
Abstract. Nonalcoholic fatty liver disease (NAFLD) is a
common liver disease whose prevalence has increased
markedly. We reported previously that fatty acid synthesis
was enhanced in NAFLD with the accumulation of fatty
acids. To clarify the disorder, we evaluated the expression of
genes regulating fatty acid synthesis by real-time PCR using
samples from NAFLD (n=22) and normal liver (control;
n=10). A major regulator of fatty acids synthesis is sterol
regulatory element-binding protein-1c (SREBP-1c). Its
expression was significantly higher in NAFLD, nearly 5-fold
greater than the controls. SREBP-1c is positively regulated
by insulin signaling pathways, including insulin receptor
substrate (IRS)-1 and -2. In NAFLD, IRS-1 expression was
enhanced and correlated positively with SREBP-1c
expression. In contrast, IRS-2 expression decreased by 50%
and was not correlated with SREBP-1c. Forkhead box
protein A2 (Foxa2) is a positive regulator of fatty acid
oxidation and is itself negatively regulated by IRSs. Foxa2
expression increased in NAFLD and showed a negative
correlation with IRS-2, but not with IRS-1, expression. It is
known that SREBP-1c is negatively regulated by AMP-

activated protein kinase (AMPK) but expression levels of
AMPK in NAFLD were almost equal to those of the controls.
These data indicate that, in NAFLD, insulin signaling via
IRS-1 causes the up-regulation of SREBP1-c, leading to the
increased synthesis of fatty acids by the hepatocytes;
negative feedback regulation via AMPK does not occur and
the activation of Foxa2, following a decrease of IRS-2, up-
regulates fatty acid oxidation.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most
frequent causes of liver dysfunction (1-3) and its prevalence
has been increasing markedly (4-6). Furthermore, non-
alcoholic steatohepatitis (NASH), a severe form of NAFLD
accompanied by hepatitis and fibrosis, may progress to
cirrhosis and hepatic failure (7,8). NAFLD is often found in
patients with obesity and/or insulin resistance, however, its
precise cause remains unclear. Therefore, it is important to
understand the features of lipid metabolism, particularly fatty
acid metabolism, in NAFLD. Previously, we evaluated the
expression levels of genes involved in fatty acid metabolism
in the liver with NAFLD and found that the expression of
those genes including acetyl-CoA carboxylase (ACC) and
fatty acid synthase (FAS), was up-regulated, indicating that
fatty acid synthesis was enhanced in hepatocytes, leading to
the accumulation of fatty acids (9,10).

Sterol regulatory element-binding proteins (SREBPs) are
membrane-bound transcription factors that regulate the ex-
pression of genes involved in lipid synthesis, and SREBP-1c
positively regulates the expression of genes encoding
lipogenic enzymes including ACC and FAS (11,12). Insulin
is a well-known stimulator of lipogenesis and activates the
hepatic expression of SREBP-1c (13,14). Insulin receptor
substrate (IRS) proteins, a family of docking molecules,
connect insulin receptor activation to essential downstream
cascades, and the two major isoforms, IRS-1 and IRS-2, are
highly expressed in the liver (15). In addition to the positive
regulation of SREBP-1c expression, IRSs suppress fatty acid
oxidation through the inhibition of a transcription factor,
forkhead box protein A2 (Foxa2) (16).
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AMP-activated protein kinase (AMPK) is an energy
sensor that regulates cellular metabolism including lipid
metabolism (17). AMPK is activated by increased levels of
cellular AMP, a marker of cellular energy stores (18).
Activated AMPK stimulates ATP-producing catabolic
pathways, such as fatty acid oxidation, and inhibits ATP-
consuming processes, such as lipogenesis. Therefore, AMPK
activation suppresses the expression of ACC and FAS via
down-regulation of SREBP-1c (19,20).

The mechanisms involved in the pathogenesis of NAFLD
have not been thoroughly investigated, particularly in
humans. Furthermore, little is known about the regulation of
fatty acid synthesis in NAFLD. In this study, we evaluated
the expression of lipogenesis regulator genes, SREBP-1c,
IRS-1, IRS-2, Foxa2, and AMPK, in NAFLD.

Patients and methods

Tissue samples were obtained by liver biopsy from 22
patients with histologically diagnosed NAFLD, including 4
patients with NASH, who were admitted to the Kyushu
University Hospital from 2004 to 2006. As controls, normal
liver tissue was obtained by liver biopsy from 10 patients
whose liver function tests and histological findings were
completely normal. Written consent was obtained from the
patients for this investigation. Real-time RT-PCR was
performed as reported previously (10). Total RNA was
prepared with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and cDNA was synthesized from 1.0 μg RNA with
GeneAmp™ RNA PCR (Applied Biosystems, Branchburg,
NJ, USA) using random hexamers. Real-time RT-PCR was
performed using LightCycler-FastStart DNA Master SYBR
Green 1 (Roche, Tokyo, Japan) according to the manufac-
turer's instructions. The reaction mixture (20 μl) contained
LightCycler-FastStart DNA Master SYBR Green 1, 4 mM
MgCl2, 0.5 μM of the upstream and downstream PCR
primers, and 2 μl of the first strand cDNA as a template. The
target genes and primers used are shown in Table I. To
control for variation in the reactions, all PCRs were
normalized against ß-actin expression. All results were
shown as the mean ± SD. Comparisons were made by the
Mann-Whitney U test. For the correlation analysis between
two continuous variables, a simple regression model was
used.

