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the diagnostic criteria for dementia (diagnostic and statistical
manual of mental disorders; DSM-IV) {1] in the occasion of
diagnosis and, most of these patients suffered in a bed-ridden
condition in their terminal stages.

The diagnosis of AD was made based on the Consortinm to
Establish a Registry for Alzheimer’s Disease (CERAD) diag-
nostic neuropathologic criteria {15] and excluded the brains
with large cerebral infarctions. The diagnosis of BD was made
clinico-pathologically, and retrospectively met the pathologi-
cal inclusion criteria including (1) presence of diffuse white
matter lesions, (2) facunar infarctions in the perforator terri-
tory, (3) arteriolosclerosis such as fibrohyalinosis and fibrinoid
necrosis and (4) absence of cortical infarctions, as well as the
clinical criteria by Bennett et al. {3], and excluded the brains
with significant pathologic hallmarks of AD. The control group
inchuded two patients with pneumionia, one patient each with
renal cancer, lung cancer, chronic renal failure and pulmonary
emphysema.

The tissue blocks were sectioned in a cryostat (30 or 100 pm-
thick) and kept in 0.1 M phosphate buffer (pH 7.4). The tissue
sections were processed according to the silver impregnation
method described by Gallyas [8]. Briefly, the sections were
incubated for 30 min in 5% periodic acid (HIO4) solution. The
sections were then immersed in 4% sodium hydroxide solu-
tion for 30 min, and washed in 0.5% acetic acid solution in
double-distilled water for 5 min. They were further incubate
in a mixture (pH 13.0) of 90 m! of an ammoniated silver ni
solution (AgNO3, 0.5 g and ammonium nitrate, 2.5 g in 900m

in double-distilled water for 30min at 20 °C. These
were left in a physical developer solution, which was cg

water (solution B): ahd ammoniuin nitrate, 1.
2.0 g; tungslo-silicic acid (Si02-2W03), 1(
40% formalin solution in 1000 m] of distille

r (solution C).
olution, and

i biotinylated peroxi-
d 1:200). They were
idine tetrahydrochlo-
ride and 0.005% H>O; in 0.05° Q—HCI (pH 7.6). To test
for the specificity of the immy istochemical reaction, control
sections were incubated with normal mouse IgG instead of the
primary antibody.

The density of the cipill eds was determined by the
test grid method [7], in which the number of vascular inter-
sections were counted against 6 x 6 square fest grids each
with a 50 um width. The average counts from five represen-
tative fields in the layers -1V of the frontal and parietal

faboratories, diluted 1:200) and
dase complex (Vector Laborator;

cortices, respectively, were used as the capillary densities in
each patient. The data were expressed as means=+S.D. and
the Mann—~Whitney U-test was used to compare between the
groups.

Using the modified Gallyas stains, the microvessels in the
cerebral cortices appeared stnooth and regular in diameter in the
non-neurological control and BD brains (Fig. 1A and C). There
were no senile plaques nor neurofibrillary tangles. In contrast,
the brains with AD had numerous senile plaques and neurofib-
rillary tangles, which were intermingled by irregularly-shaped
microvessels in both frontal and parietal cortices (Fig. 1B). The
microvessels werefrequently narrowed and irregular in diameter
for a variabl length of the vessel (Fig. 1D-F). These ves-
sels often she bulging of their walls. In close proximity
to the semile pla es, the microvessels were blunted and torn
offinthe s with a thickness of 100 wm (Fig. 1E). Theqe

 the uperﬁcial layer, as well as perivascular deposits in the
ularwall itself and perivascular neuropil in the AD group
1G-I). Bela amyloid-immunopositive fine texture fibrils
distributed in the neuropil with or without contact to the
microvessels. In contrast, there was almost no deposit of 8 amy-
Joid in the cerebral cortices of the non-neurological control and
D groups. In the semi-quantitative measures of the microves-
sels, the microvascular densities were significantly lower in the
AD group as compared to the other two groups in both frontal
and parietal cortices (Fig. 2).

The capillaries in AD have been shown to exhibit thicken-
ing of their basement membrane, atrophy, perivascular fibrosis
and degeneration of the pericytes {5,6,16}. which may corre-
spond to the buiging of the microvessels observed here. In
semi-quantitative measures, some authors have not observed any
decrease in the capillary densities {2], while others showed a
decrease in selected or non-selected regions of AD brains {4,7].
The present study underscored the morphological abnormalities
of the capillaries, and further revealed their numerical decrease
in AD and absence of capillary damages in BD. The actual
reduction rate in the capillary density of AD brains may be
more severe, because significant atrophy in this group should
have ameliorated the reduction ratio. The fact that there were
no 3 amyloid-deposits nor damages in the cortical microves-
sels in BD brains was not contradictory to the major site of
the pathologic process, which involve subcortical white matter
and perforator territory in BD. However, in previous studies,
slight but significant neuronal dysfunction has been noted in the
cerebral cortex, such as a decrease in the synaptic densities and
neuronal viabilities [11,22].

The reduction in the vascular densities and the spatial prox-
imity of B amyloid deposits to the microvascular changes
may suggest some vascular toxicity due to B amyloid. Indeed,
preamyloid deposits were found in the exiracellular space and
extended directly into the capillaries {16]. Vinters and Farag
[20] raised a neurovascular hypothesis, in which f§ amyolid
accumulates on the outer side of the basement membrane and
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Fig. 1. Photomicrograph of Gallyas stains (A)~(F¥and immunohistochemistry for B amyloid (G)—(I). The photographs were taken in the cerebral cortex of non-
reurofogical (A); AD (B), (D)~(F); and BD piitients(C). Numerous senile plaques were observed exclusively in AD brains. The capillary density appears less dense in
AD as compared with the non-neurologicaliand BD biains. The small vessels showed narrowing (D), tearing off (E} and scattered bulging (F). There were perivascular
deposit in the vascular wall which extended’j europil diffusely (G). A heavy accumulation of perivascular § amyloid was also seen in the tangential (H) and
axial planes (1), in which the perivasculit'de s continued into the neuroglial deposits. Bars indicate 100 pm for (A}-(C), (I), 30 pm for (D»«(F) and 200 um in
@) (H).

