphorylation of FOXO1 induced by oleic
acid in HepG2 cells by enhance the PI3K/AKT signaling cascade.
This suggests that THC may improve glucose consumption
imbalance in hepatic cell steatosis and insulin resistance in MAFLD
patients. However, this conclusion still needs to be verified by
prospective clinical trials (80). Luteolin, when formulated as
nanoparticles (NPs) with zinc oxide (ZnO) in Lut/ZnO NPs, exhibits
higher bioavailability and solubility. In animal experiments, Lut/
ZnO NPs not only reduce the levels of triglycerides and total
cholesterol in the serum but also activate the PI3K/AKT/FOXO1
insulin signaling cascade, improving insulin sensitivity in liver cells
(81). The association between vitamin D deficiency and many
metabolic diseases has been confirmed in previous studies. The
beneficial effects of vitamin D are often masked by the pathological
consequences of obesity. Intraperitoneal injection of vitamin D in
mice can activate the AKT/glycogen synthase kinase 3 (GSK3) and
AKT/FOXOL1 signaling pathways, increasing hepatic glycogen
synthesis and suppressing gluconeogenesis. Additionally, it reduces
oxidative stress and inflammation through the nuclear factor kappa
B subunit 1 (NFkB) signaling cascade, thereby improving insulin
resistance in mice (82). Sterile alpha and armadillo motif-containing
protein 1 (SARM1) is a recently discovered cytoplasmic protein
containing Toll/interleukin-1 receptor (TIR) domains, involved in
toll-like receptor (TLR) signaling. Knockout of SARMI in mice leads
to a significant activation of insulin resistance-related pathways
including AKT, GSK3p, IRS1, and FOXOI, thereby alleviating
insulin resistance in mice fed a high-fat diet (83). FOXO1 expression
in hepatic cells is also regulated by the tumor suppressor gene menin
1 (Menl). Knocking down Menl leads to increased FOXO1
transcription. There is a negative feedback loop between Men1 and
FOXO1, where FOXO1 can bind to the promoter region of the Men1
gene to increase its transcription levels, this helps to maintain
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cellular homeostasis by coordinating glucose and lipid metabolism
between them (84, 85). This indicates that targeting treatments
related to the low-level phosphorylation of FOXO1 in insulin
resistance can improve insulin sensitivity. Downregulating FOXO1
activity in the insulin signaling pathway could become a new
direction for MAFLD treatment.

4.3 FOXO1 and oxidative stress

Oxidative stress is considered a major cause of liver damage and
disease progression in MAFLD. Liver lipid accumulation affects
various sources of reactive oxygen species (ROS), including
mitochondria, endoplasmic reticulum, and NADPH oxidase.
Oxidative stress reflects an imbalance between the production of ROS
and the clearance ability of the antioxidant system. ROS, as byproducts
of energy metabolism in different types of hepatic cells, are
continuously produced in the liver. Liver lipid overload induces the
overproduction of oxidants by affecting ROS generation. High levels
of ROS cause oxidative modifications to macromolecules such as
DNA, lipids, and proteins, leading to the accumulation of damaged
macromolecules and triggering liver damage. This process ultimately
drives the progression of MAFLD (106). MAFLD is often associated
with progressive aging of liver cells, with the levels of aging-related
markers (p21, p53) increasing as the severity of steatosis worsens. The
ginsenoside Rgl component can enhance the liver’s antioxidant
potential, inhibit lipid peroxidation, and maintain metabolic
homeostasis in a D-galactose-induced mouse aging model, ultimately
reducing liver damage and promoting liver anti-aging ability.
Quantitative analysis revealed that Rgl treatment significantly
upregulates the expression of FOXO1 in mouse liver cells, while
reducing the level of FOXO1 phosphorylation. This suggests that
FOXO1 may be involved in enhancing the liver’s anti-aging and
antioxidant potential (86). In another study of resveratrol, KKAy mice
showed upregulated expression of superoxide dismutase (SOD) and a
dose-dependent decrease in the oxidative stress marker
malondialdehyde in liver tissue after resveratrol intake. FOXO1 also
showed upregulated expression in this context (87). The above
experimental results suggest a potential link between FOXO1 and
oxidative stress in MAFLD. In a study on NASH, FOXO1 was found
to act as a sensing component in the antioxidant signaling pathway.
Salvianolic acid B is a polyphenolic antioxidant extracted from Salvia
miltiorrhiza, it can upregulate the expression of SIRT3 in the liver
tissue of NASH rats, thereby reducing the acetylation level of FOXO1.
Through the SIRT3/FOXO1 signaling pathway, salvianolic acid B
directly activates the mitochondrial endogenous antioxidant enzyme
SOD2, promoting the metabolism of reactive oxygen species to
counteract oxidative stress, and significantly alleviating the
progression of NASH in rats (88). Hydrogen sulfide (H,S) is produced
in the body through enzymatic or non-enzymatic endogenous
reactions and serves as a gasotransmitter in physiological processes.
Previous studies have shown that blocking the metabolism of H,S
could promote hepatic lipid accumulation. Cui et al. further
investigated this at the molecular level and found that H,S indirectly
inhibited proprotein convertase subtilisin/kexin type 9 (PCSK9)
transcription by upregulating SIRT1 expression and increasing
FOXO1 deacetylation, which helped alleviate lipid-induced
endoplasmic reticulum stress in hepatic cells (89).
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4.4 FOXO1 and liver fibrosis

MAFLD usually progresses dynamically under the stimulation of
multiple factors. The progression from NAFL to NASH and liver
fibrosis is closely related to a series of liver injuries such as lipotoxicity,
oxidative stress, inflammation, and cell apoptosis. These injuries occur
sequentially in different liver cells and activate the liver’s regenerative
potential, leading to increased deposition of collagen and extracellular
matrix, ultimately promoting liver fibrosis. Without intervention, the
worsening fibrosis in MAFLD can progress to cirrhosis, liver failure,
and hepatocellular carcinoma. Effective intervention to halt the
progression of liver fibrosis is essential in preventing MAFLD from
developing into end-stage liver disease. Specific knockout of FOXO1
can significantly increase the expression of inflammatory and fibrotic
genes in the liver, thereby accelerating liver fibrosis (107). FOXOl is a
key signaling factor that connects cholangiocyte/hepatocyte
senescence with MAFLD. In vitro, downregulation of cyclin-
dependent kinase inhibitor 2A (p16) can reduce the transcription of
E2F transcription factor 1 (E2f1) and FOXOLI in cholangiocytes by
inhibiting RNA polymerase II and E2f1 binding at the FOXOL1 site.
This in turn alleviates MAFLD phenotypes such as liver fibrosis,
hepatic stellate cell activation, inflammation, and macrophage
infiltration in high-fat diet-fed mice (108). Epigallocatechin gallate
(EGCQ) is a major polyphenol found in green tea, known for its ability
to inhibit collagen synthesis and deposition. Studies on extracts from
the livers of MAFLD rats indicate that EGCG may reduce FOXO1
phosphorylation levels through the PI3K/AKT signaling pathway,
which could be a potential mechanism underlying its anti-fibrotic
effects (90, 91). If NASH is not controlled, inflammation and cell
damage in the liver will further lead to fibrosis. Supplementing
high-fat diet rats with esculetin, a derivative of coumarin, significantly
inhibits the expression of transforming growth factor-beta (TGF-p) in
the liver tissue, and the De Ritis ratio (AST/ALT) is increased
compared to the control group, suggesting that esculetin affects the
phosphorylation-related pathways of FOXO1 to improve the fibrotic
process induced by high-fat diet MAFLD (92).

