incorporated substantially into severely injured arteries. And
many studies have suggested that EPCs are involved in the
early repair of injured arterics (3/). Because it is generally
accepted that insulin resistance enhances vascular lesion for-
mation, it may be possible that EPCs have little effect on
neointimal formation under normal conditions but play an
important role in the repair of injured arteries under patholog-
ical conditions such as diabetes and insulin resistance. Alter-
natively, these results may suggest that EPCs do not
contribute to the repair of vascular injury in the acute or sub-
acute stage of BL.

Insulin has various effects on VSMCs. Trovati et al. (32)
reported that insulin increased cGMP and cAMP levels in
VSMC. Because these cyclic nucleotides are reported to
inhibit VSMC growth (33), insulin resistance may enhance
VSMC proliferation after BI. In contrast, it was also reported
that insulin itself has a weak growth-promoting effect on
VSMC (34, 35) and augments the growth-promoting effect of
platelet-derived growth factor. In this case, insulin resistance
may have a favorable effect on vasculature. In endothelial
cells, insulin stimulates NO production (35). NO inhibits
many of the processes associated with atherosclerosis. It is
known that NO inhibits VSMC growth, suggesting that insu-
lin resistance of endothelial cells may reduce NO production,
resulting in the enhancement of VSMC growth. The reduction
of NO level may enhance expression of tumor necrosis factor-
o and monocyte chemoattractant protein-1 (36), which are
believed to accelerate atherogenesis. Because of the complex
naturc of the direct insulin action on blood vessels as indi-
caled above, it i1s difficult to determine whether or not
improvement of insulin resistance by combination treatment
of Olm and Pra contributed to the reduction of neointimal for-
mation in our model. However, it is generally believed that
insulin resistance and hyperinsulinemia enhance atherogene-
sis (37), suggesting that the improvement of insulin resistance
by Olm and Pra treatment may play a role in the inhibition of
neointimal formation,

In conclusion, we showed in the present study that the com-
bination of Olm and Pra has beneficial effects on vascular
remodeling after injury and insulin sensitivity in rats fed a
fructose-rich diet. These data suggest that the combination of
ARB and statin may be recommended for patients with CHD
and insulin resistance. Because these drugs did not change BP
or blood lipid levels, it is reasonable to assume that these ben-
eficial effects of ARBs and statins were independent of BP-
or lipid-lowering properties.
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Inhibition of Racl-Derived Reactive Oxygen Species in
Nucleus Tractus Solitarius Decreases Blood Pressure and
Heart Rate in Stroke-Prone Spontaneously
Hypertensive Rats

Masatsugu Nozoe, Yoshitaka Hirooka, Yasuaki Koga, Yoji Sagara, Takuya Kishi,
John F. Engelhardt, Kenji Sunagawa

Abstract—Reactive oxygen species (ROS) in the brain are thought to contribute to the neuropathogenesis of hypertension
by enhancing sympathetic nervous system activity. The nucleus tractus solitarius (NTS), which receives afferent input
from baroreceptors, has an important role in cardiovascular regulation. reduced nicotinamide-adenine dinucleotide
phosphate oxidase is thought to be a major source of ROS in the NTS. Racl is a small G protein and a key component
of reduced nicotinamide-adenine dinucleotide phosphate oxidase. The role of Racl-derived ROS in the NTS in
cardiovascular regulation of hypertension is unknown. Therefore, we examined whether inhibition of Racl in the NTS
decreases ROS generation, thereby reducing blood pressure in stroke-prone spontaneously hypertensive rats (SHRSPs).
The basal Racl activity level in the NTS was greater in SHRSPs than in Wistar-Kyoto rats. Inhibition of Racl, induced
by transfecting adenovirus vectors encoding dominant-negative Racl into the NTS, decreased blood pressure, heart rate,
and urinary norepinephrine excretion in SHRSPs but not in Wistar-Kyoto rats. Inhibition of Racl also reduced
nicotinamide-adenine dinucleotide phosphate oxidase activity and ROS generation. In addition, Cu/Zn-superoxide
dismutase activity in the NTS of SHRSPs was decreased compared with that of Wistar-Kyoto rats, despite the increased
ROS generation. Overexpression of Cu/Zn-superoxide dismutase in the NTS decreased blood pressure and heart rate in
SHRSPs. These results indicate that the activation of Racl in the NTS generates ROS via reduced nicotinamide-adenine
dinucleotide phosphate oxidase in SHRSPs, and this mechanism might be important for the neuropathogenesis of
hypertension in SHRSPs. (Hypertension. 2007;50:62-68.)

Key Words: blood pressure m heart rate m sympathetic nervous system m hypertension m brain

here is accumulating evidence that reactive oxygen involved in central autonomic regulation.'” In addition, the
essential NAD(P)H oxidase subunit gp91™" is present in
somatodendritic and axonal profiles that contain angiotensin
I (Ang II) subtype | receptors in the NTS, and Ang Il
increases ROS generation via NAD(P)H oxidase in NTS

species (ROS) in the cardiovascular regulatory nuclei in
the brain have a crucial role in blood pressure regulation in
hypertension via modulating the sympathetic nervous sys-
tem.'=5 Reduced nicotinamide-adenine dinucleotide phos-

phate [NAD(P)H] oxidase is a major source of ROS in
hypertension® and has a critical role in generating ROS in the
brain.2-7 Racl is a small G protein that is an important signaling
molecule involved in integrating intracellular transduction path-
ways toward NAD(P)H oxidase activation.?*? Racl requires
lipid modifications to migrate from the cytosol to the plasma
membrane, which is a necessary step for activating the ROS-
generating NAD(P)H oxidase enzyme system.*?

The nucleus tractus solitarius (NTS) in the brain stem has
an important role in cardiovascular regulation.'*='% The NTS
receives afferent input from baroreceptors and chemorecep-
tors'? and has reciprocal interconnections with other nuclei

neurons in vitro.” The role of Racl and its derived ROS in the
NTS in cardiovascular regulation of hypertension in vivo,
however, is not known. Therefore, the aim of the present study
was to determine the effects of the inhibition of Racl in the NTS
on cardiovascular regulation of hypertension in the awake state.
For this purpose, we transfected an adenovirus vector dominant-
negative Racl into the NTS of stroke-prone spontaneously
hypertensive rats (SHRSPs) and compared the effects with those
in normotensive Wistar-Kyoto rats (WKYs).

Methods

An expanded Methods section is available in the online data
supplement at http://hyper.ahajournals.org.
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Figure 1. Rac1 and NAD(P)H oxidase activities are elevated in SHRSPs but not in WKYs. A, Rac1 activity in the NTS. The top panel
shows a representative Western blot of Rac1-GTP bound to glutathione S-transferase—Pak1. Quantification of Rac1-GTP activity
expressed as the relative ratio to control (WKYs), which was assigned a value of 1 (bottom). Rac1 activity in the NTS of SHRSPs was
significantly increased compared with that of WKYs. Furthermore, dominant-negative Rac1 gene transfer significantly attenuated Rac
activity in the NTS of SHRSPs. Lysates incubated with GDP or y-GTP served as negative and positive controls, respectively (n=4 for
each: *P<0.01 vs WKY; #P<0.05 vs SHRSP). B, NAD(P)H oxidase activity evaluated by lucigenin chemiluminescence in the NTS.
NAD(P)H-dependent superoxide production was significantly higher in SHRSPs than in WKYs. Furthermore, dominant-negative Rac1
gene transfer significantly attenuated NAD(P)H oxidase activity in the NTS of SHRSPs (WKY rats=34.2+4.1; SHRSP=59.6 1.5,
AdN17Rac1-transfected SHRSP=39.2+5.8 relative fluorescence units/mg/s; n=5 for each; *P<0.05 vs WKY; #P<0.05 vs SHRSP).

Animals and General Procedures

Male SHRSPs and WKYs (280 to 340 g; 14 to 18 weeks old) were
obtained from SLC Japan (Hamamatsu, Japan). The study was
reviewed and approved by the Committee of Ethics of Animal
Experiments, Kyushu University Graduate School of Medical Sci-
ences, and was conducted according to the Guidelines for Animal
Experiments of Kyushu University.

