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expected to take years to obtain a partial regression of
atherosclerosis in humans, although such a regression
occurs quickly in animals [5,7). We speculated that
vascular gene transfer of nitric oxide synthase (INOS)
isoforms via adenoviruses might be effective to hasten
the process of NO-induced regression of the atheroma
and lesions associated with atherosclerosis. Nabel et al.
[8] successfully transfected gemes in vive by using a
double-balloon catheter in a pig ileofemoral artery, Qoboshi
et al. [9] showed that ex vivo endothelial nitric oxide
synthase (eNOS) gene transfer improved the impaired
EDR, and Leyen et al, [10] reported that in vive eNOS gene
transfer inhibited neointimal vascular lesions in rabbits.
However, the effects of inducible NOS (iNOS) on the
vascular function and the regression of atherosclerosis
remain a subject of controversy [11,12]. In this study, we
first ensured the successful regression of severe atheroscle-
rosis by eNOS gene transfer. To speculate on the dose-
dependency of the transferred NOS, we prepared two doses
of Ad.eNOS vectors, To determine whether or not iNOS
gene transfer is beneficial, we compared the effects of in
vivo gene fransfer of eNOS and iNOS in a model of
advanced atherosclerosis with vascular dysfunction, We
investigated the exact role played by INOS when combined
with eNOS gene transfer to confirm its synergistic effect
with eNOS gene transfer,

2. Materials and methods
2.1, Chemicals

Acetylcholine chloride (ACh), prostaglandinFla
(PGF2a), indomethacin, and N°-monomethyl-L-arginine
acetate (L-NMA) were purchased from Sigma (St. Louis,
MO). Nitroglycerin (NTG) was obtained from Nihon
Kayakn (Tokyo, Japan). Monoclonal antibodies against
eNOS and iNOS (Transduction Laboratories, Lexington,
KY), rabbit macrophages (RAMI11), muscle actin-specific
one (HHF35) (DAKO, Carpinteria, CA), nitrotyrosine (Up-
state Biotechnology, Lake Placid, NY), MMP-1 (Fuji Yaku-
hin, Takaoka, Japan) and P galactosidase (Chemicon
International, Lexington, NY) were also used [6,13].

2.2. Construction and purification of recombinant
adenovirus

Recombinant adenoviruses containing eNOS cDNA
and INOS cDNA were constructed using an ADENO-
QUEST Kit (Quantum, Quebec, Canada) [14]. Briefly,
bovine eNOS ¢DNA (provided by Dr. T. Michel, Harvard
University) and rat iNOS c¢DNA (provided by Drs. H.
Esumi and Y. QOgura, National Cancer Center, Tokyo)
were cloned into the AJBM5pAG vector. The resulting
plasmid was co-transfected with viral DNA into 293 cells.
For all of the studies, the viral titers were adjusted to

2 x 10° pfu/ml. Adenoviruses carrying an Escherichia coli
Lac Z gene encoding a nucleus-localized variant of
galactosidase (Ad. § gal) or no ¢cDNA (Ad.null) were also
used. To investigate the expression of eNOS and iINOS in
normal and atherosclerotic aorta, we separately prepared
four rabbits (two animals were fed with a regular diet,
and other two animals were fed with 0.5% cholesterol
and regular diet for 12 weeks). Gene transfer of ¢NOS
and INOS was performed using dispatch catheter as
described in Section 2.3 into abdominal aorta in regular
diet and high cholesterol diet groups of rabbits. Animals
were sacrificed at day 4 for the detection of the transgene
[14].