4.5 FOXOL1 regulates cellular autophagy
and apoptosis

Autophagy plays a crucial role in the development of MAFLD, as
it is believed to promote the formation of lipid droplets and the
accumulation of lipids in liver cells. In the tree shrew MAFLD model,
the high expression of S100 calcium binding protein A11 (S100A11)
inhibits the deacetylation of FOXO1 by directly binding to histone
deacetylase 6 (HDACS), thereby upregulating the acetylation level of
FOXO1. This promotes the expression of downstream genes and
activates liver cell autophagy and intrahepatic lipid production (93).
Omega-3 polyunsaturated fatty acids (n3-PUFAs) can inhibit hepatic
steatosis and inflammatory infiltration, and improve insulin resistance
in rats by reducing IRS-1 phosphorylation. Additionally, the
expression of FOXOL1 and its downstream autophagy-related target
genes, microtubule-associated protein light chain 3B (MAP1LC3B)
and gamma-aminobutyric acid receptor-associated protein-like 1
(GABARAPLLI), is reduced. This suggests that n3-PUFAs may inhibit
the expression of autophagy-related genes in hepatic cells and thereby
hinder the progression of MAFLD by downregulating FOXOL1.
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However, current research on the relationship between n3-PUFAs and
autophagy is limited to quantitative measurements, and more direct
evidence is needed to validate their association (94). FOXOL is closely
related to apoptosis, after treating primary hepatocytes from normal
mice with palmitic acid, the protein expression level of FOXO1 and
the degree of necrotic apoptosis in the cells both increase. However,
AS1842856 (a FOXO1 antagonist) can significantly downregulate the
levels of markers associated with necrotic apoptosis in the cells (95).
As a member of the a-1 antitrypsin family, serine proteinase inhibitor,
clade A, member 3C (Serpina3c) overexpression is protective against
MAFLD progression. Downregulation of Serpina3c expression
promotes nuclear localization of FOXO1 and f-catenin under
lipotoxic conditions, thereby inhibiting necrotic apoptosis in MAFLD
through TLR4 activation (96).

4.6 FOXO1 and immunity

In recent years, the association between MAFLD development and
immune cells has become a prominent research focus. Liver biopsies
from patients with advanced NASH have shown overexpression of
FOXO1 in hepatic macrophages. Knockdown of FOXO1 can reduce
hepatic macrophage infiltration and induce a shift of macrophages from
a pro-inflammatory M1 phenotype to an anti-inflammatory M2
phenotype. This inhibitory effect on macrophages alleviates liver
inflammation and insulin resistance induced by a high-fat diet in mice.
FOXO1 appears to be a key mediator in activating macrophages and a
therapeutic target for preventing MAFLD progression from benign
steatosis to NASH (109). FOXO1-low activity CXCR6" CD8" T cells are
abundant in the livers of NASH mice and NASH patients.
Mechanistically, IL-15 induces FOXO1 downregulation and CXCR6
upregulation, rendering liver-resident CXCR6* CD8" T cells sensitive
to metabolic stimuli (including acetate and extracellular ATP) and
collectively triggering autoimmunity, exacerbating NASH progression
(110). Under conditions of lipotoxic liver injury, hepatocyte-derived
exosomal miR-192-5p release increases, activating pro-inflammatory
M1 macrophages upon uptake of exosomal miR-192-5p. MiR-192-5p
downregulates the protein expression of RICTOR in M1 macrophages,
further inhibiting the phosphorylation levels of AKT and FOXOLI. This
leads to the activation of FOXO1 and induces an inflammatory response
by upregulating the activity of pro-inflammatory macrophages (97).

5 Conclusion

FOXOLI impacts MAFLD through its involvement in liver glucose
and lipid metabolism, insulin resistance, oxidative stress, fibrosis

References

1. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of
NAFLD development and therapeutic strategies. Nat Med. (2018) 24:908-22. doi:
10.1038/s41591-018-0104-9

2. Han MAT, Yu Q, Tafesh Z, Pyrsopoulos N. Diversity in NAFLD: a review of
manifestations of nonalcoholic fatty liver disease in different ethnicities globally. J Clin
Transl Hepatol. (2021) 1-10. doi: 10.14218/JCTH.2020.00082

3. Zhu JZ, Yi HW, Huang W, Pang T, Zhou HP, Wu XD. Fatty liver diseases,
mechanisms, and potential therapeutic plant medicines. Chin J Nat Med. (2020)
18:161-8. doi: 10.1016/S1875-5364(20)30017-0

Frontiers in Nutrition

10.3389/fnut.2024.1426780

progression, and hepatocyte autophagy and apoptosis. Increasing
evidence reveals that the dysregulation of FOXO1 signaling in MAFLD
affects downstream target gene expression. Its activity is regulated by
various post-translational modifications such as phosphorylation,
acetylation, and ubiquitination, as well as nucleocytoplasmic shuttling,
which depend on the cell’s metabolic state. FOXO1 is a critical node in
many metabolic pathways and physiological processes. Targeted
interventions against FOXO1 aim to achieve specific control over
abnormal metabolism related to MAFLD, which is of great
significance. With further research on FOXOI1, more potential
mechanisms and diagnostic and therapeutic value in MAFLD are
expected to be elucidated, making it a promising biomarker for early
diagnosis and potential therapeutic targets of MAFLD.

Author contributions

XS: Writing - original draft. X1Z: Writing - original draft. SL:
Writing - original draft. CG: Writing - review & editing. WS: Writing
- review & editing. JG: Writing - review & editing. XyZ: Writing —
review & editing. XJ: Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by the Heilongjiang Postdoctoral Science Foundation
(Grant no. LBH-Q21023) and the National Natural Science
Foundation of Heilongjiang Province (Grant no. LH2020H058).

