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Abstract The present review focuses on the roles and underlying mechanisms of action of he-
patic nuclear factor-1 (HNF-1) in lipid metabolism and the development of lipid metabolism
disorders. HNF-1 is a transcriptional regulator that can form homodimers, and the HNF-1a
and HNF-1b isomers can form heterodimers. Both homo- and heterodimers recognize and bind
to specific cis-acting elements in gene promoters to transactivate transcription and to coordi-
nate the expression of target lipid-related genes, thereby influencing the homeostasis of lipid
metabolism. HNF-1 was shown to restrain lipid anabolism, including synthesis, absorption, and
storage, by inhibiting the expression of lipogenesis-related genes, such as peroxisome
proliferator-activated receptor g (PPARg) and sterol regulatory element-binding protein-1/
2 (SREBP-1/2). Moreover, HNF-1 enhances the expression of various genes, such as proprotein
convertase subtilisin/kexin type 9 (PCSK9), glutathione peroxidase 1 (GPx1), and suppressor
of cytokine signaling-3 (SOCS-3) and negatively regulates signal transducer and activator of
transcription (STAT) to facilitate lipid catabolism in hepatocytes. HNF-1 reduces hepatocellu-
lar lipid decomposition, which alleviates the progression of nonalcoholic fatty liver disease
(NAFLD). HNF-1 impairs preadipocyte differentiation to reduce the number of adipocytes,
stunting the development of obesity. Furthermore, HNF-1 reduces free cholesterol levels in
the plasma to inhibit aortic lipid deposition and lipid plaque formation, relieving dyslipidemia
and preventing the development of atherosclerotic cardiovascular disease (ASCVD). In sum-
mary, HNF-1 transcriptionally regulates lipid-related genes to manipulate intracorporeal bal-
ance of lipid metabolism and to suppress the development of lipid metabolism disorders.
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Abbreviations

HNF-1 hepatic nuclear factor
PPARg peroxisome proliferato
ACC acetyl-CoA carboxylas
FAS fatty acid synthetase
L-FABP liver fatty acid-binding
SOCS-3 suppressor of cytokine
STAT signal transducer and

transcription
SigR1 sigma receptor 1
DPP4 dipeptidyl peptidase 4
NOX1 nicotinamide adenine

oxidase 1
PCSK9 proprotein convertase
Angptl8 angiopoietin-like prote
SREBP-1/2 sterol regulatory el

transcription factor
GPx1 glutathione peroxidase
HL hepatic lipase
LPL lipoprotein lipase
A1254 aroclor 1254
NAFLD nonalcoholic fatty live
ASCVD atherosclerotic cardio
NLS nuclear localization si
ADI/II/III activation domain I/I
TFIID transcription factor II
LDL-c low density lipoprotein
HDL-c high density lipoprote
TG triglycerides
apoA/B apolipoprotein A/B
SNP single nucleotide poly
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Introduction

Lipid homeostasis is critical to normal cellular and systemic
functions and is fundamental for the maintenance of
normal physiological functions of the organisms. An imbal-
ance between lipid anabolism and catabolism can result in
an increase in aberrant lipid deposition and lipid metabolic
syndromes, such as nonalcoholic fatty liver disease
(NAFLD),1,2 obesity,3 and atherosclerotic cardiovascular
diseases (ASCVDs).4 The incidence rate of lipid metabolism
disorders has continued to increase in recent decades, and
these disorders have become the greatest threat to human
health. Therefore, unravelling the regulatory mechanisms
underlying lipid homeostasis may create a unique thera-
peutic window for treatment of lipid metabolism disorders
by correction of lipid metabolism.

Hepatic nuclear factor-1 (HNF-1) is a protein important
for development that was originally considered to be
restricted to hepatocytes. HNF-1 has been conserved
throughout evolution and is the promoters of the albumin
gene and other hepatic-specific promoters in various spe-
cies, including Xenopus, mice, rats, and humans; HNF-1 is
critical for the initiation and maintenance of transcription
of specific genes in vivo.5 A growing number of studies have
highlighted the role of HNF-1 in various aspects of lipid
metabolism.6e8 Abnormal expression and function of HNF-1
predispose patients to disturbances in lipid metabolism and
elevate their risk for developing lipid disorder-based
diseases.9,10

Although HNF-1 participates in the regulation of lipid
metabolism, the understanding of specific regulatory
mechanisms is limited by a lack of cohesive information and
is superficial. For instance, as a key regulator of homeo-
stasis of lipid metabolism, HNF-1 targets biological effec-
tors of lipid metabolism, and aberrant expression and/or
function of HNF-1 disrupts lipid homeostasis, resulting in
the onset and progression of lipid metabolism disorders.
The role of HNF-1 in extrahepatic lipid metabolism, espe-
cially in the cardiovascular system, has rarely been re-
ported. The lack of exploration into these uncharted areas
greatly limits the application of HNF-1 in basic research and
clinical therapy.