2.3. Animals

Male New Zealand white rabbits (age, 3—4 months;
weight, 2.0-2.4 kg) were obtained from Kitayama Rabbis
(Ina, Japan) and housed with free access to water. The
abdominal aortae were injured by means of a balloon
catheter as described previously [15]. In brief, a 3Fr
Fogarty catheter was inserted from right femoral artery
and advanced as far as the just below diaphragm. The
balloon was inflated with 0.6 ml of saline and the catheter
pulled three times until reaching a portion of the bifurca-
tion of iliac arteries. Finally, the balloon was deflated and
the catheter withdrawn. After aortic injury, atherosclerosis
was induced by feeding regular chow plus 0.5% choles-
terol for 12 weeks, The animals were divided into six
groups (n=8 each): Gp cont (no treatment); Gp null
(treated with Ad.mull); Gp eNOS (Ad.eNOS); Gp iNOS
(Ad.INOS); Gp e+i (Ad.eNOS plus AdiNOS); and Gp
heNOS (high dose of Ad.eNOS). In an additional exper-
iment, the rabbits were treated with Ad. B gal, Ad.eNOS
plus Ad.mull, or Ad.iINOS plus Adnull after aortic injury
and feeding with repular chow plus 0.5% cholesterol for
12 weeks (n=46, each). As an additional control, six rabbits
were fed regular chow for 12 weeks, with neither aortic
injury nor cholesterol supplementation (Gp regular con-
trol). In all experimental trials, transfection of genes into
the arteries was done using a 3.2 Fr. dispatch catheter as
follows (Boston Scientific, Boston, MA). Under anesthesia
with pentobarbital (20 mg/kg intravenously), a catheter
was advanced info the abdominal aorta to facilitate intra-
mural drug delivery via longitudinal strips (about 3.5 cm)
of six raw-profile 0.254-mm injector plots capable of
penetrating delivery. Inflation of the balloon at 6 atm
was followed by injection of 0.3 ml (Gp cont, Gp null,
Gp eNOS and Gp iNOS), 0.6 m! (Gp e+i) or 3 ml (Gp
heNOS) of viral solution over a period of 3 min. In an
additional experiment, the viral injection volume was 0.3
ml (B gal treatment group) or 0.6 ml (Ad.null plus
Ad.eNOS treatment group or Ad.null plus AdiNOS treat-
ment group). All experiments were conducted in accor-
dance with the institutional guidelines for animal research,
and conforms with the Guide for the Care and Use of
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Laboratory Animals published by the US National Institute were analyzed densitometrically by the National Institute of

of Health (NIH Publication No. 85-23, revised 1996). Health IMAGE program.
= 2.4. Western blot analysis for eNOS and iNOS 2.5, Vascular response
) The levels of eNOS and iNOS expression in vessels were Seven days after gene transfer, the rabbits (n=6 each
" determined by Western blot analysis [16]. Band intensities group) were anesthetized with pentobarbital (50 mg/kg
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Fig. 1. Upper: localization of eNOS expression by immunostaining (arrows). Arteries from Gp regular ¢ (a), gene transfer of eNOS to Gp regular ¢ (b), Gp nult
(¢), and Gp €NOS (d) were stained. Middle: Western blot analysis for eNOS. Lane 1: control (aorta from Gp regular ¢); Lane 2: aorta from Gp regular ¢
transfected with eNOS; Lane 3: atherosclerotic control aorta from Gp null; Lane 4: aorta from Gp eNOS (transfected with eNOS to atherosclerotic artery).
Western blot analysis for iNOS (f). Lane 1: control (aorta from Gp regular c); Lane 2: aorta from Gp regular ¢ transfected with iNOS. Lane 3: atherosclerotic
control (aorta from Gp null), Lane 4: aorta from Gp iNOS (Ad.INOS). Lower: Jocalization of iNOS expression by immunostaining (arrows). The artery from
Gp regular ¢ {e), gene transfer of iINOS to Gp regular ¢ (), Gp null {g), and Gp iNOS (h) were stained. The scale bar represents 50 pm.
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intravenously) and sacrificed by exsanguination. Vascular
responses were investigated as described previously [15].
Briefly, aortae were cut into 2-mm-wide transverse rings. The
rings were stretched to their optimal force, which was
predetermined by 2 force of 122 mM KCl, and mounted in
chambers filled with Krebs’-Henseleit solution at 37 °C.

The response of endothelium-intact rings to ACh and that of
endothelium-denuded rings to NTG were determined under
submaximal contraction induced by PGF2« (2.6 x 10~ 5 M)
[17]. Tone-related basal NO-dependent contractile responses
to L-NMA were assessed under moderate tone (about 40%
contraction by KCI) induced by PGF2c (0.8 X 107 ¢ M) [17].
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Fig. 2. Upper: localization of eNOS expression by imumunestaining, Arteries infected with: (a) Ad.eNOS (Gp eNOSY; (b) Ad.€NOS (Gp eNOS); (¢} Ad.eNOS
plus AdiNOS (Gp ¢+1i); and (d) a high dose of Ad.eNOS (Gp heNOS) were stained. Original magaification, X 150, Middle: localization of INOS (e, f, g and
h} expression by immunestaining. Arteries infected with: (¢} Ad.null; (f) Ad.eNOS; (g) Ad.INOS; (h) Ad.eNOS+NOS. Original magnification, x 100, Lower:
localization of P gal expression by immunostaining. The section from the gene transfer site with Ad. p-gal (Gp B-gal) (i). The section from the site outside the
gene transfer site of Ad. p-gal (Gp B-gal) (§). Original magnification, % 150. The scale bar represents 50 um.
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Table 1
Lipid and NO related profile

