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ABSTRACT
Background: Selective agonists of the vascular endothelial growth factor receptor 1
(VEGFR‐1) display cytoprotective and anti‐apoptotic effects in the failing heart.
Since a major determinant of myocardial damage in heart failure is oxidative stress,
we tested the hypothesis that VEGFR‐1 mediates anti‐oxidant mechanisms.
Methods: Freshly prepared cardiac tissue slices were obtained from dogs with
pacing‐induced heart failure that had been previously transduced with the VEGFR‐1
selective ligand VEGF‐B. Dihydroetidium (DHE) fluorescence was used to monitor
the production of reactive oxygen species. In addition, cultured rat neonatal
cardiomyocytes were tested with two major mediators causing oxidative stress in
the failing heart, namely angiotensin II (10‐8 M for 24 hours) and norepinephrine
(50 µM for 24 hours). The experiments were performed in the absence or in the
presence of the VEGFR‐1 agonists VEGF‐B and PlGF or of the mixed VEGFR‐1 and
VEGFR‐2 agonist VEGF‐A or of the selective VEGFR‐2 agonist VEGF‐E. Mitochondrial
superoxide and cytosolic hydrogen peroxide were measured, respectively, as
MitoSox and DCF fluorescence intensity.
Results: In fresh cardiac tissue slices, DHE fluorescence indicated that superoxide
production was significantly reduced in VEGF‐B treated hearts compared to control
failing hearts. In cultured cardiomyocytes, VEGF‐B and PlGF, but not VEGF‐A or
VEGF‐E, prevented mitochondrial superoxide and cytosolic hydrogen peroxide
overproduction in response to angiotensin II or norepinephrine. These findings
were consistent with the induction of mitochondrial superoxide dismutase and
glutathione peroxidase‐1 overexpression in VEGF‐B‐treated cells.
Conclusions: VEGF‐R1 activation can reduce oxidative stress both in vivo and in
vitro. Our results provide insights in the cardioprotective mechanisms activated by
VEGF‐B gene therapy in the failing heart.
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CHAPTER 1
INTRODUCTION
Dilated cardiomyopathy: the need for new therapies
Non‐ischemic, dilated cardiomyopathy is defined as an increase in
the size of the ventricular chambers in the absence of coronary artery
disease, valve abnormalities or pericardial disease, resulting in elevated
diastolic and systolic volumes accompanied by a low ejection fraction
(<45%) {{Narula et al 1996; Mestroni et al. 2011}}. Despite its lower
prevalence compared to ischemic cardiomyopathy as a cause of heart
failure, dilated cardiomyopathy is particularly malignant and refractory to
pharmacological treatments, accounting for more than 50% cases of heart
transplantation in the US {{Everly, 2008}}. Therefore, there is a pressing
need for new therapies {{Hunt, 2009}}, which, however, can be developed
only if proper molecular targets are clearly identified. Two classical
studies showed, more than ten years ago, that dilated cardiomyopathy is
characterized by a remarkable increase in cell apoptosis {{Narula, 1996;
Olivetti, 1997}}. Notably, a higher rate of apoptosis is associated with a
more rapidly deteriorating clinical course in dilated, but not in ischemic
cardiomyopathy {{Saraste, 1999}}. The induction of apoptosis in as few as
230 cardiomyocytes per million by conditional activation of the
intracellular apoptotic pathway in transgenic mice is sufficient to cause

1

dilated cardiomyopathy, which is prevented by specific anti‐apoptotic
inhibitors {{Wencker, 2003; Yamamoto, 2003}}. The determinants of
apoptosis, in the failing heart, are numerous. A major one is oxidative
stress {{Cesselli, 2001; Heymes, 2003}}.
Unfortunately, targeting apoptosis, so far, has not been deemed
clinically feasible.

Oxidative stress as a major pathogenic factor in dilated cardiomyopathy
Reactive oxygen species (ROS) are “reactive oxygen derivatives
formed by the reduction of one or more electrons from molecular oxygen,
including superoxide (O 2 •− ), hydrogen peroxide (H 2 O 2 ), and hydroxyl
radical (OH • ).” Superoxide is generated as a byproduct of the electron
transport chain and of various other metabolic processes or by NAD(P)H
oxidases. The highly reactive superoxide is weakly lipid‐soluble but can be
converted to H 2 O 2 (which diffuses freely through the water channels)
either spontaneously or by superoxide dismutases (SODs) {{Zablocki,
2012}}.

