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Abnormal glucose metabolism and lipid metabolism are common pathological

processes in many metabolic diseases, such as nonalcoholic fatty liver disease

(NAFLD). Many studies have shown that the forkhead box (FOX) protein subfamily

FOXA has a role in regulating glucolipid metabolism and is closely related to

hepatic steatosis and NAFLD. FOXA exhibits a wide range of functions ranging from

the initiation steps of metabolism such as the development of the corresponding

metabolic organs and the differentiation of cells, to multiple pathways of glucolipid

metabolism, to end-of-life problems of metabolism such as age-related obesity.

The purpose of this article is to review and discuss the currently known targets and

signal transduction pathways of FOXA in glucolipid metabolism. To provide more

experimental evidence and basis for further research and clinical application of

FOXA in the regulation of glucolipid metabolism and the prevention and treatment

of NAFLD.
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1 Introduction

Hepatic lipid metabolism and glucose metabolism are closely related and they go hand in

hand in the pathogenesis of NAFLD (1). Currently, 25% of the world’s population is

considered to have NAFLD, and NAFLD has evolved to become the leading cause of chronic

liver disease worldwide (2). NAFLD is caused by the expansion of fat depots and

accumulation of ectopic fat causing insulin resistance. In this condition, inappropriate

lipolysis leads to an unabated transport of fatty acids to the liver, accompanied by an increase

in de-novo lipogenesis, leading to cellular stress such as oxidative stress and endoplasmic

reticulum stress (3, 4). The pathological process of NAFLD also includes other hepatic lipid

metabolic pathways such as triglyceride (5) and bile acid metabolism (6). In addition,

NAFLD is closely related to other metabolic diseases such as type 2 diabetes. They share the
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same key pathogenic factors such as obesity and insulin resistance and

therefore often coexist. There are synergistic effects between these two

diseases that increase the risk of adverse clinical outcomes (7).

Therefore, it is urgent to correct abnormal glucolipid metabolism.

FOXA belongs to the Forkhead box protein family, which

includes FOXA1, FOXA2 and FOXA3 (8, 9). It has been shown to

act as a “pioneer factor” (10) by binding to inactive regions of

chromatin and inducing changes in chromatin accessibility, thereby

facilitating the binding of other transcription factors. It also acts as a

“settler” transcription factor, maintaining an open isochromatin state

after unlocking chromatin to prevent chromatin closure and

hindering the binding of transcriptional regulators (11). The

specific process is shown in Figure 1. Therefore, they can

participate in a variety of complex cellular processes and play an
Frontiers in Endocrinology 02
important role in many diseases, such as liver fibrosis (17),

hepatocellular carcinoma (18).

There is now growing evidence that the FOXA family plays a role

in the development of organs closely related to metabolism: the liver

and pancreas, and that the FOXA family also has a complex and

extensive network of regulatory roles in multiple aspects of glucose

and lipid metabolism, including glucagon and insulin secretion, fatty

acid and triglyceride metabolism, and several pathogenic processes of

NAFLD as described above. FOXA proteins have also been associated

with age-related aspects of metabolic regulation. The aim of this paper

is to review and highlight the functions of FOXA transcription factors

in glycolipid metabolism and metabolic diseases such as NAFLD. In

addition, we focus on microRNAs (MiRNAs) that can target FOXA

and other approaches that have an impact on its activity and function
FIGURE 1

The dual role of FOXA as a pioneer and settler transcription factor. FOXA can bind target DNA sequences around nucleosomes in condensed chromatin.
The first step, FOXA scans the chromatin laterally (12) and uses short anchoring a-helix structures to identify DNA motifs (13). The second step, since the
crystal structure of the DBD of FOXA is highly similar to the ligand histone, they both use a “winged helix” structure to bind to DNA along the long axis of
DNA (10, 14). In some cases, FoxA can replace linker histones (15). Then, induction of nucleosome repositioning and recruitment of co-transcription
factors such as hepatocyte nuclear factor 4a (HNF4a), followed by high chromatin accessibility and aggregation of methylated H3K4 (H3K4me1) and
acetylated H3K27 (H3K27ac). The resulting permissive chromatin state promotes transcriptional initiation, as FOXA cooperates with HNF4a to activate
liver-specific genes (16).
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and may help prevent or treat glucolipid metabolic diseases such

as NAFLD.
2 Naming, structure and expression
of FOXA

The FOXA protein family was originally discovered based on the

presence of DNA binding activity in hepatocyte nuclear extracts (19). For

this reason, these genes were initially named hepatocyte nuclear factor-3

(HNF-3) a, Β and g until 2000 when the nomenclature was standardized

to FOXA1, 2, 3 (20). These proteins are named forkhead box because they

contain a winged helix structure necessary for binding to the target DNA,

the structure consists of three alpha-helices arranged in a helix-turn-helix

core flanked by rings (21). Two polypeptide chains flanking the DNA

binding domain responsible for nuclear localization; and conserved

transactivated structural domains at both ends (22) (Figure 2). The

FOXA protein family express in multiple organs and tissues in humans

and mice, such as the liver, gastrointestinal tract, etc (23). (Table 1)
Frontiers in Endocrinology 03
3 Role of FOXA on the development of
liver and pancreas

The liver and pancreas are important organs involved in

metabolic processes such as glucose and lipid metabolism. FOXA1

and FOXA2 act together in foregut endoderm and are required for the

normal development of endodermal origin organs such as the liver

and pancreas (21).
3.1 The development of liver

FOXA1 gene-inactivated mice died early in life, but their livers

appeared histologically normal (25), the livers of FOXA3mutant mice

were also apparently normal (26). Mice with specific deletion of

endodermal FOXA2 also exhibited normal growth of the liver.

Thereby demonstrating that a single deletion of FOXA1, FOXA2 or

FOXA3 does not prevent the establishment of hepatic developmental

capacity. However when FOXA1 and FOXA2 were simultaneously
A

B

FIGURE 2

Structure of FOXA. (A) Functional domains of FOXA family (23). FOXA1, 2 and 3 have substantial homology in the DNA binding domain, FOXA1 has 95%
sequence homology with FOXA3 and 90% homology with FOXA2 (24). (B) Topology of FOXA3 DNA binding domain (24). DBD, DNA-binding domain;
TAD, transactivation domain; NLS, nuclear localization signals.
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absent from the foregut endoderm, liver identity was completely

blocked and these embryos completely lacked liver specification, with

neither liver bud development nor expression of the earliest hepatic

marker gene, alpha-fetoprotein (AFP) and hepatoblast markers

albumin and transthyretin (27, 28). In addition, FOXA1 and

FOXA2 co-induce albumin expression with Gata4, providing a

preliminary specification for liver differentiation (29). Similarly, the

role of FOXA2 in human liver endoderm differentiation has been

demonstrated. The loss of FOXA2 resulted in a significant reduction

in the expression of hepatic endodermal transcription products such

as ALB and important transcription factors involved in liver

development including HNF4a and HHEX (30).

