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Recently, leptin, the product of the Ob gene, was
identified as an adipocyte-secreted protein.&10 The
human leptin receptor (Ob-R) was recognized, and
the intracellular domain of the long form of human
leptin receptor contained sequence motifs of the
carboxyl terminal, suggestive of intracellular signal-
transducing capability. In vitro study, treatment of
human umbilical venous endothelial cells (HUVECs)
with leptin enhanced the formation of capillary-like
tubes in an in vitro angiogenesis assay and neovascu-
larization in an in vivo model of angiogenesis. These
results indicate that leptin, via activation of the
endothelial Ob-R, generates a growth signal involving
a tyrosine kinase-dependent intracellular pathway and
promotes angiogenic processes.”’12 However, there is
a lack of information regarding the role of leptin in
atherosclerotic vascular diseases.

It is hypothesized that such a local leptin signaling
pathway and high concentration of leptin within vasa
vasorum and plaque itself, exerting paracrine effects,
may influence inflammatory and vascular neovascu-
larization coupling with functional upregulation of
VEGF. To test the hypothesis that leptin may influ-
ence neovascularization coupling with VEGF and
MMP-9, we investigated whether there is colocaliza-
tion between Ob-R, VEGF and MMP-9 in neovascu-
larization of atherosclerotic lesions of the aorta. The
present study is the first report on vascular tissue and
opens a promising perspective concerning future in-
vestigations of leptin-dependent modulation of athe-
rogenesis and vascular neovascularization under path-
ophysiological conditions.

MATERIALS AND METHODS
Tissue preparation and histologic examination

Immediately following removal of human aortic
segments (6 aortic dissections with atherosclerotic
change and 6 aortic aneurysms with atherosclerotic
change, median age: 54 years old) excluding dissec-
tion and aneurysmal segment, each segment was
perfused with 10% formalin to maintain coronary
artery morphologic integrity. The atherosclerotic
change was confirmed microscopically. Two normal
aortic segments obtained by surgical repair for trau-
matic aortic dissection were for control study (median
age: 28 years old). To preserve the integrity of the

adventitia and perivascular tissues, aortic specimens
were carefully removed in a segment along with ad-
jacent tissues and rinsed with phosphate buffered
saline (PBS). Each segment was embedded in paraffin
and cut in 5 um sections, which were stained with
hematoxylin-eosin.

Immunohistochemistry for Ob-R,VEGF, MMP-9 and
TIMP-1

Paraffin sections (5 #m) were made and transferred
to glass slides. Slides were deparaffinized and rehy-
drated through the following solutions: xylene twice
for 5 minutes, 100% ethanol twice for 10 dips and
95% ethanol twice for 10 dips. Endogenous per-
oxidase activity was blocked for 10 minutes at room
temperature in 50% volume H>0,/50% volume meth-
anol and rinsed in running tap water. Non-specific
protein binding sites were blocked by applying 5%
normal goat serum diluted in PBS/ 0.05% Tween 20
(pH=7.2-7.4) to slides for 10 minutes at room
temperature. The serum was blotted off and the pri-
mary antibody (goat polyclonal antibodies for Ob-R;
rabbit polyclonal antibodies for VEGF; goat poly-
clonal antibodies for MMP-9; goat polyclonal anti-
bodies for TIMP-1, Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) was diluted in 1% normal goat
serum and PBS/0.05% Tween 20, applied and incu-
bated overnight at 4°C in a humidity chamber. Anti-
bodies directed against the carboxyl (C-20) or the
amino terminus (N-20) of Ob-R recognized a 170-
kDa protein, the size of which is consistent with the
human leptin receptor.'’

On day 2, the primary antibody was rinsed off in
tap water, blotted and the biotinylated secondary
antisera cocktail including goat anti-mouse IgG and
goat anti-rabbit diluted 1/400 was incubated on the
slides for 30 minutes at room temperature. Slides
were rinsed in running tap water, blotted and strep-
tavidin-horseradish peroxidase diluted 1/500 in PBS/
0.05% Tween 20 and 1% normal goat serum was
applied and incubated for 30 minutes at room tem-
perature. The slides were rinsed in tap water and
color developed in 3-amino-9-ethylcarbazole substrate
solution for 15 minutes at room temperature, then
counterstained in methylene blue for 30 seconds and
covered with coverslip.

