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Abstract

NPY has long been known to be involved in stress, centrally as an anxiolytic neuromodulator, and
peripherally as a sympathetic nerve- and in some species, platelet-derived vasoconstrictor. The
peptide is also a vascular mitogen, via Y1/Y5, and is angiogenic via Y2/Y5 receptors. Arterial injury
activates platelet NPY and vascular Y1 receptors, inducing medial hypertrophy and neointima
formation. Exogenous NPY, dipeptidyl peptidase IV (DPPIV, forming an Y2/Y5-selective agonist)
and chronic stress augment these effects and occlude vessels with atherosclerotic-like lesions,
containing thrombus and lipid-laden macrophages. Y1 antagonist blocks stress-induced
vasoconstriction and post-angioplasty occlusions, and hence may be therapeutic in angina and
atherosclerosis/restenosis. Conversely, tissue ischemia activates neuronal and platelet-derived NPY,
Y2/Y5 and DPPIV, which stimulates angiogenesis/arteriogenesis. NPY-Y2-DPPIV agonists may be
beneficial for ischemic revascularization, wound healing and fat augmentation, whereas antagonists
may be therapeutic in retinopathy, tumors, and obesity. Since stress is an underestimated risk factor
in many of these conditions, NPY-based drugs may offer new treatment possibilities.
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1.Introduction

Neuropeptide Y (NPY) is a ubiquitous hormone that has both central and peripheral effects
that work to maintain homeostasis. Centrally, NPY exerts anxiolytic and anti-epileptic actions
and is inhibitory for reproductive function, motor activity, and sympathetic activity, resulting
in an overall drop in blood pressure, heart rate, and a decrease in metabolism[5,12]. NPY is
also a known orexigenic peptide and has been the target of recent appetite-suppressing drugs
[14]. Peripherally, however, NPY’s actions are stimulatory, synergizing with glucocorticoids
and catecholamines to potentiate the stress response. NPY peripherally induces
vasoconstriction, vascular smooth muscle cell (VSMC) proliferation, stimulates
hyperlipidemia, glucose intolerance and the release of adipokines in animal models with
elevated levels of the peptide (ob/ob mice, mice given NPY slow-release pellets, and mice
exposed to chronic cold stress). This review will focus on the peripheral actions of NPY in the
vasculature.
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NPY’s known actions are mediated by its receptors, Y1-y6, and are modified by the processing
enzyme dipeptidyl peptidase IV (DPPIV, also known as CD26) which cleaves NPY1-36 to an
Y2/Y5 receptor-preferring peptide, NPY3-36[26]. NPY often stimulates the up-regulation of
its own receptors and has been shown to have actions in immune response and in the
proliferation of various cell types from VSMCs to preadipocytes. The Y1 receptor post-
synaptically mediates vasoconstriction (increasing the blood pressure) directly and also
indirectly, by potentiating norepinephrine-induced contraction, and stimulates VSMC
proliferation (Figure 1)[36]. The Y1 and Y5 receptors have been seen to be pro-atherogenic
and will be further discussed in this review. The Y2 receptor acting on its own and also in
conjunction with the Y5 receptor is potently angiogenic, stimulating proliferation, migration,
and capillary tube formation of endothelial cells (Figure 2)[33]. In addition to Y2’s angiogenic
actions, it also pre-synaptically inhibits norepinephrine (NE) release (Figure 1)[37].

2. NPY, Stress and Vasoconstriction

Although NPY and NE are often co-released and cooperate at the sympathetic neuro-effector
junction, the ratio of the two neurotransmitters and their contribution to the regulation of
vascular function differs in various conditions. Tonic sympathetic activation and acute stress
preferentially releases NE, and adrenergic mechanisms are therefore primarily responsive for
the maintenance of our arterial blood pressure, transient increases in vasoconstriction (Figure
1) and cardiac function as well as B-adrenergic lipolysis. The latter is considered the major
mechanism of stress-induced weight loss in some individuals[11]. NPY, on the other hand, is
preferentially released during prolonged and/or intense stress, such as exhaustive exercise,
particularly when combined with hypoxia [10], vaginal delivery in newborns [32], panic attacks
[8] or cold exposure [43]. It causes prolonged vasoconstriction (Figure 1) and vascular
remodeling via VSMC proliferation (Figure 2), and in addition, exerts other actions, not shared
by or opposite to those of NE. NPY stimulates monocyte migration and activation[1], exerts
bimodal effects on immune T-cell function[38], activates platelets, and is angiogenic (Figure
2). These actions of NPY fit well into a more chronic modulatory function of the peptide, and
make it a candidate for a mediator of chronic stress.