After liver specification, hepatocyte differentiation was greatly

independent of FOXA1/2 (31). However, Yitzhak Reizel et al.

depleted three FOXA genes in the livers of adult mice exhibiting

liver failure and liver inflammation, demonstrating that the critical

role of FOXA protein is not limited to early organ development.

FOXA also acts as “settlers” in the adult liver by promoting the

binding of HNF4a to enhancers, thereby stabilizing the expression of

some developmentally induced genes and the adult liver regulatory

network (32). This is consistent with the previous report of significant

overlap between HNF4a and FOXA2 binding regions in hepatocytes

(33). Once the FoxA doorstop is removed, it results in the loss of

chromatin accessibility at FoxA-binding sites and prevents continued

binding of HNF4a, as evidenced by loss of hepatic identity

(11) (Figure 1).
3.2 The development of pancreas

FOXA1, 2, and 3 are produced in the foregut endoderm at the

beginning of pancreatic development, and continue to be expressed

into adulthood (34). During pancreatic genealogy specification,

FOXA2 is required to establish the initiation enhancer state and the
Frontiers in Endocrinology 04
correct remodeling of chromatin structure to recruit additional

transcription factors, such as GATA6, for the activation of the

transcriptional program required for human pancreatic

differentiation. FOXA2 particularly affects the transition from the

hind foregut (FG) to the primary pancreatic progenitor (PP1) stage

(35). Activation of Pdx1 is a marker of normal pancreatic

development in the foregut endoderm, FOXA1 and FOXA2 jointly

occupy multiple regulatory domains of the Pdx1 gene, and compound

mutation of FOXA1 and FOXA2 in the pancreatic primordia leads to

complete loss of Pdx1 expression, failure of pancreatic primordia

expansion, blocked exocrine and endocrine cell differentiation, and

other signs of severe pancreatic dysplasia (36).
4 Regulation of glucose metabolism

4.1 Β cell

Mice with islet-specific deficiency of FOXA1 exhibited decreased

glucose-stimulated insulin release and reduced pancreatic insulin

content. Mutant islets required higher glucose levels to initiate the

first-phase response. The intrinsic reason for this phenomenon is that

deficiency of FOXA1 causes increased expression of the uncoupling

protein 2 (UCP2), which results in mitochondrial oxidative

phosphorylation being partly uncoupled, the change in glucose

concentrations is no longer efficiently converted to increased ATP

levels, further affecting the subsequent closure of ATP-dependent

potassium channels and the inward flow of calcium ions, ultimately

inhibiting insulin release. In conclusion, although FOXA1 is not

required for the initial specification of pancreatic Β cell, the

terminal differentiation to fully mature Β cell is dependent on

FOXA1 expression (37).In addition, lack of Groucho-related gene3/

4-mediated repression leads to ectopic expression of FOXA1, which

represses the expression of the Β cell transcription factor gene
TABLE 1 The FOXA protein family express in multiple organs and tissues in humans and mice.

Adult mouse Human embryo Adult human

FOXA1 FOXA2 FOXA3 FOXA1 FOXA2 FOXA3 FOXA1 FOXA2 FOXA3

Brain √

Endocrine tissues √

Bone marrow & immune system √ √ √

Muscle tissue √

Lung √ √ √ √ √ √ √ √

Liver and gall bladder √ √ √ √ √ √ √ √ √

Pancreas √ √ √ √ √

Gastrointestinal tract √ √ √ √ √ √ √ √ √

Kidney & urinary bladder √ √ √

Male reproductive tissues √ √ √ √ √

Female reproductive tissues √ √ √

Adipose & soft tissue √

Skin √
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Neurod1, leading to loss of Β cell proliferation, early lethality, and

hyperglycemia (38).

Consistent with genetic screening results in patients with

congenital hyperinsulinemia (39), FOXA2 inactivation in mature Β

cells induced hyperinsulinemia and hypoglycemia. After glucose

withdrawal, the mutant islets took longer to reduce insulin

secretion to baseline. The main mechanism is that impaired

intracellular calcium oscillations and elevated cAMP levels may

contribute to increased membrane-docked pools of readily released

insulin granules and subsequent exocytosis (40). Similarly,

hyperinsulinemic hypoglycemia was seen in 8-day-old mice with

FOXA2-specific deletion of Β cells and resulted in premature death

after birth. In addition, the mRNA levels of the genes encoding Kir6.2

and SUR1, the two subunits of the K-ATP channel, were significantly

reduced in this model, and the defective expression of the K-ATP

channel may be a cause of abnormal insulin secretion and

hypoglycemia in these mice (41). Since miR141 was upregulated in

both diabetic mice and diabetic elderly patients, XIN YU et al. found

that overexpression of miR141 leads to impaired glucose-stimulated

insulin secretion and damaged Β cell proliferation. In addition to

pioglitazone to correct this process, FOXA2, the direct target of

miR141, may also play a role in reversing it (42). To better

understand the role of FOXA2 in Β cell development, Ahmed K.
Frontiers in Endocrinology 05
Elsayed et al. generated induced pluripotent stem cells (iPSCs) from a

patient with FOXA2 haploinsufficiency (FOXA2+/-) and subsequently

underwent Β cell differentiation. They found that FOXA2

haploinsufficiency downregulates gene expression essential for Β cell

differentiation and normal function and upregulates genes related to

neuronal development, the WNT and BMP pathways, negatively

affecting endocrine islet development (43).

Compound mutations had more pronounced hypoglycemia and

hyperinsulinemia than FOXA2 mutations alone, suggesting that

FOXA2 appears to be a more potent regulator than FOXA1 (44).

The mechanisms of the effect of FOXA1 and FOXA2 deficiency on Β

cell insulin secretion are depicted in Figure 3.
4.2 a cell

FOXA1 and FOXA2 control glucagon biosynthesis and secretion

and a cell differentiation through common and unique target genes.

Consistent with the reduction in glucagon gene expression levels, the

content of glucagon was reduced in FOXA1-, FOXA2-, and FOXA1/

FOXA2-deficient a cells, and it seems that only the combined

silencing of FOXA1 and FOXA2 can affect the secretion of

glucagon (46).
FIGURE 3

FOXA1 and FOXA2 control insulin secretion in mature Β cells. FOXA1 and FOXA2 control insulin secretion in mature Β cells. Glucose enters the Β cell and moves
into the glycolytic pathway and is then oxidized through the tricarboxylic acid (TCA) cycle and subsequently produces ATP, with an elevated ATP/ADP ratio
leading to the closure of KATP channels, membrane depolarization and subsequent opening of voltage-gated calcium channels. The consequent trigger phase of
insulin granule cytokinesis is driven by an increase in intracellular calcium produced due to the opening of calcium channels (45). The red arrows mark key
components of glucose metabolism and insulin secretion that are affected by the removal of FOXA2. The blue arrows mark key components that are affected by
the removal of FOXA1.
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In endoderm-specific FOXA2 knockout mice (FOXA2loxP/loxP;

FOXA3Cre) (47), the initial steps of endocrine cell differentiation

occurred normally, however, a cells did not complete terminal

differentiation, as evidenced by a dramatic decrease in the number

of mature a cells, leading to hypoglucagonemia and hypoglycemia as

well as early mutant death.

