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Abstract: Non-alcoholic fatty liver disease (NAFLD) refers to a clinicopathological syndrome characterized by macrovesicular

steatosis and lipidaccumulation of hepatocytes, except for alchol and other specific factors associated with liver damage. In

terms of etiology, NAFLD is highly correlated with hepatic insulin resistance (IR). In terms of etiology, NAFLD is highly correlated

with hepatic insulin resistance (IR). Elucidation of the pathogenesis of hepatic IR is expected to provide theoretical support for

drug research in NAFLD. Therefore, this article reviews the research progress on the mechanism of NAFLD. Elucidation of the

pathogenesis of hepatic IR is expected to provide theoretical support for drug research in NAFLD.
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Non-alcoholic fatty liver disease (NAFLD) is one of
the most common causes of liver disease, and its
prevalence continues to rise globally to about 25%[1]. In
China, changes in the prevalence of NAFLD parallel the
epidemiological trends of obesity, type 2 diabetes mellitus
and metabolic syndrome. NAFLD is closely related to the
high prevalence of diabetes mellitus, atherosclerotic
cardiovascular disease, and colorectal tumors, and it has
now become an invisible killer that affects human health.
There is no wonder drug for the treatment of NAFLD at
home and abroad. Therefore, it has become an urgent
problem to clarify NAFLD’s mechanism of action and
effectively prevent disease progression. Numerous
clinical studies have shown that insulin resistance (IR)
plays a key role in the development of NAFLD, while fat
storage is a characteristic of NAFLD[2]. This paper will

further explore the relationship between NAFLD and IR,
elucidate its specific molecular mechanism, and provide
more theoretical support for NAFLD drug development.

1 Relationship between NAFLD and IR

The pathophysiologic mechanisms underlying the
development of NAFLD are mainly related to
hepatocellular steatosis, which is mainly due to impaired
regulation of hepatic lipid metabolism, in which hepatic
IR and increased free fatty acid (FFA) play an important
role [3]. Under normal conditions, insulin exerts
physiological functions in the liver including promoting
glycogen synthesis, inhibiting gluconeogenesis,
promoting lipid synthesis and inhibiting lipid breakdown.
When the sensitivity of target organs to insulin decreases
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(when IR occurs), the body will produce more insulin
compensatorily to meet the body's glucose metabolism
demand, resulting in high levels of insulin in the blood. In
the IR state, the insulin receptor signaling pathway is
impaired, gluconeogenesis is no longer inhibited, but
hepatic lipid deposition can continue to increase, which
induces the development of NAFLD. It has been found
that in patients with NAFLD, IR elevates the rate of FFA
release from adipose tissue[4], and elevated FFA not only
stimulates insulin secretion, but also causes abnormalities
in hepatic lipid metabolism and exacerbates
hepatocellular steatosis.

The hepatic de novo lipogenesis (DNL) pathway is
one of the important factors causing the development of
NAFLD, and studies have shown that insulin can promote
hepatic DNL[5]. Therefore, excess insulin in the body
relatively promotes hepatic DNL during IR, increasing
hepatic steatosis. Insulin also stimulates adipose tissue
to secrete adipokines and inflammatory cytokines, which
ultimately leads to dysregulation of adipose tissue
catabolism[6-7]. In turn, fat accumulation in the liver
increases lipotoxicity, leading to increased oxidative
stress, which severely impairs mitochondrial function in
the liver and causes fatty acid accumulation, and the
presence of this positive feedback loop allows for the
continued progression of NAFLD.

2 Molecular mechanisms associated with NAFLD
and IR

Insulin binds to the insulin receptor substrate (IRS)
and signals downstream of the IRS, such as
phosphatidylinositol-3-kinase (PI3K), mitogen-activated
protein kinase (MAPK) and other pathways. IR can be
induced by any abnormal part of protein signaling
pathways. The mechanism of NAFLD-induced IR is
complex, and it is related to the oxidative stress in
adipose tissues and the dysfunctions of the mitochondria,
inflammation, intestinal microbiota dysregulation, and
other factors, and the related molecular mechanisms will
be discussed one by one.