SODs and glutathione peroxidase (GPx) exist as endogenous

antioxidant systems within the myocardium {{Borchi, 2010}}(Figure 1).
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FIGURE 1. Schematic depiction of the pathways and regulatory
points of the oxidative pentose phosphate pathway (oxPPP) and of
the cytosolic anti‐oxidant systems and sources of superoxide.
Abbreviations: GSH, reduced glutathione; GSSG, oxidized glutathione;
GR, glutathione reductase; GP, glutathione peroxidase; SOD,
superoxide dismutase.
Oxidative stress in the heart may be the result of an increased ROS
production or lower antioxidant defenses {{Zablocki, 2012 }}. ROS are
physiologically generated in mitochondria. Mitochondrial oxidative
phosphorylation is a biochemical mechanism wherein electrons from NADH
and succinate flow through a sequence of enzymes within the electron
transport chain of mitochondria, eventually being passed to oxygen {{Joza
et al. 2005 }}. The respiratory chain is arranged into a supramolecular
assembly (supercomplex) responsible for substrate channeling as well as
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the prevention of ROS. Disruption in the supercomplex leads to enhanced
production of ROS. It has been demonstrated, in models of heart failure,
that lower oxidative phosphorylation has been correlated with fewer
respiratory supercomplexes {{Maranzana, 2013 }}. The energy produced
from the process through the supercomplex, creates an electrochemical
potential difference (mitochondrial membrane potential), which drives the
production of ATP. In some cases, electrons do not pass through the entire
sequence, and instead leak to oxygen directly, generating superoxide {{Joza
et al, 2005}}. Also NAD(P)H oxidase, activated by Ang II, has been found to
contribute ROS in the failing human myocardium and play a key role in cardiac
remodeling. Angiotensin II (Ang II) and Norepinephrine (NE) are both agents that
stimulate the production of reactive oxygen species {{Kajstura, 2006; Xiong, 2012}}.
An increase in circulating Ang II can be used as a predictor of death from
heart failure in humans {{Roig, 2000}}. Ang II increases
sympathoexcitatory activities at both central and peripheral sites within
the body and these activities outweigh the sympathoinhibitory factors in
chronic heart failure. The effects of AngII include cardiac remodeling as
well as dysfunction, regulating cardiomyocyte growth, cardiac hypertrophy
and apoptosis. AngII initiates inflammatory responses through the
activation of tumor necrosis factor α (TNFα) and nuclear factor κB (NFκB).
The most notable effect of AngII is the increased generation of ROS and
oxidative stress. High levels of ROS can cause damage to proteins (either
directly or through inappropriate redox modification), lipids, and DNA

4

{{Zablocki, 2012}}. The pathological effects of ROS that lead to heart
failure include vasoconstriction, cardiac hypertrophy, myocyte apoptosis,
fibrosis, and inflammation {{Sorescu, 2002 }}. In rats, hypertension‐
induced compensated left ventricular hypertrophy to decompensated heart
failure was correlated with an increase in myocardial ROS {{Tsutsui,
2001}}. Studies conducted on the hearts of patients with dilated
cardiomyopathy also show an increase in oxidative stress and O2  ‐
production {{Borchi, 2010}}.

Another important source of reactive oxygen species are monoamine
oxidases (MAO). They exist as two isoforms, namely MAO‐A and B. They
are flavoenzymes located on the mitochondrial membrane. MAO are
responsible for the catalytic oxidative deamination of serotonin, NE and
epinephrine {{Kaludercic, 2010}}. These catecholamines and sympathetic
tone increase during chronic heart failure generating more oxidative stress.
NE is a high affinity substrate for MAO‐A and may play a role through MAO‐
A to increase ROS production {{Takimoto et al, 2005}}.

Vascular Endothelial Growth Factor‐B as a potential therapeutic agent
Vascular endothelial growth factors (VEGFs) are a family of mitogens
produced by cells to regulate angiogenesis, vasculogenesis and are
upregulated during hypoxia {{Neufeld, 1999}}. VEGF‐A, ‐B, ‐C, ‐D and
placental growth factor (PlGF) are the five mammalian members of the
5