“ inflammation. In support  ulate low density lipoprotein receptor-related prtoein-1 (LRP)
for this hypothesis, GAX, a%gzene encoding a homeodomain-  which enhances efflux of B amyloid from the brain [21]. This
transcription factor box genéirelated to vascular differentiation  impaired clearance of B amyloid may further increase solu-
[9], is downregulated®in AD;‘brains. The downregulation of  ble  amyloid and fibrillary B amyloid levels {23]. Finally, we
GAX activales a proapoptotic pathway, and may result in a  hypothesized a vicious cycle in which 8 amyloid may cause
decrease in the number of cerebral microvessels and cere- microvascular regression, brain hypoperfusion and neurovas-
bral blood flow (CBF). by way of activating the forkhead cular inflammation, although this will be addressed in future
transcription factor, AFX-1. This activation may also downreg-  studies.

may promote local neug
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Physiological Significance and Therapeutic Potential of Adrenomedullin in

Pulmonary Hypertension
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Abstract: Adrenomedullin (ADM) is a potent vasodilator peptide that was originally isolated from human
pheochromocytoma. Its vasodilatory effect is mediated by cyclic adenosine 3,5 -monophosphate- and nitric oxide-
dependent mechanisms. Earlier studies have demonstrated that ADM is secreted from various tissues, including vessels,
heart, and lungs. In addition, there are specific receptors for ADM in the lungs. Plasma ADM level is elevated in
proportion to the severity of pulmonary hypertension, and circulating ADM is partially metabolized in the lungs. These
findings suggest that ADM plays an important role in the regulation of pulmonary vascular tone. Administration of ADM
by intravenous or iniratracheal delivery significantly decreased pulmonary arterial pressure and pulmonary vascular
resistance in patients with puimonary arterial hypertension. Furthermore, we have recently developed a new therapeutic
strategy using ADM gene-modified endothelial progenitor cells (EPC). Intravenously administered ADM gene-modified
EPC were incorporated into lung tissues and attenuated monocrotaline-induced pulmonary hypertension in rats. In
addition, ADM has angiogenic and anti-apoptotic activities via activation of Akt and/or mitogen-activated protein kinase.
These findings suggest that ADM may act not only as a vasodilator but also as a vasoprotective factor. Thus, ADM may

be a promising endogenous peptide for the treatment of pulmonary hypertension.

Key Words: Adrenomedullin, pulmonary hypertension, vasodilation,-cyclic adenosine 3°,5’-monophosphate, nitric oxide,
endothelial progenitor cell, gene therapy, angiogenesis, anti-apoptosis, Akt.

INTRODUCTION

Idiopathic pulmonary arterial hypertension (IPAH) is a
rare but life-threatening disease characterized by increasing
pulmonary vascular resistance and progressive pulmonary
hypertension that leads to right ventricular failure and death
[1]. The median survival is estimated to be 2.8 years from
diagnosis [2]. Because the presence of endothelial abnor-
malities in the pulmonary vascular bed causes pulmonary
vasoconstriction, smooth muscle cell proliferation, and in
situthrombosis {3], avariety of vasodilators, anti-proliferative
agents, and anticoagulants have been proposed as therapeutic
agents for IPAH [4-6]. Despite therapeutic medical advances
including prostacyclin therapy, some patients ultimately
require heart-lung or lung transplantation [7,8]. Thus, a
nove! therapeutic strategy is desirabie for the treatment of
pulmonary hypertension.

Adrenomedullin (ADM), which was originally isolated
from human pheochromocytoma, is a potent and long-lasting
hypotensive peptide [9]. Human ADM consists of 52 amino
acids with a single intramolecular “disulfide bond and an
amidated tyrosine at the carboxy terminus (Fig. 1) [9]. This
peptide shares some structural homology with calcitonin
gene-related peptide and amylin. The effects of ADM are
mediated by two Gs-protein-coupled plasma membrane
receptors: calcitonin-receptor-like receptor and receptor
activity-modifying protein-2 or -3 [10]. Subsequent studies
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Fig. (1). Humian adrenomeduliin consists of 52 amino acids with a
single intramolecular disulfide bond between residues 16 and 21
and with an amidated tyrosine at the carboxy terminus.

have revealed that immunoreactive ADM is distributed in
plasma and a wide range. of tissues including aorta,
ventricles, lungs, and kidneys[11,12]. In particular, ADM is
actively produced and secreted by vascular endothelial cells
and vascular smooth muscle cells [13-15]. In addition to.
potent vasodilating effects, ADM has been reported to have
multiple effects on cardiovascular and ren# function, such as
diuretic and natriuretic effects [16,17], and ‘a positive
inotropic effect [18,19]. Recently, ADM has received much
attention as an important factor in cell growth and survival
{20-25]. Thus, ADM has come to be regarded as a
multifunctional peptide.

Previous studies .have shown that plasma and/or tissue
ADM levels are elevated in a variety of cardiovascular and
renal diseases including hypertension [26-28], acute
myocardial infarction [29-32], heart failure [33-39], and

‘renal failure [40]. We and others have reported that plasma
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ADM levels are also elevated in patients with pulmonary
hypertension in proportion to the clinical severity [41-43].
These findings suggest that ADM may be involved in the
regulation of cardiovascular and renal function and vascular
tone. Recent  studies have reported that in heterozygous
ADM knockout mice with almost half the level of ADM in
organs and plasma, marked cardiac hypertrophy and
coronary artery lesions were observed under conditions of
high cardiovascular stress [44,45]. Thus, endogenous ADM
may possess a protective effect against cardiovascular
damage, and increased plasma and/or tissue ADM levels
may be a compensatory response to organ failure.

This review summarizes the physiological significance of
ADM in patients with pulmonary hypertension and the
therapeutic potential of ADM for the treatment of pulmonary
hypertension.

PLASMA LEVELS OF ADRENOMEDULLIN IN
PATIENTS WITH PULMONARY HYPERTENSION

Plasma ADM levels have been reported to be elevated in
patients with pulmonary arterial hypertension [46] and in
animal models of experimental pulmonary hypertension
induced by monocrotaline [47]. To investigate the patho-
physiological significance of ADM in pulmonary hyper-
tension, we -studied the relationship between plasma ADM
levels and pulmonary hemodynamics in patients with
pulmonary arterial hypertension [41]. Plasma ADM levels in
patients with pulmonary arterial hypertension were signi-
ficantly higher than those in healthy subjects. In addition,
there were significant correlations between the plasma ADM
level and mean pulmonary arterial pressure, total pulmonary
resistance, and mean right arterial pressure. These findings
suggest that the plasma ADM level is increased in proportion
to the severity of pulmonary hypertension and right heart
failure. ‘

Previous studies have shown that ADM mRNA and its
receptor mRNA are highly expressed in the lung [48].
Yoshibayashi et al. measured plasma ADM levels in blood
samples obtained from various sites during cardiac catheteri-
zation in patients with pulmonary hypertension [46]. The
plasma ADM level in the pulmonary vein was significantly
lower than that in the pulmonary artery, consistent with the
previous finding that the pulmonary circulation is the site of
ADM clearance [49]. These findings suggest that elevated
endogenous ADM in plasma may play an important role in
the pulmonary circulation.

Previous studies have demonstrated that hypoxia,
cytokine production, and shear stress induce ADM secretion
by vascular cells [50-52]. An in vitro study has demonstrated
that ADM is upregulated through a hypoxia-inducible factor-
1 (HIF-1)-dependent pathway under hypoxic conditions [53].
Thus, hypoxia/HIF-1 is one of the most potent regulators of
ADM production in pulmonary arterial hypertension.