Racl Activation Assays

Rac| activity can be monitored by its interaction with p2l-activated
kinase (PAK), which only occurs when Racl is active.® We used a
Racl Activation kit (Upstate Biotechnology) to evaluate Racl
activity in the NTS.

NAD(P)H-Dependent Superoxide Production
NAD(P)H-dependent superoxide production in the NTS was mea-
sured by lucigenin luminescence.®'%'% A luminescence assay was
performed in a balanced salt solution buffer containing 5 pmol/L of
lucigenin (Sigma) using a luminescence reader (Berthold Technol-
ogy). The reaction was started by adding 100 umol/L of 8-NAD(P)H
(Sigma) as the substrate.

In Vivo Gene Transfer Into the NTS

We used adenoviral vectors encoding dominant-negative HA-tagged
Racl (AdN17Racl),? human Cu/Zn-superoxide dismutase (SOD;
AdCwZnSOD),22021 and B-galactosidase (AdLacZ). The vectors
were constructed in the Gene Transfer Core Laboratory at the
University of lowa. We transfected AdN17Racl, AdCu/ZnSOD, and
AdLacZ into the NTS as described previously.'™'" A telemetry
system (DATA Sciences International) was used to measure mean
blood pressure (MBP) and heart rate (HR).!-*1011 On day 7 after
gene transfer, we calculated the 24-hour urinary norepinephrine
excretion as an indicator of sympathetic nerve activity.'->19.1!

Analysis of Gene Expression

To confirm the expression and localization of gene transfer in the
NTS, we performed immunohistochemical staining for human Cuw/
7Zn-SOD and B-galactosidase. To identify the cell types that were
transfected by the adenovirus used in the present study, we per-
formed double immunohistochemical staining for f-galactosidase
and a ncuronal marker (NeuN; Chemicon International Inc).**
Western blot analysis was performed using rabbit anti-50D-1
polyclonal IgG (1:10 000, Santa Cruz Biotechnology), mouse anti-

hemagglutinin (HA) monoclonal [gG (1:10 000, Sigma), or rabbit
anti-f3 tubulin polyclonal 1gG (1:10 000, Santa Cruz Biotechnology).

In Situ Detection of Superoxide

Brain superoxide anion levels were estimated by dihydroethidium
(DHE) staining.** Coronal sections (10 um) were incubated for 10
minutes with the O, specific fluorogenic probe DHE (1 wmol/L,
Sigma) at 37°C.

Thiobarbituric Acid—Reactive Substances
We examined thiobarbituric acid-reactive substance (TBARS) levels in
the NTS as an indicator of oxidative stress, as described previously.'*

Measurement of SOD Activity

Cu/Zn-SOD activity was assayed by monitoring the inhibition of the
rate of xanthine/xanthine oxidase-mediated reduction of cytochrome
¢, as described previously.'

Statistical Analysis
All of the values were expressed as the mean*SEM. P<0.05 was
considered significant.

Results

Racl/NAD(P)H Oxidase Pathway Is Activated in
the NTS of SHRSPs

Racl-GTP levels were assessed as an index of Racl activa-
tion using a glutathione S-transferase~PAK pull-down assay.
These studies revealed that Racl activity in the NTS of
SHRSPs was significantly higher than in the NTS of WKYs
(Figure 1A). Consistent with increased Racl activation,
NAD(P)H-dependent superoxide production was also signif-
icantly higher in the NTS from SHRSPs than in the NTS from
WKYs (Figure 1B). Gene transfer of AdNI7Racl into the
NTS of SHRSPs suppressed both Rac1/PKA binding (Figure
1A) and NAD(P)H oxidase activity (Figure 1B).

Effect of Racl Inhibition and Cu/Zn-SOD by
Adenovirus-Mediated Gene Transfer

Western blot analysis of HA-tag, a marker of AdN17Racl,
was performed on tissue samples taken from rats on days 0,
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Figure 2. Target gene expression in the NTS using recombinant adenovirus. A, To confirm the gene expression and time course of
dominant-negative Rac1 in the NTS, we performed Westem blot analysis of HA-tag, a marker of AdN17Rac1, on tissue samples taken
from rats on days 0, 3, 5, 7, 10, and 14 after gene transfer. We examined 3 rats at each day, and the figure shows representative
images. The expression level of HA-tag was significantly increased and peaked on day 7 after AN17Rac1 transfection. B, Laser scan-
ning microscopy images of a section of medulla, stained with anti-human Cu/Zn-SOD antibody on day 7 after gene transfer (high inten-
sity, visualized using a fluorescein isothiocyanate-conjugated fluorescence probe). Staining was observed locally in the NTS (AP indi-
cates area postrema; X, dorsal motor nucleus of vagus; CC, central canal; bar=1.0 mm). C, 5-bromo-4-chloro-3-indolyl [i-0-galactoside
staining on day 7 after gene transfer was localized in the NTS (bar=1.0 mm). D, To identify the cell types that were transfected by the
adenovirus used in the present study, we performed double immunohistochemical staining for B-galactosidase and a NeuN. Some
NeuN-positive cells expressed p-galactosidase protein, although NeuN-negative cells also expressed -galactosidase (bar=50 pm;

arrows indicate NeuN-positive cells).

3,5, 7, 10, and 14 after gene transfer (n=3 per day), and
representative images are shown in Figure 2A. The HA-tag
expression level was significantly increased and peaked on
day 7 after AANI7Racl transfection. We performed immu-
nohistochemistry to examine the localization and distribution
of adenoviral-mediated gene transfer. Immunohistochemical
analysis on day 7 after gene transfer revealed localized
human Cu/Zn-SOD (Figure 2B) or B-galactosidase gene
expression (Figure 2C) in the NTS. Double staining of
B-galactosidase and NeuN confirmed that some NeuN-
positive cells expressed fB-galactosidase protein, although
NeuN-negative cells also expressed f3-galactosidase protein
(Figure 2D). AdNI17Racl-transfected SHRSPs exhibited a
significant decrease in MBP and HR (Figure 3A). MBP and
HR did not change in AdLacZ-transfected SHRSPs (Figure
3C). Urinary norepinephrine excretion measured on day 7
after gene transfer was significantly decreased in
AdNI17Rac|-transfected SHRSPs relative to that in non-
treated SHRSPs (Figure 4A). In addition, overexpression of
Cw/Zn-SOD in the NTS of SHRSPs decreased MBP, HR
(Figure 3B), and urinary norepinephrine excretion (Figure
4A). In contrast, AdN17Racl and AdCu/ZnSOD transfection
into the NTS of WKY's did not affect MBP, HR (Figure S1),
or urinary norepinephrine excretion (Figure 4B).

Oxidative Stress in the NTS

Confocal analysis of DHE fluorescence was used to estimate
superoxide levels in the NTS. We examined 4 groups (WKY,
SHRSP, AdNI17Racl-transfected SHRSP, and AdCu/
ZnSOD-transfected SHRSP; n=5 for each), and representa-
tive images are shown in Figure SA. There was a significant
increase in DHE fluorescence in sections that contained the
NTS of SHRSPs compared with sections of the NTS of
WKYs. Furthermore, DHE fluorescence in the NTS was
significantly attenuated in both AdNI7Racl-transfected
SHRSPs and AdCuw/ZnSOD-transfected SHRSPs (Figure
SA). TBARS levels were also significantly higher in the NTS
of SHRSPs than in the NTS of WKYs (Figure 5B). Gene
transfer of either AdN17Racl or AdCu/ZnSOD suppressed
TBARS levels in the NTS (Figure 5B), suggesting that the
TBARS increase was the result of enhanced superoxide
generation.