In addition to the above-mentioned specific mutant of FOXA1

and FOXA2 in mouse pancreatic islets, mice lacking FOXA1

generated by homologous recombination in embryonic stem cells

also exhibited persistent hypoglycemia and early postnatal death, etc.

On the premise that pancreatic a and Β cells from mutant mice have

been shown to differentiate normally, hypoglycemia in mice did not

stimulate glucagon secretion, and its level paradoxically decreased.

This phenomenon suggests that a cells of FOXA1-deficient mice lose

the ability to respond to hypoglycemia by increasing glucagon

secretion. The mutant mice showed significantly higher blood

glucose levels and lower serum insulin concentrations after

receiving intraperitoneal glucose stimulation, suggesting that

FOXA1 is also essential for normal islet Β cell function (48).
Frontiers in Endocrinology 06
4.3 Regulation of the G1,G2 element of the
glucagon gene promoter

All three FOXA proteins bind to the G2 element of the glucagon

gene promoter (25, 46) (49–51). FOXA1 is the most potent

transactivator via the G2 element, but the role of FOXA2 binding

to the G2 element on glucagon seems to be controversial, FOXA2 and

G2 element binding is important for glucagon gene promoter activity

and gene transcription, but JACQUES PHILIPPE et al. (51) proposed

that FOXA2 and G2 element binding acts as a repressor of glucagon

gene expression. In addition, FOXA3 is not essential for controlling

islet or intestinal glucagon gene expression.

FOXA1 and FOXA2 may play a dual role in glucagon gene

transcription by inhibiting the activation of Pax6 on G1 and G3

elements to attenuate its transactivation potential at the glucagon gene

promoter and through direct activation by G1. Of these two, FOXA2

appears to be the primary binding activity detected on the G1 element.

Not a single one of G1 andG2 can be omitted in the process that maximal

activation of the glucagon gene promoter by FOXA1/2 (52) (Figure 4).
FIGURE 4

Regulation of glucagon gene promoter and GLP-1 by FOXA. The sequences of glucagon and GLP-1 correspond to 33-61 and 72-108 of the proglucagon
sequence (53). On the glucagon gene promoter, FOXA1 and FOXA2 bind to the G1, G2 element, FOXA3 is located on the G2 element, Pax6 is located on
the G1, G3 element and Isl1 on the G1 element. FOXA1 and FOXA2 act upstream of ISL-1 and Pax6 to regulate L-cell differentiation, control GLP1
production.
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4.4 Regulation of GLP-1

Glucagon-like peptide-1 (GLP-1) can control meal-related blood

glucose fluctuations by enhancing insulin and inhibiting glucagon

secretion (54). FOXA1 and FOXA2 act upstream of ISL-1 and Pax6 to

regulate L-cell differentiation, control GLP1 production and disrupt

preproglucagon transcription (Figure 4) (55). miR-194 inhibits GLP-1

synthesis in L cells by suppressing FOXA1-mediated transcription of

pcsk1. In contrast, miR-194 silencing in HFD-induced obese mice

significantly increased the levels of FOXA1, Pcsk1 and GLP-1, and

both oral glucose tolerance and insulin tolerance were also

attenuated (56).
4.5 Hepatic glucose metabolism

The liver regulates glucose uptake and storage through

gluconeogenesis and glycolysis, and glucose production and release

through glycogenolysis and gluconeogenesis, thereby controlling the

balance of glucose levels between blood flow and hepatocytes (59).

FOXA1/A2 and FoxO1, which is the other transcription factor of

the FOX family, bind interdependently at the insulin response

element (IRE) and synergistically regulate the expression of two

insulin-regulated genes, IGFBP1 and G6PC (60). FOXO1 and

FOXA2 form a complex on chromatin at the IGFBP1 promoter in

HepG2 cells and cooperate to open linker histone H1 compacted

IGFBP1 promoter nucleosome arrays (61). In addition, under fasting

or diabetic conditions, glucagon upregulates TET3 above a critical

threshold level, so that TET3 can be recruited to the P2 promoter of

HNF4a by FOXA2. The binding induces P2 promoter demethylation,

which further activates PICK, G6PC and contributes to gluconeogenic

activation (62). Glucagon can also inhibit the ability of FXR to induce

the anti-gluconeogenic nuclear receptor SHP by activating FOXA2

(63). LiPing Zhang et al. (64) also demonstrated that FOXA2 is

required to execute the hepatic gluconeogenesis procedure by

integrating the transcriptional response of hepatocytes to hormonal

(glucagon, glucocorticoid) stimulation during fasting. In order to

increase FOXA2 expression in mouse liver, both mice injected with

adenovirus in the tail vein (65) and prepared T-77 transgenic mice

(66) exhibited a decrease in liver glycogen stores and a transient

decrease in serum glucose levels. Transgenic mice maintained

adequate serum glucose levels for survival by utilizing transiently

elevated lipid levels, and also undergoing gluconeogenesis using

deaminated amino acids with dicarboxylate products of

peroxisomal lipid Β-oxidation shuttled through the tricarboxylic

acid cycle.

In terms of glycolysis, it was shown that FOXA2 binds directly to

the gene promoter of glycolytic enzymes (67). Moreover, in hepatic

progenitor cells, FOXA2 inhibits PI3K/Akt-regulated HK2 activity to

suppress aerobic glycolysis and further inhibits cell proliferation (68).

Vitro studies (69) have shown that FOXA3 activates the

transcription of important gluconeogenic genes: glucose-6-

phosphatase (G6pase). However, FOXA3-deficient mice showed no

reduction in hepatic PEPCK or G6pase expression after 24 to 72

hours of fasting when blood glucose levels decreased. In contrast,

hepatic glucose transporter protein 2 (Glut2), the promoter of which

has been shown to contain a FOXA binding site (70), was significantly
Frontiers in Endocrinology 07
reduced in FOXA3-/- mice, which may affect hepatocyte glucose

output leading to a hypoglycemic phenotype during prolonged

fasting (71).
5 Regulation of lipid metabolism

A series of experiments has shown that the expression of FOXA is

altered in a variety of animal models and patients with steatosis.

