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Abstract

Neuropeptide Y (NPY) is a central nheuromodulator and peripheral sympathetic neurotransmitter that also has important
regulatory roles in cardiovascular, neuroendocrine, immune and metabolic functions during stress. Focusing on the
peripheral actions of the peptide in rodent models, we summarize recent studies from our laboratory demonstrating that
stress-induced release of NPY mediates accelerated atherosclerosis/restenosis, obesity and metabolic-like syndrome,
particularly when combined with a high fat, high sugar diet. In this review, we propose mechanisms of NPY’s actions, its
receptors and cellular substrates that increase the risk for cardiovascular and metabolic diseases when chronic stress is

associated with pre-existing vascular injury and/or states of hypernutrition.
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Introduction

Obesity, cardiovascular and metabolic diseases are primary
causes of mortality in the Western world. In the United
States, approximately 65% of adults are overweight with
a body mass index (BMI) greater than 25kg/m”
According to the National Health and Nutrition Survey
for 1999-2000, 31% of those in the overweight classification
are obese with BMIs >30. This overall rise has been fol-
lowed by a higher incidence of abdominal obesity, a par-
ticular type of obesity that has been linked to metabolic
syndrome." This condition comprises a variety of risk
factors for cardiovascular disease with symptoms that
include hypertension, hyperlipidemia, glucose intolerance,
insulin resistance and low-grade inflammation. While a
diet rich in fat and sugars combined with a sedentary life-
style are key factors contributing to the obesity epidemic
leading to metabolic syndrome, genetic and environmental
factors are also likely to play a causative role. Among these
genetic and environmental factors, stress has been anecdo-
tally linked to obesity and is generally acknowledged to be
a risk factor for heart disease, but basic research data in
support of these claims have been largely missing and
descriptive mechanisms still remain unknown.

An emerging candidate relating stress-induced obesity
and perhaps metabolic syndrome is neuropeptide Y
(NPY). NPY is an abundant neuromodulator in the brain
and has long been implicated as being one of the body’s
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most potent orexigenic factors, although the importance
of this mechanism continues to be under scrutiny. NPY
is also a neurotransmitter released in the periphery from
the sympathetic nerves and adrenal medulla during
stress.”™* Tts release has been linked to a variety of
stress-induced changes in the cardiovascular, immune
and endocrine systems, whose actions are dependent on
the activation of multiple G-protein-coupled receptors,
Y1-Y5. Our studies conducted over the course of the last
decade has led us to propose that NPY is a master stress
hormone, coordinating cardiovascular, neuroendocrine,
immune and metabolic adaptations to stress, which once
may have served an evolutionary adaptive role but has
since become maladaptive in modern human societies. In
this review, we will present some of our observations
that support this notion.

NPY is a mediator of proatherosclerotic
effects of chronic stress

Since its discovery in 1982,° NPY has been known for its
direct effects on vasoconstriction, which was found to be
mediated through the Y1 receptor (R). Additionally, this
peptide contributes to vascular tone by potentiating the
actions of other vasoconstrictors, primarily norepinephrine
(NE) and epinephrine (Epi).® Subsequently, our’™’ and
other'®! studies have determined that NPY also stimulates
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vascular smooth muscle cell (VSMC) proliferation and
hypertrophy via the same Y1 receptor. In vivo, this activity
leads to NPY’s potent effects to stimulate neointima for-
mation after angioplasty.”**® In a rat model of carotid
artery balloon angioplasty-induced injury, a placement of
a slow-releasing NPY pellet (1-10 ng/14 d) led to the for-
mation of an occlusive atherosclerotic-like lesion containing
not only neointima, but also lipids, macrophages, matrix,
thrombus and neovessels. This occurred in an animal
model (rat) devoid of metabolic abnormalities and in the
absence of an atherosclerosis-promoting diet. Most remark-
ably, the NPY-induced vascular occlusive lesion was signifi-
cantly attenuated by a continuous intravenous infusion of
an Y1IR antagonist. An antagonist to another NPY receptor,
Y5, was also effective, although to a lesser degree, and the
combined Y1 and Y5R inhibition did not exert any synergis-
tic effects.”

