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Abstract
Aims/hypothesis Recent studies have identified the involve-
ment of inhibitor IκB kinase (IKK) in the pathogenesis of
insulin resistance. To investigate the mechanism involved, we
examined the role of nuclear factor κB (NF-κB), the distal
target of IKK, in hepatic glucose metabolism.
Methods To inhibit NF-κB activity, db/db mice were in-
fected with adenovirus expressing the IκBα super-repressor.
Results The IκBα super-repressor adenovirus infection
caused a moderate reduction of NF-κB activity in liver.
The treatment was associated with improved glucose
tolerance, reduction in the serum insulin level, and increased
hepatic triacylglycerol and glycogen contents, but had no
effect on insulin-stimulated phosphorylation of Akt. On the
other hand, quantification of mRNA in the liver revealed
marked reduction of expression of gluconeogenic genes,

such as those encoding phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase, concurrent with re-
duced expression of gene encoding peroxisome proliferator-
activated receptor gamma coactivator-1α (PPARGC1A, also
known as PGC-1α). Furthermore, the production of super-
repressor IκBα suppressed the increase in blood glucose
level after pyruvate injection.
Conclusions/interpretation Our results indicate that moder-
ate inhibition of NF-κB improved glucose tolerance
through decreased gluconeogenesis associated with reduced
PGC-1α gene expression in db/db mice, and suggest that
inhibition of NF-κB activity in liver is a potentially suitable
strategy for the normalisation of blood glucose concentra-
tion in type 2 diabetes.
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PKA protein kinase A
ROS reactive oxygen species
SR-IκBα IκBα super-repressor
STAT signal transducer and activation

of transcription

Introduction

Insulin resistance is the hallmark of obesity and type 2
diabetes [1–3]. Although the exact mechanism of insulin
resistance is not fully understood, recent data implicate the
inhibitor κB (IκB) kinase (IKK) β in the deterioration of
insulin action. It has been reported that mice with
heterozygous disruption of the IKBKB (also known as
IKKβ) gene are resistant to the development of peripheral
insulin resistance caused by a high-fat diet and lipid
infusion, and also when crossed with ob/ob mice, a genetic
model of obesity [4, 5]. In addition, inhibition of IKKβ
activity by salicylates prevents the development of skeletal
muscle insulin resistance induced by acute lipid infusion
[5]. Therefore, IKKβ represents a new target for the
treatment of type 2 diabetes. In fact, Hundal et al. reported
that administration of high-dose aspirin effectively
improves insulin resistance associated with the improve-
ment of peripheral and hepatic insulin resistance in human
type 2 diabetes [6].

Recently, IRS-1 was identified as a novel direct substrate
for IKK [7]. IKK phosphorylates IRS-1 at the Ser312
residue and impairs the insulin signalling pathway. On the
other hand, IKK was identified originally as the proximal
element of the IKK-IκB-nuclear factor κB (NF-κB)
signalling pathway, which regulates inflammatory and
anti-apoptotic effects. Without the signal, IκB binds directly
to NF-κB to inhibit nuclear translocation. Once IKK is
activated, it phosphorylates IκBα at Ser32 and Ser36
residues. Subsequently, phosphorylated IκBα is ubiqui-
tinated and degraded by the 26S proteasome complex, thus
releasing NF-κB to translocate into the nucleus, and it
functions as a transcriptional activator of proinflammatory
and anti-apoptotic genes. Because several studies have
suggested the importance of chronic low-grade inflamma-
tion in the pathogenesis of insulin resistance [8, 9], in
addition to IRS-1, NF-κB might be involved in the
pathogenesis of insulin resistance as a direct target of
IKK. In fact, deletion IKKβ in hepatocytes as well as in
myeloid cells ameliorates hepatic insulin resistance concur-
rently with the decrease in inflammatory cytokines such as
IL-1, IL-6 and TNF-α [10]. More directly, another recent in
vivo study using transgenic mice demonstrated that
inhibition of NF-κB ameliorates hepatic insulin resistance
induced by a high-fat diet [11].

The present study was designed to explore the role of
NF-κB in hepatic insulin resistance. For this purpose, we
injected an adenovirus encoding the IκBα super-repressor
(SR-IκBα) [12] into db/db mice, a genetic model of type 2
diabetes mellitus. The results demonstrated that moderate
suppression of NF-κB activity in the liver is enough to
improve glucose tolerance caused by reduced expression of
gluconeogenesis genes. The reduced expression of perox-
isome proliferator-activated receptor γ co-activator-1α
(PPARGC1, also known as PGC-1α), independently of
the insulin-stimulated phosphorylation of Akt, seems to be
involved in this mechanism.