Stock solutions:

Tween 20 (Pierce Chemical, Rockford, Ill, USA)
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Normal goat serum (Dako, Carpinteria, CA, USA)
Biotinylated mouse IgG (Dako, Carpinteria, CA, USA)
Biotinylated rabbit IgG (Dako, Carpinteria, CA, USA)
Streptavidin-horseradish peroxidase (Dako, Carpinteria,
CA, USA)

3-amino-9-ethycarbasole (Sigma, St. Louis, MO, USA)

Microscopic three-dimensional computerized tomo-
graphy (3-D CT) reconstruction

To visualize the three-dimensional spatial pattern
of intimal neovascularization using a microscopic 3-D
CT ,2 coronary arteries with whole heart (n=2) ob-
tained from human were utilized since there was
technical difficulty in injecting radiopaque liquid pol-
ymer into the microvasculature of the aortic vessel
wall. The non-infarct related right coronary artery of
a sudden cardiac death patient (68-year-old male) due
to acute anterior myocardial infarction (Fig. 2) and
the right coronary artery of a chronic stable angina
patient (59-year-old male) who had died due to lung
cancer were used. Following removal of the heart,
glass cannulae were tied at the coronary orifices and
injected with 500 ml of heparinized saline (0.9%
sodium chloride with 5,000 units of heparin) at a
pressure of 70 mmHg to clear the coronary network
of remaining blood. The anterior cardiac vein was
ligated to exclude adventitial venular supply from the
left anterior descending coronary arteries. A specially-
prepared, low viscosity, radiopaque liquid polymer
compound (MV-122, Canton Biomedical Products,
Boulder, Col, USA) was then injected through the
cannulae. The heart was immersed in 10% buffered
formalin and placed in a refrigerator at 4°C overnight
to allow polymerization of the plastic compound. On
the following day, the coronary arterial segments
(about 2 cm in the length) were removed from the
heart by careful dissection, placed in 70% ethanol and
dehydrated through ascending alcohol concentrations.
At successive 24-hour intervals, glycerin concen-
trations were raised from 30, 50, 75%, and finally
100% pure glycerin in order to-completely dehydrate
the coronary segments. The specimens were then
rinsed in acetone and left in open ait for 24 hours.
Finally, the coronary segments were embedded in wax
for scanning. The main luminal polymer was removed
for the identification of radiopaque filled microvascu-
lature and plaque calcification.

Specimens were scanned by a micro-CT system
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consisting of a spectroscopy X-ray tube, a fluorescent
crystal plate, a microscopic objective and a charge
coupled device camera (CCD).B'15 The charge in each
pixel was digitized and stored as an array in a
computer as 500— 1000 projections of the specimen
in 360 degree rotations.

Three-dimensional images were reconstructed using
a modified Feldhaup cone beam filtered back pro-
jection algorithm and the resulting 3-D images were
displayed using Mayo Analyze software (Version 7.5,
Biomedical Imaging Resource, Mayo Foundation,
Rochester, MN, USA). Volume rendering provided a
variety of display representations of 3-D image data
sets. Volume rendered transmission displays, voxel
gradient shading and maximum intensity projections
were displayed at various angles and threshold values
of voxels. Average voxel size was 21 m, and images
of up to 800 slices were rendered for each arterial
specimen (each with a matrix of 10—20 mm cubic
voxels X 16 bits of gray scale).

RESULTS
Control specimens

At histologic examination, control aortic specimens
revealed early atherosclerotic changes in intimal areas
as a fatty streak. Intimal lesions were composed of
macrophages/foam cells and VSMCs. However, there
was no intimal neovascularization within eatly ather-
osclerotic lesion.

Control aortic tissues revealed little Ob-R (N-20,
C-20) immunoreactivity in intimal SMCs and infil-
trated inflammatory cells (Fig. 1). VEGF immunore-
activity in the endothelial lining was distributed
weakly with little non-endothelial immunoreactivity.
Immunoreactivity for MMP-9 and TIMP-1 was small,
predominantly in the foam cells and VSMCs.

