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Fig. 4. Effects of P13 kinase inhibition on H,0;-induced GLUTA4 translocation. The translocation of GLUT4 in the plasma membrane was
measured by flow cytometry as described in the Materials and Methods Section. The level of GLUT4 translocation without treatment was set at
1.0. Values are the means & SE of four to eight independent experiments. A: H,O,-induced GLUT4 translocation was measured by FACS
analysis. LY294002 (50 p.M) inhibited H,0;-induced GLUT4 translocation as measured by FACS analysis at 15 min after exposure to H,0,
(P <0.01). PD98059 (20 1M) did not inhibit GLUT4 translocation, B: Western blot analysis indicated that H,Oz-induced Akt activation was
inhibited by LY294002 but not by PD98059. C: Dominant-negative PI3-K (DN-PI13K) inhibited H,0,-induced GLUT4 translocation as measured
by FACS analysis (*P<0.05, **P <0.01). D: Western blot analysis indicated that H,0,-induced Akt activation was inhibited by the expression of
DN-P13-K. E: Effect of DN-P13-K expression on H,O,-induced AMPK phosphorylation (*P < 0.08). Densitometric analysis was performed on the
level of AMPK phosphorylation. The mean basal level of AMPK phosphorylation of vector control was set at 100%, Values are the means % SE of
four independent experiments. F: The DN of AMPKa2 and DN-P13-K inhibited GLUT4 translocation as measured by FACS analysis (*P <0.05,
**P <0,01). G: Western blot analysls indicated that H,0,-induced AMPK and Akt activation were inhibited by the expression of DN of AMPKa2

and DN-PI3-K.
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Fig. 5. H,O-induced increase in the intracellular Ca** concentration ([Ca®* i) and AMP/ATP ratio. A: Relative changes in [Ca2* ]l were
measured by fluo-3-AM. H,0; induced an increase in [Ca**]i within | min, Pretreatment with BAPTA-AM (100 uM) completely inhibited
thisH,0;-inducedincreasein [Ca**]i.B: BAPTA-AM completely inhibited H,0,-induced GLUT4 translacation, C: Western blot analysisindicated
thatH,05-induced AMPK and Aktactivationwereinhibited by pretreatment with BAPTA-AM, D: The calciumionophore A23187induced GLUT4
translocation to the same extent as H,0;. Thelevel of GLUT4 transiocation without treatment was set at 1.0, Values are the means + SE of four to
six independent experiments (*P < 0.05, **P <0.01). E: Changes in the AMP/ATP ratio were measured by reversed-phase HPLC (Amersham

Biosciences; **P<0.01).
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these two DN-forms inhibited the HyO,-induced
phosphorylation of AMPK. The effect of the simultaneous
expression of these two DN-forms was almost comparable
to that caused by the expression of DN-AMPKa2.

Effect of PI3K inhibition on H,0O-induced
GLUT4 translocation

it is well known that PI3-K is necessary for insulin-induced
GLUT4 translocation. Therefore, we also examined the effect
of the PI3-K inhibitor LY294002 on GLUT4 translocation in
cardiomyocytes. As shown in Figure 4A, LY294002 significantly
inhibited GLUT4 translocation, whereas the ERK kinase
inhibitor PD98059 had no effect. Figure 4B shows that H,O,
phosphorylates Akt, which was inhibited by treatment with
LY294002. PD98059 had no effect on the H,O4-induced
phosphorylation of Akt. Neither PD98059 nor LY294002
inhibited the H,O»-induced phosphorylation of AMPK. To
further explore the role of PI3-K in HyO5-induced GLUT4
translocation, we expressed a mutant Pi3-K (DN-PI3-K), which
acts dominantly to inhibit the activation of PI3-K. We
monitored H;O,-induced GLUT4 translocation at 0, 5, 15,
and 25 min after stimulation and found that the expression
of DN-PI3-K inhibited H,O5-induced GLUT4 translocation at
every time-point examined (Fig. 4C). Expression of DN-PI3-K
almost completely inhibited Akt phosphorylation, However, it
did not inhibit the HyO,-induced phosphorylation of AMPK
{Fig. 4D). Since previous studies have shown that Akt activation
inhibits AMPK (Horman et al., 2006; Soltys et al., 2006), we
further examined the interaction between these two kinases.
When we measured the change in AMPK phosphorylation
levels in response to H,O; treatment, expression of DN-PI3-K
significantly increased the level at 25 min after H,O; stimulation
(Fig. 4E). These findings suggest that HyOs-induced activation
of PI3-IK/Akt is required for the inhibition of AMPK
phosphorylation, while H,O, activates both AMPK and PI3-K/
Akeat the same time. Finally, we tested the hypothesis that both
AMPK and PI3-K/Akt are activated by H,O; and contribute
to GLUT4 wranslocation at the same time. When the DN of
AMPKa2 was applied with DN-PI3-K, there was a complete
reduction in the GLUT4 membrane level similar to that seen at
the 0 time-point (Fig. 4F). The effect of DN of AMPKa2 and
DN-PI3-K was confirmed by the inhibition of AMPK and Akt
phosphorylation {Fig. 4G). These results demonstrate that
AMPK and PI3-K/Ake have an additive effect on oxidative
stress-mediated GLUT4 translocation.

The increase in the AMP: ATP ratio is a later event
than the increase in the intracellular Ca®* concentration
after stimulation with H,0,

CaMKKo and CaMKKB can each activate AMPK in a manner
that is stimulated by Ca** and calmodulin (Hurley et al., 2005).
Moreover, PI3-K/Akt is activated by intracellular Ca®* ﬂuxes in
endothelial cells (T homas et al,, 2002 2 Since an increase in the
intraceliular Ca®* concentration ([Ca**]i) has been reportedas
an eariy event after exposure to oxidative stress (Goldhaber

and Weiss, 1992), we measured the change in [Ca**liin
neonatal cardiomyocytes in response to H;O, treatment. As
shown in Figure 5A, H,O, induced a rapid increase in [CaZ*]i
that was blocked by pretreatment with BAPTA-AM.
BAPTA-AM significantly reduced the translocation of GLUT4
almost completely to a level similar to that seen at the 0
time-point {Fig. 5B). This reduction of GLUT4 translocation
was accompanied by the inhibition of AMPK and Akt
phosphorylation (Fig. 5C). In contrast, A23187 induced GLUT4
translocation as early as 5 min after treatment (Fig. 5D).
Since AMP activates AMPK via a direct allosteric mechanism
and by inhibiting the dephosphorylation of AMPK (Sanders
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et al., 2007), we also measured ATP, ADP, and AMP in
cardiomyocytes by an HPLC-based method. Figure 5E shows
that the change in the AMP: ATP ratio is not evident until 15 min
after treatment with HyO,. However, these ratios increased
dramatically at 25 min after stimulation,

Peroxynitrite induces a rapid translocation of GLUT4

We also examined the effect of oxidative stress by ONOO™ on
GLUTA4 translocation. ONOQ™ induced GLUT4 translocation
in neonatal cardiac myocytes (Fig. 6A). Treatment with
ONOQ™ activated both AMPK and Akt in the same way as
with H,O, (Fig. 63).

Discussion

The goal of the present study was to further elucidate the
precise mechanism that links oxidative stress and GLUT4
translocation in cardiomyocytes.
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Fig. 6. Oxidative stress and GLUT4 translocation. A: Oxidative
stress by ONOO™ induced GLUT4 translocation in neonatal cardiac
myocytes. The translocation of GLUT4 in the plasma membrane was
measured by flow cytometryasdescribed intheMaterialsand Methods
Section. The level of GLUT4 translocation without treatment was set
at 1.0. Values are the means = SE of four to eight independent
experiments. B: Western blot analysis indicated that oxidative stress
by ONOO™ induced AMPK and Akt activation. C: Proposed link
between H;0,and GLUT4 translocation incardiomyocytes. Exposure
to Hy0; (similar to an increase in ROS during ischemia reperfusion)
resultsin arapidactivation of AMPK and P13-K/Aktin an earlier phase.
Asubsequentincreaseinthe AMP: ATP ratioactivates AMPKinalater
phase.
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Lentiviral-mediated transduction of
GLUT4 reporter gene

Several assays for GLUT4 trafficking at the cell surface have
been described. The subcellular fractionation protocol for
measuring cell-surface GLUT4 is laborious, and the

accurate quantitation has been difficult because of the
cross-contamination of plasma membrane fractions (Cushman
and Wardzala, 1980; Suzuki and Kono, 1980). The use of
photoactivatable bismannose compounds to selectively tag
cell-surface glucose transporters is also laborious and requires
quantitative immunoprecipitation and analysis by SDS-PAGE
(Yang et al,, 1992; Satoh et al,, 1993). Expression of an
exogenous, tagged GLUT4 reporter offers greater flexibility in
detection and quantitation (Bogan et al., 2001). In this method,
the level of expression of such reporter protein is critical,
Therefore, we used a lentiviral vector for efficient transduction
of the GLUT4 reporter gene to neonatal rat cardiomyocytes.
Previous reports have suggested that lentivirus vectors
efficiently transduced and expressed genes for extended
periods of time in cardiomyocytes both in vitro and in vivo
{Zhao et al., 2002), Vectors based on lentiviruses have many
advantages for gene therapy, including the ability to infect
nondividing cells, long-term transgene expression and the
absence of induction of an inflammatory/immune response
(Sakoda et al.,, 1999). We could transduce GFP to more than
90% of cardiomyocytes and this Is a simple, relatively rapid and
quantitative method for monitoring GLUT4 translocation in
cardiomyocytes.