Materials and methods

Recombinant adenoviral vectors The recombinant replica-
tion-deficient adenovirus Ad5IκB, encoding haemaggluti-
nin (HA)-tagged mutated IκBα (substitution of Ala32 and
Ala36 for two Ser residues), was kindly provided by D. A.
Brenner (University of North Carolina) [12]. The control
adenovirus expressing β-galactosidase (LacZ) (Ad-LacZ)
was kindly provided by M. S. German (University of
California, San Francisco). Both adenoviruses were
produced based on human adenovirus type 5. Both
adenoviruses were amplified in HEK-293 cells and
purified by CsCl density centrifugation. Viral titres were
determined by the 50% tissue culture infective dose
(TCID50) method.

Animals and administration of recombinant adenovirus The
study was reviewed and approved by the Animal Care and
Use Committee of Juntendo University. Specific-pathogen-
free female C57BL/KsJ-db/db mice and their lean litter-
mates, C57BL/KsJ-db/m, were purchased from Japan Clea
(Tokyo, Japan). All mice were housed in stainless steel wire
cages in a temperature-controlled clean room with a 12 h
light–dark cycle. The animals were provided with standard
chow and autoclaved tap water ad libitum. Ad5IκB or
Ad-LacZ (5×109 plaque-forming units) diluted in PBS
buffer or the same volume of PBS alone was injected into
13-week-old db/db mice through the tail vein. Food intake
and body weight were measured before treatment and 2 and
4 days after treatment. To measure blood glucose and in-
sulin concentrations, blood samples were collected from
the tail vein. Mice were killed under anaesthesia induced
by intraperitoneal injection of sodium pentobarbital
(50 mg/kg; Nembutal, Abbott Laboratories, Abbott Park,
IL, USA).

Laboratory tests The methods used for the laboratory tests
are described in the Electronic supplementary material
(ESM).
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Intraperitoneal glucose tolerance and pyruvate challenge
tests Five days after adenovirus infection, mice were
injected intraperitoneally with glucose (0.5 g/kg body
weight) or pyruvate (1.5 g/kg body weight) [13–15] after
overnight fasting. Blood samples were taken at various time
points (0–120 min) from the tail vein and blood glucose
levels were measured as described above. Serum insulin
levels were measured 0 and 60 min after glucose
administration.

Measurement of DNA binding activity Livers from control
and adenovirus-treated mice were harvested 5 days after the
injection. Then, nuclear extracts were prepared as described
previously [16]. The electrophoretic mobility shift assay
(EMSA) was undertaken with 32P-labelled DNA probes for
the NF-κB consensus binding site of the IκBα gene
promoter [17]. The labelled oligonucleotide was purified on
a column and annealed to an excess of the complementary
strand. The EMSA buffers and electrophoresis conditions
have been described previously [18]. Five micrograms of
the nuclear extract was used for each 20 μl binding reaction.
When using antibody, reactions were performed with 1 μl of
horse serum (control), anti-p50, p65, p52 antibody (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA). The mixture
was incubated for 15 min at room temperature before
polyacrylamide gel electrophoresis, and radioactive bands
were visualised using Fuji BAS2500 (Fujifilm, Tokyo,
Japan). DNA binding activity of NF-κB was quantified by
EMSA-based NF-κB-specific ELISA (TransBinding NF-κB
Assay Kit; Panomics, Fremont, CA, USA).

Hepatic glycogen and triacylglycerol measurements Hepatic
glycogen and triacylglycerol were measured as described
previously [19, 20] (the methods used are also briefly
described in the ESM).

Immunoprecipitation assay and western blotting analysis To
investigate the tissue distribution of SR-IκBα production,
various tissues were isolated 24 h after infection with the
adenovirus. To investigate the effect of adenovirus injec-
tion, after overnight fasting or refeeding for 12 h, the livers
were isolated, weighed and snap-frozen in liquid nitrogen.
Some livers were collected 5 min after injection of 10 mIU/
body weight (g) into the inferior vena cava or 1 min after
portal injection of 5 IU of insulin (Humulin) (Eli Lilly,
Indianapolis, IN, USA). The isolated tissues were then
homogenised with a hand-held homogeniser in RIPA buffer
[21]. The samples were sonicated on ice and centrifuged at
15,000 g at 4°C for 20 min. The supernatant fractions were
collected and western blotting analysis or immunoprecipi-
tation–western blotting was performed as described previ-
ously [21, 22]. The sources of antibodies used for western
blotting are described in the ESM.