2.1 Liver IR and lipid metabolism

Lipid-induced hepatic IR is mainly activated by the
ceramide or diacylglycerol-protein kinase C (PKC)
pathway to inhibit the phosphorylation of IRS1 and
further inhibit the PI3K/AKT pathway. This pathway
reduces the activation of glycogen synthase and inhibits
glycogen synthesis, and reduces the inactivation of
forkhead box O1 (FoxO1) to increase hepatic
gluconeogenesis, the produced glucose is released into
the blood through glucose transporter protein 2 (GLUT-2)
channels, resulting in a significant decrease in hepatic
sensitivity to insulin[8]. In addition, of the many lipid
molecules associated with NAFLD, diacylglycerol has
been identified as the key molecule causing hepatic IR[9].
Geradshulman's team at Yale University revealed the
specific molecular mechanism involved. In NAFLD, the
accumulated cell membrane sn-1,2-diacylglycerol (DAG)

in the liver activates the PKC protein, which is anchored
to the T1,160 site of the phosphorylated insulin receptor
on the cell membrane. Phosphorylation of this site
inhibits the activation of the insulin receptor, leading to a
decrease in the downstream insulin signalling pathway,
resulting in hepatic IR[10]. Zhao's team found that WD
repeat domain protein 6 (WDR6) was up-regulated in the
livers of mice with IR, and its expression level was
positively correlated with hepatic lipid content; through
combined transcriptomics and other multi-omics analyses,
it was found that WDR6 promotes the phosphorylation of
serine/threonine protein phosphatase 1, which enhances
fatty acid synthetase transcription, leading to increased
fatty acid synthesis and increased hepatic lipid
triacylglycerol production. This study suggests that
WDR6 is an effective target for the treatment of hepatic
steatosis[11].

2.2 Hepatic IR and mitochondrial dysfunction

Mitochondria are organelles that maintain the energy
required for cellular activity and coordinate energy
metabolism through substrate oxidation, the tricarboxylic
acid cycle, oxidative phosphorylation for the synthesis of
adenosine triphosphate (ATP), and the generation of
reactive oxygen species (ROS). A variety of
mitochondria-related factors are involved in the
development of NAFLD, including reduced β-oxidation,
damage and depletion of the electron transport chain
(ETC), excessive ROS production, oxidative
stress-mediated cellular damage, and alterations in
mitochondrial ultrastructure, which can induce IR[12]. Jin
et al.[13] found that the tumor necrosis factor
(TNF)-α / Myc interaction zinc-finger protein (Miz)
1-positive feedback loop is a key component in
promoting non-alcoholic steatohepatitis (NASH)
progression by an essential molecular mechanism, which
mainly exacerbates mitochondrial damage by inhibiting
mitochondrial autophagy in hepatocytes, leading to
NAFLD progression. Mitochondrial autophagy is the
selective removal of dysfunctional or loss-of-function
mitochondria by autophagosomes, which is regulated by
Parkin protein and phosphatase and tensin homolog
(PTEN)-induced putative kinase (PINK) 1. Studies have
shown that in human NASH, Miz1 levels are reduced in
hepatocytes. Miz1 binds to peroxiredoxin 6 (PRDX6) and
remains in the cytoplasm, preventing PRDX6 from
interacting with mitochondrial Parkin at the Cys431 locus
and inhibiting Parkin-mediated mitochondrial autophagy.
Meanwhile, decreased mitochondrial autophagy led to
increased ROS and activation of nucleotide-binding
oligomerization domain (NOD)-like receptor pyrin
domain containing 3 (NLRP3) inflammasome, both of
which increased the secretion of pro-inflammatory factors,
which in turn activated the release of TNF-α and
interleukin (IL)-1β from macrophages. TNF-α induced
the degradation of Miz1 via E3 ubiquitination, which led
to a further decrease in hepatocyte mitochondrial
autophagy. Thus, it generates a positive feedback loop
that drives NAFLD progression. It has also been
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proposed that receptor-interacting protein kinase (RIPK)
3 is involved in impairing mitochondrial function during
NAFLD[14]. Its deletion ameliorates mitochondrial
dysfunction in response to fatty acid overload in
hepatocytes, which may be related to the upregulation of
the peroxisome proliferator-activated receptor γ (PPARγ).
Still, the specific pathway remains to be explored.
Mitochondrial function and structure changes exacerbate
hepatic fat accumulation, which triggers inflammation
and fibrosis. Fat accumulation promotes the onset and
progression of NAFLD.

