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Figure 5. Extracorporeal cardiac SW therapy improves regionat
myacardial function in vivo. SW therapy induced a complete
recovery of WTF of the ischemic lateral wall under control con-
ditions {A)} and under dobutamine (DOB} foading conditions (B).
Results are expressed as mean “SEM {(n=8 each}.

contrel group and 1.4+0.3 in the SW group, P<0.05; Figure
6A) as well as in the epicardium (0.7x0.2 in the control
group and 1.5+0.2 in the SW group, P<<().03; Figure 6B).

Effects of Extracorporeal Cardiac SW Therapy on
Capillary Density and VEGF Expression in the
Ischemic Myocardium

Factor VIII staining showed that the number of factor

VIH-positive capilluries was increased in the SW group
compared with the control group (Figure 7A and 7B).
Quantitative analysis demonstrated that the number of capil-
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Figure 6. Extracorporeal cardiac SW therapy improves RMBF in
vivo. SW therapy significantly increased BMBF, assessed by
colored microspheres in both the endocardium (A) and the epi-
cardium (B). Results are expressed as mean*SEM (n=8 each).
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lavies was significantly higher in the SW group in both the
endocardium (84026 in the control group and 128045 in
the SW group, P<<0.05; Figure 7C) and the epicardium
(82030 in the control group and 120022 in the SW group,
P<0.05; Figure 7D}. RT-PCR analysis and Western blotting
demonstrated a significant upregulation of VEGF mRNA
expression (8.026 in the control group and 32£38 in the SW
group., P<<0.03; Figure 8A) and protein expression (2.23-fold
increase in the SW groups, P<<0.05; Figure 8B) after the SW
treatment to the ischemic myocardium in vivo.

Side Effects of Extracorporeal Cardiac

SW Therapy

All animals treated with the SW therapy were alive and
showed no arrhythmias as assessed by 24-hour Holter ECG
during and after the treatment (n=3; duata not shown). There
also was no myocurdial cell damage as assessed by serum
concentrations of CK-MB (ng/mLy); the values before the SW
treatment and at 4, 5 (2 hours after the SW treatment), and 8
weeks after the ameroid implantation were 5.0+0.6, 6.2+0.5,
5.5%0.2, and 7.12£09 in the control group and 3.1%+0.2,
1.720.6,6.120.6, und 6.4+0.4 in the SW group, respectively
{n=06 each). The serum concentrations of troponin T were not
detected in most cases in both groups. Ne significant differ-
ences were noted in hemodynamic variables (eg, heart rate or
blood pressure) between the 2 groups (data not shown).

Discussion

The novel finding of the present study is that the extracorpo-
real cardiac SW therapy enhuances angiogenesis in the ische-
mic myocardinum and normalizes myocardial function in a
porcine model of chronic myocardial ischemia in vivo. To the
best of our knowledge, this is the first report that demon-
strates the potentiul usetulness of extracorporeal cardiae SW
therapy as a noninvasive treatment of chronic myocurdial
ischemia.

Extracorporeal Cardiac SW Therapy as a Novel
Strategy for Ischemic Cardiomyopathy

Because of the poor prognosis of ischemic cardiomyopa-
thy,'? it is crucial to develop an alternative therapy for
ischemia-induced myocardial dysfunction. To accomplish
effective angiogenesis, it is mandatory to upregulate potent
angiogenests ligands, such as VEGF, and their receptors.»1¢
Fuithermore, in the clinical setting, the goal for the treatment
of ischemic cardiomyopathy should include not only en-
hancement of ungiogenesis but also recovery of ischemiu-
induced myocardial dysfunction. In the present study, we
were able to demonstrate that SW treatment (1} normalized
global and regional myocardial functions as well as RMBF of
the chronic ischemic region without any adverse etfects in
vivo, (2) increased vascular density in the SW-trested region,
and (3) enhanced mRNA expression of VEGF and its
receptor Flt-1 in HUVEC in vitro and VEGF production in
the ischemic myocardium in vivo, Thus, SW-induced upregu-
lation of the endogenous angiogenic system may offer a novel
and promising noninvasive strategy for the treatment of
ischemic heart diseuse.
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Advantages of Extracorporeal Cardiac

SW Therapy

Recent attempts to enhance angiogenesis in the ischemic organs
include gene therapy and bone nuurow cell transplantation
therupy. The muin purpose of gene therapy is to induce overex-
pression of a selected angiogenic ligand (eg, VEGF) that leads to
angiogenesis in the ischemic region. Although phase 1 trials of
gene transfer of plusmid DNA encoding VEGF demonstrated
safety and clinical benefit for the treatment of ischemic limb and

heart, =13 gene therapy for ischemic cardiomyopathy is still at a
preclinical stage. Bone marrow cell transplantation therapy,
which depends on adult stem cell plasticity, also may be a usetul
steategy for angiogenesis because endothelial progenitor cells
could be isolated from circulating mononuclear cells in humans
und could be shown to be incorporated into neovascularization. ™
However, the need for invasive delivery of those cells to the
ischemic myocardium may severely Jimit its usefulness in
clinical situations,
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Figure 8. SW treatment upreglated
mRNA (A} and protein (B) expression of
VEGF in the ischemic myocardium (n=5
each).
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A mujor advantage of the extracorporeal cardiac SW therapy
over these 2 strategies is shown by the fact that it is quite
noninvasive and safe, without any adverse effects. It necessary,
we could repeatedly treat patients (even outpatients) with SW
therapy because no surgery, anesthesia, or even catheter inter-
vention is required for the treatment. This is an important factor
in determining the clinical usefulness of angiogenic therapies in
patients with ischemic cardiomyopathy. Thus, the extracorporeal
cardiac SW therapy appears to be an applicable and noninvasive
treatment for ischemic heart diseuse. Indeed, the SW treatment
itself already has been clinically estublished as an effective and
safe treatment for lithotripsy and chronic plantar fasciitis.!s-1¢
Our present results indicate that SW therapy, at =10% of the
energy needed for lithotripsy treatment, is effective for in vivo
angiogenesis in the ischemic heart.

Mechanisms for SW-Induced Angiogenesis
When a SW hits tissue, cavitation (a micrometer-sized violent
collapse of bubbles) is induced by the first compression by
the positive pressure part and the expansion with the tensile
part of a SW.* Because the physical forces generated by
cavitation are highly localized, SW could induce localized
stress on cell membranes, as altered shear stress atfects
endothelial cells.’”” Recent reports have demonstruted the
biochemical etfects of SW, including hyperpolarization and
Ras activation,'™ nonenzymatic nitric oxide synthesis,'® and
induction of stress fibers and intercellular gaps.® Although
precise mechanisms for the SW-induced biochemical effects
remain to be examined, these mechanisms may be involved in
the underlying mechanisms for SW-induced angiogenesis.
Indeed, Wang et al*! reported that SW induces angiogenesis
of the Achilles tendon—bone junction in dogs.

We were able to demonstrate that the SW treatment upregu-

lated mRNA expression of VEGF and its receptor Flt in -

HUVECs in vitro and VEGF expression in the ischemic myo-
cardium in vivo. Because the VEGF-Flt system is essential in
initiating vasculogenesis and/or angiogenesis,? this effect of SW
could explain, at least in part, the underlying mechanisms for
SW-induced angiogenesis. It should be noted, however, that we
showed only the upregulation of VEGF and Flt and that the
effect of SW on signal transduction after receptor—ligand inter-
action still remains to be clarified. In addition, we need to fully
elucidate the mechanisms for the SW-induced complete recov-
ery of ischemia-induced myocardial dysfunction, although the
increased myocardial blood flow caused by the SW wreatment
appewrs to play a primary tole for the improved myocardial
function. Fuither studies are required to determine the precise
molecular mechanistn for SW-induced angiogenesis and recov-
ery of myocardial function.