Activation of two kinases upstream of AMPK

To test whether AMPK is invelved in H,O»-induced GLUT4
translocation, a dominant-negative mutant of AMPKa:2
(DN-AMPKa?2) was expressed in cardiomyocytes by lentivirus.
The dominant-negative form of AMPKa:2, which abolishes
AMPK activity, also inhibited the H,O,-induced translocation
of GLUT4. LKBI was recently identified as a major upstream
kinase in the AMPK cascade (Hawley et al,, 2003; Woods etal,,
2003). AMPK is also activated by CaMKK (Woods et al,, 2005).
Therefore, we further tried to determine the involvement
of these two upstream kinases in H>O;-mediated GLUT4
translocation in cardiomyocytes. A previous report suggested
that the Ca**-mediated pathway of AMPK activation is most
likely to play an important role in neuronal tissue since the
expression of CaMKKa and CaMKK@ is much higher in the
brain than in other organs {(Hawley et al,, 2005). Although
CaMKK isoforms were determined to be expressed in heart,
itis still unknown whether CaMKKs can activate AMPK
(Anderson et al,, 1998). In our experiment, we demonstrated
that CaMKK@ is involved in GLUT4 translocation in
cardiomyocytes, based on the finding that the CaMKKinhibitor
STO-609, as well as overexpression of the dominant-negative
form of CaMKKp, inhibited its H,0O,-mediated translocation.
Recent studies have suggested that a deficiency of LKBI in
the heart prevents ischemia-mediated activation of AMPKa2
but not AMPKa | (Sakamoto et al., 2006). These findings
indicate that LKBI plays a crucial role in regulating the cellular
energy level in response to ischemia. However, in our
experiment, the expression of either DN-CaMKK@ or LKBI
did not have as great an effect as that induced by the
simultaneous expression of both DN-CaMKK@ and LKBI
on HO,-induced GLUT4 translocation. Therefore, both of
these kinases are important for controlling GLUT4
translocation in cardiomyocytes.

Activation of PI3K/Akt pathway by H,0,

Since P13-K/Akt-mediated signal transduction is known to be
important for GLUT4 translocation and the PI3-K/Akt pathway
is activated by HyO, (Hill et al., 1999), we also tried to
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determine whether the PI3-K/Akt pathway is involved in H,0,-
mediated GLUT4 translocation. The dominant-negative form
of PI3-K or the PI3-K inhibitor LY 294002 significantly inhibited
the HyOs-induced translocation of GLUT4 as well as the
phosphorylation of Akt. Therefore, PI3-K/Akt-mediated
GLUT4 translocation is also clearly demonstrated in our assay
system.

AMPK and PI3K/Akt have an additive effect on
H,0,-induced GLUT4 translocation

When the DN of AMPKa2 was applied with DN-PI3-K, there
was a complete reduction in the GLUT4 membrane level similar
to that seen at the 0-time point. These results are compatible
with the data obtained in the experiment using BAPTA-AM
to chelate intracellular calcium. Treatment with BAPTA-AM
completely inhibited GLUT4 translocation as long as the
inhibition of AMPK and Akt phosphorylation. The present study
demonstrated that H,O, activated both AMPK and Akt at the
same time and AMPK and PI3-K/Akt have an additive effect
on Hy0,-induced GLUT4 translocation.

Several studies have shown that Aktactivation inhibits AMPK
(Horman et al., 2006; Soltys et al., 2006). When we measured
the change in AMPK phosphorylation levels in response
to H,O; treatment, the expression of DN-PI3-K significantly
increased the level at 25 min after H,O, stimulation. Therefore,
our results suggest that H,O,-induced PI3-K/Akt negatively
regulates AMPK phosphorylation, while H,O, activates both
AMPK and PI3-iK/Akt at the same time.

Proposed link between H,0, and GLUT4
translocation in cardiomyocytes

Based on our results, we propose that oxidative stress causes
the translocation of myocardial GLUT4 to the sarcolemma
through AMPK activation by CaMKK and LKBI together with
PI3-K/Akt activation, which is followed by an increase in the
AMP: ATP ratio. Exposure to H,O; results in the rapid
activation of AMPK and PI3-K/Ake, while Akt still inhibits AMPK
activation in this situation (Fig. 6C).

CaMKKa and CaMKKP can each activate AMPK in a manner
that is stimulated by Ca®* and calmodulin (Hurley et al., 2005).
A rise in [Ca®*]i is required for Akt activation in endothelial
cells (Thomas et al., 2002). In our experiment, H,O; induced a
rapidincrease in [Ca®*]i that was blocked by pretreatment with
BAPTA-AM. In contrast, A23 187 induced GLUT4 translocation
as early as 5 min after H,0, treatment. Therefore, an H,O,-
induced increase in [Ca®*]i may have resulted in the activation
of both CaMKK and Akt. However, results obtained using
BAPTA-AM and calcium ionophore should be interpreted
with caution because of their potential non-specific effects.
A subsequent increase in the AMP: ATP ratio may activate
AMPK by direct allosteric activation and by protecting T172
from dephosphorylation, but this occurs in a later phase in
cardiomyocytes with H,O, stimulation.

Our results indicate that this quick response to HyO; largely
depends on two upstream AMP kinases and PI3-K/Akt, Since
the effect of ONOO™ on GLUT4 translocation in neonatal
cardiac myocytes was similar to that of H,0,, oxidative stress
may generally activate these signal transduction mechanisms,
However, the signaling pathway involved in GLUT4
translocation by AMPK and PI3-K/Akt would be affected by
insulin sensitivity and energy status. Further studies are needed
to precisely define the signal transduction pathways that affect
cardiomyocyte metabolism in response to oxidative stress.
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Abstract

Oxidized LDL (OxLDL) is implicated in endothelial dysfunction as well as the formation and progression of atherosclerosis. It has
become evident that the atherogenic properties induced by OXxLDL are mainly mediated via lectin-like OXLDL receptor-1 (LOX-1). Over
the past decade, much research has been performed to investigate lipid metabolism and atherogenesis using genetically engineered mice. To
understand the significance of OXLDL, methods to measure the levels of OxLDL in these experimental animals should be established. Utilizing
a chicken monoclonal antibody technique, here, we generated anti-human ApoB antibodies that are able to recognize mouse VLDL/LDL.
These antibodies were selected from single chain fragment of variable region (scFv) phage library constructed from chickens immunized
with human LDL. One of these antibodies, HUC20, was reconstructed into IgY form. Immunohistochemical analysis revealed that this novel
antibody specifically stains atherosclerotic lesions of ApoE-deficient mice, associated with Oil red O positive and macrophage-antigen-positive
regions.

Furthermore, in combination with recombinant LOX-1, a sandwich enzyme immunoassay was developed to measure the levels of LOX-1
ligands in mouse plasma. The sandwich enzyme immunoassay revealed a dramatic increase in the level of LOX-1 ligands in the plasma of
ApoE-deficient mice fed high-fat diet, suggesting a link between the level of LOX-1-ligands and the progression of atherosclerosis in mice.
Hence, the chicken anti-ApoB monoclonal antibody HUC20 developed here, could be a useful tool to analyze the role of ApoB-containing
lipoprotein in atherogenesis in mice.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Oxidatively modified low-density lipoprotein (LDL) has
been implicated in endothelial dysfunction as well as the pro-
gression of atherosclerosis [1-3]. In response to stimulation
of oxidized LDL (OxLDL), the production of nitric oxide
is impaired and expression of chemoattractants for mono-
cytes, leukocyte adhesion molecules, and growth factors for
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smooth muscle cells are induced in endothelial cells. These
cellular events contribute to the formation of atherosclerotic
lesions. Lectin-like OxLDL receptor-1 (LOX-1) was origi-
nally identified as areceptor for OXLDL expressed in vascular
endothelial cells [4], and it has become evident that these
atherogenic events induced by OxLDL are mainly mediated
via LOX-1. Furthermore, we demonstrated significant in vivo
roles of LOX-1 using genetically modified mice. Recently,
we showed that deletion of LOX-1 in LDLR knockout (KO)
mice led to a reduction in atherogenesis in association with a
reduction in proinflammatory and pro-oxidant signals [5].
On the other hand, mice overexpressing LOX-1 in coro-
nary vessels and cardiomyocytes showed accumulation of
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OxLDL in coronary arteries and inflammatory vasculopathy
in a hyperlipidemic mouse model [6]. Thus, there is accumu-
lating evidence that the interaction of OxLDL with LOX-1
plays an essential role in endothelial activation and/or dys-
function in atherosclerosis.