Expression and Activity of Cw/Zn-SOD in the NTS
of SHRSPs

Western blot analysis revealed that the expression of a
~17-kDa isoform of rat Cu/Zn-SOD protein in the NTS was
decreased in SHRSPs compared with WKYs (Figure 6A).
There was also significantly less total SOD activity (5.920.3
versus 4.9*(0.1 U/mg; P<0.05; n=5) and Cu/Zn-SOD activ-
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ity in the NTS of SHRSPs compared with the NTS of WKYs
(3.0=0.1 versus 2.5*x0.2 U/mg; P<0.05; n=5 for each;
Figure 6B). The human Cu/Zn-SOD gene, which we used in
the present study, produces a =19-kDa isoform of human
Cu/Zn-SOD protein.2! The NTS tissues from AdCuw/ZnSOD-
transfected SHRSPs on day 7 after transfection had a clear
band representing human Cu/Zn-SOD. Human Hela cells
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served as a positive control. The bands representing the
expression of endogenous Cu/Zn-SOD at=17 kDa were
identical to those in AdCw/ZnSOD-transfected SHRSPs.
AdLacZ-transfected SHRSPs did not produce human protein.
We examined 5 individual AdCwWZnSOD-transfected SHRSPs,
and representative images are shown in Figure 6C. The in-
creased CwZn-SOD activity in the NTS of AdCuw/ZnSOD-
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Figure 4. Rac1-dependent superoxide production elevates urinary norepinephrine excretion in SHRSPs but not in WKYs. A, 24-hour urinary
norepinephrine excretion as an indicator of sympathetic nerve activity. Urinary norepinephrine excretion on day 7 after gene transfer was sig-
nificantly decreased in AdN17rac1-transfected SHRSPs and AdCWZnSOD-transfected SHRSPs (SHRSP= 1.7x0.1 pg per day; AdN17Rac1-
treated SHRSP=1.4+0.1 ug per day; AdCWZnSOD-transfected SHRSP=1.2=0.2 ug per day; n=6 for each; *P<0.05 vs SHRSP). B, 24-hour
urinary norepinephrine excretion in WKY rats. We did not detect any changes among WKY rats, AdN17Rac1-transfected WKY rats, and
AdCWZnSOD-transfected WKY rats (WKY rats=0.8+0.1 ug per day; AdN17Rac1-transfected WKY rats=1.0+0.1 g per day; AdCu/ZnSOD-

transfected WKY rats=0.9+0.2 ug per day; n=6 for each).
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Figure 5. Rac1-dependent superoxide
production is elevated in the NTS of
SHRSPs and increases TBARS. A,
Images of DHE-treated brain sections.
We examined 4 groups (WKY, SHRSP,
AdN17Rac1-transfected SHRSP, and
AdCWZnSOD-transfected SHRSP; n=5
for each), and the figure shows represen-
tative images. Sections including the
NTS of SHRSPs showed a significant
increase in DHE fluorescence compared
with the WKY sections. Furthermore, DHE
fluorescence in the NTS was significantly
attenuated in both AdN17Rac1-transfected
SHRSPs and AdCu/ZnSOD-transfected

AdCu/ZnSOD
-SHRSP

*

TBARS
o
i

AdN17Rac1 AdCu/ZnSQOD
-SHRSP

WKY

SHRSP

-SHRSP

transfected SHRSPs (2.5=0.2 versus 3.5£0.4 U/mg; P<0.05;
n=35 for each; Figure 6D) indicated that human Cu/Zn-S0OD was
bioactive in rat tissues in vivo.

Discussion

The major findings of the present study are that inhibition of
Racl expression in the NTS decreased blood pressure, HR,
and urinary norepinephrine excretion in awake SHRSPs.
These effects were not observed in normotensive WKYSs.
Rac| activity was increased in the NTS of SHRSPs compared
with WKYs. Subsequent activation of NAD(P)H oxidase and
ROS production in the NTS were also increased in SHRSPs
compared with those in WKYs. These results indicate that
activation of Racl in the NTS leads to ROS generation via
NAD(P)H oxidase activation in awake SHRSPs. The present
study provides the first evidence that Racl is activated in the
NTS of SHRSPs and results in enhanced NAD(P)H oxidase
activity. More importantly, the subsequent ROS generation
leads to increases in blood pressure and HR via the sympa-
thetic nervous system in awake SHRSPs.

Transfection of AdN17Racl into the NTS successfully
decreased Rac| activity and NAD(P)H oxidase activity in the
NTS of SHRSPs. It also attenuated the subsequent ROS
generation, as evaluated by the DHE staining and TBARS
levels. In addition, transfection of Cw/Zn-SOD into the NTS,
which scavenges ROS generation, decreased blood pressure,
HR, and urinary norepinephrine excretion. Taken together,
these results suggest that activation of Racl in the NTS leads
to ROS generation via NAD(P)H oxidase activity, and this
mechanism contributes to the neural mechanisms of hyper-
tension in SHRSPs.

SHRSPs on day 7 after gene transfer (AP
indicates area postrema; CC, central canal;
bar=1.0 mm). B, Lipid peroxidation as
indicated by TBARS levels in the NTS.
TBARS levels in the NTS of SHRSPs
were significantly increased compared
with WKYs. Gene transfer of either
dominant-negative Rac1 or human
Cu/Zn-SOD suppressed TBARS levels in
the NTS (WKY =0.58+0.08 ug/g of pro-
tein; SHRSP=0.93+0.10 pg/g of protein;
AdN17Rac1-transfected SHRSP=0.64 =
0.05 pug/g of protein; AdCu/ZnSOD-
transfected SHRSP=0.63=0.05 ng/g of
protein; n=5 for each; "P<0.05 vs WKY;
#P<0.05 vs SHRSP).

Recent studies demonstrated the importance of ROS gen-
eration in the NTS.7** Nox2-containing NAD(P)H oxidase in
the NTS is the source of the Ang II-induced ROS generation
in vitro.2* Consistent with those studies, our results indicate
that the Racl/NAD(P)H pathway is involved in neuronal
activation in the NTS and further indicate that activation of
this pathway and the subsequent ROS generation in the NTS
occur in the NTS of SHRSPs. More importantly, we demon-
strated that the inhibition of Racl or overexpression of
CwZn-SOD in the NTS decreased blood pressure and HR in
SHRSPs but not in WKYs. Localized human Cu/Zn-SOD or
B-galactosidase gene expression in the NTS after gene
transfer was confirmed by immunohistochemical staining.
Gene transfer of either AdN17Racl or human Cu/Zn-SOD in
adjacent regions not involved in cardiovascular regulation
(anteroposterior angle 10°, 2.5-mm lateral, 2.5-mm deeper, to
the calamus scriptorius) did not elicit any changes in MBP or
HR (data not shown). The time course of the MBP and HR
changes was similar to those induced by transgene expres-
sion, as shown using Western blot analysis, and was consis-
tent with the results of our previous studies using adenovirus-
mediated gene transfer.’'*!" These results confirmed
successful gene transfer into the NTS in the present study.

The degree of oxidative stress is determined by the balance
between ROS generation and antioxidant enzymatic activity.
NAD(P)H oxidase has a crucial role in generating ROS in the
brain.? In particular, most studies have been performed using
Ang II infusion models to examine the role of NAD(P)H
oxidase and the subsequent ROS generation in the brain and
blood vessels. 272" We used SHRSPs as a hypertensive model
that resembles human essential hypertension with enhanced

Downloaded from hyper.ahajournals.org at KYUSHU UNIVERSITY on April 2, 2008



Nozoe et al

A #
- (U/mg)
S o —— 4
5§ ! €
; n
(a]
L 3 2
g &
S, 51
(8
WKY SHRSP 0
s O e s st WY SHRSP
A -tubulin  SE————
8 B9
3p ¢ & Uy _»
@ [T
lg:r: % Z4
3% § g ;
2 E 2 3
e S a
32
W= __  tubulin s
51
3]

