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a b s t r a c t

While the angiogenic effects of Neuropeptide Y (NPY) in myocardial ischemia and hypercholesterolemia
have been studied, its effects on altering oxidative stress, fibrosis and cell death are not known. We
hypothesized that local infiltration of NPY in a swine model of chronic myocardial ischemia and
hypercholesterolemia will induce nerve growth and cell survival, while reducing oxidative stress and
fibrosis. Yorkshire mini-swine (n¼15) were fed a high cholesterol diet for 5 weeks. Three weeks after
surgical induction of focal myocardial ischemia, an osmotic pump was implanted, which delivered NPY
(n¼8, high cholesterol treated, HCT) or the vehicle (n¼7, high cholesterol control, HCC) for 5 weeks.
Then myocardium was harvested for analysis. Assessment of myocardial function and perfusion was
made the last intervention. Immunoblotting demonstrated significantly decreased levels of MMP-9
(p¼0.001) and TGF-β (p¼0.05) and significantly increased levels of Ang-1 (p¼0.002), MnSOD (p¼0.006)
and NGF (p¼0.01) in HCT. Immunohistochemistry results revealed significantly decreased TUNEL
staining (p¼0.005) and GLUT4 translocation (p¼0.004) in HCT. The functional data showed significantly
improved blood flow reserve (p¼0.02) and improved diastolic function –dP/dt (p¼0.009) in the treated
animals. Local infiltration of NPY results in positive remodeling in ischemic myocardium in the setting of
hypercholesterolemia. By initiating angio and neurogenesis, NPY infiltration improves blood flow reserve
and restoration of fatty acid metabolism. The associated increased cell survival and decreased fibrosis
result in improved myocardial diastolic function. NPY may have a potential therapeutic role in patients
with hypercholesterolemia associated coronary artery disease.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The etiology of coronary artery disease in patients with
hypercholesterolemia and metabolic syndrome is multi-factorial
(Boudina and Abel, 2010). Focused therapies with local infiltration
of growth factors, gene and recombinant therapies have yielded
mixed results, possibly due to the multi-faceted etiology of cardiac
disease in metabolic syndrome (Khurana and Simons, 2003;
Lassaletta et al., 2011). The altered angiogenic signaling and

increased oxidative stress disrupts cellular metabolism resulting
in increased cell death. Additionally, increased fibrosis associated
with oxidative stress leads to pathological remodeling. The tar-
geted biochemical therapy to attenuate mitochondrial dysfunction,
cellular death, and fibrosis in the setting of hypercholesterolemia
and metabolic syndrome has also been met with limited success
(Calvani et al., 2000; Tocchetti et al., 2012). As a result, it is difficult
to treat these patients with available percutaneous and conven-
tional surgical revascularization procedures (Ali et al., 2012;
Lassaletta et al., 2011; Levy et al., 1989). It has been suggested
that Neuropeptide Y (NPY) a 36 amino acid neurotransmitter, may
function as a “master switch” after full length NPY1–36 is cleaved to
NPY3–36 in the myocardium (Khurana and Simons, 2003; Matyal
et al., 2012). This cleavage stimulates trophic effects such as the
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induction of hemodynamic, metabolic and growth-promoting
properties at multiple levels (Matyal et al., 2012). The potential
role of NPY in post-ischemic neo-vascularization has also been
investigated in various studies (Hirsch and Zukowska, 2012;
Lundberg et al., 1982; Matyal et al., 2012). Its ability to induce
proliferation and hypertrophy of smooth muscle cells and cardio-
myocytes has been reported in small animal studies for myocardial
ischemia (Jacques et al., 2006a; Robich et al., 2010). Previous
studies in swine models of myocardial ischemia have shown the
local angiogenic effects of NPY on the myocardium including
upregulation of pro-angiogenic markers, increased capillary and
arteriolar formation, and decreased anti-angiogenic markers
(Robich et al., 2010). Additionally, reduced myocardial levels of
NPY have been implicated as a possible etiological factor for the
observed autonomic neuropathy in diabetics (Levy et al., 1989;
Matyal et al., 2011). While the trophic effects are well established,
the effects of NPY on the prevention of cell death in the ischemic
myocardium have not been studied (Baptista et al., 2012;
Goncalves et al., 2012). It is quite possible that NPY acts at both
ends of the cell cycle, inducing new cardiomyocyte growth and
preventing cell death by altering oxidative stress and decreasing
fibrosis.