In summary, we were able to demonstrate that noninvasive
extracorporeal cardiuc SW therapy effectively increases
RMBF and normalizes ischemia-induced myocardial dys-
function without any adverse effects, Thus, extracorporeal
cardiac SW therapy may be an effective, safe, and noninva-
sive therapy for ischemic cardiomyoputhy.

Acknowledgments
This study was supported in part by a grant from the 21st Century
COE Program and grants-in-aid from the Japanese Ministry of

Shock Wave Therapy for Chronic Myocardial Ischemia 3061

Education, Culture, Sports, Science, and Technology, Tokyo, Japan
(Nos. 12032215, 12470158, 12877114, 13307024, 1355706R), and
the Japanese Ministry of Health, Labor, and Wellare, Tokyo, Japan,
We thunk Dr Ernest H. Marlinghaus, Storz Medical AG, Switzer-
land, for valuable discussion about our study, and Prof S. Mohri at
the Center of Biomedical Research, Kyushu University Graduae
Schaol of Medical Sciences, for cooperation in this study.

References

1. Jessup M. Brovena 8. Heart fuilure. N Engl J Med. 2003;343:2007-2018.

. Gutersohn A, Cuspari G. Shock wiaves upregulate vascular endothelial

growth fuctor m-RNA in human umbilical vascular endothelial cells.

Circulation. 2000,102(suppl): 18,

3. Apfel RE. Acoustic cavitation: a possible conseguence of biomedical uses
of ulirasound. Br J Cancer, 1982;45(suppl): [40-146.

4. Muisonhaute E, Prade C, White PC, ct al. Swiace acoustic cavitation
understood via nanosecond electrochemistey, part I11: shear stress in

- ultrasonic cleaning. Ultrason Senochem. 2002,9:297-303.

5. O’Konski MS, White FC, Longhurst J, et al. Ameroid constriction of the
proximal left circumflex coronary artery in swine: 2 model of limited
corenary collateral circulation. A J Cardiovase Pathel. 1987;1:69-77,

6. Roth DM, Maruoka Y, Rogers J, et al. Development of coronary col-
Tateral circulation in left circumflex ameroid-oceluded swine myocardi-
um. Amt J Physiol. 187;253:H1279-1288,

7. Rentrop KP, Colien M. Blanke H, et al. Changes in colluteral channel
filling immediately after controlled coronary arery ovclusion by an
angioplasty balloon in human subjects. J Am Cell Cardiol. 1985;5:
587-592.

8. Prinzen I'W, Bassingthwaighte J8, Blood {low distributions by micro-
sphere deposition methods. Cardiovase Res. 20KK145:13-21.

9. Carmeliet P, Ferreira V. Breier G, et al. Abnormal bloed vessel devel-
opment and lethality in embryos lacking a single VEGF allele, Nanure,
1996;380:435-439,

[0, Ferrara N, Carver-Moore K. Chen H, et al. Heterozygous embryonic
lethality induced by targeted inactivation of the VEGF gene. Naire.
[996;380:439-442.

11, dsner JM, Pieczek A, Schainteld R. et al. Clinical evidence of angio-
genesis alter arterizl gene transfer of phVEGF165 in patient with
ischacinic imb, Lancet, 1996,348:370-374,

12, Baumgartner [, Pieczek A, Manor O, et al. Constitulive expression of
phVEGFL65 after intramuscular gene trapsfer promaotes collateral vessel
developanent in patients with critical limb ischemian. Circrdution. 1998;
97:1114-1121,

13, Losordo DW, Vale PR, Symes JF, et al. Gene therapy tor myocardial
angiogenesis: initiul clinical results with direct myvcardial injection of
phVEGEI65 as sole therapy for myoecardial ischemin. Circdation. 1998;
O8:2800) -2804.

14, Asahara T, Muorohara T, Sullivan A, et al. Isolation of putative progenitor
endothedial celis for angiogenesis. Science. 1997;275:964 -966.

15. Auge BK, Preminger GM. Update on shock wave lithoiripsy technology.
Curr Opine Urel. 2002;12:287-290.

16. Weil LS Ir. Roukis TS, Weil LS, et al. Extracorporeal shock wave therapy
for the treaiment of chronic plantar fasciitis: indications, protocol, inter-
mediate results, and a comparison of results to tasciotomy. J Foot Ankle
Surg. 2002:41:166-172.

[7. Fisher AB, Chien S, Barakat Al, et al. Endothelial cellular response to
ultered shear stress. Am J Physiel. 2000,28 1:L.529-L533.

I8. Wang FS, Wang CI Huang HJ, et al. Physical shock wave mediates
membrane hypeepolarization and Ras activation for ostecogenesis in
human bone arrow stromal eells, Biochem Biopitys Res Comnua, 20015
287:648-655.

19, Gotie G, Amelio E, Russo 8, et al. Short-time non-cnzymitic nitric oxide
synthesis from L-arginine and hydrogen peroxide induced by shock waves
treaument. FEBS Len. 2002;520:153-155.

20, Seidl M, Steinbuch P, Worle K, ¢t al. Induction of stress fibres and
interceflular gaps in human vascufar endothelivm by shock-waves, Ultra-
sonics, 1994,32:397-4(K).

21. Wang CJ, Huang HY, Pai CH. Shock wave—enhanced neovascularization
at the tendon-bone junction: an experiment in dogs. J Foot Ankle Surg.
XH2:41:16-22,

22, Millauer B, Wizigmann-Voos 8, Schnurch H, et al. High aflinity VEGF
binding and developmental expression suggest Flk-1 as a major regulator
of vasculogenests and ungiogenesis. Cell, [993;72:835-846.

]



A%

ELSEVIE

Available online at www.sciencedirect.com
SCIENCE @DIRECT‘

Biosensors and Bioclectronics 20 (2004) 518-523

BIOSENSORS
BIOELEGTRONICS

www.elsevier.com/locate/bios

Biocompatible glucose sensor prepared by modifying protein and
vinylferrocene monomer composite membrane

a,%, 1

Ryoji Kurita

, Hisao Tabei?, Yuzuru Iwasaki®, Katsuyoshi Hayashi®,

Kenji Sunagawa®, Osamu Niwa®

2 NTT Advanced Technology, 3-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-0198, Japan
b NTT Microsysten Integration Laboratories, 3-1 Morinosato-Wakamiva, Arsugi, Kanagawa 243-0198, Japan
¢ National Cardiovascular Laboratories, 5-7-1 Fujfishirodai, Suita, Osaka, $63-8365 Japan

Reccived 18 December 2003; received in revised form 25 February 2004; accepted 25 February 2004
Available online 12 April 2004

Abstract

This paper proposes a very simple procedure for preparing a biocompatible sensor based on a protein (bovine serum albumin, BSA), enzyme
and vinyiferrocene (VF) composite membrane medified electrode. The membrane was prepared simply by first casting vinylferrocene and
then coating it with BSA and glucose oxidase immobilised with glutaraldehyde. The sensor response was independent of dissolved oxygen
concentration from 3 to 10 ppm and showed good stability for serum sample measurement, unlike the commonly used BSA/enzyme modified
electrode. The sensor response was almost unchanged over the measurement time (>10h) whereas the responses of a BSA and glucose oxidase
modified platinum electrode and an osmium-polyvinylpyrridine wired horseradish peroxidase modified electrode (Ohara et al., 1993) fell to

68% of their initiaf value in a serum sample containing 10 mM glucose.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The real-time monitoring of in vive biomolecules is im-
portant for medical applications such as the measurement
of glucese during medical treatment for patients with acute
conditions in intensive care units or for the long term mon-
itoring of chronic cases. This might improve the quality of
treatment and reduce the number of patient deaths. However,
medical analysis has mainly been petformed using instru-
ments that employ off-line measurement and this approach
takes a relatively long time to provide results.