Over the last decade, progress in research on lipoprotein
metabolism and atherosclerosis has been achieved by exten-
sive investigations using genetically engineered mice. For
example, a great deal of research breakthroughs has been
made using ApoE or LDL receptor KO to clarify the patho-
genesis of atherosclerosis-based cardiovascular diseases and
lipid disorder, since atherogenesis in these experimental
mice share many characteristics with human atherosclerotic
lesions. To understand the underlying mechanisms, it is
important to reveal a causal linkage between not only the
plasma levels of lipoproteins, but also the accumulation of
OxLDL and the pathogenesis of atherosclerosis; therefore,
a specific assay for OxLDL in rabbits was developed and
the direct relationship between OxLDL and atherogenesis
was demonstrated [7,8]. However, there has been no tool to
evaluate the interaction between LOX-1 and LOX-1 ligands
such as OxLDL in mice until now. Indeed, mice monoclonal
antibodies against mice ApoB-100 or ApoB-48 were previ-
ously generated, but these mice antibodies are not suitable
for immunohistochemical study because of cross-reactivity
of the secondary antibody for endogenous immunoglobulin.

In some cases, it is difficult to use mammals to create
antibodies for biomolecules that have attained high levels of
conservation in mammals. However, even in such cases, the
target antibodies can be made with ease by having bird species
develop immunity against the molecules. In the present study,
we generated a chicken monoclonal antibody against mouse
ApoB-containing lipoproteins. Furthermore, we developed a
novel sandwich enzyme immunoassay for LOX-1 ligands in
mouse plasma by applying this novel antibody and recombi-
nant LOX-1. Using this method, we investigated the linkage
between LOX-1 ligand activity and the atherogenesis in mice.

2. Methods
2.1. Chicken and immunization

Three 1-month-old H-B15 inbred chickens were immu-
nized intraperitoneally (i.p.) with 100 wg of human LDL
(Chemicon, Temecula, CA) together with an equal amount
of alum solution. The animals received three additional
intraperitoneal injections of the corresponding antigen at 3-
week intervals.

2.2. Selection of scFv phage displayed antibody

Three days after the final injection, spleen cells were iso-
lated from immunized chickens. The RNA extraction from
spleen cells, amplification of immunoglobulin variable region
(Vg and VL) genes and construction of scFv phage library

were performed by methods described previously [9]. The
scFv phage clones were selected by panning method using
Nunc-Immuno Module (Nunc, Roskilde, Denmark) coated
with human LDL. For selection of the specific phage clones,
Nunc-Immuno Module was coated with 100 pl of 5 pg/ml
human LDL, human ApoB (Chemicon), mouse VLDL/LDL
and mouse HDL, respectively, at 4 °C overnight. The plates
were then blocked with phosphate buffered saline (PBS) con-
taining 20% (w/v) ImmunoBlock (DS Pharma, Osaka, Japan)
at 4°C overnight. One hundred pl of phage solution was
added to each well and the plates were incubated at 37 °C
for 1h. After washing, 100l of peroxidase-conjugated
anti-chicken Ig-Fab fragment antibody (Bethyl laboratories,
Montgomery, TX) diluted with PBS containing 5% (w/v)
ImmunoBlock was added to each well and the plates were
incubated at 37 °C for 1 h. After five washings, 100 pl of o-
phenylenediamine sulfate (Sigma Chemical, St. Louis, MO)
was added and their optical density was measured at 490 nm.

2.3. Preparation of recombinant IgY

For construction of recombinant IgY (rIgY), heavy chain
and light chain expression vectors [10] were used, with
the exception that cloning of heavy and light chain leader
sequences were amplified from genome DNA from the
HUC2-13 chicken hybridoma cells [11]. Approximately
6 x 107 FreeStyle 293-F cells (Invitrogen, Carlsbad, CA)
were co-transfected by lipofection with a total of 80 g
of constructed VH and VL plasmid DNA for rIgY expres-
sion. After 72 h of transfection, the rIgY was purified from
the supernatants by a ProBond Resin purification system
(Invitrogen). Purified rIlgY was dialyzed against PBS, and
concentration of the rIgY was measured using a BCA Protein
Assay kit (Pierce Biotechnology, Rockford, IL). The speci-
ficity of the purified rIgY was examined by enzyme-linked
immunosorbent assay (ELISA) and Western blotting anal-
yses. The dinitrophenyl (DNP)-specific rigY, B4 [12], was
used as a control rigY.

2.4. Preparation of recombinant LOX-1

cDNA encoding the extracellular domain of human LOX-
1 was subcloned into pcDNA4 with chicken IgG light chain
leader peptide and 6x His tag in N-terminus. FreeStyle 293-
F cells (Invitrogen) were transiently transfected with the
expression vector. Four days after transfection, the recom-
binant LOX1 was purified from the culture supernatant with
Ni-NTA superflow (Qiagen, Germantown, MD) according to
the manufacturer’s instruction.

2.5. Sandwich ELISA for LOX-1 ligand activity

Recombinant LOX-1 (0.4 pg/well) was immobilized on
96-well plates (Maxisorp, Nunc) by incubating overnight at
4°C in 50 pl of PBS. After two washes with PBS, the plates
were blocked with 0.3 ml of 20% (v/v) ImmunoBlock (DS
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Pharma) for 8 h at 4°C. After three washes with PBS, the
plates were incubated with 0.1 ml of the standard OXLDL or
plasma diluted 40 times with EDTA-HEPES buffer [10 mM
HEPES (pH 7.0), 150mM NaCl, 2mM EDTA]. Then, the
plates were washed three times with PBS, and incubated
for 1 h at room temperature with 0.5 pg/ml HUC20 in PBS
containing 1% (w/v) BSA. After three washes with PBS,
the plates were incubated for 1h at room temperature with
the peroxidase-conjugated goat anti-chicken IgG (H+L)
(KPL, Gaithersburg, MD) diluted 2000 times with PBS con-
taining 1% (w/v) BSA. After five washes with PBS, the
substrate solution containing 3,3’,5,5'-tetramethylbenzidine
(TMB solution, Bio-Rad Laboratories, Hercules, CA) was
added to the plates and incubated at room temperature for
30 min. The reaction was terminated with 50 I of 2 M sulfu-
ric acid. Peroxidase activity was determined by measurement
of absorbance at 450 nm.

3. Results

3.1. Isolation of phage clones that recognize both
human and mouse ApoB

To obtain the antibodies against ApoB with broader inter-
species cross-reactivity, we immunized chicken with human
LDL. After immunization five times, a phage display library
was constructed from splenocytes of the chickens that express
the immunoglobulin variable region. After the fifth round of
panning selection of the phages, the specificity of the concen-
trated phage library was examined by ELISA using human
LDL, human ApoB, mouse VLDL/LDL, and mouse HDL.
The condensed library reacted with human LDL, human
ApoB and mouse VLDL/LDL, but not with mouse HDL (data
not shown). Thirteen independent scFv clones were isolated
from the condensed library. Among them, seven clones were
cross-reactive with mouse VLDL/LDL (Fig. 1A), indicating
that these antibodies recognize ApoB as common molecule
between human ApoB and mouse VLDL/LDL.

3.2. Construction of recombinant IgY

One of the seven scFv antibodies recognizing both human
and mouse ApoB, #20, was reconstructed into IgY form
containing a histidine tag in the C-terminal and named as
HUC20. The HUC201gY from 293-F cells was purified from
the supernatant by nickel affinity resin. The purified HUC20
was detected as a single band (250 kDa) in SDS-PAGE under
non-reducing condition and the band was also detectable by
Western blot analysis using anti-chicken IgG antibody (data
not shown).

The reactivity of the HUC20 as assessed by ELISA
showed that HUC20 was reactive with human LDL, human
ApoB, and mouse VLDL/LDL, but not with mouse HDL
(Fig. 1B). The results of the HUC20 reactivity reproduced
that of the original #20 scFv phage-antibody. In contrast,
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Fig. 1. Isolation of the antibody against human and mouse ApoB. (A) ELISA
reactivity of scFv clones against human ApoB, mouse VLDL/LDL and
mouse HDL, respectively. (B) ELISA reactivity of HUC20 rlgY against
human LDL, human ApoB, mouse VLDL/LDL and mouse HDL. B4 rIgY
was used as a negative control. (C) Western blotting analysis of lipoproteins
with HUC20. Plasma from human and mouse (ApoE KO) was separated
by sequential ultracentrifugation. Lipoproteins (100ng) of each fraction
were separated by SDS-PAGE followed by Western blotting with HUC20.
HUC20 recognized ApoB-48 (approximately 240 kDa) as well as ApoB-100
(approximately 500 kDa).

a control rlgY, B4, reacted with none of the above anti-
gens. To further investigate the recognition of HUC20,
Western blotting analysis of lipoproteins from human and
mouse (ApoE KO) plasma was performed. As shown in
Fig. 1C, HUC20 recognized ApoB-100 (approximately
500kDa) in VLDL/chylomicron, IDL, and LDL fractions
from human as well as ApoB-48 (approximately 240kDa)
in VLDL/chylomicron from human. HUC20 also recognized
ApoB-48 in VLDL/chylomicron, IDL, and LDL fractions
from ApoE KO mice, in which plasma, ApoB-48-containing
lipoproteins were highly accumulated [13]. Thus, HUC20



306 Y. Sato et al. / Atherosclerosis 200 (2008) 303-309

By
s

-

Fig. 2. Immunohistochemical detection of ApoB and LOX-1 ligand in atheroma. Sections of aortic root of 24-week-old ApoE KO mice stained with (A) Oil
red O, (B) HUC20, (C) anti-macrophage antibody, (D) recombinant LOX-1 and (E)-(H) magnified view of A-D, respectively. Bars =200 m (A)—(D) and

100 wm (E)~(H).

recognizes both ApoB-100 and ApoB-48-containing lipopro-
teins.