_—human CwZn-SOD

-
EBE™ == _ rat CuZn-SOD SHRSp AdCWZnSOD

-SHRSP

Figure 6. Cuw/Zn-SOD expression and activity is reduced in
SHRSPs. A, Western blot analysis of Cu/Zn-SOD protein levels
in the NTS. Data are expressed as the relative ratio to control
(WKYSs), which were assigned a value of 1. Cu/Zn-SOD protein
expression in the NTS of SHRSPs was significantly lower than
that of WKYs (n=6 for each; #P<0.01). B, Cu/Zn-SOD activity in
the NTS. Cu/Zn-SOD activity in the NTS of SHRSPs was signifi-
cantly lower than that of WKYs (n=5 for each; "P<0.05). C,
Western blot analysis of Cu/Zn-SOD on day 7 after gene trans-
fer. The human Cu/Zn-SOD gene, which was used in the pres-
ent study, produces an =19-kDa isoform of human Cu/Zn-SOD
protein. The NTS tissues from AdCu/ZnSOD-transfected SHR-
SPs on day 7 after transfection had a clear band representing
human Cw/Zn-SOD. Human Hela cells served as a positive
control. The bands representing the expression of endogenous
Cuw/Zn-S0OD at =17 kDa were also identical in AdCu/ZnSOD-
transfected SHRSPs. AdLacZ-transfected SHRSPs did not pro-
duce human Cu/Zn-SOD protein. We examined 5 individual
AdCu/ZnSOD-transfected SHRSPs, and the figure shows repre-
sentative images. D, Cu/Zn-SOD activity in the NTS of AdCw
ZnSOD-transfected SHRSPs was significantly higher than that
of nontransfected SHRSPs (n=5 for each; "P<0.05).

sympathetic nerve activity.!* Interestingly, we found that
Cu/Zn-SOD activity in the NTS was also decreased in
SHRSPs compared with WKYs, which indicates that antiox-
idant enzymatic activity is attenuated in the NTS of SHRSPs.
One might expect that antioxidant activity would increase to
compensate for the ROS generation. We do not have a clear
explanation for the decreased antioxidant activity based on
the results of the present study, though we reported previ-
ously that Mn-SOD activity is decreased in the rostral
ventrolateral medulla of SHRSPs compared with WKYs.!

Adenovirus with the cytomegalovirus promoter has rela-
tively poor neuronal selectivity.?3-2¢ Therefore, we performed
double immunohistochemical staining for B-galactosidase
and a NeuN (Figure 2D). The transfected pB-galactosidase
gene was expressed in almost all cell types, including
neurons. Therefore, we believe that neurons, as well as glia,
in the NTS were transfected with the adenovirus gene.
Because Nox2 is present in the NTS neurons,”**27 it is
conceivable that transfection of AdNI7Racl inhibits the
NAD(P)H oxidase activity in those neurons.

Role of Brain Racl in Cardiovascular Regulation 67

Some studies examined the role of glia in cardiovascular
regulation.?>® Indeed, in the NTS, NADPH oxidase subunits
are also present in astrocytes?’; therefore, we cannot exclude
the possibility that inhibition of Racl/NAD(P)H oxidase in
glia also decreased blood pressure in the present study. The
precise role of glia in cardiovascular regulation is unknown.>?
ROS, such as NO produced by neurons, as well as glial cells,
are diffusive gaseous molecules and are thereby considered to
influence surrounding cells. The present study did not differ-
entiate whether the ROS was produced by neurons or glia.
Further studies using neuron-specific or glia-specific gene
transfer techniques are required for this specific purpose.

We did not address the precise mechanisms by which ROS
in the NTS alter blood pressure via the sympathetic nervous
system. Extensive evidence supports the idea that Ang Il
signaling mediates ROS generation,>33® and the NTS con-
tains a high density of Ang Il subtype | receptors located on
both vagal and carotid sinus afferent terminals presynapti-
cally and on neurons postsynaptically.'**! The role of Ang Il
in the NTS, however, is complicated. Depending on the dose,
microinjection of Ang II into the NTS elicits an increase or
decrease in blood pressure.?>-** Although those studies were
performed under anesthesia, there might be a connection
between the renin—angiotensin system and ROS in the NTS.*
Another possibility is that reduced availability of NO is
involved in the mechanisms. In the NTS, an increase in NO
elicits sympathoinhibition by facilitating the release of exci-
tatory amino acids, such as L-glutamate.'?-3¢-3

In the present study, HR was decreased in SHRSPs after
transfection of AdNRacl or AdCu/ZnSOD. There was also a
decrease in urinary norepinephrine excretion. Therefore, we
suggest that the effects of gene transfer-induced ROS inhibi-
tion are mediated by inhibition of the sympathetic nervous
system. We cannot, however, exclude the possibility that
vagal outflow is also modulated. We did not examine barore-
flex control of HR and vagal outflow to the heart in the
present study. [t would be interesting to examine whether the
bradycardic response induced by gene transfer is atropine
sensitive. Further studies are needed to clarify these issues.

In conclusion, our findings indicate that inhibition of
Racl-derived ROS in the NTS decreases blood pressure, HR,
and urinary norepinephrine excretion in awake SHRSPs.
Activation of the Racl/NAD(P)H oxidase pathway in the
NTS might contribute to ROS generation and thereby en-
hanced sympathetic drive in SHRSPs.

Perspectives

The NTS regulates the baroreflex and chemoreflex functions
and has an important role in cardiovascular regulation.!1¢
ROS in the brain are thought to contribute to the neuropatho-
genesis of hypertension by enhancing sympathetic nervous
system activity. NAD(P)H oxidase is the source of ROS in the
brain. The present study demonstrated that the inhibition of
Racl, which is a key component of NAD(P)H oxidase, de-
creased sympathetic nerve activity in a rat model of hyperten-
sion. These findings have broad implications for the develop-
ment of therapeutics for human essential hypertension.
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Local Delivery of Anti-Monocyte Chemoattractant Protein-1
by Gene-Eluting Stents Attenuates In-Stent Stenosis in
Rabbits and Monkeys

Kensuke Egashira, Kaku Nakano, Kisho Ohtani, Kouta Funakoshi, Gang Zhao, Yoshiko Ihara,
Jun-ichiro Koga, Satoshi Kimura, Ryuji Tominaga, Kenji Sunagawa

Objective—We have previously shown that the intramuscular transfer of the anti-monocyte chemoattractant protein-1
(MCP-1) gene (called 7ND) is able to prevent experimental restenosis. The aim of this study was to determine the in
vivo efficacy and safety of local delivery of 7ND gene via the gene-eluting stent in reducing in-stent neointima

formation in rabbits and in cynomolgus monkeys.

Methods and Results—We here found that in vitro, 7ND effectively inhibited the chemotaxis of mononuclear leukocytes
and also inhibited the proliferation/migration of vascular smooth muscle cells. We then coated stents with a
biocompatible polymer containing a plasmid bearing the 7ND gene, and deployed these stents in the iliac arteries of
rabbits and monkeys. 7ND gene-eluting stents attenuated stent-associated monocyte infiltration and neointima formation
after one month in rabbits, and showed long-term inhibitory effects on neointima formation when assessments were

carried out at 1, 3, and 6 months in monkeys.

Conclusions—Strategy of inhibiting the action of MCP-1 with a 7ND gene-eluting stent reduced in-stent neointima
formation with no evidence of adverse effects in rabbits and monkeys. The 7ND gene-eluting stent could be a promising
therapy for treatment of restenosis in humans. (Arterioscler Thromb Vasc Biol. 2007;27:2563-2568.)

Key Words: restenosis m inflammation m leukocytes m stents m smooth muscle cells

he use of polymer-coated drug-eluting stents (DES) for
local drug delivery has proved to be a useful strategy for
the prevention of restenosis.'"-* However, recent clinical
reports raise the possibility of a risk of stent thrombosis in
DES compared with bare metal stent.*-® Drugs released from
first-generation DES (sirolimus or paclitaxel) exert distinct
biological effects’*: although primarily aimed to prevent
vascular smooth muscle cell (VSMC) proliferation, which is
one of central factors in the pathogenesis of restenosis, they
also impair reendothelialization, which leads to delayed
arterial healing and thrombogenesis. The use of sirolimus-
eluting stents in a porcine model was associated with no
apparent long-term effects and with the delayed inflammation
and proliferation.* In human pathologic study with 40
patients who died after the currently-approved DES implan-
tation, it was suggested that the DES caused a persistent fibrin
deposition and delayed reendothelialization compared with
bare metal stent implantation.? Therefore, the development of
a novel DES system with less adverse effects is needed.
We have recently devised a new gene therapy strategy for
the delivery of the anti-monocyte chemoattractant protein-|

(MCP-1) in which plasmid cDNA encoding a mutant MCP-i
gene is transfected into skeletal muscle.'” This mutant MCP-1
protein, called 7ND, lacks the N-terminal amino acids 2
through 8 and has been shown to function as a dominant-
negative inhibitor of MCP-1. Using this systemic gene
transfer strategy, we have demonstrated that blocking MCP-
|—derived signals reduced neointima formation after balloon-
and stent-induced injury!'-'* and atherosclerosis'®'® in ani-
mals, including nonhuman primates. Overall, these data
suggest that an antiinflammatory strategy targeting MCP-1
may be an appropriate and reasonable approach for the
prevention of restenosis.