Various in vivo chemical sensors have been studied with
a view to measuring biomolecules in patients continuously
and the electrochemical biosensor is an important device
for such applications. Two main types of in vivo bicsensor
have been reported for the continuous in vivo monitering of
biochemicals. One is an on-line biosensor coupled with a
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fax: +81-46-240-4728.
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microdialysis probe (Ungerstedt, 1986; Lunte et al., 1991;
Kurita et al., 2002), the other is a miniaturised biosensor,
such as an enzyme modified micreelectrode, which is im-
planted directly in the patient (Abe et al., 1991; Hu et al.,
1994; Kissinger et al., 1373). The latter approach is suitable
for measuring a localised area with a high temporal reso-
lution. However, the sensitivity of the implanted biosensor
decreases due to the adsorption of proteins or thrombus on
the sensor surface. Therefore, a stable implantable biosen-
sor is required because it is difficult to calibrate biosensor
sensitivity while undertaking a measurement.

Several groups have reported biosensors for stable in vivo
measurement that are coated with biocompatible polymers
such as cellulose acetate {Fischer et al.,, 1987), polyethy-
lene glycol (Quinn et al., 1997), polyvinyl chloride (Reddy
and Vadgama, 1997), polyurethane (Ishihara et al., 1995)
and Nafion (Turner et al., 1990). Surface modification with
commercially available polymers has been widely used for
various sensors due to its simplicity. Reddy and Vadgama
{1997) studied the variation in lactate sensor response with
time in whole blood. They reported that a polyvinyl chlo-
tide coating is useful for stable in vivo monitoring. Although
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this method led to a quantitative improvement of biosensors
in blood, it remains unsatisfactory because the sensitivity
of the initial response decreased to about 60% afler 6h in
blood. Kros et al. {2001) compared biocompatible coatings
on a glucose sensor by using heparin, polyethylene glycol,
dextran, Nafion and polystyrene in serum and albumin so-
lution, They reported that the responses of the glucose sen-
sors with these polymers were improved compared with that
of a non-coated sensor in serum. However, the sensitivity
of these sensors decreased to less than half the initial re-
sponse in serum after a few hours. Moreover, oxygen free
measurement is required for in vivo biosensors since the
in vivo oxygen concentration is changeable. Therefore, we
need to modify the mediator to enable it to communicate
between enzyme and electrode if we are to fabricate in vivo
biosensors.

Since in vivo biosensors require a biocompatible mem-
brane and an enzyme membrane with high electron trans-
fer between enzyme and electrode, it is more convenient
if the membrane has both biocompatibility and electron
conductivity. Inoue et al. {2002) reported a polypyrrole
derivative-based glucose sensor fabricated by the elec-
tropolymerisation of [-(6-D-gluconamidohexyl) pyrrole.
They reported that the electropolymerised membrane pre-
vented plasma from being absorbed by the sensing mem-
brane in the blood sample. It is easy to obtain a common
monomer such as o-phenylenediamine and realise a se-
lective membrane. However, it requires sophisticated or-
ganic synthesis skills to prepare monomers with which
to obtain biocompatible and electroconductive polymers
by electrochemical polymerisation and the polymerisation
conditions must also be optimised without losing enzyme
activity.

In this paper, we propose a new procedure for preparing
glucose biosensors for in vivo monitoring based on a com-
posite enzyme membrane composed of mediator and pro-
tein. The sensor membrane consists of vinylferrocene and
bovine serum albumin (BSA} in which glucose oxidase is
immobilised with glutaraldehyde and this sensor shows im-
proved stability for serum sample measurement.

2. Experimental
2.1. Chemicals

Vinylferrocene (VF) and BSA were purchased from
Aldrich (Steinheim, Germany). Glucose oxidase (GOD)
was purchased from Sigma Chemical Co. (St. Louis,
MQ, USA). Glutaraldehyde and glucose were purchased
from Kanto Chemicals {Tokyo, Japan). Phosphate buffered
saline (PBS; pH 7.4) was purchased from Life Technol-
ogy (Grand Island, NY). Osmium-polyvinylpyridine wired
horseradish peroxidase (Ohara et al., 1993; Os-gel-HRP)
was purchased from Bioanalytical Systems (West Lafayette,
IN).

2.2, Sensor fabrication

The glucose sensor was fabricated using a 1.6 mm diame-
ter Pt electrode (BAS). We polished the Pt electrode on a pol-
ishing paper impregnated with 1 wm diamond particles, and
rinsed it with pure water. We then immersed the electrode
in 0.7 wl/mm? of 0.3 M VF in methanol and dried it. Next,
we modified the VF modified Pt electrode with 1.4 pl/imm?
of GOD solution. The GOD solution contained 0,37 U/ul of
GOD, 2% albumin and 0.5% glutaraldehyde,

We fabricated two conventional sensors for comparison
with our sensor, one was a Pt electrode modified with
GOD and albumin cross-linked with glutaraldehyde (Yao,
1983; Guilbault and Lubrane, 1973), the other was an
Os-gel-HRP-based glucose sensor as described previously
(Ohara et al.,, 1993). The electrode area and amount of
modified GOD, albumin and glutaraldehyde were the same
as those of the VF-based sensor.

2.3, Measurements

Cyclic voltammetry and amperometric measurements
were performed using an electrochemical analyser (CH In-
struments model 1000, Austin, TX). An Ag/AgCl reference
electrode (Bioanalytical Systems) and a Pt wire auxiliary
electrode were used. In cyclic voltammetry, the potential

. of the working electrode was scanned from 0 to 0.6V at

a scan rate of 2mV/s and the buffer solutions were argon
or air saturated for 10min before the measurement. In the
amperometric measurement, the potential of the working
electrode of the VF-based sensor was held at 0.3V, The
conventional Pt electrode sensor modified with GOD and
the Os-gel-HRP-based sensor were held at 0.5 and 0V,
respectively. The buffer solutions were air saturated and
stirred gently with a magnetic bar, All measurements were
performed at room temperature.

X-ray photoelectron spectroscopy {XPS) was performed
using a Kratos AXIS Ultra (AIKR1846.6 V) spectrometer
to determine the elemental composition of the sensing mem-
brane surface.

3. Results and discussion

Fig. | shows cyclic voltammograms (CV) of our glucose
sensor in (a) 1 mM glucose solution and (b) PBS without
glucose. CV (b) shows the anodic and cathodic peaks of the
electrode modified with VF. The anodic current increases
with increasing potential, and reaches a plateau above 50nA
as shown in CV (b). In contrast, CV (a) for a 1 mM glucose
solution shows a higher anodic current (about 0.45 jLA) than
that of CV (b) and the cathodic current has disappeared.
The higher anodic electrocatalytic current in the presence
of glucose without oxygen in the sample suggests that there
was an electron transfer between VF and GOD. The VF
must disperse in the membrane to transfer electrons directly
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Fig. 1. Cyclic voltammograms at a platinum electrode modified with
a composite cnzyme membrane composed of vinylferrocene, glucose
oxidase and bovine serum albumin. (a) Tn 1 mM glucose solution without
oxygen; (b) in PBS without glucose without oxygen; () in 1 mM glucose
solution with oxygen and (d) in PBS without glucosc with oxygen.

between the electrode and enzymes, and so we studied the
VF distribution by measuring iron atoms with XPS,

Fig. 2 shows a typical XPS spectrum of the membrane
of the VF-based glucose sensor. The spectrum shows car-
bon, nitrogen and oxygen peaks, which can be attributed to
albumin. In contrast, we observed no peaks for the Pt elec-
trode because XPS provides an analysis that reaches only
a few tens of nanometers below the surface. However, we
observed small iron pezks attributable to VF. These peaks
indicate that VF molecules are distributed throughout all of
the BSA fllm, This also suggests the possibility of electron
transfer between GOD and VF since there are VF molecules
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Fig. 3. Calibration curve of the vinylferrocene-based glucose sensor. The
potential of the working clectrode was kept at 0.3V vs. Ag/AgClL

near the GOD and electron transfer might take place as a
result of the electrons hopping through the VF in the film
or by the diffusion of the VF itself in the film.

