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Abstract

Rationale—\Vascular endothelial growth factor (VEGF)-B selectively binds VEGF receptor
(VEGFR)-1, a receptor that does not mediate angiogenesis, and is emerging as a major
cytoprotective factor.

Objective—To test the hypothesis that VEGF-B exerts non-angiogenesis-related cardioprotective
effects in nonischemic dilated cardiomyopathy.

Methods and Results—AAV-9—carried VEGF-B157 cDNA (1012 genome copies) was injected
into the myocardium of chronically instrumented dogs developing tachypacing-induced dilated
cardiomyopathy. After 4 weeks of pacing, green fluorescent protein-transduced dogs (AAV-
control, n=8) were in overt congestive heart failure, whereas the VEGF-B-transduced (AAV-
VEGF-B, n=8) were still in a well-compensated state, with physiological arterial Po,. Left
ventricular (LV) end-diastolic pressure in AAV-VEGF-B and AAV-control was, respectively,
15.0+1.5 versus 26.7+1.8 mm Hg and LV regional fractional shortening was 9.4+1.6% versus
3.0+0.6% (all A<0.05). VEGF-B prevented LV wall thinning but did not induce cardiac
hypertrophy and did not affect the density of a-smooth muscle actin—positive microvessels,
whereas it normalized TUNEL-positive cardiomyocytes and caspase-9 and -3 activation.
Consistently, activated Akt, a major negative regulator of apoptosis, was superphysiological in
AAV-VEGF-B, whereas the proapoptotic intracellular mediators glycogen synthase kinase
(GSK)-3pand FoxO3a (Akt targets) were activated in AAV-control, but not in AAV-VEGF-B.
Cardiac VEGFR-1 expression was reduced 4-fold in all paced dogs, suggesting that exogenous
VEGF-B147 exerted a compensatory receptor stimulation. The cytoprotective effects of VEGF-
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B167 were further elucidated in cultured rat neonatal cardiomyocytes exposed to 1078 mol/L
angiotensin Il: VEGF-B147 prevented oxidative stress, loss of mitochondrial membrane potential,
and, consequently, apoptosis.

Conclusions—We determined a novel, angiogenesis-unrelated cardioprotective effect of VEGF-
B167 in nonischemic dilated cardiomyopathy, which limits apoptotic cell loss and delays the
progression toward failure.
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Vascular endothelial growth factor (VEGF)-B, 1 of the 5 members of the VEGF family,! is
relatively understudied compared to VEGF-A, yet is emerging as a major cytoprotective
factor.2:3 Expressed in tissues with elevated metabolism, including myocardium,? the VEGF-
B gene encodes for 2 isoforms, VEGF-B157 and VEGF-B1gg, Which selectively bind the
receptors VEGFR-1 and neuropilin-1.4> Based on data from knockout and transgenic
animals, this growth factor is minimally angiogenic and its absence is compatible with birth
and growth, although it seems important for physiological cardiac development.5-8 Li et al
have recently elucidated mechanisms responsible for VEGF-B—-induced cytoprotection:
VEGF-B147, via VEGFR-1, down-regulates genes of the apoptosis/cell death-related
pathways, in vitro, and can rescue neurons from apoptosis in mouse models of retinal and
brain damage.? The same authors found that, under pathological conditions, VEGF-B147,
albeit unable to induce blood vessel growth, is critically required for the survival of newly
formed vascular cells.3 We have later shown that VEGF-B1g7 gene transfer in infarcted rat
hearts attenuates remodeling and preserves viable cardiac tissue and contractility in the
absence of significant induction of angiogenesis. ? This is suggestive of an angiogenesis-
unrelated, direct prosurvival effect of VEGF-B147 on cardiomyocytes; however, no studies,
to date, have tested a similar protective role in cardiac diseases, such as dilated
cardiomyopathy, not associated with major vasculopathic/ischemic events. Although it is not
the principal cause of heart failure, dilated cardiomyopathy is particularly malignant,
accounting for the majority of cardiac transplants in the US,10 and its underlying etiology
remains in most cases undetermined. By definition, dilated cardiomyopathy is not caused by
large necrotic tissue loss consequent to coronary artery disease; hence, it would not benefit
from neoangiogenesis, whereas it is characterized by modest and widespread myocardial
fibrosis and increased apoptosis.1112 Interestingly, a clinical study found that in dilated, but
not in ischemic cardiomyopathy, a higher rate of apoptosis was associated with a more
rapidly deteriorating clinical course.13 Moreover, experimental studies have shown that a
few hundred apoptotic cells per million are sufficient to cause dilated cardiomyopathy,
which can be prevented by halting the mechanisms of cell death.141% It is also noteworthy
that cardiac VEGRF-1 expression is downregulated in patients with dilated, but not ischemic
cardiomyopathy.16 Based on these observations, we tested the hypothesis that VEGF-B1g7
overexpression can attenuate the structural and functional derangement of cardiac muscle in
dilated cardiomyopathy. Our study was conducted in canine pacing-induced heart failure,
which remains to date one of the best available preclinical models of human dilated
cardiomyopathy. The prevalence of apoptosis in dog hearts subjected to sustained
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tachypacing is similar to that found in patients,1” and the time course of failure is very
predictable; therefore, this model is well-suited to test potential cytoprotective and
protrophic effects of VEGF-Bqg7 delivery. To obtain sustained expression over time, VEGF-
B167 gene transfer was performed by using recombinant adeno-associated virus of serotype
9 (AAV9), a vector with marked cardiotropism.18 Mechanisms of cell protection were
further tested in cultured cardiomyocytes.