VEGF family, while VEGF‐E is expressed in the parapoxvirus genome and
VEGF‐F can be isolated from snake venom (Figure 2). VEGF binds three
tyrosine kinase receptors: Flt‐1 (VEGFR‐1), Flk‐1/KDR (VEGFR‐2), and
VEGFR‐3 as well as 2 co‐receptors named Neuropilin‐1 and ‐2 (Nrp‐1 and
Nrp‐2) {{Ferrara, 2003}}. Specifically, VEGF‐A binds VEGFR‐1, VEGFR‐2,
Nrp‐1 and Nrp‐2. VEGF‐B binds VEGFR‐1 and Nrp‐1. PlGF binds VEGFR‐1
and VEGF‐E binds VEGFR‐2. Previous studies have shown that the binding
of VEGF‐A to VEGFR‐2 triggers cascades responsible for vasculogenesis,
angiogenesis, endothelial survival and vessel integrity {{Neufeld, 1999}}.
Although there is abundant information about VEGFR‐2, there is very little
known about the role of VEGFR‐1 in the heart.
VEGF‐B is generated through alternative splicing of the VEGF gene
and the two splice variants are 167 amino acids (VEGF‐B 167 ) and 186 amino
acids (VEGF‐B 186) in length. VEGF‐B 167 (more ubiquitous isoform) binds
heparin‐sulfate proteoglycans on the cell surface and is expressed in brown
fat, myocardium, and skeletal muscles {{Olofsson, 1999}}. A 2008 study
conducted by Li et al. demonstrated the anti‐apoptotic and non‐angiogenic
properties of VEGF‐B both in vitro and in vivo, setting it apart from the
other members of the VEGF family {{ Li et al, 2008 }}. The non‐angiogenic
properties were confirmed by another group also noting that there was no
change in the leakiness of the blood‐brain barrier {{Poesen, 2008 }}. PlGF
is another member of the VEGF family that also selectively binds VEGFR‐1
(Figure 2) and is expressed mainly in the placenta, heart and lungs
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{{Persico et al, 1999}}. The knocking out of VEGF‐A and VEGFR‐2 proves to
be lethal in mice, whereas VEGFR‐1 knockouts die at embryonic day 8.5 and
exhibit disorganization of blood vessels and overgrowth of endothelial
cells. The isoform VEGF‐B 167 is expressed in brown fat, myocardium and
skeletal muscle {{Olofsson et al, 1999}}. When the isoform VEGF‐B 167 is
knocked out, mice develop normally and are phenotypically normal with
the exception of a smaller heart, dysfunctional coronary vasculature, and
reduced recovery following cardiac ischemia {{ Bellomo, 2000 }}. The
different VEGF receptors play roles in many different outcomes
downstream. Stimulation of VEGFR‐1 leads to anti‐apoptotic pathways and
hypertrophy of cardiomyocytes. Activation of VEGFR‐2 leads to
angiogenesis, vasculogenesis, cell recruitment and cell migration (Figure
2).
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FIGURE 2. Schematic depiction of the pathways of members of the VEGF family,
receptors that they stimulate (represented by arrows) and the downstream
actions their stimulation leads to.
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Apoptosis is a favorable process to avoid certain potentially harmful
pathologies; therefore, a clinical treatment to inhibit all apoptosis may lead
to further pathology. Non‐ischemic cardiac failure depends on the
preservation of cell viability and therefore selectively delivering to the
heart VEGF‐B, an anti‐apoptotic factor, may prove therapeutically
efficacious. In theory, arresting apoptosis would slow down the malignant
progression of dilated cardiomyopathy. Interestingly, the expression of the
VEGFR‐1 receptor is down‐regulated in patients with dilated
cardiomyopathy {{Abraham, 2000 }}. These premises provided the
rationale for the initial studies by Recchia’s laboratory on the curative
effects of VEGFR‐1 ligands, specifically VEGF‐B in the cardiac tachypacing
canine model of heart failure, which is still the best‐established large
animal model of dilated cardiomyopathy. Pacing‐induced dilated
cardiomyopathy offers a number of advantages for studying the response to
cardioprotective interventions during the progression of heart failure. This
model is well established, highly reproducible, evolves over a very
predictable time course {{Recchia, 1998 }}, and numerous studies have
shown that it recapitulates many of the fundamental characteristics of
human heart failure, including progressive LV chamber dilation, LV wall
thinning, decreased contractility, neurohormonal activation, beta
adrenergic desensitization, etc. {{Riegger, 1982;Wang, 1991;Shannon,
1991; Komamura, 1992;Kiuchi, 1993;Smith, 1997;Spinale, 1998;O'Rourke,
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1999;Ukai, 2001; Traverse, 2007}}. Particularly relevant for the present
study is the rate of apoptosis and the down‐regulation of VEGFR‐1
receptors {{Cesselli, 2001;Pepe,M. 2010}}, in the paced heart, similar to
the alterations found in human dilated cardiomyopathy {{Abraham, 2000;
Pepe, 2010 }}. There is solid evidence that, in this canine model, apoptosis,
may be caused by reactive oxygen species {{Cesselli, 2001}}. Recchia’s
group has shown that cardiac gene transfer with adeno‐associated virus
(AAV) carrying VEGF‐B delays the onset of decompensated heart failure
{{Pepe, 2010}}. At myocardial tissue level, they found molecular changes
consistent with anti‐apoptotic effects: 1) reduced number of TUNEL‐
positive cells, 2) reduced activation of caspase‐3 and ‐9 and 3) activation of
Akt associated with increased deactivating phosphorylation of Akt
downstream targets, namely glycogen synthase kinase‐3β and FoxO3a.
They performed additional experiments in cultured neonatal rat
cardiomyocytes to explore potential mechanisms responsible for such
protective effect of VEGF‐B. They concluded that VEGF‐B can preserve
cardiomyocytes against angiotensin II‐induced oxidative stress. However,
several questions remained unanswered and the present study was aimed
at filling that gap of knowledge.