To understand the roles of HNF-1 in the regulation of
lipid metabolism and the development of lipid dysmetab-
olism, we provide a brief description of biochemical,
structural, and biological properties of HNF-1, assess the
effects of HNF-1 on lipid metabolism and related target
genes implicated in lipid-regulating pathways, and finally
summarize the roles of HNF-1 in lipid metabolism disorders.
The present review emphasizes the significance of HNF-1 in
the regulation of lipid metabolism and provides insight into
the value of HNF-1 for the prevention and treatment of
lipid metabolism disorders.
What is HNF-1?

HNF-1 is a homodimeric or heterodimeric transcriptional
regulator formed by the HNF-1a and HNF-1b isoforms.11 The
HNF-1a and HNF-1b genes are located on chromosomes 12
and 17, respectively.9 The HNF-1 mRNA precursor undergoes
modification and splicing, which produces a mature mRNA
containing 9 directly connected exons. This mature mRNA
enters the cytoplasm through the nuclear pores to direct
polypeptide synthesis on ribosomes. The peptide chain is
folded into a coiled a-helix within the endoplasmic reticu-
lum, and a dimer-polypeptide precursor is processed into a
mature dimeric protein in the Golgi apparatus.12 Subcellular
localization analysis indicated that HNF-1 is a nuclear pro-
tein with a nuclear localization signal (NLS) formed by 8
amino acids (aa 197-205). Nuclear importin acts as an HNF-1
receptor that recognizes and binds the NLS sequence of HNF-
1; subsequently, the importineHNF-1 complex is transported
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into the nucleus by an energy-dissipating mechanism to
perform its biological functions.13

Human HNF-1 is a polypeptide composed of 631 amino
acid residues. The first 280 amino acid residues of the
polypeptide chain form an amino-terminal dimerization
domain (aa 1-32), an extremely acidic area (aa 71-80),
and a POU domain (aa 98-280).14 The dimerization do-
mains are rich in a-helices that form an X-type four-helix
bundle and are crucially important for homodimerization
and heterodimerization of the HNF-1a and HNF-1b pro-
teins.15 The POU domain includes the DNA-binding region
with high homology among species. The DNA-binding re-
gions of HNF-1 dimers bind to the conserved DNA
sequence 50GTTAATNATAAC3’.16,17 The conserved crimp
structure of the DNA-binding region is stabilized by
charged residues and hydrophobic bonds formed by the
dimerization domain.16 The extremely acidic area and
carboxy-terminal domain (aa 281-631) of the polypeptide
chain are responsible for transcriptional activation ef-
fects of HNF-1.16 Three different transactivation domains
are located in the carboxy terminus: activation domain I
(ADI) includes amino acids 546-628 and contains abundant
serine residues (26%); ADII includes amino acids 281-318;
and ADIII includes amino acids 440-506 and contains 46.2%
proline and serine residues.18 C-terminal amino acid res-
idues include 48 amino acid residues within ADI and ADIII
that are essential for transcriptional activation. The C-
terminal region of HNF-1a includes 170 amino acid resi-
dues highly enriched in proline and provides 85% of the
transactivation potential of HNF-1a.19 Moreover, HNF-1a
can directly interact with three activation sites in the
promoters to transactivate transcription of the target
genes, and HNF-1b inactivates transcription of the target
genes because it lacks ADI and ADIII (Fig. 1).16