2.3 Hepatic IR and the inflammatory response

Chronic inflammation is a hallmark of metabolic
diseases, and in NAFLD, elevated pro-inflammatory
cytokines induce IR[15]. This in turn disrupts the
metabolic balance of the liver. Kupffer cells are
macrophages located in the hepatic sinusoids, which
produce IL-6 and TNF-α when inflammation occurs in
the liver. Inflammatory factors, fatty acids, and other
factors activate the inhibitory kappa B kinase β (IKKβ),
which phosphorylates IRS proteins at the inhibitory
serine site to induce IR. Nuclear factor-κB (NF-κB) also
affects insulin signaling by transcriptionally inducing
tyrosine phosphatase protein 1B (PTP1B) and suppressor
of cytokine signaling 3 (SOCS3)[8]. In addition,
inflammatory vesicles are closely associated with the
development of metabolic diseases, as they activate
caspase-1/11 to release IL-1 and IL-18 from cells,
allowing inflammatory responses to occur[15]. It has
been shown that in high-fat-induced metabolic syndrome,
IL-18 inhibits lipid formation and ameliorates IR. In the
presence of ROS, oxidized mitochondrial DNA
(ox-mtDNA) and thioredoxin-interacting protein (TXNIP)
activate the NLRP3 inflammasome[16], resulting in
reduced phosphorylation of the AKT-Ser307 site and
inhibition of IRS/AKT signaling pathway. Inhibition and
impaired insulin-stimulated glucose uptake by
hepatocytes, leading to hepatic IR. This role of NLRP3
has been demonstrated in rodents fed a high-fat diet,
which reduces hepatic steatosis by inhibiting the NLRP3
inflammasome pathway[17]. Inflammatory vesicle
dysfunction leads to an excessive hepatic inflammatory
response, allowing NAFLD to progress to hepatic
fibrosis.

2.4 Liver IR and imbalance of gut microbiota

The production of the gut microbiome and its
metabolites promotes IR in the liver and is involved in the
pathogenesis of NAFLD. An imbalance in the gut
microbiota is defined as a bacterial translocation and an
increase in intestinal permeability, leading to an increase
in fatty acid absorption. This increased intestinal
permeability allows bacterial migration across the
intestinal epithelial barrier, along with the release of toxic
bacterial products, bile acids, lipopolysaccharides (LPS),
and proinflammatory cytokines, which are now thought to
migrate mainly through the portal vein and activate

Toll-like receptors (TLRs) on Kupffer cells, which further
activate NF-κB, resulting in an inflammatory cascade
that promotes development of NAFLD[18]. The gut
microbiota of NAFLD patients is enriched in
ethanol-producing bacteria, such as Escherichia coli,
which produces ethanol under anaerobic conditions.
Some studies have compared the microbiota of NAFLD
patients with those of healthy controls, with the former
producing more ethanol, which can stimulate the NF-κB
signaling pathway by impairing the intestinal barrier
function, leading to increased levels of LPS. LPS plays an
important role in mediating chronic low-grade
inflammation by activating the ERS
GRP78-IRE1α-ASK1 signaling pathway, which promotes
the persistence of metabolic syndrome[19].

Intestinal microbiota can also alter bile acid
metabolism. Bound bile acids in human body are
degraded by intestinal microbiota and converted to
secondary bile acids. Secondary bile acids bind to the
farnesoid X receptor (FXR) and can stimulate insulin
secretion and increase its sensitivity. At the same time,
secondary bile acids activate the Takeda G
protein-coupled receptor 5 (TGR5)[20], and TGR5
stimulates the release of glucagon-like peptide-1(GLP-1)
from the gut. Therefore, selective modulation of FXR in
the gut may be an effective therapeutic strategy for the
treatment of NAFLD.

2.5 Hepatic IR and oxidative stress

The interaction between oxidative stress and hepatic
IR accelerates hepatocellular injury and inflammatory
response, ultimately leading to liver fibrosis. It has been
documented that detoxification pathways are weakened in
the liver of NAFLD patients, leading to increased ROS
production[21]. ROS activate inflammatory signaling
pathways, such as NF-κB, c-Jun N-terminal kinase (JNK),
and PKC pathways, which stimulate the secretion of
pro-inflammatory factors by the Kupffer cells to
accelerate the progression of NAFLD. In addition, FFA
can also activate inflammatory signaling, impair
mitochondrial function, and increase ROS production,
leading to serine phosphorylation of IRS proteins and
causing IR. It has been reported that the NF-κB/Orai1
pathway affects ROS production and further enhances
endoplasmic Reticulum stress (ERS)[22] during NAFLD
pathology and facilitates NAFLD development. Koliaki et
al.[23] found that NASH patients had additional
increased mitochondrial ROS production and damage of
oxidative function compared to patients with simple
steatosis, revealing the important role of oxidative stress
in NAFLD.

