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Figure 3. Inflammatory cells in the heart. A, B) The number of Ly6G-positive cells (granulocytes) at the border area of
infarcted heart was greater in the three treatment groups than in control group (*P<0.05) at 4 days after MI. There was no
significant difference in the number of MAC3-positive cells (macrophages; C, D) and CD3-positive cells (T-lymphocytes;
E, F) among the three treatment groups and control group.
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Figure 4. GFP-positive cells, capillary density and TUNEL-positive cells after MI. A) Non-specific autofluorescence
was recognized at the infarcted and border areas. BMT (-), infarcted heart of the mice without BM transplantation; BMT
(4), infarcted heart of the mice whose BM was replaced with that of GFP mice. B) Many GFP-positive cells (brown),
which were mainly infiltrated blood cells, were recognized at the border area after MI in the three treatment groups with G-
CSF. C) GFP-positive cells were observed at capillary wall after MI in all the treatment groups. D) The capillary density
was examined by measuring PECAM-1-positive cells. E) The density of capillaries at the border area was more increased
in all the cytokine groups than in control group (*P<0.05). There was no significant difference of the capillary densities
among the three treatment groups with G-CSF. F) Apoptotic cells at Day 4 after MI. G) The number of TUNEL-positive
cells at the border area was less in all the treatment groups than in control group (*P<0.05). There was no significant
difference in the number of TUNEL-positive cells among the three treatment groups.
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Figure 5. Apoptotic endothelial cell and non-endothelial cell death. A) At Day I and Day 4, the number of TUNEL-
positive cells was significantly smallerin the Post-G group than in control group (*P<0.05). B) We checked double-
immunohistochemical analysis to identify for the apoptotic endothelial cells at Day 1 after MI. The percentage of von
Willebrand factor-positive cells in TUNEL-positive cells was significantly smaller in the Post-G group (*P<0.05).
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Angiotensin II Type 1a Receptor Is Involved in Cell
Infiltration, Cytokine Production, and Neovascularization in
Infarcted Myocardium

Haruhiro Toko, Yunzeng Zou, Tohru Minamino, Masaya Sakamoto, Masanori Sano, Mutsuo Harada,
Toshio Nagai, Takeshi Sugaya, Fumio Terasaki, Yasushi Kitaura, Issei Komuro

Objective—Angiotensin 1I is critically involved in left ventricular remodeling after myocardial infarction. Neovascular-
ization has been thought to prevent the development of left ventricular remodeling and deterioration to heart failure. To
elucidate the role of angiotensin II in neovascularization during cardiac remodeling, we induced myocardial infarction
in angiotensin II typela receptor (ATI) knockout (KO) mice.

Methods and Results—There were more vessels in the border zone of infarcted hearts of wild-type (WT) mice and AT1KO
mice at 14 days after operation, compared with in the left ventricle of sham-operated mice, and the number was larger
in WT mice than in ATIKO mice. Consistent with these observations, the infarcted heart of AT1KO mice expressed
lower levels of matrix metalloproteinase and endothelial nitric oxide synthase activity. More inflammatory cells such
as granulocytes and macrophages were infiltrated in the infarcted hearts of WT mice than ATIKO mice at 4 days. A
variety of cytokines and chemokines were increased in infarcted hearts of WT and AT1KO mice, and many of them
were more remarkable in WT mice than in AT1KO mice at 14 days.

Conclusions—AT]! plays a critical role in inflammatory cell infiltration, cytokine production, and neovascularization in
infarcted hearts. (Arterioscler Thromb Vasc Biol. 2004;24:664-670.)

Key Words: angiotensin Il m AT1 receptor B neovascularization ® myocardial infarction ® cardiac remodeling

eft ventricular remodeling after myocardial infarction

(MI) causes progression of heart failure and death. The
remodeling process is characterized by progressive expansion
of the initial infarct area and dilation of the left ventricular
lumen, with cardiomyocyte replacement by fibrous tissue
deposition in the ventricular wall. Once these processes
develop, the infarcted heart accelerates the deterioration of
ventricular dysfunction, leading to heart failure.

See page 622

Accumulating evidence has suggested that the renin-angio-
tensin system (RAS) plays an important role in left ventric-
ular remodeling after MI, and that inhibition of RAS with
angiotensin-converting enzyme (ACE) inhibitors and angio-
tensin IT (AngIl) type 1a receptor (AT1) blockers suppresses
the cardiac remodeling and reduces the mortality after M1 in
clinical studies and experimental models.'-* We also reported
that Angll plays a critical role in cardiac remodeling and
mortality after MI using AT1 knockout (KO) mice.* Although
cardiac dysfunction was more prominent and mortality was
higher in wild-type (WT) mice than AT1KO mice after MI,*

the precise mechanism of how Angll induces left ventricular
remodeling remains unknown.

It has been reported that neovascularization within the
infarcted tissue is an integral component of the remodeling
process and that induction of neovascularization reduces
infracted area and mortality.> There are several controversial
reports regarding the effects of Angll on vascularization.
Some reports have shown that Angll induces neovasculariza-
tion in tumors, ischemic legs, and retina,5-% but others have
reported that inhibition of RAS stimulates neovasculariza-
tion.? It has also been reported that an ACE inhibitor does not
inhibit vascular growth during the early phase of post-
infarcted cardiac remodeling and scar formation.'® To eluci-
date the role of Angll in neovascularization in the heart, we
induced MI and examined the number of vessels in ATIKO
mice.

Methods

Animals
Eight-week-old male WT mice and ATIKO mice!! from the same
genetic background were used in the present study (SLC, Shizuoka,
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Japan). Mice were housed under climate-controlled conditions with
a 12-hour light/dark cycle and were provided with standard food and
water ad libitum as described previously.!? All protocols were
approved by the Institutional Animal Care and Use Committee of
Chiba University.

MI Model

MI was produced in male WT and AT1KO mice by left coronary
artery ligation as described previously.* Mice were sacrificed at 1, 4,
7, and 14 days after the operation. Sham-operated control mice did
nol receive coronary artery ligation. Before procedure, systolic blood
pressure (SBP) and heart rate were measured by using a tail-cuff
method.!?

Hydralazine Treatment

It has been reported that SBP was lower in AT1KO mice than WT
mice.!""!* To examine the effect of BP on angiogenesis, we admin-
istered hydralazine (Norvartis Pharmaceuticals, Tokyo, Japan) to
WT mice. WT mice were treated with hydralazine (3 mg/kg per day)
through osmotic mini pump (Alzet, Palo Alto, Calif)!¢ from 1 week
before procedure to euthanization. Our preliminary experiments
showed that SBP in WT mice treated with this dose of hydralazine
was similar to that in ATIKO mice.

Number of Capillaries and Arterioles

We examined neovascularization by measuring the number of
capiliaries and arterioles in light microscopic sections taken from the
border zone of the infarcted heart. Capillary endothelial cells and
smooth muscle a-actin (SMA) were identified by immunohisto-
chemical staining with anti-platelet/endothelial cell adhesion mole-
cule (PECAM) antibody and anti-SMA antibody (PROGEN Bio-
technik GmbH, Heidelberg, Germany), respectively. Ten random
microscopic fields were examined and the number of capillaries and
arterioles were expressed as the number of PECAM-positive capil-
laries and SMA-positive arteriole/high-power field (HPF) (X400).7

Histological Analysis for Inflammatory Response
Immunohistochemical analysis was performed with anti-Ly6G anti-
body, anti-Mac3 antibody, and anti-CD3 antibody (BD Pharmingen,
San Diego, Calif) to detect granulocytles, macrophages, and T
lymphocytes, respectively, according to the supplier’s instructions.
We counted positive cells in 10 random microscopic HPFs,

Western Blot Analysis

Protein extracts were obtained after homogenization of infarcted
myocardium; 100 pg of protein was separated on a polyacryl-
amide gel and electroblotted onto nitrocellulose transfer mem-
brane (Schleicher & Schuell, Dassel, Germany). The membrane
was blocked with 5% skim milk and 0.5% BSA in PBS with 0.1%
Tween-20 (T-PBS) and then probed with anti-matrix metallopro-
teinase (MMP)-2 antibody, anti- MMP-9 antibody, anti-Akt
antibody, anti-endothelial nitric oxide synthase (eNOS) antibody,
and anti-phospho-Akt antibody (Cell Signaling, Beverly, Mass)
for 1 hour at room temperature. After incubation with the primary
antibody, the membrane was washed in T-PBS and was incubated
for 1 hour with peroxidase-conjugated secondary antibody. The
reaction was detected using ECL detection reagent kit (Amersham
Pharmacia, Buckinghamshire, UK),

NOS Activity Assay and NOS Inhibition

The NOS activity (calcium-dependent) in infarcted myocardium was
examined using NOS assay kit (Calbiochem, San Diego, Calif) accord-
ing to the manufacture’s instruction. To examine the role of eNOS in
angiogenesis after MI, we administered a NOS inhibitor, N%nitro-L-
arginine methyl ester (L-NAME) (4 mg/kg per day) via drinking water
to WT mice from 1 week before procedure to euthanization.