Atherosclerotic specimens

Radiopaque liquid polymer was injected through
the coronary ostium using a glass cannulae and was
filled in the adventitial vasa vasorum originated from
a branch of the coronary artery. Atherosclerotic coro-
nary arteries scanned by a micro-CT showed a dense
plexus of microvessels in the adventitia and the
noncalcified plaque itself. Neovascularization of the
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Fig. 1. Hematoxylin & eosin stain of normal aorta (panel A; final magnification, 100 X). Expressian
of the leptin recepror using a goat polyclonal antibody divected against the amino (N-20, panel B; final
magnification, 100 X) or carboxy (C-20, panel C; final magnification 400X & 1000 X) terminus
of human Ob-R and immunoreactivity for VEGF (panel D; final magnification 400 X & 1000 X),
MMP-9 and TIMP-1 (panel E and F; final magnification, 400 X) in normal aorta. Immanoreactivity
Jor Ob-R and VEGF was seen weakly in normal endothelial lining with little non-endothelial immu-
noreactivity.
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Fig. 2. Micrographs showing the spatial distribution of vasa vasorum and intimal neovascularization
(white arrows) in voxel gradient shading (panel A), maximum intensity profection (panel B) and
transverse sectional image (panel C) from atherosclerotic coronary artery using a microscopic CT. Coronary
artery obtained from autopsy specimen shows a dense plexus of microvessels in the adventitia (short white
arvows) and plaque itself (long white arrows) (voxel size, 21 m. bar size, 2 mm).
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Fig. 3. Intimal thickening and neovascularization with extension from inner medial layer to atheroscleroric
plaque base. Furthermore, immunoreactivity for VEGF (panel A & D), C-20 of Ob-R (panel B &
E), MMP-9 (panel C & F) were evident in endothelial lining (thin black arrows) and perivascular
cells of neovessels (thick black arrows) (final magnification, 100 X & 400 X).

Fig. 4. Hematoxylin & eosin stain of atherosclerotic lesion (panel A; final magnification, 100 X).
Immunoreactivity for N-20 (panel B; final magnification, 100 X), C-20 (panel C; final magnification,
400 X) of 0b-R, VEGF (panel D; final magnification, 400 X), MMP-9 and TIMP-1 (panel E and
F; final magnification, 400 X) in atherosclerotic lesion. A stromg immunostaining was seen in
atherosclerotic plaque, mainly in foam cells, vascular smooth cells and the vascular endothelial lining of
intimal neovessels (black arvows). Compared with fig. 1, a strong immunostaining was colocalized, mainly
in foam cells, vascular smooth cells and the vascular endothelial lining of intimal negvessels.
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adventitial vasa vasorum with extension into thein-
tima of atherosclerotic lesions was observed. Intra-
plaque neovessels were communicating with adven-
titial vasa vasorum and mainly located within non-
calcified atherosclerotic plaque. Three-dimensional im-
ages, voxel gradient shading, maximum  intensity
projection and transverse section, suggested the in-
timal neovascularization within plaque (Fig. 2). In
atherosclerotic aortas, intimal thickening with neo-
vascularization at the plaque base, even though ex-
tension of microvasculature from the inner medial
layer suggested communication between intimal neo-
wvascularization and vasa vasorum (Fig. 3).

Compared with control aorta specimens, the in-
crease in the cellularity of the intima was accom-
panied by the infiltration of inflammatory cells, such
as foam cells and neovasculatization at the plaque
base. The atherosclerotic aortic plaque base demon-
strated marked increases in Ob-R (C-20, N-20) imm-
" unoreactivity, predominantly in foam cells, VSMCs
and the vascular endothelial lining of intimal neo-
vessels (Fig. 4). VEGF immunoreactivity in normal
endothelial lining was distributed within control
aortic specimens. Contrary to control aorta, atheros-
clerotic plaque base revealed marked increases in
VEGF immunoreactivity, mainly in foam cells, VSMCs
and the vascular endothelial lining of intimal neo-
vessels. Compared with Ob-R immunoreactivity in
corresponding sections, tissue expression of Ob-R
(N-20, C-20) and VEGF were colocalized in athero-
sclerotic plaques. These expressions were evident in
non-endothelial cells, foam cells, and VSMGCs. Fur-
thermore, immunoreactivity for Ob-R and VEGF was
coexpressed within the neovascular endothelial cells.
Atherosclerotic lesions demonstrated marked increases
in immunoreactivity for MMP-9 and TIMP-1, pre-
dominantly in plaque areas, Moreover, MMP-9 and
TIMP-1 immunoreactivity was evident in the foam
cells and VSMGs.

DISCUSSION

The present study of atherosclerotic arteries showed
that a dense plexus of microvessels in the adventitia,
noncalcified plaque and intraplaque neovessels were
communicating with adventitial vasa vasorum and
were mainly located within noncalcified atherosclero-
tic plaque.