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.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

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

5. Chen X, Zhang L, Wang Y, Li R, Yang M, Gao L. Identification of key target genes
and pathway analysis in nonalcoholic fatty liver disease via integrated bioinformatics
analysis. Balkan ] Med Genet. (2023) 25:25-34. doi: 10.2478/bjmg-2022-0006

6. Fu Z, Tindall DJ. FOXOs, cancer and regulation of apoptosis. Oncogene. (2008)
27:2312-9. doi: 10.1038/0nc.2008.24

frontiersin.org


https://doi.org/10.3389/fnut.2024.1426780
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.14218/JCTH.2020.00082
https://doi.org/10.1016/S1875-5364(20)30017-0
https://doi.org/10.1002/hep.28431
https://doi.org/10.1002/hep.28431
https://doi.org/10.2478/bjmg-2022-0006
https://doi.org/10.1038/onc.2008.24

Sha et al.

7. Santos BE, Grenho I, Martel PJ, Ferreira BI, Link W. FOXO family isoforms. Cell
Death Dis. (2023) 14:702. doi: 10.1038/s41419-023-06177-1

8. Chen CC, Jeon SM, Bhaskar PT, Nogueira V, Sundararajan D, Tonic I, et al. FoxOs
inhibit mMTORCI and activate Akt by inducing the expression of Sestrin3 and Rictor. Dev
Cell. (2010) 18:592-604. doi: 10.1016/j.devcel.2010.03.008

9. Franz F, Weidinger C, Krause K, Gimm O, Dralle H, Fithrer D. The transcriptional
regulation of FOXO genes in Thyrocytes. Horm Metab Res. (2016) 48:601-6. doi:
10.1055/s-0042-105153

10. Brownawell AM, Kops GJ, Macara IG, Burgering BM. Inhibition of nuclear import
by protein kinase B (Akt) regulates the subcellular distribution and activity of the
forkhead transcription factor AFX. Mol Cell Biol. (2001) 21:3534-46. doi: 10.1128/
MCB.21.10.3534-3546.2001

11. Vivar R, Humeres C, Mufioz C, Boza P, Bolivar S, Tapia E, et al. FoxO1 mediates
TGF-betal-dependent cardiac myofibroblast differentiation. Biochim Biophys Acta.
(2016) 1863:128-38. doi: 10.1016/j.bbamcr.2015.10.019

12. Peng S, Li W, Hou N, Huang N. A review of FoxO1-regulated metabolic diseases
and related drug discoveries. Cells. (2020) 9:184. doi: 10.3390/cells9010184

13. Willcox BJ, Tranah GJ, Chen R, Morris BJ, Masaki KH, He Q, et al. The FoxO3 gene
and cause-specific mortality. Aging Cell. (2016) 15:617-24. doi: 10.1111/acel.12452

14. Evans-Anderson HJ, Alfieri CM, Yutzey KE. Regulation of cardiomyocyte
proliferation and myocardial growth during development by FOXO transcription
factors. Circ Res. (2008) 102:686-94. doi: 10.1161/CIRCRESAHA.107.163428

15. Weeks KL, Tham YK, Yildiz SG, Alexander Y, Donner DG, Kiriazis H, et al. FoxO1
is required for physiological cardiac hypertrophy induced by exercise but not by
constitutively active PI3K. Am J Physiol Heart Circ Physiol. (2021) 320:H1470-85. doi:
10.1152/ajpheart.00838.2020

16. Vidal RL, Figueroa A, Court FA, Thielen P, Molina C, Wirth C, et al. Targeting the
UPR transcription factor XBP1 protects against Huntington's disease through the
regulation of FoxO1 and autophagy. Hum Mol Genet. (2012) 21:2245-62. doi: 10.1093/
hmg/dds040

17.Shi E Li T, Liu Z, Qu K, Shi C, Li Y, et al. FOXOI: another avenue for treating
digestive malignancy? Semin Cancer Biol. (2018) 50:124-31. doi: 10.1016/j.
semcancer.2017.09.009

18. Deng Y, Wang E, Hughes T, Yu J. FOXOs in cancer immunity: knowns and
unknowns. Semin Cancer Biol. (2018) 50:53-64. doi: 10.1016/j.semcancer.2018.01.005

19. Kousteni S. FoxOl, the transcriptional chief of staff of energy metabolism. Bone.
(2012) 50:437-43. doi: 10.1016/j.bone.2011.06.034

20.LiY,MaZ,Jiang S, Hu W, Li T, Di S, et al. A global perspective on FOXOLI in lipid
metabolism and lipid-related diseases. Prog Lipid Res. (2017) 66:42-9. doi: 10.1016/j.
plipres.2017.04.002

21.Gao X, Yu S, Liu S, Zhang S, Sha X, Sun D, et al. Circular RNA nuclear receptor
interacting protein 1 promoted biliary tract cancer epithelial-mesenchymal transition
and stemness by regulating the miR-515-5p/AKT2 axis and PI3K/AKT/mTOR signaling
pathway. Environ Toxicol. (2023) 38:2632-44. doi: 10.1002/tox.23898

22.Guan C, Liu L, Zhao Y, Zhang X, Liu G, Wang H, et al. YY1 and eIF4A3 are
mediators of the cell proliferation, migration and invasion in cholangiocarcinoma
promoted by circ-ZNF609 by targeting miR-432-5p to regulate LRRC1. Aging (Albany
NY). (2021) 13:25195-212. doi: 10.18632/aging.203735

23. Zhang X, Jiang L, Liu H. Forkhead box protein O1: functional diversity and post-
translational modification, a new therapeutic target? Drug Des Devel Ther. (2021)
15:1851-60. doi: 10.2147/DDDT.S305016

24. Nakae J, Kitamura T, Silver DL, Accili D. The forkhead transcription factor Foxol
(Fkhr) confers insulin sensitivity onto glucose-6-phosphatase expression. J Clin Invest.
(2001) 108:1359-67. doi: 10.1172/JCI12876

25. Martinez SC, Cras-Méneur C, Bernal-Mizrachi E, Permutt MA. Glucose regulates
Foxol through insulin receptor signaling in the pancreatic islet beta-cell. Diabetes.
(2006) 55:1581-91. doi: 10.2337/db05-0678

26. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al. Akt promotes cell
survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell. (1999)
96:857-68. doi: 10.1016/s0092-8674(00)80595-4

27. Schmoll D, Walker KS, Alessi DR, Grempler R, Burchell A, Guo S, et al. Regulation
of glucose-6-phosphatase gene expression by protein kinase Balpha and the forkhead
transcription factor FKHR. Evidence for insulin response unit-dependent and
-independent effects of insulin on promoter activity. ] Biol Chem. (2000) 275:36324-33.
doi: 10.1074/jbc.M003616200