An expanded Methods section is available in the Online Data Supplement at http://
circres.ahajournals.org.

Surgical Instrumentation and AAV Delivery

Twenty-two adult, male, mongrel dogs (25 to 27 kg) were chronically instrumented as
previously described.19:20 In addition, 2 pairs of piezoelectric crystals were implanted in the
midmyocardium of the left ventricular (LV) free wall, orthogonal to the ventricular long
axis, 10 to 15 mm apart, to assess regional circumferential shortening. During surgery and
following a random order, in 14 dogs the heart was transduced with VEGF-B1g7 and in 8
dogs with the green fluorescent protein (GFP) transgene by 10 intramyocardial injections of
0.1 mL of AAV9 vectors (0.5x101! genome copies per injection) into the LV free wall,
according to a predefined map (Online Figure 1). Some of the points of injection were
previously tagged with epicardial thick silk stitches to allow postmortem identification of the
spots. One injection was performed in between each of the 2 pairs of piezoelectric crystals.

Experimental Protocol

Ten to 12 days after surgery and AAV delivery, baseline hemodynamics, regional shortening,
echocardiographic measurements were taken and paired arterial and coronary sinus blood
samples collected in conscious, nonsedated animals, trained to lie down quietly and
unrestrained on the laboratory table. Data were taken at spontaneous heart rate and after 10
minutes pacing at 210 bpm. Absolute myocardial flow was measured by injecting stable
isotope-labeled microspheres, both at spontaneous heart rate and during pacing.?! After
these baseline measurements, 8 of the 14 VEGF-B1g7-transduced (AAV-VEGF-B group)
and the 8 GFP-transduced dogs (AAV-control group) were subjected to chronic LV pacing at
210 bpm for 3 weeks; then the rate was increases to 240 bpm for an additional week. The
same measurements performed at baseline (O weeks pacing) were repeated at 3 and 4 weeks
of pacing, except for the microsphere injection and paired arterial and coronary sinus blood
sampling, which were repeated only at 4 weeks when the protocol was completed. Based on
our previous studies in dogs undergoing this pacing protocol, at 3 weeks dogs are still in
compensated failure,19:20 whereas at 4 weeks they reach end-stage heart failure,
characterized by a LV end-diastolic pressure of 225 mm Hg, drop in arterial Pg,, and
dyspnea. The remaining 6 VEGF-B1g7-transduced dogs were monitored for 4 weeks but not
paced and used to assess potential functional and morphological changes attributable to
long-term VEGF-B447 overexpression in a normal heart (AAV-VEGF-B nonpaced group).
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At the completion of the protocol, the dogs were euthanized with an overdose of sodium
pentobarbital, the heart was weighed, and transmural LV tissue samples were harvested from
the AAV-injected spots, ie, the anterolateral LV free wall, and from the remote LV region, ie,
the posterolateral LV free wall, close to the left posterior descending coronary artery. They
were immediately stored in liquid nitrogen or phosphate 10% formalin and coded for
blinded molecular and histological analysis, or exsiccated for later counting of the
microspheres. Only for comparisons of macroscopic (cardiac weight) and histological
cardiac changes, we used data and tissue samples obtained from a further group of 5 healthy
dogs that, after full recovery from chronic instrumentation, were euthanized because of
major failures of the implanted probes. This group is indicated as “normal.”