Currently, iron death as a form of non-apoptotic cell
death has been found in about 1/3 of patients with iron
overload in NAFLD, as evidenced by elevated serum
ferritin concentrations[24-25]. Therefore, iron-induced
organ damage may play a role in the progression of
NAFLD. In IR, excess FFA leads to upregulation of
mitochondrial citric acid cycle activity, resulting in
increased production of ROS and lipid peroxidation,
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which leads to hepatocyte injury. Due to the pro-oxidant
capacity of iron, iron and iron overload are important
factors in ROS production and the development of
NAFLD and NASH[26]. Increased iron accumulation and
exacerbated steatohepatitis were found in mice[27].
Similarly, another model of mice fed with dietary iron
showed elevated levels of lipid peroxidation derivatives
and exhibited more severe histologic manifestations of
NASH[28]. However, previous studies have shown no
clinical studies linking IR, iron metabolism, oxidative
stress, and NAFLD to NASH.

2.6 Hepatic IR and endocrine hormones

Growth hormone is produced in a pulsatile manner
by the anterior pituitary gland. It stimulates the
production of insulin-like growth factor 1 (IGF-1) via
JAK2 and signal transducer and activator of transcription
(STAT) 5. The relationship between IGF-1 and IR is well
established. Growth hormone deficiency promotes
intrahepatic fat accumulation. Studies have shown that
serum IGF-1 and growth hormone levels are low in
NAFLD patients and correlate with disease severity[29].
Thyroid hormone (TH) acts on thyroid hormone receptor
(TR) α to stimulate hepatic lipogenesis, and plays a
greater role in fatty acid β-oxidation when it acts on TR β.
TH induces hepatic steatosis, and there is a strong
correlation between NAFLD and thyroid dysfunction[30],
but the relationship between the two and IR has been
poorly studied. There is increasing evidence that
androgens are important mediators in regulating hepatic
fat content, and their physiological levels can prevent
fatty liver disease, IR and related metabolic syndromes,
etc. In male 5α reductase type 1 and androgen receptor
knockout mice fed a high-fat diet, the experimental group
developed IR and impaired glucose tolerance earlier than
the control group, and also developed hepatic steatosis
[31]. Higher levels of androgen deficiency due to
testicular resection were observed in males. In addition,
higher levels of triacylglycerols were observed in male
mice with androgen deficiency due to orchiectomy[32].
The importance of endocrine hormones in NAFLD
should not be ignored. However, there are still few
studies and the specific molecular mechanisms need to be
supported by a large amount of experimental data.

2.7 Other Mechanisms

The process by which the autophagic system
selectively recognizes and degrades intracellular lipids is
known as lipophagy. Impaired autophagy has been shown
to be associated with susceptibility to NAFLD in
experimental and clinical studies[33]. Furthermore, it has
been shown that hepatic autophagy is inhibited in
obesity-induced IR mice due to reduced expression of
autophagy-related genes or proteolytic cleavage of
essential autophagy proteins by calpain. In addition,
animals with targeted deletion of autophagy in specific
tissues exhibited IR[34]. These findings suggest that
autophagy dysregulation plays an important role in the

progression of IR and NAFLD. ERS has been observed to
be associated with IR in patients with NAFLD, and ERS
is involved in the development of IR with an increase in
unfolded protein response (UPR)[36]. Five gene variants
have been found to be strongly associated with NAFLD
susceptibility and progression[37], namely
transmembrane 6 superfamily member 2 (TM6SF2),
glucokinase regulator gene (GCKR), membrane-bound
O-acyltransferase 7 (MBOAT7), and hydroxysteroid 17β
dehydrogenase 13 (HSD17β13). All of these gene
variants are associated with insulin sensitivity and IR. In
addition, the role of some non-coding RNAs in NAFLD
has also attracted attention[36].

3 Conclusion

NAFLD has become the most common chronic liver
disease in the world, and there is no specific drug in the
clinic. IR plays a key role in the progression of NAFLD.
The molecular mechanism of IR in NAFLD is very
complex. Among all the mechanisms by which hepatic IR
leads to NAFLD, FFA-induced lipotoxicity and activation
of inflammatory response are the two most important
factors. Therefore, drugs that improve lipid metabolism
and produce anti-inflammatory effects hold great promise
in the prevention and treatment of NAFLD by hepatic IR,
but more experimental data are still needed to support
them.
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( #Ê5$

5

#H

��í¯Æ

(

�Gc¨¿À+ä

áÕÙÙöçÞ

$

&"�¯

YL̂F!

>?UbZ

#Ê5
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