Local delivery of 7ND through a gene-eluting stent may
have advantages beyond those of the current first-generation
DES devices: 7ND does not affect endothelial regeneration
and proliferation'! and may also inhibit proliferation of
VSMC.!7-1# Previous studies have reported that stents coated
with a polymer emulsion containing plasmid DNA were able
to effect successful transgene delivery and expression in
arteries.!?-2! In this study, we examined the possibility that a
7ND gene-eluting stent might reduce in-stent neointima
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formation. To assess its potential clinical utility, we used a
nonhuman primate model of stent-associated neointima for-
mation.!' The specific aims of this study were (1) to use
biocompatible polymer technology to create a 7TND gene-
eluting metallic stent; (2) to determine whether the 7ND
gene-cluting stent was able to reduce in-stent inflammation
and neointima formation, and to assess any potential adverse
effects in vivo; and (3) to determine the effects of the 7TND
protein on the chemotaxis of mononuclear leukocytes and on
the proliferation of VSMCs in vitro.

Materials and Methods

Plasmid Expression Vectors
This section is available in the supplemental materials (available
online at hup://atvb.ahajournals.org).

Stent Preparation and Measurement of In Vitro
DNA Release Kinetics

A 15-mm-long stainless-steel balloon-expandable stent was dip-
coated under sterile conditions with multiple thin layers of biocom-
patible polymer (polyvinyl alcohol [PVOH], GOHSENOL EG-05,
Nippon Gohsei Inc) The polymer solution additionally contained
either the 7ND cDNA plasmid, the GFP plasmid, or the
B-galactosidase plasmid; polymer containing no added plasmid was
also included as a control. The coated stent was then mounted over
a 3-mm balloon catheter; a noncoated stent mounted over the same
balloon catheter was used as a control. To measure DNA release
kinetics in vitro, the 7ND plasmid-coated stents (n=8) were im-
mersed in Tris-EDTA buffer. and the plasmid that was subsequently
eluted into the buffer was measured using a thiazole fluorescence
assay. Additional details are in the online data supplement.

Stent Implantation and Analysis in the

Rabbit Model

The animal model experiments were reviewed and approved by the
Committee on Ethics on Animal Experiments, Kyushu University
Faculty of Medicine, and were performed according to the guidelines
of the National Institutes of Health (NTH) Guide for the Care and Use
of Laboratory Animals,

Male Japanese white rabbits (KBT Oriental, Tokyo, Japan) weigh-
ing 3.0 to 3.5 kg were fed a high-cholesterol diet containing 1%
cholesterol and 3% peanut oil for 2 weeks before stent implantation.
Animals were anesthetized and were randomly divided into 2 groups,
which underwent deployment of either a noncoated bare metal stent
(n=14) or a TND gene-cluting stent (n=14) in the right femoral
artery as described previously.'" All animals received aspirin at 20
mg/d until euthanasia from 3 days before stent implantation proce-
dure. After venous blood samples were taken, animals were eutha-
nized with a lethal dose of anesthesia at days 10 (n=7 each) and 28
(n=7 each), and the stented arterial sites and contralateral nonstented
sites were excised for biochemical, immunohistochemical, and
morphometric analyses. In addition, the plasma levels of total
cholesterol levels were determined with commercially available kits
(Wako Pure Chemicals).

The stented artery segments were processed as described previ-
ously.'" Additional details are in the online data supplement.

Stent Implantation and Analysis
in the Monkey Model

This section is available online.

Purification of the 7ND Protein
This section is available online.

Protein Expression of the MCP-1
Receptor (CCR2)

This section is available online.

December 2007

Leukocyte Chemotaxis Assay

This section is available online.

Proliferation Assay in Vascular
Smooth Muscle Cells

This section is available online.

Angiogenic Activity of Endothelial Cells

This section is available online.

Agarose Gel Electrophoresis and

Cell Transfection Studies

This section is available online.

Statistical Analysis

Data are expressed as means+SE. The statistical analysis of differ-
ences between 2 groups was assessed with the unpaired ¢ test, and the
statistical analysis of differences among 3 groups was assessed by
using ANOVA and Bonferroni multiple comparison tests. Probabil-
ity values <0.05 were considered to be statistically significant.

Results

Kinetics of DNA Release and Expression of
Plasmid DNA

Scanning electron microscopy analysis revealed that polymer
coating formed a uniform film over the outer surface of the
stent (supplemental Figure TA). After balloon expansion, the
polymer stretched, but no fragmentation was observed. An
analysis of the plasmid DNA release kinetics in vitro showed
an early burst of release, such that =80% of the total amount
released was present | day after implantation, and maximal
release occurred by 3 days after implantation (supplemental
Figure IB). Analysis of the DNA eluted from the stent by
agarose gel electrophoresis showed that the DNA was struc-
turally intact, and the functionality of the eluted DNA was
confirmed by the ability of an eluted GFP plasmid to
successfully be transfected and expressed in THP-1 cells and
human coronary artery VSMC (hCASMC; supplemental
Figure II).

Before examining the stent-based administration a plasmid
encoding the 7ND protein, we first tested the stent-based
delivery of the bacterial lacZ gene, which encodes the easily
detectable protein B-galactosidase. Three days after stent
implantation in the rabbit iliac artery, we saw expression of
B-galactosidase at the gene-eluting stent site, but not at the
site of implantation of a bare, non-coated metal stent, which
was used as a negative control (Figure 1). X-gal staining of
cross-sections was used to detect the expressed protein, and
revealed that staining for PB-galactosidase was localized
mostly in the intima and on the luminal side of the media, and
was present at a lesser extent in the adventitia. No induction
of protein f-galactosidase was observed 7 days after stent
implantation.

Effects of 7ND on Neointima Formation in Rabbit

and Monkey Animal Models

The infiltration of RAM-11-positive macrophages around the
stent strut for the non-coated control stent was observed at 10
days after stent implantation (Figure 2); this was consistent
with our previous results.!'2? In contrast, the 7ND gene-
eluting stents reduced the severity of macrophage-induced
inflammation (Figure 2). Although an in-stent neointima
formed similarly in the non-coated stent and 7ND gene-
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from geme-cluting stent

* : stent strut site

eluting stent (histopathologic pictures in supplemental Figure
IVA), quantitative analysis demonstrated a significant reduc-
tion in neocintima formation in the 7ND gene-eluting stent site
compared with the noncoated control stent sites (Figure 3A).
However, there were no significant differences in stent area,
IEL area, or medial area between rabbits receiving either the
noncoated stent or the 7ND-eluting stent.

We also examined the effect of TND gene-eluting stents on
inflammation and neointima in a monkey model. At sites in
which a noncoated stent was implanted, an in-stent neointima
was present at 1, 3, and 6 months after stenting (histopatho-
logic pictures in supplemental Figure IVB). Quantitative
analysis revealed that there was a significant reduction in
neointima formation at sites in which the 7ND gene-eluting
stent had been implanted compared with the noncoated
control stent sites (Figure 3B). There were no significant
differences in stent area, IEL area, or medial area between the
2 groups.
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Figure 1. Gene transfer in the rabbit iliac
stented artery 3 days after g-galactosidase
gene-eluting stent. Upper and lower left: Mac-
roscopic image of the luminal surface of the
stented iliac artery. Stented arterial segments
were excised, cut longitudinally, and stained
with X-gal. Right: X-gal-stained arterial
cross-sections.