28.Tzivion G, Shen YH, Zhu J. 14-3-3 proteins; bringing new definitions to
scaffolding. Oncogene. (2001) 20:6331-8. doi: 10.1038/sj.onc.1204777

29.Rena G, Prescott AR, Guo S, Cohen P, Unterman TG. Roles of the forkhead in
rhabdomyosarcoma (FKHR) phosphorylation sites in regulating 14-3-3 binding,
transactivation and nuclear targetting. Biochem J. (2001) 354:605-12. doi:
10.1042/0264-6021:3540605

30. Guo S, Rena G, Cichy S, He X, Cohen P, Unterman T. Phosphorylation of serine 256
by protein kinase B disrupts transactivation by FKHR and mediates effects of insulin on
insulin-like growth factor-binding protein-1 promoter activity through a conserved insulin
response sequence. J Biol Chem. (1999) 274:17184-92. doi: 10.1074/jbc.274.24.17184

Frontiers in Nutrition

10.3389/fnut.2024.1426780

31. Arai T, Kano E, Murata M. Translocation of forkhead box O1 to the nuclear
periphery induces histone modifications that regulate transcriptional repression of
PCK1 in HepG2 cells. Genes Cells. (2015) 20:340-57. doi: 10.1111/gtc.12226

32. Saline M, Badertscher L, Wolter M, Lau R, Gunnarsson A, Jacso T, et al. AMPK
and AKT protein kinases hierarchically phosphorylate the N-terminus of the FOXO1
transcription factor, modulating interactions with 14-3-3 proteins. J Biol Chem. (2019)
294:13106-16. doi: 10.1074/jbc.RA119.008649

33. Hatta M, Cirillo LA. Chromatin opening and stable perturbation of core histone:
DNA contacts by FoxOl. J Biol Chem. (2007) 282:35583-93. doi: 10.1074/jbc.
M704735200

34. Hatta M, Liu F, Cirillo LA. Acetylation curtails nucleosome binding, not stable
nucleosome remodeling, by FoxO1. Biochem Biophys Res Commun. (2009) 379:1005-8.
doi: 10.1016/j.bbrc.2009.01.014

35. Rodriguez-Colman MJ, Dansen TB, Burgering BMT. FOXO transcription factors
as mediators of stress adaptation. Nat Rev Mol Cell Biol. (2024) 25:46-64. doi: 10.1038/
541580-023-00649-0

36. Iyer NG, Ozdag H, Caldas C. p300/CBP and cancer. Oncogene. (2004) 23:4225-31.
doi: 10.1038/sj.0onc.1207118

37. Das C, Lucia MS, Hansen KC, Tyler JK. CBP/p300-mediated acetylation of histone
H3 on lysine 56. Nature. (2009) 459:113-7. doi: 10.1038/nature07861

38.Sin TK, Yung BY, Siu PM. Modulation of SIRT1-Foxol signaling axis by
resveratrol: implications in skeletal muscle aging and insulin resistance. Cell Physiol
Biochem. (2015) 35:541-52. doi: 10.1159/000369718

39. Daitoku H, Hatta M, Matsuzaki H, Aratani S, Ohshima T, Miyagishi M, et al. Silent
information regulator 2 potentiates Foxol-mediated transcription through its
deacetylase activity. Proc Natl Acad Sci USA. (2004) 101:10042-7. doi: 10.1073/
pnas.0400593101

40. Banks AS, Kon N, Knight C, Matsumoto M, Gutiérrez-Judrez R, Rossetti L, et al.
SirT1 gain of function increases energy efficiency and prevents diabetes in mice. Cell
Metab. (2008) 8:333-41. doi: 10.1016/j.cmet.2008.08.014

41. Frescas D, Valenti L, Accili D. Nuclear trapping of the forkhead transcription factor
FoxOl1 via Sirt-dependent deacetylation promotes expression of glucogenetic genes. J
Biol Chem. (2005) 280:20589-95. doi: 10.1074/jbc.M412357200

42.Jing E, Gesta S, Kahn CR. SIRT2 regulates adipocyte differentiation through
FoxOl acetylation/deacetylation. Cell Metab. (2007) 6:105-14. doi: 10.1016/j.
cmet.2007.07.003

43.Hariharan N, Maejima Y, Nakae J, Paik ], Depinho RA, Sadoshima J.
Deacetylation of FoxO by Sirt1 plays an essential role in mediating starvation-induced
autophagy in cardiac myocytes. Circ Res. (2010) 107:1470-82. doi: 10.1161/
CIRCRESAHA.110.227371

44. Nakae J, Cao Y, Hakuno E, Takemori H, Kawano Y, Sekioka R, et al. Novel repressor
regulates insulin sensitivity through interaction with Foxol. EMBO J. (2012) 31:2275-95.
doi: 10.1038/emboj.2012.97

45. Qiang L, Banks AS, Accili D. Uncoupling of acetylation from phosphorylation
regulates FoxO1 function independent of its subcellular localization. J Biol Chem. (2010)
285:27396-401. doi: 1041074/jbc.M1 10.140228

46. Matsuzaki H, Daitoku H, Hatta M, Aoyama H, Yoshimochi K, Fukamizu A.
Acetylation of Foxol alters its DNA-binding ability and sensitivity to phosphorylation.
Proc Natl Acad Sci USA. (2005) 102:11278-83. doi: 10.1073/pnas.0502738102

47.Choi D, Oh K], Han HS, Yoon YS, Jung CY, Kim ST, et al. Protein arginine
methyltransferase 1 regulates hepatic glucose production in a FoxO1l-dependent
manner. Hepatology. (2012) 56:1546-56. doi: 10.1002/hep.25809

48. Takahashi Y, Daitoku H, Hirota K, Tamiya H, Yokoyama A, Kako K, et al.
Asymmetric arginine dimethylation determines life span in C. elegans by regulating
forkhead transcription factor DAF-16. Cell Metab. (2011) 13:505-16. doi: 10.1016/j.
cmet.2011.03.017

49. Chae YC, Kim JY, Park JW, Kim KB, Oh H, Lee KH, et al. FOXO1 degradation via
G9a-mediated methylation promotes cell proliferation in colon cancer. Nucleic Acids
Res. (2019) 47:1692-705. doi: 10.1093/nar/gky1230

50. Huang J, Dorsey J, Chuikov S, Zhang X, Jenuwein T, Reinberg D, et al. G9a and
Glp methylate lysine 373 in the tumor suppressor p53. J Biol Chem. (2010) 285:9636-41.
doi: 10.1074/jbc.M109.062588