Tissue Tissue Tissue

T. Chol. T.G. HDL-C T. Chol. E. Chol. cGMP NOx 02~ release

{mg/dl) {mg/dl) (mg/dl) {mg/wet g) (mg/wet g} (pmoliwet g} {(nM/wet g/24 h) (M)
Gp cont 1771.0£2103 66.9+89 674+73 5621026 3,18+ 042 3.04+0.28 4607 031 £0.06
Gp null 1826.1 £171.3 61.8+82 6201 4.0 545%0.16 3.05+0.31 2,63+ 021 44+ 06 0.34 £ 0.04
Gp eNOS 1690.5+£170.4 624+ 85 63.1£5.0 4,78* £ 0.41 2.49* £ 041 5.95*+0.77 g1*+£25 0.25* £ 0.04
Gp INOS 1804.7 £ 1833 56.2+49 595457 6.09 £0.38 331 0.58 3.03 £ 045 51+18 0.43* + 0.05
Gpe+i 17250+ 110.7 529+37 52.0+2.7 6.67 £0.57 347+1.35 3.53+0.17 56112 0.45* £ 0.06
Gp heNOS 17125+ 1914 504498 511472  469* 2051 2.53%+0.42 581*+0.71 9.1*+ 21 0.27* £ 0.04
Gp regular ¢ 8411123 39169 496+ 7.7 1024018 N.D. 3331095 49+ 1.1 0.19 £ 0.04

T. Chol.: total cholesterol, T.G.: triglyceride, T.P: total protein, g.t.: gene transfer, N.D.: not detected.
*p<(.05 vs. Gp null.

In some studies, indomethacin (5 x 107 6 M) was added to 2.7. Measurement of cyclic GMP (cGMF)

the chambers to rule out the contribution of prostanoids.
The basal concentrations of cGMP in aortae were deter-

mined by an enzyme-linked immunoassay {Amersham,

2.6. Measurement of lipids
Buckinghamshire, UK) [19]. Four rings were used from

Serum lipids were measured by enzymatic assays [18]. each rabbit.
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Fig. 3. Cumulative concentration -esponse CUTVes 10 each of the agonists in the abdominal sortae of seven groups, which were precontracted by prostaglandin
F2a: Gp cont: no treatment, Gp null: Adnull; Gp eNOS: Ad.eNOS; Gp iNOS: AdINOS; Gp e+i: Ad.eNOS plus Ad.INOS; Gp heNOS: high amount of
jon-Tesponse curves to acetylcholine. Middle: cumulative concentration—response curves to nitroglyeerin. Right:

AdeNOS. Left: cumulative concentraty
cumulative concentration—response curves 10 1-NMA; NOS inhibitor. % indicates the percentage Vs. the magnitude of the contraction level by PGF2a.

*p<(}.05 vs. Gp null.
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Fig. 4. Histological evaluation of the atherosclerotic area of the aorta as indicated by the mean lesion area (% occupied lesion, ieft), and the intima/medial ratio
(/M ratio, Right). Gp cont: no treatment; Gp null: Ad.null; Gp eNOS: Ad.eNOS; Gp iNOS: Ad.INOS; Gp e+i: Ad.eNQOS plus Ad.iNOS; Gp heNQS: high
amount of Ad.eNOS. Lower. a section stained with H.E. from Gp cont and Gp ¢NOS. Criginal magmification, x 40. The scale bar represents 200 pm.