3.3. Immunohistochemical detection of ApoB and
LOX-1 ligand in atheroma

Utilizing HUC20, we performed immunohistochemical
analyses of atheroma in aortic root of ApoE KO mice fed
HF (high fat) diet. The ApoB-like immunoreactivity detected
by HUC20 (Fig. 2B and F) was well co-localized with the
lipid deposits detected by the Oil red O staining (Fig. 2A and
E), where macrophage-derived foam cells were accumulated

(Fig. 2C and G). These findings are in good agreement with
the results from other species including human [14,15].

We further characterized mouse atheroma by the use
of recombinant LOX-1 to detect LOX-1 ligand-like activ-
ity in these lesions, which is postulated to recognize
oxidatively modified lipoproteins. As shown in Fig. 2D
and H, the lesions associated with intimal thickening
were positive for LOX-1 ligand activity. The existence
of both ApoB-like immunoreactivity and LOX-1 ligand-
like activity in atheromatous lesions suggests that these
lesions might contain ApoB-containing oxidatively modified
lipoproteins.
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Fig. 3. Determination of LOX-1 ligand activity in human plasma. (A) Specificity of our ELISA system for modified LDL. The reactivity to OXLDL (filled
circles) and LDL (open circles). (B) Reactivity of lipoproteins to LOX-1. Lipoproteins (10 g protein/ml) isolated by sequential ultracentrifugation from human
plasma were subjected to sandwich ELISA assay with LOX-1 and HUC20. Each fraction of lipoprotein reacted with LOX-1. The order of reactivity of LOX-1

was as follows: VLDL/chylomicron>IDL >LDL.

Table 1
Hemodynamic and plasma lipid indices

WT control diet WT HF diet ApoE KO control diet ApoE KO HF diet
Body weight (g) 239+ 04 2324+ 0.2 22.6 £ 0.7 227+ 1.1
SBP (mmHg) 113.7 £ 3.2 1134 £ 3.8 109.9 + 3.8 1104 + 4.8
MBP (mmHg) 822 +22 824 + 4.1 778 £ 7.2 794 £ 34
DBP (mmHg 66.7 £ 2.1 66.8 + 4.6 619 +£22 642 £ 29
Heart rate (BPM) 535.0 £ 18.6 6374 £ 21.1 536.9 & 26.5 579.8 £ 15.7
Total cholesterol (mg/dl) 742 £ 4.2 191.4 +£ 9.7 479.2 £+ 40.2 3189.0 £ 162.5
Phospholipid (mg/dl) 165.3 £ 4.7 1942 £ 11.0 3154 £ 222 8829 & 424
Triglyceride (mg/dl) 539 +6.3 46.2 + 6.7 136.7 + 14.9 1103 &+ 4.8
HDL (mg/dl) 528 £ 2.1 394 + 4.10 120 £ 2.5 14.1 + 4.6

Data were collected at 9 weeks of age. Each animal (1n=8) fed control diet and after 2-week high-fat (HF) diet. SBP indicates systolic blood pressure; MBP,
mean blood pressure; DBP, diastolic blood pressure. Values are expressed as the mean £+ S.E.M.

3.4. Detection of LOX-1 ligand activity in the plasma of
human and ApoE KO mice

Combining the specificity of HUC20 for ApoB-containing
lipoprotein and affinity of recombinant LOX-1 for OxLDL,
we developed a sandwich ELISA system and applied it to
quantify LOX-1 ligand activity in mouse plasma. This sand-
wich ELISA detected OxLDL as low as I ng/ml, but not
native LDL even at the concentration of 10 pg/ml (Fig. 3A).
Furthermore, we examined the characterization of the LOX-
1 ligand lipoproteins in plasma. For the purpose, lipoprotein
fractions (VLDL/chylomicron, IDL, and LDL) isolated by
sequential ultracentrifugation from pooled plasma of human
were subjected to sandwich ELISA assay with LOX-1 and
HUC20. As shown in Fig. 3B, LOX-1 recognizes each frac-
tion of lipoprotein. The order of reactivity of LOX-1 was as
follows: VLDL/chylomicron >IDL >LDL.

Next, using this sandwich ELISA system, the alterations
of the plasma levels of LOX-1 ligand activity in mice model
of atherosclerosis were evaluated. We measured the plasma
levels of LOX-1 ligand activity from wild type- or ApoE
KO-mice fed normal or HF diet. LOX-1 ligand activity in
the plasma of WT and ApoE KO mice fed normal diet
was 5 =+ 1 ng/ml and 30 &£ 3 ng/ml, respectively. As shown in
Table 1, HF diet significantly increased plasma cholesterol

level in both wild type- and ApoE KO-mice. Concomitantly,
LOX-1 ligand activities in the plasma of WT and ApoE KO
mice were elevated as 71 & 13 ng/ml and 1145 £ 115 ng/ml,
respectively (Fig. 4A). The dilution curve of the plasma from
ApoE KO mouse fed HF diet was accurately plotted on the
line of standard curve of OxLDL, suggesting the plasma con-
centration of LOX-1 ligand is estimated well by reference to
OxLDL (Fig. 4B).

4. Discussion

In this study we generated a novel chicken monoclonal
antibody, HUC20, that recognizes mouse ApoB as well as that
of human. The reactivity of HUC20 is specific and sensitive
enough to detect mouse ApoB-containing lipoproteins in tis-
sue by immunohistochemistry and those in plasma by enzyme
immunoassay. Further, this sandwich enzyme immunoas-
say for LOX-1 ligands, which we developed by combining
HUC20 and recombinant LOX-1, is sensitive enough to
detect the increase of ApoB-containing LOX-1-ligands in
mice fed a HF diet.

Well-known coronary risk factors such as hyperlipidemia,
hypertension, diabetes, and metabolic syndrome induce
oxidative stress. Under enhanced oxidative stress, the lipids
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retained in the arterial wall are susceptible to oxidative
modification. The oxidized lipids formed induce vascu-
lar inflammation, which, in turn, promotes the process of
atherosclerosis. Among the oxidized lipids, OXLDL plays a
crucial role in the pathogenesis of atherosclerosis. Various
biomarkers have been proposed to evaluate the redox state
and the plasma levels of OxLDL, such as isopentanes, 8-
hydroxy-2’-deoxyguanine. Previous epidemiological studies
demonstrated that level of OxLDL is a potent risk factor for
the onset of coronary artery diseases, even if the levels of
cholesterol are within the normal range. Indeed, Ehara et al.
demonstrated that the levels of OXLDL in patients with acute
coronary syndrome were much higher than stable angina[16].
However, more direct linkage between the LDL oxidation and
the progression of atherosclerosis has been vague in genet-
ically engineered mice such as ApoE or LDL receptor KO
mice, because of the lack of a specific assay for OXLDL in
mouse plasma.

Chickens are useful for the acquisition of specific antibod-
ies against proteins conserved among mammalian species. In
the case of ApoB, the homology of ApoB-48 between human
and mice is 78%, whereas that between human and chicken
is 48%. Thus, it is difficult to raise specific antibodies against
such conserved proteins like apoproteins. Using the chicken
we can overcome such problems. Further, by the application
of recombinant DNA technology using scFv phages, we can
choose a single clone that is specific, sensitive, and suitable
for particular use as an antibody. The chicken monoclonal
antibody system has a merit in that scalable production is
possible, as is common in monoclonal antibodies raised from
other species. Another advantage of a chicken monoclonal
antibody raised against the mouse is the ease of application to
study in the mouse. Mouse antibodies are often unsuitable for
investigation of mice themselves, because the secondary anti-
body against mouse immunoglobulin recognizes endogenous
mouse immunoglobulin.