51. Kuo M, Zilberfarb V, Gangneux N, Christeff N, Issad T. O-GlcNAc modification
of FoxO1 increases its transcriptional activity: a role in the glucotoxicity phenomenon?
Biochimie. (2008) 90:679-85. doi: 10.1016/j.biochi.2008.03.005

52. Housley MP, Rodgers JT, Udeshi ND, Kelly TJ, Shabanowitz J, Hunt DF, et al.
O-GIcNAc regulates FoxO activation in response to glucose. J Biol Chem. (2008)
283:16283-92. doi: 10.1074/jbc.M802240200

53. Fardini Y, Perez-Cervera Y, Camoin L, Pagesy P, Lefebvre T, Issad T. Regulatory
O-GlcNAcylation sites on FoxO1 are yet to be identified. Biochem Biophys Res Commun.
(2015) 462:151-8. doi: 10.1016/j.bbrc.2015.04.114

54. Housley MP, Udeshi ND, Rodgers JT, Shabanowitz J, Puigserver P, Hunt DF, et al.
A PGC-1lalpha-O-GlcNAc transferase complex regulates FoxO transcription factor
activity in response to glucose. J Biol Chem. (2009) 284:5148-57. doi: 10.1074/jbc.
M808890200

frontiersin.org


https://doi.org/10.3389/fnut.2024.1426780
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s41419-023-06177-1
https://doi.org/10.1016/j.devcel.2010.03.008
https://doi.org/10.1055/s-0042-105153
https://doi.org/10.1128/MCB.21.10.3534-3546.2001
https://doi.org/10.1128/MCB.21.10.3534-3546.2001
https://doi.org/10.1016/j.bbamcr.2015.10.019
https://doi.org/10.3390/cells9010184
https://doi.org/10.1111/acel.12452
https://doi.org/10.1161/CIRCRESAHA.107.163428
https://doi.org/10.1152/ajpheart.00838.2020
https://doi.org/10.1093/hmg/dds040
https://doi.org/10.1093/hmg/dds040
https://doi.org/10.1016/j.semcancer.2017.09.009
https://doi.org/10.1016/j.semcancer.2017.09.009
https://doi.org/10.1016/j.semcancer.2018.01.005
https://doi.org/10.1016/j.bone.2011.06.034
https://doi.org/10.1016/j.plipres.2017.04.002
https://doi.org/10.1016/j.plipres.2017.04.002
https://doi.org/10.1002/tox.23898
https://doi.org/10.18632/aging.203735
https://doi.org/10.2147/DDDT.S305016
https://doi.org/10.1172/JCI12876
https://doi.org/10.2337/db05-0678
https://doi.org/10.1016/s0092-8674(00)80595-4
https://doi.org/10.1074/jbc.M003616200
https://doi.org/10.1038/sj.onc.1204777
https://doi.org/10.1042/0264-6021:3540605
https://doi.org/10.1074/jbc.274.24.17184
https://doi.org/10.1111/gtc.12226
https://doi.org/10.1074/jbc.RA119.008649
https://doi.org/10.1074/jbc.M704735200
https://doi.org/10.1074/jbc.M704735200
https://doi.org/10.1016/j.bbrc.2009.01.014
https://doi.org/10.1038/s41580-023-00649-0
https://doi.org/10.1038/s41580-023-00649-0
https://doi.org/10.1038/sj.onc.1207118
https://doi.org/10.1038/nature07861
https://doi.org/10.1159/000369718
https://doi.org/10.1073/pnas.0400593101
https://doi.org/10.1073/pnas.0400593101
https://doi.org/10.1016/j.cmet.2008.08.014
https://doi.org/10.1074/jbc.M412357200
https://doi.org/10.1016/j.cmet.2007.07.003
https://doi.org/10.1016/j.cmet.2007.07.003
https://doi.org/10.1161/CIRCRESAHA.110.227371
https://doi.org/10.1161/CIRCRESAHA.110.227371
https://doi.org/10.1038/emboj.2012.97
https://doi.org/10.1074/jbc.M110.140228
https://doi.org/10.1073/pnas.0502738102
https://doi.org/10.1002/hep.25809
https://doi.org/10.1016/j.cmet.2011.03.017
https://doi.org/10.1016/j.cmet.2011.03.017
https://doi.org/10.1093/nar/gky1230
https://doi.org/10.1074/jbc.M109.062588
https://doi.org/10.1016/j.biochi.2008.03.005
https://doi.org/10.1074/jbc.M802240200
https://doi.org/10.1016/j.bbrc.2015.04.114
https://doi.org/10.1074/jbc.M808890200
https://doi.org/10.1074/jbc.M808890200

Sha et al.

55. Matsuzaki H, Daitoku H, Hatta M, Tanaka K, Fukamizu A. Insulin-induced
phosphorylation of FKHR (Foxol) targets to proteasomal degradation. Proc Natl Acad
Sci USA. (2003) 100:11285-90. doi: 10.1073/pnas.1934283100

56. Jiang Z, Xing B, Feng Z, Ma J, Ma X, Hua X. Menin upregulates FOXO1 protein
stability by repressing Skp2-mediated degradation in p cells. Pancreas. (2019) 48:267-74.
doi: 10.1097/MPA.0000000000001239

57. Huang H, Regan KM, Wang E Wang D, Smith DI, van Deursen JM, et al. SkpZ
inhibits FOXOLI in tumor suppression through ubiquitin-mediated degradation. Proc
Natl Acad Sci USA. (2005) 102:1649-54. doi: 10.1073/pnas.0406789102

58.Fu W, Ma Q, Chen L, Li P, Zhang M, Ramamoorthy S, et al. MDM2 acts
downstream of p53 as an E3 ligase to promote FOXO ubiquitination and degradation. J
Biol Chem. (2009) 284:13987-4000. doi: 10.1074/jbc.M901758200

59.Hall JA, Tabata M, Rodgers JT, Puigserver P. USP7 attenuates hepatic
gluconeogenesis through modulation of FoxOl gene promoter occupancy. Mol
Endocrinol. (2014) 28:912-24. doi: 10.1210/me.2013-1420

60. Chen CA, Wang TY, Varadharaj S, Reyes LA, Hemann C, Talukder MA, et al.
S-glutathionylation uncouples eNOS and regulates its cellular and vascular function.
Nature. (2010) 468:1115-8. doi: 10.1038/nature09599

61. Townsend DM. S-glutathionylation: indicator of cell stress and regulator of the
unfolded protein response. Mol Interv. (2007) 7:313-24. doi: 10.1124/mi.7.6.7