FOXA1 mRNA levels were lower in the livers of NAFLD patient

groups and MCD diet-fed steatosis rats, and FOXA1 significantly

reduced steatosis in human hepatocytes and HepG2 cells cultured

with oleic and palmitic acids (72); FOXA2 expression was

significantly reduced in liver tissue of patients with steatosis or

NASH (73), but the expression of FOXA2 was increased in both

HFD-fed mice and fa/fa rat models, and its levels were corrected by

the insulin-sensitizing medication pioglitazone (74). Genetic data

suggests a potential relationship between the FOXA3 gene and the

human metabolic phenotype (75). Consistent with this, FOXA3

expression was elevated in the liver of both NAFLD patients and

HFD-fed mice (76). The existing mechanisms of how the FOXA

family regulates lipid metabolism and causes steatosis are as follows.
5.1 Adipocyte differentiation

FOXA1 gene expressed in preadipocytes (77), its expression was

highest at 3h after the onset of adipocyte differentiation and then

diminished gradually, and FOXA1 inhibited lipid accumulation and

the expression of adipose genes such as PPARg under the regulation
of C/EBPΒ (78). FOXA2 was undetectable in adipose tissue of lean

mice, but expressed in adipose tissue of diet-induced obese mice or

genetically obese mice. FOXA2 blocks adipogenesis in preadipocytes

by inducing Pref1, thereby inhibiting the induction of late markers of

adipocyte differentiation such as PPARg, aP2 (79).

According to the study of two models of adipocyte differentiation

in vitro, Lingyan Xu et al. proved that different from FOXA1\FOXA2,

FOXA3 is a positive regulator of adipocyte differentiation. FOXA3

promotes adipocyte differentiation by inducing PPARg expression.

This process is accomplished by the synergistic transcription of

FOXA3 with C/EBPΒ and C/EBPd. HFD selectively induced

FOXA3 in epithelial fat, while removal of FOXA3 in mice

prevented weight gain and the development of visceral obesity, as

well as adipocytes obtained from visceral fat expressing lower levels of

PPARg and differentiation markers (80). FOXA3 can increase fat

accumulation by increasing the activation of the lipid storage

mechanism in selective fat depots only when food is abundant,

suggesting that FOXA3 may also act as a “hoarder” gene (81).
5.2 Regulation of fatty acid (FA) metabolism

5.2.1 Fatty acid uptake and transport
Marta Moya et al. (72) showed that both Ad-FOXA1-transfected

HepG2 cells and human hepatocytes exhibited decreased FA uptake

and increased percentage of residual FA in the culture medium.

Similarly, the major contributor to FA uptake, FA transporter
frontiersin.org
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protein (FATP2), was decreased in both types of cells compared

to controls.

Dietary triglycerides (TG) undergo a series of emulsification and

hydrolysis in the intestinal lumen before being taken up by

enterocytes and resynthesized into triglycerides. Chylomicrons

transport these TG to the plasma. Due to lipoprotein lipase activity,

most of the chylomicron TG is taken up by muscle and adipose tissue,

and triglycerides remaining in the chylomicron remnants are

transported to the liver, becoming one of the sources of FA in

hepatocytes (58). Inhibition of LPL activity promotes hepatic

uptake of triglycerides from chylomicron remnants, leading to the

development of hepatic steatosis (4). Maria Kanaki et al.

demonstrated the presence of FOXA2 binding sites on the human

LPL gene promoter and the dose-dependent activation of the LPL

promoter by FOXA2. In addition, FOXA2 nuclear translocation

caused by phosphorylation of AKT kinase during insulin treatment

also affects LPL expression (82). Since LXR can induce LPL and there

are physical and functional interactions between LXRa and FOXA2,

silencing of FOXA2 by siRNAs or insulin treatment not only

suppresses basal expression of LPL genes, but also abolishes LXR

agonist-induced expression of LPL genes (83). The effect of FOXA2

on LPL is clear, but further studies are needed to determine whether it

can influence fatty acid uptake and liver steatosis through

this pathway.

5.2.2 Fatty acid oxidation
The main pathway for most FA oxidation in hepatocytes is

mitochondrial beta oxidation (58). FOXA2 phosphorylation by

Insulin–Irs1/Irs2-PI3Kinase–Akt signaling leads to nuclear export

(67, 84), and the nuclear export is positively correlated with insulin

concentration. In three insulin-resistant mouse models: ob/ob mice,

lipoatrophic aP2-nSrebp-1c (Srebp-1c) mice, and high-fat-induced

obese mice, adenoviral expression of FOXA2T156A, the FOXA2 that

cannot be inhibited by insulin, in addition to increased nuclear

localization of FOXA2, decreased weight, hepatic triglyceride

content, reduced glucose production and plasma insulin, increased

hepatic insulin sensitivity, Β-oxidation and ketone body production.

Consistent with these changes, FOXA2 affects genes of the

corresponding metabolic processes and has been shown to bind

directly to promoters of genes encoding Β-oxidation, ketogenesis (67).

Glucagon signaling and fasting activate adenylate cyclase (AC),

which inhibits SIK2, a negative regulator of p300 activity. p300 can

acetylate FOXA2, thereby blocking its nuclear rejection and

increasing its transcriptional activity, which further led to increased

mitochondrial oxidation, hepatic ketogenesis, insulin sensitivity and

attenuated hepatic steatosis in db/db mice. Accordingly,

phosphorylation and acetylation of FOXA2 appear to have opposite

effects on the nuclear localization and transcriptional activity of

FOXA2, and the predominance of acetylation over phosphorylation

was demonstrated by double mutation of the acetylation site and

phosphorylation site (85). Blocking the phosphorylation of FOXA2 or

promoting its acetylation may be an attractive therapeutic target for

the treatment of NAFLD and diabetes mellitus

In addition, the livers of FOXA2-/+ mice showed significantly

reduced ketone synthesis and Β-oxidation, and this effect was more

evident when the mice were given high-fat diet, directly

demonstrating the effect of FOXA2 on ketogenesis and Β-oxidation
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(67). Although FOXA2 can activate mitochondrial Β-oxidation genes

and enhance fatty acid metabolism alone, the effect of FOXA2 is

further amplified by PPARg activator Β (PGC-1Β), as PGC-1Β

interacts with FOXA2 and enhances transcriptional activation of

FOXA2 (86). Even in Huh7.5 cells, ectopic expression of FOXA2

rescued the decreased expression of medium-chain acyl coenzyme A

dehydrogenase (MCAD) and short-chain acyl coenzyme A

dehydrogenase (SCAD) involved in the regulation of fatty acid

oxidation due to hepatitis C virus infection, and FOXA2 also

reduced the formation of lipid droplet due to infection (87).

FOXA1 activates ketogenesis by inducing mitochondrial 3-

hydroxymethylglutaryl coenzyme A synthase (HMGCS2), and both

Ad-FOXA1-infected HepG2 cells and human hepatocytes displayed

increased levels of ketone bodies (72). FOXA2 knockdown also led to

a significant reduction in HMGCS2 expression, and miR-29 acted as

an “intermediate bridge” that is a feedforward micro-regulator of

HMGCS2. miR-29 levels in hepatocytes are regulated by FOXA2 but

miR-29 can also modulate FOXA2-mediated regulation of key genes

in lipid metabolism (74). Therefore, investigation of the integrated

network of miRNAs and FOXA proteins may provide a better strategy

for improving glycolipid metabolism.