HNF-1 has been shown to recognize and bind with spe-
cific activation sites to enhance the expression of the target
genes.17 Activation sites include the cis-acting CAAT box
element in the promoter of the target genes and are critical
for the activation of transcription in response to HNF-1. The
activation sites of HNF-1 are located in the -84/-68 pro-
moter region of the angiopoietin-like 8 (Angptl8) gene in
human liver cells, in the upstream 100-200 amino acid-
encoding base pair (bp) promoter region of the human al-
bumin gene, and in the first 200 bp of the human CRP
promoter (APRE2 and APREL regions).14,17,20 HNF-1 in-
teracts with the activation sites of the target genes through
its C-terminus, especially the proline residues in ADIII,
which bind to the CAAT box of a promoter to transactivate
the transcription of the target genes. The transactivation
activity of HNF-1 mainly depends on the synergistic effect
of ADI and ADIII, with ADII being nonfunctional.18 Addi-
tionally, the extremely acidic region of the HNF-1 protein
has a conserved sequence rich in aspartic acid residues that
forms a negatively charged b-fold that facilitates the as-
sembly of the transcriptional initiation complex by inter-
acting with transcription factor II D (TFIID) and initiating
the transcription of the target genes.20

Accumulating evidence indicates that HNF-1 transcripts
are expressed in the intestine, pancreas, kidney, and
liver.21 HNF-1 participates in the regulation of cholesterol
metabolism and fatty acid uptake and synthesis and in-
fluences homeostasis of lipid metabolism in hepatocytes
and adipocytes.4,22,23 Mutations in HNF-1a can lead to
enhanced adipogenesis in the liver; downregulation of HNF-
1b causes liver steatosis, and a lack of HNF-1 leads to lipid
dysmetabolism in the liver, pancreas, small intestine, and
adipose tissue.24e27 Mechanistic studies demonstrated that
HNF-1 transcriptionally controls lipid-related genes ubiq-
uitously involved in lipid metabolism and participates in the
onset and progression of a variety of lipid metabolism
disorders.26,28
HNF-1 in lipid metabolism

Epidemiological investigations have demonstrated associa-
tions between HNF-1 and lipid metabolism. Genome-wide
association studies determined that the levels of plasma
low-density lipoprotein-cholesterol (LDL-c) and tri-
glycerides (TG) were higher and the levels of high-density
lipoprotein-cholesterol (HDL-c) were lower in 19,840 in-
dividuals (and in 20,623 additional individuals) with HNF-1a
deficiency due to mutations.29e31 Analysis of associations
between common polymorphisms of the HNF-1a gene and
plasma LDL-c and apolipoprotein B (apoB) levels indicated
that deletions of the HNF-1a gene resulted in elevated
levels of serum lipids in healthy young European Americans
and African Americans.4,22 The results of polymorphism
analysis indicated that HNF-1a phenotypes influence the
serum HDL-c levels of 356 Japanese men; specifically, the
subjects with the isoleucine phenotype had low serum HDL-
c levels, and the subjects with the leucine phenotype had
high serum HDL-c levels.32 Two single nucleotide poly-
morphisms (SNPs) of HNF-1a (rs2259820T and rs2464196A
alleles) are significantly associated with higher levels of
serum apoA1 and consistently reduced risk of coronary ar-
tery disease in the Chinese population.33 This epidemio-
logical evidence indicates an important role of HNF-1 in the
regulation of intracorporeal lipid metabolism.

HNF-1 directly participates in the regulation of lipid
metabolism in vitro. Hepatic HNF-1a transcriptionally
upregulated proprotein convertase subtilisin/kexin type 9
(PCSK9), which reduced LDL endocytosis and cholesterol
uptake by mediating the degradation of LDL receptors and
increasing the plasma LDL-c levels.34,35 Shende’s group
demonstrated that HNF-1a knockdown decreased circu-
lating levels of PCSK9 protein and increased the intracel-
lular accumulation of cholesterol in HepG2 hepatocytes and
in primary hepatocytes of C57BL/6J mice; however, HNF-1b
knockdown did not cause these alterations in vitro.34,36 Hu
et al demonstrated that the loss of HNF-1a function resul-
ted in a sharp accumulation of lipid droplets and promoted
intracellular cholesterol accumulation in HepG2 hepato-
cytes transfected with HNF-1a siRNA.36e38 Wade and col-
leagues showed that HNF-1a overexpression stimulated
apoA transcription, resulting in higher levels of lipoprotein
A and lipid droplet accumulation in HepG2 cells.39

Furthermore, Wang’s group confirmed these findings by
showing that HNF-1b downregulation dramatically
enhanced the differentiation of 3T3-L1 preadipocytes
transfected with HNF-1b shRNA lentivirus and increased
lipid droplet formation.40 These findings indicated that
HNF-1 plays an important role in the regulation of intra-
cellular lipid metabolism.



