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Molecular mechanisms involved in hepatic
steatosis and insulin resistance

Takashi Matsuzaka, Hitoshi Shimano*

ABSTRACT

Increased hepatic lipid content is associated with hepatic as well as whole-body insulin resistance and is typical for individuals with
type 2 diabetes mellitus. However, whether insulin resistance causes hepatic steatosis or whether hepatic steatosis per se reduces
insulin sensitivity remains unclear. Multiple metabolic pathways lead to the development of hepatic steatosis, including enhanced
free fatty acid release from adipose tissues (lipolysis), increased de novo fatty acid synthesis (lipogenesis), decreased mitochondrial
[-oxidation and decreased very low-density lipoprotein secretion. Although the molecular mechanisms leading to the development
of hepatic steatosis in the pathogenesis of type 2 diabetes mellitus are complex, several recent animal models have shown that
modulating important enzymes involved in hepatic fatty acid and glycerolipid synthesis might be a key for treating hepatic insulin
resistance. We highlight recent advances in the understanding of the molecular mechanisms leading to the development of hepatic
steatosis and insulin resistance. (J Diabetes Invest, doi: 10.1111/j.2040-1124.2011.00111.x, 2011)
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INTRODUCTION

In the past few decades, the prevalence of obesity and type 2
diabetes mellitus has grown to epidemic proportions'. Hepatic
insulin resistance is a principal component of type 2 diabetes”.
Decreased hepatic insulin sensitivity leads to elevated hepatic
glucose production, hyperinsulinemia, increased p-cell mass and
hyperglycemia.

Hepatic steatosis is a common finding in patients with type 2
diabetes. Approximately 70% of patients who are obese or who
have type 2 diabetes develop non-alcoholic fatty liver disease
(NAFLD), and 20% of these patients show progression to non-
alcoholic  steatohepatitis>*. Despite the existing correlation
between hepatic steatosis and insulin resistance, whether insulin
resistance causes hepatic steatosis or whether the increase in tri-
acylglycerol (TAG) and/or lipid metabolites might play a causal
role in the development of hepatic or systemic insulin resistance
remains unclear. Recent studies have favored the concept that
hepatic TAG itself is not toxic and might in fact protect the liver
from lipotoxicity by buffering the accumulation of toxic fatty
acids (FA).

HEPATIC LIPID METABOLISM IS INVOLVED IN

FATTY LIVER DEVELOPMENT

Hepatic FA are derived from several different sources, including
peripheral fats stored in white adipose tissue that flow to the
liver as plasma free FA (FFA), dietary FA (mainly through the
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uptake of intestinally derived chylomicron remnants) and FA
newly synthesized in the liver through de novo lipogenesis
(DNL). After the esterification step, TAG can be stored as lipid
droplets within hepatocytes or secreted into the blood as very
low-density lipoprotein (VLDL), but they can also be hydrolyzed
and FA can be channeled toward the B-oxidation pathway.
Therefore, excessive hepatic lipid accumulation can be caused
by the following four different metabolic perturbations:
(i) increased FFA flux to the liver from lipolyzed adipose TAG
or dietary lipids; (ii) increased DNL; (iii) reduced FA oxidation;
and (iv) reduced lipid export in the form of VLDL>® (Figure 1).
Studies in humans and rodents have shown that the mecha-
nisms leading to excessive hepatic lipid accumulation are mainly
linked to increased FFA delivery from peripheral expanded
adipose tissue to the liver and enhanced hepatic DNL, whereas
lipid disposal through B-oxidation and VLDL export are only
moderately affected’.

FA Delivery and Uptake

The rate of hepatic FFA uptake depends on FFA delivery to
the liver and the capacity of the liver for FFA transport. In the
postabsorptive state, the major source of FFA delivered to the
liver is derived from FFA released from white adipose tissue.
FFA and glycerol hydrolyzed from visceral adipocytes are trans-
ported to the liver, because the blood stream of visceral organs
flows directly into the liver through the portal vein. The inflow
of FA into the liver by lipolysis in adipose tissue increases in
obesity and insulin resistant states®. In addition, expression of
genes encoding hepatic lipase and hepatic lipoprotein lipase is
higher in obese subjects with NAFLD than subjects without
NAFLD’, suggesting that FFA released by lipolysis of circulating
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Figure 1 | Potential sources and mechanisms leading to the development of hepatic steatosis. Different sources of fatty acids (FA) contribute to the
development of hepatic steatosis. Under conditions of insulin resistance, the ability of insulin to suppress hormone sensitive lipase activity is impaired,
leading to an elevated rate of triacylglycerol (TAG) lipolysis and release of increased free-FA (FFA) into the liver. Dietary FA are also taken up by the
liver through the uptake of intestinally derived chylomicron remnants. In the liver, hyperglycemia and hyperinsulinemia induce sterol regulatory
element-binding protein (SREBP)-1c expression and activate liver X receptors (LXR), leading to the transcriptional activation of all lipogenic genes. In
addition, hyperglycemia activates carbohydrate response element-binding protein (ChREBP), which transcriptionally activates liver pyruvate kinase
(L-PK) and all lipogenic genes. The combined actions of SREBP-1c and ChREBP promote de novo lipogenesis (DNL). A consequence of increased
DNL is increased production of malonyl-CoA, which inhibits carnitine palmitoyltransferase-1 (CPT-1), resulting in impaired mitochondrial -oxidation.
After the esterification step (conversion of FA into TAG), TAG can then be stored as lipid droplets in hepatocytes or secreted into the blood as