Fig. 3 shows the calibration curve of our glucose sensor,
The PBS was air saturated and we measured the steady-state
anodic current at 0.3 V. The anodic current of the sensor
exhibited good linearity with the glucose concentration be-
tween 0.1 and 10 mM. However, the anodic current of the
sensor saturated when the concentration was above 10mM,
It is known that the hydrogen peroxide detection type glu-
cose sensor reaches saturation when the glucose concentra-
tion is higher than a few mM (Harrison et al., 1988). This
is because the sensitivity is affected by the concentration of
dissolved exygen in the buffer solution, However, we have
already confirmed that our sensor works without oxygen
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Fig, 2. XPS spectrum of the sensing membrang on the VF-based glucosc sensor.
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Fig. 4. Variations in the current response with changes in the dissolved
oxygen concentration obtained using the vinylferrocene-based glucose sen-
sor (circles), the conventional glucose sersor without mediators (squarcs)
and the Os-gel-HRP-bascd glucose sensor (triangles). The clectrodes were
kept at 0.3, 0.5 and 0V vs. Ag/AgCI, respectively.

as shown in Fig. 1. Cass et al. (1984) reported an electron
transfer between ferrocene derivatives and GOD. They mea-
sured the CV in a glucose solution containing GOD using a
ferrocene derivative modified electrode. Their CV shows a
faster anodic catalytic current than our CV in Fig. 1(a). We
considered the reason for the slower electron transfer of our
sensor to be as follows, With the sensor reported by Cass
et al. (1984), the ferrocene derivatives were immobilised
with a relatively high density on the electrode and GOD
could diffuse freely in the solution. Therefore, the electron
transfer between GOD and the electrede takes place via the
ferrocene derivatives, which are immobilised with a high
density on the surface.

In contrast, in our case GOD is covalently bonded in the
BSA film, and so the electron transfer between GOD and the
electrode should be achieved by VF diffusion in the film or
electron hopping from GOD and the electrode through many
VF molecules. The slower electron transfer of our system
is because the VF diffusion is slower in the film than in the
solution and the VF density in our sensor film is lower than
the surface ferrocene concentration reported by Cass et al.
(1984).

However, we were still able to achieve a high current den-
sity since the total amount of VF and GOD is much greater
than those of the sensor reported by Cass et al. (1984), since
our film is much thicker.

Fig. 4 shows the variations in the current responses of
the VF-based sensor (circles), a conventional glucose sensor
consisting of a Pt electrode modified with GOD and zlbumin
cross-linked with glutaraldehyde (Yao, 1983; Guilbault and
Lubrano, 1973) (squares) and an electrode modified with a
mediator (Os-gel-HRP) (triangles) to a 10mM glucose solu-
tion when we changed the dissolved oxygen concentration,
We held the potentials for the VF based and conventional
sensors at 0.3 and 0.5V versus Ag/AgCl, respectively. In
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Fig. 5. Variation in the cument response to 10 mM glucose with and
without 10% horse serum obtained using (a) the conventional glucose
sensor and (b) the vinylferrocene-based glucose sensor,

contrast, we held the Os-gel-HRP-based sensor at 0 V versus
Ag/AgCl during the measurement. Each relative response
was defined by dividing the currents obtained at various oxy-
gen concentrations by the current when the dissolved oxygen
concentration was 9 ppm in the form of air saturated oxygen
concentration at room temperature. The electrode area and
amount of modified GOD, albumin and glutaraldehyde were
the same as those of the VF-based sensor. We modified the
Os-gel-HRP-based glucose sensor as described previously
(Ohara et al,, 1993). The current responses of the glucose
sensor without the mediator and the Os-gel-HRP-based glu-
cose sensor decreased as the dissolved oxygen decreased
because there was insufficient oxygen to deoxidise GOD in
PBS. This reveals the usual problem with hydrogen perox-
ide detection type electrochemical biosensors when used for
in vivo monitoring. In contrast, the VF-based glucose sen-
sor showed an almost steady response of 93-100% when
the dissolved oxygen concentration was changed between
3 and 10 ppm. The responses at the VF-based glucose sen-
sor increased when the dissolved oxygen concentration was
less than 3 ppm. This is because only direct electron transfer
between the enzyme and electrode through VF takes place
when the dissolved oxygen concentration is sufficiently low.
Although the sensitivity of the VF-based sensor changed at
low dissolved oxygen concentrations, this is not a serious
problem for in vivo monitoring in blood because the dis-
solved oxygen concentration in blood is about 4-5 ppm,
Fig. 5(a and b) show the responses of the two types of
sensors to a 10mM glucose solution. Fig. 5(a) shows the
current variation at a conventional glucose sensor with a
Pt electrode modified with GOD and albumin cross-linked
with glutaraldehyde (Yao, 1983; Guilbault and Lubrano,
1973). Fig. 5(b) shows the current variation at the VF-based
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Fig. 6. Linear sweep voltammograms with VF-based sensor {a) with (b) without Nafion membrane in (D)1 mM glucose, (It mM glucose with 1 mM

ascorbic acid, (IIN) 1 mM glucose with 1 mM uric acid.

glucose sensor described in this teport. The PBS was air sat-
urated and stirred gently with 2 magnetic bar. The potential
of the conventional and VF-based electrodes were kept at 0,5
and (1.3 V, respectively. After we observed that the 10 mM
glucose current was stable for 30 min, we injected PBS con-
taining horse serum into the sample solution until the serum
concentration in the sample solution reached 10%. When we
added the horse serum, the anodic current immediately de-
creased to 68% of its initial response. This current reduction
resulted from the adsorption of proteins in the serum onto the
surface of the sensing membrane and this reduced the diffu-
sion of the glucose into the membrane, The reduced current
did not recover for 10 h after we placed the electrode in PBS
containing horse serum. Furthermore, we observed no cur-
rent increase when we measured a 10 mM glucose solution
containing no serum using a sensor that had already been
placed in serum once and had then been rinsed with PBS,
Fig. 5(b) also shows the current increase at the VF-based
glucose sensor that resulted from adding 10 mM glucose. In
contrast, we observed no current decrease, except for aslight
current fluctuation when we added the serum to the sample,
until the serum concentration reached 10%. This suggests
that our sensing membrane exhibits good resistance to pro-
tein fouling. This also indicates that cur sensor is suitable
for the quantitative in vivo monitoring of glucose concentra-
tion, We observed no current reduction for more than 10h.
The current reduction after 10h was due to the reduction of
VF on the electrode. It is known that ferrocene is converted
to ferrocium ions when it is electrochemically oxidised on
the electrode. So oxidised VF could become easily detached
from an electrode into a bulk solution since hydrophilicity
increases after oxidation. We overcoated a Nafion membrane
onto the sensing membrane to trap ferricinium ions (cations)
since Nafion is an anionic polymer. After the sensor was
coated with Nafion, its response remained unchanged for 3

days in buffer solution. Although the sensitivity of a glucose
sensor coated with Nafion film is stable compared with that
of an uncoated sensor, Kros et al. (2001} reported that the
sensitivity decreased to about 40% of its initial response in
serum after a few hours (Kros et al., 2001). Qur VF-based
glucose sensor exhibited much greater stability even after
it was modified with Nafion film. The magnitude of the
current was almost the same afier 3 days of measurement.
This improved stability might be due to the stability of the
bottom layer, which consists of VF/BSA composite film,
In addition, the sensor also showed selectivity to
L-ascorbic acid and uric acid, which are typical interferents
for in vivo measurement. Fig. 6 shows the results of linear
sweep voltammograms of the VF-based sensor (a) with (b)
without a Nafion membrane in TmM glucose with | mM
ascorbic acid or 1 mM uric acid. Fig. 6(b) shows that the an-
odic current in I mM glucose with ascorbic acid or uric acid
is higher than that without the acid (interference). This indi-
cates that it is difficult to measure the glucose concentration
quantitatively since the oxidation potential of VF is close
to that of ascorbic acid and uric acid. However, Fig. 6(a)
shows that the current responses of the sensor in 1 mM
glucose containing ascorbic acid or uric acid are almost the
same as those for 1 mM glucose without interference. This
is because Nafion is capable of rejecting anions that include
ascorbic acid and uric acid by electrostatic repulsion.