Present in abundance in the intrinsic neurons of the myocar-
dium and conduction system, NPY is released from the sympa-
thetic nerve endings together with norepinephrine in response to
acute and chronic stresses (Lassaletta et al., 2011). Specifically,
NPY3–36 targets NPY Y2 receptors, which are involved more
heavily in angiogenesis and capillary formation while uncleaved
NPY1–36 and NPY31–34 also target NPY Y1 receptor, which affects
vasoconstriction (Zukowska-Grojec et al., 1998). The ability of NPY
to induce nerve growth in conjunction with angiogenesis and
altering cardiomyocyte survival is not yet clearly established.
Therefore, in this study we investigated the role of NPY3–36 in
activating various cell survival pathways along with angio and
neurogenesis to establish the impact of these changes in cell
death, fibrosis and function. We hypothesized that local infiltration
of NPY3–36 in the chronic ischemic myocardium in a swine model
of hypercholesterolemia will induce nerve growth, prolong cell
survival and alter fibrosis.

2. Methods

2.1. Animal model:

As previously described in a publication from our lab, all
experiments were approved by hospital Institutional Animal Care
and Use Committee. Animals were cared for in compliance with
the Harvard Medical Area Institutional Animal Care and Use
Committee and in accordance with the “Principles of Laboratory
Animal Care” formulated by the National Society for Medical
Research and the “Guide for the Care and Use of Laboratory
Animals” (NIH Publication no. 5377-3, 1996).

Fifteen six-week-old male Yorkshire miniswine (Parsons
Research, Amherst, MA) were used. After an initial period of 5
days for acclimatization the animals were fed 500 g of a hyperch-
olesterolemic diet composed of 4% cholesterol, 17.2% coconut oil,
2.3% corn oil, 1.5% sodium cholate, and 75% regular chow daily.
This hypercholesterolemia diet is known to induce metabolic
syndrome in this swine model of hypercholesterolemia and
chronic myocardial ischemia (Matyal et al., 2012). All animals
had free access to water and were kept in a warm environment
with minimal stress. The animals were fed for 5 weeks before the
induction of myocardial ischemia and the diet was continued for
the duration of the experiment.

2.2. Surgical protocol

After 5 weeks of dietary modification, all animals underwent
the first surgical procedure. The day before each surgery, all
animals received aspirin (325 mg orally) and were fasted for
12 h. Prior to each surgical procedure, all animals received pro-
phylactic antibiotics and buprenorphine (0.03 mg/kg, intramuscu-
lar) for pain control. All survival procedures were conducted in a
sterile fashion. For all surgical procedures, animals were given
general anesthesia after sedating with Telazol (4 mg/kg, intramus-
cular), followed by endotracheal intubation and ventilation with a
volume-cycled ventilator (North American Dragger). General
anesthesia was maintained with a gas mixture of oxygen at 1.5–
2 l/min and 3% isoflurane. The animal's vital signs were recorded
during and throughout postoperative recovery. Femoral access via
a percutaneously placed 4Fr sheath was achieved for arterial
access, blood draws and blood pressure monitoring. An ameroid
constrictor (internal diameter 1.75 mm) was placed on the prox-
imal left circumflex coronary artery (LCx) via small left thoracot-
omy through the fourth intercostal space. During the first surgical
procedure isotope-labeled microsphere (ILM) injection was
performed to determine the myocardial territory at risk by
temporary occlusion of the left circumflex artery and ILM injection
in the left atrium.

Thirty minutes prior to the end of each procedure, a dose of
buprenorphine (0.03 mg kg, intramuscular) was administered.
After each procedure, the dosage of aspirin was continued for 5
days, while a fentanyl patch (4 ug/kg) was applied for 72 h for pain
control. Animals demonstrating severe pain by refusing to eat,
prostration, tachypnea tachycardia and listlessness were treated
with an additional administration of fentanyl patch.

