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Receptors Mediating Vascular Actions of AM
AM has been shown to elevate intracellular cAMP levels in
not all but many cells and tissues, including blood vessels,
where it exerts biological actions, though identification of the
AM receptor subtype has been controversial.34 McLatchie et
al identified 3 subtypes of receptor activity—modifying pro-
tein (RAMP! to 3), an accessory protein required for the
transport of calcitonin-receptor-like receptor (CRLR) to the
cell. membrane.? CRLR can function as either an AM
receptor or a CGRP receptor, depending on the subtype of
RAMP expressed: CRLR serves as a CGRP receptor when
coexpressed with RAMPI, whereas it functions as an AM
receptor when coexpressed with either RAMP2 or 3.2° AM
stimulates intracellular cAMP production in cultured vascular
endothelial cells.and SMCs,2!% and indeed, the mRNAs for
CRLR and RAMPs have been detected in these cells and in
rat aorta.3!-32 Meanwhile, not all the vascular actions of AM
can be fully explained by this receptor system linked to
adenylate cyclase: some have been shown to be independent
of cAMP.3334 This raises the possibility of the presence of
unknown receptor systems, and further studies are required to
clarify the intracellular signaling for AM.

AM Production in Blood Vessels and
Atherosclerotic Lesions

AM was initially isolated from pheochromocytoma tissue, but
subsequently the AM gene was found to be expressed in
various organs and tissues, including the cardiovascular
tissues and cells in humans as well as in rats.3-535 Immuno-
histochemical studies revealed that three layers of the vessel
wall were positive for AM peptide,353¢ and consistent with
this, AM was found to be produced and secreted from 3 types
of cultured vascular cells: endothelial cells, SMCs, and
adventitial fibroblasts.37-3% According to Marutsuka et al, AM
peptide was expressed in the endothelium of rat aortic arch in
a site-dependent fashion, ie, intense immunohistochemical
staining for AM was observed in the area where branches
begin and on the inner side of the curvature.#® In these areas,
shear stress is relatively low, and indeed, production of AM
has been found to be modulated by shear stress in cultured
vascular endothelial cells.#!42 Other factors shown to stimu-
late production of AM in endothelial cells are oxidative stress
and hypoxia.434¢

Immunoreactivity for AM was reported to be detected in
SMCs of the intima and media of human atherosclerotic
lesions.®° Interestingly, its expression in coronary artery
plaques obtained by directional atherectomy was augmented
in patients with unstable angina in comparison with stable
angina.*s This finding is consistent with cell culture studies
showing that AM production and secretion from cultured
vascular SMCs were increased by factors, presumably
proatherogenic, such as angiotensin II, endothelin-1, aldoste-
rone, interleukin-18 (IL-18), and tumor necrosis factor-o
(TNF-q).38.4647 In addition, aldosterone was shown to stim-
ulate AM production in cultured adventitial fibroblasts as
well as in vascular SMCs.38.39 Macrophages play a pivotal
role in the progression of atherosclerotic vascular lesions.!
Production of AM was detected in macrophages not only in a
cell culture experiment,*8 but also by immunohistochemical
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analysis where intense positive staining was found in ad-
vanced atherosclerotic vascular lesion of humans.4°

Circulating AM in the Bloodstream
Radioimmunoassays for AM revealed that AM peptide was
circulating in the blood at mean plasma levels ranging from
2.8 to 10 fmol/mL in healthy human subjects.?495¢ Immuno-
reactive AM in plasma or tissues was found to consist of 2
molecular forms, mAM and iAM (Figure 2), with the major
molecular type in plasma and tissues being iAM and mAM,
respectively.’#9-5! Ag described in the next section, plasma
levels of immunoreactive AM were found to be higher in
patients with arteriosclerotic vascular diseases than controls,
although there was no notable difference in the ratio of mAM
and 1AM.52 1AM is thought to have no biological effects by
itself, but our ex vivo study showed that iAM dilated rat aorta
after its conversion to mAM probably in the aortic wall.53
Meanwhile, very littie information is currently available as to
the role of iAM, which should be clarified further with
experiments in vivo.