very low-density lipoprotein (adapted from Postic and Girard®). Copyright 2008 by American Society For Clinical Investigation. Reproduced with

permission of American Society For Clinical Investigation.

TAG also contribute to hepatic FA accumulation and steatosis.
These increases in hepatic lipase and hepatic lipoprotein lipase,
along with higher postprandial lipidemia and FFA concentra-
tions in NAFLD subjects, might be responsible for the increased
postprandial incorporation of dietary FA into intrahepatic TAG
observed in obese subjects with type 2 diabetes. Furthermore,
membrane proteins that direct trafficking of FFA from plasma
into tissues are also likely to be involved in increased hepatic
FFA uptake. Gene expression of FAT/CD36, which is an impor-
tant regulator of tissue FFA uptake from plasma, increases in
the liver of obese subjects with hepatic steatosis'®. Therefore,
these data suggest that alterations in adipose tissue lipolytic
activity, regional hepatic lipolysis of circulating TAG and tissue
FFA transport proteins could be involved in the pathogenesis of
hepatic steatosis.

DNL

Synthesis of hepatic FA and TAG is nutritionally regulated”.
When a high-carbohydrate diet is ingested, carbohydrate is con-
verted into hepatic TAG by key enzymes involved in the glyco-
lytic and lipogenic pathways, including glucokinase and liver
pyruvate kinase (L-PK) for glycolysis; adenosine triphosphate
(ATP) citrate lyase, acetyl-CoA carboxylase (ACC) and FA

synthase (FAS) for lipogenesis; ELOVL6 and stearoyl-CoA
desaturase 1 (SCD1) for catalyzing FA elongation and desatura-
tion steps; and mitochondrial glycerol-3-phosphate acyltransfer-
ase (GPAT) and diacylglycerol acyltransferase (DGAT) for TAG
synthesis (Figure 2). Under normal conditions, the contribution
of DNL to FA, TAG, and VLDL synthesis is small in humans
and estimated to be <5% in the postabsorptive state''. Condi-
tions associated with a high rate of lipogenesis, such as ingestion
of a high-carbohydrate diet, hyperglycemia and hyperinsulin-
emia, are associated with a shift in cellular metabolism from
lipid oxidation to lipid synthesis. Using a stable isotope
approach, nearly 60% of hepatic TAG in subjects with NAFLD,
has been shown to be derived from circulating FFA, a little
more than 10% from the diet, and close to 30% from DNL'.
This suggests the importance of DNL in the pathology of hepa-
tic steatosis observed in obese subjects with type 2 diabetes.

TRANSCRIPTIONAL REGULATION OF DNL

Enzymes involved in DNL are acutely regulated by post-transla-
tional and allosteric mechanisms, whereas they are mainly con-
trolled on a long-term basis by modulating their transcription
rate. The fact that the transcription factor, sterol regulatory
element-binding protein (SREBP)-1c, which is itself stimulated
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Figure 2 | Metabolic pathways of fatty acid (FA) and triacylglycerol (TAG) synthesis, and mechanisms by which lipid intermediates affect

hepatic insulin sensitivity. Excess lipid intermediates in the TAG biosynthetic pathway, such as diacylglycerol (DAG), phosphatidic acid (PA) and
lysophosphatidic acid (LPA), cause insulin resistance by activating several serine/threonine kinases, including protein kinase C (PKC), mammalian
target of rapamycin (MTOR), c-Jun N-terminal kinase 1 (JNK1), kB kinase (IKK), which inhibit insulin signaling either directly through insulin receptor
substrate (IRS)-1 and IRS-2 serine phosphorylation or indirectly through a series of transcriptional events mediated by nuclear factor (NF)-kB. This, in
turn, results in reduced insulin activation of phosphatidylinositol (Pl) 3-kinase and Akt. Ceramide can also impair insulin action through interactions
with Akt. Reduced Akt activation resulting in lower fork-head box (FOX)O phosphorylation leads to increases in the transcription of phosphoenol-
pyruvate carboxycarboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase). This enhances gluconeogenesis and hepatic glucose output (adapted

from Nagle et al®). Copyright 2009 The American Society for Biochemistry and Molecular Biology.