A model of stress that has been demonstrated to increase plasma NPY in humans and rodents
is the cold-pressor test [24]. Rats exposed to 2 hours of cold-water (standing in 1 cm ice-cold
water) exhibit an elevation of mean arterial pressure, increase their heart rate, decrease
mesenteric blood flow, and increase mesenteric vascular resistance [40]. These vascular
changes persist for an hour following a bout of cold-water stress. The Y1 antagonist, BIBP3226
(3mg/kg, iv) inhibits up to 80% of the vasoconstrictive effects brought on by cold stress [40].
Similarly, NPY administered into a human coronary artery caused severe vasoconstriction
[4] which was mimicked by mental stress [31], both resulting in a severe reduction in blood
flow. In both rats and in humans, stress-induced plasma NPY levels and vasoconstrictive
responses are greater in males than in females, and this sex difference appears to be primarily
due to a strong androgen-driven stimulation of NPY gene expression [23,41]

3. Pro-atherogenic Actions of NPY and Stress

In addition to NPY’s potent vasoconstrictive effects, the peptide has been shown to accelerate
vascular events such as restenosis (Figure 2). In vitro, primary vascular smooth muscle cells
responded bimodally to NPY (10714 to 108 M) by increasing proliferation, while an Y1 and
Y5 receptor antagonist cocktail was effective in blocking NPY’s mitogenic effects [33]. In
Vivo, cold stress in rats accelerated angioplasty-induced occlusion of the carotid artery with an
atherosclerotic-like lesions that were lipid laden, had microvessels and neointima formation
[24]. NPY-slow release pellets (10ug/14 days) administered near the site of injury caused a
similar dramatic athero-thrombotic event [25], while an Y1 receptor antagonist (0.02umol/kg/
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min/ 14 days) completely prevented the occlusion caused by both stress-induced [24] and NPY -
induced [25] occlusion (Figure 2).

DPPIV-inhibitors act as Y1 receptor agonists since they prevent the cleavage of NPY1-36 to
Y2/Y5 receptor preferring NPY3-36. As predicted from such action, DPPIV-inhibitors
augmented Y1-mediated effects of NPY and resulted in complete occlusion of the carotid artery
following angioplasty, in the absence or presence of a slow release pellet delivering low doses
of NPY[17], which by itself was not occlusive [25]. DPPIV is a peptidase that, in addition to
cleaving NPY, also inactivates insulin-sensitizing hormone GLP-1(7-36) by cleaving it to form
GLP-1(9-36). DPPIV/CD26 has therefore been the target of new anti-diabetic drugs which
attempt to decrease clearance of GLP-1 and increase insulin stimulation and sensitivity[39].
From the previously mentioned studies on restenosis and the potential role of NPY/Y1 in the
progression of atherosclerosis, this presents a potentially dangerous scenario for diabetic
patients using DPPIV-inhibitors as an anti-diabetic drug.

4. NPY and Platelets

Another component of NPY-mediated vascular occlusion is platelets (Figure 2). This
anucleated cell is packed with growth factors and is often found at the site of plaque or vascular
injury, lending itself to be either directly or indirectly involved in vascular remodeling. Our
and other previous studies [3,7,29] have shown that rats and some strains of mice express NPY
in platelets and their nucleated precursors, megakaryocytes [28]. SV129/X1 mice expressed
NPY in megakaryocytes and had NPY in their platelets (as measured in platelet-rich-plasma,
PRP) whereas C57BL/6J mice lacked NPY mRNA in megakaryocytes and platelet NPY,
although plasma peptide levels were similar between the two strains at rest. The differences
between these two strains became dramatically apparent when their femoral arteries were
denuded by angioplasty. The injured vessels of S\V129/X1 mice had significant neointimal
formation while platelet NPY-deficient C57BL/6J mice appeared to be protected from
restenosis (Fig. 1).