2.8. Measurement of nitrite and nitrate (NO7/NO3) and
detection of aortic superoxide generation

NOx (sum of nitrite and nitrate, NO; /NO; } was measured
in medium containing 2 mm-wide of abdominal aorta from
each group in 24 well culture dishes (medium: 100 ul of
phenol red free DMEM + 10% fetal calf serum, cultured for
24 h), An NO detector-HPLC system (ENOI0; Eicom,
Kyoto, Japan) was used as previously reported [20]. Forma-
tion of O was assayed by measuring the intensity of
chemiluminescence probes at physiological pH (7.4). Its
signal was detected by a luminescence reader (BLR-201;
Aloka, Tokyo). The O3 generation signal was defined as the
inhibitory signal by superoxide dismutase (SOD, 100 U/ml).

2.9. Histological evaluation of atherosclerosis and assays
Jfor tissue

Cross sections of the aorta adjacent to the segments of
vascular responses were examined [21]. The contours of the

Iumen and the internal elastic lamina (TEL) were traced. The
area occupied by lesions was defined as the ratio of the area
bounded by the lumen and IEL (atherosclerotic area) to the
area bounded by the [EL (mean of six sections for one
vessel). The intima/media ratio was also measured. A 0.8-
cm-long segment of the gene-transferred portion was ho-
mogenized, and lipids were extracted to measure the cho-
lesterol level [18].

2.10. Immunohistochemical study

This study was performed as described previously
[22]. Tissues were sectioned into 5-mm-thick slices.
Primary monoclonal antibodies (macrophages, smooth
muscle cells, nitrotyrosine, MMP-1, or B galactosidase,
each one X 250) were applied. Sections were incubated
with biotinylated immunoglobulin and incubated with
horseradish peroxidase-labeled avidin solution. DNA
nick-end labeling of tissue sections (TUNEL staining)
was performed as described previously [22]. Negative

Fig. 5. The representative immunohistochemical staining of abdominal aortae. Upper: a section stained with a monoclonal antibody against macrophages (arrow)
from (a) Gp null: Ad.null; (b) Gp eNOS: Ad.eNOS; (¢) Gp iNOS: Ad.INOS; and (d) Gp e +i: Ad.eNOS plus Ad.iNOS, Original magnification, x 150. Middle
upper: & section stained with a monoclonal 2utibody against nitrotyrosine (atrow): the marker of ONOO™ from (e) Gp null, (f) Gp eNOS, {g) Gp iNOS, and (h) Gp
e+i. Original magnification, X 150, Middle lower: a section stained with a monoclonal antibody against the marker of smooth muscle cell actin (arrow) from (i)
Gpnull, () Gp eNOS, (k} GpiNOS, and (1) Gp ¢ +i. Original magnification, % 100. Lumen: Juminal area; media: media, The scale bar represents 50 um. Lower: %
area occupied by macrophages, nitrotyrosine and smooth muscle cells in atherosclerotic plaque was evaluated by immunohistochemistry {each group, n=8).
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antibody, and was statistically analyzed as described in
our previous report [6]. Five pieces of aortae were
prepared from each rabbit.

controls included substitution of primary antibody with
irrelevant antibodies. Each slide was scored for the
presence of cells that were positive for each type of
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2.11. Statistical analysis

Data are presented as the means + S.E.M. Student’s t-test
was used for determination of statistical significance, and
Kruskal-Wallis one-way ANOVA was used for multiple
comparisons. Values of p <0.05 were considered to indicate
statistical significance.

3. Results

All rabbits appeared to be bealthy throughout the study
period, and body weight and serum total protein were not
significantly different among the groups.

3.1. Transgene expression in severe atherosclerotic aortae

Immunohistochernical staining of each NOS gene showed
that the gene transfers were successful. Staining of intrinsic
eNOS and iNOS was apparent in vessels from the Gp cont.
However, only eNOS was observed in vessels from the Gp
regular cont (Fig. 1). In the case of vessels treated with
Ad.eNOS (Gp eNOS, Gp e+i and Gp heNOS), positive
staining for eNOS was observed in a region of the endothe-
lium, throughout the entire subintimal area, and slightly in
the media and adventitial area (Fig. 2). In vessels treated with
Ad.iNOS (Gp iNOS and Gp e +1}, positive staining for INOS
was observed in part of the atheromatic area, especially
around the necrotic core, and slightly in the endothelium
and adventitial area (Fig. 2). The levels of eNOS and iNOS
in the Gp e+i seemed to be almost the same as those in Gp
eNOS and Gp iNOS. Even transfection of cells with a large
amount of Ad.eNOS resulted in only a slight increase of
eNOS expression (Fig. 2). In an additional experiment, the
level of eNOS in the Ad.eNOS plus Ad.null treatment group
and that of iNOS in the Ad.INOS plus Ad.null treatment
group were almost identical to those in the Gp eNOS and Gp
INOS, respectively (data not shown). Vessels treated with
Ad.p galactosidase showed pronounced B galactosidase
staining in the atheromatic regions, and slight staining in
the adventitia, media, and endothelium (Fig. 2). However,
the part of vessels outside of Ad. B galactosidase infection
showed little A galactosidase staining (Fig. 2).