Three weeks after ameroid placement, the animals were
anesthetized for the second time and coronary angiography was
performed through femoral artery sheath to ensure occlusion of
the LCx. Microsphere injection in the left atrium at rest and during
ventricular pacing at a rate of 150 beats/min was performed
through a mini-left thoracotomy. An osmotic pump (Alzet Inc.
model 2ml4, Cupertino, CA, USA) was placed to deliver the peptide
NPY3–36 solution (Sigma, Saint Louis, MO; NPY 60 μg mixed with
50 U of heparin in a 2 ml solution of 0.1% bovine serum albumin in
phosphate buffered saline (PBS) delivered over 4 weeks at a rate of
3 μl/h) to eight animals on high cholesterol diet (HCT) (Matyal
et al., 2012). Osmotic pump with placebo (0.1% bovine serum
albumin in PBS) was placed in seven high cholesterol diet animals
(HCC). The osmotic pump delivered drug directly into the ischemic
territory via a catheter implanted into the myocardium at the first
marginal branch of the LCx.

Five weeks after the osmotic pump placement, the animals were
anesthetized for the third and final procedure. Coronary angiography
was again performed through the femoral artery sheath, and the
heart was exposed through median sternotomy and microspheres
were injected at rest and with pacing in the left atrium. Lastly,
sonomicrometer crystals (Sonometrics Corp. London, ON, Canada)
were used to assess myocardial function. Following this, euthanasia
was performed under deep anesthesia.

Myocardium was harvested and two 1 cm thick transversal slices
cut at the mid-ventricular level and then sectioned into 8 segments
identified clockwise starting from the anterior junction of the right
and left ventricles. Separate samples were weighed and dried in a
60 1C oven for microsphere perfusion analysis. Samples from the
anterior and lateral walls were taken for rapidly freezing in the liquid
nitrogen for molecular studies or in 10% formaldehyde for paraffin
section slides for immunohistochemistry.

The measurements for height and weight were made at the end
of each procedure. Blood samples were collected after the femoral
sheath placement and spun for serum and plasma analysis.
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2.3. Myocardial perfusion analysis:

Myocardial perfusion was determined during each procedure
with isotope-labeled microspheres (ILMs), which were 15 μm
diameter (Biophysics Assay Laboratory) using previously reported
methods (Robich et al., 2010). Briefly, 1.5�107 gold-labeled micro-
spheres were injected during temporary LCx occlusion at the time
of ameroid placement to identify the ischemic territory. The
segments with the lowest concentration of gold ILMs were
considered the area at risk. Labeled microspheres were also
injected at the pump placement and final procedures during rest
and ventricular pace (150 beats/min) conditions. Following eutha-
nasia, 10 transmural left ventricular sections were collected for
assays. The samples were exposed to neutron beams and micro-
sphere densities were measured using a gamma counter.

2.4. Immunofluorescence labeling of GLUT4, PGP9.5 and beta-myosin

The immunofluorescence labeling of the paraffin embedded
myocardial samples was performed with anti-Glut4 antibody. The
paraffin sections were deparaffinized, rehydrated and treated with
10 mM Sodium Citrate pH 6.0 for antigen retrieval. The sections were
then incubated with 1 mg/ml sodium borohdyride (ICN chemicals)
for 5 min at room temperature. After three washes with TBS, the
sections were incubated with 5% normal donkey serum (Jackson
ImmunoResearch Lab Inc, West Grove, PA) for an hour at room
temperature. Slides were then incubated with rabbit anti-Glut4
(1:100, Epitomics, Burlingame, CA), or mouse anti-PGP9.5 (1:100,
Cedarlane) and Rabbit anti-MHY 7 (1:500, Sigma-Aldrich) overnight
at 4 1C. The slides were washed three times and incubated with
Dylight 649 conjugated Donkey anti-rabbit secondary antibodies
(Jackson ImmunoResearch Lab, 1:200) and/or Dylight 549 Donkey
anti- mouse secondary antibodies (Jackson ImmunoResearch Lab,
1:200) for 90 min at room temperature. Sections were then counter-
stained with Hoescht 33342 (Life Technologies, Woburn, MA) nuclear
dye before they were mounted with Prolong Gold anti-fade mount-
ing media (Life Technologies, Woburn, MA). Confocal images were
taken using a Zeiss LSM510 Meta confocal system using Zeiss LSM510
image acquisition software. The images were taken using a 20� /0.8
Plan-Apochromat objective and a 40� /1.3 Oil Plan-Apochromat
objective.