BIOLOGICAL ACTIONS OF ADRENOMEDULLIN

Intravenous infusion of ADM results in potent and
sustained hypotension [17,44,54,55]. ADM has been shown
to increase the intracellular cyclic adenosine 3°,5’-mono-
phosphate (cAMP) level in vascular smooth muscle cells via
its specific receptor [56,57]. The increase in cAMP by ADM
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activates protein kinase A (PKA), resulting in a decrease in
calcium content in smooth muscle celis. On the other hand,
ADM has been shown to induce vasorelaxation in a nitric
oxide (NO)-dependent manner [58]. ADM induces activation
of endothelial NO synthase in vascular endothelial cells vig
the  Ca*/calmodulin-dependent  [59] and  the
phosphatidylinositol 3-kinase (PI3K)/Akt-dependent pathway
[60]. Thus, ADM regulates vascular tone through a cAMP-
dependent mechanism and/or a NO-dependent mechanism
(Fig. 2). It has been reported that there are many binding
sites for ADM in the lung [61] and that ADM preferentially
dilates pulmonary arterial resistance vessels [62]. These
findings raise the possibility that ADM may play an
important role in the regulation of pulmonary vascular tone
in patients with pulmonary hypertension.

An imbalance between vasodilators and vasoconstrictors
has been thought to have a key role in the development of
IPAH [63]. Endothelial dysfunction decreases the production
of vasodilators such as prostacyclin and NO, whereas it
increases that of vasoconstrictors including thromboxane and
endothelin-1 [3]. Previous studies demonstrated that
prostacyclin synthase [64] and endothelial nitric oxide
synthase [65] expression were decreased in the lungs of

‘patients with pulmonary hypertension. Thus, pulmonary

endothelial cells may be a therapeutic target for the treatment
of pulmonary hypertension. ADM regulates growth and
survival of endothelial cells [22,66,67]. ADM signaling is of
particular significance in endothelial biology, since the
peptide protects cells from apoptosis and promotes
angiogenesis at least in part through activation of PI3K/Akt
and mitogen-activated protein kinase/extracellular signal-
regulated kinase 1/2 in endothelial cells. These findings raise
the possibility that elevated plasma ADM in patients with
pulmonary hypertension may exert protective effects on
pulmonary endothelial cells.

Plexiform lesions, the classic pathological finding in
IPAH, are present in -about one in three lung biopsy
specimens [68]. These lesions have been considered an
abnormal growth of modified smooth muscle cells [69]. In
vitro, ADM has been shown to inhibit serum or platelet-
derived growth factor-stimulated proliferation and migration
in smooth muscle cells [70-72]. /n vivo, continuous infusion
of ADM has been shown to inhibit pulmonary smooth
muscle cell proliferation in monocrotaline-induced pulmonary
hypertension in rats [73]. These results suggest that ADM
may have an inhibitory function in pulmonary vascular
remodeling.

The overproduction of reactive oxygen species results in
the progression of pulmonary vascular remodeling.- ADM is
recognized as a potent antioxidant. An in vizro study showed
ADM suppressed reactive oxygen species production in a
dose-dependent manner via activation of the cAMP-protein
kinase A pathway [74]. Heterozygous ADM knockout mice
housed under hypoxia showed not only severe pulmonary
vascular injury but also higher levels of reactive oxygen
species production [75]. These findings suggest that ADM
might be one of the important compensatory substances to
protect against hypoxia-induced pulmonary vascular remode-
ling, possibly through the suppression of reactive oxygen

species.
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Fig. (2). Signaling pathway of adrenomedullin (ADM) in vascular endothelial cells (ECs) and smooth muscle cells (SMCs). ADM regulates
vascular tone through a cAMP-dependent mechanism and/or 2 NO-dependent mechanism. ADM protects cells from apoptosis and promotes
angiogenesis at least in part through activation of Akt and ERK1/2 in endothelial cells. ADM also inhibits smooth muscle cell proliferation

and suppresses reactive oxygen species production.

THERAPEUTIC POTENTIAL OF ADRENOMEDULLIN
IN PULMONARY HYPERTENSION

Previous experimental studies have shown that exo-
genously administered ADM causes a dose-related decrease
in pulmonary arterial pressure under conditions of high
pulmonary vascular tone [62,76,77]. Short-term infusion of
ADM attenuates pulmonary hypertension secondary to
congestive heart failure [78,79], and long-term infusion of
ADM attenuates progressive pulmonary hypertension and
medial thickening of the pulmonary arteries in rats treated
with monocrotaline [73]. However, in humans, it remains
unknown whether exogenous ADM has beneficial effects in
patients with precapillary pulmonary hypertension such as
IPAH or chronic thromboembolic pulmonary hypertension.
Accordingly, we examined the hemodynamic and hormonal
responses to intravenous infusion of ADM or placebo in 13
patients with precapillary pulmonary hypertension [80].
ADM (0.05pg/kg/minute) or placebo was randomly adminis-
tered at a rate of 0.5 ml/minute for 30 minutes. At the end of
ADM infusion, plasma ADM level was increased about 3-
fold in the ADM group. ADM infusion produced a 44%
increase in cardiac index and a 32% decrease in pulmonary
vascular resistance, and its hemodynamic effects lasted at
least 15 minutes after the end of infusion. These results
suggest that ADM has potent, relatively long-lasting
pulmonary vasodilator activity in patients with pulmonary
hypertension. We have shown that plasma cAMP level was
increased by 23% during ADM infusion. The increase in
cAMP by ADM activates PKA, resulting in a decrease in
calcium content in smooth muscle cells [57]. It is therefore
possible that ADM may relax vascular smooth muscie by
inducing an increase in cAMP level. ADM infusion
markedly increased the cardiac index in patients with
pulmonary hypertension. Considering the strong vasodilator
activity of ADM in the systemic and pulmonary vasculature,
a significant decrease in cardiac afterload may be responsible
for the increased cardiac index with ADM. On the other

hand, a previous binding study has shown abundant, specific
binding sites for ADM in ventricular myocardium [61].
ADM has been shown to increase cardiac cAMP [81,82],
which is known to mediate the positive inotropic action of
beta-adrenergic stimulation. Alternatively, ADM has been
shown to produce a positive inotropic action through cAMP-
independent mechanisms [83]. These findings suggest that
the increase in cardiac index may be attributable not only to
a fall in cardiac afterload but also to the direct positive
inotropic action of ADM. Further studies are necessary to
investigate the therapeutic potential and safety of ADM in
patients with pulmonary hypertension.