3.2. Western blot analysis for eNOS and iNOS

Expression of eNOS was confirmed in aortae of all
groups, whether atherosclerosis was induced or not, Pro-
nounced expression of eNOS was confirmed in aortae of the
Ad.eNOS transfection groups (5.7 + 1.6 times staining
compared to that of the regular control group). Slight
expression of iNOS was detected in aortae from groups in
which advanced atherosclerosis was induced. Pronounced
iNOS expression was detected in arteries treated with
AdiNOS (Fig. 1). The amount of iNOS in Ad.iNOS-
transduced arteries (Gp iNOS) was also comparable with

that of eNOS in Gp eNOS. Even transfection of cells with a
large amount of Ad.eNOS produced only a slight increase of
eNOS expression (2.1 + 0.4 times staining compared to that
of Gp eNOS).

3.3, Blood chemistry

There were no significant differences in serum lipid
levels (Table 1).

3.4. Vascular responses

Contraction by PGF2« in the Ad.eNOS-transfected
groups (Gp eNOS, 1.9+ 0.2 g; Gp heNOS, 1.8+0.2 g)
was slightly smaller than that of the other groups (2.2 + 0.2,
22%0.1,2.0+£ 0.3 and 2.3+ 0.3 g in the Gps cont, null,
iNO, and e+1). Balloon injury and atherogenic diet dimin-
ished the ACh-induced relaxation in the aortae (Fig. 3).
Relaxation was almost eliminated in the aorta of Gp cont,
Gp null, Gp iNOS, and Gp e+i antmals. Ad.eNOS trans-
fection remarkably improved EDR (Fig. 3). The EDR levels
in vessels from Gp e+n and Gp i+n were almost the same
as those in vessels from Gp eNOS and Gp iNOS (data not
shown). No significant difference was observed in NTG-
induced relaxation among the aortae of all groups (Fig. 3).
Tone-related basa] NO-dependent contraction induced by -
NMA was highest in the aortae from Gp eNOS and Gp
heNOS (Fig. 3). In an additional experiment, the contraction
was also increased in the aortae from the Ad.eNOS plus
Ad.null group, but was not increased in the group treated
with AdiNOS plus Ad.null (data not shown). This finding
indicates that the aortae from Gp eNOS, Gp heNOS, and the
Ad.eNOS plus Ad.null group released larger amounts of
tone-related basa] NO than the vessels. of the other groups.
Preincubation with indomethacin did not affect EDR (data
not shown).

3.5. Histological evaluation of atherosclerosis and aortic
cholesterol content

Ad.eNOS regressed the atherosclerotic lesions in the
abdominal aorta; however, transfection with a large amount
of Ad.eNOS (Gp heNOS) resulted in only a slight increase
in regression relative to that in Gp eNOS (Fig. 4). In an
additional experiment, the total areas of lesions in the aortae
of the Ad.eNOS plus Ad.null group or AdiNOS plus
Ad.null group were almost identical to that of Gp eNOS
or Gp iNOS, respectively. Total and esterified cholestero]
content in vessels exhibited the same tendency as the
atherosclerotic areas (Table 1).

3.6. Measurement of cyclic GMP

The concentrations of cGMP in aortic tissues from Gp
eNOS and Gp heNOS increased significantly compared to
other groups (Table I).
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Fig. 6. Upper: expression of MMP-1-positive cells (arrow). {a) Gp mull, Ad.null. (b) Gp eNOS, Ad.eNOS. (¢) Gp iNOS, AdINOS. (d) Gp e+, Ad.eNOS plus
AdINOS. Strong expression of MMP-1 was observed in the lesions of Gps null, INCS, and e+i. The expression was decreased in Gp eNOS. Original
magnification, x 100. Lower: expression of TUNEL-positive apoptotic cells (arrow). (e) Gp null. (f) Gp eNOS. (g) Gp iNCS. (b) Gp e+i. Apoptotic cells were
detected in Gps rull, iNOS and e+ 1. However, apoptotic cells were rare in Gp ¢NOS. The scale bar represents 50 pm.
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3.7. Nitrite and nitrate (NO7/NO7) and detection of aortic
Superoxide generation