100 pum

Histological and Biochemical Analysis

Biochemical analysis showed that after stenting, serum con-
centrations of MCP-1 increased transiently after deployment
of bare metal and 7ND gene-eluting stents in monkeys. There
was no significant differences in MCP-1 levels between the 2
groups (supplemental Figure V).

A histological analysis showed that there was no signifi-
cant difference in the injury score or the inflammation score
between the two groups of rabbits (supplemental Tables I and
II) or monkeys (supplemental Table III). The endothelial cell
linings, as monitored by CD31 immunoreactivity, were pres-
ent at an approximately equal extent in the 2 groups (supple-
mental Tables II and III).

Delivery of 7ND gene-eluting stents did not have any
significant effect on serum cholesterol levels, as serum
cholesterol was similar in animals receiving the noncoated
stent or the 7ND-coated stent; this was true both in rabbits
(data not shown) and in monkeys (supplemental Table V),

Figure 2. Effect of 7ND gene-eluting
stents (7TNDES) on local inflammation in
rabbits. A, Inflammation (RAM-11-posi-
tive monocytes/macrophages) 10 days
after stenting. B, Summary of quantita-
tive analysis, as reported by the percent-
age of immunopositive cells per total
cells; n=7 each. "P<0.01 vs the non-
coated stents.

bare 7NDES
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Figure 3. Inhibitory effect of 7ND gene-eluting stents (7NDES)
on in-stent neointima formation in rabbits (A) and monkeys (B).
A, Neointimal area 28 days after stenting (n=7 each). B, Neointi-
ma area at 1, 3, and 6 months (M) after stenting (n=6 each).

We additionally measured body weight, serum biochemical
markers, and blood cell count in monkeys (supplemental
Tables 1V, V, and VI) and found no systemic adverse effects
resulting from 7ND administration or significant treatment-
associated differences in body weight between the 2 groups.

The Presence of CCR2 Protein on Human
Coronary Arterial Smooth Muscle Cells

To validate our method for CCR2 detection, Western blot
analysis was performed in peritoneal macrophages as control.
Protein expression of CCR2 was actually detected in perito-
neal macrophages isolated from wild-type mice. In contrast,
no signal was detected in CCR2-knockout mice (supplemen-
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tal Figure IIA). Immunoblot was then performed in hCASMC
and human macrophages (THP-1) using the same antibody.
The presence of CCR2 was detectable in hCASMCs as well
as in human macrophages (supplemental Figure 11B).

Effect of the 7ND Protein in Cultured

Vascular Cells

The 7ND protein inhibited the MCP-1-induced chemotaxis of
mononuclear cells (Figure 4A). The dose of 7ND at which
50% of the observed chemotaxis was inhibited (ICy;), was at
a ratio of 1:10 relative to the concentration of the MCP-1.
This inhibition was specific for MCP-1, as TND had no effect
on the interleukin (IL)-8 —induced chemotaxis of polymorphic
nuclear leukocytes, 7ND inhibited the MCP-l-induced pro-
liferation of hCASMCs (Figure 4B).

To examine the effects of 7ND on endothelial prolifer-
ation, we examined whether 7ND had any effect on the
known capacity of VEGF to increase the capillary density
of CD31-positive endothelial cells,?® and found that 7ND
had no apparent effect on VEGF-induced angiogenic
activity (Figure 4C).

Discussion

In this study we found that implantation of a 7ND gene-
eluting stent reduced in-stent neointima formation with no
evidence of adverse effects in rabbits or in nonhuman
primates (cynomolgus monkeys). Although there is currently
no clear consensus regarding which animal model (rabbit,
dog, pig, monkey, etc.) is most appropriate for the evaluation
of in-stent restenosis,? nonhuman primate models may have
advantages over nonprimate animal models, because the
results of efficacy and safety tests performed in such nonhu-
man primates can be applied to humans. Therefore, the use of
nonhuman primates may allow for the evaluation of the
efficacy and safety of therapies under conditions that more
closely approximate those of the human physiology. The
results presented here support the notion that that MCP-1
plays a central role in the pathogenesis of in-stent neointima
formation (in-stent restenosis), and also provide evidence for
feasibility of using the 7ND gene-eluting stent for prevention
of in-stent restenosis in a human interventional setting.

Although DES reduces the rate of restenosis and target-
vessel revascularization below 10%, increased risk of late
in-stent thrombosis resulting in acute myocardial infarction
and death after the use of the first-generation DES devices is
becoming a big problem.#-¢ Silorimus and paclitaxel have

ﬂn.os

p<0.05

5

capillary density

+ + + + MCP-I

+ + + +

VEGF
0 001 1 lo

relative TND concentration

Figure 4. Effect of 7ND on chemotaxis of mononuclear leukocytes (A, n=8 each), proliferation of hCASMCs (B, n=8 each), and angio-
genic activity of endothelial cells (C, n=8 each). Concentrations of 7ND are expressed in relation to concentrations of the agonist.

*P<0.05 vs control.
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been shown to impair reendothelialization and arterial healing
process, resulting thrombogenesis attributable to increased
expression of tissue factor.* In addition, nonbiocompatible
polymers used to load these drugs have been associated with
DES thrombosis.2* However, no such adverse reactions were
noted in this study especially in monkeys even after cessation
of ticlopidine. In addition, 7ND showed no effect on prolif-
eration of human endothelial cells in vitro. This suggests that
the 7ND gene transfer does not appear to impair the healing
process of endothelial cells in a stented arterial wall, so in
these respects, this approach may have an advantage over the
first-generation DES devices. We have shown that the bio-
compatible polymer and plasmid DNA coating material used
in this study did not appear to cause any adverse reactions
during a 1-month observation period in rabbits and during a
6-month observation period in monkeys. Therefore, we sug-
gest that the blockade of MCP-1 via the 7ND gene-eluting
stent may become a promising therapeutic strategy for treat-
ment of restenosis, and that this strategy may have a low level
of potential adverse effects.

From a perspective of clinical applicability, it is important
to take into account any potential systemic toxicity associated
with stent-based delivery of TND DNA plasmid. We demon-
strated that 7ND gene-eluting stent, which elutes plasmid
DNA at a dose of ~0.8 mg/ body [=0.23 mg/kg in rabbits
(BW=about 3.5 kg) and =0.16 mg/kg in monkeys
(BW=about 5 kg)], did not induce any significant inflamma-
tory or immune reactions. We have previously reported that
the systemic intramuscular transfer of plasmid cDNA encod-
ing the 7ND gene at doses ranging from 0.5 to 10 mg/kg was
nontoxic and safe in nonhuman primates,'>'426 rabbits,"!
rats,'* and mice.'? In addition, knockout mice lacking MCP-1%7
or the MCP-1 receptor (C-C chemokine receptor 2: CCR2)**
displayed no serious health problems, suggesting that inhibi-
tion of MCP-1 is not physiologically toxic. From a toxico-
logical point of view, because the dose of 7ND plasmid eluted
from stents would be even lower in human subject (==0.01
mg/kg for patients weighing 80 kg), it would be unlikely that
the 7ND gene-eluting stent would cause any toxicity in
humans. In clinical trials of plasmid DNA-based gene therapy
in which DNA was administered into the lower limb,*
myocardium,* or coronary:artery*'-*2 at 2 to 4 mg/ body, no
systemic adverse effects were reported. Overall, these safety
and feasibility data support the notion that stent-based gene
therapy could safely be applied to human subjects.