Intravenously administered ADM decreased systemic
vascular resistance and induced systemic hypotension in
patients with pulmonary hypertension because of nonselective
vasodilation .in- the pulmonary and systemic vascular beds.
Recently, inhalation of aerosolized prostacyclin and its
analogue, - iloprost, has been shown to cause pulmonary
vasodilation without systemic hypotension in patients with
IPAH [84,85].In addition, inhalant application of vasodilators
does not impair gas exchange because the ventilation-
matched deposition of drug in the alveoli causes pulmonary
vasodilation matched to ventilated areas. In clinical settings,
inhalation therapy may be more simple, noninvasive, and
comfortable than continuous intravenous infusion therapy.
These findings raise the possibility that ADM inhalation
may have beneficial effects in patients with precapillary
pulmonary hypertension. We examined the effects of ADM
inhalation on monocrotaline-induced pulmonary hypertension
in rats [86]. ADM (5 ug/kg) or saline was inhaled as an
aerosol using an ultrasonic nebulizer. To assess the acute
effect of inhaled ADM, hemodynamic studies were carried
out at 3 weeks after monocrotaline injection. Expectedly, a
single 30-minute inhalation of ADM significantly decreased
total pulmonary vascular resistance without a significant
decrease in mean arterial pressure in rats given monocro-
taline. These hemodynamic effects of ADM lasted at least 60
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minutes after the end of inhalation. Furthermore, to assess
the chronic effect of inhaled ADM, 30-minute inhalation of
ADM or saline was repeated four times a day for 3 weeks
after monocrotaline injection. Repeated inhalation of ADM
markedly decreased mean pulmonary arterial pressure and
total pulmonary vascular resistance without systemic hypo-
tension in rats given monocrotaline. Interestingly, repeated
inhalation of ADM significantly attenuated an increase in
medial wall thickness of peripheral pulmonary arteries and
improved survival. Considering the potent vasoprotective
effects of ADM such as vasodilation and inhibition of smooth
muscle cell migration and proliferation, it is interesting to
speculate that ADM trapped in the bronchial epithelium or
alveoli leaks to the pulmonary arteries to maintain
pulmonary vascular integrity in rats given monocrotaline.
von der Hardt ef al. have reported that aerosolized ADM (6
ug/kg) resulted in a sustained reduction in mean pulmonary
arterial pressure in a surfactant-depleted piglet model [87].
There was no significant difference in mean systemic arterial
pressure after ADM inhalation. Interestingly, they reported
that aerosolized ADM reduced endothelin (ET)-1 mRNA in
- lung tissue and ET-1 protein expression in pulmonary
~ arteries. ET-1 is a potent pulmonary vasoconstrictor [88] and
plays an important role in pulmonary hypertension [89-93].
Thus, reduction of ET-1 expression may contribute to the
effect of aerosolized ADM on pulmonary hypertension.
Recently, we have investigated the effects of ADM inhalation
~on pulmonary hemodynamics and exercise capacity in
patients with IPAH [94]. Inhalation of aerosolized ADM (10
ug/kg) produced a 22% decrease in pulmonary vascular
resistance. However, neither systemic arterial pressure nor
heart rate was altered. These results suggest that inhaled
ADM improves hemodynamics with pulmonary selectivity.
In addition, inhalation of ADM improved exercise capacity,
as indicated by increased peak oxygen consumption during
exercise. Although further studies are necessary to maximize
the efficiency and reproducibility of pulmonary ADM
delivery, inhalation of ADM may be a promising approach to
treat pulmonary hypertension without affecting the systemic
circulation.

Recently, stem or progenitor cell transplantation has
received much attention as a novel therapeutic option to
regenerate a variety of tissues. In 1997, Asahara er al.
isolated endothelial progenitor cells (EPC) from human
peripheral blood [95]. EPC are mobilized from bone marrow
into the peripheral blood in response to tissue ischemia or
traumatic injury, migrate to sites of injured endothelium, and
differentiate into mature endothelial cells in situ [96-98].
Transplantation of EPC has been shown to induce
therapeutic angiogenesis in the ischemic heart or limb [99-
101]. We have shown that intravenously administered EPC
are incorporated into the pulmonary vasculature and
attenuate pulmonary hypertension in the rat monocrotaline
model of IPAH [102]. Thus, the regeneration of pulmonary
vascular endothelium by cell transplantation may be a new
therapeutic strategy for the treatment of puimonary
hypertension. A recent study has reported that human
telomerase reverse transcriptase gene transfer enhances the
angiogenic properties of EPC [103]. Considering the variety
of protective effects of ADM on vascular endothelial cells,
we hypothesized that ADM gene transfer into EPC may

Murakami et al.

strengthen their therapeutic potential. Recently, Fukunaka er
al. have developed a nonviral vector, gelatin hydrogel
[104,105]. Positively charged gelatin can hold negatively
charged plasmid DNA in its lattice structure. DNA-gelatin
complexes can delay gene degradation, leading to efficient
gene transfer [106,107]. Interestingly, EPC phagocytose
ionically linked DNA-gelatin complexes in coculture, which
allows nonviral gene transfer into EPC with high efficiency.
ADM gene transfer into EPC inhibits cell apoptosis and
induces proliferation and migration, suggesting that ADM
gene transfer strengthens the therapeutic potential of EPC.
Furthermore, genetically modified EPCs markedly secreted
ADM peptide and ADM overproduction lasted for more than
16 days. Therefore, transplanted EPC may serve not only as
a tissue-engineering tool to reconstruct the pulmonary
vasculature but also as a vehicle for gene delivery to injured
pulmonary endothelium. We have investigated whether cell
(EPC)-based ADM gene transfer causes further improvement
in monocrotaline-induced pulmonary hypertension in rats
[102]. ADM gene-modified EPC were similarly incorporated
into the pulmonary vasculature, and significantly decreased
pulmonary vascular resistance compared with EPC alone. A
single transplantation of ADM gene-modified EPC improved
survival in monocrotaline rats compared with transplantation
of EPC alone. Thus, a novel hybrid cell-gene therapy may be
a new therapeutic strategy for the treatment of pulmonary
hypertension including IPAH. However, the initial success
of gelatin-mediated ADM gene therapy reported here should
be confirmed by long-term experiments, and extensive
toxicity studies in animals are needed before clinical trials.

SUMMARY

This article describes the physiological significance of
ADM and its therapeutic potential for the treatment of
pulmonary hypertension. ADM has been shown to possess a
variety of actions, including vasodilatory actions, regulation
of cell growth and survival, and modulation of hormone
secretion. Plasma ADM levels are elevated in patients with
pulmonary hypertension in proportion to the clinical
severity, and circulating ADM is partially metabolized in the
lungs. Nevertheless, exogenously administered ADM
induces hemodynamic improvement. These findings suggest
that ADM may be a promising therapeutic agent for the
treatment of pulmonary hypertension including IPAH.
Further studies are necessary to evaluate the long-term
efficacy and safety of ADM in patients with pulmonary
hypertension.

ABBREVIATIONS

ADM = Adrenomedullin

cAMP = Cyclic adenosine 3°,5’-monophosphate
EPC = Endothelial progenitor cell

ET = Endothelin

IPAH = Idiopathic pulmonary arterial hypertension
NO = Nitric oxide

PI3K = Phosphatidylinositol 3-kinase

PKA = Protein kinase A
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Atherosclerosis and Lipoproteins

Inflammatory Response to Acute Myocardial Infarction
Augments Neointimal Hyperplasia After Vascular Injury in
a Remote Artery

Minoru Takaoka, Shiro Uemura, Hiroyuki Kawata, Kei-ichi Imagawa, Yukiji Takeda,
Kimihiko Nakatani, Noriyuki Naya, Manabu Horii, Shigeru Yamano, Yoshihiro Miyamoto,.
Yasunao Yoshimasa, Yoshihiko Saito

Objective—Percutaneous coronary intervention (PCI) is currently the most widely accepted treatment for acute myocardial
infarction (AMI). It remains unclear, however, whether post-AMI conditions might exacerbate neointimal hyperplasia
and restenosis following PCI. Given that both a medial smooth muscle cell lineage and a bone marrow (BM)-derived
hematopoietic stem cell lineage are now thought to contribute to neointima formation, the primary aims of the present
study were to determine whether AMI augments neointimal hyperplasia at sites of arterial injury, and whether

BM-derived cells contribute to that process.