Isolation of tissue RNA and real-time quantitative RT-
PCR Total RNA was extracted from livers by using Trizol
reagent (Invitrogen, Carlsbad, CA, USA). Then cDNAs
were synthesised using Superscript II RNase H Reverse
Transcriptase (Invitrogen) and oligo-dT primers. The
resulting cDNAs were amplified using the SYBR Green
PCR kit (Applied Biosystems, Foster City, CA, USA).
Quantitative PCR was performed with an ABI Prism 7700
sequence detection system (Perkin Elmer Life Sciences,
Boston, MA, USA). The relative abundances of mRNAs
were calculated by the comparative cycle of threshold (CT)
method with β-actin mRNA as the invariant control. The
primers used in this study are listed in ESM, Table 1.

Results

Ad5IκB treatment reduces hepatic NF-κB activity in db/db
mice Previous data showed that intravenous injection of
Ad5IκB efficiently inhibited NF-κB activity in the rat liver
[12]. To confirm the efficiency of Ad5IκB expression, the
production of SR-IκBα was investigated in various tissues
5 days after tail vein injection in db/db mice. Mice infected
with either type of adenovirus were apparently healthy. As
shown in Fig. 1a and b, the production of SR-IκBα was
identified in the liver but not in other tissues investigated.
Production of SR-IκBα was not observed after injection of
AdLacZ. In addition, the production of SR-IκBα reduced
the production of the native form of IκBα, probably
because IκBα is a direct downstream target of NF-κB.
Next, we evaluated the DNA binding activity of NF-κB in
liver (Fig. 1c and d). The basal DNA binding activity of
NF-κB in db/db mice was increased compared with db/m
mice. The injection of AdLacZ significantly increased
the binding activity of NF-κB, probably as a result of the
modest inflammation caused by adenovirus infection. The
production of SR-IκBα significantly reduced the NF-κB
binding activity compared with control and AdLacZ-treated
db/db mice. To further confirm the effect of SR-IκB, we
investigated the levels of the known downstream targets of
NF-κB, such as the glucocorticoid receptor [23], manga-
nese superoxide dismutase, C-reactive protein, IL-1β, IL-6
and TNF-α 5 days after the treatment. As shown in Fig. 1e,
the expression level of C-reactive protein mRNA was
notably decreased, and glucocorticoid receptor and manga-
nese superoxide dismutase tended to be decreased by the
production of SR-IκBα. However, we did not find a
significant decrease in the expression of some genes, such
as those encoding IL-1β, IL-6 and TNF-α, agreeing with
previous data [12]. This might be partly because of
incomplete suppression of NF-κB activity. In addition,
because the production of these cytokines is not regulated
only by NF-κB, it is possible that the modest inflammation

Diabetologia (2007) 50:131–141 133



induced by adenovirus infection increases the production of
the cytokines independently of NF-κB activity.

SR-IκBα production ameliorates glucose tolerance in
db/dbmice Table 1 lists the results of laboratory tests 5 days
after each treatment. Serum triacylglycerol concentration
was increased after both types of adenovirus treatment, as
previously reported after adenoviral treatment [20]. Total
cholesterol, NEFA and lactate levels did not change after
any of the treatments. On the other hand, the production of
SR-IκBα significantly reduced non-fasting blood glucose

level, at least from 2 days to 10 days after the treatment
(Fig. 2a). The fasting blood glucose level was also
improved 5 days after Ad5IκB treatment (Fig. 2b). The
results of an intraperitoneal glucose tolerance test 5 days
after treatment indicated that the hepatic production of SR-
IκBα improved glucose tolerance, with lower serum insulin
60 min after the glucose load (Fig. 2c and d). In addition,
the homeostasis model assessment–insulin resistance
(HOMA-IR) level was significantly lower in SR-IκBα-
treated mice (HOMA-IR, LacZ group, 85.4±17.7; PBS
group, 83.3±19.9; SR-IκB, 41.0±6.1, p<0.05 vs LacZ and