We have previously reported that 7ND gene transfer not
only suppressed inflammation (monocyte infiltration), but
also reduced the number of proliferating SMCs in the
neointima after injury.''-'*** Therefore, besides monocyte-
mediated inflammation, we hypothesized that 7ND inhibits
MCP- | -induced proliferation of SMCs. This notion is in line
with several recent reports'’-'83 demonstrating that (1)
mRNA and protein for the receptor for MCP-1, CCR2, are
detectable in vascular SMCs; and (2) MCP-1 induces SMC
proliferation in vitro. However, the effects of MCP-1 and
CCR2 on SMC proliferation are controversial: several studies
reported that MCP-1 either has no effect** or inhibits prolif-
eration.’™ These conflicting conclusions are discussed to
result from species specificity for MCP-1 activity in an

7ND Gene-Eluting Stent Inhibits In-Stent Stenosis 2567

article'” where human MCP-1 was used to proliferate human
SMCs. Furthermore, MCP-1 induces tissue factor in murine
SMCs from CCR™" mice,* suggesting the possible presence
of alternate MCP-1 receptor in murine SMCs. Therefore, we
used human MCP-1 to stimulate hCASMCs in culture, and
found that in addition to potent inhibitory actions on mono-
cyte chemotaxis, 7ND inhibited proliferation of hCASMCs
induced by human MCP-1. The presence of the receptor for
MCP-1, CCR2, on the hCASMCs was also established.
Therefore, our present data suggest that 7ND directly inhibits
human SMC proliferation, in addition to its known effects on
monocytes present in the in-stent vascular lesion.

In conclusion, strategy of inhibiting the action of MCP-1
with a 7ND gene-eluting stent reduced in-stent neointima
formation with no evidence of either systemic or local
adverse effects in rabbits and monkeys. These data suggest
that anti-MCP-1 gene therapy via 7ND gene-eluting stents
may be a clinically relevant and feasible therapeutic strategy
for the treatment of in-stent restenosis. Further clinical trials
are needed to examine this possibility.
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Abstract

Calcium channel blockers (CCBs) have been shown to improve clinical outcomes in atherosclerotic vascular disease. The mechanisms
underlying the vasculoprotective effects of a third-generation calcium channel blocker, azelnidipine, are incompletely understood. We asked
whether azelnidipine attenuates atherosclerosis in monkeys and mice beyond its blood pressure-lowering effects. Cynomolgus monkeys were
randomized to three groups after 4 weeks of a high cholesterol diet: control group (no treatment) and 3 and 10 mg/kg daily azelnidipine:
these doses have no effect on systemic arterial pressure or heart rate. Atherosclerosis was induced in the aorta by balloon injury, and the
diet and treatment were continued for an additional 24 weeks. Azelnidipine did not affect blood lipid profiles, but reduced the development
of atherosclerosis as detected by the elimination of local oxidative stress and reduced expression of monocyte chemoaltractant protein- |
and platelet-derived growth factor. Azelnidipine also reduced the proliferation and migration of vascular smooth muscle cells in vitro. In
atherosclerotic ApoE-knockout (ApoE-KO) mice fed a high cholesterol diet, azelnidipine but not amlodipine reduced the development of
atherosclerosis. Neither drug changed the lipid profiles or systolic blood pressure of the mice. Thus. azelnidipine at clinically relevant doses
exhibited anti-atherosclerotic effects in monkeys and mice independent of its blood pressure-lowering effects, suggesting that azelnidipinc
might be as a “vasculoprotective calcium channel blocker”.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction close to normal ranges is of great importance for reducing

cardiovascular events [1-6]. These clinical trials suggest that

Calcium channel blockers (CCBs) have been used world-
wide to treat patients with hypertension and angina pectoris.
Recent clinical trials with CCBs, such as PREVENT, ALL-
HAT, VALUE, CAPARES, ACTION, and CAMELOT, have
provided evidence that reducing arterial blood pressure to
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CCBs may have pleiotropic actions beyond simply lower-
ing blood pressure. The pleiotropic actions of CCBs may
be distinct from its pharmacologic actions related to block-
ing L-type calcium channels, but may be attributable to their
lipophilic character, which gives them a high affinity for the
membrane phospholipids of arterial wall cells, such as vas-
cular smooth muscle cells (see review by Mason et al. [7]).
CCBs’ vasculoprotective actions include improvement of
endothelial [unction, anti-inflammation ellects, anti-oxidant
effects, and anti-proliferation effects on vascular smooth
muscle cells (VSMCs).
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In animals, CCBs have been shown to prevent or
attenuate atherosclerosis [8], hypertension-induced vascu-
lar remodeling, neointimal formation after vascular injury
[9]. Azelnidipine is a newly developed third-generation CCB
that has anti-hypertensive effects comparable to amlodip-
inc [10]. Azelnidipine is strongly lipophilic and has a
high affinity for membrane of vascular wall cells, such as
vascular smooth muscle cells [11]. We recently reported
that azelnidipine attenuated stent-associated neointimal for-
mation associated with reduced expression of monocyte
chemoattractant protein-1 (MCP-1) in non-human primates
(cynomolgus monkeys) [12]. In that study, we found that
azelnidipine’s attenuation of neointimal formation was inde-
pendent of its blood pressure-lowering actions in vivo, and
that azelnidipine directly reduced MCP-I-induced prolif-
cration of VSMC, suggesting that azelnidipine's beneficial
effects on in-stent restenosis were mediated in part by direct
inhibition of VSMC proliferation. However, the mechanisms
of the anti-atherosclerotic action and the clinical significance
of azelnidipine were not fully addressed.

The aim of this study is to investigate whether azelni-
dipine at clinically relevant doses attenuates atherosclerosis
in non-human primates (cynomolgus monkeys) in ways that
are independent of its blood pressure-lowering effects. To
confirm the clinical significance of the findings, we used a
non-human primate model of atherosclerosis [13]. Although
it is difficult to choose an appropriate animal model for
studying atherosclerosis, a non-human primate model may
have an advantage over non-primate animal models, such
as rabbits and mice: vascular inflammatory and proliferative
responses to injury in non-human primates are presumed to
be more similar to those in humans than are those of other
non-primate animals. Therefore, the use of non-human pri-
matcs may allow us to evaluate the efficacy of any therapies on
atherosclerosis in clinically relevant conditions. Furthermore,
to examine whether the observed anti-atherosclerotic effects
are unique to azelnidipine or are a class-effect of CCBs, we
also compared the effects of azelnidipine and amlodipine in
ApoE-knockout (ApoE-KO) mice.

2. Methods

An enhanced Methods and Results section is available
online at doi: 10.1016/).atherosclerosis.2007.03.036.

2.1. Cynomolgus monkeys: animals and study protocol

The study protocol was reviewed and approved by the
Committee on the Ethics of Animal Experiments, Kyushu
University Graduate School of Medical Sciences. Thirty-
six 5-year-old male cynomolgus monkeys weighing 4.0 —
6.0kg were purchased from Primate Ltd. (Gaoyao, Guang
Dong, China). The monkeys were fed a high cholesterol
diet (0.5% cholesterol and 6% corn oil) for 4 weeks prior
to the balloon injury operation. Ticlopidine (100mg) and

aspirin (81 mg) were administered each day starting 7 days
before the balloon procedure; ticlopidine was administered
for 28 days, and aspirin was continued until euthanization at
6 months. The animals were randomized to 3 groups (n=12
monkeys per group) as follows: (1) no treatment/vehicle con-
trol group (0.5% carboxymethyl cellulose sodium salt); (2)
low-dose azelnidipine group (3 mg/kg per day: donated by
Sankyo Pharmaceutical Co., Tokyo, Japan); and (3) high-
dose azelnidipine group (10 mg/kg per day). These doses of
azelnidipine were selected because we previously reported
that first, the 3 and 10 mg/kg doses do not affect systemic
arterial pressure and heart rate in conscious monkeys by
telemetric measurements; and second, the low dose of azel-
nidipine used in the present study for monkeys was within
clinical range, because the maximum drug concentration
(Cmax) of azelnidipine at 3 and 10 mg/kg per day was 36 £ 17
and 107 £ 17 ng/mL, respectively, in monkeys [12], while
the Cmayx after oral administration of azelnidipine at 16 mg in
hypertensive human subjects is reported tobe 48 + 19 ng/mL.
Azelnidipine was administered to the monkeys once a day
by gavage for 24 weeks. One week after starting azelnidip-
ine treatment in the azelnidipine groups, all monkeys were
anesthetized with ketamine hydrochloride (10 mg/kg IM) and
sodium pentobarbital (30 mg/kg IV). The left femoral artery
was surgically exposed, a 4 Fr sheath catheter was passed into
the femoral artery, and monkeys received a balloon injury of
the thoracic and abdominal aorta, as previously described
[13]. The right femoral artery was then ligated and the inci-
sion was closed. After the operation, all monkeys were fed the
same high cholesterol diet. Animal care before and after the
operation took place in Gaoyao Kangda Laboratory Animal
Science and Technology in China.