Results

Expression of SREBP-1c, FAS, IRS-1, IRS-2 and AMPK.
SREBP-1c is a transcription factor which positively regulates
fatty acid synthesis-related genes such as FAS. In NAFLD,
SREBP-1c expression was positively correlated with FAS
expression (r=0.48, p=0.03) and expressed at almost 5-fold
higher levels in NAFLD than in the normal liver (482±123%,
p=0.04) (Figs. 1 and 2). SREBP-1c is positively regulated by
insulin signaling pathways including IRSs and negatively
regulated by AMPK. In NAFLD, IRS-1 expression was
significantly higher than the controls (170±21%, p=0.03),
whereas IRS-2 expression was lower (72±23%, p=0.34), and
AMPK expression levels were roughly the same (134±24%,
p=0.34) (Fig. 2).

Relationship between SREBP-1c and IRSs or AMPK
expression. In NAFLD patients, IRS-1 expression correlated
positively with SREBP-1c expression (r=0.46, p=0.03)
(Fig. 3A), but IRS-2 expression did not (r=-0.16, p=0.46)
(Fig. 3B). There was no relationship between IRS-1 and IRS-2
expression (r=-0.17, p=0.32) (Fig. 3C). AMPK expression
did not show a significant correlation with SREBP-1c
expression (r=0.003, p=0.99) (Fig. 3D). IRSs recently have
been reported to negatively regulate another transcriptional
factor, Foxa2, which enhances fatty acid oxidation. Foxa2
expression was not significantly higher than the controls
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Table I. Primers used for analysis of the expression of fatty
acid metabolism-related genes.
–––––––––––––––––––––––––––––––––––––––––––––––––
Gene 5' Forward primer 3' GenBank™

5' Reverse primer 3' accession no.
–––––––––––––––––––––––––––––––––––––––––––––––––
SREBP-1c GCGGAGCCATGGATTGCAC NM-004176

CTCTTCCTTGATACCAGGCCC

AMPK CAGGCATATGGTGGTCCATAGAG AF100763
TCATGGGATCCACCTGCAGC

IRS-1 ACTTGAGCTACGGTGACGTG NM-005544
GCGGAACTCATCACTCATGG

IRS-2 ACAACAACCACAGCGTGCGC NM-003749
GTAGAGGGCGATCAGGTACTTG

FAS AGCTGCCAGAGTCGGAGAAC NM-004104
TGTAGCCCACGAGTGTCTCG

Foxa2 CGGGCTCCATGAACATGTCG NM-021784
GCGAGATGTACGAGTAGGGC

ß-actin GCAAGAGAGGCATCCTCACC NM-001101
CGTAGATGGGCACAGTGTGG

–––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Correlation between FAS and SREBP-1c gene expression. There
was a significant positive correlation between FAS and SREBP-1c
expression. FAS, fatty acid synthase; SREBP-1c, sterol regulatory element-
binding protein-1c.
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(148±25%, p=0.24) but showed a negative correlation with
IRS-2 expression (r=-0.42, p=0.04) (Fig. 4A). There was no
correlation between Foxa2 and IRS-1 expression (r=-0.04,
r=0.87) (Fig. 4B).

Discussion

Previously we evaluated the expression of genes associated
with fatty acid metabolism in NAFLD, and we found that
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Figure 2. Real time RT-PCR analysis of the gene expression of SREBP-1c, IRS-1, IRS-2, and AMPK in NAFLD. SREBP-1c is positively regulated by
insulin, and negatively regulated by AMPK. SREBP-1c and IRS-1 expression were significantly increased in NAFLD. *Statistically significant differences
(p<0.05) compared to normal liver. ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; SREBP-1c, sterol regulatory element-binding protein-1c;
AMPK, AMP-activated protein kinase; IRS, insulin receptor substrate; Foxa2, forkhead box protein A2.

Figure 3. Correlation between IRS-1 and SREBP-1c (A), IRS-2 and SREBP-1c (B), IRS-1 and IRS-2 (C), and AMPK and SREBP-1c (D) in NAFLD. There
was a significant positive correlation between IRS-1 and SREBP-1c expression. SREBP-1c, sterol regulatory element-binding protein-1c; AMPK, AMP-
activated protein kinase; IRS, insulin receptor substrate.
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increased de novo fatty acid synthesis led to the increased
accumulation of fatty acids in hepatocytes (9,10). In the
process of fatty acid synthesis, ACC converts acetyl-CoA, an
essential substrate of fatty acids, to malonyl-CoA. FAS
utilizes both acetyl-CoA and malonyl-CoA to form palmitic
acid (C16:0). Both FAS and ACC expression are positively
regulated by SREBP-1c, a transcription factor. In this study,
a positive correlation was shown between SREBP-1c and
FAS (Fig. 1) or ACC1 expression (data not shown) in NAFLD
patients. These data indicate that one of the primary
abnormalities of fatty acid metabolism in NAFLD is the
impaired regulation of fatty acid synthesis by SREBP-1c.