2.5. Sirius red collagen IHC staining on paraffin-embedding
pig tissue

Sections were deparaffinized and hydrated. Nuclei were stained
with Weigert's hematoxylin for 10 min and washed in water. Slides
were stained with picro-sirius red (0.5 g Sirius red powder (F3B),
500 ml picric acid (saturated) solution) for 1 h and washed twice
with acidified water (5 ml glacial acetic acid, 1 l distilled water).
Water is removed through blotting with vigorous shaking. Slides
are dehydrated three times in 100% ethanol, cleared in xylene, and
mounted with permount. Images were analyzed using ImageJ.

2.6. IHC staining for TUNEL on paraffin-embedded pig tissue

Sections were deparaffinized in xylene, rehydrated through a
downgraded series of alcohol solutions. The sections were then
treated with Proteinase K (Sigma-Aldrich, St. Louis, MO) for 15 min
at room temperature followed by incubation with 3% hydrogen
peroxide at room temperature for 10 min. Endogenous biotin
activity was quenched by Streptavidin/Biotin Blocking kit (Vector
Laboratories, Burlingame, CA). The biotin-dUTP (Roche, Penzberg,
Germany) labeling reaction mixture was added to the sections and
incubated for 1 h at 37 1C. Thereafter, the sections were washed
with Stop wash buffer (300 mM NaCl and 30 mM Sodium Citrate)

for 10 min at room temperature. After rinsing the sections in TBS,
the sections were incubated with HRP-streptavidin conjugates in
TBS for 30 min at room temperature. Apoptotic nuclei were
visualized by developing with DAB substrate kit (Vector Labora-
tories, Burlingame, CA). The slides were counterstained with
hematoxylin, dehydrated through graded alcohols, cleared in
xylene and mounted with Permount (Fisher).

2.7. Immunoblotting

Whole cell lysates were made from ischemic territory of the
ischemic myocardium of both groups. Samples from both groups
were run on the same gel to ensure identical conditions. Sixty
micrograms of total protein was fractioned by a 4–12% gradient
sodium dodecyl sulfate polyacrylamide gel electrophoresis (Life
Technologies, Grand Island, NY) and transferred to PVDF mem-
branes (Millipore, Billerica, MA) with a semi-dry transfer cell (Bio-
Rad Trans-Blot, Hercules, CA). Ponceau staining was used to ensure
equal protein loading. Each membrane was incubated with specific
primary antibodies overnight at 4 1C and secondary antibodies for
1 h at room temperature. We examined fibrotic factors MMP-9 and
TGF-β (Cell Signaling, Danvers, MA), anti-fibrotic factors p-Smad
1/5 (Cell Signaling, Danvers, MA), angiogenic factors Ang-1 (Santa
Cruz Biotechnology, Santa Cruz, CA), mitochondrial metabolic
factors PGC-1 and CPT1-M (Santa Cruz Biotechnology, Santa Cruz,
CA), oxidative stress related factors MnSOD and HIF 1-alpha (R&D
Systems, Minneapolis, MN & Cell Signaling Danvers, MA) and
neurogenesis marker NGF (Santa Cruz Biotechnology, Santa Cruz,
CA). Immune complexes were visualized with an enhanced che-
miluminescence detection system (Amersham, Piscataway, NJ).