Surgical instrumentation and protocol were approved by the Institutional Animal Care and
Use Committee of the New York Medical College and conform to the guiding principles for
the care and use of laboratory animals published by the National Institutes of Health.

Hemodynamics, LV Regional Shortening, Echocardiographic Recordings and MVO»

See the Online Data Supplement.

Production, Purification, and Characterization of Recombinant AAV Vectors

Mouse VEGF-B167 cDNA was incorporated into recombinant AAV-9 prepared by the AAV
Vector Unit at ICGEB Trieste (http://www.icgeb.org/avu-core-facility.html), by a cross-
packaging approach whereby the AAV type 2 vector genome was packaged into AAV capsid
serotype 9. Methods for production and purification were previously described.22 AAV titers
were in the range of 1x1012 genome copies per milliliter.

Histology and Immunofluorescence

To determine alterations in microvascular density, endothelial cells were detected using
FITC-conjugated Lycopersicum esculentum lectin and vascular smooth muscle cells using a
Cy3-conjugated anti a-SMA mouse monoclonal antibody. The microvessel number was
normalized by the number of cardiac fibers. Apoptotic cells were visualized by TUNEL and
cardiomyocyte cross-sectional area was measured.%:22

Isoprostane and Caspase-9 Activity in LV Tissue

Because the production of reactive oxygen species is increased in the failing heart,23:24 we
measured 8-isoprostane content, an index of oxidative stress, and the activity of caspase-9,
which increases in response to oxidative mitochondrial damage, thus triggering the apoptotic
cascade. In LV tissue homogenates, 8-isoprostane was measured by the EIA kit (Cayman
Chemicals) and caspase-9 activity in LV homogenates was measured with a colorimetric
activity assay Kkit.

PCR, ELISA, and Western Blotting

Total LV DNA was extracted to detect AAV genomic DNA and RNA was purified to
quantify murine VEGF-B147 (AAV-carried transgene) and dog VEGF-B1g7, VEGF-A14s,
VEGFR-1, VEGFR-2 and Neuropilin-1 transcripts. Dog serum samples from arterial and
coronary sinus blood were analyzed by ELISA for the presence of mouse VEGF-B147
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secreted in the circulation from the transduced heart tissue. Western blot was used to
quantify the activated/cleaved caspase-3, which is the final common effector of the apoptotic
pathway, and to determine the activation state of Akt, a major antiapoptotic kinase,2° and of
2 of its targets critically involved in the positive regulation of apoptosis, namely GSK-35and
FoxO3a, which are inactivated by phosphorylation in the cytosol and in the nucleus,
respectively.26-28

Cultured Cardiac Myocytes

Potential mechanisms of cytoprotection mediated by VEGF-B1g7 were studied in neonatal
rat cardiomyocytes. There are many causes of cell damage occurring in the failing heart, still
partially unknown, therefore we focused on a major one, namely the upregulated angiotensin
11 (Ang 11),2° one of the main activators of oxidative stress.30 Cardiomyocytes were cultured
and pretreated with murine VEGF-B1¢7 protein (100 ng/mL, for 24 hour) or vehicle. Then
the culture medium was added with Ang 11 (1078 mol/L, for 24 hour). After the treatment
period the percent of TUNEL-positive cells, a marker of apoptosis, and caspase-3 and -9
activities were assessed in cell homogenates.

To elucidate downstream effects of Ang I, we tested Ang Il-induced mitochondrial Oy~
production and consequent damage.3! Neonatal rat cardiomyocytes were exposed to Ang Il
with and without VEGF-B47 as described above. We then assessed Ang Il1-induced
mitochondrial Oo~ production and total cell peroxide production. Changes in mitochondrial
membrane potential were measured as they are a known downstream effect of Ang 11—
induced oxidative stress. We have used these methods previously.32

Statistical Analysis

Results

Data are presented as means+SEM. Statistical analysis was performed by using
commercially available software. Changes at different time points in the same group and
differences among groups or in vitro data sets were compared by one- and two-way ANOVA
followed by Tukey post hoc test. For all of the statistical analyses, significance was accepted
at A<0.05.