ATI1 Induces Neovascularization After MI 665

Ribonuclease Protection Assay

Total RNA was extracted from left ventricles with RNAzol B
(Biotecx Laboratories) and analyzed by ribonuclease protection
assay. Multi-probes template sets, mCK-3b and mCK-5, were
available with reagents of in vitro transcription and ribonuclease
protection assay (RiboQuant; Pharmingen). For all hybridization
assays, we used 2 pg total RNA from the sham-operated mice hearts
and the MI hearts.

Implantation of Sarcoma Cells

S180 sarcoma was inoculated subcutaneously into the right axilla of
male WT and ATIKO mice at a dose of 2X10° celis in 0.2 mL
PBS/mouse.!s The mice were euthanized on day 14, and the tumor
was removed and weighted. The number of capillaries in the tumor
was counted as described.

Statistical Analysis

Data were shown as meanSEM. Multiple group comparison was
performed by one-way ANOVA followed by the Bonferroni proce-
dure for comparison of means. Comparison between 2 groups was
analyzed by the two-tailed Student r test or two-way ANOVA.
Values of P<<0.05 were considered statistically significant.

Results

AT1 Plays a Critical Role in Neovascularization
After MI
We have previously reported that an infarcted size was
significantly reduced in ATIKO mice compared with WT
mice.* We therefore examined whether AT1 was involved in
angiogenesis during the remodeling process. Immunohisto-
chemical studies using anti-PECAM antibody revealed that
the number of capillaries was increased in the border zone of
the infarcted hearts of WT and AT1KO mice 14 days after MI
as compared with hearts of sham-operated mice (Figure 1A),
and this increase was more prominent in WT mice than in
ATIKO mice (Figure 1A and 1B). Immunohistochemical
analysis using anti-SMA antibody showed that the number of
arteriole was also increased in the border zone of the infarcted
hearts of WT mice on day 14 after MI, but not of AT1KO
mice (Figure 1C and 1D). These results suggest that AT1 has
stimulating effects on neovascularization after ML

There was no significant difference in the heart rate
between WT mice and ATIKO mice, but SBP in AT1KO
mice was lower than that in WT mice (Figure 1E), which
might affect neovascularization. To examine the effect of BP
on angiogenesis after M1, we administered hydralazine to WT
mice. SBP in WT mice treated with hydralazine was as low as
that in AT1KO mice (Figure 1E). There was no significant
difference in the capillary density between WT mice with
hydralazine and WT mice without the treatment (Figure 1F).
These results indicate that lower BP of AT1KO did not
account for decreased angiogenesis in ischemic myocardium,

AT1 Mediates Cell Infiltration After MI

Because it has been reported that inflammation is an important
trigger for ischemia-induced neovascularization'® and that the
RAS plays an important role in inflammatory responses,!? we
examined infiltration of inflammatory cells in the heart after M1
The numbers of granulocytes, macrophages, and T lymphocytes
were examined in the myocardium on day 4 after MI using
anti-Ly6G, anti-Mac3, and anti-CD3 antibodies, respectively.
Many granulocytes (Figure 2A and 2D), macrophages (Figure
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2B and 2E), and T lymphocytes (Figure 2C and 2F) were
observed in the heart of WT and ATIKO mice after MIL. The
numbers of infiltrative cells such as grannlocytes and macro-
phages were much larger in WT mice than those in ATIKO
mice (Figure 2G), suggesting that AT1 is critically involved in
cell infiltration in the myocardium after ML

AT1 Induces MMPs and Activates Akt-1

Because it has been reported that MMPs are important for cell
invasion into extravascular space8 and that MMPs play a critical
role in vascularization,'® we next examined protein levels of
MMP-2 and MMP-9 in the heart after MI. MMP-2 was in-
creased on day 1 after MI in both WT mice and AT1KO mice
(Figure 3A and 3B). MMP-9 was increased from day 4 in both
WT mice and AT1KO mice (Figure 3A and 3C). The increases
of MMP-2 and MMP-9 were more remarkable in WT mice
compared with ATIKO mice (Figure 3B and 3C).

We examined another angiogenic factor, Akt-1.!° The
protein level of Akt-1 was increased in WT mice and ATIKO
mice after MI (Figure 3D), and the increase was more
prominent in WT mice (Figure 3E). The level of phosphor-
ylated Akt-1 was more markedly increased after MI in WT

G

positive eells! HPF

P <005

+

]

ATIKOQ  Hydmlazine
mice

mice than in ATIKO mice (Figure 3D and 3F), suggesting
that AngIl enhances activation of Akt-1 after ML

Activation of eNOS by Angll Induces Angiogenesis
Akt has been shown to phosphorylate and activate eNOS,20-21
thereby promoting angiogenesis.222* We therefore examined
the protein level and activity of NOS in the heart after ML
There was no significant change in eNOS protein levels after
MI between WT mice and ATTKO mice (Figure 4A and 4B),
but the NOS activity in WT mice was higher than that in
AT1KO mice (Figure 4C). Expression of vascular endothelial
growth factor after MI did not differ between WT mice and
AT1KO mice (data not shown).

To further elucidate the role of eNOS activity in infarcted
myocardium, we administered L-NAME to WT mice to
reduce NO production. Treatment with L-NAME partially but
significantly reduced the capillary density in the infarcted
heart of WT mice (Figure 4D). In contrast, inhibition of NO
production had no effect on neovascularization after MI in
ATIKO mice. These results suggest that Angll-induced
eNOS activation partly regulates angiogenesis after ML

. WT mice

] ATIKO mice
p<0.0f

Figure 2. Cell infiltration in the myocardi-
um at 4 days after MI. The immunohisto-
chemical study using anti-Ly6G (granulo-
cytes, A and D), anti-Mac3
(macrophages, B and E), and anti-CD3 (T
cells, C and F) antibodies in WT mice (A,
B, and C) and AT1KO mice (D, E and F).
G, The number of infiltrating cells in the
border zone of infarcted myocardium.
Left columns show the number of Ly6G-
positive cells, middle columns show the
number of Mac3-positive cells, and right
columns show the number of CD3-
positive cells.
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AT1 Is Involved in Induction of Cytokines and
Chemokines in Infarcted Myocardium

Various cytokines and chemokines have been reported to
play a critical role in left ventricular remodeling after M1,24
We examined various cytokines and chemokines using
ribonuclease protection assay. The expression levels of
tumor necrosis factor-a, interleukin (IL)-6, transforming
growth factor (TGF)-B81, TGF-B2, TGF-33, interferon-
inducible protein-10 (IP-10), monocyte chemoatiractant
protein-1 (MCP-1), exotoxin, RANTES, macrophage in-
flammatory protein (MIP)-a, MIP-183, and MIP-2 were
increased in infarcted myocardium in WT and ATIKO
mice (Figure 5A and data not shown). Most of these
cytokines and chemokines such as TGF-B1, TGF-32,

TGF-B3, 1IP-10, MCP-1, MIP-1a, MIP-183, and MIP-2
were more strongly upregulated in WT mice compared
with AT1KO mice (Figure 5B and data not shown).

Tumor Progression Is Inhibited in ATIKO Mice
Because tumor growth depends on angiogenesis,?s we also
investigated the role of AT1 in tumor angiogenesis. The
tumor size in WT mice was larger than that in ATIKO mice
14 days after implantation of sarcoma cells (Figure 6A). The
much more capillaries were observed in the tumor in WT
mice compared with AT1KO mice (Figure 6B and 6C). These
results indicate that Angll plays an important role in angio-
genesis of tumors as well as ischemic hearts.
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Discussion

AT1 Is Involved in Neovascularization After M1

It has been reported that an increase of neovascularization
improves cardiac function and mortality,5 and that inhibi-
tion of RAS is effective to prevent post-infarction cardiac
remodeling.!-* It is unknown, however, whether activation
of Angll/ATI1 signaling induces or prevents vasculariza-
tion in the infarcted heart. Some reports have demonstrated
that Angll induces neovascularization in various experi-
mental models including tumors, ischemic limb, retina,
and chorioallantoic membrane.5-% To the contrary, there
are some reports showing that inhibition of RAS induces
neovascularization.? We thus examined in this study the
role of AngII/ATI in neovascularization during left ven-
tricular remodeling and tumor progression using AT1KO
mice. AT1KO mice exhibited less capillaries and arterioles
than WT mice, suggesting that AT1 plays a pivotal role in
neovascularization of the heart after MI and tumors.