2.8. Data analysis:

All the results were expressed as meanþstandard deviation
from the mean. Probability values of less than, or equal to, 0.05
were considered significant. The regional myocardial functional
assessment by crystals was measured for left ventricular diastolic
function (�dP/dt), vertical fractional shortening (VSS) for systolic
function, and left ventricular cavity pressure. Immunoblots were
analyzed after digitalization (ScabJet 4c; Hewlett Packard) with
NIH ImageJ 1.33 software (National Institute of Health, Bethesda,
MD). Comparison between the HCT group and the HCC group was
analyzed by an unpaired, two-tailed t-test. The percentage of
blood flow in the ischemic area after pacing was analyzed by the
change in myocardial blood flow (ml/min/g tissue) derived from
the myocardial microsphere concentration data, which was ana-
lyzed by Biophysics Assay Laboratories (Worcester, MA). The
analysis was done using one-way ANOVA and Newman–Keuls
multiple comparison post-hoc test. GraphPad Prism 4 (GraphPad
Software, CA) was used for analysis.

3. Results

3.1. Experimental model

One pig in the HCT group died 1 week after the placement of
osmotic pump. Autopsy identified congestive heart failure to be the
cause of death. After the high cholesterol diet, the average body mass
index (BMI) of the animals significantly increased (p¼0.001). Analy-
sis of the plasma showed glucose intolerance and an elevation of
apolipoprotein (apoB) reflecting an increase in all levels of proathero-
genic particles after a high cholesterol diet (Table 1). Previously, we
have shown that the associated changes in obesity, fasting glucose,
and mean arterial pressure are suggestive of metabolic syndrome in
high cholesterol diet swine (Grundy et al., 2004; Matyal et al., 2012).
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3.2. Coronary angiography

The ameroid constrictor caused 100% occlusion of the LCx in
all animals.

3.3. Left ventricular functional studies

There was significant improvement in diastolic function in HCT
animals as compared to HCC animals (HCT 18027248 mmHg/s vs.
HCC �1387þ247 mmHg/s, p¼0.009). There was also increased
vertical segmental shortening in the HCT group (HCT 16.1þ2.8 mm
vs. HCC 13.2þ3.1 mm, p¼0.09). There was no statistical change in
the left ventricular pressure (HCT 80.478.9mmHg vs. HCC 91.5þ
26.0 mmHg, p¼0.3) (Fig. 1).

3.4. Myocardial perfusion to the ischemic territory

The flow reserve (presented as percentage change) was mea-
sured as the ability to increase blood flow to the ischemic territory
during cardiac pacing at 150 beats/min. It was significantly
increased in HCT group as compared to the HCC group (142.2þ
99.2% vs. 71.1þ47.5%, p¼0.02) (Fig. 1).

3.5. Immunohistochemistry and immunoblotting

3.5.1. Angiogenesis
CD31 and smooth muscle actin staining of the myocardium

show an increase in capillary density along with angiogenesis in
the HCT tissue as compared with the HCC animals, as previously
observed in this model (Robich et al., 2010). In HCT animals,
immunoblotting showed significantly increased level of Ang-1, a
pro-angiogenic protein that also plays an important role in the
stabilization and maturation of new blood vessels (p¼0.002)
(Fig. 2).

3.5.2. Apoptosis of cardiomyocytes and fibrosis of myocardium
The number of TUNEL-positive cardiomyocytes in the ischemic

tissue from HCT was significantly decreased as compared to that of
the HCC group (p¼0.005). Histological staining of the myocardium
with picro-sirius red showed a marked decrease in collagen in the
HCT group (p¼0.006) as compared to the HCC animals. There
was a significant decrease in the levels of pro-fibrotic and pro-
apoptotic factors MMP-9 (p¼0.001) and TGF-β group (p¼0.05) in
the HCT group, consistent with results for collagen staining and
the TUNEL assay. The upstream anti-fibrotic and anti-apoptotic
marker p-Smad 1/5 had an observed upward trend (p¼0.1) in the
HCT group, and is an inhibitor of TGF-beta signaling (Fig. 3).