Figure 1 The structures of the HNF-1 protein. (A) A scheme of the structure of the HNF-1 protein. The polypeptide chain of
human HNF-1 contains 631 amino acid residues, and the first 280 amino acid residues form an amino-terminal dimerization domain
(aa 1-32), an extremely acidic area (aa 71-80), and a POU domain (aa 98-280). The carboxy-terminal domain (aa 281-631) is
responsible for transcriptional activation by HNF-1 and contains three transactivation domains: activation domain I (ADI), including
amino acids 546-628; ADII, including amino acids 281-318; and ADIII, including amino acids 440-506. (B) Three-dimensional
structures of the HNF-1a homodimer. (C) Three-dimensional structures of the HNF-1b homodimer. , amino-terminus; , car-
boxy-terminus.
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HNF-1 manipulates lipid metabolism processes. Shende
and colleagues demonstrated that liver-specific knockdown
of HNF-1a, but not HNF-1b, reduced the serum level of
PCSK9, leading to a lower level of circulating LDL-c in C57BL/
6J mice infected with shHNF-1a adenovirus.34 Taro et al
demonstrated that HNF-1a deficiency promoted the
expression of the enzymes of fatty acid synthesis and FAT
genes, accelerating hepatic lipid accumulation and elevating
serum levels of TG in HNF-1a-null mice with mutations
generated by the Cre-loxP deletion system.41 Sandra
Rebouissou et al showed that loss-of-function mutations of
HNF-1a caused an aberrant promotion of lipogenesis in
human hepatocellular adenomas.8,36,42 Additionally, Shih’s
group showed that HNF-1a knockout diminished the
expression of bile acid transporters and enhanced the ac-
tivity of cholesterol acyl transferase to increase the rate of
synthesis of bile acids and cholesterol in the liver; HNF-1a
deletion in Tcf1�/� mice was characterized by reduced he-
patic lipase (HL) activity that impaired HDL catabo-
lism.22,36,43 These results emphasize that HNF-1 is involved in
intracorporeal aspects of lipid metabolism.
Pathways of HNF-1 in lipid metabolism
regulation

HNF-1 is an important transcription factor that modulates
the expression of lipid-related genes involved in lipid
metabolism. HNF-1 can recognize and bind with specific
cis-acting elements within gene promoters to transactivate
the transcription and coordinate the expression of target
lipid-related genes. HNF-1 is predominantly expressed in
hepatic tissue and is involved in various aspects of hepatic
lipid metabolism, including lipid uptake and biosynthesis,
lipid transport and intracellular lipid storage, and oxida-
tion of fatty acids. HNF-1 also influences lipid synthesis and
absorption in adipocytes and modulates the expression of
the genes related to adipocyte differentiation and fatty
acid metabolism. HNF-1 controls the homeostasis of
normal lipid metabolism via multiple regulatory pathways
under physiological conditions (Table 1).

HNF-1 plays a pivotal role in lipid anabolism, including
lipid synthesis, absorption, and storage. For example,
HNF-1a directly upregulated the transcription of miR-122
to enhance miR-122-inhibited SCAP expression and to
interfere with the maturation of SREBP-2, resulting in a
decrease in lipid biosynthesis and lipid uptake by HepG2
hepatocytes.34,36 Similarly, overexpression of HNF-1b
significantly decreased the expression of SREBP-1 and
lipid-related synthases, such as liver fatty acid-binding
protein (L-FABP), acetyl-CoA carboxylase (ACC), and
fatty acid synthetase (FAS), leading to the suppression of
lipid synthesis and absorption by AML-12 hepatocytes.44

HNF-1a overexpression transcriptionally repressed perox-
isome proliferator-activated receptor g (PPARg) to
abolish PPARg-induced adipocyte differentiation in HNF-
1a-null mice.45,46 HNF-1a binding to the regions 343-328
bp and 107-93 bp upstream of the L-FABP promoter



Table 1 Regulatory pathways of HNF-1 in lipid metabolism.