AT1 Signal Plays an Important Role in Induction
of MMPs and Cell Infiltration

To elucidate the molecular mechanism of how Angll induces
neovascularization, we examined several molecules that have
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been reported to play an important role in angiogenesis.
MMP-2 and MMP-9, gelatinases that digest basement mem-
brane and play a critical role in cell invasion,® have been
reported to be necessary for vascularization.'826 It has been
reported that the treatment with ACE inhibitors decreases
MMP-2 at mRNA and protein levels in vitro?” and inhibits
endothelial-cell migration by blocking the activity of MMP-2
and MMP-9.7¢ In this study, protein levels of MMP-2 and
MMP-9 were increased after MI and the increase was
attenuated in ATIKO mice compared with WT mice. Histo-
logical examination revealed that infiltration of inflammatory
cells such as granulocytes and macrophages was more re-
markable in WT mice than AT1KO mice. These results and
observations suggest that Angll induces transendothelial
migration of inflammatory cells at least in part through
enhanced production of MMP-2 and MMP-9. MMPs have
been also demonstrated to contribute to tissue remodeling in
a number of disease states, and inhibition of MMPs prevents
left ventricular remodeling after ML.28 Mice with targeted
disruption of MMP-9 have attenuated ventricular remodeling
and decreased cardiac rupture after infarction.?® Our previous
report also demonstrated that left ventricular dimension was

Capillary density! HPF (x400)

p< 0.0

Figure 6. Tumor size and neovascular-
e [¢]

ization at 14 days after sarcoma cell
transplantation. A, Tumor size at 14 days
after transplantation. B, The tumor was
stained with anti-PECAM antibody. C,
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smaller in ATIKO mice than WT mice 4 weeks after ML#
These results suggest that MMPs activation via the AT1
signaling pathway is involved in neovascularization as well
as in post-infarcted cardiac remodeling.

Activation of Akt-1 and eNOS by Angll Induces
Angiogenesis in the Infarcted Myocardium

Akt plays an important role in cell survival, cell migration
and angiogenesis.?® Angll has been shown to activate Akt,30
Akt phosphorylates, and eNOS,2%2! thereby promoting angio-
genesis. In this study, protein levels of Akt-1 were more
increased in the heart of WT mice than AT1KO mice and
Akt-1 was activated only in the heart of WT mice. Although
there was no significant difference in protein levels of eNOS
between WT mice and ATIKO mice, eNOS activity was
significantly increased in WT mice compared with ATIKO
mice. Moreover, the increase of capillaries in WT mice was
partially inhibited by L-NAME treatment. These results sug-
gest that Angll-induced activation of eNOS, mediated possi-
bly by Akt, enhances angiogenesis in ischemic myocardium.

Angll Is Involved in the Production of

Various Cytokines

The inflammation in cardiovascular diseases is associated
with the activation of a variety of cells including lympho-
cytes, monocytes/macrophage, endothelial cells, smooth mus-
cle cells, and cardiac myocytes, which express and secrete
proinflammatory cytokines and chemokines.?* These cyto-
kines can modulate cardiac function and cardiovascular
remodeling.>* Various cytokines were increased after M1, and
the increases of TGF-S, MIP-1, IP-10, and MCP-1 were more
prominent in WT mice compared with ATIKO mice. These
results suggest that Angll is involved in production of various
cytokines after MI, which induce post-infarcted cardiac
remodeling including impaired cardiac function and in-
creased fibrosis.

Chemokines represent a family of inflammatory cytokines
that induce chemotaxis of leukocyte subsets into inflamma-
tory tissues.’! CC-chemokines are potent chemoattractants
and activators for monocytes and lymphocytes, whereas most
CXC-chemokines attract neutrophils.’> MCP-1 recruits
monocytes, which produce proteolytic enzymes, reactive
oxygen species, and inflammatory cytokines.?* Recent studies
have shown that neovascularization in response to tissue
ischemia depends on macrophage infiltration™ and that local
infusion of MCP-1 markedly increases collateral and periph-
eral conductance in hindlimb ischemia model.?s Moreover,
inflammatory cytokines such as IL-1, IL-6-related cytokines,
and MCP-1 have been reported to induce myocardial dys-
function®3” and cardiac remodeling through promotion of
cardiomyocyte hypertrophy and apoptosis as well as alter-
ation in extracellular matrix in the myocardium.3® The MCP-1
overexpression mice showed hypertrophied left ventricular
wall, dilated left ventricular dimension, and decreased cardiac
function. In this study, the MCP-1 expression was sup-
pressed and the number of macrophage infiltrated into myo-
cardium was less in ATIKO mice after MI compared with
WT mice. These results and observations suggest that reduc-
tion of MCP-1 expression and macrophage infiltration might
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be related to less left ventricular remodeling despite less
neovascularization in the heart of ATIKO mice.

AnglI/AT1 signaling has 2 roles in left ventricular remod-
eling after MI. Activation of ATI induces expression of
chemokines and infiltration of inflammatory cells, which
cause neovascularization possibly through enhanced expres-
sion of MMPs and activation of Akt. The enhanced neovas-
cularization may prevent left ventricular remodeling by inhi-
bition of cardiomyocyte apoptosis. However, Angll/AT1-
induced cardiomyocyte hypertrophy, increased fibrosis,
enhanced cytokines, and MMPs expressions induce left
ventricular remodeling. Taken together with the previous
reports,* inhibition of AnglI/AT1 signal is important for
preventing cardiac remodeling after MI, although it may
suppress neovascularization.
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Abstract

Aims/hypothesis. Oxidative stress is associated with
diabetes, hypertension and atherosclerosis. Insulin re-
sistance is implicated in the development of these dis-
orders. We tested the hypothesis that oxidative stress
induces insulin resistance in rats, and endeavoured to
identify mechanisms linking the two.

Methods. Buthionine sulfoximine (BSO), an inhibitor
of glutathione synthase, was administered to Sprague-
Dawley rats and 3T3-L1 adipocytes. Glucose metabo-
lism and insulin signalling both in vivo and in 3T3-L1
adipocytes were examined. In 3T3-L1 adipocytes, the
effects of overexpression of a dominant negative mu-
tant of inhibitory «B (IkB), one role of which is to
block oxidative-stress-induced nuclear factor (NF)-xB
activation, were investigated.

Results. In rats given BSO for 2 weeks, the plasma
lipid hydroperoxide level doubled, indicating in-
creased oxidative stress. A hyperinsulinaemic-eugly-
caemic clamp study and a glucose transport assay us-
ing isolated muscle and adipocytes revealed insulin

resistance in BSO-treated rats. BSO treatment also im-
paired insulin-induced glucose uptake and GLUT4
translocation in 3T3-L1 adipocytes. In BSO-treated
rat muscle, adipose tissue and 3T3-L1 adipocytes, in-
sulin-induced IRS-1 phosphorylation in the low-density
microsome (LDM) fraction was specifically decreased,
while that in whole cell lysates was not altered, and
subsequent translocation of phosphatidylinositol (PI)
3-kinase from the cytosol and the LDM fraction was
disrupted. BSO-induced impairments of insulin action
and insulin signalling were reversed by overexpress-
ing the dominant negative mutant of IkB, thereby sup-
pressing NF-kB activation.

Conclusions/interpretation. Oxidative stress induces in-
sulin resistance by impairing IRS-1 phosphorylation and
PI 3-kinase activation in the LDM fraction, and NF-xB
activation is likely to be involved in this process.

Keywords Buthionine sulfoximine - Glutathione -
Hyperinsulinaemic-euglycaemic clamp - Inhibitory kB -
Insulin resistance - IRS - Nuclear factor-xB - Oxidative
stress - Phosphatidylinositol 3-kinase
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Introduction

Oxidative stress represents an imbalance between pro-
duction of reactive oxygen species and the antioxidant
defence system [1]. Oxidative stress is widely recog-
nised as being associated with various disorders in-
cluding diabetes, hypertension and atherosclerosis. In-

Abbreviations: BSO, buthionine sulfoximine - GMSA, gel
mobility shift assay - IkB, inhibitory kB - IKK, 1kB kinase -
LDM, low-density microsome - NF-kB, nuclear factor-xB -
PI, phosphatidylinositol
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sulin resistance is a common feature of these disorders
[2, 3]. Indeed, in diabetic people and in animal models
of diabetes, the plasma free radical concentration is
increased [4, 5] and antioxidant defences are dimin-
ished [6, 7]. It has also been suggested that antioxi-
dant agents such as vitamin C [8] and E [9] improve
insulin action in diabetic subjects.