To identify the organs or tissues contributing to the plasma
AM level, we examined the plasma levels of AM of various
sites in blood vessels of patients with ischemic heart dis-
ease.>* What we found was a step-up in plasma AM levels
between the femoral artery and vein.* Taking the active
secretion of AM from cultured vascular cells into account, it
seemns likely that the vasculature contributes to the plasma-
AM level, secreting AM into the bloodstream. On the other
hand, there was found to be a step-down between the plasma
AM levels of the pulmonary artery and capillary.5* Substan-
tial levels of AM gene expression were detected in the lungs
and the presence of AM peptide in the pulmonary vasculature
was immunohistochemically proven,>535 but the lungs ap-
pear to be a target organ or a site for the clearance of
circulating AM peptide rather than an AM-secreting organ.
Consistent with this notion is the report of abundant expres-
sion of AM receptors in the lungs.56

Plasma Level of AM in Arteriosclerosis
As an approach to clarifying the role of AM in arteriosclero-
sis, AM levels in plasma of patients with various types or
degrees of arteriosclerotic vascular disease were measured,
and the relationships between the plasma levels and the other
clinical parameters were examined.525758 In patients with
cerebrovascular disease, a possible association was found
between plasma AM levels and endothelial damage by

" comparing the plasma levels of AM with those of endothelin

and thrombomodulin, markers of endothelial damage.5” Sim-
ilarly in patients with chronic ischemic stroke, increased
plasma AM levels were shown to be associated with the
degree of carotid atherosclerosis.®® Recently, Suzuki et al
reported that plasma AM concentrations were elevated in
patients with peripheral arterial occlusive disease in propor-
tion to its severity.52 Moreover, they found close associations
between the plasma levels of AM and those of such inflam-
matory parameters as C-reactive protein and [L-6 in the
patients.’2 This finding is not only comparable with the
increased production of AM in cultured SMCs by inflamma-
tory cytokines,*¢ but also of interest in view of the involve-

-199-



Kato et al

r=0.375
7 n=126
2800 4 e P < 0.0001
@

& 2400 .
)]
@ 2000
£
8
: 1600
B 1200

800 T ‘ ¥ T T T T 1 T T i

0 4 8 12 16 20
Plasma AM levels (fmol/ml)

Figure 3. Relationship between the pulse wave velocity (PWV)
and plasma AM levels in patients with various degrees of arte-
riosclerosis. Reprinted from Kita et al @ with permission from
the Japanese Society of Hypertension.

ment of low-grade inflammation in the development and
progression of atherosclerotic vascular lesions.’® Because
arterial stiffness is an important cardiovascular risk factor, we
measured plasma AM levels in patients with various degrees
of atherosclerosis and compared the plasma levels with
indirectly measured pulse wave velocity, a parameter used to
assess arterial stiffness and sclerosis.s® As shown in Figure 3,
a significant correlation was noted between the plasma AM
levels and pulse wave velocity and this relationship was
confirmed by multiple regression analysis to be independent
of age and blood pressure.® These findings are indirect, but
indicative of a possible pathophysiological role of AM in
arteriosclerotic vascular diseases.

In the latter part of this review, vascular protective effects
of AM will be discussed based on the results of cell culture
and animal experiments. An important issue we need to
mention in this section, therefore, is the significance of the
increased plasma AM levels in patients with arteriosclerosis.
Because of active production of AM in cultured vascular cells
and vessel walls, AM has been assumed to act in a autocrine
or paracrine fashion.3437-40 Indeed, blockade of the actions of
endogenous AM with anti-AM antibody or the AM antago-
nists impaired the vascular protective effects in vitro.!.62
Meanwhile, according to our experiments in vivo,$3.64 the
long-term infusion of AM significantly suppressed neointi-
mal formation and adventitial hyperplasia, raising plasma
AM levels by 1 to 2 fmol/mL, an increase within the
physiological range. This suggests a possible role for AM, not

only as a local modulator, but also as a factor circulating in

the blood.

Vascular Protective Effects In Vitro
As discussed in the section Vascular Actions of AM, AM
exerts endothelium-dependent vasodilatation, which can be
blocked by inhibitors for NO synthase. Consistent with this,
in cultured vascular endothelial cells, AM was found to
stimulate phospholipase C activation and inositol 1,4,5-
triphosphate formation, resulting in an elevation of the
intracellular Ca®* level and activation of NO synthase.ss Kato
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et al reported that AM inhibited serum deprivation-induced
apoptosis of cultured rat vascular endothelial cells.s! Block-
ade of the endogenous AM by anti-AM anti-serum impaired
the inhibitory effect of the nonimmune serum on apoptosis,
suggesting an autocrine or paracrine role for AM.$! Accord-
ing to the subsequent study by that group, AM upregulated
the expression of Max protein, leading endothelial cells to
survive.62 Meanwhile, other adenylate cyclase activators such
as PG I, and forskolin failed to exert an antiapoptotic effect
and a cAMP antagonist was unable to block the effect of AM,
therefore a cAMP-independent mechanism seems involved in
this action.®! An antiapoptotic effect of AM was further
observed by an independent group. Sata et al found that AM
inhibited serum deprivation~induced apoptosis of cultured
human umbilical vein endothelial cells.ss In their experiment,
the effect of AM was abrogated by L-NAME, but not by an
inhibitor for soluble guanylate cyclase, suggesting an NO-
dependent but cGMP-independent mechanism.s¢