Hemodynamics

The hemodynamic changes found in AAV-control were very consistent with the typical
evolution of this model of failure, as previously described by us.1819 LV end-diastolic
pressure (Figure 1) reached values =25 mm Hg after 4 weeks of pacing, indicating a
condition of end-stage, congestive heart failure. However, VEGF-B17 delivery markedly
attenuated this increase, and, at 4 weeks, LV end-diastolic pressure was still comparable to
values found at 3 weeks in AAV-control. Consistent with the development of congestive
heart failure, in AAV-control arterial Po, decreased from 90.0+2.9 mm Hg at baseline
(P=NS versus the AAV-VEGF-B group) to 67.0+4.8 mm Hg after 4 weeks of pacing (P<0.05
versus baseline), whereas the better preserved diastolic function in the AAV-VEGF-B group
was reflected by an arterial Po, of 83.4+5.2 mm Hg at 4 weeks (P=NS versus baseline).
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Figure 1 shows other major hemodynamic changes. Compared to AAV-control, VEGF-B
gene delivery limited the fall in LV systolic pressure, dP/dtax and mean arterial pressure
during the pacing protocol. On the other hand, there were no significant hemodynamic
changes from baseline during the 4-week follow up in the AAV-VEGF-B nonpaced group
(data not shown).

Global and Regional Cardiac Function

Global cardiac function was evaluated by echocardiography (Figure 2). Ejection fraction
decreased significantly in both groups, although it was better preserved in AAV-VEGF-B.
LV end-diastolic diameter increased significantly only in AAV-control; however, the same
trend was also present in AAV-VEGF-B, and therefore there was no significant difference
between the 2 groups. LV end-systolic diameter increased significantly in both groups. Two
parameters that did not change significantly in AAV-VEGF-B during the pacing protocol
were the end-diastolic thickness and systolic thickening of the LV free wall. As expected,
there were significant LV wall thinning and diminished systolic thickening in AAV-control.
Thickening is an index of regional contractile performance that we measured along the
selected plane of echo scanning. To further explore regional changes in contractile
performance of the transduced LV areas, we measured circumferential systolic shortening
with piezoelectric crystals (Figure 3), which, consistent with the echo data, decreased
significantly in AAV-control, but was markedly preserved in AAV-VEGF-B. The integral of
the LV pressure-segmental length loop provides a surrogate of regional stroke work, that,
expressed as a percentage of the baseline (0 weeks), fell significantly by approximately 89%
in AAV-control, but only by 58% in AAV-VEGF-B, after 4 weeks of pacing. Figure 3B
shows 2 examples of changes in the pressure-length loops in the 2 groups, with the
remarkable preservation of regional function in AAV-VEGF-B. Please note that the different
baseline loops in the 2 groups were attributable to the unavoidable variability, from dog to
dog, of the distance between crystals placed during surgery, and for that reason regional
work in Figure 3A is expressed as percentage of baseline. On the other hand, there were no
significant changes from baseline, in wall thickness and global and regional function, during
the 4-week follow up in the AAV-VEGF-B nonpaced group (data not shown).

Coronary Flow and MVO»

The beneficial effects of AAV-VEGF-B delivery could be possibly attributable to myocardial
neoangiogenesis and therefore enhanced blood perfusion and oxygen consumption. We
therefore measured coronary blood flow in the circumflex coronary artery, which is
responsible for the perfusion of a large portion of the LV free wall, including the transduced
areas. Moreover, we measured absolute myocardial perfusion in samples selectively taken
from the AAV-injected spots. As shown in the Table, no significant differences were found
between the 2 groups, both at spontaneous heart rate and during acute pacing stress, at
baseline and after 4 weeks of pacing. MVO, displayed a trend toward increased baseline
values in AAV-VEGF-B compared to AAV-control; however, these differences between the 2
groups were not statistical significant, not even during acute pacing stress.
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Structural Changes at Macroscopic and Microscopic Level