Angiotensin II reportedly induces free radical pro-
duction and increases plasma oxidative stress [10]. In
our previous study, we showed continuous infusion of
angiotensin II to induce insulin resistance with in-
creased oxidative stress in rats, while the spin trap
agent tempol [11], which works as a superoxide dis-
mutase mimetic, decreases oxidative stress and im-
proves insulin resistance in these rats [12]. A similar
coexistence of oxidative stress and insulin resistance,
as well as recovery with tempol administration was
observed in adrenomedullin-deficient mice [13]. These
previous reports strongly suggest a close relationship
between oxidative stress and insulin resistance. Thus,
we attempted to elucidate the molecular mechanisms
underlying insulin resistance and oxidative stress.

In this study, to increase oxidative stress in vivo,
we utilised a selective inhibitor of y-glutamylcysteine
synthetase, i.e. an inhibitor of glutathione synthase,
buthionine sulfoximine (BSO). Glutathione is one of
the major components of the antioxidant defence
system, such that BSO administration increases oxida-
tive stress by reducing the tissue glutathione level
[14]. Although BSO does not have toxic effects in ani-
mals [14], BSO-treated rats were previously shown to
exhibit glucose intolerance [15] and hypertension
[16]. In the current study, we examined the effect
of BSO treatment on insulin resistance in rats and
3T3-L1 adipocytes. We investigated the molecular
mechanisms underlying BSO-induced insulin resis-
tance, focusing on the subcellular distribution of phos-
phatidylinositol (PI) 3-kinase. Finally, we examined
the involvement of the nuclear factor (NF)-xB path-
way In BSO-induced insulin resistance and insulin
signalling impairment.

Materials and methods

Materials. Affinity-purified antibodies against IRS-1 and
GLUT4 were prepared as previously described [17]. Antibod-
ies against phosphotyrosine, the p85 subunit of Pl 3-kinase,
and inhibitory kB (IxB) were purchased from Upstate Biotech-
nology (Milton Keynes, UK). TNF-¢. and buthionine-[S, R]-
sulfoximine (BSO) were purchased from Sigma-Aldrich (St
Louis, Mo., USA),

Animals. Seven-week-old male Sprague-Dawley rats (Tokyo
Experimental Animals, Tokyo, Japan) were fed a standard ro-
dent diet with or without water containing 30 mmol/l BSO for
14 days [16]. The animal care was in accordance with the poli-
cies of the University of Tokyo, and the “Principles of labora-
tory animal care” (NIH publication no. 85-23, revised 1985)
were followed.
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Measurements. Cholesteryl ester hydroperoxides were analysed
by HPLC, with 234 nm UV detection and post-column chemilu-
minescence detection on an LC-8 column (Supelco, 4x250 mm,
S-pm particles; Sigma-Aldrich) and methanol/tert-butyl alcohol
(95/5 vol) as the eluent, as reported previously but with slight
modification [18]. In brief, plasma was extracted with 10 vol-
umes of methanol and 50 volumes of hexane. The hexane phase
was removed, dried under N, gas and redissolved in an eluent
for HPLC injection. Liver glutathione content was measured
spectrophotometrically using a glutathione reductase recycling
assay, as described previously [19].

Hyperinsulinaemic-euglycaemic clamp study. Rats fasted
overnight were anaesthetised by intraperitoneal injection of
pentobarbital sodium (60 mg/kg body weight) and the left jug-
ular and femoral veins were catheterised for blood sampling
and infusion respectively. Hyperinsulinaemic-euglycaemic
clamp analysis was performed as described previously [17].
The glucose utilisation rate, hepatic glucose production and an
estimate of muscle glucose uptake during the clamp (defined
as the glucose metabolic index) were calculated as previously
described [20].

Glucose uptake into isolated soleus muscle. Rats fasted overnight
were anaesthetised and soleus muscles were dissected out and
rapidly cut into 20—40 mg strips. The rats were then killed by in-
tracardiac injection of pentobarbital. Isolated soleus muscle was
incubated for 20 min with or without 1.44x10-% mol/l human in-
sulin (this concentration is equivalent to 2 mU/ml), as described
previously [17]. 2-Deoxy glucose uptake into the isolated soleus
muscle strips was measured using 2-deoxy-b-[*H]glucose and
[*4CImanitol as described previously [21].

Preparation of rat adipocytes and measurement of glucose up-
take. Isolated rat adipocytes were prepared from epididymal
adipose tissue harvested from fasted rats using the collagenase
method {22], and 2-deoxy glucose uptake was then assayed as
previously described [23].

Adenovirus-mediated gene transfer to 3T3-L1 adipocytes. 3T3-
L1 fibroblasts were maintained in DMEM supplemented with
10% donor calf serum and differentiated into adipocytes as
previously described [24]. The dominant negative mutant of
IkB-o, in which serine residues 32 and 36 were substituted
with alanine, was kindly provided by Dr R. Gaynor (University
of Texas Southwestern Medical Center at Dallas, Tex., USA).
To obtain recombinant adenovirus, pAdeno-X was ligated with
¢DNA encoding Escherichia coli lacZ and dominant negative
IkB according to the manufacturer’s instructions for the Ade-
no-X Expression System (Clontech, Palo Alto, Calif., USA).
Infection of 3T3-L1 adipocytes with the adenovirus was car-
ried out as described previously [25]. Recombinant aden-
oviruses were applied at a multiplicity of infection of approxi-
mately 200-300 pfu/cell and 3T3-L1 adipocytes infected with
lacZ virus were used as a control.

Gel mobility shift assay. Nuclear protein extracts from 3T3-L1
adipocytes were prepared using NE-PER nuclear and cytoplas-
mic extraction reagents (Pierce Biotechnology, Rockford, 1.,
USA) according to the manufacturer’s instructions and used
for gel mobility shift assay (GMSA). Briefly, 3T3-Ll
adipocytes were homogenised in 1 ml of PBS and centrifuged
for 10 min at 500 x g at 4 °C. After removing the supernatant,
the pellet was resuspended in 500 pl of Cytoplasmic Extraction
Reagent 1 buffer containing protease inhibitors (1 600 mol/l
benzamidine, 0.3 mmol/l aprotinin, 4.2 mol/l leupeptin,
0.2 mol/l phenylmethylsulfonyl fluoride), and was incubated
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on ice for 10 min. Then, 27.5 ul of Cytoplasmic Extraction Re-
agent 11 buffer were added to the sample, which was vortexed
and centrifuged at 16 000 X g for 5 min. The resultant pellet
was resuspended in 250 pl of NER buffer, vortexed every
10 minutes for 40 min and then centrifuged at 16 000 x g for
10 min. The supernatant containing nuclear proteins was stored
at —80 °C. For the GMSA, 10 pg of nuclear proteins were incu-
bated in binding buffer with 3.5 pmol of double-stranded DNA
oligonucleotide containing an NF-xB consensus-binding se-
quence labelled with [32P]-ATP using T4 polynucleotide kinase
for 30 min at 37 °C. For supershift analyses, monoclonal anti-
body against NF-kB p65 was separately pre-incubated with
nuclear extracts at 4 °C for 20 min in a total volume of 16 pl
of binding buffer, followed by incubation with 8 ul of 3?P-
labelled oligonucleotide probe with and without cold oligonu-
cleotide probe at 4 °C for 20 min using a Nushift Kit (Geneka
Biotechnology, Carlsbad, Calif., USA). Protein-DNA com-
plexes were separated from the unbound DNA probe by
electrophoresis through 5% polyacrylamide gels containing
Ix Tris-glycine-EDTA buffer. The gel was dried and exposed
to BAS2000 (Fujifilm, Tokyo, Japan).