62. Valenti L, Rametta R, Dongiovanni P, Maggioni M, Fracanzani AL, Zappa M, et al.
Increased expression and activity of the transcription factor FOXO1 in nonalcoholic
steatohepatitis. Diabetes. (2008) 57:1355-62. doi: 10.2337/db07-0714

63. Dongiovanni P, Rametta R, Meroni M, Valenti L. The role of insulin resistance in
nonalcoholic steatohepatitis and liver disease development--a potential therapeutic
target?  Expert Rev  Gastroenterol — Hepatol.  (2016)  10:229-42.  doi:
10.1586/17474124.2016.1110018

64. Wang GL, Fu YC, Xu WC, Feng YQ, Fang SR, Zhou XH. Resveratrol inhibits the
expression of SREBP1 in cell model of steatosis via Sirt1-FOXOL1 signaling pathway.
Biochem Biophys Res Commun. (2009) 380:644-9. doi: 10.1016/j.bbrc.2009.01.163

65. Kamikubo R, Kai K, Tsuji-Naito K, Akagawa M. p-Caryophyllene attenuates
palmitate-induced lipid accumulation through AMPK signaling by activating CB2
receptor in human HepG2 hepatocytes. Mol Nutr Food Res. (2016) 60:2228-42. doi:
10.1002/mnfr.201600197

66.Kuo YT, Lin TH, Chen WL, Lee HM. Alpha-lipoic acid induces adipose
triglyceride lipase expression and decreases intracellular lipid accumulation in HepG2
cells. Eur ] Pharmacol. (2012) 692:10-8. doi: 10.1016/j.ejphar.2012.07.028

67. Aratjo S, Soares e Silva A, Gomes F, Ribeiro E, Oliveira W, Oliveira A, et al. Effects
of the new thiazolidine derivative LPSF/GQ-02 on hepatic lipid metabolism pathways
in non-alcoholic fatty liver disease (NAFLD). Eur ] Pharmacol. (2016) 788:306-14. doi:
10.1016/j.¢jphar.2016.06.043

68.Yao H, Tao X, Xu L, Qi Y, Yin L, Han X, et al. Dioscin alleviates non-alcoholic fatty
liver disease through adjusting lipid metabolism via SIRT1/AMPK signaling pathway.
Pharmacol Res. (2018) 131:51-60. doi: 10.1016/j.phrs.2018.03.017

69. Kusu H, Yoshida H, Kudo M, Okuyama M, Harada N, Tsuji-Naito K, et al.
Tomatidine reduces palmitate-induced lipid accumulation by activating AMPK via
vitamin D receptor-mediated signaling in human HepG2 hepatocytes. Mol Nutr Food
Res. (2019) 63:€1801377. doi: 10.1002/mnfr.201801377

70. Zhang W, Sun Y, Liu W, Dong J, Chen J. SIRT1 mediates the role of RNA-binding
protein QKI 5 in the synthesis of triglycerides in non-alcoholic fatty liver disease mice
via the PPARa/FoxO1 signaling pathway. Int ] Mol Med. (2019) 43:1271-80. doi:
10.3892/ijmm.2019.4059

71. Liu X, Tong W, Zhao X, Zhang H, Tang Y, Deng X. Chinese herb extract improves
liver steatosis by promoting the expression of high molecular weight adiponectin in
NAFLD rats. Mol Med Rep. (2017) 16:5580-6. doi: 10.3892/mmr.2017.7284

72.Zhang Y, Li C, Li X, Wu C, Zhou H, Lu §, et al. Trimetazidine improves hepatic
lipogenesis and steatosis in non-alcoholic fatty liver disease via AMPK-ChREBP
pathway. Mol Med Rep. (2020) 22:2174-82. doi: 10.3892/mmr.2020.11309

73. Shan MY, Dai Y, Ren XD, Zheng J, Zhang KB, Chen B, et al. Berberine mitigates
nonalcoholic hepatic steatosis by downregulating SIRT1-FoxO1-SREBP2 pathway for
cholesterol synthesis. J Integr Med. (2021) 19:545-54. doi: 10.1016/.joim.2021.09.003

74.1i S-L, Zhou H, Liu J, Yang J, Jiang L, Yuan H-M, et al. Restoration of HMGCS2-
mediated ketogenesis alleviates tacrolimus-induced hepatic lipid metabolism disorder.
Acta Pharmacol Sin. (2024). doi: 10.1038/s41401-024-01300-0

75.Chen G, Yu D, Nian X, Liu J, Koenig RJ, Xu B, et al. LncRNA SRA promotes
hepatic steatosis through repressing the expression of adipose triglyceride lipase
(ATGL). Sci Rep. (2016) 6:35531. doi: 10.1038/srep35531

76. Meng X, Long M, Yue N, Li Q, Chen J, Zhao H, et al. LncRNA MEGS3 restrains
hepatic lipogenesis via the FOXO1 signaling pathway in HepG2 cells. Cell Biochem
Biophys. (2024). doi: 10.1007/s12013-024-01278-w

77.Lee YH, Yun MR, Kim HM, Jeon BH, Park BC, Lee BW, et al. Exogenous
administration of DLK1 ameliorates hepatic steatosis and regulates gluconeogenesis via
activation of AMPK. Int J Obes. (2016) 40:356-65. doi: 10.1038/ij0.2015.173

78. Shu T, Song X, Cui X, Ge W, Gao R, Wang J. Fc gamma receptor IIb expressed in
hepatocytes promotes lipid accumulation and gluconeogenesis. Int J Mol Sci. (2018)
19:2932. doi: 10.3390/ijms19102932

Frontiers in Nutrition

11

10.3389/fnut.2024.1426780

79. Barbuio R, Milanski M, Bertolo MB, Saad M]J, Velloso LA. Infliximab reverses
steatosis and improves insulin signal transduction in liver of rats fed a high-fat diet. J
Endocrinol. (2007) 194:539-50. doi: 10.1677/JOE-07-0234

80. Chen JW, Kong ZL, Tsai ML, Lo CY, Ho CT, Lai CS. Tetrahydrocurcumin
ameliorates free fatty acid-induced hepatic steatosis and improves insulin resistance in
HepG2 cells. ] Food Drug Anal. (2018) 26:1075-85. doi: 10.1016/j.jfda.2018.01.005

81. Ahmed ES, Mohamed HE, Farrag MA. Luteolin loaded on zinc oxide nanoparticles
ameliorates non-alcoholic fatty liver disease associated with insulin resistance in diabetic
rats via regulation of PI3K/AKT/FoxO1 pathway. Int ] Immunopathol Pharmacol. (2022)
36:3946320221137435. doi: 10.1177/03946320221137435