The heart weight to body weight ratio was 10.07+0.29 g/kg in AAV-VEGF-B, 9.07+0.36
g/kg in AAV-control, 9.04+0.17 g/kg in nonpaced AAV-VEGF-B and 9.21+0.22 g/kg in
normal (P=NS for all comparisons). Histology revealed an approximately 15% reduction in
capillary density in AAV-control compared to normal, which was prevented in AAV-VEGF-
B (Figure 4A and 4B). On the other hand, the density of microvessels with a-smooth muscle
actin positive wall was not significantly different among groups (Figure 4A and 4C).
Cardiomyocytes cross-sectional area was significantly increased in both paced and nonpaced
AAV-VEGF-B compared to normal (Figure 4D and 4E), a local effect limited to the site of
injection that was evidently insufficient to produce detectable LV hypertrophy. TUNEL-
positive cardiomyocyte nuclei were increased by approximately eightfold in AAV-control
and their number was halved in AAV-VEGF-B, although still higher than normal (Figure 5A
and 5B). Consistently, caspase-9 activity was increased and cleaved caspase-3 was clearly
detectable only in AAV-control (Figure 5C and 5D).

Oxidative Stress

Total tissue isoprostane content was 37.9+5.4 pg/mg protein in normal LV, increased to
84.0+5.8 pg/mg in AAV-control group (A<0.05), but was normalized in paced AAV-VEGF-B
(39.3+4.0 pg/mg).

Gene Expression of Murine VEGF-B,g7 and Endogenous VEGF-B4g7, VEGF-A, VEGFR-1,
VEGFR-2, and Neuropilin-1

The murine VEGF-B4g7 transgene delivered via AAV was expressed in the injection site
and, to a much lesser extent, in the remote site (Online Figure 11). However, murine VEGF-
B1g7 protein concentration, both in arterial and coronary sinus blood samples, was below the
ELISA threshold of detection.

VEGF-A1g5 gene expression was (normalized to Hprt gene expression): 0.87+0.4 in AAV-
VEGF-B, 0.63+0.1 in AAV-control (A<0.05 versus normal) and 1.05+0.1 in normal, yet
VEGF-B147 Was not significantly different among groups (data not shown). VEGFR-1
expression was reduced by approximately fourfold and neuropilin-1 by approximately 50%
to 30% in both of AAV-control and AAV-VEGF-B compared to normal (Figure 6A). On the
other hand, there were no significant differences of VEGFR-2 gene expression among
groups.

Activation State of Akt, GSK-38, and FoxO3a

Protein expression of Akt was not significantly different among groups; however, its
phosphorylation was significantly higher in AAV-control compared to normal and even
higher in AAV-VEGF-B (Figure 6B). We then examined GSK-3/and FoxO3a, 2 targets of
Akt phosphorylation, one cytosolic and the other nuclear, both involved in the control of
apoptosis. The levels of protein expression was not significantly different among groups,
whereas, inconsistent with Akt hyperactivation, their phosphorylation was significantly
reduced in AAV-control compared to normal. In AAV-VEGF-B, however, physiological
levels of pospho-GSK-35were reestablished, whereas phospho-FoxO3a was
superphysiological (Figure 6B).
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Cultured Cardiac Myocytes

Decreased mitochondrial function in cardiomyocytes is one of the earliest events of Ang Il
action, which leads to mitochondrial depletion and increased apoptosis. In this regard, we
found that Ang Il significantly increases apoptosis in cultured cardiac myocytes (Figure 7A),
which was consistent with the activation of caspase-9 and -3 (Figure 7B and 7C). Moreover,
treatment of cardiac myocytes with Ang Il results in significant cellular (Figure 7D) and
mitochondrial oxidative stress (Figure 7E through 7G), which are thought to play a role in
the induction of apoptotic cell death. Importantly, VEGF-B147 effectively protected cardiac
myocytes against both Ang Il-induced apoptosis (Figure 7A and 7B) and mitochondrial
oxidative stress (Figure 7E through 7G). Treatment of cardiac myocytes with Ang Il resulted
in a loss of red fluorescence of J-aggregates and an increase in green fluorescence of JC-1
monomer (Figure 7H), indicating loss of mitochondrial membrane potential (Au,). All of
these alterations were attenuated or completely prevented in the presence of VEGF-Bg7,
indicating a preservation of mitochondrial integrity.

