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Atherosclerosis and angiogenesis: what do nerves

have to do with it?

Zofia Zukowska
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Abstract:

Neuropeptide Y (NPY) is a sympathetic neurotransmitter and a stress mediator with pleiotropic activities mediated by multiple

receptors, Y1-Y5. Originally known as an appetite stimulant and a vasoconstrictor, NPY has recently emerged as a growth factor for

a variety of cells from vascular smooth muscle to neural precursors – implicating the peptide in atherosclerosis and tissue

remodeling. NPY is also potently angiogenic, and was hailed as a potential candidate for a nerve-driven ischemic revascularization.

To determine if the latter, beneficial activity of the peptide can be separated from its deleterious pro-atherosclerotic action – receptor

specificity and mechanisms of this “Janus phenomenon” were studied. Expression of Y2 receptors on the endothelium, and Y1

receptors on vascular smooth muscle, were required for angiogenic and pro-atherosclerotic activities, respectively. Amplification of

both activities was provided by co-expression of Y5 receptors. In rodent models, limb ischemia up-regulated the NPY-Y2 system,

which contributed to post-ischemic revascularization; exogenous NPY further augmented it and nearly normalized blood flow and

function of ischemic tissues. NPY-induced angiogenesis was also dependent on nitric oxide and endothelial dipeptidyl peptidase IV

(DPPIV, which converts NPY to Y2/Y5-selective agonist), but resistant to Y1 receptor blockade. Conversely, vascular angioplasty

up-regulated the NPY-Y1 system and promoted atherosclerosis and hyperplastic remodeling, and these activities were blocked by

Y1 receptor antagonist and augmented by DPPIV inhibitors. Thus, drugs targeting specific NPY receptors may become new

therapeutics against atherosclerosis/restenosis (Y1-selective antagonists) or for ischemic revascularization (Y2-selective agonists).

Such drugs may be particularly beneficial for patients with elevated circulating NPY levels e.g. by chronic stress.
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Introduction

Vascular remodeling has become a popular topic of

research, as it appears to underlie an increasing

number of diseases. Many cardiovascular diseases

such as hypertension, heart disease and stroke are due

to hyperplastic and hypertrophic changes in the mus-

cular vessel wall and/or atherosclerosis. In other con-

ditions, such as tumors or retinopathy, the major

change in vessel geometry is formation of new ves-

sels, or angiogenesis. In physiological states, both pro-

cesses, hypertrophy/hyperplasia of vascular smooth

muscle cells and angiogenesis co-exist and are re-

quired for development of a functional circulation, to

provide adequate blood flow in changing circum-
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stances of tissue growth, ischemia, injury or other

types of stress. In pathological states, however, these

processes can become thwarted and lead to vessel oc-

clusion, as in atherosclerosis, or result in formation of

abnormal, leaky vessels, as in tumor angiogenesis.

How are these diverse vascular changes orches-

trated? Numerous growth factors and hormones have

been identified as regulators of vascular remodeling.

Many of them, such as basic fibroblast growth factor

(bFGF) and various cytokines, are potently angio-

genic [2, 18] and at the same time mitogenic for vas-

cular smooth muscle and/or are pro-atherogenic [25].

Epstein et al. [6] have proposed a theory that angio-

genesis and atherogenesis are the two faces of the

same phenomenon: the Janus phenomenon. This

would imply that stimulation of one of these pro-

cesses, e.g. angiogenesis would also activate athero-

sclerosis, and inhibition of atherosclerosis would at

the same time impair revascularization [6]. Such a no-

tion appears to be indeed well supported by numerous

experimental studies as well as results of human trials

with revascularization therapies for ischemic tissues,

hearts and limbs [8, 19, 30]. The concept is particu-

larly important when one considers the kind of vessels

that these revascularization therapies intend to induce.

In order to provide adequate re-perfusion of ischemic

tissues, new arteries, by-passing the occluded vessels,

i.e. collaterals or arteriogenesis, are required. Arterio-

genesis appears to depend on shear stress and inflam-

mation [4], unlike capillary angiogenesis, which is ac-

tivated by local tissue ischemia [9]. Similar mecha-

nisms to those promoting arteriogenesis appear to be

also important for atherogenesis. Unfortunately, how-

ever, they often co-exist as atherosclerosis is the ma-

jor cause of the very same conditions where revascu-

larization and collateralization is needed i.e. ischemic

heart, brain and peripheral vascular diseases.