Furthermore, AM was shown to cause vascular regenera-
tion by promoting the proliferation and migration of cultured
vascular endothelial cells.5?” AM promoted re-endotheli-
alization of wounded human umbilical vein endothelial cells,
and this effect was attenuated by inhibitors for protein kinase
A and PI3K, suggesting an action mediated by cAMP and the
PI3K-Akt pathway.s? Stimulation of the proliferation and
migration of endothelial cells may be involved in the angio-
genic action of AM, which will be discussed later in this
review. Although the mechanisms of action are still under
investigation, these effects of AM on endothelial cells may be
protective against vascular damage and arteriosclerosis.

The proliferation of vascular SMCs in the media and
intima of arteries is involved in the progression of vascular
remodeling or atherosclerotic lesions. Because AM is pro-
duced by SMCs in the media, its effects on the proliferation
and migration of this type of cell were tested in vitro;
however, there has been some inconsistency regarding the
actions of AM. AM was shown to inhibit the proliferation of
cultured SMCs via a mechanism mediated by cAMP,s8
whereas Iwasaki et al found that AM stimulated proliferation
of the cells in a mitogen-activated protein kinase—-dependent
manner.®® Horio et al reported an inhibitory effect of AM on
the migration of cultured SMCs, which is presumably medi-
ated by intracellular cAMP.? Inhibition of the migration of
SMCs by AM was confirmed by an independent group,3* but
according to this report, AM inhibited migration via a
cAMP-independent mechanism.3* These discrepancies may
have resulted from differences in the experimental conditions
or types of cultured cells used, though there has currently
been no clear explanation. Meanwhile, as discussed in the
next section, recent studies in vivo suggest that AM inhibits
intimal hyperplasia induced by periarterial cuff or by intimal
balloon injury.

Another vascular protective action of AM recently reported
in SMCs was a reduction in the generation of reactive oxygen
species (ROS), a group of molecules involved in vascular
damage and the progression of arteriosclerosis. The genera-
tion of intracellular ROS induced by angiotensin II was
inhibited by AM, in a cAMP- and protein kinase A-depen-
dent manner, in cultured vascular SMCs of rats.7! Moreover,
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AM weakened redox-sensitive cellular responses such as the
activation of c-Jun amino-terminal kinase (JNK) and gene
expression for plasminogen activator inhibitor (PAI)-1,
monocyte chemoattractant protein-1, and Nox-1, a compo-
nent of reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase.”’

Not only the intima and media but also the adventitial layer
has been recognized to have a significant role in the process
of vascular remodeling. Blood vessels would increase their
stiffness if an excessive accumulation of extracellular matrix
or proliferation of adventitial fibroblast were to occur. The
proliferation of adventitial fibroblasts induced by aldosterone,
~ a factor involved in the fibrosis of cardiovascular tissue, was
found to be suppressed by AM, with a concomitant reduction
in the activity of extracellular signal-related kinase.?® Addi-
tionally in that study, autocrine or paracrine inhibition by AM
was proposed, based on the production of AM by the
adventitial fibroblasts and on augmented proliferation by the
AM receptor antagonisis.>® By synthesizing and degrading
matrix proteins, adventitial fibroblasts are known to modulate
the formation of the extracellular matrix in the adventitia. Our
recent experiments showed that AM upregulated the enzy-
matic activity and protein expression of matrix
metalloproteinase-2 (MMP-2), which degrades collagens and
elastin, in cultured adventitial fibroblasts of rat aorta possibly
via the cAMP-protein kinase A pathway.’? Collectively,
these findings suggest a role for AM in modulating adventi-
tial proliferation and extracellular matrix formation.

Vascular Protective Effects In Vivo

As discussed above, plasma AM levels are elevated in
patients with various arteriosclerotic vascular diseases, and
the findings from cell culture studies have implied a role for
AM, which is presumably protective of blood vessels. To
investigate whether or not AM has protective effects on
vascular damage and remodeling in vivo, 3 experimental
approaches have so far been taken: long-term administration
of AM, virally-mediated overexpression of AM, and genetic
manipulation of the AM gene.