Angiogenesis, the formation of new blood vessels
by capillary sprouting from preexisting vessels, is a
major physiological event that occurs for example in
the female reproductive system throughout the men-
strual cycle and in pregnancy, as well as during
wound healing. The angiogenic process is under the
control of proangiogenic factors, including VEGEF,
fibroblast growth factor (FGF), and antiangiogenic
factors such as endostatin and angios’tatin.16 In ath-
erosclerotic plaques, VEGF immunoreactivity was ob-
served in foam cell-rich regions adjacent to the lipid
core or the neovascularized basal regions of plaque
consisting predominantly of VSMCs. Ananyeva et
al,” recently demonstrated that Ox-LDL induced the
release of acidic FGF from acidic FGF-transfected
VSMCs. VEGF receptor (flt-1) expression in mono-
cytes and VSMCs has recently been confirmed; this
receptor mediates chemotaxis and tissue factor pro-
duction associated with the upregulation of MMPs to
contribute to the lateral expansion of new blood ves-
S Furthermore, vascular localization of VSMCs
derived MMPs may permit their spatially-controlled
role in degradation of the subendocardial basement
membrane, and that is a crucial step in the initial
stage of angiogemesis.19

Recently, leptin, the product of the Ob gene, was
identified as an adipocyte-secreted protein.”® Loffre-
da et al? recently reported that leptin stimulates
murine macrophage phagocytic activity in vitro and
in vivo. These effects were dependent on expression
of Ob-R, the long form of the leptin receptor, as
macrophages isolated from the diabetes mouse were
insensitive to these effects of leptin. Moreover, leptin
selectively enhanced the secretion of tumor necrosis
factor @, interleukin (IL)-6, and IL-12 from isolated
macrophages in response to lipopolysaccharide. Given
the known regulatory effects of these cytokines, it
thus appears that leptin may help to amplify selected
proinflammatory responses via expression of Ob-R.”
Experiments using human umbilical venous endo-
thelial cells demonstrated that treatment of HUVECs
with leptin enhanced formation of capillary-like tubes
in an in vitro angiogenesis assay and neovasculari-
zation in an in vitro model of angiogenesis com-
parable with VGEF. These results indicated that
leptin, via activation of the endothelial Ob-R, gener-
ated a growth signal involving a tyrosine kinase-
dependent intracellular pathway and promoted angio-
genic processes.'’ Otherwise, leptin-induced signaling
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in endothelial cells induced reactive oxygen species as
a second messenger and might activate atherogenic
processes, as well as a potent stimulatory hormone on
human penpheral blood monocytes as a proinflamm-
tory cytokme “2 Since leptin is secreted into the
plasma, thin-walled endothelial cell tubes could be a
target for leptin with a vasoactive substance.” Fu-
thermore, its receptor, Ob-R, was expressed in this
human vasculature and in primary cultures of human
endothelial cells, while leptin and its receptor inter-
action suggested a physiological mechanism whereby
leptin induced angiogenesis. 126

It is hypothesized that a high concentration of
leptin within vasa vasorum and plaque itself, exerting
paracrine effects, may influence inflammatory and
vascular neovascularization coupling with functional
upregualtion of the VEGF and FGF. In our study,
the expression of immunoreactivity for Ob-R and
VEGF in atherosclerotic lesions were often seen,
mainly in the endothelial lining of neovessels within
plaque. These findings suggested that intimal neo-
vascularization might be evident in atherosclerotic
arteries according to the atherosclerotic inflammatory
process and thickening of the vascular wall. Our his-
tochemical data might indicate that increased activity
of Ob-R plays an important role in the pathogenesis
of intimal neovascularization as with other angiogenic
factors. Our observation of a prominent colocalization
between VEGF, Ob-R and MMP-9 supports this
hypothesis, and these factors participate in neovas-
cularization of atherosclerotic lesions. We investigated
whether the leptin receptor is expressed in human
atherosclerotic aorta using polyclonal antibodies to
synthetic peptides based on the sequence of a human
leptin receptor. The limitation of this study is that
we did not investigate the expression of aortic tissue
using a Western blot for leptin and leptin receptor.
However, several recent studies suggested the ex-
pression of a leptm receptor in cell culture study and
ponvascular tissue."?® The present study is the first
report on vascular tissue and opens a promising per-
spective concerning future investigations of leptin-
dependent modulation of atherogenesis and vascular
neovascularization under pathophysiological conditions.
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