4, Conclusion

We used a new simple preparation procedure to develop
a biocompatible glucose biosensor based on a composite
enzyme membrane consisting of vinylferrocene and glu-
cose oxidase. The sensor response was independent of the
dissolved oxygen concentration between 3 to 10ppm and
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showed a stable response in serum for 10 h. The sensor also
shows good selectivity to ascorbic acid or uric acid when it
is overcoated with a Nafion membrane. The sensor could be
employed for quantitative in vivo monitoring.
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Blockade of Vascular Endothelial Growth Factor Suppresses
Experimental Restenosis After Intraluminal Injury by
Inhibiting Recruitment of Monocyte Lineage Cells

Kisho Ohtani, MD; Kensuke Egashira, MD, PhD; Ken-ichi Hiasa, MD; Qingwei Zhao, MD,
Shiro Kitamoto, MD; Minako Ishibashi, MD; Makoto Usui, MD; Shujiro Inoue, MD;
Yoshikazu Yonemitsu, MD; Katsuo Sueishi, MD; Masataka Sata, MD;

Masabumi Shibuya, MD; Kenji Sunagawa, MD

Background—Therapeutic angiogenesis by delivery of vascular endothelial growth factor (VEGF) has atiracted attention.
However, the role anrd function of VEGF in experimental restenosis (neointimal formation) alter vascular intraluminal

injury have not been addressed.

Methods and Results—We report herein that blockade of VEGF by soluble VEGF receptor | (sFlr-f) gene ransfer
attenuated neointimal formation after intraluminal injury in rabbits, rats, and mice. sFle-1 gene wansfer markedly
attenuated the early vascular inflammation and proliferation and later neointimal formation. sFlr-/ gene transfer also
inhibited increased expression of inflammatory factors such as monocyle chemoattractant protein-1 and VEGF.
Intravascular VEGF gene transler enhanced angiogenesis in the adventitia but did not reduce neointimal formation, -

Conclusions—Increased expression and activity of VEGF are essential in the development of experimental restenosis alter
intraluminal injury by recruiting monocyte-lineage cells. (Circulation. 2004;110:2444-2452.)

Key Words: resienosis m remodeling & inflammation & endothelium-derived [actors m gene therapy

Vascular endothelial growth factor (VEGF) has attracted
attention for endothelial regeneration and angiogenesis.'-
VEGF is one of the most potent vascular permeability factors
known, is thought to function as an endogenous regulator of
endothelial integrity after injury, and thus, protects the artery
from disease progression* Previous animals studies have re-
ported that local delivery of VEGF after endothelial injury
promotes endothelial regeneration, accelerates the recovery of
endothelium-dependent relaxation, and reduces nevintimal for-
mation (see review?), suggesting the close correlation between
accelerated endothelial integrity and reduced neointima after
baltoon injury. Increased expression of VEGF and its 2 receptors
(VEGFR-1, Fit-1; VEFGR-2, FIk-1) in atherosclerotic and
restenotic lesions has been reported.’7 However, there is still
considerable debate over the vasculoprotective versus athero-
genic effects of VEGE® Emerging evidence suggests that (1)
VEGF induces migration and activation of monocytes®; (2}
VEGF induces adhesion molecules' and monocyte chemoat-
tractant protein-1 (MCP-1)''; and (3) VEGF enhances neointi-
mal formation and atherogenesis by stimulating intrapluque
angiogenesis in hypercholesterolemic animals without balloon
injury’>'* or by increasing monocyte infiltration into atheroscle-

rotic lesions.'* Therefore, it remains unclear whether VEGF protects
the artery from vascular disease or accelerutes vascular diseuse.

See p 2283

Clinical and experimental studies involving arterial gene
wranster of VEGF showed that it failed to reduce restenosis
after balloon angioplasty.'>-!'7 The role of VEGF in restenotic
changes (neointimal formation and negative remodeling)
after injury therefore remains a mystery. This is mainly
because the inhibitor of VEGF has not been tested for
experimental restenosis, although irhibitors of VEGF are
currently being evaluated for tumor angiogenesis and other
treatment-intractable inflammatory disorders.? It is practicully
impossible to investigate the role of VEGF in postnatal life in
mice lacking VEGF or its receptors, because the absence of
VEGF function leads to embryonic lethality owing to vascu-
lar defects.* A soluble form of the VEGF receptor-1 (sFlt-1)
is expressed endogenously by vascular endothelial cells and
can inhibit VEGF activity by directly sequestering VEGF and
by functioning as a dominant-negative inhibitor against
VEGF."™ We and others have demonstrated that intramuscular
trunsfection of the sFir-1 gene effectively and specifically
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blocks VEGFE and thus, “quenches” the activity of VEGF in
remote organs in vivo,!9.2¢

The aim of this study was to decisively determine a role for
VEGF in restenotic changes after intraluminal injury. We
report herein that blockade of VEGF by systemic sFit-/ gene
transfer attenuates the development of neointimal tormation
after intraluminal injury by inhibiting inflammation, which
suggests an essential role for VEGF in the pathogenesis of
restenosis after injury. Cur present data are clinically impor-
tant because VEGF gene therapy for therapeutic angiogenesis
and restenosis has been attempted in clinical studies.'s17.21

Methods

Expression Vector
The 3.3-kb mouse sFLT-/ gene, originally obtained from the mouse
lung DNA library,®* was cloned into the BamiHI (59) and Notl (3)
sites of the cukaryotic expression vector plasmid ¢cDNA3 (Invitro-
gen). Plasmid ¢DNA3 encoding the luciferase gene was used to
detect gene transtection.