Using the first method, we found that prolonged AM
infusion for 2 weeks partially inhibited neointimal hyperpla-
sia induced by balloon injury in rat carotid arteries (Figure
4).5* Meanwhile, somewhat conflicting findings were ob-
tained by Shimizu et al, who showed that chronic infusion of
the AM antagonist CGRP(8-37) inhibited neointimal hyper-
plasia induced by ballooning in rats.”? CGRP(8-37) is a
CGRP receptor antagonist, which has been able to block
some, but not all, the actions of AM in relatively short-term
experiments.'6-2030.62 However, it has yet to be clarified
whether or not this antagonist can block the action of
endogenous AM when infused chronically. It should be noted
that in our study mentioned above, the prolonged infusion of
AM suppressed not only balloon injury-induced intimal
hyperplasia but also the proliferation of fibroblasts and
collagen deposition of the adventitia (Figure 4),%3 a finding
consistent with the in vitro inhibitory effect of AM on the
proliferation of cultured adventitial fibroblasts.3? Inhibition of
adventitial hyperplasia by AM was confirmed by our study in
vivo, in which perivascular fibrosis of coronary arteries of

December 2005

Control Balloon injury Balloon injury
+ +
saline AM
B _ o

£ 10 . 2

S 80 @

3 =

g 80 3

E

7 W 2

5 20

£, -

Saline AM  Saline AM
Intact artery  Balloon injury

2 5
] ;
i35 i
22 23
= g ©E
53 §3
25 g
£e : 8
Z

° :
Saline AM  Saline AM
Intact artery  Balloon injury

R
Saline AM Saline AM
Intact artery  Balloon injury

Figure 4. Effects of AM on neointimal and perivascular hyper-
plasia in rat carotid arteries injured by ballooning. A, Histological
findings of the intact and injured arteries of rats infused intrave-
nously with 200 ng/h of AM or saline for 2 weeks. B, Quantita-
tive analyses of intimal and adventitial hyperplasia. Values are
the means+SEM; **P<0.01 vs intact artery with saline infusion:
*P<0.05, **P<0.01, vs injured artery with saline infusion; bar,
100 pm. Reprinted from Tsuruda et al®® with permission from
Elsevier.

rats infused chronically with angiotensin II was suppressed
by coinfusion of AM.5 This effect was accompanied by the
suppression of fibroblast activation and transforming growth
factor (TGF)-$1 expression, but not by a significant reduction
of blood pressure.5*

In accord with the effect of prolonged infusion of AM,
adenovirus-mediated local delivery of the AM gene was
shown to inhibit neointimal hyperplasia of carotid arteries
after balloon injury in rats.’ Interestingly in that study,
endothelial regeneration was more pronounced in rats given
the AM gene than in the controls,” a result consistent with
the cell culture experiments, where AM promoted reendothe-
lialization of a wounded monolayer of endothelial cells.5? The
inhibition of neointimal hyperplasia by the AM gene delivery
was accompanied by an elevation of tissue cGMP levels,
suggesting a mechanism involving the NO-cGMP
pathway.”#

Thirdly, vascular protective effects have been suggested by
genetic manipulation of the AM gene in mice. Transgenic
mice overexpressing the AM gene (AM-Tg) were found to be .
resistant to neointimal hyperplasia induced by a periarterial
cuff placed on the femoral artery.”s This resistance seems also
to be mediated by the NO-cGMP pathway because it
disappeared on administration of L-NAME.”> Moreover, a
protective effect of AM was demonstrated by cross-mating
apoE knockout (apoE-KO) mice with AM-Tg. The apoE-KO
mice overexpressing AM showed a less extensive hypercho-

lesterolemia-induced fatty streak formation with a greater
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endothelium-dependent vasodilatation, compared with the
control apoE-KO mice.” In contrast to the mice overexpress-
ing AM, heterozygotes of AM knockout mice given angio-
tensin II and excessive salt showed a more severe perivascu-
lar fibrosis and intimal thickening of coronary arteries,
compared with their wild-type littermates, despite a similar
elevation of blood pressure.’¢ Based on increases in the
production of ROS and in NADPH oxidase expression in the
AM knockout mice, the possibility of augmented oxidative
stress was raised as the mechanism responsible for the severe
vascular lesions.’® Periarterial cuff-induced intimal thicken-
ing of the femoral artery was also found to be more severe in
the knockout mice, compared with the control mice.”” The
enhanced neointimal formation was reversed by delivery of
the AM gene and by an NADPH oxidase inhibitor or tempol,
a superoxide dismutase mimetic,”” further suggesting aug-
mented oxidative stress in the AM knockout mice.