by glucose and insulin, activates the transcription of genes
involved in FA (e.g. ACC, FAS, ELOVL6 and SCD1) and TAG
synthesis (eg. GPAT and DGAT)" is now well accepted
(Figure 2). SREBP-1c overexpression in livers of transgenic mice
leads to the development of fatty liver as a result of increased
lipogenesis'®. Inactivation of the SREBP-1c gene in livers of ob/ob
mice, a genetic model of leptin deficiency that develops obesity
and hepatic steatosis, results in an approximately 50% reduction
in hepatic TAG'. We and others have shown that increased rates
of hepatic FA synthesis contribute to the development of fatty
livers in rodent models of insulin resistant diabetes and
obesity'*'. In addition, SREBP directly repress the transcription
of insulin receptor substrate (IRS)-2, the main insulin signaling
molecule in the liver'®. IRS-2 repression by hepatic SREBP-1c
leads to the inhibition of the process regulating insulin signaling.
Thus, chronic activation of hepatic SREBP-1c causes hepatic stea-
tosis, hypertriglyceridemia, hyperglycemia and insulin resistance,
leading to the development of type 2 diabetes.

In addition to SREBP-1c, liver X receptors (LXR) are also
important regulators of lipid synthesis (Figure 2). Hepatic LXR
activation by endogeneous oxysterol ligands results in the upreg-
ulation of genes involved in lipid and carbohydrate metabolism.
Oral administration of LXR agonists to mice results in elevated
hepatic FA synthesis and steatosis'”. This increased hepatic lipo-
genesis is largely attributed to a LXR-dependent upregulation of

SREBP-1c expression. Insulin and glucose can stimulate the
transcriptional activity of LXR'®'®, Thus, hyperinsulinemia and
hyperglycemia can activate LXR and SREBP-lc, resulting in
increased lipogenesis, hepatic lipid accumulation and worsening
of hepatic insulin resistance.

Carbohydrate-mediated DNL stimulation is transcriptionally
mediated by the carbohydrate response element-binding protein
(ChREBP)™. Glucose activates ChREBP by regulating its entry
from the cytosol into the nucleus and by activating the binding
of this transcription factor to DNA (Figure 2). ChREBP regu-
lates hepatic lipid synthesis through the transcriptional control
of L-PK, a key regulatory enzyme in glycolysis, and the lipogenic
genes ACC and FAS in response to glucose. Hepatic TAG con-
tent decreases in ChREBP knockout mice compared with wild-
type mice?!. Furthermore, deletion of ChREBP in ob/ob mice
results in decreased hepatic steatosis and obesity, and amelio-
rates glucose intolerance and insulin resistance®”. Thus, clarifica-
tion of the role of ChREBP and its target genes in glucose and
lipid metabolism will be useful for preventing and treating

type 2 diabetes.

THE ROLE OF LIPID METABOLITES IN THE
DEVELOPMENT OF HEPATIC INSULIN RESISTANCE
The cellular mechanisms responsible for FA-induced insulin
resistance are not fully understood. As discussed earlier, an
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association between hepatic steatosis and insulin resistance
exists, and several rodent models have shown that decrease in
hepatic TAG content correlates with improvement in insulin
sensitivity. However, whether a causal relationship exists
remains uncertain. Several lines of evidence suggest that lipid
intermediates, such as diacylglycerol (DAG), long chain fatty
acyl-CoA, ceramide, lysophosphatidic acid (LPA) and phospha-
tidic acid (PA), rather than TAG itself, are important for the
development of hepatic insulin resistance.

TAG

Hepatic TAG accumulation was once believed to impair insulin
signaling and cause insulin resistance. However, recent data show
that hepatic TAG accumulation is a parallel phenomenon and
not the direct cause for impaired insulin signaling. Dissociation
between hepatic steatosis and insulin resistance has been
observed in some genetically altered or pharmacologically mani-
pulated animal models. Overexpression of hepatic DGAT2%,
blockade of hepatic VLDL secretion” and pharmacological
blockade of B-oxidation in mice® cause significant hepatic steato-
sis, but not hepatic insulin resistance. In contrast, inhibiting
hepatic TAG synthesis by decreasing DGAT?2 in diet-induced
and genetically obese mice decreases hepatic steatosis, but does
not improve insulin sensitivity*®. These data support the notion
that hepatic TAG accumulation is not necessary for causing
insulin resistance, and that excessive accumulation of certain
FA-derived lipid metabolites is lipotoxic and is a cause of hepatic
insulin resistance. In fact, TAG synthesis is beneficial for
removing potentially lipotoxic FA derivatives, such as FFA,
DAG and ceramide, by channeling FA substrates into a storage
form of TAG”.