Β-oxidation of fatty acids also occurs in the peroxisome, except in

the mitochondria (88). FOXA1 induced increased expression of rate-

limiting enzymes in the peroxisomal Β-oxidation pathway and

significant upregulation (14-fold) of genes involved in peroxisomal

Β-oxidation (72) (Figure 5).
5.3 Regulation of triglyceride metabolism

Some genes involved in the TG synthesis pathway (GPAT1,

DGAT2) were significantly inhibited by FOXA1 in human

hepatocytes and HepG2 cells. The TG metabolism is closely related

to the VLDL secretion, and most genes involved in VLDL synthesis

(MTP, ACAT2 APOB) were also significantly downregulated.

Furthermore, when Ad-FOXA1 infected human hepatocytes and

HepG2, both intracellular and secreted ApoB100 proteins were

significantly reduced. Thus, it is suggested that FOXA1 and TG

synthesis and secretion are related (72).

The effect of FOXA2 in reducing hepatic TG content and

increasing plasma TG concentration was increased by PGC-1Β, and

FOXA2/PGC-1Β induced microsomal transporter protein (MTP)

expression, thereby increasing the secretion of apolipoprotein B-

containing very low density lipoprotein (86) (Figure 5).
5.4 Bile acid and nuclear receptor signaling

Consistent with reduced FOXA2 expression in the liver of

patients with cholestasis (89, 90), FOXA2-deficient mice exhibited

bile acid accumulation and reduced expression of bile acid binding

enzyme (Slc27a5), accompanied by transport protein defects due to

the fact that FOXA2 directly regulates mrp2 and Oatp2 and indirectly

regulates mrp3 and mrp4 (91). The extended list of FOXA2 targets

(92) contains high overexpression of the “molecular transporter”

category, further supporting the phenotype that FOXA2 deficiency

leads to reduced bile acid transporter expression and cholestasis.
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Hepatic bile acid accumulation in FOXA2 gene deficient mice

induced activation of IRF3 and NF-kB, which regulate inflammatory

signaling. Serum lipocalin levels associated with liver inflammation

showed an increasing trend and pro-inflammatory protein resistin

levels were induced. Furthermore, the acute phase response (APR),

the body’s defense response to inflammation, was activated (93).

Analysis of overexpressed functional classes in the genes of

FOXA2 mutants suggests that their toxic pathways include liver

damage (92), and an experiment also demonstrated increased

cholestatic liver injury in cholic acid (CA) diet-fed FOXA2-deficient

mice. Cyp3a11 and glutathione S-transferase protect the liver from

bile acid toxicity, and FOXA2 deficiency directly resulted in decreased

Cyp3a11 expression and indirectly affected glutathione S-transferase

expression (91).

The functional class analysis (92) also showed that one of the

most common typical pathways among FOXA2 targets is “FXR/

RXR activation”. Moreover, the IR-1 response element of FXR is not

only present in the promoter of the FOXA2 gene, but is also among

the regulatory elements of the direct targets of CA-responsive

FOXA2. Jessica Kain’s model (94) has a pioneering ligand-

activated binding mechanism:FOXA2 opens chromatin for FXR

and LXR binding by expelling nucleosomes during ligand

activation, and ligand-dependent activation of FXR and LXR gene

expression is also dependent on FOXA2. For example, Cyp3a11, a

target of FXR that protects the liver from bile acid toxicity as
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mentioned above, was increased in ligand activation, whereas

Foxa2 mutation altered this increase. However, to ensure ligand-

dependent activation of the nuclear receptor, FOXA2 limits the

activity of the competing receptor PPAR, and only in FOXA2

mutants, where the PPAR-binding DR-1 element is highly

concentrated in regions of increased accessibility and the PPAR

target is upregulated.
6 Endoplasmic reticulum stress

Endoplasmic reticulum stress can influence hepatic lipid

metabolism by inducing de novo adipogenesis, interfering with the

secretion of lipoproteins and VLDL. In addition to triggering insulin

resistance through the accumulation of fat, endoplasmic reticulum

stress can affect insulin through each of the unfolded protein response

(UPR) pathways (95).

Caizhi Liu et al. (76) demonstrated that FOXA3 was induced by

endoplasmic reticulum stress and transcriptionally activated by XBP1

in the unfolded protein response (UPR) pathway by using

tunicamycin to induce acute endoplasmic reticulum stress and

high-fat diet to induce chronic endoplasmic reticulum stress.

FOXA3 further upregulated lipid synthesis gene programs through

its target PER1, leading to hepatic steatosis. More importantly, the

regulatory axis may also be present in humans.
FIGURE 5

FOXA affects lipid metabolism in hepatocytes. Triglycerides remaining in the chylomicron remnants are transported to the liver as a source of FA in
hepatocytes, and FA translocase (FAT)/CD36, plasma membrane FA-binding protein (FABP) and Caveolin-1 mediate the uptake of fatty acids bound to
circulating albumin, or the acquisition of FA through de novo lipogenesis (DNL). Acetyl coenzyme A is converted to citric acid, ketone bodies or to
carnitine/acetyl coenzyme A (CAT), from the mitochondria into the cytosol (57). In the cytosol, acetyl coenzyme A is used for the synthesis of
triglycerides and very low density lipoproteins. Triglycerides can be stored in intracellular lipid droplets or packaged into very low density lipoproteins and
secreted into the plasma. The formation of mature VLDL requires two lipidation processes mediated by MTP (58).The metabolic processes or substances
involved in metabolism affected by FOXA are marked with an asterisk in the figure.
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In mice fed standard chow, mild cholestasis due to the lack of

FOXA2 in the liver was sufficient to induce endoplasmic reticulum

stress. They showed enhanced levels of the chaperone protein Bip and

ubiquitin, a major element of the ubiquitin-proteasome system (UPS),

as well as other markers of endoplasmic reticulum stress were also

increased in the liver to varying degrees (91). Studies by Thomas S.

Weiss et al. suggest that FOXA2 expression is reduced during hepatic

steatosis, and FOXA2 regulates its target endogenous ALR level,

which may lead to increased endoplasmic reticulum stress and lipid

deposition, reduced fatty acid Β-oxidation, ultimately exacerbating

the progression of NASH (73, 96). Hepatic progenitors and mature

hepatocytes differentiated by FOXA2 mutant induced pluripotent

stem cells (FOXA2-/-IPSC) exhibited increased expression of

endoplasmic reticulum stress markers. Mature hepatocytes showed

increased lipid accumulation and overcame lipid accumulation and

the resulting toxicity through increased levels of free glycerol and

CYP3A4 (97).
7 Lipoprotein

FOXA2 binds to the ABCA1 promoter, which inhibits ABCA1

gene expression and LXRa/RXRa-mediated transactivation, possibly

thereby regulating intracellular cholesterol and phospholipid efflux to

lipid-free ApoA-I and HDL biosynthesis (98). Christian Wolfrum

et al. (99) demonstrated that FOXA2 binds to the ApoM promoter

and increases plasma HDL levels by regulating ApoM. In addition,

ApoM is required for this pathway, because its absence causes the loss

of FOXA2’s effect on HDL. ApoaI is a direct target of FOXA3. Hepatic

FOXA3 is a positive regulator of plasma ApoA-I, HDL-C levels and

reversal of cholesterol transport (100).
8 Uncoupling protein

UCP increases energy expenditure and reduces the risk of obesity

(101, 102). High-fat diet-induced FOXA2-deficient mice showed
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increased fat deposition, significantly higher body weight and

reduced resting heat and carbon dioxide production than the same

diet-induced wild mice, while UCP2 mRNA levels, which can bind to

FOXA2 in adipose tissue, were found to be decreased by 50% (79).