Methods and Results—We simultaneously generated models of AMI and arterial injury in the same mice, some of which
had received BM transplantation. We found that AMI augments neointimal hyperplasia at sites of femoral artery injury
by ~35% (P<0.05), but that while BM-derived cells contributed to neointimal hyperplasia, they did not contribute to
the AMI-related augmentation. Expression of interleukin (IL)-6 mRNA was ~7-fold higher in the neointimas of mice
subjected to both AMI and arterial injury than in those of mice subjected to arterial injury alone. In addition, we
observed increased synthesis of tumor necrosis factor (TNF)-« within infarcted hearts and TNF-a receptor type 1
(TNFR1) within injured arteries. Chronic treatment with pentoxifylline, which mainly inhibits TNF-c synthesis, reduced
levels of circulating TNF-a and attenuated neointimal hyperplasia after AML

Conclusions—Conditions after AMI could exacerbate postangioplasty restenosis, not by increasing mobilization of
BM-derived cells, but by stimulating signaling via TNF-«, TNFR1 and IL-6. (Arterioscler Thromb Vasc Biol. 2006;

26:2083-2089.)

Key Words: bone marrow & inflammation @ myocardial infarction B restenosis @ smooth muscle cell

B oth the occurrence and eventual healing of acute myo-
cardial infarction (AMI) evoke inflammatory processes
that lead to clinical components of instability, as evidenced
by the high rate of subsequent coronary artery events,
including recurrent MI and in-stent restenosis after percuta-
neous coronary intervention (PCI).-3 It is well known from
both experimental and clinical observations that local upregu-
lation of the expression of proinflammatory cytokines in
activated smooth muscle cells (SMCs) contributes signifi-
cantly to restenosis after balloon angioplasty and stent im-
plantation.> In the setting of AMI, moreover, various proin-
" flammatory cytokines and growth factors, including TNF-a,
IL-18, IL-6 and vascular endothelial growth factor (VEGF),
are expressed in both infarcted and noninfarcted regions of
the heart, and their plasma levels are elevated for ~2 weeks
after AMLS-1° raising the possibility that they, too, contribute
to neointimal hyperplasia after PCL

Recent findings suggest that 2 lineages of neointimal
SMCs are involved in vascular remodeling after injury: a
medial SMC lineage whose activation is triggered by various
proinflammatory cytokines (the classical scenario), and a
newly identified bone marrow (BM)-derived hematopoietic
stem cell lineage.11-12 It now appears that hematopoietic stem
cells and endothelial progenitor cells are released from BM
into the peripheral circulation during the early phase of
AMI1.13.14 Thus, the mechanism for AMI-related vascular
remodeling is apparently more complex than was recognized
before the emergence of these new findings.

Within that context, the first aim of the present study was
to determine whether AMI is, itself, capable of promoting
neointimal hyperplasia at distant sites of arterial injury, such
as would be caused by PCL. If so, the second aim of this study
was to determine whether BM-derived cells contribute to that
process. To accomplish these aims, we simultaneously gen-
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erated experimental models of AMI and femoral arterial
injury in the same mice, some of which had previously
received BM transplantation (BMT) from green fluorescence
protein (GFP) mice. Here we show that the inflammatory
response to AMI augments neointimal hyperplasia in the
injured femoral artery, but whereas BM-derived cells contrib-
ute to that neointima formation, they do not significantly
contribute to the AMI-related augmentation of the response.
Moreover, we demonstrate that the TNF-« synthesis inhibitor
pentoxifylline (PTX)*>-'7 reduces levels of circulating TNF-«
and attenuates neointimal hyperplasia after AMI. Apparently,
cross-talk between the heart and injured artery via signaling
pathways mediated by inflammatory cytokines, especially

TNF-¢, TNF receptor type 1 (TNFR1) and IL-6, are involved

in this process.

Materials and Methods

Animals

C57BL/6 mice were purchased from SLC (Shizuoka, Japan). Trans-
genic mice (C57BL/6 background) that ubiquitously express en-
hanced GFP (GFP mice) were a generous gift from Dr Masaru Okabe
(Osaka University, Osaka, Japan).!® All experimental procedures
were performed in accordance with protocols approved by the Ethics
Review Committee for Animal Experimentation of Nara Medi-
cal University and National Cardiovascular Center.

Bone Marrow Reconstitution

Bone marrow reconstitution (BMT) was performed as described
previously.!! One day after exposing 8-week-old male wild-type
mice to a lethal dose (9.0 Gy) of X-irradiation, they received a tail
vein injection of unfractionated BM cells (1X10% that had been
harvested from the femora and tibias of GFP mice and suspended in
0.2 mL of phosphate-buffered saline. Eight weeks after BMT,
peripheral-leukocytes had been reconstituted to >90% of control, as
determined by flow cytometry.

AMI
AMI was induced in mice as described previously. 922 The precise methods
are described online only. Please see http://atvb.ahajournals.org.

Vascular Injury

Vascular injury (VI) was induced as described previously.2! Mice
were anesthetized by intraperitoneal injection of pentobarbital (50
mg/kg), and the femoral artery was exposed. A straight spring wire
(0.38 mm in diameter, No. C-SF-15 to 15; COOK, Bloomington,
Ind) was then inserted into the femoral artery, left in place for 1
minute to denude and dilate the artery, then removed.

Measurement of Neointimal Hyperplasia

For morphometric studies, femoral arteries were harvested 4 weeks
after injury, and digitalized images of these vessels were obtained
and analyzed using image analysis software (Version 3.2; Soft
Imaging System, Munster, Germany). The Iumen, internal elastic
lamina (IEL), and external elastic lamina (EEL) were defined, and
the intimal (tissue between lumen and IEL) and medial (tissue
between IEL and EEL) areas were recorded. Neointima/media area
(NI/M) ratios were also calculated,

Immunohistechemistry and

Immunofluorescent Staining

Methods for immunohistochemistry and immunofluorescent staining
were performed standard methods, and their details were described
online only. Please see htip://atvb.ahajournals.org.

September 2006

c¢DNA Array Analysis

Total RNA was isolated from pooled arteries (n=6 for each group)
using a QIAGEN RNeasy Minikit (QIAGEN Inc, Valencia, Calif).
Murine U74A version 2 GeneChips were purchased from Affymetrix
(Santa Clara, Calif) and hybridization was carried out according to
the manufacturer’s instructions.