Aim of the Study
The aim of our study was to test whether the activation of anti‐
oxidant mechanisms by VEGFs is mediated by VEGF‐R1 or VEGF‐R2 or both.
Moreover, we aimed at identifying the enzymes of the anti‐oxidant system
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involved in the VEGF‐B‐induced protection. We have tested this both in
vitro and in vivo. Due to the difficulty of maintaining adult cardiomyocytes
in culture, neonatal cardiomyocytes were used for the in vitro work, a
commonly used and widely accepted substitute. Fresh tissue sections from
canines previously transfected with VEGF‐B were obtained to compare in
vitro and in vivo results. Figure 3 presents the hypothetical pathways
downstream VEGFR‐1 and ‐2 stimulation. Arrows represent stimulation
and lines with T ends indicate inhibition.

Figure 3
Hypothetical Pathways initiated by VEGFR‐1, R‐2, NAD(P)H Oxidase (NOX)
and AT1‐R.
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CHAPTER 2
METHODS
Canine Tachypacing Model and Fresh Tissue Preparation
Adult male mongrel dogs (25‐30kg) were administered acepromazine
intramuscularly, anesthetized with propofol intravenously, intubated and
mechanically ventilated with air and 1.5% isoflurane. A thoracotomy was
performed in the left fourth intercostal followed by implantation of an
aortic catheter, a solid state pressure transducer (Konigsberg) through the
apex of the LV, two piezoelectric crystals on the anterior and posterior LV
free walls, and pacing electrodes on the epicardial surface of the left
ventricle. Animals were allowed to recover for 7‐10 days. After full
recovery, heart failure was induced by pacing the left ventricle at 210
beats/min for 3 weeks followed by increasing the rate to 240 beats/min
until the animal exhibited clinical signs of decompensation. End‐stage
failure was indicated by a LV end‐diastolic pressure ≥25 mmHg.
All of the experiments were performed in the conscious state.
Hemodynamics were recorded by connecting the implanted probes and
cardiac function was assessed echocardiographically at baseline and at 7,
14, 21, and 28 days of pacing.
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The dogs were divided in 2 groups and underwent intracoronary
delivery of adeno‐associated vectors‐9 (AAV9) carrying the reporter gene
GFP (control heart failure) or VEGF‐B 167 .
Fresh tissue was collected immediately after sacrificing the animals.
Tissue was sliced from the left ventricle (5‐10μm) and placed in 4 0 C
isotonic saline. DHE staining was performed on the sections (see
Immunofluorescence).

Cell Culture and Adeno‐Associated Viral Gene Transfer:
Molecular mechanisms responsible for VEGF‐B‐induced cell
protection were explored in primary cultures of neonatal rat ventricular
myocytes. These were prepared according to the methods described by
Gaughan, Hefner and Houser {{Gaughan, 1998 }} with slight modifications.
Hearts from Sprague‐Dawley (age 1‐2 days) were removed, the atria were
excised, and myocytes were isolated in Perfusion Buffer (DMEM). Cells
were pre‐plated on culture dishes (Falcon, 3046) for 30 min at 37°C in 5%
CO 2 to remove fibroblasts. Cell densities were estimated to be ~1 million
per plate. Myocytes were subsequently placed on to Fibronectin‐coated
(BD) glass cover slips and placed in 35‐mm culture dishes (Falcon, 3046)
and incubated further in Dulbecco’s modified eagle medium (DMEM)
(Invitrogen, 12100‐046), supplemented with 10% bovine calf serum
(Hyclone), Penn/Strep, and L‐Glutamine for 30 minutes. After 24hours the
DMEM was replaced with minimal essential medium (MEM)(Sigma, M3024)
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as treatment medium. Cells were pre‐treated with VEGF‐B, VEGF‐A, PIGF,
and VEGF‐E (all 100ng/mL) peptides for 24 hours and then exposed to
Angiotensin II (10 ‐8 mol/L) or Norepinephrine (50μM) for additional 24
hours.