Xinran Ma et al. demonstrated by FOXA3 knockout, adenovirus

injection of FOXA3 and shFOXA3 that the increase or decrease of

FOXA3 expression showed an opposite trend to the changes in

expression of UCP1 and thermogenic program genes (103).

Increased expression of FOXA1 in hepatocytes enhanced UCP1 by

30-35 fold and decreased mitochondrial membrane potential (72).
9 Regulation of age-related
metabolism

Young mice with hepatic FOXA2 mutation (2-3 months old) had

similar body weight compared to the control group. However, In 8-

and 11-month-old mice, FOXA2 mutation resulted in higher body

weight with elevated fat mass and lean mass. Although obese mice

with FOXA2 deficiency eat less, their energy expenditure is also

reduced and this performance is also similar to the aged metabolic

phenotype. In addition, FOXA2 mutant mice showed reduced growth

hormone levels and Stat5b signaling, and gene expression in young

Foxa2-deficient mice was similar to that of older male mice,

indicating that FOXA2 mutations exhibited a premature aging

phenotype. Prior to metabolic changes, cytokine signaling was

improperly regulated in young FOXA2-deficient mice. The absence

of inhibitory effects of FOXA2 on the MTOR1 pathway, combined

with reduced Stat5b signaling, contributed to the induction of Srebp-

1c, increased hepatic adipogenesis, and led to age-related obesity (93).

Increased occupancy of FOXA2 in the aging liver can de-repress

PPAR and LXR-dependent gene expression, leading to the

development of steatosis (104).

FOXA3 was directly involved in the development of age-related

obesity and insulin resistance (101), and levels of FOXA3 were

significantly and selectively increased in brown and inguinal white
FIGURE 6

The FOXA family plays a role in multiple stages of life. FOXA1 and FOXA2 play a major role in the phase of liver and spleen development. The role of the
FOXA family for glucose metabolism and lipid metabolism is well established (solid line), and altered FOXA expression has been shown in the liver of both
patients and animal models of NAFLD, and some of these alterations have been proven to have impact on the pathogenesis of NAFLD (dashed line). In
older age, mainly FOXA2 and FOXA3 dominate the development of age-related obesity.
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TABLE 2 Contribution of forkhead box (FOX) protein to glycolipid metabolism.

FOXA
members

Model Main results Ref

FOXA1 null mutation in FOXA1 1. Severe postnatal growth retardation, early postnatal mortality
2. Hypoglycemic, plasma glucagon and insulin levels are very low. Corticosteroid

levels are very high

(25,
48)

Isolated Foxa1-/- islet 1. Reduced glucose-stimulated insulin release, total pancreatic insulin, glucagon
content and insulin mRNA level↓

2. Intracellular Ca2+ and ATP levels↓
3. mRNA level of Ucp-2↑

(37)

STC-1 cells were transfected with miR-194 inhibitor+si-Foax1 The active GLP-1 level, mRNA levels of gcg and pcsk1, the protein level of PC1/
3↓

(56)

HepG2 cells infected with FoxA1 shRNA mRNA levels of IGFBP1 and G6Pase↓ (60)

Human hepatocytes and HepG2 cells transfected with ad-Foax1 1. liver lipid accumulation↓, TG synthesis-related gene: mRNA levels of GPAT1,
DGAT2↓

2.VLDL synthesis-related gene: mRNA levels of DGAT2, MTP, ACAT2, APOB↓
3 Fatty acid transporter protein: mRNA level of FATP2↓and fatty acid beta

oxidation: mRNA levels of CROT, Acox↑
4. Ketone content and ketogenesis genes: mRNA level of: HMGCS2↑

5. mRNA levels of UCP1and MMP↓

(72)

NAFLD patients or MCD rats mRNA level of FOXA1↓ (72)

3T3-L1 cells transfected with FOXA1 siRNA lipid accumulation↑, adipogenic genes: mRNA levels of PPARg, aP2 and SCD↑ (78)

HepG2 treated with Oleic acid and GLP-1R agonist exendin-4 mRNA levels of FOXA1 and FABP1↓ (105)

FOXA2 Infants with FOXA2 gene mutation Congenital hyperinsulinism and hypoglycemia (39)

Β cell specific Foxa2 deletion 1.Hyperinsulinemic hypoglycemia: blood glucose levels and GTT↓,plasma insulin
and glucagon levels↑

2. mRNA levels of Kir6.2, Sur1, Kcnb1, Ffar2, Hadhsc, Ddc, Pdx1, SHP↓, Glut5,
DCK, PDK1,HNF4a, PGC1a, CREB, Nrip1, Ch.B, Prka1a, VAPB, Mtac2,

Rasgrp1, Myh10↑

(40)

Pancreatic Βcell–specific Foxa2 knockout mice
(Foxa2loxP/loxP; Ins.Cre)

1.Postnatal growth retardation, early postnatal mortality
2.Hyperinsulinemic hypoglycemia and elevated liver glycogen content

3. Kir6.2 and SUR1 mRNA levels in islet↓

(41)

MIN6 pseudoislets + miR141 + FOXA2/INS-1 cells+miR-141 +
FOXA2

Glucose-stimulated insulin secretion↓pancreatic Β cell proliferation↑ (42)

FOXA2+/- induced pluripotent stem cells-derived pancreatic
progenitor (PP2)/endocrine progenitor (EP)/Β cell

1.mRNA levels of PDX1, Nkx6.1 SOX9, GATA6, ONecut1, HNF1A, PAX4,
PTF1 and AMYLASE/NGN3,CHGA,NEUROD1,NKX6.1, and NKX2.2/INS,

Nkx6.1, C-PEP, GCG, ABCC8, KCNJ11, NKX2.2and PDX1↓
2. The total content of insulin and number of Β cells↓

(43)

Endoderm-specific Foxa2 knockout mice
(Foxa2loxP/loxP; Foxa3Cre)

1.Early lethality and severe hypoglycemia
2.Islets displayed a disorganized architecture, few mature a-cells and decreased

plasma glucagon

(47)

mouse primary hepatocyte infected with FoxA2 shRNA Glucose production, mRNA levels of Shp/Nr0b2↓ (63)

Fasted hepatocyte FOXA2 knockout mice (Foxa2loxP/loxP;
AlfpCre)/Primary hepatocytes were isolated Foxa2loxP/loxP;
AlfpCre mice and exposed to glucagon or glucocorticoid

Hepatic mRNA levels of PEPCK、IGFBP1 and Tat↓ (64)