Fig. 1 Production and effects of SR-IκBα after injection of Ad5 IκB
in db/db mice. a After intravenous injection of Ad5 IκB or AdLacZ
(5×10

9
plaque-forming units per mouse) into db/db mice, 20 μg of

tissue extract was immunoblotted using anti-HA antibody. b Liver
extract (20 μg) after each treatment was immunoblotted using anti-
IκBα and anti-HA antibodies. c Liver nuclear extracts were obtained
from control db/m mice (lane 1), PBS-injected db/db mice (lanes 2, 5,
6, 7, 8 and 9), AdLacZ-treated db/db mice (lane 3) and Ad5IκB-
treated db/db mice (lane 4). The DNA binding activity of NF-κB was
evaluated by EMSA. One microlitre of horse serum (lane 5), anti-p50
antibody (lane 6), anti-p65 antibody (lane 7), anti-p52 antibody (lane
8) or a tenfold excess of unlabelled oligonucleotide (Comp.) was

added to the reaction mixture. Arrow indicates major NF-κB complex.
d DNA binding activity of NF-κB was quantified by ELISA. Data are
expressed by setting the activity in the liver after PBS injection to 1.
e Expression level of NF-κB-regulated genes was quantified by RT-
PCR 6 days after treatment with PBS (grey bars), AdLacZ (open bars)
or Ad5IκB (filled bars) (n=5–7 for each group). Data are expressed
relative to the β-actin mRNA level. The relative expression level was
calculated by setting the expression level in the liver after PBS
injection to 1. GR glucocorticoid receptor; MnSOD manganese
superoxide dismutase; CRP C-reactive protein. Values are mean±
SEM. *p<0.05 vs PBS group,

#
p<0.05 vs LacZ group
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PBS group). To rule out the possibility that the improve-
ment in glucose tolerance was due to loss of appetite, we
measured the food intake and body weight. By 4 days after
treatment, food intake was slightly, but similarly, decreased
in the SR-IκBα and LacZ groups, whereas body weights
were comparable among the groups (Fig. 2e and f).

Considering the finding that the production of SR-IκBα
was observed mainly in the liver, it is likely that the
amelioration of glucose tolerance by inhibition of NF-κB
was mainly due to the alteration of hepatic glucose
metabolism. Thus, we examined blood glucose levels after
intraperitoneal injection of pyruvate, which is known to be
a precursor of gluconeogenesis [13–15]. As shown in
Fig. 2g, the increase in blood glucose level 30 min after
pyruvate injection was significantly lower in the SR-IκBα-
treated group than in other groups, suggesting that the
production of SR-IκBα reduces hepatic gluconeogenesis.

Effect of SR-IκBα production on hepatic glycogen and
triacylglycerol To investigate the metabolic changes in the
liver, we examined liver weight, hepatic triacylglycerol and
glycogen contents. The liver weight of the SR-IκBα group
was 60% higher than that of the PBS control group,
whereas that of the LacZ-treated group was 30% higher
than that of the PBS control group. A previous study [20]
reported that infection with adenovirus increases liver
weight, probably as a result of the increase in glycogen
and triacylglycerol contents. Also in the present study, we
observed a significant increase in glycogen and triacylglyc-
erol contents after treatment with LacZ adenovirus. The
increase in lipid accumulation in liver might be related to
the increase in serum triacylglycerol level in both adeno-
virus treatment groups (Table 1). On the other hand, we
definitely observed a difference in liver weight between the
SR-IκBα treatment and the LacZ treatment. These changes
were associated with 50% higher triacylglycerol content

and 230% higher glycogen content in the liver in the SR-
IκBα group compared with the LacZ group (Table 2).

Treatment with SR-IκBα does not alter insulin signalling The
changes observed in liver after SR-IκBα treatment were
similar to those in mice with hepatic over-production of
constitutively active Akt [24], although the phenotypic
changes were very modest in our model. Thus, the
improvement in blood glucose level after treatment with
SR-IκBα might have been due to improvement in the
insulin signal. However, we found no significant increase
in the tyrosine phosphorylation state of IR-β, IRS-1 and
IRS-2 and the association between IRSs and p85 subunit
of phosphoinositide 3-kinase after insulin injection in the
mice treated with SR-IκBα (Fig. 3a). Furthermore, the
decreased insulin-stimulated phosphorylation of Akt
observed in db/db mice was not improved by treatment
with SR-IκBα (Fig. 3b). In addition, when we used a higher
dose of insulin (5 IU per mouse), the phosphorylation of Akt
and its downstream target, GSK3α in the liver, was not
altered (Fig. 3c and d).