2.2. Comparison of azelnidipine and amlodipine in
ApoE-KO mice

Male ApoE-KO mice were purchased from Jackson Lab-
oratory (Bar Harbor, Maine, USA). ApoE-KO mice were fed
a Western-type diet (Oriental Yeast, Tokyo, Japan) during the
experiment. At 8 weeks of age, mice were randomly assigned
into the following groups: (1) no treatment/vehicle control
group (n=10); (2) low-dose azelnidipine group (3 mg/kg
per day; n=6); (3) high-dose azelnidipine group (10 mg/kg
per day; n=7); and (4) amlodipine group (same class CCB:
10 mg/kg per day, donated by Pfizer Japan Inc., Tokyo. Japan;
n=06). Azelnidipine and amlodipine treatment was carried out
for 8 weeks by mixing the drug with food for the mice. After
8 weeks of treatment, all mice were sacrificed and tissue was
prepared for analysis. Tissue preparation was performed as
previously described [14]. Briefly, after the mouse was killed,
the aorta was rapidly removed from the left ventricle after
perfusion with phosphate-buffered saline. The aorta from the
arch 1o the bifurcation of the iliac artery was fixed in 10%
buffered formalin for measurement of the surface area cov-
ered by lipid-staining lesions. To quantify the extent of the
atherosclerotic lesions, adventitial tissue was removed from
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the aortic arch and the aortic arch was opened longitudinally,
stained with oil red O, and pinned out on a black wax surface.
The percentage of the endothelial surface area stained by oil
red O was determined [14].

Plasma total cholesterol, high-density lipoprotein choles-
terol and triglycerides concentrations were determined using
commercially available kits (Wako Pure Chemicals, Tokyo,
Japan). Systolic blood pressure and heart rate were measured
every other week (by the tail-cuff method [ 14]). Moreover, to
evaluate the safety of azelnidipine, a multiplex immunoassay
was performed using the Luminex Lab MAP instrument by
Charles River Inc. (see online Supplementary data).
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3. Results

3.1. Histopathological and immunohistochemical
measurements in monkeys

In the thoracic aorta, treatment with low and high
doses of azelnidipine significantly reduced the neointimal
arca (Fig. 1A and B; vehicle group: 1.86 4 0.23 mm?,
low-dose group: 0.96+0.16mm?, high-dose group:
1.024+0.19mm?). These doses also significantly reduced
the intima-media ratio (Fig. 1B: vehicle group: 0.45 &+ 0.26,
low-dose group: 0.23+0.04, high-dose group: 0.28 &
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Fig. 1. Effects of azelnidipine on atherosclerosis in monkey thoracic aorta. (A) Representative photomicrographs are shown of Masson’s trichrome-stained
cross-sections of the injured thoracic aortas from the vehicle control group (control, left panel), low-dose azelnidipine group (azel 3 mg/kg, middle panel) and
high-dose azelnidipine group (azel 10 mg/kg, right panel). Intemal elastica lamina are outlined with white. Bar= [0 mm. (B) Measurements of the neointimal
areas, intima/media (I/M) ratios, and media areas of the thoracic aortas from monkeys treated with or without azelnidipine as indicated (n = |2 each). *P <0.05,

**P <0.01 versus vehicle control group. Each value represents mean = S.EM.
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0.06). There was no difference in media area among the in the abdominal aorta in the neointima (Fig. 2A). Azelnidip-

groups. ine at low and high doses reduced PDGF-BB and MCP-1

Immunohistochemical expression of MCP-1 and PDGF- expression in the neointima (Fig. 2). In contrast, neither dose

BB and the composition of the neointima were then examined of azelnidipine affected the neointimal area (vehicle group:
(A) Azel 3 mg/kg
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Fig. 2. Immunohistochemical detection of PDGF-BB and MCP-1 expression. (A) Cross-sections of abdominal aortas from experimental groups stained with
the antibody against monocyte chemoattractant protein-1 (MCP-1), platelet-derived growth factor (PDGF), or non-immune [gG (negative control). Internal
elastica lamina are outlined with blue. Bar = 100 wm. (B) The MCP-1- and PDGF-positive areas were markedly decreased in azelnidipine low- and high-dose
groups. However, there were no significant differences in the smooth muscle cell areas and macrophage areas among the groups. **P<0.01 versus vehicle
control group (n =12 each). Each value represents mean = S.E.M.
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1.49 +0.10mm?, low-dose group: 1.54 £0.15 mm?, high-
dose group, 1.27+0.17 mm?) or the macrophage or smooth
muscle areas (Fig. 2B).

3.2. Detection of local oxidative stress in the aorta using
DHE staining

No DHE fluorescence was detected in the normal abdom-
inal aorta (data not shown). As shown in Online Figure, the
fluorescent signal attributable to superoxide production was
markedly enhanced in the neointima and media from the
control group. Azelnidipine at low and high doses elimi-
nated the intensity of DHE fluorescence in the neointima
(Online Figure), whereas the DHE signal intensity did not
differ among three groups in the media (data not shown).

3.3. Proliferation and migration of vascular smooth
muscle cells in vitro

Azelnidipine at 1, 10, and 100nM significantly inhib-
ited the PDGF-induced proliferation of the human coronary

(A) 100
=
£ * %
2 *% k%
s 0
B
a2
= -
3
™ 0l
0 0 1 10 100  azel (aM)
PDGF-BB 10 ng/mL
(B) 1500
[~
2
2 _ 1000 |
B
$E
g 2 500 |
3
= 0
0 0 1 10 100 azel(aM)
PDGF-BB 10 ng/mL
() 8
2 ]
g ] **  xxk
= 2]
v 4
z
3 0l
= 0 0 1 10 100 azel (nM)

PDGF-BB 10 ng/mL

Fig. 3. Effects of azelnidipine on PDGF-induced proliferation of human
coronary artery smooth muscle cells (A), on the concentration of MCP-1
in supernatant fluid from cell cultures treated with PDGE-BB (B), and on
the migration of rat aortic smooth muscle cells (C). *P <0.01 versus control
(n=9). Each value represents mean + S.E.M,

smooth muscle cells (Fig. 3A). To examine the effects
of azelnidipine on the PDGF-induced release of MCP-1,
MCP-1 concentrations in supernatant fluid were measured
(Fig. 3B). PDGF increased the MCP-1 levels in super-
natant from 462 £ 23 to 1322 £ 98 pg/mL. Azelnidipine at
1, 10, and 100nM significantly reduced the MCP-1 lev-
els to 548 + 34, 742 + 39, and 405 + 33 pg/mL, respectively
{Fig. 3B). Azelnidipine at 1, 10, and 100 nM also inhibited the
PDGF-induced migration of rat aortic smooth muscle cells
(Fig. 3C). The human coronary arterial smooth muscle cells
treated with azelnidipine at 100 nM showed no signs of cell
toxicity or apoptosis (data not shown).

3.4. Comparison of azelnidipine and amlodipine in
ApoE-KO mice

Azelnidipine at low and high doses markedly reduced
atherosclerotic lesion formation as detected by staining of
en face preparations of the aortas of ApoE-KO mice (Fig. 4).
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Fig. 4. Effects of azelnidipine and amlodipine on atherosclerosis in ApoE-
KO mice. (A) En face preparations of aortas were stained with oil red O.
Bar = 10 mm. (B) Quantitative comparison of atherosclerotic lesionsize (per-
cent of oil red O stained area) (n = 6-10). Data are reported as mean = S.EM.
**P <0.01 versus no treatment group.