Mice tail vein injections
of adenovirus expressing the FOXA2(Ad-FOXA2)

1. moderate hepatocyte damage
2.Diminished hepatic Glycogen Storage, transient decrease in fasting blood

glucose levels
3.Hepatic mRNA levels of PEPCK, G6P, Glut2, Ntcp, Spgp and UDPGT↓

4. Serum levels of bile acid↑

(65)

T-77 transgenic mouse 1.Diminished hepatic Glycogen Storage and serum levels of glucose
2. Transient substantial hepatic steatosis, hepatic mRNA levels of fatty acid

synthase: GPAT, AOX, L-PBE, asparagine synthase and glutamate
dehydrogenase↑

(66)

SREBP-1c mice injected with Ad-FOXA2T156A 1. Body weight, liver triglyceride levels, blood glucose concentrations and plasma
insulin↓, plasma triglycerides, free fatty acids and ketone bodies↑
2. Resting O2 consumption, CO2 production and heat production↑

(67)

(Continued)
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TABLE 2 Continued

FOXA
members

Model Main results Ref

3. Hepatic mRNA levels of G6PC, PPARg, UCP-2, UCP-3, Irs2,p-Akt↑, Fas and
SCD-1↓

Haploinsufficient Foxa2 (Foxa2+/-) mice fed a
high-fat diet

Production of CO2 and ketone body generation↓,Plasma triglyceride, free fatty
acid and glucose output↑

(67)

hepatic progenitors cell transfected with FoxA2 shRNA 1.Ki‐67 positive rate and the expression of PCNA↑
2.Higher glycolysis, glycolytic capacity, and glycolytic reserve capacity, the

mRNA, protein expression of HK2 and HK2 activity↑

(68)

patients with hepatic steatosis and NASH mRNA level of hepatic FOXA2↓ (73)

HFD-fed mice and diabetic fa/fa rats mRNA level of hepatic FOXA2↑ (74)

Huh7 cells infected with FOXA2-siRNA mRNA levels of HMGCS2, ABHD5 and PPARGC1A↓ (74)

primary preadipocytes of Foxa-2+/– mRNA levels of pref-1↓, aP2↑ (79)

FOXA-2+/- mice fed a
high-fat diet

1.Weight gain↑, pericardial, intraperitoneal, and subcutaneous fat deposits↑
2. Resting heat and CO2 production↓

3. mRNA levels of Foxa-2, Glut-4, Hk-2, M2Pk, Irs-2, Ucp-2, and Ucp-3 in
adipocytes↓

(79)

HepG2 cells were transfected with FOXA2 siRNA mRNA and protein levels of LPL↓ (82,
83)

HepG2 cells were treated with insulin Protein levels of nuclear FOXA2↓cytoplasmic FOXA2↑, pAKT↑, mRNA level of
LPL↓

(85)

Obese db/db mice were injected with recombinant adenovirus
expressing Foxa2 mutants(Foxa2 K259Q, Foxa2 T156A, Foxa2

T156A-K259Q)

1.Plasma insulin levels, blood glucose levels, liver triglyceride↓,
2.Hepatic and plasma Β-oxidation and ketone body production↑

(85)

ob/ob mice were injected with an adenovirus expressing
Foxa2T156A and Pgc-1Β

1. Liver weight, liver TG↓, plasma TG, plasma FFA concentrations↑
2.Mitochondrial Β oxidation and genes involved in Β oxidation: Mcad and Vlca↑

3.Plasma glucose and insulin levels↓
4. Genes involved in hepatic VLDL secretion: mRNA levels of Mtp, Dgat2↑

(86)

Huh7.5cells infected with HCV and FoxA2
plasmid-transfected

1. HCV virus replication and lipid droplet formation↓
2. Key enzymes involved in Β-oxidation:protein levels of MCAD and SCAD↑

(87)

Primary human hepatocytes were isolated from cholestatic liver
tissues

mRNA level of FOXA2↓ (89)

primary sclerosing cholangitis and primary biliary cholangitis
patients

Hepatic mRNA level of FOXA2↓ (90)

Foxa2 mutant mice (Foxa2loxP/loxP Alfp.Cre) fed on a diet
containing cholic acid

1. Bile acids, ALT, AST↑
2. Genes involved in bile formation and hepatic bile acid transport:hepatic

mRNA and protein levels of Mrp2, Mrp3, Mrp4, Oatp2, Cyp3a11↓
3. ER stress: ER dilation, BIP and cytoplasmic ubiquitin↑

4. Hepatic glutathione enzymes: hepatic mRNA levels of Gsta1, Gsta2, Gstm2↓

(91)

Young Foxa2-deficient mice (Foxa2loxP/loxP Alfp.Cre mice) 1. The acute phase response (APR): Serum levels of acute phase reactants alpha-
2-Macroglobulin (A2M), C-reactive protein (CRP)↑ and High-density

lipoprotein (HDL)cholesterol levels↓
2. Circulating levels of growth hormone (GH)↓and resistin↑

(93)

Old Foxa2-deficient mice (Foxa2loxP/loxP Alfp.Cre mice) 1. Weight gain↑, food and water intake↓, and energy expenditure (oxygen
consumed and carbon dioxide exhaled)↓

2. Hepatic mRNA levels of Srebp1-c, Fasn↑ Pgc1a↓
3. The primary substrate of mTORC1: hepatic protein levels of p-s6k, p-4E-

BP1↑and repressors of mTOR : Ddit4, SESN3, Trib3 and TSC1↓
4. Circulating levels of GH↓

(93)

hepatic progenitors or mature hepatocytes derived fromFOXA2−/
−iPSCs

1. ER stress genes:mRNA levels of ATF4,CHOP,EDEM,PUMA,XBP1s,
DNAJBP,DP5, and IL6↑

2. Albumin concertation↓
3. The levels of glycerol and CYP3A4↑

4. glucose uptake and glycogen accumulation↓

(97)

HepG2 cells were treated with adenovirus of FOXA2 mRNA level of ABCA1↓ (98)

(Continued)
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TABLE 2 Continued

FOXA
members

Model Main results Ref

Wild-type C57Bl/6, ob/ob, and HF-fed mice that injected with
Ad- FOXA2 T156A

Protein level of apoM in the liver and plasma↑, circulating cholesterol levels↑and
preΒ-HDL levels↑

(99)

Foxa2+/- mice Protein levels of apoM in the liver and plasma↓and plasma HDL cholesterol
levels↓

(99)

primary hepatocytes infected with adenovirus of FOXA2 Hepatic protein levels of Ntcp and Cyp7a1↑ (106)

IRT1-mutant mice were injected with adenovirus of FOXA2 1.Levels of bile acid↑/cholesterol and triglyceride↓in serum and liver
2. Hepatic mRNA levels of genes involved in bile acid synthesis and transport:

Cyp7a1, Cyp8b1, Cyp7b1, Slc10A1, Abcc2, Shp,CPT-1a↑, Abcc3↓

(106)