Immunofluorescence & Detection of ROS (in vitro & in vivo):
MitoSOX Red (Molecular Probes, Invitrogen, cat. no. M36008)
supplied in 50μg vials was stored at ‐20°C.

5mM stock solution was made

immediately before the experiment by dissolving in 13.2 μl DMSO.
Solution was prepared in the dark and was covered with foil.
Oxidative stress was induced on neonatal cardiomyocytes for 24 and
48 hours after VEGF‐B addition. Cells were stained with 5 μM MitoSOX Red
or 5 μM 5‐(and‐6)‐chloromethyl‐2‐7‐dichlorodihydrofluorescein diacetate
acetyl ester (CMH2DCF‐DA or DCF) to detect superoxide anion and H 2 O 2 ,
respectively. Cells were washed and imaged using a Zeiss 510 confocal
microscope. Excitation was at 561 nm and 488 nm for MitoSOX Red and
DCF, respectively. Images were analyzed using Zeiss Zen 2010 software.
In vivo detection of superoxide was performed using 5μM
dihydroethidium (DHE) staining. 5‐10µm thick fresh tissue slices from the
left ventricle were obtained immediately following canine sacrifice, after
28 days of tachypacing.

Tissue was placed in 4‐degree isotonic saline and

loaded with DHE. Cells were washed and imaged using a Zeiss 510 confocal
microscope. Excitation was at 561 nm.

13

CHAPTER 3
RESULTS
VEGFR‐1 Agonists Reduce Angiotensin II‐Induced Oxidative Stress in
Mitochondria and Cytosol
Since oxidative stress is a major cause of apoptosis in the failing
heart, reactive oxygen species were measured using MitoSOX red, an
indicator of mitochondrial superoxide production, and DCF, an indicator of
cytosolic superoxides. We determined the role of selective VEGFR‐1
agonists (VEGF‐B and PlGF) in primary cultures of Sprague‐Dawley
neonatal cardiomyocytes.
Cardiomyocytes were cultured and pretreated with murine VEGF‐
B 167 , VEGF‐A, VEGF‐E or PlGF proteins (100ng/mL, for 24 hour). We first
tested the effects of VEGFs after cell exposure to AngII (10 ‐8 mol/L, for 24
hours), a major pathogenic, pro‐oxidant factor in the failing heart. Cells
were loaded with 5 μM MitoSOX or 5 μM of DCF. An increase in DCF and
MitoSOX fluorescence was seen using confocal microscopy, representing
the presence of ROS. The VEGFR‐1 agonists VEGF‐B and PlGF caused a
significant reduction of superoxide production, whereas VEGFR‐2 agonists
(VEGF‐A and –E) appeared to have no effect (Figure 4A).
To elucidate whether VEGFR‐1 stimulation has this effect with other
causes of oxidative stress, it is necessary to test it further with another
pro‐oxidant factor.
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A)

B)

C)