However, TAG in excess might obstruct hepatic blood flow
by compressing the sinusoids>®. Furthermore, storage of TAG as
lipid droplets is only a temporary measure; FA in TAG can be
released at any time, and if the cell is still unable to handle FA
appropriately through other metabolic pathways, the stored
TAG can serve as a source of toxic intermediates.

DAG

Recent studies implicate DAG as an inducer of insulin resis-
tance®®. When excess DAG is formed, protein kinase C (PKC)e
is activated, and IRS-1 and IRS-2 are phosphorylated on tyro-
sine residues, which diminishes phosphatidylinositol 3-kinase
and Akt activation. This is not entirely surprising, because lipo-
genic diets normally increase SREBP-1c-mediated glycerolipid
synthesis.

Both GPATI knockout mice” and adenovirus-mediated
GPAT1 overexpression in the liver’' provide evidence for an
important role of this enzyme in the development of hepatic
steatosis and insulin resistance. GPAT1 knockout mice show
reduced levels of both hepatic DAG and TAG, and are pro-
tected against high-fat, diet-induced hepatic insulin resistance,
possibly as a result of low DAG-mediated PKCe activation™.
Interestingly, although GPAT1 inhibition leads to a significant

Disordered lipid metabolism and diabetes

accumulation of hepatic acyl-CoA content, GPAT knockout
mice do not show hepatic insulin resistance, suggesting that
DAG is most likely the better candidate to account for insulin
resistance. GPAT1 overexpression in livers of rats also supports
the importance of DAG in the development of hepatic insulin
resistance. Hepatic GPAT1 overexpression causes hepatic steato-
sis and insulin resistance. Hepatic insulin resistance observed in
GPAT1-overexpressing rats is associated with elevated DAG,
LPA and TAG concentrations, as well as activated PKCe.

Other Potential Mediators

In addition to DAG, glycerolipid intermediates, such as LPA
and PA, can also initiate signaling pathways. LPA is a ligand for
peroxisome proliferator-activated receptor (PPAR)y and might
be responsible for the upregulation of PPARy target genes
observed in fatty liver’”. Intracellular PA activates the mamma-
lian target of rapamycin, which downregulates the insulin signal
by promoting serine phosphorylation of IRS-1 when nutrients
are present in excess”.

Recent studies have also shown that FA composition of the
lipid species (the length of carbon chain and/or the number and
position of unsaturated bonds) could be another determinant of
the development of hepatic insulin resistance accompanying
intracellular lipid accumulation. An unexpected phenotype has
been observed while analyzing mice deficient for ELOVLS6, a
microsomal enzyme involved in the elongation of saturated
and monounsaturated FA with 12, 14 and 16 carbons. Loss of
ELOVL6 function increases the levels of palmitate (C16:0) and
palmitoleate (C16:1), but reduces the levels of stearate (C18:0)
and oleate (C18:1). Elovl6 knockout mice are protected against
developing hepatic insulin resistance when fed a high-fat/high-
sucrose diet, despite that hepatic steatosis and obesity observed
in these mice are similar to those observed in wild-type mice™,
suggesting that hepatic FA composition, particularly the conver-
sion of palmitate to stearate, is crucial for insulin sensitivity
rather than only lipid accumulation. In addition, some DAG
and sphingolipid species might be poor inhibitors of insulin
signaling®. FA composition of glycerolipid intermediates might
influence their signaling capacities and importance as contribu-
tors to hepatic insulin resistance.

RELATIONSHIP BETWEEN HEPATIC LIPID
METABOLISM, INFLAMMATION AND INSULIN
RESISTANCE

Although hepatic lipid accumulation is associated with and
might be sufficient to explain the development of insulin resis-
tance, systemic chronic inflammation has been proposed to play
an important role in the development of insulin resistance and
type 2 diabetes.

Several signaling pathways link the inflammatory mechanisms
of insulin resistance. An important kinase likely to mediate the
cross-talk between inflammatory and metabolic signaling is
c-Jun N-terminal kinase 1 (JNK1), a serine/threonine protein
kinase that is regulated by FFA and many inflammatory stimuli,
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