When considering the possibilities of raising genetically
engineered mice as models for human diseases, including

hyperlipidemia and atherosclerosis, it is crucial to develop
and use analytical methods applicable to both human and
mouse in order to understand disease and develop therapeutic
strategies. Despite a common recognition for the importance
of ApoB-containing lipoproteins and their oxidized form
in the pathogenesis of atherosclerosis, immunological tools
to dissect the problem in mice have not been well estab-
lished. Here we successfully developed a chicken monoclonal
antibody for ApoB and an ELISA system to determine ApoB-
containing LOX-1 ligand, which can be applied for both
human and mouse studies. These will give us the opportunity
to analyze the precise roles of ApoB-containing lipoproteins
and their oxidized form in various disease.

LOX-1 mediates endothelial dysfunction induced by
chylomicron/remnants as well as modified LDL [17,18].
Therefore, the combination of recombinant LOX-1 and
HUC20 which recognizes both ApoB-48 and ApoB-100,
could detect atherogenic ApoB-containing lipoproteins in
both VLDL/LDL and chylomicron/remnants fractions by the
present ELISA system. HUC20 might also be needed for a
certain tool for the detection of ApoB-48 in atherosclerosis
lesions.

Indeed in the present study, we showed the accumu-
lation of ApoB-containing lipoproteins and LOX-1 ligand
in atheroma. We also found that LOX-1 ligand activity
was significantly elevated in the plasma of ApoE KO mice
fed HF diet. Furthermore, removal of LOX-1 ligands from
plasma by the ectopic expression of LOX-1 in mouse liver
significantly suppressed the progression of atherosclerosis
(Katagiri H, unpublished data). As well known, ApoE KO
mice show significant increase in HF diet of VLDL and chy-
lomicron/remnants rather than LDL. Therefore, it should be
noted that LOX-1 ligand activity we measured in this mice
model might reflect the activity in the fractions of VLDL
and chylomicron/remnants. In any case, the data suggest that
the accumulation of ApoB-containing LOX-1 ligands might
enhance the progression of atherosclerosis in mice, and LOX-
1 ligand level would also be an important indicator for the
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diagnosis and the evaluation of atherosclerosis and ischemic
heart diseases in the genetically modified mouse model and
in humans.

In summary, we generated a chicken monoclonal anti-
body HUC20 that recognizes both mouse and human ApoB,
which can detect LDL in mouse atheroma. Furthermore, we
developed an ELISA assay for OxLDL/VLDL that mea-
sures ApoB-containing LOX-1 ligands. This antibody will
be a useful tool for research with regard to dyslipidemia,
atherosclerosis, and ischemic heart diseases.
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Essential Role of NOXAT1 in Generation of Reactive Oxygen
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Oxidative stress induced by superoxide plays an important role
in pathogenesis of cardiovascular diseases. NAD(P)H oxidase is a
principal enzymatic origin for superoxide in vasculature. Recently,
novel homologues of cytosolic components of NAD(P)H oxidase,
Nox organizer 1 (NOXO1) and Nox activator 1 (NOXA1), arcidenti-
fied. On the other hand, oxidized low-density lipoprotein (ox-LDL)
generates reactive oxygen species (ROS) in endothelial cells via
lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1). In
the present investigation, the authors examined the expression, the
regulation, and the role of NOXA1 in the generation of ROS in en-
dothelial cells. The expression of NOXA1 was confirmed by reverse
transcriptase-polymerase chain reaction (RT-PCR). Dihydroethid-
ium method showed that ox-LDL and angiotensin II increased the
generation of intracellular ROS. Once the expression of p22pho o
NOXAT1 was suppressed by siRNA, the generation of ROS induced
by ox-LDL and angiotensin II were potently decreased. Moreover,
the expression of NOXA1 was increased by ox-LDL in a time- and
dose-dependent manner. In conclusion, endothelial NOXA1 plays
an essential role in generation of ROS. Ox-LDL not only increased
the generation of ROS via LOX-1, but also enhanced the expression
of NOXAL1 in endothelial cells. NOXALI is likely a key player that
links ox-LDL with the activation of endothelial NAD(P)H oxidase.

Endothelium, NAD(P)H Oxidase,
p22°"x ROS
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Received 8 January 2008; accepted 25 March 2008.

Address correspondence to Nobutaka Inoue, MD, PhD, Depart-
ment of Vascular Physiology, National Cardiovascular Center Research
Institute, 5-7-1, Fujishirodai, Suita, Osaka, 565-8565, Japan. E-mail:
nobutaka@ri.ncve.go.jp

Oxidative stress induced by superoxide in vasculature plays
an in important role in pathogenesis of various cardiovascu-
lar diseases, including atherosclerosis, hypertension, ischemia-
reperfusion injury, and vascular remodeling. To date, various
enzymatic origins for reactive oxygen species (ROS) in the
vasculature have been proposed, including xanthine oxidase,
myeloperoxidase, lipoxygenase, and NAD(P)H oxidase. Among
these, NAD(P)H oxidase is the most important origin of ROS
in human coronary arteries (Kobayashi et al. 2003; Azumi et al.
2002). NAD(P)H oxidase was originally identified as a principal
enzymatic origin in phagocytes, and this phagocyte NAD(P)H
oxidase is located on a very front line in host-defense system.
The phagocyte NAD(P)H oxidase is dormant in resting cells,
but becomes activated to produce superoxide, a precursor of
microbicidal oxidants, by interacting with the adaptor proteins
p47Pho% and p67P"°* as well as the small GTPase Rac, Griendling
et al. reported that vascular cells such as vascular smooth muscle
cells and endothelial cells possess the activity to generate ROS
in a NADH- and NADPH-dependent manner (Griendling et al.
1994). Progress in this field has revealed the molecular iden-
tification of nonphagocytic NAD(P)H oxidase in the past few
years. Besides the components of phagocyte NAD(P)H oxidase,
several protein homologs to gp917"*/Nox2 were identified (the
Nox family oxidases) (Lambeth 2004; Geiszt and Leto 2004).
Recently, homologs of p47P"* and p67P"* were reported and
shown to be required for activation of Nox1. The p47P"** ho-
molog is named as NOXO1 (NOX organizer 1), whereas the
p67"“‘”‘ homolog is named as NOXA1 (NOX activator 1) (Banfi
et al. 2003; Geiszt et al. 2003; Takeya et al. 2003; Takeya and
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Sumimoto 2003). However, their functional roles in the activa-
tion of vascular NAD(P)H oxidase remains to be elucidated.

Clinical investigations have demonstrated that well-known
coronary risk factors such as diabetes. hyperlipidemia, hyper-
tension, smoking, and metabolic syndrome are associated with
oxidative stress. Under the oxidative stress. low-density lipopro-
tein (LDL) particle. which are trapped in the vessel wall, are ox-
idative modified. Formed oxidized low-density lipoprotein (ox-
LDL) is a potent inducer of endothelial injury with associated
its dysfunction. ox-LDL induces the inflammatory responses,
including the up-regulation of adhesion molecules, cytokines,
and chemotactic factors. These cellular events are mediated via
lectin-like oxidized low-density lipoprotein receptor-1 (LOX-
I)-mediated pathway. LOX-1, a multiligand receptor, was origi-
nally identified as the major ox-LDL receptor in endothelial cells
(Sawamura et al. 1997), The expression of LOX-1 in endothe-
lial cells is markedly increased in vitro by cytokines and also is
induced in vivo in hypertension, diabetes, and hyperlipidemia
in animal models (Li et al. 2004; Nagase et al. 2000; Chen et al.
2000). Ligand binding to LOX-1 induces superoxide generation,
which is accompanied by reduction of nitric oxide in endothe-
lial cells (Cominacini et al. 2001). The activation of LOX-1 by
ox-LDL induced the generation of ROS via NAD(P)H oxidase.
We previously demonstrated that the NAD(P)H oxidase is ex-
pressed in coronary arteries of patients with ischemica heart dis-
ease (Kobayashi et al. 2003; Azumi et al. 2002). Further, LOX-
1 is up-regulated in atherosclerotic lesions (Chen et al. 2000;
Kataoka et al. 1999). Therefore, the clarification of the interac-
tion of NAD(P)H oxidase and LOX-1 provides a new insight
into understanding the pathogenesis of atherosclerosis-based is-
chemic heart diseases. In this study, we investigated the func-
tional roles of NOXAT! in regulation of endothelial NAD(P)H
oxidase and its interaction of LOX-1.

MATERIALS AND METHODS

Cell Culture

EAhy926, a continuous human umbilical vein endothelial
cells line, was cultured in Dulbecco’s modified Eagle’s medium
(Sigma Chemical, St. Louis, MO, USA) with 10% fetal bovine
serum (JRH Biosciences, Lenexa, KS, USA), and with 100
IU/mL antibiotic-antimyotic.