Figure 4 A) Representative confocal micrographs from n=3 replicates of neonatal
cardiomyocytes loaded with 5 μM MitoSOX Red and 5 μM DCF. Cells were challenged
with AngII (10‐8mol/L) and some were previously transfected with VEGF‐A, ‐B, ‐E, and
PlGF. Stronger MitoSOX staining (red fluorescence) in Ang II‐treated cardio myocytes
was seen compared to untreated controls. VEGF‐B167 and PlGF (VEGFR‐1 agonists)
substantially reduced MitoSox fluorescence in Ang II treated cells. VEGF‐A (VEGFR‐1 &
R‐2 agonist) and VEGF‐E (VEGFR‐2 agonist) did not cause any significant difference in
MitoSOX fluorescence. Quantification of MitoSox and DCF fluorescence (f.a.u) is shown
in (B) and (C), respectively.
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Norepinephrine‐Induced Oxidative Stress is Limited to the Cytosol
Activation of the sympathetic nervous system causes the release of
catecholamines such as norepinephrine. Norepinephrine undergoes
catalytic oxidative deamination by MAO located on the mitochondrial
membrane within the myocardium, stimulating the production of H 2 O 2 ,
specifically in the cytoplasm.
In order to characterize the actions of norepinephrine in oxidative
stress, neonatal cardiomyocytes were cultured and pretreated with murine
VEGF‐B 167 , VEGF‐A, VEGF‐E or PlGF proteins (100ng/mL, for 24 hour).
Cells were then challenged with norepinephrine (50μM, for 24 hours).
They were loaded with 5 μM MitoSOX Red and mitochondrial oxidative
stress was monitored using confocal microscopy. As expected, oxidative
stress did not change significantly in the mitochondria, indicating that
norepinephrine did not have an effect there (Figure 5A).
Conversely, it was expected that oxidative stress would increase in
the cytoplasm of these cells under these conditions. Therefore, it was
necessary to monitor the ROS production with DCF.
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A)

B)

Figure 5 A) Representative confocal micrographs from n=4 replicates of neonatal
cardiomyocytes loaded with 5 μMMitoSOX Red. Cells were challenged with
norepinephrine (50μM) for 24 hours after pre‐treatment with VEGF‐A, ‐B, ‐E, and
PlGF.
B) Quantification of MitoSox fluorescence (f.a.u). No significant differences were
found among groups.
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As expected, an increase in oxidative stress was found as compared
to the control cells. However, pre‐treatment with VEGF‐B and PlGF, but not
with partial VEFR‐2 agonist VEGF‐A and selective VEFR‐2 agonist VEGF‐E
(Figure 6A).
The next step was to determine what these agonists maybe acting
through.
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Figure 6 A) Representative confocal micrographs from n=4 replicates of neonatal
cardiomyocytes loaded with DCF. Cells were challenged with norepinephrine (50μM)
after pre‐treatment with murine VEGF‐A, ‐B, ‐E, and PlGF peptides. VEGFR‐1 agonists
significantly reduced oxidative stress induced by norepinephrine, while VEGFR‐2
agonists did not cause significant changes.
B) Quantification of DCF fluorescence (f.a.u). A significant difference was seen in
oxidative stress after treatment with NE. Both VEGF‐B and PlGF displayed a significant
reduction in oxidative stress as compared with NE.
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VEGFR‐1 Agonists May Act Through SOD2 and GPX‐1
Superoxide is highly reactive and weakly lipid soluble, but can be
converted to less reactive and highly lipid soluble H 2 O 2 by superoxide
dismutases (SODs). SODs and glutathione peroxidase (GPx) exist as
endogenous antioxidant systems within the myocardium. It is possible
that VEGFR‐1 agonists may be acting through SOD2 or GPX‐1 to lower
oxidative stress.
To determine if VEGFR‐1 agonists play a role in the oxidative stress
pathway, cells were transduced with Ad5 carrying SOD2 and GPX‐1
(100ng/mL), to enhance the expression of two fundamental enzymes
responsible for the anti‐oxidant defense. Cells were loaded with 5μM
MitoSOX Red and ROS was measured. Both GPX‐1 and SOD2 showed a
significant reduction in oxidative stress, with the greatest effect by SOD2.