Effects of SR-IκBα on production of key metabolic
factors To further investigate the mechanism involved in
metabolic changes induced by the production of SR-IκBα,
we quantified the mRNA levels of key metabolic regulators
in the liver by quantitative real-time PCR. As shown in
Fig. 4a, the expression levels of gluconeogenic genes, such
as those encoding phosphoenolpyruvate carboxykinase
(PEPCK), fructose-1,6-bisphosphatase and glucose-6-phos-
phatase (G6Pase), were significantly suppressed following
the production of SR-IκBα. These changes in gene
expression patterns are compatible with the results of the
pyruvate challenge test. On the other hand, no significant
changes were noted in the expression of the genes encoding
glucokinase and glycogen phosphorylase a, the rate-limiting
enzymes of glycolysis and glycogen breakdown [25] respec-
tively. Interestingly, the above changes in the gluconeogenic
genes were associated with a significant reduction in
expression of PGC-1α, which is the main regulator of the
expression of these gluconeogenic genes [26, 27] (Fig. 4a).
The reduction in PGC-1α expression was confirmed by
western blotting analysis (Fig. 4b).

Next, we measured the expression levels of lipogenic
genes in the liver. As shown in Fig. 5a, the mRNA levels of
the genes encoding fatty acid synthase, glycerol-3-phos-
phate acyltransferase and acetyl CoA carboxylase were
modestly but significantly higher in the SR-IκBα group
than in the control group. These increases were accompa-
nied by a modest increase in sterol regulatory element
binding protein 1 (SREBP1), which regulates the expres-
sion of these lipogenic genes. On the other hand, the
expression levels of lipoxidative genes, such as those

Table 1 Comparison of laboratory data 5 days after each treatment

Treatment group

PBS LacZ SR-IκBα

Total cholesterol
(mmol/l)

3.11±0.58 3.01±0.14 2.97±0.12

Triacylglycerol
(mmol/l)

0.47±0.15 1.34±0.38a 1.35±0.26a

NEFA (mmol/l) 0.710±0.154 0.957±0.253 1.009±0.318
Lactic acid (mmol/l) 3.89±0.52 2.53±0.68 3.16±0.39

Each variable was measured after overnight fasting
Data are mean±SEM of four or five experiments
PBS Phosphate-buffered saline
a p<0.05 vs PBS group
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encoding acylCoA oxidase, carnitine palmitoyltransferase
1, medium-chain acyl-CoA dehydrogenase and peroxisome
proliferator-activated receptor alpha (PPAR-α), an activator
of lipoxidative genes, were not altered by the production of
SR-IκBα (Fig. 5b).

Effects of SR-IκBα production on STAT3, CREB and AMPK
phosphorylation The improvement of glucose tolerance by
inhibition of NF-κB seems to be due to reduced expression of
gluconeogenic genes and their regulator, PGC-1α. To further

understand the mechanism, we investigated several factors
that are known to regulate the expression levels of PGC-1α.
STAT3 overexpression in primary hepatocytes is known to
decrease the expression levels of PGC-1α and gluconeogenic
genes [28]. However, the phosphorylation level of STAT3
was not altered by the production of SR-IκBα (Fig. 6a).

The expression levels of PGC-1α and gluconeogenic
genes are positively regulated by the protein kinase A
(PKA)–CREB axis [26, 27]. On the other hand, AMPK is
known to suppress the expression levels of gluconeogenic
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Fig. 2 Injection of Ad5IkB
improves glycaemic control and
glucose tolerance. a Blood glu-
cose level after injection of PBS
(grey triangles), AdLacZ (open
squares), and Ad5IκB (filled
squares) into db/db mice.
b Fasting blood glucose con-
centrations 5 days after treat-
ment with PBS (grey bar),
AdLacZ (open bar), and
Ad5IκB (filled bar). c, d Blood
glucose (c) and immunoreactive
insulin concentrations (d) after
intraperitoneal injection of glu-
cose (0.5 g/kg) 5 days after
injection after treatment with
PBS (grey triangles), AdLacZ
(open squares) and Ad5IκB
(filled squares). e, f Food intake
(e) and body weight (f) after
treatment with PBS (grey trian-
gles), AdLacZ (open squares)
and Ad5IκB (filled squares).
g Five days after injection of
PBS (grey triangles), AdLacZ
(open squares) or Ad5IκB
(filled squares), blood glucose
concentration was measured
following intraperitoneal pyru-
vate injection (1.5 g/kg) in ani-
mals that fasted overnight.
Values are expressed as the
increase in blood glucose com-
pared with blood glucose before
pyruvate injection. Values are
mean±SEM of six to ten
(a–c, e, f) or four or five
(d, g) experiments. *p<0.05 vs
PBS group, #p<0.05 vs LacZ
group, §p<0.05 vs baseline of
LacZ group, §p<0.05 vs
baseline in SR-IκBα group
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genes [29]. However, the production of SR-IκBα did not
significantly change the phosphorylation levels of CREB
and AMPK (Fig. 6b and c).