Preparation of Oxidized Lipoprotein

LDL was isolated by sequential ultracentrifugation from
healthy human plasma, as described previously (Sawamura et
al. 1997). LDL was oxidatively modified by exposing to 7.5
mol/L. CuSOy for 16 h at 37°C at the protein concentration
of 3 mg/mL in phosphate-buffered saline. The degree of ox-
idation was estimated by measuring the amount of thiobarbi-
turic acid-reactive substances (TBARS) and the relative elec-
trophoretic mobility (REM) in agarose gel compared with native
LDL.
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Small Interfering RNA

NOXA| and p22P"°X expression were inhibited by the Stealth
small interfering RNA (RNA1) (Invitrogen, CA, USA). The
siRNA target sequences were as follows: 5'-GGGCATTTGACC
AAGCCGTGACCAA-3Y and 5'-GCCATTGCGAGCGGCATC
TACCTAC-3', respectively. EAhy926 were transfected with
Stealth RNAI at a final concentration of 250 nmol/L by the use
of oligofectamine reagent (Invitrogen). The Stealth RNAi Neg-
ative Control Duplexes with similar G/C content (Invitrogen)
were used as a negative control,

RT-PCR

Total RNA was isolated from cultured EAhy926 using TRIzol
{Invitrogen) according to the manufacturer’s instructions. Com-
plementary DNA was prepared using a reverse transcriptase—
polymerase chain reaction (RT-PCR) kit (RETROscript; Am-
bion, TX, USA). PCR reactions were performed with Tag poly-
merase using the following specific primers, The primer se-
quences were as follows: NOXAI sense primer: 5-TGGGAGG
TGCTACACAATGTG-3', antisense primer: 5-GACCTCTGT
CTCTGCATCGA-3'; p22°h°* sense primer: S-GTTTGTGTG
CCTGCTGGAGT-3', antisense primer: 5-TGGGCGGCTGCT
TGATGGT-3'. NOXA1 ¢DNA amplification was performed in
35 cycles: sample were heated to 94°C for 1 min, cooled to 60°C
for I min, and then heated at 72°C for | min. p22phox ¢cDNA am-
plification was performed in 25 cycles: samples were heated to
94°C for | min, cooled to 59°C for 1 min, and then heated at 72°C
for I min. PCR products were separated using 1% agarose gels
stained with ethidium bromide and visualized under ultraviolet
(UV) light. PCR products were purified and further analyzed
by DNA sequencing using an ABI Prism BigDye Terminator
Cycle Sequencing kit on an ABI Prism 310 Genetic Analyzer.
To measure the production of each mRNA, RT-PCR for human
glutaldehyde-3-phosphate dehydrogenase (GAPDH) was also
performed (sense primer 5'-ACGGATTTGGTCGTATTGGGC-
3, antisense primer 5'-TTGACGGTGCCATGGAATTTG-3').

Evaluation of Intracellular Reactive Oxygen Species
by Dihydroethidium Methods

Intracellular ROS was detected with dihydroethidium
(Molecular Probes, Eugene, OR, USA). A confluent monolayer
cells were stimulated with angiotensin 1l (10~7 mol/L) (Sigma
Chemical) or ox-LDL for 1 h. After stimulation, they were
treated with dihydroethidium (2 pmol/L) for 20 min at 37°C
in the dark. The fluorescence intensity was measured using a
laser-scanning confocal imaging system, and quantified using
ImagelJ software (National Institutes of Health).

Statistical Analysis

Data are presented as mean £ SE. Statistical analysis was
performed by analysis of variance followed by Fisher’s probable
least significant difference (PLSD) test. A p value of less than
.05 was considered to be statistically significant.
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FIG. 1. Expression of NOXAT and LOX-1 in human endothelial cells. RT-
PCR confirmed the expression of NOXAT in cultured HUVECs and its continu-
ous cell line EAhy926 (A). Western blotting analysis confirmed the expression of
LOX-1 in EAhy926. HLOX-CHO. which continuous expressed human LOX-1,
was used as a positive control (8).

RESULTS

NOXAT and LOX-1 Were Expressed in Endothelial
Cell Line ‘

The expression of NOXA [, in human umbilical vein endothe-
lial cells (HUVECs), was confirmed by RT-PCR, No RT-PCR
product was present in the negative control in which RT was
not performed. EAhy926, a continuous cell line of HUVECsS,
alsoexpressed NOXA|1 (Figure 1 A). Sequencing of complemen-
tary DNA of NOXA1 obtained from HUVECs and EAhy926
were the same as reported before (data not shown) (Takeya
et al. 2003). Thus, NOXA 1 was expressed in endothelial cells.
The expression of LOX-1 in EAhy926 was confirmed by West-
ern blotting analysis. EAhy926 had the same sized band as
hLOX-CHO cells, which permanently express human LOX-1
(Figure 1B).

NOXAT and p22P"** Were Essential for ROS Generation
in Endothelial Cells

RT-PCR revealed that transfection with siRNA of NOXA
and p22P"* potently suppressed their expression in endothelial
cells, whereas their mock control and scramble contro] had no
effects (Figure 2).

Suppression of p22PX by siRNA significantly decreased the
generation of intracellular ROS induced by ox-LDL (30 j2g/mL)
and angiotensin II (1077M) in endothelial cells evaluated by
dihydroethidium method. Its mock control and scramble control
had no effects (Figure 3). Similarly, the suppression of NOXA1
by siRNA induced a significant reduction of the generation of
ROS (Figure 3).

The Expression of NOXAT Was Increased by Ox-LDL
in Endothelial Cells

The effect of ox-LDL on expression of NOXA] was exam-
ined by RT-PCR. Incubation with ox-LDL for 12 h significantly

A

NOXA1
GAPDH

p22phox
GAPDH

RT + - + - + .

FIG. 2. Suppression of NOXA1 and p22°M°% by transfection of siRNA in en-
dothelial cells. The expression of NOXA 1 and p22Ph* were potently suppressed
by their target siRNA. | = target Stealth RNAi: 2 = mock control, 3 = Stealth
negative-control duplexes. Their mock control and scramble control had no ef-
fects (A and B).

increased the expression of NOXAI in a dose-dependent man-
ner (Figure 4A), Incubation with ox-LDL (30 pg/mL) moder-
ately increased the expression of NOXA! in a time-dependent
manner, especially in 24 h (Figure 4B). Thus, ox-LDL not only
increased the generation of intracellular ROS via LOX-1, but
also enhanced the expression of NOXAI.

DISCUSSION

Vascular NAD(P)H oxidase, which regulates superoxide,
plays an important role in pathogenesis of various cardiovascu-
lar disease (Kobayashi et al. 2003; Azumi et al. 2002; Brandes
and Kreuzer 2005; Sorescu et al. 2002; Tojo et al. 2005). There
is no direct evidence that NOXAI is involved with endothelial
NAD(P)H oxidase. The present investigation is the first study
to demonstrate that NOXAI is expressed in endothelial cells.
Down-regulation of p22PM°* and NOXA 1 by siRNA significantly
suppressed the generation of intracellular ROS. Furthermore, the
expression of NOXA1 was increased by ox-LDL in a time- and
dose-dependent manner.

The active superoxide-generating subunit of NAD(P)H oxi-
dase is the NOX protein. NOX1 activation requires membrane
recruitment of NOXA 1, which is normally mediated via binding
to NOXOI. NOXOI tethers to the p22P"* even in the resting
state. In the presence of NOXAT and NOXO1, NOX! produces
superoxide without cell stimulants. The NOXA1-NOXO1 and
NOXO1-p22°'¥ interactions are both essential for NOX 1 activ-
ity (Takeya et al. 2003; Miyano et al. 2006). On the other hand,
NOXAI as well as p67P"°% contains a small GTPase Rac-binding
domain in the N-terminal region. The Rac-NOXA! interaction
at the membrane plays a crucial role in NOX1 activation. Rac
directly participates in formation of the active NOX1 complex
via binding to NOXA1 (Miyano et al. 2006; Ueyama et al. 2006).
We previously demonstrated that the NAD(P)H oxidase is ex-
pressed in coronary arteries of patients with coronary artery
disease, and p22P"*-based NAD(P)H oxidase plays a major
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FIG. 3. The role of p22Fh°% and NOXA1 to generate intracellular ROS in
endothelial cells. Incubation with angiotensin I1 (10~ M) orox-LDL (30 pe/mL)
induced the generation of intracellular ROS in endothelial cells, assessed by
the dihydroethiduim methods. Suppression of p22P"* by siRNA decreased the
generation of intracellular ROS induced by angiotensin Il or ox-LDL. Similarly,
suppression of NOXA1 by siRNA induced a siginificant reduction of generation
of ROS. Lower panels show quantitative analysis of the fluorescence intensity
of dihydroethidium, * p < .05 versus no stimulation; #p < .05 versus negative-
control siRNA.

role in pathogenesis of atherosclerotic coronary artery disease
(Kobayashi et al. 2003; Azumi et al. 2002). In the present in-
vestigation, NOXA1 was expressed in the endothelial cells and
was essential on ROS generation. These findings suggest that
not only endothelial p22P"* but also endothelial NOXA is one
of the quite important components of endothelial NAD(P)H ox-
idase, and that NOXA1 is a key player of in the pathogenesis of
atherosclerotic coronary artery disease.