SREBP-1c is positively regulated by insulin signaling
pathways in which IRS-1 and -2 are major mediators.
Interestingly, IRS-1 expression was enhanced in NAFLD and
showed a positive correlation with SREBP-1c expression
(Figs. 2 and 3A). In contrast, IRS-2 expression was reduced,
although not significantly, and was not correlated with
SREBP-1c expression (Figs. 2 and 3B). These results
indicate that the insulin signaling pathways are disrupted in
NAFLD, particularly in terms of the normally coordinated
regulation between IRS-1 and -2. It is well known that

NAFLD is often accompanied by insulin resistance (1).
When we define insulin resistance as dysregulation of the
insulin signaling pathways, including IRSs, the decrease of
IRS-2 expression might be pertinent to insulin resistance,
although IRS-1 expression was rather increased. It was
reported recently that hepatic IRS-1 and -2 have complemen-
tary roles in the control of hepatocyte metabolism; IRS-1 is
linked more closely to glucose homeostasis and IRS-2 to
lipid metabolism (21). Specifically, the selective knockdown
of hepatic IRS-1 resulted in the up-regulation of glucogenic
enzyme gene expression, whereas the knockdown of IRS-2
resulted in the up-regulation of SREBP-1c and FAS expres-
sion. It has also been reported that SREBP-1c suppresses
IRS-2-mediated insulin signaling via direct interference with
the IRS-2 promoter (22). These lines of evidence, including
our own, indicate that up-regulated SREBP-1c not only
enhances FAS expression but also suppresses IRS-2
expression via a negative feedback mechanism. In contrast,
in our study, IRS-1 expression was enhanced and correlated
with SREBP-1c expression. These results suggest that
enhanced IRS-1 expression may be compensated by the
suppression of IRS-2 expression, and that the switch from
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Figure 5. Summary of the present analysis of the expression of fatty acid synthesis and oxidation regulatory genes in NAFLD.

Figure 4. Correlation between IRS-2 and Foxa2 (A), and IRS-1 and Foxa2 (B) gene expression in NAFLD. There was a significant negative correlation
between IRS-2 and Foxa2 expression.

507-511  3/3/08  15:16  Page 510



IRS-2- to IRS-1-dependent regulation may cause enhanced
fatty acid synthesis by SREBP-1c in NAFLD. Further study
is needed to clarify the mechanism of up-regulation of IRS-1
in liver with NAFLD.

IRSs also regulate fatty acid oxidation through
transcription factor Foxa2 (16). Both IRS-1 and IRS-2
suppressed Foxa2, which positively regulates fatty acid
oxidation. In our study, Foxa2 expression was slightly
increased, which might be attributable to the net balance
between decreased IRS-2 and increased IRS-1. Taken
together with our finding that Foxa2 expression correlated to
IRS-2 expression, IRS-2 might be a major regulator of Foxa2
in the liver with NAFLD. We reported previously that fatty
acid oxidation was up-regulated in NAFLD although
expression of PPARα, an activator of fatty acid oxidation,
was significantly decreased (10). The results of this study
suggest that the up-regulation of Foxa2 leads to an increase
in fatty acid oxidation in NAFLD.

It has been proposed that AMPK acts as a metabolic
master switch and its activation leads to a concomitant
inhibition of energy-consuming biosynthetic pathways, such
as fatty acid synthesis. AMPK activation inhibits ACC activity
directly by phosphorylation (23), and inhibits ACC expression
indirectly via the suppression of SREBP-1c (19). Our present
and previous results show that AMPK expression was
unchanged or, rather, increased and that SREBP-1c and ACC
expression increased in parallel, indicating that the negative
feedback regulation of SREBP-1c via AMPK failed in
NAFLD. Recent findings showed that AMPK is activated by
adiponectin (24) and that serum adiponectin levels were
reduced in NAFLD (25). In our study, NAFLD patients
showed lower serum adiponectin levels than the controls
(data not shown); therefore, hypoadiponectinemia might
contribute to unchanged AMPK expression in NAFLD.

In summary, our results in human NAFLD indicate the
following (Fig. 5): i) up-regulated SREBP-1c contributes to
the increased de novo synthesis of fatty acids, even in hepato-
cytes with fatty acid accumulation, ii) up-regulated IRS-1 is
associated with the up-regulation of SREBP-1c, iii)
suppression of SREBP-1c by AMPK failed in NAFLD and
iv) activation of Foxa2 by decreased expression of IRS-2 up-
regulates fatty acid oxidation. Recently, it was reported that
liver X receptor α (LXRα) plays an important role in
lipogenesis through the activation of SREBP-1c (26). We are
now investigating the relationship between LXRα and
SREBP-1c expression.
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