HNF-1
intervention

Animal/cell
model

Targeted
factors

Binding site Lipid metabolism References

HNF-1aY HepG2 hepatocytes miR-122Y — Lipid synthesis and
absorption[

Hu et al (2020)36

Shende et al (2015)34

HNF-1a-null mice L-FABPY 343-328 bp and 107-93 bp
upstream of L-FABP
promoter

Adipogenesis[ Akiyama et al (2000)41

Gordon et al (1985)47

Graham et al (2016)48

LO2 hepatocytes SOCS-3Y — Lipid synthesis and
absorption[

Tan et al (2019)6

LO2 hepatocytes STAT[ — Lipid synthesis and
absorption[

Tan et al (2019)6

HepG2 and Huh7 cells SigR1[ — Adipogenesis[ Villemain et al (2020)49

normolipidemic mice PCSK9Y 380 bp upstream of
promoter

LDLR
degradationY

Shende et al (2015)34

Li et al (2015)35

HNF-1a[ HNF-1a-null mice PPARgY — AdipogenesisY Lefterova et al (2009)45

Patitucci et al (2017)46

HNF-1a/HNF-
1b

C57BL mice Angptl8[ 84-68 bp upstream of
Angptl8 promoter

Lipid
degradationY

Watanabe et al (2020)17

Wang et al (2013)50

HNF-1bY C57BL/6J mice DPP4[ — Lipid oxidationY Long et al (2017)1

Seidah et al (2003)2

C57BL/6J mice NOX1[ — Lipid oxidationY Long et al (2017)1

Seidah et al (2003)2

3T3-L1 preadipocytes PPARg[ — Adipogenesis[ Wang et al (2017)40

Patitucci et al (2017)46

Wang et al (2020)51

HNF-1b[ AML-12 hepatocytes SREBP-1Y — Lipid synthesis and
absorptionY

Hu et al (2020)36

Wu et al (2017)44

AML-12 hepatocytes ACCY — Lipid synthesis and
absorptionY

Wu et al (2017)44

AML-12 hepatocytes L-FABPY Lipid synthesis and
absorption Y

Wu et al (2017)44

AML-12 hepatocytes FASY — Lipid synthesis and
absorption Y

Wu et al (2017)43

C57BL/6J mice GPx1[ — Lipid oxidation[ Long et al (2017)1

Seidah et al (2003)2

Wu et al (2017)44

Remarks: PPARg, peroxisome proliferator-activated receptor-g; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthetase; L-FABP, liver
fatty acid-binding protein; SOCS-3, suppressor of cytokine signaling-3; STAT, signal transducer and activator of transcription; SigR1,
sigma receptor 1; DPP4, dipeptidyl peptidase 4; NOX1, nicotinamide adenine dinucleotide phosphate oxidase 1; PCSK9, proprotein
convertase subtilisin/kexin type 9; Angptl8, angiopoietin-like 8; SREBP-1, sterol regulatory element binding transcription factor-1; GPx1,
glutathione peroxidase 1. [, increased; Y, decreased. —, not determined.
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increased the transcription of L-FABP mRNA to repress the
expression of HL, ACC, and FAS, ultimately decreasing
hepatic lipid generation and reducing serum TG levels in
HNF-1a-null mice.41,47,48 HNF-1a promoted the expression
of suppressor of cytokine signaling-3 (SOCS-3) and nega-
tively regulated the signal transducer and activator of
transcription (STAT) pathway by reducing the rate of
STAT3 phosphorylation, resulting in inhibition of lipid
anabolism or accelerated lipolysis and preventing free
fatty acid-induced steatosis in LO2 hepatocytes.6 HNF-1a
restrained the expression of sigma receptor 1 (SigR1) to
reduce lipid droplet formation and storage capacity of
neutral lipids in HepG2 and Huh7 cells, eventually pre-
venting hepatic steatosis in hepatocellular adenoma.49

Dipeptidyl peptidase 4 (DPP4)/nicotinamide adenine
dinucleotide phosphate oxidase 1 (NOX1) enhances the
production of TG and the formation of lipid droplets in
hepatocytes. HNF-1b binding to the promoters of DPP4 and
NOX1 weakened the expression of these genes to restore
hepatic TG homeostasis and alleviate liver injury and in-
sulin resistance in C57BL/6J mice.1,2