Rat and Rabbit Models of Balloon Injury

The study protocol was reviewed and approved by the Commiitee on
Ethics on Animal Experiments, Kyushu University Faculty of
Medicine, and the experiments were conducted according to the
guidclines of American Physiological Sociely. A portion of this
study was performed at the Kyushe University Station for Collabo-
rative Research,

Twenly-week-old male, normal chow—fed Wistar-Kyolo rats were
anesthelized, and their right common carotid aneries were injured by
passage (3 times) ol an infiltrated 2F Fogarty balloon catheter.2*
Male Jupancse white rabbits weighing 3.0 1o 3.5 kg were fed a
high-cholesterol diet for 2 weeks, Their right common carolid
arteries also were injured by passage (3 times) of an inflated 2F
Fogarty catheter.® Afier injury, all rabbits were fed the same
high-cholesterol diet. Three days before balloon injury, the animals
were randomly divided into 2 groups: the empty-plasmid group was
injected with the cmpty plasmid, and the sFi-/ group was injecied
with the sFlt-] gene into femoral muscle (150 ug/50 pL TE buffer
[10 mmol/L Tris-HCL, | mmol/L EDTA, pH 8.0} in rats. [500 wg/).5
mL TE buffer in rabbits). To enhance trunsgene expression, all
plasmid-injected animals received electroporation at the injection
site immediately after injection with an electric pulse generator
(CUY2L, BTX) as previously described,t-22-25

Morphometric and Immunchistochemical Analyses
All animtals were euthanized by intravenous injection of a lethal dose
of sodium pentobarbital. Tissue sections from rabbits and rats were
prepared as described?™2* and ecither (1) stained with Masson's
trichrome or elastica van Gieson’s stains or (2) subjected to immu-
nostaining with antibodies against macrophages/monocytes (EDI,
Serotec, for rats; RAMII, Dake, for rabbits), proliferating cells
(proliferating cell nuclear antigen for rats from Dako, Ki-67 for
rabbits from Dako), endothelial cells (CD31, Dako}, VEGF (Sant
Cruz), VEGFR-1 (Santa Cruz), VEGCFR-2 (Santa Cruz), a-smooth
muscle actin (Dako), MCP-1 (R&D Systems), interleukin-18 (IL-
18; R&D Systems), or nonimmune mouse [gG (Zymed). After
avidin-bietin amplification, the slides were incubated with diamino-
benzidine and counterstained with hematoxylin, Tmmunofluores-
cence double staining was performed to localize VEGE and its
receplors by the use of fuorescence-conjugated antibodies in rats.
Morphometric analysis was performed by microscopy with a com-
puterized digital image-analysis system by a single observer who
was blinded to the treatment protocel 2%

Real-Time Quantitative Reverse Transcription-PCR
Real-lime polymerase chain reaction (PCR) amplification was per-
formed with rabbit cDNA by using the ABI PRISM 7000 sequence
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detection system {Applied Biosystems) as deseribed previously.2?
The respective PCR primers and TagMan probes were designed from
GenBank databases aided by a software program (Applied Biosys-
tems; online Table I). Results were analyzed by sequence detection
software {(Applied Biosyslems), expressed in arbitrary units, and
adjusted tor glyceraldehyde 3-phosphate dehydrogenase mRNA
levels.

Mouse Fernoral Wire-Injury Model With Bone
Marrow Reconstitution
Intraluminal injury of the femoral artery of wild-type mice whose
bone marrow had been replaced with that of ROSA26 mice, which
expresses B-gulactosidase (LacZ) ubiguitously, was performed, s
Four weeks after bone marrow transplantation, transluminal arteria!
injury was induced by inserting a straight spring wire (0.38 min in
diameter) into the femoral artery as described.2s The femoral artery
was excised and stained with X-gat solution for 7 hours and then
fixed in 4% paratormaldehyde. LacZ-positive cells were counted and
expressed as a proportion of the oyl number of cells. The paralTin-
embedded sections were stained with elastica van Gieson's stain.
Peripheral blood was obtained from the retro-orbital venous
plexus of the mice. Fluorescence-conjugated antibodies against
CD3I (Pharmingen) and c¢-Kit (Pharmingen) were used as bone
marrow—derived monocyte-lineage markers. A Huorescein isothio-
cyanate—conjugated antibody against Mac-1 (Pharmingen) was used
as a circulating monocyte-lineage marker after gating for monocyte
cell size with exclusion of granulocytes, Data were analyzed by flow
cytometry and appropriate soltware (Becton Dickinson).

Blood Measurements

Plasmia total cholesterol levels in rabbilts were determined with
commercially available kits (Wako Pure Chemicals). To measure
sFIl-1 released by the transfected skeletal muscle, plasma concen-
trations of sFlt-1 were measured by use ol an sFlt-1 ELISA kit (R&D
Systems) in rabbits, Concentrations of VEGF in plasma and femoral
arierial tissues were also measured in mice by use of an ELISA kit
(R&D Systems).

Statistical Analysis

Data are expressed as mean=SE. Statistical analysis of dilferences
was compiared by ANOVA and Bonferroni’s multiple-comparison
tests. A level of P<<0.03 was considered statistically significant.

Results

Increased Expression of VEGF and Its Receptors
in Rabbits and Rats

Significunt increases in VEGF mRNA levels were detected
after balloon injury in rabbits, which peaked on day 7 and
persisted until day 28 (Figure 1A). Immunohistochermical
staining reveuled that VEGF and VEGFR-1 increased in
vascular smooth muscle cells in the media and regenerated
endothelial layer during the early phase {day 7) and in cells in
the necintima, media, and adventitia during the later phase
{day 28} after balloon injury in rabbits (Figure 1B). VEGFR-2
did not increase on day 7 but did increase in the injured artery
on day 28. sFit-1 gene transfer reduced the increased immu-
noteactivities of VEGF, VEGFR-I, and VEGFR-2 on day 28
(Figure I1B),

The localization of VEGF, VEGFR-1, and VEGFR-2
was studied in rats by immunohistochemistry. As observed
in rabbits, immunoreactive VEGF and VEGFR-| increased
in the media on days 3 and 7 and in the neointima, media,
and adventitiz on day 28 (Figure 2A). The increase in
immunoreactive VEGFR-2 was less prominent during the
early phase but became apparent on day 28 (Figure 2A).
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Fluorescence double immunohistochemistry reveated that
VEGF and VEGFR-1 were expressed predominantly in
a-smooth muscle actin—positive cells in the media and
neointima on day 28 (Figure 2B). During the early phase,
ED!-positive monocytes recruited into the intima and
adventitia expressed VEGFR-1 but not VEGFR-2 (Figure
2C). sFit-1 gene transfer reduced the increased immuno-
reactivities of VEGF, VEGFR-1, and VEGFR-2 on day 28

(data not shown).

Inhibitory Effects of sFlt-I Transfer on Inflammatory
and Proliferative Changes in Rabbits

As we reported,* - inflammatory and proliferative changes
became evident by 3, 7, and 28 days after balloon injury in
rabbits (Figure 1C and D). sF/r-1 gene transfer reduced these
inflammatory and proliferating changes.

N -
N m s

Figure 1. Expression of VEGF after bal-
loon injury and inhibitory effects of sFit-1
gene transfer on inflammatory-
proliferative changes in rabbits. A, Time
course of VEGF mRNA levels in rabbits.
mMANA levels were assessed by real-time
PCR at indicated times. Expression of
VEGF mRNA in each sample was normal-
ized to glyceraldehyde 3-phosphate
dehydrogenase mRNA expression in that
sample. Each bar has n=6 to 8. *P<0.05,
"P=:0.01 vs control {uninjured} artery. B,
Immunohistochemistry of rabbit carotid
artery. Arterial cross sections were
stained immunohistochemically with
VEGF, VEGFR-1 (Fit-1), VEGFR-2 (Fik-1),
or nonimmune IgG. # and ## indicate
lumen and adventitia, respectively. Inter-
nal and external elastic layers are high-
lighted with blue and black lines, respec-
tively, in photographs taken 28 days after
injury. Bar indicates 100 um. C, Carotid
artery sections from empty-plasmid and
sFit-1 groups 7 and 28 days after balloon
injury were stained immunohistocherni-
cally with antibody against mongcytes/
macrophages (RAM11) or proliferating
cells (Ki-67). # and ## indicate lumen and
adventitia, respectively. Bar=100 um. D,
Effect of sFit-1 gene transfer on inflam-
mation (RAM11-positive monocytes/mac-
rophages) and proliferation {Ki-67-posi-
tive cells) 7 and 28 days after balloon
injury {n=8 each). "P<0.01 vs control
group.
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Inhibitory Effects of sFit-I Transfer on Neointimal
Formation and/or Negative Remodeling in