Could this differential response to angioplasty seen in the two different background strains of
mice be explained by their respective platelet NPY content? Current studies using NPY—/—
mice transfused with SV129/X1’s platelets indicate that, indeed, platelet NPY content aided
in VSMC proliferation, neointimal formation and monocyte/macrophage infiltration to the site
of vascular injury. Immunohistochemistry confirmed the presence and abundance of the NPY
system in human atherosclerotic vessels. Interestingly, while healthy humans do not express
NPY in platelets [28], one report [12] suggests that some patients do, as elevated platelet NPY
levels were found in depressed patients, and in a small sample of patients with peripheral
vascular disease (unpublished observation from our laboratory).

5. NPY and Angiogenesis

NPY-mediated growth is not limited to vascular atherosclerotic-like remodeling. Recently, our
lab has shown that NPY has potent angiogenic effects via the activation of non-Y1 receptors,
primarily Y2 (Figure 2). In vitro, we have demonstrated that NPY stimulates endothelial cell
(EC) activation, proliferation, migration, and tube formation [27]. In rat aortic rings embedded
in collagen, NPY stimulated formation of long, thick sprouts resembling normal vessels[42].
This sprouting was blocked in eNOS—/ — mice, indicating that NPY-mediated angiogenesis is
critically dependent on eNOS[22]. NPY also induces expression of other growth factors such
as basic fibroblast growth factor (b0FGF) and vascular endothelial growth factor (VEGF), which
are, in part, downstream mediators of NPY’s effect (Figure 2)[22].

NPY plays a significant role in ischemic revascularization. Femoral artery occlusion-induced
hindlimb ischemia in rats up-regulated NPY, Y2, Y5 and DPPIV expression, and elevated
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venous plasma NPY outflow from the ischemic muscles [21]. Exogenous, local NPY
administered (via slow-release pellets) to the ischemic tissue induced capillary angiogenesis
below the occlusion and formation of new muscular arteries around the occluded femoral
artery, restoring blood flow and improving function in ischemic limbs [21]. Similar NPY-
dependent angiogenesis was found to play a role in wound healing [6,9]. In aging, when new
vessel formation is generally impaired, NPY-mediated angiogenesis was reduced, along with
a loss of Y2 receptors and DPPIV [18]. Thus, stimulation of the NPY/Y2/DPPIV angiogenic
pathway (Figure 2) may afford a novel therapy for impaired vascularization in ischemia, wound
healing, or aging. On the other hand, NPY is also involved in pathologic angiogenesis such as
in tumors [16] and retinopathy [19], and, in these conditions, Y2 receptor antagonists could be
therapeutic.

6. NPY and Obesity

One tissue that continues to be remodeled throughout the adult life is adipose tissue which is
also highly vascularized and innervated. Rupnick et al, [34] and others [2] have seen that
treatment with anti-angiogenic factors result in a dose-dependent, reversible weight reduction
and adipose tissue loss, resulting in overall metabolic improvement. While these studies
provided evidence that adipogenesis can be manipulated by starving the tissue of their blood
supply, physiological mechanisms responsible for it have not been determined. We
hypothesized that due to sympathetic innervation of white adipose tissue, nerve-released NPY
may be a link between angiogenesis and adipogenesis.

In vivo, subcutaneous NPY slow-release pellets (1g/14 days) increased fat pad weight gain,
while Y2 antagonist (10ug/14 days) reduced fat pad weight gain in lean and obese mice, of
genetic nature (leptin deficient ob/ob mice) or diet induced. The fat loss was accompanied by
decreased vascularization of white adipose tissue at the site of Y2 antagonist injection, whereas
increased staining of CD31-positive endothelial cells was found following the treatment with
an NPY pellet. Y2 antagonist also caused increased apoptosis of endothelial cells and
adipocytes indicating that its anti-angiogenic actions led to anti-adipogenic effects. Thus, Y2
receptor antagonist, locally administered into the fat, may be a new way for ‘melting’ the fat
and a therapy for obesity, by its bi-modal effects of being anti-angiogenic as well as directly
anti-adipogenic.