HNF-1 plays an important role in lipid catabolism by
accelerating lysosomal degradation and activating mito-
chondrial beta oxidation. Direct binding of HNF-1a to the
region 380 bp upstream of the PCSK9 promoter increased
hepatic and circulating PCSK9 levels, ultimately increasing
the lysosomal degradation rate of hepatocellular LDLR and
serum LDL-c level in normolipidemic mice.34,35 Addition-
ally, hepatic HNF-1a indirectly inhibited the expression of
PCSK9 by increasing miR-122 expression,36 indicating that
this interaction may form a feedback pathway through
which HNF-1a accurately controls the expression of PCSK9
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and stabilizes the balance of lipid metabolism and plasma
LDL-c levels. Direct binding of HNF-1a/HNF-1b to the re-
gions 84 and 68 bp upstream of the Angptl8 promoter
elevated the expression of this gene to subsequently
inhibit the activity of lipoprotein lipase (LPL) and
decreased the clearance rate of TG fatty acids in C57BL
mice, ultimately severely disrupting TG metabolism.17,50

HNF-1 improves mitochondrial function to facilitate
oxidative phosphorylation of fatty acids. For example,
HNF-1b downregulated the transcription of PPARg and of
the downstream target genes regulated by aroclor 1254
(A1254), which disrupted mitochondrial function, accel-
erating the decomposition of TG, free fatty acids, and
cholesterol via mitochondrial oxidative phosphorylation
and ultimately suppressing the differentiation of 3T3-L1
cells into adipocytes.40,51 HNF-1b improved mitochondrial
antioxidant potential and beta oxidation of fatty acids by
promoting the transcription of glutathione peroxidase 1
(GPx1), leading to enhanced catabolism of cholesterol and
TG and a reduction in the plasma lipid levels in C57BL/6J
mice. HNF-1b inhibited the expression of both DPP4 and
NOX1, induced the formation of a high superoxide envi-
ronment, and resulted in a decrease in the glutathione
content in the mitochondria, ultimately facilitating mito-
chondrial oxidative decomposition of lipids to maintain
hepatic TG homeostasis and to prevent liver steatosis in
C57BL/6J mice.1,2,44 These pathways are involved in the
effects of HNF-1 to cooperatively maintain homeostasis of
lipid metabolism under normal conditions. However,
aberrant expression and function of HNF-1 under patho-
physiological conditions disturb the balance of lipid
metabolism and cause lipid metabolism diseases, such as
NAFLD, obesity, and ASCVD.1,10,34,52e54

HNF-1 in lipid disorders

HNF-1 prevents the occurrence of NAFLD

NAFLD is an acquired dysfunctional metabolic syndrome
mainly characterized by hepatic storage of excessive lipids
and hepatocellular fatty degeneration resulting from the dis-
orders of lipid metabolism in the liver.55 HNF-1 abated hepa-
tocellular lipid synthesis by silencing the expression of sterol
regulatory element-binding protein-1/2 (SREBP-1/2) and
reduced the amount of free fatty acids and cholesterol
internalized from extrahepatic tissues, preventing hepatic fat
deposition and the development of NAFLD.36,44 HNF-1 coun-
tered STAT phosphorylation and the expression of DPP4/NOX1,
ameliorating the oxidative function of mitochondria and he-
patocellular lipid decomposition, which hindered hepatic lip-
idosis and the progression of NAFLD.1,2,6,56,57 Moreover, the
deletion of HNF-1a/HNF-1b accelerated the synthesis of fatty
acids and hepatic fat accumulation to boost the development
of NAFLD in C57BL/6J mice. HNF-1b overexpression remark-
ably decreased hepatic lipid accumulation in both HF diet-fed
mice and db/db mice.1,58 Inactivating HNF-1a mutations in
exon 4 of the HNF-1a allele were reported to dramatically
promote hepatocellular steatosis in a 60-year-old woman with
hepatocellular adenoma.59 These data confirm that HNF-1 is a
protective factor and potential target for NAFLD treatment
(Fig. 2).
HNF-1 stunts the development of obesity