Glucose uptake into 3T3-L1 adipocytes. 3T3-L1 adipocytes
plated in 24-well culture dishes were serum starved for 3 h in
DMEM containing 0.2% bovine serum albumin, after which
they were incubated in Krebs—Ringer phosphate buffer for an
additional 45 min, prior to incubation with or without 10-6 or
107 mol/l insulin for 15 min. The assay was initiated by adding
2-deoxy-D-[*H]glucose (1.85 x 107 Bg/sample, 0.1 mmol) and
was terminated 4 min later by washing the cells once with ice-
cold Krebs—Ringer phosphate buffer containing 0.3 mmol/l
phloretin and then twice with ice-cold Krebs-Ringer phosphate
buffer. The cells were then solubilised in 0.1% SDS, and the in-
corporated radioactivity was determined by scintillation count-
ing [26].

Subcellular  fractionation. 3T3-L1 adipocytes were serum
starved for 3 h and incubated with or without 10-% mol/l insu-
lin for 15 min. Cells were fractionated as described previously
[27]. Briefly, 3T3-L1 adipocytes were resuspended in HES
buffer (255 mmol/l sucrose, 20 mmol/l HEPES [pH 7.4],
1 mmol/l EDTA), homogenised and subjected to differential
centrifugation. The supernatants from the following spins were
serially removed and pelleted in a Ti70 rotor as follows:
19 000 x g (20 min), 41 000 x g (20 min) and 180 000 x g
(75 min). The first 19 000 x g pellet was resuspended, loaded
onto a sucrose cushion (1.12 mol/l sucrose, 20 mmol/l HEPES
[pH 7.4], 1 mmol/l EDTA) and isolated from the interface
yielding the plasma membrane fraction as the pellet of a
41 000 x g spin (20 min). The last 180 000 x g pellet corre-
sponded to the low-density microsome (LDM) fraction. Sub-
cellular fractionation and measurement of GLUT4 transloca-
tion in isolated skeletal muscle and adipocytes from rats were
described previously [12]. After resuspension of the pellets in
solubilisation buffer, 20 pg of each fraction were loaded for
western blotting. Proteins in the plasma membrane and LDM
fractions were separated by SDS-PAGE, transferred to a
polyvinylidene fluoride membrane, immunoblotted with anti-
GLUT4, anti-IRS-1 or anti-p85 antibodies, and reacted with
enhanced chemiluminescence reagent (Amersham Biosciences,
Uppsala, Sweden) or subject to immunoprecipitation and PI
3-kinase assay of the immunoprecipitates as previously de-
scribed [171.

Immunoprecipitation and immunoblotting. In rat experiments,
rats fasted overnight were anaesthetised, and within 10-15 min
the abdominal cavity was opened, the portal vein exposed, and

T. Ogihara et al.:

16 ml/kg body weight of normal saline (0.9% NaCl), with
or without 10-> mol/l human insulin, were injected. After
60 s, hindlimb muscles were removed and immediately
homogenised as described previously [28]. In 3T3-L1 experi-
ments, 3T3-L1 adipocytes were serum-starved for 18 h, pre-
incubated with or without 80 umol/l BSO for 18 h, then stimu-
lated with or without 10-¢ mol/l insulin for 15 min. The cells
were then washed and lysed with lysis buffer as described pre-
viously [29]. After centrifugation, the resultant supernatants
were used for immunoprecipitation or immunoblotting as
described previously [28]. Proteins were visualised with
enhanced chemiluminescence and band intensities were quan-
tified with a Molecular Imager GS-525 using Imaging Screen-
CH (Bio-Rad Laboratories, Hercules, Calif.,, USA). In some
experiments, 3T3-L{ cells were incubated with 5.8 pmol/l
(equivalent to 10 ng/dl) TNF-a or 80 umol/l BSO for 18 h,
lysed and immunoblotted with anti-IxB antibody.

Phosphatidylinositol 3-kinase activity. After preparing tissue
samples as above, IRS-1 was immunoprecipitated, and PI 3-ki-
nase activity in the immunoprecipitates was assayed as previ-
ously described [17].

Statistical analysis. Data are expressed as means + SE. Com-
parisons between the two groups were made using unpaired
1 tests. We considered p values of less than 0.05 to be statisti-
cally significant.

Results

Characterisation of rats studied. Although food in-
takes were similar in the two groups, the BSO-treated
rats had lower body weights than control rats (Ta-
ble 1). Individual water consumptions did not differ
between the two. Systolic and diastolic blood pres-
sures were similar in the two groups of rats. Fasting
blood glucose and plasma insulin levels in BSO rats
were also similar to those of control rats. Although
fasting insulin levels were not elevated in BSO-treated
rats as compared with those of controls, we found that

Table 1. Characterisation of BSO-treated rats

Control BSO
Body weight (g) 320.0+8.7 284+4.1"
Food intake (g/day) 20.2+2.4 21.2+£2.3
Water intake (ml/day) 38.2+1.8 36.8+3.2
Systolic BP (mm Hg) 113.5+4.4 120.7x3.9
Diastolic BP (mm Hg) 83.4+4.4 87.8x1.4
Fasting blood glucose (mmol/1) 6.12+0.32 6.32+0.24
Randomly fed blood glucose 8.37+0.24 8.44+0.17
(mmol/1)
Fasting plasma insulin (pmol/l)  109+16 1123
Randomly fed plasma insulin 18817 367x3%*
(pmol/l)
Glutathione content of liver 3.2+0.3 1.1+0.4"
(umol/g tissue)
Plasma cholesteryl ester 1.38+0.3 2.72+0.3"

hydroperoxide (mmol/)

Data are means £ SE; rats in each group, n=6; * p<0.05 com-
pared with controls
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Fig. 1. A hyperinsulinaemic-euglycaemic clamp study. Rats
were anaesthetised by intraperitoneal injection of pentobarbital
sodium and the left jugular and femoral veins were
catheterised for blood sampling and infusion respectively.
Hyperinsulinaemic-euglycaemic clamp analysis was per-
formed as described previously [17]. The glucose infusion
rate (a), glucose utilisation rate (b), hepatic glucose produc-
tion (¢) and muscle glucose uptake during the clamp (defined
as the glucose metabolic index; d) were estimated from hyper-
insulinaemic-euglycaemic clamp data. * p<0.05, ** p<0.01
compared with the control. Bars represent the means + SE of
results from four to five rats. Cont. indicates control Sprague-
Dawley rats. BSO indicates rats fed a standard rodent diet
with water containing 30 mmol/l BSO for 12 days

among well-fed animals, insulin levels in BSO-treated
rats were significantly higher than those in controls.
To determine the effect of BSO as a glutathione syn-
thase inhibitor, hepatic glutathione content was mea-
sured, because glutathione is most abundant in the
liver, The glutathione level was significantly lower, by
34%, in the livers of BSO-treated rats than in those of
controls. The cholesteryl ester hydroperoxide level in
BSO-treated rat plasma was double that in control
rats, suggesting that oxidative stress is increased in
BSO-treated rats.

Hyperinsulinaemic-euglycaemic clamp study. Whole-
body insulin sensitivity was evaluated using a hyper-
insulinaemic-euglycaemic clamp technique. Com-
pared with controls, the glucose infusion rate was de-
creased by 36.2% and the glucose utilisation rate by
27.6% during submaximal insulin infusion in BSO-
treated rats (Figs. 1a, b). In addition, hepatic glucose
production was increased by 29.3% in BSO-treated
rats, suggesting impairment of the ability of insulin to
suppress hepatic glucose production (Fig. Ic). Glu-
cose uptake into skeletal muscle during the clamp was
decreased by 39.4% in BSO-treated rats (Fig. Id).
These results suggest that BSO treatment induces in-
sulin resistance both systemically and in skeletal mus-
cle and liver.

Insulin-induced glucose uptake and GLUT4 transloca-
tion in BSO-treated rat skeletal muscle and adipocytes.
In BSO-treated rats, insulin-induced glucose uptakes
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into isolated soleus muscle and adipocytes were re-
duced by 21.4% and 47.8% respectively as compared
with the control levels (Figs. 2a, c). Subsequent west-
ern blot analysis showed the GLUT4 contents of skele-
tal muscle and adipocytes to be similar in the two
groups (Figs. 2b, d, upper panels), indicating that the
impairment of insulin-induced glucose uptake in these
tissues from BSO-treated rats was not due to reduced
expression of GLUT4 proteins. However, insulin-in-
duced GLUT4 translocation, as assessed by the appear-
ance of GLUT4 in the plasma membrane fraction of
skeletal muscle and adipose tissue, was decreased in
BSO-treated rats (Figs. 2b, d, lower panels). Micro-
scopic analysis revealed adipocytes from BSO-treated
rats to be small, which is consistent with the low body
weights of these rats (Fig. 2e), suggesting that insulin
resistance in BSO-treated rats is not attributable to adi-
pocyte enlargement.