7. Relevance to Human Diseases and Conclusions

How relevant are these animal studies to humans? Are our studies of cold stress only applicable
to that particular type of stress? Why is cold such a powerful stimulus for NPY release? These
and other questions will require more research, but existing evidence already suggests that
“NPY is not a rodent phenomenon”. In humans from Northern Europe, there is a Leu7Pro7
NPY polymorphism in its signal peptide gene which affects peptide turnover and leads to
greater plasma NPY responses to stress and exercise[13]. It is also associated with increased
incidence of cardiovascular disease[15], diabetic retinopathy, atherosclerosis, obesity, and
overall “poor stress coping” states, such as alcoholism [20]. Interestingly, this genetic
polymorphism follows a geographic gradient from north to south and appears to be more
prevalent in colder-climate regions, but disappears in populations in warm climates of Asia,
Africa and South America.

A hypothesis that we have put forth and which has some support from the literature[35] is that
high NPY response to environmental stress provides an evolutionary advantage in cold

climates, and in hibernating animals is a part of the hibernation response. In the pre-hibernation
phase, raising NPY levels in the hypothalamus would stimulate food intake and motivate the
animal to forage for food, while increased NPY release in the periphery would elevate blood
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pressure and adjust blood flow of exercising muscles. With the beginning of hibernation,
continued increased NPY levels in the brain could slow down reproductive and locomotor
activity, induce anxiolysis and hypotension and result in overall decreased metabolism and
body temperature.

Cold-induced NPY release might have offered an evolutionary advantage for surviving cold
climates and starvation in humans as well. However, this is no longer the case for modern-day
humans who have changed their lifestyles into one of continuous stress and hyper-caloric diets,
without the periods of starvation and slowing down, thus leading to protracted periods of high
NPY release and its deleterious effects on blood vessels: vasoconstriction and atherosclerosis/
restenosis. Why does stress not promote other beneficial actions of NPY, such as ischemic
revascularization? Turning ‘bad’ stress into stress that is ‘good’ for the body would indeed be
a major achievement, which is, however, not yet attainable. Meanwhile, NPY-based drugs are
already offering several potential therapeutic uses: Y1 antagonists for the treatment of angina,
hypertension and atherosclerosis and restenasis, Y2 agonists for ischemic revascularization
and wound healing, and Y2 antagonists, with their anti-angiogenic, growth-inhibitory actions
— as therapy for tumors and obesity.

Why these antagonists have not yet become drug targets for cardiovascular diseases may
largely be due to the fact that ‘life without NPY”, as shown in the example of NPY knockout
mice [30], seemed to be normal, questioning the peptide’s role in physiology. However, while
NPY is not critical to survival, what our studies have demonstrated is that the peptide plays a
major role in the adaptation to environmental stress. The quality of that adaptation and whether
or not it becomes maladaptation is critical for the development or prevention of pathology.
Thus, NPY-based drugs may be particularly useful in stress-related cardiovascular and
metabolic diseases, and their inability to alter normal homeostasis an added beneficial feature.
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Figure 1.

A schematic diagram of the NPY-NE cooperation in vasoconstriction during stress and the
putative role of an Y1 receptor antagonist (Y1 ant) in inhibiting a stress-induced pressor
response.
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Figure 2.

A schematic depicting the multiple roles of NPY during stress, vascular injury, and ischemia.
The activation of Y1 or Y1/Y5 receptors on vascular smooth muscle cells (VSMC),
megakaryocytes, and monocytes leads to cell proliferation and activation, promoting restenosis
and atherosclerosis; Y1 antagonist inhibits this process. Activation of Y2/Y5 and DPPIV
results in angiogenesis either directly via eNOS activation, or indirectly via VEGF and FGF;
Y2 agonist or DPPIV stimulates this process.
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