Physiologically, NPY is released during stress, along with
NE, but proportions of these two transmitters vary depend-
ing on the type of stress."* Unlike NE which is secreted
during the mildest acute stress and is considered a good
marker of a ‘stressed” animal, the release of NPY requires
a more prolonged and/or intense stimulation of sympath-
etic nerves. Intense stressors such as the placement of
rodents in shallow ice-cold water (1cm) for 1h/d or a
10-min exposure to an aggressive mouse (but not a mild
stress of restraint) release NPY from the sympathetic
nerves and elevate plasma NPY levels.*'*~*”

In rats and some murine strains, there is an additional
source of circulating NPY found in platelets,18 and is
derived from its synthesis during the megakaryocyte stage
of development.””® The surgical stress of angioplasty
alone was found to be sufficient to increase plasma and
platelet NPY levels, and these effects were further augmen-
ted by cold stress in rats.”> Two weeks of daily exposure to
cold stress fully mimicked the effects of the NPY pellet and
resulted in a total occlusion of rat carotid artery. Similar to
the exogenously added NPY, the occlusive lesion was com-
posed of infiltrated macrophages, thrombus, matrix, lipid
deposition and neovessels. Furthermore, these effects were
attenuated by the YIR antagonist,'® indicating NPY’s
activity along similar pathways.

The important question arising from these studies was -
how could a single peptide via its one or two receptors
mediate such a complex vascular, immune and metabolic
response to injury, leading to an atherosclerotic-like
lesion? One possibility would be that NPY acts as a
trigger of a cascade of events, or that it is a mediator of
a final common pathway used by a variety of growth and
metabolic factors. This latter notion, although attractive, is
unlikely as these functions are usually governed by multiple
intracellular signaling molecules, and given the fact that
genetic deletions of NPY are not lethal in the mouse.
However, the possibility of a role for NPY in triggering
these events is more likely considering the fact that it is
released from the nerves at the site of injury, and thus
may be well positioned to activate responses from multiple
cell types surrounding these nerve terminals.

Several observations from recent studies have supported
this latter notion. First, NPY is found to exert

proinflammatory actions on immune cells by stimulating
monocyte migration,” ~** leukocyte phagocytosis and
release of inflammatory mediators. At least some of these
effects appear to involve Y1Rs on antigen-presenting cells,
such as macrophages, as shown by Wheway et al.*> In our
studies, both stress and NPY similarly stimulated macro-
phage infiltration and upregulated YIR in these cells.
Second, in vitro, NPY is a potent mitogen for VSMCs via
Y1 and to a lesser degree, Y5Rs.” In vivo, cells within the
neointima are highly proliferative while having an upregu-
lation of Y1R expression after stress or exogenous NPY treat-
ment.'> Third, NPY is also potently angiogenic for
endothelial cells (EC) that primarily involve Y2R, with an
upregulation of both Y1 and Y5Rs in this process.®®~>'
Supporting the angiogenic action of NPY in stress- and
NPY-induced postangioplasty atherosclerotic lesions, there
was a significant increase in neovascularization of the neoin-
tima and upregulation of all NPY receptors within these
microvessels. %13 Finally, stress was found to elevate circu-
lating NPY levels in platelets.'® This physiological signifi-
cance of having an elevation of platelet NPY content and
their receptors are currently being studied. However, there
is already some data supporting the role of NPY at the
level of the bone marrow in platelets and with immune
cells,?%%?35 which may in turn lead to increased thrombosis
and atherosclerotic vascular remodeling.