Measurement of Proinflammatory

Cytokine mRNA

RNA was isolated from pooled arteries (n=6 to 8 for each group)
using a QIAGEN RNeasy Minikit (QIAGEN Inc, Valencia, Calif)
and then amplified using a MessageAmp™ Kit (Ambion, Austin,
Tex), which enables amplification of very small amounts of RNA.
RNA also was isolated from hearts using TRIzol Reagent (Invitro-
gen, Carlsbad, Calif), after which cDNA was generated using both
RNA samples and an Invitrogen SuperScript II Reverse Transcrip-
tase Kit (Invitrogen, Carlsbad, Calif). Real-time polymerase chain
reaction (PCR) was then performed in an ABI-Prism 7700 (Applied
Biosystems, Foster City, Calif) using Tagman Universal PCR Mas-
terMix (Applied Biosystems). The oligonucleotide probes and prim-
ers for IL-6, MCP-1, VEGF, transforming growth factor (TGF)-
B,stromal cell-derived factor (SDF)-ia, IL-18, and TNF-a were
purchased from- Applied Biosystems.

Measurements of Plasma TNF-a Levels

Plasma TNF-a levels were measured using a mouse TNF-« enzyme-
linked immunosorbent assay kit (eBioscience, San Diego, Calif)
according to the manufacturer instructions. The minimum detectable
concentration of TNF-« was 8 pg/mL.

Experimental Protocols ,
Depending on the experiment, mice were placed into one of four
groups: the AMI+VI group were subjected to both AMI and femoral
arterial injury; the VI group was subjected to a sham operation and
femoral arterial injury; and the AMI and sham-operated groups
received only AMI or the sham operation, respectively. Mice that did
not receive BM cells were used to compare neointimal hyperplasia
and mRNA expression among the groups. Two weeks after AMI,
femoral arteries were carefully excised from 6 to 8 mice in each
group and pooled for analysis of mRNA expression. Data from 2
independent experiments were averaged. Four weeks after AMI,
femoral arteries were excised from 10 mice in each group to measure:
neointimal hyperplasia. Again, 2 series of these experiments were
performed. In addition, to detect BM-derived cells within the
neointima, we performed similar experiments using 6 mice that had
received BM cells in each group.

In some mice in AMI+ VI and VI groups, PTX (30 mg/kg per day)
or vehicle (Veh) (phosphate-buffered saline) was infused intraperi-
toneally using an osmotic minipump (Alzet, Cupertino, Calif) for 4
weeks after AMI or sham operation. At the end of the 4-week
treatment period, the mice were euthanized and peripheral blood was
collected to measure circulating TNF-« levels, and the injured and
sham-operated femoral arteries were collected to assess the neointi-
mal hyperplasia.

Statistical Analysis :

All results are expressed as means®=SEM. Differences between
groups were evaluated for statistical significance using Student 7 test.
Values of P<<0.05 were considered significant.

Results

Myocardial Infarction Augments Neointimal
Hyperplasia in Injured Arteries

Four weeks after the surgery, neointima formation was
observed in mice in both the AMI+VI and VI groups (Figure
1A and 1B). As can be seen in Figure 1, however, the
neointimal hyperplasia was substantially more prominent in
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Figure 1. AMI augments neointimal hyperplasia in injured femoral arteries. A and B, Hematoxylin and eosin-stained sections of femoral
artery from VI (A) and AMI+VI (B) mice (8 to 10 weeks old) harvested 4 weeks after vascular injury; scale bars represent 50 um. C and
D, a-SMA immunostained sections of femoral artery from VI (C) and AMI+VI (D) mice; scale bars represent 256 um. Arrowheads indicate
the internal elastic lamina. E,F, NI/M ratios (E) and neointimal area (F) in the injured femoral arteries of VI (open bars) and AMI+Vi (solid
bars) mice. Bars are means=SEM of 8 mice per group;*P<0.05 vs the VI group.

the AMI+VI group than in the VI group. Immunohistochem-
ical staining revealed that the neointimas in both groups were
mainly composed. of a-SMA-positive SMCs (Figure 1C and
1D), suggesting that the inflammatory response to AMI
increases SMC numbers within the neointimas of distant
injured arteries. When we measured the neointimal and
medial areas using computerized morphometry, we found that
the NI/M ratios and neointimal areas were significantly
greater in the AMI+VI group than in the VI group (Figure 1E
and 1F).-

BM-Derived Cells Contribute to Neointima
Formation but Not to the

AMI-Related Augmentation

To determine the extent to which BM-derived celis contribute
to the AMI-related augmentation of neointimal hyperplasia in
injured arteries, we next performed a set of experiments using
mice that had received BM cells from GFP mice. Four weeks
after the vascular injury, we observed that GFP-positive cells
had accumulated in the neointimas and medias of the injured
arteries (Figure 2A and 2B) in both AMI+ VI and VI mice.
Moreover, immunofluorescent staining showed that some of
the GFP-positive cells expressed o-SMA (Figure 2C), sug-
gesting they had differentiated into cells similar to SMCs.
The numbers of GFP-positive cells did not significantly differ
in the neointimas or medias of mice in the AMI+VI and VI
groups (Figure 2D), though they tended to be larger in
AMI+VI mice than in VI mice. :

It thus appears that BM-derived cells do indeed contribute
to vascular remodeling after injury, but they are not respon-
sible for the AMI-related augmentation of the response. It
also appears that the inflammatory response to AMI did not
promote significant mobilization of progenitor cells with the
potential to differentiate into SMCs.

Expression of Proinflammatory Cytokines in
Injured Femoral Arteries

Given the absence of a significant contribution by BM-
derived cells to the augmented neointimal hyperplasia seen in
injured arteries after AMI, we next sought to identify any
molecules that might trigger migration and proliferation of
medial SMCs by analyzing the expression profiles of various
mRNAs using cDNA arrays. Among a number of upregulated
molecules, levels of IL-6, MCP-1, VEGF, TGF-8, SDF-1q,
and IL-1BmRNA were markedly higher in the injured arteries
of AMI+VI mice than in those of sham-operated mice.
Quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis showed =~7-fold increase in IL-6 mRNA
expression in the AMI+VI group, as compared with the VI
group, and ~500-fold increase, as compared with the sham-
operated group (Figure 3A). Levels of MCP-1, VEGF,
TGF-B, SDF-1e and IL-18 mRNA were similar in both the
AMI+VI and VI groups and higher than in the sham-
operated group (supplemental Figure IA to IE, available
online at http://atvb.ahajournals.org.). In addition, immuno-
histochemical analysis showed clear upregulation of IL-6
protein that paralleled the upregulation of mRNA expression
in the neointimal region (Figure 3B).

Cardiac Expression of TNF-a After AMI

Because TNF-a reportedly stimulates IL-6 expression,?2 we
next used quantitative RT-PCR to examine expression of
TNF-a mRNA in infarcted hearts in an effort to determine the
reason why IL-6 mRNA was preferentially upregulated in
injured arteries following AMI. As shown in supplemental
Figure IIA, expression of TNF-o mRNA was significantly
increased in infarcted hearts 1, 3, 7, and 28 days after AMI,
as compared with sham-operated hearts. Moreover, immuno-
histochemical analysis showed clear upregulation of TNF-c¢
protein that paralleled the upregulation of mRNA expression
in the infarcted hearts (supplemental Figure IIB and IIC).
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Figure 2. BM-derived GFP-positive cells within injured arteries. Vascular injuries were induced in BMTS™~Vid mjice, after which the fem-
oral arteries were fixed in 4% paraformaldehyde and embedded in plastic resin. Injured arteries from Vi (A) and AMI+VI (B) mice were
harvested after 4 weeks and observed under a confocal microscope. Arrowheads indicate the internal elastic lamina; arrows indicate
GFP-positive cells; scale bars represent 25 um. C, Immunofluorescent staining with Cy3-conjugated anti-a-SMA antibody (red) within
injured arteries. The arrow indicates a GFP-positive SMC; scale bars represent 5 um. D, Numbers of GFP-positive cells and total cell
numbers within the injured arteries of VI (open bars) and AMI+VI (solid bars) mice. Bars are means=SEM for 5 mice per group.