Interestingly, ox-LDL not only increased the generation of
ROS via binding to LOX-1, but also enhances the expression
of NOXA1 in a time- and dose-dependent manner in endothe-
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FIG. 4. The effects of ox-LDL on NOXA1 expression in endothelial cells.
Endothelial cells were incubated with the indicated concentration of ox-LDL
for 12 h (A) or incubated with ox-LDL (30 ug/mL) for the indicated time
periods (8). After stimulation, expression of NOXA | was assessed by RT-PCR,
Data were plotted as mean & SE. *p < .01 versus 0 pg/mL.

lial cells. Because NOXAL is essential for the generation of
ROS, it is interesting to speculate that there is a vicious cycle
consisting of ox-LDL, NOXA-1, and LOX-1. That is to say, ox-
LDL binds to LOX-1 and enhances the expression of NOXAL,
then NOXA1 augments the generation of ROS. Furthermore,
ROS induce the oxidative modification of LDL. In endothelial
cells, the mechanism of generating ROS by LOX-1 is involved
with endothelial NAD(P)H oxidase, especially NOX 1, Rac, and
NOXAL. NOXALl is likely a key player, which links ox-LDL
with the activation of endothelial NAD(P)H oxidase.

As described above, atherosclerotic cardiovascular disease
is associated with oxidative stress. Clinical investigations show
that coronary risk factors induced oxidative stress. Indeed, we
demonstrated that the generation of ROS in coronary arteries
of ischemic heart disease was markedly enhanced (Kobayashi
et al. 2003; Azumi et al. 2002). Thus, oxidative stress may be a
common pathway from coronary risk factors and atherosclerotic
vascular diseases. Therefore, it can be thought that therapeutic
interventions using antioxidant drugs can reduce the occurrence
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of cardiovascular diseases (CVDs) and improve the survival and

mortality of cardiovascular diseases. However, using antioxi-
dants has not produced good results to prevent CADs in clinical
trials, although there are few exceptions. Meta-analysis demon-
strates that cardiovascular as well as cerebrovascular events did
not differ between patients treated and those not treated with
antioxidative vitamins (Hoogwerf and Young 2000; Lonn et al.
2001; Group HPSC 2002; Lee et al. 2005). Thus, at the present
time, antioxidant drugs likely have no beneficial effect on car-
diovascular disease. Precise reasons of the ineffectiveness of an-
tioxidants for cardiovascular diseases remain to be elucidated.
Besides harmful effects, ROS plays various physiological roles
including host-defense system or intracellular signaling. There-
fore, more specific agents may be necessary for the prevention
and treatment for cardiovascular diseases. In the present inves-
tigation, the down-regulation of NOXA | dramatically reduced
the generation of ROS in endothelial cells. NOXA1 could be a
novel therapeutic target of atherosclerosis-based heart disease
from a view point of oxidative stress.

In conclusion, NOXA | was expressed in vascular endothelial
cells. Ox-LDL not only increased the generation of ROS via
LOX-1, but also enhanced the expression of NOXAL. NOXA!
is likely a key player that links ox-LDL with the activation of
endothelial NAD(P)H oxidase.
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Novel Gene Silencer Pyrrole-Imidazole Polyamide Targeting
Lectin-Like Oxidized Low-Density Lipoprotein Receptor-1
Attenuates Restenosis of the Artery After Injury

En-Hui Yao, Noboru Fukuda, Takahiro Ueno, Hiroyuki Matsuda, Koichi Matsumoto, Hiroki Nagase,
Yoshiaki Matsumoto, Ayako Takasaka, Kazuo Serie, Hiroshi Sugiyama, Tatsuya Sawamura

Abstract—IL ectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is a membrane protein that can support the
binding, internalization, and proteolytic degradation of oxidized low-density lipoprotein. The LOX-1 expression
increases in the neointima after balloon injury. To develop an efficient compound to inhibit LOX-1, we designed and
synthesized a novel gene silencer pyrrole-imidazole (PI) polyamide targeting the rat LOX-1 gene promoter (PI
polyamide to LOX-1) to the activator protein-1 binding site. We examined the effects of PI polyamide to LOX-1 on the
LOX-1 promoter activity, the expression of LOX-1 mRNA and protein, and neointimal hyperplasia of the rat carotid
artery after balloon injury. PI polyamide to LOX-1 significantly inhibited the rat LOX-1 promoter activity and decreased
the expression of LOX-1 mRNA and protein. After balloon injury of the arteries, PI polyamide to LOX-1 was incubated
for 10 minutes. Fluorescein isothiocyanate—labeled PI polyamide was distributed to almost all of the nuclei in the injured
artery. PI polyamide to LOX-1 (100 pg) significantly inhibited the neointimal thickening by 58%. PI polyamide
preserved the re-endothelialization in the injured artery. PI polyamide significantly inhibited the expression of LOX-1,
monocyte chemoattractant protein-1, intercellular adhesion molecule-1, and matrix metalloproteinase-9 mRNAs in the
injured artery. The synthetic PI polyamide to LOX-1 decreased the expression of LOX-1 and inhibited neointimal
hyperplasia after arterial injury. This novel gene silencer PI polyamide to LOX-1 is, therefore, considered to be a
feasible agent for the treatment of in-stent restenosis. (Hypertension. 2008;52:86-92.)

Key Words: basic science m endothelium m gene therapy m cytokines m polyamide m LOX-1 m restenosis

C oronary artery restenosis after angioplasty occurs in
~30% of all patients."> Despite the widespread use of
intracoronary stents, in-stent restenosis remains a major clinical
problem, occurring in =50% of high-risk patients.> The devel-
opment of neointimal hyperplasia after arterial injury contributes
to the pathogenesis of restenosis. Several factors are involved in
the initiation and progression of neointimal hyperplasia. Coro-
nary arterial diseases are known to be associated with several
risks, such as dyslipidemia, hypertension, smoking, and diabetes.
A pivotal common factor in these risks is oxidative stress, which
also induces restenosis of the coronary artery.*

The oxidized low-density lipoprotein (ox-LDL) is recognized

to be a major cause of endothelial dysfunction in atherogenesis.
Lectin-like ox-LDL receptor-1 (LOX-1), a receptor for ox-LDL,
is a membrane protein that is expressed in both the vascular
endothelium and vascular-rich organs. LOX-1 can support the
binding, internalization, and proteolytic degradation of ox-LDL.°

The LOX-1 expression has been reported to significantly in-
crease in the neointima after balloon injury in various animal
models of neointimal hyperplasia, such as rats and rabbits.
Hinagata et al’ reported neointimal hyperplasia after balloon
injury to be markedly attenuated by treatment with anti-LOX-1
antibody in a rat model. These findings suggest that LOX-1
expressed in the neointima is involved in the pathogenesis of
restenosis after arterial injury, and, therefore, LOX-1 may be a
potential therapeutic target for the prevention/treatment of neo-
intimal hyperplasia and restenosis after arterial injury.
Pyrrole-imidazole (PI) polyamide is a powerful gene-
regulating compound that can inhibit protein, including enhanc-
ers or repressors, DNA binding, and interaction by binding to the
minor groove of double-helical DNA with high affinity and
specificity.® PI polyamide was first identified from duocarmycin
A and distamycin A, which recognize and bind DNA with
sequence specificities and are small synthetic molecules com-
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Figure 1. A, The target site of synthesized Pl polyamide targeting rat LOX-1 promoter (Pl polyamide to LOX-1). Pl polyamide to LOX-1
was designed to span the boundary of the AP-1 binding site (—63 to —58) of the LOX-1 promoter. B and C, The structure of synthe-
sized Pl polyamide targeting rat LOX-1 promoter and mismatch polyamide. The mismatch polyamide was composed of scramble poly-

amides. Molecular weight=1669.

posed of the aromatic rings of N-methylpyrrole and
N-methylimidazole amino acids.®'® PI polyamides are resistant
to nucleases and do not require any particular delivery systems.!!
Various types of sequence-specific DNA-binding PI polyamides
have been developed to control gene expression.'> DNA recog-
nition depends on a code of side-by-side pairing of pyrrole and
imidazole in the minor groove. A pairing of imidazole opposite
pyrrole targets the G-C bp, and pyrrole-imidazole targets the
C-G bp. Pyrrole-pyrrole degenerately targets the T-A bp and
A-T bp.'® We have reported previously that PI polyamide
targeted to the transforming growth factor-B1 promoter for
progressive renal diseases significantly inhibited the transform-
ing growth factor-B1 promoter activity and the expressions of
transforming growth factor-B1 mRNA and protein in mesangial
cells.'? These findings suggest that the synthetic PI polyamides
targeting gene promoter may, therefore, be feasible agents for
the treatment of such diseases.

In this study, to develop a new agent for the treatment of
restenosis after angioplasty, we designed a PI polyamide target-
ing rat LOX-1 gene promoter (PI polyamide to LOX-1) and
examined its effects on LOX-1 expression and neointimal
formation after balloon arterial injury in a rat model.