Levels of NOx in medium (sum of NO7 and NO73) in
each group are shown in Table 1. INOS treatment increased
NOx in the regular control group of rabbits, but not in
atherosclerotic rabbits (data not shown), The chemilumines-
cence signals from O3 production were greater in the aortae
of iINOS gene-transfected groups, and the eNOS gene-
transfected groups showed a slight decrease (Table 1). As
an additional experiment described in Section 2.2, we
separately prepared rabbits fed with a regular diet, and gene
transfer of eNOS or iNOS was performed using dispatch
catheter, NOx was increased, and O5 was not increased in
the aortae from eNOS gene transfer rabbit as well as those
from iNOS gene transfer rabbits (data not shown).

3.8. Immunocytochemical analysis

Atheroma in the abdominal aorta was composed of many
macrophage-derived foam cells and intimal smooth muscie
cells (Fig. 5). Gene transfer of Ad.eNOS not only reduced
the areca of atherosclerosis, but also decreased the area
stained by the macrophage antibody and the areas positive
for ONOO™ established by nitrotyrosine staining (Fig. 5).
The area stained by the smooth muscle cell actin was not
different among the six groups, although it tended to be
higher in the eNOS groups. MMP-1 (interstitial collage-
nase), a matrix metalloproteinase that initiates collagen
degradation, was localized predominantly in macrophages.
Although the difference did not reach the level of statistical
significance, the expression of MMP-1 tended to be de-
creased in vessels of Gp eNOS and Gp heNOS (Fig. 6). A
TUNEL-positive area was observed around a necrotic core
in the atheroma as an apoptosis-susceptible area. The
apoptosis-susceptible area seemed to be decreased in Gp
eNOS and Gp heNOS; however, these differences were not
statistically significant (Fig. 6).

4. Discussion

In the present study, in vivo gene transfer of eNOS, but
not that of INOS, resulted in a regression of advanced
atherosclerosis and an improvement of EDR. This study
has four major findings. First, NOS expression was in-
creased throughout the vessels after transfection, demon-
strating the highly efficient adenovirus-mediated gene
transfer into severely atherosclerotic arteries. Second, ade-
novirus-mediated transfer of the eNOS gene alone restored
EDR in atherosclerotic vessels. Third, eNOS gene transfer
regressed atherosclerosis, and this effect appeared to have
been due to a decrease of tissue lipids, although apoptosis or
a decrease of extracellular matrix components may also
have played a role. Finally, transfection with the iNOS gene
failed to improve EDR and did not regress atherosclerosis.

Further, simultanecus transfection of both the eNOS and
INOS genes also failed to improve EDR and did not regress
atherosclerosis. In other words, transfection of iNOS blocked
the beneficial effect of eNOS transfection.

4.1. Highly efficient adenovirus-mediated gene transfer in
severe atherosclerosis

Gene transfers of NOS isoforms have been reported
previously [5-12,23-27]. However, there have been only
a few reports of in vivo gene transfer in advanced athero-
sclerotic vessels [9]. These studies used a high-cholesterol
diet to induce atherosclerosis, resulting in patchy lesions
that complicated the evaluation of gene transfer. In this
study, we induced severe atherosclerosis by balloon injury
and a high-cholesterol diet, resulting in severe atheroscle-
rosis around the whole luminal area of vessels. The suc-
cessful expression of the transgene (eNOS or iNOS) was
confirmed by immunohistochemistry and Western blotting.
We employed a 3-min perfusion at 6 atm, This choice was
based on a previous study in which the efficacy of gene
transfer was enhanced at a pressure greater than 4 atm, and
in which no change in efficacy occurred between 2 and 40
min of perfusion [24]. Thahlil et al. [25) reported that the
transduction rate is lower in medial smooth muscle cells
than in the neointima or endothelium. Our data are almost
identical to theirs. We used the same volumes of Ad.eNOS
and Ad.iNOS, and separately used a 10-times higher titer of
Ad.eNOS 1o evaluate whether or not the anti-atherosclerotic
effect was dependent on the amount of NO.