Rabbits and Rats

The carotid arteries in the control and empty-plusmid groups
developed significant neointimal formation and negative
remodeling (smaller lumen size, internal elastic lamina, and
external elastic lamina) in rabbits by day 28 (Figure 3A and
3B). The arteries from the sFlr-1 group showed less neointi-
mal formation, negative remodeling, perivascular fibrosis,
and adventitial vasa vasorum; an adventitial VEGFR-2-
positive vusa vasorum; and « larger lumen area. There was no
significant difference in plasma levels of totul cholesterol
between the 2 groups (online Table 1I), indicating that the
observed effects of sFit-] gene transfer were not caused by
changes in serum cholesterol levels. Tn rats, neointimal
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Figure 2. Expression of VEGF and its receptors after balloon injury and inhibitory effects of sFlt-1 gene transfar on neointimal formation
in rats. A, Immunohistochemistry of arterial cross-sections stained immunchistochemically with VEGF, VEGFR-1 (Flt-1), or VEGFR-2
{FIk-1). Bar indicates 100 pm. B, Fluorescence double immunohistochemistry 28 days after balloon injury. Photomicrographs show
injured arteries stained with VEGF, VEGF-R1 (FIt-1), or VRGFR-2 (FIk-1) in green. Photomicrographs show injured arteries also stained
with a-smooth muscle actin in red. Single-flucrescence—positive cells were stained in green or red, whereas double-positive cells were
stained in yellow. Scale bar indicates 100 wm. C, Fluorescence double immunohistochemistry 7 days after balloon injury. Photomicro-
graphs show injured arterfes stained with VEGF-R1 or VEGF-R2 in green. Photomicragraphs show injured arteries also stained with
ED1 in red. Single-flucrescence-positive cells were stained in green or red, whereas double-positive cells were stained in yellow. Scale
bar indicates 100 um. D, Neointimal formation (neointimal area and intima-media ratio) on 28 day after balloon injury. *A<0.01 vs

empty-plasmid group, n=8 or 9.

formation was also less in the sFir-/ group than in the
empty-plasmid group on day 28 (Figure 2D).

To assess transtection efficacy of sFi-1, plasma sFlt-
concentration was measured in rabbits. The plasma sFlt-1
levels were 96=14, 377x25 (P<0.01 versus before),
413220 (P<0.01), 284215 (P<0.05), and 113=16 (P>0.1)
pg/mL before and at 3, 7, 14, and 28 days after sFir-/
transtection, respectively, indicating that sFlt-1 was refeased
from the transtected muscle to the circulation,

No Significant Effects of sFlt-I Gene Transfer on
Endothelial Regeneration in Rabbits and Mice

In rabbits, there were no significant differences between the
empty-plasmid and sF/fe-f~transfected groups in the ratio of
luminal surfuce area covered with endothelium (Figure 4A)
and that of the CD3l-positive endothelial layer 7 duys after
injury (Figure 4B). In mice, endothelial recovery was
scarcely observed on day 7 (duta not shown) but was noted
equally in the 2 groups on day 14 (Figure 4C).

Inhibitory Effects of sFlt-I Transfer on Expression
of Proinflammatory Factors

sFle-1 transfection reduced the increased gene expression of
MCP-1, platelet-derived growth factor, transforming growth
fuctor-B, [L-1(3, [L-6, tumor necrosis factor-c, matrix
metalloproteinase-9, und VEGF (Figure 5A). sFir-1 wransfer
did not affect the increased gene expression of matrix
metalloproteinuase- 1 and tissue factor. Immunohistochemical
staining performed 7 days after balloon injury revealed
increased immunoreactive MCP-1 and IL-18 in cells in the
neointima and smooth muscle cells in the media, which were
attenuated by sFir-1 gene transfer (Figure 5B).

Contribution of Bone Marrow Cells to the Effect
of sFlt-1 Gene Transfer in Mice

As reported,® a considerable proportion of neointimal and
medial cells were LacZ-positive 28 days afier injury in mice
whose bone marrow expressed LacZ ubiquitously. Intimal
area, intima-media ratio, und LacZ-positive cells were de-
creased in s#ir-f—transfected mice than in empty plasmid-
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transfected mice (Figure 6A and 6B). Wire injury also
increased recruitment of bone marrow—-derived monocytes
(CD31-positive and c-Kit-positive) and circulating mono-
cytes (Mac-|-pusitive) into peripheral blood (Figure 6C).
$Flr-1 gene transfer attenuated such changes in celi distribu-
tion, suggesting that wire injury increased such cell lineages
in peripheral blood through VEGFE. Plasma and femoral
arterial concentrations of VEGF increased after wire injury,
which was partly attenuated by sFle-/ transfection (online
Tables {II and V),

Effects of VEGF ;;; Gene Transfer on Neointimal
Formation and Adventitial Angiogenesis in Rabbits

A tecombinant adenoviral vector containing human VEGF,,;
or the LucZ gene was produced. Gene transfer was performed
by administering adenovirus solution (1 mL, 2x10° plague-
forming units) by a channel balloon catheter (Remedy,

Boston Scientific Inc) immediately after balloon injury of
rabbit carotid arteries (online Data Supplement and Figure).
There were no significant differences between the empty-
plasmid and VEGF-transfected groups in terms of neointimal
formation, perivascular tibrosis, and negative remodeling
(smaller lumen size, internal elastic lamina, and external
elastic luminx) on day 28. In contrast, the number of adven-
titia] vasa vasorum (the degrees of adventitial angiogenesis)
was markedly increased in the VEGF-transfected group.

Discussion
VEGF has conventionally been thought to be an endothelial
cell-specific growth factor and that it inhibits vascular
pathological processes by accelerating endothelial prolifera-
tion und regeneration through endothelial VEGFR-2, 1f so,
blockade of VEGF would suppress endothelial regeneration
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and enhance neointimal formation atter injury. In contrast to
the conventional assumption, we here demonstrated that
blockade of VEGF by sFlr-/ gene transfer attenuated neoin-
timal formation in rabbits, rats, and mice, indicating the
essential role of VEGF in experimental restenosis.

As previously reported by others,575 we demonstrated
persistent increases in VEGF in arterial wall cells after injury.
Emerging evidence suggests expression of functional
VEGFR-1 and VEGFR-2 in cell types other than endothelial
cells. We showed herein an increased expression of
VEGFR-1 in lesional monocytes and medial smooth muscle
cells during the early stage and in smooth muscle cells in the
neointima and media during later stages, Increased VEGFR-2
expression was noted enly at later stages. sFir-1 gene transfer
attenuated the increased expression of inflammatory and
growth factors such as VEGF, MCP-1, IL-18, and so forth at

early stuges. Expression of VEGFR-1 in monocytes mediates
chemotaxis,” and VEGFR-1 in smooth muscle cells mediates
migration.?” VEGFR-1 has been shown to act as an important
mediator of VEGF-induced inflammation.!-'* More re-
cently, Yumada et al*® showed that VEGF-mediated angio-
genesis and inflammation are mediated by MCP-1. We also
demonstrated the central role of MCP-1 in the mechanism of
neointimal formation after vascular injury.?*-252 It is likely,
therefore, that VEGF might cause vascular inflammation and
migration of vascular smooth muscle cells and thus, cause
neointimal formation after injury. Further studies are needed
to elucidate the relative roles of VEGFR-| and VEGFR-2 in
the mechanisms of neointimal formation.