3.5.3. Nerve expression, cardiomyocyte hypertrophy
and proliferation

Ubiquitin carboxy-terminal hydrolase L1 (PGP9.5), a specific
marker of neurons, makes up 1–2% of the soluble proteins in
neurons. There was an observed increase in PGP9.5 expression in
the HCT myocardium. Furthermore, beta-myosin correlated with
areas of increased expression of PGP9.5. There was localized
hypertrophy of cardiomyocytes in the perineural area of the HCT
animals as described by beta-myosin expression. Immunoblotting
of nerve growth factor was significantly increased in the myocar-
dium of HCT pigs as compared to the control (p¼0.01). There was
no difference in proliferation measured by Ki-67 staining in both
groups (p¼0.6). (Fig. 4)

3.5.4. GLUT-4 receptor expression on the cardiomyocytes membranes
and fatty acid metabolism:

GLUT4 expression was significantly decreased on the mem-
branes of cardiomyocytes in the ischemic tissue of HCT pigs as
compared to HCC group (p¼0.004). Through immunoblotting
assays, we observed a significant increase in the rate-limiting fatty
acid oxidation factor CPT1-M in the HCT group (p¼0.005). How-
ever, the levels of PGC-1, another factor involved in fatty acid
oxidation, was significantly decreased in HCT group (p¼0.01)
(Fig.5).

3.5.5. Oxidative stress
The level of MnSOD, an important antioxidant with cardiopro-

tective effects, was significantly increased in the HCT group
(p¼0.006). The level of HIF1-α, a factor upregulated during
oxidative stress, was significantly decreased in HCT pig tissue as
compared to HCC (p¼0.004). The significant decrease in HIF1-α in
HCT suggests a decrease in reactive oxygen species thus decreased
oxidative stress (Fig. 6).

Table 1
Baseline characteristics data: Comparison of mean body mass index (BMI) between
the first surgery and the final surgery showed significant increase. Final blood sugar
was calculated at the time of final surgery at fasting and 30 min after dextrose
infusion suggested glucose intolerance. The comparison of apolipoprotein B (ApoB)
levels between the first surgery and the final surgery showed no difference.

Pre Post p-Value

BMI (kg/m42) 28.272.5 40.174.4 0.001
Blood glucose baseline (mg/dl) 53.976.5 53.7715.0 0.60
Blood Glucose 30 min (mg/dl) 133733.6 129733.0 0.86
ApoB (g/ml) 1.3071.3 1.6772.1 0.46

Fig. 1. Myocardial function and perfusion: Invasively driven left ventricular functional data comparing diastolic function (�dP/dt), systolic function as measured by vertical
segment shortening (VSS) and left ventricular pressure (LVP) There was significant improvement in �dP/dt in the HCT group). There was no significant difference in VSS and
LVP between the groups. The increase in flow reserve, the ability to increase blood flow in the ischemic territory when paced at 150 beats/min presented as percentage
change was measured by microsphere injection. There was significant increase in flow reserve in the HCT group.
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Fig. 2. Apoptosis and fibrosis: There is significantly decreased TUNEL staining in cardiomyocytes in the HCT as compared to HCC group. Sirius red staining of myocardium
shows a significant decrease in myocardial fibrosis in the HCT group. Expression of pro-fibrotic/pro-apoptotic, anti-fibrotic and pro-angiogenic proteins was measured by
immunoblotting. There was significant decrease in pro-fibrotic proteins TGF-β and MMP-9 levels in HCT group. The levels of anti-fibrotic protein p-Smad 1/5 were increased
in HCT group.
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4. Discussion

We have demonstrated the multifaceted effects of NPY3–36 in
reversing the maladaptive remodeling at molecular, histological
and functional levels. Observed increases within the treated
animals in nerve growth as well as a possible angiogenesis-
related increase of antioxidants and decrease in hypoxia signaling
occurred despite the hypercholesterolemic milieu. Simultaneously,
we observed a significant decrease in pro-fibrotic signaling and
thus, fibrosis. The aforementioned effects were associated with a
significant decrease in cell death. At the functional level, NPY
regulation of neuro and angiogenesis resulted in increased blood
flow reserve in the ischemic myocardial territory. Favorable effects
were also observed physiologically as an improvement in left
ventricular relaxation and systolic fractional shortening. As a
result, we conclude that not only does local infiltration have
trophic effects but also suggests increased cell survival by inhibi-
tion of apoptosis (Fig. 7).