Discussion

Our study shows that cardiac delivery of VEGF-B147 transgene, obtained by no more than
ten direct intramyocardial injections of AAV-9 vectors, delays the progression of pacing-
induced dilated cardiomyopathy toward congestive failure. After 4 weeks of tachypacing,
hearts transduced with VEGF-B167 maintained a LV end-diastolic pressure compatible with
physiological pulmonary blood oxygenation, whereas LV wall thickness and global and
regional contractile function were either not significantly changed or preserved compared to
baseline. On the other hand, VEGF-B1¢7 gene transfer did not affect myocardial blood
perfusion and oxygen consumption at spontaneous heart rate or during acute pacing stress.
Consistently, VEGF-B1g7 transgene did not alter the density of LV microvessels endowed
with smooth muscle wall, whereas it prevented the slight capillary rarefaction found in
control paced dogs. The low rate of apoptosis and the normalized levels of active capsase-9
and -3 in myocardial tissue suggest antiapoptotic and protrophic actions of VEGF-B1¢7,
which likely averted both of cardiomyocyte and capillary endothelial cell loss. Interestingly,
the antiapoptotic kinase Akt was more active in the failing heart, as previously found in
human and tachypacing-induced heart failure,33:34 and yet the phosphorylation/inactivation
of 2 major targets of this kinase in cytosolic and nuclear compartments, ie, GSK-34and
FoxO3a, known as important proapoptotic mediators,26-28 was significantly reduced
compared to normal hearts. Consistent with its antiapoptotic action, VEGF-B147
transduction re-established normal levels of GSK-34and FoxO3a phosphorylation.

VEGF-B157 and Oxidative Stress

The determinants of apoptosis, in the failing heart, are notoriously numerous, and VEGF-
B167 transgene likely counteracted more than one of them. We focused on oxidative stress, a
well recognized cause of myocardial cell damage in various forms of failure,1723.24 which is
indirectly revealed by fingerprints such as 8-isoprostane and can be triggered by several
factors, in particular the locally produced angiotensin 11.39 In paced dogs transduced with
VEGF-B447, tissue 8-isoprostane concentration was not significantly different from normal,
suggesting a mechanism of protection against oxidative stress. Such mechanism was further
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tested in cultured cardiomyocytes exposed to angiotensin Il: VEGF-B147 displayed an action
previously unrecognized for this factor, ie, blocked the sequence oxidative
stress—mitochondrial damage—apoptosis.3%31 This adds to cell trophic state enhancement
and antiapoptotic effects of VEGF-Bg7 on cultured cardiomyocytes exposed to other insults
such as hypoxia/reoxygenation or the genotoxic agent epirubicin, recently shown by us.®

Angiogenesis-Unrelated Myocardial Protection

The capability to mitigate the pathogenesis of heart failure without inducing angiogenesis,
thus via a direct cytoprotective and protrophic action, has been previously attributed to other
families of growth factors, for instance the fibroblast growth factor-5.3% However, as regards
the VEGF family, this is a new paradigm. In fact, the rationale that has thus far driven
experimental and clinical protocols with gene delivery of VEGF-A, the best known and most
widely used VEGF, in hearts with ischemic3® and even nonischemic injury,37 is that the
therapeutic outcome of this factor is attributable to neoangiogenesis and consequent
perfusion enhancement. However, substantial evidence indicates that the expression of the
VEGF receptors VEGFR-1 and -2 is not restricted to endothelial cells, but is present also in
other cell types including cardiomyocytes,38 and that their ligand VEGF-A exerts further
fundamental functions, beyond proangiogenesis. ! In a study on VEGF-A1g5 gene transfer to
infarcted dog hearts, we observed a functional improvement within 48 hours, a temporal
frame not compatible with the formation of new blood vessels and suggestive of a direct
protective effect on cardiomyocytes,38 as proposed also by other authors.3° More recently,
we found that VEGF-B147 gene transfer in infarcted rat hearts caused minimal angiogenesis
and yet was as much beneficial as VEGF-A.? The ensuing question was whether the direct
cytoprotective action of a VEGF member, per se, is sufficient to delay the progression of a
form of heart failure unrelated to major coronary alterations. The ideal molecular probe to
address this question was VEGF-B, a selective ligand of VEGFR-1, not mediating
angiogenesis, and therefore devoid of additional, confounding outcomes of new vessel
formation in diseased myocardium. Compared to VEGF-A, very little was known about the
actions of VEGF-B in response to cell damage until seminal studies published over the past
2 years showed its marked antiapoptotic and cytoprotective effects both in vitro and in
vivo.2:3 These recent findings led us to the hypothesis that cardiac gene transfer of VEGF-
B167 could ameliorate the evolution of a form of heart failure not caused by tissue loss from
ischemic injury. Dilated cardiomyopathy was a well-suited target to test our hypothesis,
because, by definition, it is characterized by ventricular chamber dilation in the absence of
coronary disease and, independent of its cause that remains in many cases unrecognized, its
pathogenesis involves severe cell damage leading to apoptotic death. We used pacing-
induced heart failure, a long established model of dilated cardiomyopathy that, although
limited as any other model, reproduces many features of the human disease, including
cardiomyocyte damage and rate of apoptosis.1” We now found a further, interesting
analogy,16 ie, decreased gene expression of VEGF-A, but not VEGF-Bj47, associated with
VEGFR-1 and neuopilin-1 downregulation, even in the AAV-VEGF-B group, whereas
VEGFR-2 was not significantly altered. This suggests that supplementary, exogenous
VEGF-B might have compensated for the reduced availability of its specific receptors
VEGFR-1 and neuropilin-1 that, different from VEGFR-2, do not mediate angiogenesis.
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Local Versus Global Effects of VEGF-B1g7 Gene Transfer