Impairment of insulin signalling in BSO-treated rat
skeletal muscle and adipocytes. Next, we investigated
insulin-induced tyrosine phosphorylation of IRS-1, as-
sociation of PI 3-kinase with IRS-1, and PI 3-kinase
activation in skeletal muscle and adipose tissue in
vivo by injecting insulin through the portal vein of
anaesthetised rats. Protein amount and insulin-induced
tyrosine phosphorylation of IRS-1 in skeletal muscle
(whole tissue lysates) from BSO-treated rats were
similar to those in controls (Fig. 3a, upper panels).
Because the insulin signalling in the LDM fraction has
been implicated in several insulin actions including
insulin-induced glucose uptake [30, 31], we carried
out subcellular fractionation studies of skeletal mus-
cles from these rats. Subcellular fractionation data
showed insulin-induced tyrosine phosphorylation of
IRS-1 in the LDM fraction to be significantly de-
creased in BSO-treated rats as compared with con-
trols, although the IRS-1 protein amount in this frac-
tion was unchanged (Fig. 3a, upper panels). In the
cytosol, the amount of IRS-1 and insulin-induced
phosphorylation were similar in BSO-treated and con-
trol rat muscles (Fig. 3a, upper panels). Next, we
investigated the amount of the p85 subunit for PI
3-kinase protein in whole tissue lysates, the LDM
fraction and the cytosol (Fig. 3a, middle panels). The
amounts of p8&5 protein were similar in whole tissue
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Fig. 2. Insulin resistance in isolated skeletal muscle and adi-
pose tissue in BSO-treated rats. a. 2-Deoxy-glucose uptakes
into isolated soleus muscle and adipose tissue (c). Isolated rat
soleus muscle was incubated for 20 min with or without
1.44x10-% mol/l human insulin (this concentration is equiva-
lent to 2 mU/ml) as described previously [17]. 2-Deoxy-D-
[1-3H]glucose uptake into the isolated soleus muscle strips was
measured as described previously [21]. Isolated rat adipocytes
were prepared from epididymal adipose tissue harvested from
fasted rals using the collagenase method [22], and 2-deoxy
glucose uplake was then assayed as previously described [23].
b, d. GLUT4 protein amount in whole (issue lysates (upper
panels), the plasma membrane fraction (lower panels) of skele-
tal muscle (b) and adipose tissue (d) under basal or insulin-
stimulated conditions. Subcellular fractionation and measure-
ment of GLUT4 translocation of isolated skeletal muscle and
adipocytes from rats were described previously [12]. Whole
tissue lysates and plasma membrane fractions were subjected
to SDS-PAGE followed by immunoblotting with anti-GLUT4
antibody. The data are representative of three independent ex-
periments, Bars depict means = SE of the results from four to
six samples. * p<0.05 compared with the control under the in-
sulin-stimulated conditions. d. Haematoxylin and eosin stained
adipose tissues from control and BSO-treated rats are shown.
Cont. indicates control Sprague-Dawley rats. BSO indicates
rats fed a standard rodent diet with water containing 30 mmol/l
BSO for 12 days

lysates before and after insulin stimulation. However,
insulin stimulation induced a p85 increase in the LDM
fraction and a decrease in the cytosol, suggesting that
insulin stimulates p85 translocation from the cytosol
to the LDM fraction. This insulin-induced transloca-
tion of p85 was disrupted in BSO-treated rats. Insulin-
induced increases in IRS-1-associated p85 protein and
Pl 3-kinase activity did not differ significantly be-
tween whole tissue lysates and the cytosol in either
BSO-treated or control rat muscle (Fig. 3a, lower pan-
els). However, both were significantly decreased in
the LDM fraction of BSO-treated rats as compared
with the controls. We obtained essentially the same
results in the adipose tissue of these rats (Fig. 3b). In
addition, we confirmed that insulin-induced tyrosine
phosphorylation of the insulin receptor and IRS-2, as
well as Ser-473 phosphorylation of Akt, in the whole
tissue lysates of skeletal muscle and adipose tissue
does not differ between BSO-treated and control rats
(data not shown). Thus, early insulin-signalling steps
were shown to be impaired specifically in the LDM
fraction, but not in whole tissue lysates of skeletal
muscle and adipose tissue from BSO-treated rats.

Insulin action and insulin signalling in BSO-treated
3T3-L1I adipocytes. To further investigate the impaired
step in BSO-induced insulin resistance, 3T3-L1
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Fig. 3. Insulin signalling in skeletal muscle (a) and adipose
tissue (b) from BSO-treated rats. Rats were anaesthetised, the
portal vein exposed, and 16 ml/kg body weight of normal
saline, with or without 105 mol/l human insulin, were injected.
After 60 s, hindlimb muscles and epididymal fat were removed
and immediately homogenised as described previously [28].
After centrifugation, the resultant supernatants were employed
for immunoprecipitation or immunoblotting using the indicat-
ed antibodies as described previously [28]. Proteins were visu-
alised with enhanced chemiluminescence and band intensities
were quantified with a Molecular Imager GS-525 using Imag-
ing Screen-CH (Bio-Rad). Bars depict means = SE of the
quantitated tyrosine phosphorylation bands, independently ob-
tained in (riplicate. Representative spots of PI(3)P are shown
in the lower panels and bars depict means = SE of PI 3-kinase
activity measured in three independent assays. * p<0.05 com-
pared with the control under the insulin-stimulated condition.
1P, immunoprecipitation; 1B, immunoblotting; pTyr, phospho-
tyrosine

adipocytes were incubated with 80 pmol/l BSO for
18 h [32]. It was reported that BSO treatment of
adipocytes markedly decreases cellular glutathione
levels and increases reactive oxygen species [15, 32].
Incubation with BSO did not affect the morphology
or the viability of 3T3-L1 adipocytes (data not
shown). Insulin-induced glucose uptake into 3T3-L1
adipocytes was decreased by 42.5% in BSO-treated
cells (Fig. 4a). In these cells, insulin-induced GLUT4
translocation to the plasma membrane was impaired
(Fig. 4b). Next, we determined insulin-induced IRS-1
phosphorylation and PI 3-kinase activation in whole
cell lysates, the LDM fraction and the cytosol. As
in rats, protein levels and insulin-induced tyrosine
phosphorylations of IRS-1 and IRS-1-associated PI

-414-

799

b

Whole tissue lysate  LDM fraction Cytosol

1 S N
1RS-4
piyr

RS-t

IRS8-1 tyrosine
phosphorylation
(fold / comroly

P85 protein amount -
{fold 7 control) 1

[R18) e d |

® - el

30000 5000
{RS-1-associated 13out *

15000
()(N)O
w()()()

20000
10080

P 3-kinase
activity (cpm)

108400
004
0

L

L...,,_.JL._J

Cont, BSO

insulin -+ -
| R o S—

Cont. BSO Cum BSO

3-kinase were unaffected by BSO treatment (Fig. 4c,
upper panel). In control cells and in BSO-treated cells,
p85 protein levels did not differ before versus after in-
sulin stimulation. Next, we examined IRS-1 tyrosine
phosphorylation and IRS-1 associated PI 3-kinase
activity in the LDM fraction and the cytosol. While
IRS-1 protein levels did not change after incubation
with BSO, insulin-induced IRS-1 tyrosine phosphory-
lation in the LDM fraction was suppressed by BSO
treatment (Fig. 4c, middle panel). The amount of p85
protein was increased in the LDM fraction and de-
creased in the cytosol after insulin stimulation, indi-
cating that insulin induces p85 translocation from the
cytosol to the LDM fraction in control cells. However,
the p85 increase in the LDM fraction was clearly dis-
rupted in BSO-treated cells (Fig. 4c, middle panel). In
parallel, insulin-stimufation increased IRS-1-associat-
ed p85 protein levels and Pl 3-kinase activity in the
LDM fraction of control but not BSO-treated cells.
Thus, BSO treatment disrupts insulin-induced IRS-1
phosphorylation in the LDM fraction and the sub-
cellular redistribution of Pl 3-kinase in 3T3-LI
adipocytes.