Discussion

In this study, we investigated the role of NF-κB in hepatic
glucose metabolism in db/db mice. There were two major
findings of the present study. First, moderate inhibition of
NF-κB activation without a significant decrease in the

hepatic expression of the genes encoding the major
cytokines in liver effectively improved glucose tolerance
in db/db mice. Second, this effect was not accompanied by
improved activation of Akt in the liver by insulin, but was
associated with reduced expression of PGC-1α and its
downstream gluconeogenic genes.

Hyperglycaemia observed in the diabetic state depends
largely on increased hepatic glucose production and
reduced glucose uptake in peripheral tissues. In particular,
increased hepatic gluconeogenesis plays an important role
in the pathophysiology of hyperglycaemia. The regulation
of gluconeogenesis predominantly depends on the expres-
sion level of gluconeogenic genes, such as those encoding
PEPCK, fructose-1,6-bisphosphatase and G6Pase. In fact,
increased expression levels of these genes were observed in
a diabetic model [30, 31]. Furthermore, glucose intolerance
was observed in animals overexpressing the genes encoding
PEPCK and G6Pase in the liver [32–34]. In particular, the
importance of G6Pase in the control of blood glucose level
is supported by the evidence that acute inhibition of G6Pase
activity decreases blood glucose level in normal rats [35].
In the present study, inhibition of NF-κB suppressed the
expression of gluconeogenic genes. The pyruvate challenge
test supported the reduction of gluconeogenesis in the SR-
IκBα group. Further, the production of SR-IκBα was
observed exclusively in liver. Thus, we speculate that the
improvement in glucose level following inhibition of

Fig. 3 Insulin signal in the liver
of SR-IκBα treated db/db mice.
a With (+) and without (−)
10 mU of insulin injection per
gram of body weight, total liver
homogenates were isolated from
Ad LacZ- and Ad5IκB adeno-
virus-injected db/db mice and
used for western blotting analy-
sis after immunoprecipitation
using anti-IRβ, IRS-1 or IRS-2
antibody. Similar results were
obtained in three independent
experiments. b Total liver
homogenates isolated from db/m
mice and PBS-, Ad LacZ- and
Ad5IκB adenovirus-treated
db/db mice were used to inves-
tigate the insulin-stimulated
phosphorylation of Akt. c, d
Total liver homogenates were
isolated from db/db mice
injected with Ad LacZ- and
Ad5IκB adenovirus with or
without portal injection of 5 IU
insulin to investigate the phos-
phorylation of Akt and GSK3.
Values are mean±SEM of four
or five experiments

Table 2 Effects of SR-IκBα production on hepatic glycogen and lipid
content

Treatment group

PBS LacZ SR-IκBα

Liver weight (g) 2.2±0.2 2.8±0.2a 3.6±0.2a,b

Total triacylglycerol
(mg)

109.6±28.1 320.6±26.4a 482.8±62.3a,b

Total glycogen (mg) 35.8±8.9 67.8±23.9 223.6±39.5a,b

Each variable was measured in refed mice after overnight fasting
Values are mean±SEM of five or six experiments
a p<0.05 vs PBS group
b p<0.05 vs LacZ group
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NF-κB in the liver is caused mainly by reduced expression
of gluconeogenic genes.