The reduction in oxidative stress was comparable to that seen with VEGF‐B
treatment. This suggests that VEGF‐R1 may be signaling through SOD2 and
GPX‐1 (Figure 7A). To further explore if these enzymes play a role in
VEGFR‐1 signaling, the next step was to knock down their expression and
to monitor oxidative stress.
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Figure 7 A) Representative confocal micrographs from n=3 replicates of neonatal
cardiomyocytes loaded with MitoSOX Red. Cells were challenged with Angiotensin II
with groups previously transduced with adenovirus 5 (Ad5)‐ Superoxide dismutase 2,
Ad5‐glutathione peroxidase (GPX‐1), and Ad5‐SOD2+Ad5‐GPX1. A significant
reduction in mitochondrial oxidative stress was found in the cells transduced with
SOD2 and GPX‐1.
B) Quantification of MitoSox fluorescence (f.a.u). There was a significant difference
between the control and Ad5‐ SOD2, Ad5‐glutathione peroxidase (GPX‐1), and Ad5‐
SOD2+Ad5‐GPX1.
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VEGFR‐1 Stimulation May Act Through SOD2 to Reduce Oxidative Stress
In order to develop a better understanding of the possible role SOD2 plays in
VEGFR‐1 anti‐oxidant mechanisms, its expression was knocked down using anti‐
SOD2 short‐interfering RNA (siSOD2). Neonatal cardiomyocytes were treated with
Ang II (10‐8mol/L) with or without VEGF‐B167, and VEGF‐B167 + siSOD2 (100ng/mL)
and loaded with 5μM MitoSOX Red. Stronger MitoSOX staining was found in Ang II‐
treated cardiomyocytes compared to untreated controls. VEGF‐B167 significantly
reduced fluorescence compared to Ang II treated cells. VEGF‐B167 + siSOD2 did not
reduce fluorescence as much as VEGF‐B167, strongly suggesting a role for SOD2 in
the anti‐oxidative and cytoprotective effects of VEGF‐B167. Such effect was not
statistically significant and more experiments are being performed to increase the
efficiency of SOD2 knockdown.
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Figure 8 A) Representative confocal micrographs from n=3 replicates of neonatal
cardiomyocytes loaded with MitoSOX Red. Cells were challenged with Angiotensin II
(10‐8mol/L) after exposure to VEGF‐B, without and with anti‐SOD2 short‐interfering
RNA A significant reduction in mitochondrial oxidative stress was seen in the cells
transfected with SOD2.
B) Quantification of MitoSox fluorescence (f.a.u). Cells challenged with Angiotensin II
exhibited significantly higher oxidative stress than the control. There was a significant
difference between Angiotensin II challenged cells that were treated with VEGF‐B as
well as VEGF‐B+siSOD2 as compared with untreated cells.
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Reduced Oxidative Stress in tissue slices from pacing hearts transduced with
VEGF‐B
The results in vitro provide strong evidence that oxidative stress is
attenuated by VEGFR‐1 ligands. Therefore, the next step was to determine
whether this mechanism also occurred in vivo. Fresh tissue slices of canine
left ventricle were obtained after 28 days of pacing from normal, heart
failure, and heart failure+AAV9‐VEGF‐B dogs. Two different assessments
were made: NADH concentration and ROS production.
NADH is an autofluorescent molecule that fluoresces at 390nm. It is
measured to determine the efficiency of the electron transport chain (ETC).
Higher fluorescence of NADH indicates a “back‐up” of complex 2 and
therefore, inefficiency of the ETC. The ineffectiveness of complex 2 leads
to a leaking of ROS.
DHE staining detects general ROS within tissue and excitation occurs
at 561nm. If there is a higher amount of ROS being detected with NADH, a
high amount of ROS is also expected in DHE staining.
The heart failure group showed high fluorescence for both
NADH and DHE staining. VEGF‐B gene transfer significantly attenuated
fluorescence in both DHE and NADH staining, meaning a lower
concentration of ROS and therefore, less pro‐apoptotic injury. These
results are consistent with those found in vitro, which suggests that
myocardial transduction with the VEGFR‐1 agonist VEGF‐B may lower
apoptosis during the development of heart failure.
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A)