Is it ever possible to separate the two processes?

Results of recent studies conducted in my laboratory

support the possibility, via the perivascular sympa-

thetic nerves. These nerves, surrounding all arteries,

except the ascending aorta, have long been known to

be involved in regulation of vascular tone by releasing

its main neurotransmitter, norepinephrine (NE). How-

ever, the sympathetic nerves also release other co-

transmitters, mainly neuropeptide Y (NPY) [33, 38].

The peptide is ubiquitous also in the central nervous

system, where it mediates a range of activities such as

anxiolysis and stimulation of appetite [14, 31]. In the

periphery, NPY has been mostly known as a vasocon-

strictor [34], acting via its own vasoconstrictive Y1

receptor, as well as by potentiating the effects of NE

[14, 31]. However, we [32] and others [7, 26] have

subsequently discovered that NPY is even more po-

tent as a growth factor for a variety of cells: from vas-

cular smooth muscle [35, 37] and endothelial [36]

cells to neural tumor [16] and precursor [11] cells.

These growth-promoting activities of NPY and their

dependence on specific receptors are reviewed in an

attempt to challenge the Janus phenomenon – and to

propose specific pro-angiogenic and anti-atherosclerotic

therapies.

Y1 receptors promote vascular

hyperplasia and atherogenesis

The same Y1 receptors, which mediate NPY’s

vasoconstriction are also responsible for the peptide’s

growth-promoting activities [35]. These receptors are

the predominant NPY’s vascular receptors, particu-

larly abundant in small arteries and arterioles, in such

circulatory beds as cerebral, coronary, renal and mes-

enteric [1, 24]. In large arteries, such as the aorta or

common carotid or femoral arteries, Y1 receptors

density is lower but the situation appears to change

when these vessels are under stress or injured. NPY it-

self, as well as other factors such as �-adrenergic ago-

nists, bFGF and nitric oxide, up-regulate NPY recep-

tors, while affecting vascular smooth muscle cell

(VSMC) growth [28]. NPY is a potent mitogen for

these cells in rodents, pigs and humans [7]. Interest-

ingly, in cultured VSMCs, NPY, via Y1 receptor acti-

vation, elicits a “low-affinity” proliferative response,

with the Kd, which corresponds to known values for

this receptor i.e. low nanomolar concentrations [28].

However, NPY can also elicit a “high-affinity” re-

sponse, at sub-Kd concentrations of fM-pM; this re-

sponse, however, requires induction/up-regulation of

Y5 receptors [28]. As in the case of the Y1, NPY it-

self, and/or factors released by vascular cell injury,

may up-regulate expression of Y5 receptors [28].

Consequently, in cells expressing Y1 and Y5 recep-

tors, NPY causes a bimodal mitogenesis, which is not

blocked by a single receptor antagonist but requires

both antagonists [16, 28]. In these in vitro studies,

a specific Y1 receptor antagonist, however, was able to

inhibit 50% of NPY’s low-affinity response, correspond-
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ing to the concentrations of the peptide detected in

plasma of animals and humans under stress [12, 34].

To determine if NPY exerts similar growth-

promoting effects on VSMCs in vivo, and if so, via

which receptors, we used rat and mouse models of

vascular injury with either ligation or angioplasty. In

rats, balloon angioplasty of the carotid artery, which

induces neointima formation, caused within hours

up-regulation of NPY, and Y1 and Y5 receptor ex-

pression in the vessel wall [23]. This persisted until

the end of the experiment, i.e. 2 weeks with Y1 and

Y5 receptors being mostly expressed in neointimal

VSMCs. NPY in a slow release pellet placed on the

side of injured artery, induced further up-regulation of

its own receptors, and markedly augmented the prolif-

erative response, in a dose-dependent manner [23]. In

addition, at the highest dose of 10 �g/pellet – which

did not elevate circulating NPY levels and only dou-

bled local vascular concentrations – NPY caused ves-

sel occlusion with a neointimal-thrombotic lesion

[23]. This lesion, unlike a non-thrombotic neointima

normally occurring post-angioplasty, was also rich in

matrix, macrophages and lipid deposition, and resem-

bled an advanced atherosclerotic plaque, in spite of

the fact that rats were normolipemic. The NPY-

induced post-angioplasty occlusion was fully pre-

vented by a continuous infusion of the Y1 receptor

antagonist [23]. Y5 receptor antagonist also inhibited

the response but less. In addition, either antagonist or

their combination 50% inhibited neointima formation

induced by the angioplasty alone [23].