4.2. Restoration of NO function of advanced atherosclerosis
by Ad.eNOS

Gene transfer of eNOS remarkably improved the severe-
Iy impaired EDR in atheroscierosis. The amount of trans-
gene used in our experiment cannot be directly compared to
that in the report by Coboshi et al. [9]; however, the
improvement of EDR by in vivo eNOS gene transfer in
the present study is comparable with their report. In the
present study, the animals receiving a high eNOS transfec-
tion (Gp heNOS) did not show any remarkable change in
EDR or in the area of atherosclerosis compared to those
receiving a smaller amount of the transgene (Gp eNOS).
This finding suggest that the efficiency of the transgene
might not be dose-dependent, and that a high dose of gene
transfer may be insufficient to achieve a restoration of
impaired EDR and complete regression. Regarding the
mechanism of EDR improvement, we first hypothesized
that regression of atherosclerosis could improve EDR, as the
severity of atherosclerosis is inversely correlated with the
impairment of EDR [15]. However, in the present study, the
EDR improvement was much larger than that of the athero-
sclerosis regression. We speculated that EDR improvement
occurs when NO bioavailability improves as a result of
eNOS gene transfer, in tum related to the regression of
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atherosclerosis. In fact, basal NO (as evaluated by tone-
related basal NO release, NOx from vessels, and tissue
cGMP concentration) was increased by eNOS gene transfer,
but not by iINOS gene transfer. In the present study, the
decrease level of O7 due to eNOS gene transfer also
increased NO bioavailability.

4.3, The mechanisms of regression of atherosclerosis in
response to eNOS

The pathological findings in the abdominal aortae of the
present study were similar to previous findings in coronary
arteries; i.e., in both cases the vessels were rich in macro-
phage-derived foam cells and lipids [15]. In the present
study, eNOS gene transfer facilitated a significant regression
of lesions, as well as a decrease in macrophages, indicating
that the atheroma was stabilized. We previously established
that there is a significant inverse relation between basal NO
and the severity of atherosclerosis [13,15], and our present
data suggest that this relation is involved in the NO release
after eNOS gene transfer. Although previous studies have
investigated the possibility of the regression of atheroscle-
rosis by in vivo gene transfer [9,26—28], this might be the
first demonstration of regression in a model of severe
atherosclerosis induced by balloon injury and a high-cho-
Jesterol diet. The regression may be caused by the absorp-
tion of tissue lipid, while a cell decrease due to apoptosis or
a decrease of the extracellular matrix such as collagen fibers
may be a concern (Table 1 and Fig. 6). Absorption of tissue
lipid can be caused by NO released from transferred eNOS,
and we can speculate that HDL may be partially related to
this absorption through increased NO release [29]. The
apoptosis-suspected area by Tunnel staining tended to be
small in Gp eNOS and Gp heNOS. Because ONOO™ has
cytotoxicity and the decreased level of 05 by eNOS gene
transfer may contribute to a reduction in the substrate of
ONOO™, it could contribute to apoptosis. We cannot fully
rule out the possibility that cell death occurred before our
observation, because the effect of adenovirus gene transfer
has been reported to peak at 3 days after transfection [27].
The tole of apoptosis in regression should be elucidated
further. Quian et al. [28] reported that monocyte recruitment
oceurred fairly quickly—i.e., within 24 h—after Ad.nNOS
gene transfer. We speculate that a similar mechanism might
occur by Ad.eNOS treatment for advanced atherosclerosis.
We cannot fully rule out the possibility that other mecha-
nism is responsible for regression, since our examination
was made 7 days, rather than 24 h, after gene transfer. The
tendency of a decrease in the MMP1-positive area supports
the hypothesis that eNOS gene transfer stabilized the
atheroma. The ratio of SMCs in atheroma did not differ
significantly among the different groups of rabbits, although
it tended to be relatively high in the Ad.eNOS transferred
groups. We speculated that this occurs due to more decrease
in macrophages in eNOS gene transfer group. Preliminarily,
we did imrmunohistochemistry using anti-proliferating cellul

nuclear antigen (PCNA), and TUNEL positive area looks
like larger than anti-PCNA positive area in atheroma of each
group on 7 days after gene transfer. We speculate the
decrement in monocyte adhesion and the lipid in atheroma
may be one of the possible mechanisms of regression,
although other mechanisms may play a role. Further studies
will be needed to establish the mechanism by which eNOS
gene transfer regresses atherosclerosis.