Obesity is due to dysregulation of the balanced control of
body fat and energy metabolism that leads to abnormal
distribution of body fat and surplus accumulation of lipids in
white adipose tissue.60 HNF-1 impaired preadipocyte dif-
ferentiation to reduce the number of adipocytes by inhibit-
ing the expression of PPARg.46 Moreover, HNF-1 repressed
the expression of SigR1 to restrain the formation of lipid
droplets in adipocytes, impeding adipogenesis and adipocyte
hypertrophy.49 HNF-1b enhanced the oxidative function of
mitochondria and facilitated adipolysis by restraining A1254-
influenced expression, stunting the development of
obesity.51 Additionally, HNF-1 suppressed excessive accu-
mulation of lipids, such as TG, in white adipose tissue and
significantly reduced obesity, which impairs physical
health.40,45 HNF-1b downregulation governed adipose dif-
ferentiation in C57B6/J mice.61 The rs7957197 SNP of HNF-1a
was associated with significant progression of obesity in a
randomized controlled trial of dietary intervention.10

Approximately 20% of Caucasian patients with HNF-1a mu-
tations are obese or overweight.62 Recent findings indicated
that HNF-1 has a promising therapeutic potential for limiting
and/or reducing overweight and obesity (Fig. 3).

HNF-1 affects the progression of ASCVD

ASCVD is primarily ascribed to arterial atherosclerotic le-
sions, which are generally caused by atherogenic hyperlip-
idemia and lipoprotein disorders and lead to subintimal lipid
deposition and the formation of atherosclerotic plaque.63,64

HNF-1 increased the expression of L-FABP and GPx1, facili-
tating hepatocellular decomposition of circulating lipids in
mitochondria, decreasing the levels of lipids in the plasma,
relieving dyslipidemia, and reducing the development of
ASCVD.17,34,41,44,50 HNF-1 depressed the expression of PPARg
and DPP4/NOX1 to decrease lipid biosynthesis and accel-
erate lipid degradation, inhibiting aortic lipid deposition and
lipid plaque formation and suppressing the occurrence of
cardiovascular disease.1,39,46,65 The inhibition of HNF-1
resulted in a decrease in PCSK9 expression and circulating
LDL-c levels, which ameliorated the development of
ASCVD.66e68 The rs1183910 SNP of HNF-1a is associated with
elevated serum levels of total cholesterol, LDL-c, and apoB
in 60,283 individuals in the general Danish population.69 The
HNF-1a G319S mutant genotype is associated with higher
concentrations of plasma HDL-c and apoA1 in Oji-Cree sub-
jects.31 In European Americans and African Americans,
young adults carrying the rs1169288 and/or rs2464196 SNPs
of HNF-1a have a higher risk of subclinical coronary
atherosclerosis.4 These findings indicated that HNF-1 can
influence the progression of atherosclerosis and is a poten-
tial contributor to a paradigm of ASCVD prevention (Fig. 4).

Conclusions, limitations, and prospects

HNF-1 is an essential transcription factor participating in
lipid metabolism regulation and is a potential target for
the treatment of lipid metabolism disorders. HNF-1 rec-
ognizes and binds to specific cis-acting elements in the
gene promoters to induce the transcription and expression



Figure 2 The regulatory roles and pathways of HNF-1 in hepatocellular lipid metabolism and NAFLD. Abbreviations: PCSK9,
proprotein convertase subtilisin/kexin type 9; miR-122, microRNA-122; SREBP-1/2, sterol regulatory element-binding protein-1/2;
SCAP, SREBP cleavage-activating protein; ACC, acetyl-CoA carboxylase; L-FABP, liver fatty acid-binding protein; HL, hepatic lipase;
FAS, fatty acid synthetase; SOCS-3, suppressor of cytokine signaling-3; STAT3, signal transducer and activator of transcription 3;
FFA, free fatty acid; DPP4, dipeptidyl peptidase 4; NOX1, nicotinamide adenine dinucleotide phosphate oxidase 1; Angptl8,
angiopoietin-like 8; and NAFLD, nonalcoholic fatty liver disease. Solid lines indicate regulatory pathways known to be associated
with NAFLD, and dotted lines indicate regulatory pathways with unconfirmed associations with NAFLD. /, promotion; �,
inhibition.
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of the target genes and to influence the processes of lipid
metabolism. HNF-1 inhibits the expression of lipogenesis-
related genes, such as PPARg, SREBP-1/2, and SigR1,
restraining lipid anabolism processes, including synthesis,
absorption, and storage. Moreover, HNF-1 induces various
genes, such as PCSK9, GPx1, and SOCS-3/STAT, facilitating
lipid catabolism in hepatocytes. Furthermore, abnormal
expression of HNF-1 was shown to cause the development
of lipid metabolism disorders, including NAFLD, obesity,
and ASCVD.