Although NPY has been known to have a widespread vasocon-
strictor effect which could improve perfusion and ventricular
function, we have seen local histological effects of NPY3–36, which
corroborate with the findings in the functional data to produce
these beneficial effects due to the specificity of the cleaved

product. The dosage required to observe angiogenic effects of
NPY is much lower than that required to cause vasoconstriction
and hypertension (Zukowska-Grojec et al., 1998). Along with sub-
therapeutic dosage determined from previous swine studies,
cleaved product NPY3–36 also specifically targets the angiogenic
function rather than vasoconstrictor function of NPY (Robich et al.,
2010; Matyal et al., 2012). Previous studies also show that the
physiological dose of NPY administered via pump did not exhibit
overall systemic effects witnessed in animals with larger doses of
systemically-administered NPY (Matyal et al., 2012; Zukowska-
Grojec et al., 1998).

Metabolic syndrome and hypercholesterolemia are associated
with endothelial dysfunction and maladaptive stress response.
During metabolic syndrome, there is an increased expression of
anti-angiogenic factors (angiostatin and endostatin), which has
been documented in both animal and human studies (Jacques
et al., 2006a; Jacques et al., 2006b; Jacques et al., 2003; Matyal
et al., 2011). Additionally, ischemia is known to increase oxidative
stress and cell death, through elevated MMP-9 and TGF-β levels,
causing fibrosis and apoptosis in this patient population (Ali et al.,
2012; Boudina and Abel, 2010; Ovechkin et al., 2005) Targeted
therapies could lack efficacy partly due to multifaceted physical
derangements in this complex disease process. The NPY-related
histological reduction in fibrosis at the cellular level coupled with
improved physiological relaxation suggests a cause and effect
relationship. Furthermore, our demonstration of the ability of
NPY to activate transcription cascades for angiogenesis and neu-
rogenesis as well as enhance antioxidant environment and
improve cell survival provides critical information that may lead
to treatment of this disease.

The multifaceted role of NPY (neurohormone, growth factor,
neurotransmitter and an inflammatory mediator) has been shown
to extend across species (Hirsch and Zukowska, 2012; Robich et al.,
2010). The levels of NPY secreting sympathetic nerve endings are
higher during the postnatal ontogenesis time period and gradually
decrease over time (Nozdrachev and Masliukov, 2011). Its specific
localization and abundance in the heart has an important role in
chronic stress response (Jacques et al., 2006a, 2003) Furthermore,
the levels of NPY Y2 receptor are known to decrease in old age,
secondary to a decreased ability for angiogenesis (Morrison et al.,
2009). The downregulated levels of NPY in diabetic myocardium
could be responsible for the autonomic dysfunction and impaired
trophic activity (Chottova Dvorakova et al., 2008; Levy et al., 1989;
Nozdrachev and Masliukov, 2011).

Elevated levels of NGF show a marked improvement in the
myocardium as the factor is usually downregulated in diabetes
mellitus [9]. Also, NGF gene therapy has previously been shown to
improve sensory innervation and neuropathy in diabetic mice
hearts (Hellweg and Hartung, 1990; Ieda et al., 2006). The ability of
exogenously delivered NPY to stimulate neurogenesis in our swine
model of hypercholesterolemia, chronic ischemia, and metabolic
syndrome might also have therapeutic implications.

The potential role of NPY signaling in energy homeostasis
regulation has been reported in peripheral tissue. Appending
previous research, we observed a possible new mitochondrial
membrane stabilizing effect of NPY. An increase in mitochondrial
membrane residing MnSOD within treated animals shows a
potential benefit of NPY as upregulated levels of MnSOD have
been shown to be cardioprotective against oxidative stress in hyper-
glycemic conditions (Ivanovic-Matic et al., 2010; Kim et al., 2008).
The NPY-treated myocardium also demonstrated an increase in the
CPT1-M activity, a rate-limiting step in fatty acid metabolism in
the mitochondrial membrane. Previous studies have shown that
CPT1-M is decreased in animals with depleted levels of NPY Y2
receptors, leading to imbalances of the lipolytic and lipogenic
pathways (Sanchez-Lasheras et al., 2010). The up-regulation of