How the direct actions of NPY and stress contribute to
postangioplasty restenosis or atherosclerosis in humans
still remain an active area of study. Several promising
studies support this link, including a recent study implicat-
ing NPY and the Y1 receptor in arterial remodeling using
ApoE™/~ mice® This study is further supported in a
previous study in humans, in which a leucine?7 to proline7
polymorphism in prepro-NPY was found to be associated
with increased blood pressure, neointimal thickness and
total serum cholesterol.’” Lastly, in a recent study from
Ruohonen et al.,*® we were able to demonstrate that overex-
pression of NPY in mice was found to increase postangio-
plasty arterial remodeling. Combined, these animal and
human studies suggest that NPY is likely to be a risk
factor for accelerated atherosclerosis/restenosis, and that
NPY could serve as both a novel stress and proatherosclero-
tic marker and a mediator of these effects.

NPY is a mediator of pro-obesity and
metabolic effects of chronic stress

Stress has also been linked to the pathogenesis of obesity.
However, their relationship remains unclear, as some
people lose weight when stressed, while others gain. The
cause has been thought to be due to central regulation
and differences in the perception of stress or differential
coping patterns, i.e. alterations in food intake, sympathetic
nerve activity and/or hypothalamic-pituitary-adrenocortical
function.®* Nonetheless, the question still remains: is the
stress-body relationship only in the brain?

Human obesity is often associated with increased sym-
pathetic activity.** However, sympathetic release of NE
and the activation of its B-adrenergic receptor promote
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weight loss by stimulating lipolysis in white adipose tissue
(WAT)*' and thermogenesis in brown adipose tissue
(BAT).** Hence, in obesity, B-adrenergic activity may be
downregulated and/or offset by more powerful mechan-
isms that promote weight gain. We hypothesized that
NPY could be a critical factor by acting on one or more of
the following mechanisms through the stimulation of (1)
angiogenesis (indirectly increasing fat tissue growth by aug-
menting nutrient supply) and (2) new adipocyte prolifer-
ation and differentiation and lipid storage, and by the (3)
inhibition of B-adrenergic lipolysis. Since the latter has
been well established as reviewed by Langin,*' we focused
on addressing the first two possibilities.”

We used the same stress paradigm in mice as the one
which previously increased circulating NPY in rodents by
standing in shallow cold water (0.5 cm) one hour daily or
exposure to an aggressive alpha-mouse for 10 min. Both
stressors chronically elevated not only plasma corticoster-
one, but also plasma and/or platelet NPY levels; however,
by itself this did not affect adiposity and body weight of
mice within two weeks of observation. However, when
either stressor was combined with a high fat, high sugar
(HFS) diet, mice increased their fat deposition by 40-50%
in two weeks, as compared with unstressed mice on the
same diet. The largest fat accumulation was in the abdomi-
nal area (as measured by magnetic resonance imaging
[MRI] for combined subcutaneous and intra-abdominal fat
depots) and was not accompanied by any significant
changes in food intake, fecal output or core body tempera-
ture. Stress-induced increases in abdominal adiposity was
accompanied by increased vascularization (CD31 immunos-
taining) and cell proliferation (Ki67 immunostaining) and
macrophage (CD68 immunostaining) infiltration within
the abdominal fat, and also impaired glucose tolerance as
compared with unstressed HFS diet-fed mice.

Interestingly, while plasma levels of the two major stress
mediators, corticosterone and NE, normalized in the chroni-
cally stressed, HFS diet-fed mice, circulating NPY levels
remained high or even increased. In addition, there was a
marked upregulation of 11 8-HSD-1 and increased corticos-
terone levels in the abdominal fat, as well as two- to
seven-fold increase in the expression of NPY, its Y2R and
dipeptidyl peptidase IV (DPPIV), which converts NPY to
a shorter Y2/Y5R-selective form of the peptide. We sub-
sequently found that such an increase in glucocorticoid
signaling in the abdominal WAT was likely an additional
factor that augmented stress/HFS-induced upregulation of
NPY expression in sympathetic neurons (based on in vitro
studies using neuroblastoma cells as a model) and Y2R in
preadipocytes (PA) (using 3T3-L1 cells as a model). No
such stimulation was observed for the adrenergic system
leading to a predominance of NPY-mediated signaling
within the abdominal fat depot.