Methods

Synthesis of Polyamide Targeting Rat LOX-1

PI polyamide to LOX-1 was designed to span the boundary of the
activator protein-1 (AP-1) binding site (—63 to —58) of the LOX-1
promoter (Figure 1A and 1B). A mismatch polyamide was used as a
negative control; it was designed not to bind transcription binding sites
of the promoter (Figure 1C). PI polyamides were synthesized by Gentier
Biosystems Inc, according to methods described previously.'*

Cell Culture

Rat aortic endothelial cells (Cell Applications) were inoculated on
the coated plate and cultured in rat endothelial cell growth medium
containing heparin, hydrocortisone, human epidermal growth factor,
human fibroblast growth factor, dibutyryl cAMP, and FBS (5%
vol/vol final concentration) in a CO, incubator. After reaching 90%
confluence, the endothelial cells were incubated in serum-free
medium for 24 hours, and then the medium was exchanged for a new
medium at the start of the experiments.

Reverse Transcription and PCR Analysis

The total RNA was isolated and reverse transcribed as described
previously.'> The primers used to amplify monocyte chemoattractant
protein-1 (MCP-1), matrix metallopeptidase-9 (MMP-9), and adhe-
sion molecule-1 (ICAM-1) are listed in Table S1 (available online at

http://hyper.ahajournals.org.). 18S ribosomal RNA was amplified as
an internal control. PCR was performed according to the profiles
shown in Table S2. PCR was performed in a DNA thermal cycler
(GeneAmp PCR System 2700, Applied Biosystems). The quality and
concentration of the amplified PCR products were determined using
an Agilent 2100 Bioanalyzer (Agilent).

Arterial Injury and Treatment With Polyamide
This study confirmed to the standards of the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of
Health. Male Wistar rats (Charles River Breeding Laboratories)
weighing 300 to 350 g were used in all of the experiments. The rats
were anesthetized by an IP injection of pentobarbital (100 mg/kg of
body weight). The left carotid artery was isolated, and a Fogarty 2F
embolectomy catheter (Baxter Healthcare) was introduced through
the external carotid arteriotomy incision, advanced to the aortic arch,
inflated to produce moderate resistance, and then gradually with-
drawn 3 times to produce a distending and de-endothelializing
injury.'® The catheter was removed and the external carotid branch
ligated. For local delivery, Pl polyamide to LOX-1 or mismatch
polyamide was diluted to 10 or 100 pg in 50 pL of saline, and they
were injected and maintained in the artery for 10 minutes. After the
incubation period, the solution was evacuated, the artery was washed
with PBS 3 times, and then the blood flow through the common
carotid artery was re-established.

Distribution of Fluorescein-Labeled Polyamide in
Injured Artery

To assess the distribution of the polyamide in the carotid artery after
the balloon injury, 100 pg of fluorescein isothiocyanate (FITC)-
labeled PI polyamide to LOX-1 was incubated within the lumen of
the artery for 10 minutes. The vessels were harvested 30 minutes, 2
hours and 24 hours later. Frozen specimens were made and then
examined by fluorescence microscopy.

Morphometric Analysis of Neointimal Hyperplasia
The effect of polyamide on neointimal formation was measured as
described previously.!'? The rats were euthanized by a lethal injection
of sodium pentobarbital (IP, 100 mg/kg of body weight) at 21 days
after balloon injury and then perfused with saline followed by 10%
formalin at physiological pressure. For immunohistochemistry and a
morphometric analysis, the arteries were fixed in 100% methanol
overnight, and the middle one third of the common carotid artery was
then cut into 4 segments and embedded in paraffin. The specimens
were cross-sectioned at a thickness of 3 um and stained with
hematoxylin-eosin. The intima/media cross-sectional area ratios
were determined using a computerized apparatus and the National
Institutes of Health Image software program (version 1.57).

Immunohistochemistry
Paraffin blocks of the segments of the carotid arteries were used for
the immunohistochemistry assay. LOX-1 expression was identified

Downloaded from hyper.ahajournals.org at National Cardiovascular Center on January 26, 2009



88 Hypertension July 2008

with goat polyclonal anti-LOX-1 antibody (1:200, Santa Cruz), and
incubated with fluorescein-conjugated chicken antigoat antibody
(1:500, Invitrogen). After washing with PBS, the sections were
incubated with Hoechst 33342 and then viewed by a laser scanning
confocal imaging system.

Statistical Analyses

The values are reported as the means=SEMs. Student 7 test was used
for unpaired data. Two-way ANOVA was also used. P<<0.05 was
considered to be statistically significant.

Results

Rat LOX-1 Promoter Activity

To identify DNA elements for regulation of rat LOX-I
promoter activation, 4 deletion constructs of the rat LOX-1
promoter were generated (Figure S1A). These constructs
were transiently transfected into HEK-293 cells treated with-
out or with phorbol [2-myristate 13-acetate (PMA) and
measured for luciferase activity. PMA-induced activity was
observed in —2385Luc, —1978Luc, —1323Luc, and
—128Luc. The luciferase activity of these constructs signifi-
cantly (P<<0.05) increased with PMA by 2.8- to 3.2-fold in
comparison with the basal activity, whereas the promoterless
construct pGL3-basic was unresponsive. These results indi-
cate that the sequence from —128 to +24 is important for
PMA-induced activation of the LOX-1 promoter. We
searched for transcription factor-binding sites with TF-
SEARCH and found an AP-1 site (5'-TGAGTCA-3'") lying
between bp —59 and —53. To further confirm this AP-1 site
on the LOX-1 promoter necessary for LOX-1 promoter
activity in response to PMA, a 2-bp mutated construct was
made in the luciferase reporter plasmid —128Luc. The
luciferase activity in the HEK-293 cells transfected with these
mutants revealed that mutation of the AP-1 site abolished the
effect of PMA on LOX-1 promoter activity (Figure S1B).
Therefore, this AP-1 site was essential for promoter activa-
tion. The PI polyamide to LOX-1 was then designed to
interfere with this site.

Binding of Polyamide to Target DNA

The binding affinity and specificity of polyamide to target
DNA were determined by gel shift assay (Figure S2). PI
polyamide to LOX-1 bound the target double-stranded DNA.
However, PI polyamide to LOX-1 did not bind to the 2-bp
mutated double-stranded DNA. The mismatch polyamide did
not bind to the double-stranded DNA.

Effect of PI Polyamide to LOX-1 on LOX-1
Promoter Activity

PMA (0.1 pmol/L) markedly increased the luciferase activity
in HEK-293 cells transfected with LOX-1 promoter plasmid.

RLU)
w
g O

ol %
Eﬂlll

Control PMA  Mismatch Polyamide
0.1 1.0 (uM)

Figure 2. The effect of Pl polyamide targeting rat LOX-1 pro-
moter (Pl polyamide to LOX-1) on the LOX-1 promoter activity.
HEK-293 cells were transfected with recombinant LOX-1 pro-
moter plasmids; 24 hours after transfection, cells were incu-
bated with either Pl polyamide or mismatch polyamide in the
presence or absence of 0.1 umol/L of PMA; thereafter, the lucif-
erase activity in the cell extracts was determined. The data are
the means+SEMs (n=8). *P<0.05 vs treatment with PMA.

Luciferase activity (
o

Treatment consisting of 0.1 and 1.0 pmol/L of PI polyamide
to LOX-1 significantly (P<<0.05) inhibited the LOX-1 pro-
moter activity. However, the mismatch polyamide
(1 pmol/L) did not affect the LOX-1 promoter activity
(Figure 2).

Effect of PI Polyamide to LOX-1 on the
Expressions of LOX-1 mRNA and Protein in
Cultured Rat Endothelial Cells

The expression of LOX-1 mRNA and protein was signifi-
cantly (P<0.05) increased with PMA. PI polyamide to
LOX-1 significantly (P<0.05) decreased the amount of
LOX-1 mRNA and protein. However, the mismatch poly-
amide did not affect the amount of LOX-1 mRNA and protein
(Figure S3A and S3B).

Distribution of PI Polyamide to LOX-1 in

Injured Artery

Figure 3 shows the distribution of FITC-labeled PI polyamide
to LOX-1 in rat carotid artery after balloon injury. The
FITC-labeled PI polyamide was not seen and then was
uptaken into the entire wall of the injured artery at 30 minutes
after injury. Thereafter, the FITC-labeled PI polyamide re-
mained and strongly localized in the nuclei of midlayer
smooth muscle by 24 hours.

Effect of PI Polyamide to LOX-1 on

Neointimal Thickening

Figure 4 shows the effect of PI polyamide to LOX-1 on
neointimal thickening in rat carotid artery at 21 days after
balloon injury. Both 10 and 100 pg of PI polyamide to

Figure 3. Distribution of FITC-labeled PI poly-
amide targeting rat LOX-1 promoter (Pl poly-
amide to LOX-1) in injured carotid artery. FITC-
labeled polyamide (100 p.g) was incubated
within the lumen of artery for 10 minutes. The
vessels were harvested 30 minutes, 2 hours, or
24 hours later and frozen specimens were
made and were examined by fluorescence
microscopy. Scale bar represents 1 mm.
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