Inhibition of NF-«B activation improves BSO-induced
insulin resistance. 1t is widely known that one poten-
tial target of oxidative stress is the activation of tran-
scription factor NF-xB [33]. Oxidative stress and in-
flammatory cytokine stimulation reportedly activate
upper kinase IkB kinase (IKK) which phosphorylates
serine residues of IxB. The phosphorylated IxB is
then subject to degradation, leading to translocation of
NF-xB to the nucleus [34]. To investigate the role of
NF-«B cascade activation in BSO-induced insulin re-
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Fig. 4. Effects of BSO treatment on insulin action and insulin
signalling in 3T3-LI adipocytes. a. Insulin-induced 2-deoxy
glucose uptake into 3T3-LI adipocytes. 3T3-L1 adipocytes
were serum-starved for 18 h, pre-incubated with or with-
out 80 umol/l BSO for 18 h, then incubated with or without
106 mol/l msulin for 15 min. 2-Deoxy glucose uptake was
measured as described in Materials and methods. Bars depict
means + SE of results obtained independently in triplicate.
* p<0.05 compared with the insulin-stimulated control. b. Re-
cruitment of GLUT4 to the plasma membrane in 3T3-L1I
adipocytes with or without BSO pretreaument. 3T3-L.1 adipo-
cytes were serum-starved for 18 h, pre-incubated with or with-
out 80 pmol/l BSO for 18 h, then stimulated with or without
1076 mol/l insulin for 15 min. Cells were fractionated as de-
scribed previously [27]. The cell lysates and plasma membrane
fraction were immunoblotted with anti-GLUT4 antibody. Rep-
resentative immunoblots using anti-GLUT4 antibody are
shown. Bars depict means = SE of the quantitated bands of the
plasma membrane fraction, independently obtained in triplicate.
¢, IRS-1 phosphorylation and IRS-!-associated PI 3-kinase in

sistance, we overexpressed the dominant negative mu-
tant of IxkB in 3T3-L1 adipocytes using adenovirus.
This mutant, characterised by the substitution of two
serine phosphorylation sites to alanine, is resistant to
degradation and inhibits NF-xB-induced transcription.
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whole cell lysates (upper panels), the LDM fraction (middle
panels) and the cytosol (lower panels) in 3T3-L1. 3T3-L1
adipocytes were serum-starved for 18 h, pre-incubated with or
without 80 pmol/l BSO for 18 h, then stimulated with or with-
out 10-¢ mol/l insulin for 15 min. Subcellular fractionation was
performed as described in Materials and methods. The whole
cell lysates and fractions were used for immunoprecipitation,
immunoblotting and PI 3-kinase assay as described previously
[28]. Proteins were visualised with enhanced chemilumines-
cence and band intensities were quantified with a Molecular
Imager GS-525. Representative immunoblots are shown in
the upper and middie panels and representative spots of PI(3)P,
independently obtained in triplicate, are shown in the lower
panel. Bars depict means = SE of the quantitated spots of
PI(3)P, indicating IRS-1-associated P1 3-kinase activity, inde-
pendently obtained in triplicate. Cont., control 3T3-LI
adipocytes; BSO, pre-treated with 80 pmol/t BSO for 18 h.
# p<0.05 compared with the control under the insulin-stimulated
condition

In 3T3-L1 adipocytes, endogenous IkB was degraded
by 5.8 pmol/l (equivalent to 10 ng/dl) of TNF-a or
80 pmol/l BSO pre-incubation for 18 h (Fig. 5a).
However, the dominant negative IkB, overexpressed
using adenovirus, was not degraded by these treat-
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Fig. 5. Dominant negative mutant of IxB. a. Immunoblot of
3T3-L! adipocyies overexpressing LacZ (control) and domi-
nant negative mutant of I-kB adenoviruses. Representative
immunoblots with anti-IxBo. antibody of the cells incubated
with 5.8 pmol/l (equivalent to 10 ng/ml) TNF-o and 80 pmol/I
BSO for 18 h are shown in the upper and lower panels respec-
tively. b. Gel mobility shift assay (GMSA). 3T3-L1 adipocytes
were incubated with (lanes 2-5) or without (lane 1) 80 pmol/l
BSO for 18 h. Dominant negative IxB was overexpressed in
3T3-L1 adipocytes (lane 5). Nuclear protein extracts from
3T3-L1 adipocytes were prepared as described in Materials
and methods. For the GMSA, 10 pg of nuclear proteins were
incubated in binding buffer with 3.5 pmol of double-stranded
DNA oligonucleotide containing an NF-kB consensus binding
sequence labelled with [32P]-ATP using T4 polynucleotide ki-
nase, for 30 min at 37 °C. For supershift analyses, monoclonal
antibody against NF-kB p65 (NF-xB p65 Ab, lane 4) was sep-
arately pre-incubated with nuclear extracts at 4 °C for 20 min
in a total volume of 16 pl of binding buffer, followed by incu-
bation with 8 pl of 32P-labelled oligonucleotide probe with and
without a cold oligonucleotide probe (wild-type oligo, lane 3)
at 4 °C for 20 min using a Nushift Kit (Geneka Biotech-
nology). Protein-DNA complexes were separated from the
unbound DNA probe by electrophoresis through 5% poly-
acrylamide gels containing 1x Tris-glycine-EDTA buffer. The
gel was dried and exposed to BAS2000 (Fujifilm, Tokyo,
Japan). DN, dominant negative; 1B, immunoblotting

ments (Fig. 5a). To investigate whether NF-xB binds
to regulatory DNA elements, GMSA was performed
using nuclear extracts of 3T3-L1 adipocytes. GMSA
revealed nuclear protein extracts from BSO-treated
3T3-L1 adipocytes to contain activated NF-xB
(Fig. 5b, lanes 1 and 2). The band shift was inhibited
by unlabelled oligonucleotide corresponding 1o a

-416-

DNA-binding sequence (Fig. Sb, lane 3). In BSO-
treated cells, the NF-kB-oligonucleotide complex un-
derwent a supershift in the presence of antibodies
against the p65 subunit of NF-xB, indicating that
binding to the oligonucleotide is NF-xB-specific
(Fig. 5b, lane 4). In 3T3-L1 adipocytes overexpressing
the dominant negative IxB, the band shift was also in-
hibited (Fig. 5b, lane 5). These results suggest that
BSO treatment induces NF-xB translocation and that
the dominant negative IxB blocks NF-xB pathway
activation.

We next examined the effect of the dominant nega-
tive IxB on BSO-induced insulin resistance. Insulin-
induced glucose uptake was decreased by BSO treat-
ment, while dominant negative IkB overexpression
reversed this decrease (Fig. 6a). Reduction of insulin-
induced GLUT4 translocation by BSO administration
was also reversed by overexpression of the dominant
negative IxB (Fig. 6b). BSO (reatment decreased insu-
lin-induced IRS-1 phosphorylation and IRS-1-associ-
ated p85 and PI 3-kinase activity in the LDM fraction
(Fig. 6¢, lower panels), but not in whole cell lysates
(Fig. 6¢, upper panels). However, overexpression of
the dominant negative IxB reversed the BSO-induced
decreases in IRS-1 phosphorylation and IRS-1-associ-
ated p85 and PI 3-kinase activity in the LDM fraction.
These results suggest that oxidative stress induces in-
sulin resistance by impairing the normal subcellular
distribution of PI 3-kinase, and that the NF-xB path-
way is involved in this process.