4.4. Failure to improve impaired EDR and regression of
severe atherosclerosis in response to Ad.iNOS, or Ad.eNOS
plus INOS

Neither gene transfer of iNOS nor that of eNOS plus
iNOS improved EDR (Fig. 3). Transfection of empty vector
with or without Ad.eNOS or Ad.iNOS did not affect EDR
or the area of atherosclerosis compared to that of Gp eNOS,
Gp iNOS, or Gp cont, indicating that the iNOS transgene
not only impairs the improvement of EDR but also impairs
the regression effect of eNOS. These data are somewhat
contrary that iNOS is effective for improving vascular
function, such as in the spastic arteries of various animal
models [11,26,30]. As for the cause of the discrepant effects
between previous and present studies, we speculate that the
difference of enzyme activity of transferred gene between
eNOS and iNOS, and the presence of intrinsic iNOS and O7
releasing enzymes in advanced atherosclerosis are impor-
tant, although iNOS was transferred into iNOS-poor areas in
previous studies [11,26,30]. In fact, the release of O7 was
not increased, and that of NO was increased after iNOS gene
transfer into normal aorta (3.5). The NO release from the
Ad.eNOS-transfected atherosclerotic vessel was different
from the Ad.iNOS-transfected vessel (Table 1). Both genes
have the component of L-arginine (as substrate) binding site
and BH4 (as cofactor) binding site. Ca® */calmodulin bind-
ing site is located in eNOS gene; however, it is already
incorporated in iNOS gene. It is speculated that intracellular
Ca?* concentrations, even with transferred status, regulate
NO release from eNOS and that iNOS is characterized by a
greater specific activity, producing much larger quantities of
NO in a calcium- and agonist-independent fashion [31].
eNOS releases 05 under conditions of depleted substrates
or cofactors [32]. Large amount of transferred eNOS gene
(Gp heNOS) may not be able to release NO by relative
depletion of L-arginine or BH4. Intrinsic iNOS in atheroma
is distributed in deep areas of atherosclerotic plaque (Fig. 2).
These areas tend to be hypoxic with a relatively limited
supply of arginine from the vasa vasorum or lumen [33,34].
The transferred INOS was also distributed in all other
components of blood vessels as well as in deep areas of
the atherosclerasis. We suggest that iNOS releases Oz as
well as NO, since iNOS is known to release Op under
conditions that deplete substrates, such as hypoxia, or that
deplete arginine [35]. The report by Gunnett [12] may
support our data. Macrophages or other inflammatory cells
release OF from NADPH oxidase or xanthine/xanthine
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oxidase when stimulated by cytokines such as interferon v,
which also induce INOS and co-localize in atheroma (data
not shown). Nitrotyrosine, a marker of ONOO~, was
observed in the atherosclerotic regions, and its density
was much greater in vessels transfected with INOS and
eNOS plus INOS (Fig. 5). The response of O3 to a large
amount of NO from transferred iNOS may have cansed
greater quantities of ONOO™ and blocked the beneficial
effect of NO from transferred eNOS. These differential
effects between transgenes are interesting and important in
gene therapy. As there are many O3 releasing enzymes such
as NADPH oxidase and xanthine/xanthine oxidase as well
as eNOS or iNOS, further studies like the experiment of
INOS gene transfer with or without antioxidant supplemen-
tation is necessary to elucidate the mechanisms.

4.5. Clinical significance of the present study

These findings may be relevant for improving blood flow
and preventing thrombosis in advanced atherosclerotic ar-
teries. The results of this study indicate that eNOS gene
transfer should be clinically applied not only for prevention
of atherogenesis, but also for the regression of advanced
atherosclerosis. Because human atherosclerotic lesions, in-
cluding intimal thickening, begin as early as childhood and
by middle age are often quite prominent in the aorta and
coronary arteries, hence regression is an important treatment
tool. Regression and stabilization of atheroma is the main
objective in the management of atherosclerotic lesions in
humans. In the future, we expect that such clinical regres-
sion will be applicable for unstable angina or acute coronary
syndrome. Although we must continue to work for a means
of complete regression, the present results showed that
eNOS gene transfer clearly improved the endothelial func-
tion and induced a regression of advanced atherosclerosis.
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