The functional significance of augmented NPY activity
within the WAT was first determined in vitro using EC
and PA cultured alone or with sympathetic neuronal cells
(neuroblastoma). In both cell types, NPY, either synthetic
or released from the neuronal cells, stimulated cell proli-
feration which was blocked/inhibited by an Y2R antagonist.
The co-culture with neuroblastoma cells also upregulated
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Y2R in EC and PA. Additionally, in PA that were primed
for differentiation, NPY (0.1-10 nmol/L) had a direct
stimulatory effect on adipogenesis in a manner similar
to insulin (lipid accumulation and leptin and resitin
secretion). These studies indicated that NPY is a potent
angiogenic and adipogenic factor by activating the same
receptor, Y2R.

To confirm this in vivo, an NPY pellet (1 ug/14 d) was
placed subcutaneously into the abdominal fat of several
types of mice: normal lean controls on C57/BL6 and
Sv129/] backgrounds, and ob/ob mice. After two weeks,
NPY induced a 40-50% increase in fat deposition in a
2 cm area from the pellet (by fat weight and MRI), with
increased vascularization and proliferation of new small
adipocytes, indicating angiogenesis and adipogenesis.

To determine the relevance of these findings to humans,
human fat from liposuction was placed under the skin of
athymic mice, and treated with either a placebo or an
NPY pellet. After three months, placebo-treated fat depot
became almost completely resorbed, while NPY-treated fat
persisted and became well vascularized. The same Y2R (as
well as NPY itself) was expressed in capillaries and adipo-
cytes of human fat, and was markedly upregulated follow-
ing NPY treatment. These observations confirmed that both
mice and humans have a similar NPY-Y2R system, which
functions to stimulate angiogenesis and adipogenesis, and
thus may be involved in the development of obesity in
both species.

The role of NPY-Y2R system in stress-induced obesity
was then studied using either a local intrafat administration
of Y2R antagonist (daily injections subcutaneously or a
slow-release pellet), a germline Y2R deletion or in mice
where Y2R expression was 80% reduced by an injection of
an adenoviral vector with Cre-recombinase into Y2'°/1
mice. In all of these conditions, there was a 40-50% decrease
in the abdominal fat depots within two weeks through
inhibition of stress-induced adipogenesis. This was
accompanied by increased apoptosis (terminal deoxynu-
cleotidyl transferase dUTP nick end labeling staining) and
decreased proliferation of ECs and adipocytes, and a
reduction in CD68-positive macrophages within the
abdominal fat depot.

After three months of stress and HFS diet, mice became
grossly obese, almost twice as much as unstressed mice on
the same diet, and developed a metabolic-like syndrome
with abdominal obesity, elevated blood pressure (measured
by telemetry), glucose intolerance, insulin resistance, hyper-
lipidemia, fat inflammation, as well as liver and skeletal
muscle steatosis. Most of these metabolic changes were
markedly reduced by local intrafat administration of an
Y2R antagonist or in Y2/~ mice. Thus, we concluded
that stress augments fat growth, development of abdominal
obesity and the onset of metabolic syndrome by activating
the NPY-Y2R system preferentially within the abdominal
fat. The adipogenic activity of NPY is both indirect (by
stimulating fat vascularization) as well as direct (by its
ability to stimulate formation of new fat cells, promoting
differentiation of PA and lipid storage in adipocytes).
Remarkably, a single receptor antagonist against the Y2R
appears to not only prevent stress-induced obesity, but
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Figure 1 Stress-induced neuropeptide Y (NPY) effects on vascular occlusion remodeling and obesity. (a) Stress-released NPY directly stimulates neointimal
formation through modulation of monocytes (MC) and the promotion of macrophage/foam cells (MP/FC) after endothelial injury, while also directly stimulating
vascular smooth muscle cells (VSMC) proliferation and migration through innervation. Additionally, stress, possibly through NPY, stimulates increased megakar-
yocyte (MK) turnover via Y5 activation resulting in both increased platelet (PIt) synthesis and platelet content of NPY. Platelet NPY serves as an additional source
of NPY for MC and VSMC. Cleavage of 1-36 NPY to the proangiogenic 3-36 NPY via dipeptidyl peptidase IV acts on Y2/Y5 Rs to promote angiogenesis, thus
providing increased nutrient supply to the occlusive vascular lesion. (b) NPY induction after stress coordinates the combined direct effects of adipocyte prolifer-
ation/differentiation and lipid storage, while also promoting the indirect role of angiogenesis, which also increases nutrient supply to increase adiposity, and thus

obesity

also reverse fat accumulation in either normal lean or
genetically obese mice.