FOXA3 Foxa3 null mice fasting for 24-72 hours 1.lower blood glucose levels
2. Hepatic mRNA levels of PEPCK、G6Pase and Tat↑, Glut2↓

(71)

FOXA3 KO mice fed on HFD for 12 weeks 1. liver weight, liver TG levels, GTT,ITT↓
2. Lipogenesis gene: mRNA levels of PPARg, Srebp1c, Fasn, Scd1, Acc2, Gpat2↓
3. Inflammation gene: mRNA levels of Tnfa, IFNg, ll1Β, ll12p40, Cox2, Mcp1↓

4. Endoplasmic reticulum stress gene: mRNA levels of Bip, Chop↓

(76)

10T1/2 cells infected with Foxa3-siRNA mRNA levels of adipocyte markers: aP2, PPARg, C/EBPa, -Β, and -d, perilipin,
and adiponectin↓

(80)

Foxa3-null mice + HFD 1. Body weight, Weights of epididymal, Size measurements of adipocytes in the
epididymal↓

2. GTT, ITT↓, serum adiponectin↑, insulin and cholesterol levels↓
3. mRNA levels of adipocyte differentiation markers in epididymal fat depots:

PPARg, aP2, and adiponectin↓

(80)

ob/ob mice, db/db mice, HFD-fed mice and patients with NASH Hepatic mRNA or proteins levels of
FOXA3↓

(100)

C57BL/6J mice were injected with Ad-shFoxa3 1.Plasma HDL-C↓, ALT and AST levels↑
2.mRNA levels of hepatic genes involved in lipoprotein uptake(Apoe), HDL
biogenesis(Apoa1, Apoa2, Apom), or inflammation(Pon1)↓(Il-6, Tnf-a, Saa1,

Saa2, Saa3)↑

(100)

Foxa3-null (Foxa3 KO) mice 1.Survival%↑
2.Body weights, body fat and adipose tissue weights(BAT, eWAT, iWAT rWAT,

mWAT↓
3. Liver TG, GTT, ITT and serum leptin and cholesterol levels↓

4. Oxygen consumption at room temperature (24°C) and body temperatures
exposed to cold (4°C)↑

5. mRNA levels of thermogenic and mitochondrial genes in BAT and iWAT:
Pgc1a, Ucp1, CytC, Mcad, Cox4Β, Atpase↑

(103)

FOXA1/2 Compound ablation of Foxa1 and Foxa2 in Β-cells (Foxa1loxP/
loxP; Foxa2loxP/loxP; Pdx1CreERT2)

1. Severe hypoglycemia, hyperinsulinemia and impaired Ca2+ oscillation
2. ChREBP protein and mRNA levels↓

(44)

siRNA directed against Foxa1 and Foxa2 in rat primary
pancreatica-cells and rodent a-cell lines

1.Glucagon content↓
2. a cell differentiation gene: MafB, Pou3f4, Nkx2.2↓, glucagon synthesis and

secretion gene: Pcsk2, Sur1, glucagon, Isl1, Kir6.2, Sur1, GIPR↓

(46)

Intestine-Specific
Deletion of Foxa1 and Foxa2

1. The growth rate↓
2. Goblet cell numbers and the mucin glycoproteins↓, partially or completely

empty vacuoles
3. Glp-1–, Glp-2–positive cells are undetectable

4. mRNA levels of preproglucagon, ISL-1 and Pax6↓

(55)

FoxA1/2/3 FoxA1L/L/FoxA2L/L/FoxA3-/- mice (FoxA triple null) 1. Weight loss started after 15 days and 20% of the mice died within the next 4
days

2. Significant elevation of plasma ALT, ALKP and severe liver damage
3.Hyperargininemia, hypouremia, and hyperammonemia,

(32)
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fat depots during aging. Aging FOXA3 gene deficient mice increased

white adipose browning and thermogenesis, reduced adipose tissue

expansion, improved hepatic steatosis and insulin sensitivity, and

extended lifespan. The mechanism of FOXA3 regulation of the brown

fat gene program involves inhibition of PGC1a levels by interfering

with cAMP response element binding protein 1-mediated

transcriptional regulation of the PGC1a promoter.
10 Conclusions

Based on the above findings, the FOXA protein family plays an

important role in multiple stages of mammalian life, from embryonic

development to glucolipid metabolism, hepatic steatosis and the

development of NAFLD, to age-related obesity. The effects of

FOXA on metabolism and development appear to be important

and profound (Figure 6). Moreover, the effects of FOXA on glucose

and lipid metabolism are multifaceted, the relevant studies are

summarized in Table 2. In glucose metabolism, FOXA is necessary

for a and Β cell maturation and related secretory functions, and has

regulatory effects on glucagon gene promoter, GLP-1, hepatic

gluconeogenesis and glycolysis. In lipid metabolism, FOXA also has

effects on important metabolic processes such as fatty acid and bile

acid metabolism, etc.

Although the results of some studies on the role of FOXA appear

to be relative:the glucagon-like peptide-1 receptor (GLP-1R) agonist

Exendin-4 leads to reduced expression of FOXA1 via the Wnt/Β-

catenin pathway, further resulting in a decrease in FABP1, which

causes a reduction in fatty acid uptake and prevents the development

of hepatic steatosis (105), which seems contradictory to the reduction

in fatty acid uptake by FOXA1 found in in vitro experiments. In

addition to the difference in the trend of FOXA2 expression in liver

tissue from patients with hepatic steatosis and animal models, Qi

Chen et al. found that metformin treatment induced intrahepatic

cholestasis and liver injury in a minority number of type II diabetic

patients possibly through inhibition of SIRT1 leading to elevated

FOXA2 acetylation and transcriptional activity. Thus, promoting the

binding of FOXA2 and promoters of bile acid synthesis and

transport-related genes such as CYP7A1, NTCP and the expression

of these genes (106), which is different from the effect of FOXA2 on

the prevention of bile acid accumulation and associated inflammation

and liver injury mentioned above. Changes in FOXA3 expression in

NAFLD patients and animal models remain to be further determined.

Despite the fact that many biological effects of the FOXA protein

family on glucose and lipid metabolism have been demonstrated in
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animal and cellular models, only some of these pathways have been

directly shown to cause NAFLD, and the corresponding clinical trials

are focused on breast cancer (107), prostate cancer (108) and other

cancers. There are still few clinical trials on glycolipid metabolism and

other human studies are mostly based on induced pluripotent stem

cells in vitro as models, so more room for research is still available.

Moreover, the three members of the FOXA family, FOXA1, FOXA2,

and FOXA3, have high structural homology, each of which binds

closely to either of the other two on the same DNA molecule in the

same hepatocyte, and some of them even interact with each other at

the binding site (109). In particular, their roles are redundant in many

regulatory processes of glycolipid metabolism. Therefore, whether

one or more of these members can be targeted for the treatment or

prevention of glucolipid metabolism-related diseases such as NAFLD

is something that needs to be further investigated and explored.
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