Femoral Arterial Expression of TNFR1 After
Vascular Injury

Given the increased cardiac expression of TNF-« and circu-
lating of TNF-a levels after AMI, we tested the possibility
that TNF-a acts via locally expressed TNFR1 to upregulate
expression of IL-6 within injured arteries. Consistent with
that idea, quantitative RT-PCR analysis revealed that the
level of TNFR! mRNA expression was significantly higher
in injured femoral arteries from both AMI+VI and VI mice
than in those from sham-operated or AMI mice (Figure 4).

Effect of Blockade of TNF-« Production on
Vascular Remodeling

Finally, to confirm that the relationship between the increase
in plasma TNF-a levels and the augmentation in neointima
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5 400
g
= 200
&
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Vi+) Vi+)

1) VI(+)

formation in remote injured arteries was causative, we tested
the effects of PTX, an inhibitor of TNF-« synthesis. We

_ found that plasma TNF-« levels were significantly higher in

vehicle (Veh)-treated AMI+ VI mice than in Veh-treated VI
mice, but that TNF-« levels in AMI+ VI mice were signifi-
cantly diminished by PTX to a level similar to that seen in
Veh-treated VI mice (Figure 5B). In addition, morphometric
analysis revealed that neointimal areas and NI/M ratios in
Veh-treated AMI+ VI mice were significantly greater than in
Veh-treated VI mice and that PTX significantly reduced -
neointimal areas and NI/M ratios (Figure 5A, 5C, and 5E).
However, PTX treatment did not significantly affect neointimal
areas or NI/M ratios in VI mice. Thus, prevention of the
AMI-induced increase in plasma TNF-« levels by PTX attenu-
ated neointimal hyperplasia in a remote artéry after AMI.

) Vi)

Figure 3. A, Effect of myocardial infarction on expression of the IL-6 within injured arteries: white bars, control; hatched bars, VI; black
bar, AMI+VI. Tissue samples were prepared from injured and uninjured arteries 14 days after surgery {control). The result shown is rep-
resentative of data obtained from 3 to 4 mice per group. IL-6 signal intensities were normalized to that of GAPDH; bars depict the fold
increase relative to uninjured arteries {control). B, Immunohistochemical staining of IL6 within injured femoral arteries from VI and
AMI+VI mice harvested 4 weeks after surgery. Scale bars represent 25 pum.
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Figure 4. Effect of vascular injury on arterial expression of
TNFR1. Tissue samples were prepared from injured and unin- .
jured {control} femoral arteries 14 days after surgery: A, A repre-
sentative image of RT-PCRs for TNFR1 expression. B, Quantita-
tive real-time PCR analysis of TNFR1 expression levels obtained
from 3 to 4 mice in each group.

Discussion
The main findings of the present study. are that: (1) the
inflammatory response to AMI augments neointimal hyper-
plasiaat sites of injury within distant arteries; (2) BM-derived
cells contribute to neointimal hyperplasia after vascular
injury, but not to the AMI-related augmentation of the
response; (3) cardiac synthesis of TNF-« and circulating
TNF-« levels are both increased after AMI, as is expression
of TNFR1 mRNA in injured arteries; (4) IL-6 is preferentially
upregulated in the neointima of injured arteries after AMI;
and (5) treatment with PTX, an inhibitor of TNF-« synthesis,

Veh
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inhibited the AMI-induced increases in plasma TNF-« and
attenuated neointima formation after vascular injury. It thus
appears that the inflammatory response to AMI stimulates
neointimal hyperplasia at sites of vascular injury at least in
part by stimulating signaling via TNF-«, TNFR1, and IL-6.

Cardiac levels of several vasoactive cytokines are elevated
after AML For instance, levels of VEGF are increased in both
infarcted hearts and the plasma. We also have observed that
plasma levels of placental growth factor (PIGF), another
VEGF family cytokine, are elevated within infarcted hearts as
a result of its synthesis in endothelial cells within the
infarcted region.?* Earlier works by Hattori et al indicate that
both VEGF and PIGF stimulate matrix metalloproteinase
(MMP)-9 expression in BM stromal cells via the flt pathway,
and that MMP-9 cleaves membrane bound Kit ligand into

" soluble Kit ligand, which in turn activates hematopoietic stem

cells;2+25 In addition, numbers of CD34-positive cells also are
increased after AMI.!3 Based on these findings, we suggested
that conditions directly caused by AMI stimulate neointimal
hyperplasia at remote sites of vascular imjury, and that
BM-derived cells contribute significantly to the AMI-related
augmentation of neointimal hyperplasia. In that regard, one
recent report showed that BM-derived cells contribute to
neointimal hyperplasia after mechanical vascular injury, es-
pecially after severe wire-induced injury.?s In the present

Figure 5. Inhibitory effect of PTX in
AMI+VI and VI mice. A, Hematoxylin and
eosin-stained sections of femoral artery
from Veh-treated AMI+VI, Veh-treated VI,
PTX-treated AMI-+VI, and PTX-treated VI
mice (8 to 10 weeks old) harvested 4
weeks after vascular injury; scale bars

B * c represent 100 um. B, Circulating TNF-a
peiil  —— levels in AMI+VI] and VI mice continu-
k- ously infused for 4 weeks with Veh or
= PTX. C to E, Effect of PTX treatment on
% 2 morphological changes. Morphometric
2 g analysis of injured femoral arteries in
b = AMI+VI and VI mice, with or without PTX,
‘g 4 weeks after wire-induced injury. Values
z ] are mean*+SEM; *P<0.05; *P<0.01; n=6
Veh- PTX- Veh VI PTX-VI Ver-  PTX- Veh-VI PTX-VL to 10; N.S indicates not statistically
ANMIHVI AMI+VI AMI+VE AMI+VI significant.
D xIPpm® E r__..._.f.g____..,
L
g ¥ g 3 ! NS.
2 g 2
£ .
Zw E 1
0 ]
Yeh- PTX. Veh-V1 PTX-VI Veh- PTX- Yeh-VI PTX-¥1

AMI+VI AMI+VI

AMIFVE AMI+VI
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study, we confirmed the presence of BM-derived cells in the
neointima and media of the affected artery after wire-induced
vascular injury. But as shown in Figure 2, although the
number of neointimal BM-derived cells tended to be higher in
mice after AMI than after sham operation, the difference was
not sufficient to explain the augmented neointimal hyperpla-
sia seen after AMI. Apparently, AMI does not stimulate
recruitment of BM-derived cells into the neointima at sites of
vascular injury. Pathological significance of BM-derived
cells in the setting of AMI is needed to be further elucidated.