B)

✚

✚
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Figure 9 A) Representative confocal micrographs from n=3 replicates of canine left
ventricular tissue loaded with 5 μMNADH and 5 μMDHE stain. Cells were subjected to
28 days of tachypacing to induce heart failure with or without AAV‐9‐VEGF‐B167. Cells
transduced with VEGF‐B167 displayed significantly less fluorescence, meaning less
oxidative stress.
B) Quantification of NADH and DHE fluorescence (f.a.u). ✚<0.05 vs. Control *P<0.05
vs. heart failure. Quantitatively VEGF‐B essentially normalized oxidative stress levels.
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CHAPTER 4
DISCUSSION
VEGFR‐1 activation with VEGF‐B has been shown to be anti‐apoptotic
by inhibiting the Foxo3α and GSK3β pathways in cardiomyocytes (Pepe M
et al, 2010). Numerous studies have investigated the actions of VEGF‐A as
a ligand of VEGFR‐2 and have found anti‐apoptotic effects that are also
accompanied by extensive angiogenesis, which is not always desired. For
example, VEGF‐A‐mediated VEGFR‐2 activation plays a major role during
the development of diabetic retinopathy {{Gupta, 2013}}.
However, the development of heart failure is characterized by two
major pathophysiological causes: extensive cardiac apoptosis and increased
oxidative stress. Many of the previous studies have utilized only small
animal models. There is a need to validate those findings in more
clinically relevant large animal models, as we have done in the current
study. Furthermore, all experiments and measurements in vivo were
performed in the conscious state.
Previous studies from the Recchia lab found that cardiac gene
transfer with AAV carrying VEGF‐B delays the onset of decompensated
heart failure {{Pepe, 2010}}. This treatment reduced the number of
TUNEL‐positive cells and the activation of the pro‐apoptotic caspase‐3 and
‐9 enzymes. The present study further explored the potential mechanisms
responsible for anti‐oxidative effects of VEGF‐B 167 .
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We provided evidence that VEGFR‐1 agonists (VEGF‐B 167 and PlGF)
activate mechanisms that limit oxidative stress in the failing heart as well
as in cultured cardiomyocytes exposed to angiotensin II or to
norepinephrine. Consistent with data from previous studies, we observed
VEGFR‐1 agonists (VEGF‐B 167 and PlGF) reduced oxidative stress in vitro
when challenged with pathogenic Angiotensin II (Ang II). Levels of ROS
were determined using confocal microscopy measuring the fluorescence of
MitoSox Red (ROS in mitochondria) and DCF (ROS in cytosol). An increase
in oxidative stress was seen in untreated cells challenged with AngII
demonstrating the direct correlation with ROS (Figure 4A). High levels of
ROS were also seen in VEGFR‐2 agonists VEGF‐A and –E, showing no
significant difference despite their treatment. VEGFR‐1 stimulation played
a significant role in the reduction of oxidative stress within the heart.
SOD2 and GPX1 were investigated as possible candidates for playing
roles in the anti‐oxidative stress pathway. SOD2 and GPX1 carried by
adenovirus 5 effectively protected cardiomyocytes against mitochondrial
oxidative stress (Figure 7A). SOD2 was a more efficient protector. To
confirm that this enzyme was most likely involved in the anti‐oxidant
activity of VEGF‐B 167 , its expression was knocked down. This intervention
partially attenuated the ant‐oxidant effect of VEGF‐B 167 , which suggests
that SOD2 played an important role in this mechanism (Figure 8A). Our
results suggest that VEGFR‐1 stimulation may protect cardiomyocytes from
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oxidative stress by upregulating the expression of the anti‐oxidant enzymes
SOD2 and GPX‐1.
After demonstrating the anti‐oxidant mechanisms of VEGFR‐1
stimulation in vitro, the question still remained of whether the same effects
occurred in cardiac tissue in vivo. Slices of left ventricular tissue were
obtained from canines after 28 days from normal and failing hearts without
and with VEGF‐B 167 gene transfer. Confocal microscopy was utilized to
measure NADH as well as slices that were loaded with 5μM of DHE stain.
Heart failure caused a dramatic increase in the presence of reactive oxygen
species, which was significantly attenuated in dogs transduced with VEGF‐
B 167 (Figure 9A). Therefore, we provided good evidence that stimulation
of the VEGFR‐1 by its selective ligand reduces oxidative stress also in vivo.

Future Directions
Dilated cardiomyopathy is a potential target for gene therapy with
VEGFR‐1 ligands such as VEGF‐B 167 . This project has laid out the
foundation for possible therapeutic approaches aimed to prevent the
malignant progression of dilated cardiomyopathy. The stimulation of
VEGFR‐1 by its selective ligands significantly reduces oxidative stress, a
major cause of apoptosis in the failing heart. This protection is most likely
mediated by the enzymes SOD2 and GPX1. Future therapies may target
these molecular pathways in order to lower oxidative stress in the heart
and in turn reduce apoptosis.
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Study Limitations
A limitation to our study that should be pointed out is the use of
neonatal cardiomyocytes for mitochondrial studies. Mitochondrial
dynamics differs in the neonatal heart in comparison with the adult heart.
Mitochondria in the neonatal heart are present throughout the cytoplasm
and are able to move freely. In contrast, the adult heart highly restricts
free movement of mitochondria. However, the aim of this study was to
explore the gaps in knowledge of molecular mechanisms. Neonatal
cardiomyocytes are the most widely accepted model for such experiments.
Furthermore, the reliability of cells studies was supported their
consistency with our findings in cardiac tissue slices..
In conclusion, the present study reveals evidence that stimulation of
VEGFR‐1 by its ligands VEGF‐B 167 and PlGF serves as a cardioprotective
factor capable of reducing oxidative stress and, in turn, apoptosis. In our
opinion, this study will lead to interesting clinical applications in the
treatment of dilated cardiomyopathy.
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