Fig. 3. Angiogenesis: Capillary density is also increased in the HCT group as seen in
the stained myocardium with CD31 in red, SMA (smooth muscle actin) in green,
and DAPI for nuclei staining. Angiogenesis: The levels of Ang-1 a potent angiogenic
marker was increased in HCT group. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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CPT1-M along with reduced expression of GLUT-4 receptors in
cardiomyocytes is further evidence of decreased oxidative stress
and the restoration of cardiac mitochondrial fatty acid metabolism.
The decreased fibrosis and improved diastolic function of the
myocardium after NPY-treated transplantation of mesenchymal
cells have been previously observed in a rat acute model of
myocardial ischemia (Wang et al., 2010). While an exact cause
and effect relationship are difficult to establish, the restoration of
blood flow to the ischemic area could be responsible for the
physiological improvement. The upregulation of Ang-1 to develop
mature and non-leaky vessels leads to increased blood flow
reserve in the treated ischemic area and improves myocardial
function while also inhibiting myocardial apoptosis (Chen and
Stinnett, 2008; Zeng et al., 2012).

4.1. Limitations

Even though we were able to show changes at molecular and
cellular levels in the swine model of metabolic syndrome and
chronic myocardial ischemia, the time frame for the development
of metabolic syndrome and the time frame of myocardial ischemia

are short and may not be an actual representation of the chronic
disease in humans. Similarly, the exposure to treatment with NPY
was abbreviated as well. It remains to be seen whether the benefit
is temporary or if treatment for a longer time is beneficial. Also, we
were not able to see marked difference in proliferation of cardi-
omyocytes another reported effect of NPY, possibly due to limited
time frame for treatment. Further testing of the restoration of
mitochondrial function after ischemia and hypercholesterolemia
would be able to elucidate the full extent of effects of NPY.

5. Conclusion

The local infiltration of NPY3–36 in ischemic myocardium can
up-regulate key cell survival pathways to counter chronic hypoxic
stress leading to effective remodeling. By acting as a multifaceted
trophic and homeostasis regulator, NPY initiated angiogenesis
leads to improved vascular reserve and less oxidative stress
on the mitochondria thus shifting cellular metabolism back to
fatty acid oxidation and increasing markers of cell survival. The
NPY 3–36-related remodeling led to neurogenesis and angiogenesis

Fig. 4. Hypertrophy/nerve growth/proliferation: The slides were co-stained with sympathetic nerve specific PGP9.5 (red) and cardiomyocyte hypertrophy marker Beta-
myosin (green) and stained for nuclear proliferation marker Ki-67 (green). There was markedly increased nerve expression in the HCT group. There was an increase in
hypertrophic cardiac cells within the perineural area. Additionally, there was no statistical difference in proliferation between the HCC and HCT group. All scale bars
represent 20 mm. Using immunoblotting, a significant upregulation of nerve growth factor (NGF) is observed in the HCT group. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Glucose and fatty acid metabolism: The slides were co-stained with specific glucose receptors GLUT-4 (green), cardiomyocytes (red) and nuclei (DAPI, blue). There
was significant decrease in GLUT4 transporters in the membrane of cardiomyocytes in the HCT group as opposed to HCC group. Each unit in the grid represents 22.5 mm.
CPT1-M a rate limiting protein for long chain fatty acid metabolism was significantly increased in HCT group, while PGC-1 another protein for fatty acid metabolism was
decreased in HCT group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Oxidative stress: Expression of antioxidant, oxidative stress and fatty acid metabolism proteins was measured by immunoblotting. There was significant increase in
anti-oxidant protein MnSOD and decrease in hypoxia induced protein HIF-1α.
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possibly causing increased cell survival and decreased fibrosis thus
improving diastolic function. NPY3–36 has a potential therapeutic
role in patients with metabolic syndrome and hypercholesterole-
mia associated coronary artery disease and cardiomyopathy.

6. Disclosures

None.
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