Discussion

In this study we employed BSO, a glutathione syn-
thase inhibitor, to induce oxidative stress in rats and in
3T3-L1 adipocytes. BSO specifically inhibits the first
step of glutathione synthesis and decreases glutathi-
one, an important component of the antioxidant de-
fence system [14]. In fact, we confirmed a decreased
hepatic glutathione content and an increased plasma
lipid hydroperoxide level, indicating increased oxida-
tive stress in BSO-treated rats. Body weight was
lower in BSO-treated rats than in controls, which is
consistent with a previous report [35]. BSO-treated
rats were apparently insulin-resistant, as demonstrated
by a hyperinsulinaemic-euglycaemic clamp study and
glucose transport assay using isolated skeletal muscle
and adipocytes. These results strongly support the
hypothesis that increased oxidative stress can lead to
insulin resistance in vivo. Although fasting insulin
levels were not elevated in BSO-treated rats as com-
pared with controls, we found that among well-fed
animals, insulin levels were significantly higher in
BSO-treated rats than in controls. Data from the
euglycaemic-hyperinsulinaemic clamp study, along
with the observed glucose uptake into isolated tissues
and insulin levels in well-fed animals, support the
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Fig. 6. Effect of dominant negative mutant of 1xB on insulin
action and insulin signalling in BSO-treated 3T3-L1
adipocytes. a. Insulin-induced 2-deoxy glucose uptake into
3T3-L1 adipocytes. Cells overexpressing LacZ (control) and
the dominant negative (DN)-IxB adenovirus with or without
80 pmol/l BSO for 18 h were stimulated were stimulated with
0, 107 or 1076 mol/l insulin for 15 min. Glucose uptake into
3T3-L1 adipocytes was assayed as described in Materials and
methods. Bars depict means = SE of results obtained indepen-
dently in triplicate. ** p<0.05 compared (o insulin-stimulated
(1077 and 10-6 mol/l respectively) control (non BSO-treated)
cells. b. Recruitment of GLUT4 1o the plasma membrane in
3T3-L1 adipocytes overexpressing LacZ and DN-IkB adenovi-
rus with or without BSO pretreatment. The cell lysates and
plasma membrane fraction were immunoblotted with anti-
GLUT4 antibody. ¢. IRS-1 tyrosine phosphorylation, p85 pro-
tein amount and IRS-1-associated Pl 3-kinase in whole cell
lysates (upper panels) and the LDM fraction (lower panels)
of 3T3-L1I adipocytes overexpressing LacZ and DN-IKB ade-
novirus with or without BSO pretreatment. 3T3-L1 adipocytes
were serum-starved for 18 h, pre-incubated with or with-
out 80 umol/l BSO for 18 h, then stimulated with or without
1076 mol/l insulin for I5 min. Representative immunoblots and
representative spots of P1(3)P, independently obtained in tripli-
cate, are shown and bars depict means = SE of PI 3-kinase
activity measured in three independent assays. * p<0.05 com-
pared with insulin-stimulated control (non BSO-treated) cells.
IB, immunoblotting; IP, immunoprecipitation
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conclusion that BSO-treated rats are insulin-resistant.
In our experiments, we did not observe the occurrence
of overt diabetes with BSO administration, suggesting
that this insulin resistance is relatively mild.

A previous report showed no significant difference
between BSO-injected rats and controls in terms of in-
sulin-stimulated glucose transport into skeletal muscle
[15}. The results of their study contradict our present
data demonstrating BSO-induced insulin resistance.
We speculate that these different results are at-
tributable to the doses of BSO administered. Accord-
ing to our water consumption dala, intake of BSO in
BSO-treated rats was approximately 3.5 mmol-kg!
body weight-day=! in the current study. This is a
rather high dose compared with the previous report
(2 mmolkg™! body weight-day-) [15]. Also, the
extent of the glutathione decrease was greater in our
experiment than in the previous one. In addition, be-
cause the previous study did not employ the hyperin-
sulinaemic-euglycaemic clamp method [15], we be-
lieve our picture of insulin resistance in BSO-treated
rats to be more accurate.

Insulin-induced IRS phosphorylation and PI 3-ki-
nase activation constitute a critical step in insulin ac-
tions such as GLUT4 translocation and glucose uptake
[36]. Most insulin-resistant models have been shown
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to have impaired insulin-induced PI 3-kinase activa-
tion [28, 37, 38]. However, in the BSO-treated rats
used in the current study, neither insulin-induced IRS
tyrosine phosphorylation nor PI 3-kinase activation in
whole tissue lysates of skeletal muscle and adipose
tissue were impaired, despite the presence of insulin
resistance. In addition, BSO treatment markedly im-
paired insulin-induced glucose uptake into 3T3-L1
adipocytes and GLUT4 translocation, while insulin-
induced IRS-1 tyrosine phosphorylation and IRS-1-
associated PI 3-kinase activation were unchanged in
whole cell lysates of BSO-treated 3T3-L1 adipocytes.
A previous report showed H,0, exposure of 3T3-L1
adipocytes to inhibit insulin-induced glucose uptake,
while having no effects on IRS-1 phosphorylation and
PI 3-kinase activation [39]. Furthermore, we previous-
ly reported chronically angiotensin-II-infused rats, in
which plasma lipid hydroperoxide levels were in-
creased, to be highly insulin-resistant, although insu-
lin-induced IRS-1 phosphorylation and PI 3-kinase
activation in skeletal muscle and adipose tissue were
not impaired [12]. Thus, insulin resistance with nor-
mal insulin-induced PI 3-kinase activation in the
whole cell may be a common feature in the models
with increased oxidative stress.

Regarding the molecular mechanism of this type of
insulin resistance, we consider it necessary to examine
the possibility of abnormalities in the subcellular dis-
tribution of PI 3-kinase. This is based on several re-
ports showing IRS-1 phosphorylation and PI 3-kinase
activation specifically in the LDM fraction, though
not in whole cell lysates, to be important for insulin
action [30, 31]. We speculate that the insulin-induced
increase in IRS-1 phosphorylation in the LDM frac-
tion leads to recruitment of the p85 subunit for PI
3-kinase to that fraction. Previous reports have shown
that H,O, exposure reduces IRS-1 tyrosine phosphor-
ylation and PI 3-kinase activation in the LDM fraction
in 3T3-L1 adipocytes [39, 40]. In the current study, in-
sulin-induced IRS-1 tyrosine phosphorylation in the
LDM fraction was demonstrated to be significantly
decreased in both BSO-treated rat muscle and adipose
tissues and in BSO-treated 3T3-L1 cells. We showed
clearly that insulin induces p85 translocation from the
cylosol to the LDM fraction in rat muscle, adipose tis-
sue and 3T3-L1 cells and that BSO treatment disrupts
this process. Taking our results and those of previous
reports together, we consider this disruption of the
normal subcellular redistribution of PI 3-kinase to be
one of the important mechanisms underlying oxida-
tive-stress-induced insulin resistance.

The activation of transcription factor NF-xB has
been shown to be a target of oxidative stress [33]. For
example, direct exposure to oxidants such as H,0,
activates NF-xB [41], while NF-xB activation can be
inhibited by addition of antioxidants such as a vitamin
E derivative [42] and lipoic acid [43]. To clarify the
contribution of NF-xB cascade activation to oxida-
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tive-stress-induced insulin resistance, we utilised the
dominant negative IxB. This mutant is a degradation-
resistant form of IxB that prevents NF-xB from
translocating into the nucleus and is widely used to
block cytokine-induced NF-xB activation {44]. In-
deed, we confirmed that this mutant is not degraded
by TNF-oo and that BSO stimulation blocks NF-xB
from translocating into the nucleus. Blocking the
NF-xB cascade by overexpressing dominant negative
IxB had a preventive effect against the decrease in in-
sulin-induced glucose uptake and GLUT4 transloca-
tion caused by BSO treatment in 3T3-L1 adipocytes.
We observed higher glucose uptake in dominant nega-
tive IkB-overexpressing cells than in LacZ control
cells. We suggest a possible explanation: dominant
negative IxB inhibits the effects of a small amount of
inflammatory cytokines secreted by adipocytes. In ad-
dition, BSO-induced decreases in IRS-1 tyrosine
phosphorylation in the LDM fraction and recruitment
of PI 3-kinase to that fraction were also normalised.
These results suggest that NF-xB activation is in-
volved in the impaired subcellular redistribution of P1
3-kinase and the insulin resistance induced by BSO
treatment.

The precise mechanism linking NF-xB activation
and abnormal subcellular redistribution of PI 3-kinase
remains unclear. One possible mechanism of inhibit-
ed insulin signalling involves NF-xB-activated tran-
scription of inflammatory cytokines such as TNF-o
and interleukin-6. NF-kB plays an important role in
regulating inflammatory responses {45, 46] and acti-
vation of NF-xB may induce inappropriate inflamma-
tory responses, possibly disrupting insulin signalling.
Alternatively, PI 3-kinase activation is reportedly
necessary for NF-xB activation [47, 48]. Aberrant
NF-xB activation may disrupt the PI 3-kinase path-
way via a negative feedback mechanism. An anti-in-
flammatory agent, salicylate, which stabilises 1xB via
inhibition of IKK and suppression of NF-xB activa-
tion, was shown to restore lipid-induced insulin resis-
tance [49, 50]. Because IKK reportedly induces ser-
ine phosphorylation of IRS-1, it is possible that BSO
activates IKK, resulting in down-regulation of IRS-1
tyrosine phosphorylation in the LDM fraction and im-
pairment of PI 3-kinase recruitment to the LDM frac-
tion.

In summary, our results suggest that oxidative
stress induces insulin resistance by impairing insulin-
induced IRS-1 phosphorylation in the LDM fraction
and subcellular redistribution of PI 3-kinase, and that
NF-xB activation is involved in this process. Our
present study provides evidence that the NF-kB path-
way plays a role in the pathogenesis of oxidative-
stress-induced insulin resistance. Judging from our
results and those of previous studies, strategies de-
signed to limit inappropriate activation of NF-xB
may be an effective approach to treating insulin resis-
tance.