Our analysis of cDNA arrays, performed to identify key
molecules responsible for the AMI-related augmentation of
neointimal hyperplasia after vascular injury, revealed upregu-
lation of MCP-1, VEGF, TGF-, SDF-1a, and IL-13 within
injured arteries, with and without AMI. However, levels of
IL-6 were ~7-fold higher in the injured arteries of AMI+VI
mice than in those of VI mice. Studies have shown that IL-6
mRNA is expressed in the atherosclerotic lesions of apoli-
poprotein E knockout mice?” and humans®*?® and in the
neointimas of injured arteries,” and that STAT3, which-is
activated by IL-6, contributes to neointima formation by
promoting neointimal SMC proliferation and survival.3¢
However, earlier reports mainly emphasized the importance
of MCP-1, VEGF, TGF-B,SDF-1a, and IL-18 rather than
I1-6 in neointima formation. The present study confirms the
importance of IL-6 in neointimal hyperplasia after wire-
induced injury and suggests that IL-6 plays a more important
role in AMl-related neointimal hyperplasia than the other
aforementioned mediators.

Bearing that in mind, a key question is, what are the signals
that stimulate the preferential elevation of IL-6 expression in
injured arteries after AMI? A number of earlier reports have
shown that TNF-¢ and IL-18 are strong stimulators of IL-6
expression.??3! Consistent with that earlier work, we found
that TNF-a expression is upregulated in infarcted hearts
during the 2-week period after AMI and that plasma TNF-a
levels were increased to 22.6+4.2 pg/ml., which is sufficient
to stimulate IL-6 expression.?>34 We also detected expression
of TNFR1 mRNA in injured arteries, but not in healthy ones.
TNF-a exerts its effects through both TNFRI and TNFR2,
but blockade of TNFR1 gene expression reportedly reduces
neointimal hyperplasia after vascular injury by 2-fold,
whereas blocking TNFR2 expression has no effect.35 Thus, in
the setting of AMI, it is likely that TNF-a released from the
infarcted heart binds to mewly upregulated-TNFR1 on the
surface of cells at remote sites of arterial injury, leading to
1L-6 production and, ultimately, stimulation of neointimal
hyperplasia. '

To prove a cause—effect relationship between expression
of TNF-« in heart and IL-6 in arteries, and one between AMI
and augmented neointima formation, we demonstrated that
prevention of TNF-« synthesis by PTX inhibited the AMI-
induced increases in plasma TNF-a and attenuated neointi-
mal formation after vascular injury. Collectively, these results
are indicative of the important role played by TNF-a in
experimental postangioplasty restenosis. An earlier report
showed the short-term, exogenous administration of TNF-a
did not increase neointima formation after balloon injury in
rabbits,3¢ suggesting that prolonged and persistent elevation

f

September 2006

of circulating TNF-« is required to promote neointimal
hyperplasia after vascular injury. In this study, we used PTX
as an inhibitor of TNF-« synthesis instead of a neutralizing
antibody or a soluble form of TNF-a receptor. Although both
neutralizing antibody and soluble form of TNF-areceptor are
more specific than PTX, they are immunogenic,3” when they
are used in vivo experiments especially in the long-term
experiment like the present experiment. PTX reduces the
synthesis of TNF-a by blocking its transcription,3® and has
been used successfully in earlier works.3*4° Therefore, we
adopted PTX to inhibit TNF-a pathway. However, it might
be possible that present findings were modulated by other
molecules transcriptionally suppressed by PTX.

In the clinical point of view, primary purpose of the present
study is to elucidate whether post-AMI conditions enhance
the neointimal hyperplasia and restenosis after PCI, that is
why we generated a mouse model of AMI plus vascular
injury. However, further studies using-model in larger animal
such as porcine are necessary to get more directly evidence
that AMI augments neointimal hyperplasia and restenosis
after PCI of infarct-related artery.

In conclusion, the present findings provide experimental
evidence supporting the idea that conditions directly resulting
from AMI exacerbate neointimal hyperplasia after vascular
injury through activation of TNF-a, TNFRI, and IL-6
network.
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Abstract

5’ Adenosine monophosphate-activated protein kinase (AMPK) has been implicated in exercise-induced stimulation of glucose
metabolism in skeletal muscle. Although skeletal muscle expresses both the a1 and o2 isoforms of AMPK, the a2 isoform is activated
predominantly in response to moderate-intensity endurance exercise in human and animal muscles. The purpose of this study was to
determine whether activation of a2 AMPK plays a role in increasing the rate of glucose transport, promoting glucose transporter 4 (GLUT4)
expression, and enhancing insulin sensitivity in skeletal muscle. To selectively activate the a2 isoform, we used S-aminoimidazole-4-
carboxamide-1-B-D-ribonucleoside (AICAR), which is metabolized in muscle cells and preferentially stimulates the «2 isoform.
Subcutaneous administration of 250 mg/kg AICAR activated the a2 isoform for 90 minutes, but not the a1 isoform in hind limb muscles
of the C57/B6J mouse. The maximal activation of the «2 isoform was observed 30 to 60 minutes after administration of AICAR and was
similar to the activation induced by a 30-minute swim in a cusrent pool. The increase in «2 activity paralleled the phosphorylation of Thr'?,
the essential residue for full kinase activation, and the activity of acetyl-coenzyme A carboxylase f, a known substrate of AMPK  in skeletal
muscle. Subcutaneous injection of AICAR rapidly increased, by 30%, the rate of 2-deoxyglucose (2DG) transport into soleus muscle; 2DG
transport increased within 30 minutes and remained elevated for 4 hours after administration of AICAR. Repeated intraperitoneal injection of
AICAR, 3 times a day for 4 to 7 days, increased soleus GLUT4 protein by 30% concomitant with a significant 20% increase in insulin-
stimulated 2DG transport. These data suggest that moderate endurance exercise promotes glucose transport, GLUT4 expression, and insulin
sensitivity in skeletal muscle at least partially via activation of the a2 isoform of AMPK.
© 2006 Elsevier Inc. All rights reserved. :

1. Introduction of glucose transport into contracting muscles by inducing
. . . translocation of GLUT4 to the cell surface via an insulin-
Physical exercise is a potent stimulator of gl.ucose independent mechanism (contraction-stimulated glucose
transport and glucose transporter 4 (GI.‘UTA') expression n transport) [1]. Acute exercise also activates expression of
skeletal muscle. An acute bout of exercise increases the rate GLUT4 protein, and the GLUT4 protein expression is
elevated with repeated bouts of acute exercise [2]. The
and Environmental Studies, Kyoto 606-8501, Japan. Tel.: +81 75 753 6640; faxermse-m_duce'd mcr‘?ahse‘ '.m_ GI.’UT4 18 assomate_d W'lth
fax: +81 75 753 6640. improved insulin sensitivity (ie, increased rates of insulin-
E-mail address: tatsuya@kuhp.kyoto-u.ac,jp (T. Hayashi). stimulated GLUT4 translocation and glucose transport into
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