82. Mutt SJ, Raza GS, Mikinen MJ, Keinanen-Kiukaanniemi S, Jarvelin MR, Herzig
KH. Vitamin D deficiency induces insulin resistance and re-supplementation attenuates
hepatic glucose output via the PI3K-AKT-FOXO1 mediated pathway. Mol Nutr Food
Res. (2020) 64:¢1900728. doi: 10.1002/mnfr.201900728

83. Pan ZG, An XS. SARMI1 deletion restrains NAFLD induced by high fat diet (HFD)
through reducing inflammation, oxidative stress and lipid accumulation. Biochem
Biophys Res Commun. (2018) 498:416-23. doi: 10.1016/j.bbrc.2018.02.115

84.LiuT, LiR, Sun L, Xu Z, Wang S, Zhou J, et al. Menin orchestrates hepatic glucose
and fatty acid uptake via deploying the cellular translocation of SIRT1 and PPARy. Cell
Biosci. (2023) 13:175. doi: 10.1186/s13578-023-01119-y

85.Wang S, Liu T, Sun L, Du H, Xu Z, Li R, et al. Menin regulates lipid deposition in
mouse hepatocytes via interacting with transcription factor FoxO1. Mol Cell Biochem.
(2022) 477:1555-68. doi: 10.1007/s11010-022-04392-6

86.Qi R, Jiang R, Xiao H, Wang Z, He S, Wang L, et al. Ginsenoside Rgl protects
against d-galactose induced fatty liver disease in a mouse model via FOXOl
transcriptional factor. Life Sci. (2020) 254:117776. doi: 10.1016/j.1£5.2020.117776

87.Zhu W, Chen S, Li Z, Zhao X, Li W, Sun Y, et al. Effects and mechanisms of
resveratrol on the amelioration of oxidative stress and hepatic steatosis in KKAy mice.
Nutr Metab. (2014) 11:35. doi: 10.1186/1743-7075-11-35

88. Wang Y, Chen J, Kong W, Zhu R, Liang K, Kan Q, et al. Regulation of SIRT3/
FOXO1 signaling pathway in rats with non-alcoholic steatohepatitis by Salvianolic acid
B. Arch Med Res. (2017) 48:506-12. doi: 10.1016/j.arcmed.2017.11.016

89.Cui X, Yao M, Feng Y, Li C, Li Y, Guo D, et al. Exogenous hydrogen sulfide
alleviates hepatic endoplasmic reticulum stress via SIRT1/FoxO1/PCSK9 pathway in
NAFLD. FASEB J. (2023) 37:¢23027. doi: 10.1096/1).202201705RR

90. Xiao J, Ho CT, Liong EC, Nanji AA, Leung TM, Lau TY, et al. Epigallocatechin
gallate attenuates fibrosis, oxidative stress, and inflammation in non-alcoholic fatty liver
disease rat model through TGF/SMAD, PI3 K/Akt/FoxOl, and NF-kappa B pathways.
Eur ] Nutr. (2014) 53:187-99. doi: 10.1007/s00394-013-0516-8

91. Tang G, Xu Y, Zhang C, Wang N, Li H, Feng Y. Green tea and epigallocatechin
Gallate (EGCG) for the Management of Nonalcoholic Fatty Liver Diseases (NAFLD):
insights into the role of oxidative stress and antioxidant mechanism. Antioxidants.
(2021) 10:1076. doi: 10.3390/antiox10071076

92.Pandey A, Raj P, Goru SK, Kadakol A, Malek V, Sharma N, et al. Esculetin
ameliorates hepatic fibrosis in high fat diet induced non-alcoholic fatty liver disease by
regulation of FoxO1 mediated pathway. Pharmacol Rep. (2017) 69:666-72. doi: 10.1016/j.
pharep.2017.02.005

93.Zhang L, Zhang Z, Li C, Zhu T, Gao J, Zhou H, et al. SI00A11 promotes liver
steatosis via FOXO1-mediated autophagy and lipogenesis. Cell Mol Gastroenterol
Hepatol. (2021) 11:697-724. doi: 10.1016/j.jcmgh.2020.10.006

94.Ramadan NM, Elmasry K, Elsayed HRH, El-Mesery A, Eraky SM. The
hepatoprotective effects of n3-polyunsaturated fatty acids against non-alcoholic fatty
liver disease in diabetic rats through the FOXO1/PPAR«/GABARAPLI signalling
pathway. Life Sci. (2022) 311:121145. doi: 10.1016/j.1fs.2022.121145

95. Ding HR, Tang ZT, Tang N, Zhu ZY, Liu HY, Pan CY, et al. Protective properties
of FOXOLI inhibition in a murine model of non-alcoholic fatty liver disease are
associated with attenuation of ER stress and necroptosis. Front Physiol. (2020) 11:177.
doi: 10.3389/fphys.2020.00177

96. Qian LL, Ji J], Jiang Y, Guo JQ, Wu Y, Yang Z, et al. Serpina3c deficiency induced
necroptosis promotes non-alcoholic fatty liver disease through p-catenin/Foxol/TLR4
signaling. FASEB J. (2022) 36:¢22316. doi: 10.1096/].202101345RRR

97. Liu XL, Pan Q, Cao HX, Xin FZ, Zhao ZH, Yang RX, et al. Lipotoxic hepatocyte-
derived Exosomal MicroRNA 192-5p activates macrophages through Rictor/Akt/
Forkhead box transcription factor O1 signaling in nonalcoholic fatty liver disease.
Hepatology. (2020) 72:454-69. doi: 10.1002/hep.31050

98. Gao H, Zhou L, Zhong Y, Ding Z, Lin S, Hou X, et al. Kindlin-2 haploinsufficiency
protects against fatty liver by targeting Foxol in mice. Nat Commun. (2022) 13:1025.
doi: 10.1038/s41467-022-28692-z

99.Xie X, Yan D, Li H, Zhu Q, Li ], Fang YP, et al. Enhancement of adiponectin
ameliorates nonalcoholic fatty liver disease via inhibition of FoxO1 in type I diabetic
rats. ] Diabetes Res. (2018) 2018:6254340. doi: 10.1155/2018/6254340

100. Zhang W, Yang D, Yuan Y, Liu C, Chen H, Zhang Y, et al. Muscular G9a regulates
muscle-liver-fat Axis by Musclin under overnutrition in female mice. Diabetes. (2020)
69:2642-54. doi: 10.2337/db20-0437