Despite the proven effects of HNF-1 on lipid metabolism,
many challenges should be addressed in the future. HNF-1
has been found to combine with cis-acting elements, such
as CAAT boxes, to manipulate gene expression and lipid
metabolism. Considering that HNF-1 can upregulate or
downregulate gene expression under various conditions, it
is unclear which cis-acting elements bind HNF-1a/b in
addition to the CAAT box to trigger various biological
functions. The specific mechanisms of HNF-1-induced
transactivation of transcription of the target genes subse-
quent to HNF-1 binding to cis-acting elements remain un-
clear. Unlike the HNF-1a isoform, HNF-1b lacks the
transactivation ADI and ADIII within the C-terminus, which
may explain the distinct activity of HNF-1b in controlling
the expression of the target genes. Furthermore, it is un-
known whether HNF-1a and HNF-1b work synergistically or
individually to regulate the transcription of downstream
genes. The anomalous expression and function of HNF-1 are
strongly associated with lipid dysmetabolism. However, it
needs to be determined whether the abnormal expression
of HNF-1 leads to disordered lipid metabolism or lipid dys-
metabolism induces the abnormal HNF-1 expression that in
turn aggravates lipid metabolism disorders. Lipid disorders
are risk factors for atherogenesis, and a few reports have
implicated HNF-1 in the development of atherosclerosis,
especially in the regulation of lipid metabolism in macro-
phages under pro-atherosclerotic conditions.

HNF-1 is widely recognized as a promising therapeutic
target that has broad application prospects for diagnosis
and treatment of the disorders of lipid metabolism, stim-
ulating ongoing in-depth investigations. For instance, tis-
sue specificity of HNF-1a/b expression and lipid
metabolism disorders in which HNF-1a/b are predomi-
nantly involved should be comprehensively analyzed to
facilitate possible dual applications of HNF-1a/b as diag-
nostic markers and as therapeutic targets in the clinic. A
thorough understanding of the molecular mechanisms
underlying the regulatory effects of HNF-1 on lipid meta-
bolism will provide the foundation for clinical in-
terventions involving HNF-1 in the therapy of specific
disorders of lipid metabolism. Additionally, the down-
stream molecules targeted by HNF-1a/b and the underly-
ing mechanism controlling HNF-1a/b expression await
further investigation, which will help to design novel
synthetic molecules and to use new tactics to combat lipid
metabolism disorders. Moreover, recent documents have
reported that a new redox regulator PCB-153 down-
regulating HNF-1b expression caused the lipid metabolic
disorder in hepatocytes and adipocytes,44 and a novel
synthetic chemical 7030B-C5 competing with HNF-1a to
bind with the target genes to exert lipid-lowering and anti-
atherosclerotic effects in atherosclerosis-prone animals,66

which further substantiates the therapeutic value of HNF-
1 as a potential target for lipid metabolism disorders.



Figure 3 The regulatory roles and pathways of HNF-1 in lipid metabolism in adipocytes and obesity. Abbreviations: PPARg,
peroxisome proliferator-activated receptor-g; SigR1, sigma receptor 1; A1254, aroclor 1254-regulated processes. Solid lines indi-
cate regulatory pathways known to be associated with obesity, and dotted lines indicate regulatory pathways with unconfirmed
associations with obesity. /, promotion; �, inhibition.

Figure 4 The regulatory roles and pathways of HNF-1 in hepatic lipid metabolism and ASCVD. PPARg, peroxisome proliferator-
activated receptor g; A1254, aroclor 1254-regulated processes; GPx1, glutathione peroxidase 1; DPP4, dipeptidyl peptidase 4;
NOX1, nicotinamide adenine dinucleotide phosphate oxidase 1; L-FABP, liver fatty acid-binding protein; ACC, acetyl-CoA carbox-
ylase; FAS, fatty acid synthetase; HL, hepatic lipase; LDL, low density lipoprotein; TG, triglyceride; VLDL, very low density lipo-
proteins; IDL, intermediate density lipoprotein; and ASCVD, atherosclerotic cardiovascular disease. Solid lines indicate regulatory
pathways known to be associated with ASCVD, and dotted lines indicate regulatory pathways with unconfirmed associations with
ASCVD. /, promotion; �, inhibition.
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