This study also demonstrated in rabbits the role of VEGE
in the development of negative remodeling, another major
cause of human restenosis after balloon angioplasty.’® Fibro-



2450 Circulation October 19, 2004

A

HGAPDH
1.8

1.6 4
1.4

MCP-1 PDGF-BTGF-

No injury

sis and vasa vasorum in the adventitia have been implicated
to be the central pathological processes leading to constrictive
negative remodeling after bulloon injury. Therefore, our
present data suggest that sF/t-f gene transfer inhibited the
development of negative constrictive remodeling by limiting
adventitial fibrosis and angiogenesis.

VEGFR-1 has been shown to be an important mediator of
stem cell recruitment and differentiation.'® Sata and col-
leagues® have shown that a considerable proportion of
neointimal and medial cells were bone marrow—derived
progenitor cells. However, the role of VEGF in the recruit-
ment and differentiation of progenitor cells into neointimal
cells after vascular injury has not been addressed. We showed
here thut sFIr-/ gene transfer inhibited recruitment of bone
marow=lineage cells into the peripheral circulation and
injured arterial wall and thus, reduced neointimal formation
after injury. These data suggest that VEGF might contribute
to neointimal formation by recruiting bone marrow—derived
and circulating monocytes,

Surprisingly, sFir-1 gene transfer did not affect endothelial
regeneration after endothelial injury, suggesting a minor role
of endogenous VEGF in endothelial regeneration after endo-
thelial injury. Tt remains to be determined whether inhibition
of VEGFR-2-mediated activity of endothelial regeneration

(L-1} TE-6 TNF-tx MMP-I MMP9 TF VEGF

Figure 5. Inhibitory effect of sFit-1 gene
transfer on expressicn of various inflam-
matory factors in rabbits. A, Effect of
SFIt-1 gene transfer on mRNA levels of
varigus proinflammatory factors 1 day
after injury. Quantitative real-time PCR
was performed. "P<0.01 vs uninjured
control (uninjured) artery; 1P-=0.05,
T1P<0.01 vs empty-plasmid group. B,
Carotid artery sections from control unin-
jured animals and those from empty-
plasrid and sFit-7 groups 7 days after
balloon injury stained immunohisto-
chemically with MCP-1 and IL-18. Inter-
nal and external elastic layers are high-
lighted with blue and black lines,
respectively. Bar=100 pm. Immunchisto-
chemical experiments were repeated 5
times, all with representative results.
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sFlt-1

by sFit-1 gene transfer might have been overshudowed by
other stimuli (eg, basic fibroblast growth fuctor, angiopoi-
etins, etc). On the contrary, udenovirus-mediated gene trans-
fer of VEGF enhanced adventitial angiogenesis but did not
reduce neotntimal formation after balloon injury in rabbits.
The latter observation is consistent with previous reports
demonstrating that exogenous VEGF does not reduce neoin-
timal formation in animals and humans.'5-'7 Taken together,
the role or mechanisms of action of VEGF may differ
between exogenous and endogenous VEGF and between
angiogenesis and neointimal formation,

This study may have significant clinical implications. First,
sFle-1 gene transfer might be an attractive anti-VEGF therapy
for inflammatory vascular disease and other inflammatory
disorders. However, local delivery of sFit-1 must be prefer-
able for clinical use to avoid potentiat side effects by systemic
delivery. Second, our finding indicates that more research is
required, especially on the safety of VEGF, before transla-
tional clinical research proceeds. Deleterious effects associ-
ated with overexpression of VEGF have recently been re-
ported: (1) injection of VEGF-expressing skeletal muscle
myoblasts into the murine hewrt caused the formation of
hemungiomas and lethagenic heart failure® and (2) VEGF
gene transfer into rabbit carotid arteries induced neointimal
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formation with angiomatoid proliferation of endothelial
cells.'? These studies highlight the potential side effects or
toxicity that would against the clinical use of VEGF for
therapeutic angiogenesis and restenosis,

In conclusion, this study has provided direct in vivo
evidence suggesting that increased expression and activity of
VEGF are essential for the development of experimental
restenosis after intraluminal injury by recruiting morocyte-
lineage cells. Although there is no clinical evidence suggest-
ing enhancement of atherosclerosis or neointimal formation
by VEGF therapy,'®'? our present data raise the question of
whether VEGF therapy is useful without serious risks in
patients with advanced atherosclerosis.
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Background Using the exercise ECG for diagnosing coronary artery disease (CAD) is hampered by the occur-
rence of false-positive (FP) ST-segment depression. Because it is known that the recovery ST-T time-course in
CAD differs from that in FP subjects, the ST slope may help discriminate FP from true-positive (TP) results.
Methods and Results Treadmill digitized ECG from patients with significant ST-segment depressions and
normal resting ECG were analyzed in 134 patients with CAD on angiography (>50% narrowing) and reversible
perfusion defects (TP group), and 64 subjects with normal perfusion (FP group) on exercise single photon emis-
sion computed tomography. The ST slope between the J-point and Jso was measured every minute up to 6-min
postexercise. The ST slope was significantly higher in FP than in TP at peak exercise, and at postexercise 1-, 2-
and 3-min (p<0.01, al!). Thereafter, it gradually increased in TP, while monotonically decreasing in FP. Its
decrease from 3- to 6-min could correctly diagnose 88% of FP subjects, whereas it was found in only 19% of TP
patients (total accuracy 83%).

Conclusions The ST slope change from early to late recovery is a simple yet reliable marker for discriminating
FP from TP ST-segment responses in subjects with a normal resting ECG.  (Circ J 2004; 68: 915-922)

Key Words: Coronary disease; Electrocardiography; Exercise; Ischemia

teristics are associated with an increased inci-

dence of abnormal ST-segment responses to exer-
cise in the absence of coronary artery disease (CAD).
Subsets with an increased incidence of false-positive (FP)
exercise ECG responses with respect to ischemia include
middle-aged women!-? and patients with mitral valve
prolapsel45 Patients with left ventricular hypertrophy
(LVH) form a separate subset with the potential for inade-
quate myocardial perfusion in the absence of significant
CAD4¢ Advanced ECG analysis approaches applicable to
the clinical evaluation of the standard exercise ECG in
these subjects are currently unavailable and need to be
developed.

The ST slope, usually computed as the slope between the
J-point and the Jss, has been mainly vsed for differentiating
the configuration of ST-segment depression (ie, upsioping,
horizontal, and downsloping). The latter two are consid-
ered more specific for myocardial ischemia than the
upsioping shape!” However, in CAD, the shape often
changes with time during the test and a relatively character-

( ; ender and several anatomical and functional charac-
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istic time-course can be seen. ST-segment depression
during exercise changes from upsltoping (or horizontal) to
downsloping in the early recovery at 2—4 min; that is, the
ST slope decreases in early recovery (Fig1A)7¢ Subse-
quently, both ST-segment depression and the ST slope
return gradually toward the biaseline; that is, the ST slope
increases in late recovery. On the other hand, in many
subjects with FP ST-segment depression (FPD) (Fig1B),
the downsloping shape appears, not in the early, but in the
late recovery. Unlike in CAD, the ST slope monotonically
decreases from early to late recovery, possibly serving as

the differentiating characteristic?&

We thus hypothesized that the temporal changes in the
ST slope from early to late recovery are capable of differ-
entiating these 2 groups and we performed high-resoluticn
computer analysts of the ST slope in the recovery in a rela-
tively large population with normal resting ECGs. Because
the majerity of subjects with normal exercise single-photon
emission computed tomography (SPECT) results are no
longer referred for coronary angiography in the clinical
practice, we used this technique for the selection of FPD
subjects. True-positive {TP) results were defined when both
angiographic and exercise SPECT images were abnormal.

Methods

Study Population

From the digitized ECG recordings consecutively
obtained during routine treadmill testing for the evaluation
of CAD, 198 patients (6219 years) with an exercise-
induced significant ST-segment depression were recruited.
Patients were excluded if they had resting ECG abnor-