101. Liu YZ, Peng W, Chen JK, Su WJ, Yan WJ, Wang YX, et al. FoxO1 is a critical

regulator of hepatocyte lipid deposition in chronic stress mice. Peer]. (2019) 7:¢7668.
doi: 10.7717/peerj.7668

frontiersin.org


https://doi.org/10.3389/fnut.2024.1426780
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1073/pnas.1934283100
https://doi.org/10.1097/MPA.0000000000001239
https://doi.org/10.1073/pnas.0406789102
https://doi.org/10.1074/jbc.M901758200
https://doi.org/10.1210/me.2013-1420
https://doi.org/10.1038/nature09599
https://doi.org/10.1124/mi.7.6.7
https://doi.org/10.2337/db07-0714
https://doi.org/10.1586/17474124.2016.1110018
https://doi.org/10.1016/j.bbrc.2009.01.163
https://doi.org/10.1002/mnfr.201600197
https://doi.org/10.1016/j.ejphar.2012.07.028
https://doi.org/10.1016/j.ejphar.2016.06.043
https://doi.org/10.1016/j.phrs.2018.03.017
https://doi.org/10.1002/mnfr.201801377
https://doi.org/10.3892/ijmm.2019.4059
https://doi.org/10.3892/mmr.2017.7284
https://doi.org/10.3892/mmr.2020.11309
https://doi.org/10.1016/j.joim.2021.09.003
https://doi.org/10.1038/s41401-024-01300-0
https://doi.org/10.1038/srep35531
https://doi.org/10.1007/s12013-024-01278-w
https://doi.org/10.1038/ijo.2015.173
https://doi.org/10.3390/ijms19102932
https://doi.org/10.1677/JOE-07-0234
https://doi.org/10.1016/j.jfda.2018.01.005
https://doi.org/10.1177/03946320221137435
https://doi.org/10.1002/mnfr.201900728
https://doi.org/10.1016/j.bbrc.2018.02.115
https://doi.org/10.1186/s13578-023-01119-y
https://doi.org/10.1007/s11010-022-04392-6
https://doi.org/10.1016/j.lfs.2020.117776
https://doi.org/10.1186/1743-7075-11-35
https://doi.org/10.1016/j.arcmed.2017.11.016
https://doi.org/10.1096/fj.202201705RR
https://doi.org/10.1007/s00394-013-0516-8
https://doi.org/10.3390/antiox10071076
https://doi.org/10.1016/j.pharep.2017.02.005
https://doi.org/10.1016/j.pharep.2017.02.005
https://doi.org/10.1016/j.jcmgh.2020.10.006
https://doi.org/10.1016/j.lfs.2022.121145
https://doi.org/10.3389/fphys.2020.00177
https://doi.org/10.1096/fj.202101345RRR
https://doi.org/10.1002/hep.31050
https://doi.org/10.1038/s41467-022-28692-z
https://doi.org/10.1155/2018/6254340
https://doi.org/10.2337/db20-0437
https://doi.org/10.7717/peerj.7668

Sha et al.

102. Gastaldelli A. Insulin resistance and reduced metabolic flexibility: cause or
consequence of NAFLD? Clin Sci. (2017) 131:2701-4. doi: 10.1042/CS20170987

103. Khan RS, Bril E Cusi K, Newsome PN. Modulation of insulin resistance in
nonalcoholic fatty liver disease. Hepatology. (2019) 70:711-24. doi: 10.1002/hep.30429

104. Matsumoto M, Pocai A, Rossetti L, Depinho RA, Accili D. Impaired regulation
of hepatic glucose production in mice lacking the forkhead transcription factor Foxol in
liver. Cell Metab. (2007) 6:208-16. doi: 10.1016/j.cmet.2007.08.006

105. Tobita T, Guzman-Lepe ], Takeishi K, Nakao T, Wang Y, Meng F, et al. SIRT1
disruption in human fetal hepatocytes leads to increased accumulation of glucose and
lipids. PLoS One. (2016) 11:€0149344. doi: 10.1371/journal.pone.0149344

106. Chen Z, Tian R, She Z, Cai ], Li H. Role of oxidative stress in the pathogenesis of
nonalcoholic fatty liver disease. Free Radic Biol Med. (2020) 152:116-41. doi: 10.1016/j.
freeradbiomed.2020.02.025

Frontiers in Nutrition

12

10.3389/fnut.2024.1426780

107. Pan X, Zhang Y, Kim HG, Liangpunsakul S, Dong XC. FOXO transcription
factors protect against the diet-induced fatty liver disease. Sci Rep. (2017) 7:44597. doi:
10.1038/srep44597

108. Kundu D, Kennedy L, Zhou T, Ekser B, Meadows V, Sybenga A, et al. p16 INK4A
drives nonalcoholic fatty liver disease phenotypes in high fat diet fed mice through
biliary E2F1/FOXO1/IGF-1 signaling. Hepatology. (2023) 78:243-57. doi: 10.1097/
HEP.0000000000000307

109. Lee S, Usman TO, Yamauchi J, Chhetri G, Wang X, Coudriet GM, et al. Myeloid
FoxO1 depletion attenuates hepatic inflammation and prevents nonalcoholic
steatohepatitis. J Clin Invest. (2022) 132:e154333. doi: 10.1172/JCI154333

110. Dudek M, Pfister D, Donakonda S, Filpe P, Schneider A, Laschinger M, et al.
Auto-aggressive CXCR6+ CD8 T cells cause liver immune pathology in NASH. Nature.
(2021) 592:444-9. doi: 10.1038/541586-021-03233-8

frontiersin.org


https://doi.org/10.3389/fnut.2024.1426780
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1042/CS20170987
https://doi.org/10.1002/hep.30429
https://doi.org/10.1016/j.cmet.2007.08.006
https://doi.org/10.1371/journal.pone.0149344
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://doi.org/10.1038/srep44597
https://doi.org/10.1097/HEP.0000000000000307
https://doi.org/10.1097/HEP.0000000000000307
https://doi.org/10.1172/JCI154333
https://doi.org/10.1038/s41586-021-03233-8

	Forkhead box O1 in metabolic dysfunction-associated fatty liver disease: molecular mechanisms and drug research
	1 Introduction
	2 Transcription factor FOXO1
	3 Regulation of FOXO1 activity
	3.1 Phosphorylation
	3.2 Acetylation
	3.3 Methylation
	3.4 GlcNAcylation
	3.5 Ubiquitination
	3.6 Glutathionylation

	4 The role of FOXO1 in MAFLD
	4.1 FOXO1 and lipid metabolism
	4.2 FOXO1 and gluconeogenesis/insulin resistance
	4.3 FOXO1 and oxidative stress
	4.4 FOXO1 and liver fibrosis
	4.5 FOXO1 regulates cellular autophagy and apoptosis
	4.6 FOXO1 and immunity

	5 Conclusion
	Author contributions

	References