Interestingly, in humans, a silencing mutation in the Y2R
gene appears to also be associated with resistance to obesity
in Swedes.*® Thus, we propose a novel pathway by which
fat tissue remodels itself in response to sympathetic nerve
activation during stress and overfeeding. Our findings
provide a novel avenue for therapy of abdominal obesity
and metabolic syndrome with locally acting Y2R antagon-
ists, as well as the potential use of NPY-like drugs for fat
grafting in reconstructive plastic surgery.

Conclusions

The regulatory mechanisms governing metabolism and
its dysregulation are complex. In an attempt to address
these problems, we have grown increasingly aware that
a cure for one ailment can lead to others. Such could be
the case of a promising drug (a DPPIV/C26 inhibitor) to
treat diabetes™ that could inadvertently elevate blood
pressure, resulting in increased mortality due to stroke
and ischemic heart disease. In this example, inhibition of
DPPIV prevents endogenous cleavage of intact NPY;_3e,
which can then activate vasoconstrictive Y1Rs.*>*® The
increased urgency, therefore, is to understand seemingly
distinct entities in metabolic diseases from a more global

perspective in order to gain insight into previously
unknown relationships.

Can our studies on the peripheral effects of NPY help us
to gain this broader understanding of metabolic diseases? It
appears that as we have uncovered more about the action of
NPY that the answer is yes. NPY is well poised to serve as a
model for other known regulatory factors in metabolic pro-
cesses, owing to its pleiotropic effects to multiple cellular
substrates and multiple receptor subtypes (Y1-Y6, and
more recently, Y7). These effects are further complicated
by the receptors’ dependence on location, expression
levels and other factors (e.g. glucocorticoids or catechol-
amines). As such, NPY is emerging as a prime candidate
as a master regulatory peptide of cardiovascular, immune
and metabolic functions.

These actions of NPY may have been adaptive in the
animal kingdom, particularly in colder climates, in periods
of sparse food availability and also perhaps during hiber-
nation.””*® Similarly in humans, a hyperactive NPY system
could have offered an evolutionary protection by increasing
cardiovascular performance and ability to build energy
stores (fat) in cold environments with poor availability
of food. Interestingly, a Leu7Pro polymorphism in the
NPY signal peptide gene which apparently increases the
amount of NPY released during stress*” occurs commonly
in populations within the colder regions of Northern
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Europe, but is absent in warmer areas such as Africa and
South Asia.

The adaptive role of NPY, however, appears to change
when stress occurs with vascular injury, inflammation and
hypernutrition, which have become increasingly frequent
in populations of the Western world. When stress is com-
bined with underlying atherosclerosis and vascular injury
such as balloon angioplasty or stenting, and/or with a
HFS diet, the subsequent increase in NPY levels becomes
maladaptive. The recent findings from our group, and
more recently from others,”>”" call to attention the pervasive
effects of NPY on endothelial, VSMC, immune, fat and other
cells that have been previously overlooked in studies
dealing with metabolic regulation (Figure 1). Collectively,
these studies provided evidence that NPY is adipogenic
and angiogenic for murine,” rat®® and human® fat, in
particular within the abdominal depot, thus contributing to
the development of metabolic syndrome.

In conclusion, we propose that NPY is a stress-induced
risk for cardiovascular diseases, abdominal obesity and
metabolic syndrome, particularly when stress is combined
with hypernutrition. Understanding how NPY and its
cognate receptors regulate metabolic and vascular functions
may therefore provide gainful insight into future therapies.
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