Lastly in this section, we should mention the effect of AM
on the pulmonary vascular bed as a protective action. In
addition to the pulmonary vasodilator effect, prolonged sub-
cutaneous infusion of AM was found to inhibit medial
thickening of the pulmonary artery of rats with pulmonary
hypertension induced by monocrotaline.’® However, when
infused intravenously, AM lowers not only pulmonary artery
pressure but also systemic blood pressure.?* In an attempt to
avoid the effect on the systemic circulation, Nagaya et al
administered AM as an aerosol using an ultrasonic nebulizer
in rats with pulmonary hypertension.” Repeated inhalation
effectively inhibited medial thickening of pulmonary arteries,
reducing pulmonary artery pressure and total pulmonary
resistance, without affecting the systemic arterial pressure or
heart rate. Furthermore, the same group reported that in
patients with idiopathic pulmonary arterial hypertension,
inhalation of AM lowered pulmonary artery pressure and
resistance, improving exercise tolerance.®® Although the
long-term effects need to be examined, this novel approach
seems promising for using AM in the treatment of primary
pulmonary hypertension, for which few effective medical
treatments are currently available.

Angiogenetic Effect of AM
A novel action of AM only recently discovered is angiogen-
esis, an effect implied by experiments with cultured vascular
endothelial cells.®?” By subcutaneously injecting gel plugs
containing AM into mice, AM was found to promote neo-
vascularization in a protein kinase A- and PI3K-dependent
manner.$” Consistent results were obtained by limuro et al,
who showed that AM increased collateral capillary density in
ischemic limbs of mice, augmenting the expression of vas-
cular endothelial growth factor (VEGF) and activating Akt.®!
Conversely, heterozygotes of AM gene knockout mice
showed less capillary development and VEGF expression
compared with their wild-type littermates, suggesting a role
for endogenous AM.8! In addition to augmented VEGF
expression and activations of protein kinase A and Akt
mitogen-activated protein kinase/extracellular signal-
regulated kinase1/2 (ERK1/2) and focal adhesion kinase were
proposed as the intracellular mediators responsible for AM-
induced endothelial proliferation.’? Hypoxia was reported to
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increase not only expression of AM but also of CRLR, a
component of AM receptor, in cultured endothelial cells,*+:82
This suggests significance of the AM signaling system in
angiogenesis under hypoxic conditions. It would also be of
interest to compare the angiogenetic effects of AM with the
findings from homozygotes of AM gene knockout mice,
which died in the uterus because of insufficient development
of blood vessels.?3

Very recently, AM infusion was shown to enhance the
angiogenic potency of implanted bone marrow~derived cells by
inhibiting apoptosis of the cells. Angiogenesis after transplanta-
tion of bone marrow—derived mononuclear cells was augmented
by AM in rats with hind limb ischemia.?* Similarly in a rat
model of cerebral infarction, the angiogenic effect of trans-
planted mesenchymal stem cells was enhanced by AM infusion
in ischemic penumbra of the brain, improving neurological
deficits.?> Collectively, it seems likely that AM possesses angio-
genic properties, suggesting its potential as a therapeutic tool in
the treatment of organ or tissue ischemia.

Conclusion and Perspective

Since the discovery of the novel vasodilator peptide AM,
much research, basic and clinical, has been done to clarify the
vascular actions of AM and its role in modulating vascular
remodeling and atherosclerosis. As discussed in this review,
a substantial amount of data accumulated in this field sug-
gests that AM functions as a protective factor for blood
vessel, exerting various vascular actions, mostly inhibitory,
against vascular damage and remodeling. Research on AM
now seems to be entering a new phase, with clinical benefits
to be examined and specified. AM itself is orally inactive, but
the development of either analogues of AM or drugs inhib-
iting the degradation of AM would provide us a new
therapeutic tool to inhibit the progression of vascular damage
and remodeling. They would, in particular, be beneficial for
patients with primary pulmonary hypertension, for which
therapeutic methods one can choose are currently very
limited. Meanwhile, there is no doubt that more basic studies are
necessary to resolve issues such as the receptor system and the
intracellular mechanisms mediating the vascular actions of AM.
Angiogenetic properties appear Lo be another feature that should
be characterized further in vitro and in vivo.
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