These studies have determined that the endogenous

NPY system is activated by vascular injury, and con-

tributes to vascular hyperplasia by activating Y1 and

Y5 receptors. Why both receptor antagonists were

needed to block NPY-mediated VSMC proliferation

in vitro yet in vivo, either antagonist caused approxi-

mately the same degree of inhibition – is not clear yet.

A plausible possibility is that Y1 and Y5 receptor het-

erodimerize, which leads to a shift in pharmacological

profile of the new receptor complex, changing (in-

creasing) its affinity, and trafficking [29]. The evi-

dence for such dimerization has already been accumu-

lated for other G-protein-coupled receptors and for

some NPY receptors (Y1, Y4) [3, 5] which are all

Gi-coupled. Our preliminary data also supports both

homodimerization (Y1, Y2) as well as heterodimeri-

zation (Y1 and Y5) [unpublished observations from

our laboratory]. Which activity, that of NPY receptor

heterodimers or monomer/homodimers, would be a

better target for future drug design, remains to be de-

termined. To date, blockade of Y1 receptors has been

shown to be an effective way of inhibiting angioplasty-

induced neointimal formation in the “low-NPY state”

(normal animals), as well as preventing the development

of a fulminant atherosclerotic-like process, leading to

vessel occlusion in the “high-NPY state” [23]. Such

a “high-NPY state” may be induced not only pharma-

cologically by placing an NPY pellet but also may be

induced genetically or by chronic stress. Interestingly

some strains of mice, such as Sv129, which have high

circulating NPY levels due to its additional expression

in platelets, are predisposed to wire-angioplasty-

induced neointima formation, whereas others, such as

C57/Bl, are resistant to it and have low NPY levels

[lack of platelet expression, unpublished observations

from our laboratory]. Finally, we have recently found

that chronic stress in rats, which doubles plasma NPY

levels, mimics the effects of the NPY pellet, and in-

duces a similar post-angioplasty vascular occlusion,

with a lesion resembling an atherosclerotic plaque

[22]. Like in the case of the NPY pellet, this plaque is

characterized by high expression of Y1 and Y5 recep-

tors and is completely eliminated by Y1 receptor an-

tagonist.

Y2 receptors mediate NPY-induced

angiogenesis

NPY is also potently angiogenic both in vitro and in

vivo, and activates multiple steps of angiogenesis

[32]. The peptide stimulates endothelial cell (EC) ad-

hesion to matrix, migration, proliferation, and differ-

entiation into capillary-like tubes and sprouting of

aortic rings on Matrigel or collagen [36]. In the set-

ting of tissue ischemia, NPY itself and other growth

factors, up-regulate expression of the peptide and its

receptors, but the receptor paradigm is different than

in the case of vascular injury. In ischemic tissues, the

NPY system shifts towards activation of the Y2 recep-

tors, with up-regulation of not only of these receptors

but also of dipeptydyl peptidase (DPPIV), an endothe-

lial enzyme, which converts NPY1-36 to NPY3-36,

a shorter fragment which looses its affinity for Y1 re-

ceptors but is a full agonist at Y2 and Y5 receptors

[21]. Inhibition of this protease blocks NPY’s ability

to be angiogenic [10].
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In rodent models of femoral artery occlusion,

hindlimb ischemia increased venous outflow of NPY

(presumably from the activated sympathetic nerves

since it was blocked by ipsilateral lumbar sympathec-

tomy) and up-regulated/induced expression of Y2 re-

ceptors and DPPIV in gastrocnemious muscles [21].

Placement of a slow release NPY pellet (10 µg/14

days) below the occlusion, increased the density of

cd31-positive capillaries, and nearly restored blood

flow and contractile function of the calf muscles [21].

NPY-induced revascularization was markedly inhib-

ited in Y2 knockout mice [20, 21]. In addition, Y2 re-

ceptor antagonist or Y2 receptor knckout impaired

spontaneous revascularization and in vitro aortic

sprouting [20], as well as inhibited angiogenesis in

another model, oxygen-induced retinopathy [17].