Our results showed increased hepatic triacylglycerol
and glycogen contents after SR-IκBα treatment, concom-
itant with very modest increases in the expression of
lipogenic genes. These changes are smaller but similar to
the recently reported results of treatment with a G6Pase
inhibitor in normal rats [35]. According to that report,
inhibition of G6Pase results in an increase in de novo
lipogenesis with increased flux through the acetyl-CoA
pool. In addition, increased fatty acid synthase and acetyl
CoA carboxylase expression levels were also observed,
resulting in triacylglycerol accumulation in the liver.
Therefore, the changes in lipid metabolism induced by
SR-IκBα production observed in the present study might
be largely due to reduced expression of G6Pase. G6Pase is
a key enzyme in hepatic glucose release and defective

G6Pase is a well-known cause of glycogen storage
disease. Therefore, any decrease in G6Pase might contrib-
ute to the accumulation of hepatic glycogen and the
improvement of blood glucose level through the inhibition
of glucose release from liver.

PGC-1α functions as a coactivator of several transcrip-
tion factors that play a critical role in hepatic glucose
metabolism by regulating the expression of gluconeogenic
genes [26, 27]. Because the expression of PGC-1α is
markedly increased in the liver of diabetic rodents, such an
increase could be involved in the mechanism of hyper-
glycaemia in type 2 diabetes [26, 27]. Recent studies
reported that inhibition of hepatic PGC-1α expression can
result in almost complete normalisation of the fasting
glucose level and glucose tolerance in db/db mice [36].
Furthermore, in non-diabetic rodents, inhibition of PGC-1α
lowered hepatic glucose output together with reduction of
PEPCK and G6Pase expression levels [36]. Because it has
been reported that NF-κB directly suppresses the activities
of PEPCK [37] and G6Pase [38, 39] promoters in vitro and
in vivo, it is unlikely that inhibition of NF-κB directly
reduces the expression of gluconeogenic genes. The
decrease in gluconeogenic gene expression by the produc-
tion of SR-IκBα seems to depend on the decreased
expression of PGC-1α.

Several studies have reported that the insulin signal
reduces the expression of PGC-1α. Therefore, all the
phenotypes caused by inhibition of NF-κB in db/db mice
are likely to be due to the amelioration of insulin action [40,
41]. However, the phosphorylation level of molecules
involved in insulin signalling, including Akt, was not
altered by the production of SR-IκBα. Whereas it is well

Fig. 4 Expression of genes for key glucose metabolic regulators in
the liver after production of SR-IκBα. a After adenovirus injection,
mRNA levels of several genes in liver were measured by real-time RT-
PCR. To quantify PGC-1α, and the expression of genes encoding
PEPCK, F1,6-BPase and G6Pase, total RNA was isolated from the
liver of mice in the fasted state. For the quantification of other genes,
total RNA isolated from refed mice was used. Data are expressed
relative to β-actin mRNA levels. The relative expression level was
calculated by setting to 1 the expression level in the liver of mice
injected with AdLacZ. Open bars Ad LacZ group; filled bars Ad5IkB
group. b Total liver homogenates isolated from db/m mice from db/db
mice treated with PBS, Ad LacZ or Ad5IκB adenovirus were used
to investigate the production of PGC-1α by western blotting. Values
are mean±SEM of four to six experiments. Data were compared
between the SR-IκBα group and the LacZ group. *p<0.05 vs LacZ
group; #p<0.05 vs PBS, LacZ, db/m mice; †p<0.05 vs db/m mice
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Fig. 5 Expression of genes for key lipid metabolic regulators in the
liver after production of SR-IκBα. After adenovirus injection, mRNA
levels of several genes in liver were measured by real-time RT-PCR.
Total RNA isolated from refed mice was used for quantification. Data
are expressed relative to β-actin mRNA levels. The relative
expression level was calculated by setting to 1 the expression level
in the liver of mice injected with AdLacZ. Open bars Ad LacZ group;
filled bars Ad5IkB group. Values are mean±SEM of four to six
experiments. *p<0.05 vs LacZ group
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known that inflammatory cytokines such as IL-1β and
TNF-α reduce tyrosine phosphorylation of IRSs, in the
present experiments the expression of genes encoding IL1β
and TNF-α was not suppressed, probably because of
incomplete suppression of NF-κB activity and/or activation
of such cytokines induced by the infection with adenovirus

independently of NF-κB. However, interestingly, even in
such a condition, we found a remarkable decrease in PGC-
1α expression. Therefore, our results clearly demonstrate
that such moderate inhibition of NF-κB decreased the
expression of PGC-1α independently of the deterioration in
insulin signalling produced by cytokines.