Thus, the endogenous NPY-Y2 receptor system ap-

pears to play an important role in ischemic tissue re-

vascularization. Y5 receptors, which are also in-

duced/up-regulated in ischemia but at higher NPY

levels (e.g. in the presence of the NPY pellet) – pro-

vide additional amplification of the Y2-mediated

angiogenic signal. In contrast, Y1 receptors are not

up-regulated in the areas of ischemic muscles but are

in the tissues around the occlusion [23], suggesting

different mechanisms which regulate their expression

(see paragraph on “vascular hyperplasia”), possibly

shear stress. While Y1 receptors may be involved in

vascular remodeling of new collateral vessels, inter-

estingly, their blockade did not inhibit spontaneous or

NPY-induced revascularization (capillary density) and

did not prevent normalization of blood flow and mus-

cle function by NPY [21]. Hence, we concluded that

the Y2 receptors are the main NPY’s angiogenic re-

ceptors, and the one which are necessary for physio-

logical response to tissue ischemia, i.e. both capillary

angiogenesis and arteriogenesis. This notion has re-

cently been supported by potent anti-angiogenic ef-

fects of Y2 receptor antagonists in other tissues un-

dergoing remodeling such as white adipose tissue

[Kuo et al., unpublished observations from our labo-

ratory] and tumors [16].

Summary and Conclusions

Undoubtedly, many growth factors and regulatory

systems are involved in the vascular remodeling

which occurs following vascular interventions such as

angioplasty or stent placements, and during athero-

genesis. Some of the same mechanisms may be acti-

vated in response to tissue ischemia or vascular shear

stress, leading to angiogenesis and tissue revasculari-

zation. The overlapping pathophysiology may indeed

result in a Janus phenomenon, which would mean that

any intervention that affects one process would simi-

larly alter the progression of the other. If this were

true, all revascularization therapies for ischemic dis-

eases would be flawed by promoting atherogenesis,

which in turn, would exacerbate the original condition

for which the treatment was started. Unless, the two pro-

cesses can be separated, and specific pathways identified

that stimulate angiogenesis but suppress atherogenesis.

NPY is only one of many growth-regulatory and

angiogenic systems, yet has a unique position among

them. As a sympathetic neurotransmitter, it is a part of

the fastest bodily response to injury, probably faster

than any transcriptional or translational response, and

definitely faster than any hormonal alteration in the

body. Within milliseconds after endothelial and vas-

cular injury or tissue ischemia, sympathetic nerve can

be activated to release NPY into the very milieu that

has been affected – the vascular wall. Our studies

have shown that depending on whether it is remodel-

ing following angioplasty or in response to tissue

ischemia – different set of NPY receptors and their

regulatory co-factors are up-regulated, leading to dif-

ferential activation and either pro-atherogenic or

angiogenic activities, respectively (Fig. 1). Activation

of NPY-Y1 receptor system which is induced by vas-
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cular injury further promotes vascular repair and, in

the conditions of high NPY levels such as chronic

stress – promotes atherosclerosis. Hence, blockade of

Y1 receptors may be a new way to inhibit pro-

atherosclerotic processes particularly in patients un-

der chronic stress, as well as those with genetically

determined predisposition for elevated NPY levels,

for example certain strains of mice or people with cer-

tain mutations in the genes for NPY or its receptors.

One of them includes NPY-Leu7Pro7 signal peptide

polymorphism, which has been shown in Northern

European population to lead to more stress-releasable

peptide [13] and to associate with hyperlipidemia [15]

and accelerated atherosclerosis [27]. Importantly,

blockade of Y1 receptors, does not appear to impair

the ability of the NPY system to contribute to the re-

vascularization of the ischemic tissues, since different

receptors, the Y2 as well as the “NPY converting en-

zyme”, DPPIV, are then up-regulated and required for

angiogenesis. To stimulate ischemic revasculariza-

tion, agonists of Y2 receptors could be a new class of

drugs – and those, as far as we know – do not acceler-

ate vascular hyperplasia and atherogenesis. Whether

indeed such drugs, designed to affect specific NPY re-

ceptors, could separate pro-angiogenic and pro-

atherosclerotic activities remains to be seen, pending

confirmation of the results in larger than rodents animals

– and such studies are in progress in our laboratory.
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