In general, PGC-1α plays a crucial role in the trans-
activation of several mitochondrial genes involved in
β-oxidation, the Krebs cycle and oxidative phosphoryla-
tion, and is thus deeply involved in energy production.
Whereas the activation of mitochondrial activity increased
the production of reactive oxygen species (ROS), which are
often detrimental to cell survival, PGC-1α simultaneously
induced the expression of genes involved in ROS detoxi-
fication, such as superoxide dismutase and catalase [42]. In
addition, PGC-1α stimulates the production of uncoupling
proteins, which dissipate the proton gradient, and this
results in a considerable reduction in ROS production by
mitochondria [42]. The physiological role of PGC-1α in
ROS metabolism is strongly supported by the abnormality
seen in the brain of PGC-1α knock-out mice, in which
axonal degeneration, especially in the striatum, was probably
caused by the impaired ROS metabolism [15, 43]. Taking
these findings into account, it is possible that ROS somehow
regulates the gene expression of PGC-1α. In fact, at least in
vitro, it was reported that the increase in ROS induced the
expression of PGC-1α (B. M. Spiegelman, unpublished
data). Thus, NF-κB, a representative redox-sensitive tran-
scription factor, could be involved in its regulation.

The mechanism involved has not yet been clarified;
however, NF-κB might alter the expression of the gene(s)
that modifies signals involved in the regulation of the
expression level of PGC-1α independently of CREB and
STAT3. One such candidate gene is that for the glucocor-
ticoid receptor. In the present study, we found reduced
expression of glucocorticoid receptor following inhibition
of NF-κB. Glucocorticoid positively regulates gluconeo-
genic genes, and it is therefore possible that the reduced
expression of glucocorticoid receptor might have been
involved in the reduced expression of gluconeogenic genes
in the present study. In fact, it was reported that liver-
specific gene disruption of glucocorticoid receptor resulted
in hypoglycaemia [44]. In addition, treatment of db/db mice
with a glucocorticoid receptor antagonist decreased plasma
glucose levels by 50% and reduced the expression of genes
encoding PEPCK and G6Pase to levels similar to those of
non-diabetic control mice [45]. More importantly, gluco-
corticoid can strongly induce the expression of PGC-1α in
the presence of PKA signal [26], although the glucocorti-
coid-responsible element has not been identified in the
PGC-1α promoter. Further studies are required to clarify
the role of glucocorticoid receptor expression level in the
expression level of PGC-1α.

Fig. 6 Effects of SR-IκBα production on protein phosphorylation of
CREB, STAT3 and AMPK. Effects of adenovirus treatment on the
phosphorylation levels of CREB, STAT3 and AMPK were investigat-
ed. Total liver homogenates were immunoblotted with antibodies to
phospho-STAT3 (p-STAT3), STAT3, phospho-CREB (p-CREB), CREB,
phospho-AMPK (p-AMPK) and AMPK. Values are mean±SEM of
four experiments
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In agreement with previous data [20], the adenoviral
infection in the present study induced hypertriacylgly-
colaemia and higher triacylglycerol accumulation in liver.
In addition, the adenovirus infection induced mild liver
inflammation with a modest increase in circulating asparate
aminotransferase level, in general [46]. Because it is widely
known that the inflammation and accumulation of triacyl-
glycerol in liver is associated with insulin resistance, the
presence of insulin resistance in the LacZ group compared
with the PBS group was suspected. In the present experi-
ments, whereas glucose tolerance was not different between
the LacZ and PBS groups, the insulin level 60 min after the
glucose tolerance test in the LacZ-treated group was higher
than that in the PBS-treated group, although the difference
was not statistically significant (Fig. 2c and d). Thus, the
LacZ group might be modestly insulin resistant compared
with the PBS group. However, the level of insulin
resistance caused by adenoviral infection is too modest to
induce the apparent metabolic changes seen in this study. It
is likely that, in db/db mice, compared with insulin
resistance caused by leptin receptor mutation, fatty liver
and the inflammation caused by adenoviral infection might
result in only a subtle effect on insulin resistance. In any
case, our results were derived mainly from the comparison
between the LacZ and SR-IκBα groups.

In conclusion, we have demonstrated that inactivation of
NF-κB improves glycaemic control and glucose tolerance in
db/db mice, in agreement with recently published data [10,
11]. The present results suggest that NF-κB is a potentially
suitable therapeutic target for the treatment of type 2 diabetes.
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