The method of gene delivery used yielded transduction that was highest in the LV site of
injection, and detectable also, albeit much lower, in the remote site. It remains unclear how
such nonhomogeneous distribution could affect global LV function, with repercussions on
systemic hemodynamics. We could not find measurable levels of mouse VEGF-B1g7 in
arterial and coronary sinus blood, ruling out a relevant cell secretion. Nonetheless VEGF-
B167 gene transfer was sufficient to induce a local increase in the cardiomyocyte cross
sectional area, but not as high to determine superphysiological or even untoward structural
changes, such as neoangiogenesis and cardiac hypertrophy. Presumably, an excessive
VEGF-B147 overexpression would have caused marked hypertrophy, as described in
transgenic mice.8 In this regard, it is interesting to note that, in infarcted rabbit and pig
hearts, other authors have very recently found therapeutic angiogenesis induced by
intracoronary gene delivery of the diffusible isoform VEGF-B1gg in addition to antiapoptotic
effects in cultured cardiomyocytes.#? Perhaps such difference relative to our results is
attributable to the kinetics and dynamics of the diffusible VEGF-B4gg isoform and/or to the
level of its expression and/or to the presence of large areas of ischemia, a condition in which,
as proposed by a recent report, this growth factor is critically required for the survival of
newly formed vascular cells.3

Study Limitations

At least 2 limitations of our study should be pointed out. First, VEGF-B147 gene delivery
was performed during surgical instrumentation, before and not after starting the pacing
protocol, and the study was only in part blinded. However, the present study was not
designed as a preclinical trial, as its primary goal was to test VEGF-B447-mediated
cardioprotection in a model of progressive cardiac derangement. We needed to minimize
confounding variables related to AAV delivery, therefore we chose to use multiple direct
intramyocardial injections in well defined points that could be visually identified
postmortem in animals that could be operated only once. Nevertheless, no significant
differences between groups were noted at baseline, before starting the pacing protocol;
furthermore, we recently found VEGF-B147 transgene to be effective when administered
after and not before inducing myocardial infarction.? A second limitation concerns our data
on the percent of apoptosis measured by TUNEL-based analysis. Compared to other
studies, 141517 jt seems overestimated; however, it was not meant to provide an absolute
quantification, but rather an index to be interpreted together with other changes such as
oxidative stress and caspase activation.

In conclusion, we provide novel evidence that VEGF-B1¢7 is a cardiomyocyte protective
factor capable of delaying functional derangement in a model of severe cardiomyopathy
with high rate of apoptosis, without affecting myocardial blood perfusion and inducing
angiogenesis. Besides expanding our knowledge on a relatively undervalued member of the
VEGF family, this study has also translational implications, as it suggests a promising new
candidate for gene therapy of dilated cardiomyopathy, whose cure, at present, relies on
unsatisfactory pharmacological options.
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AAV-control paced dogs transduced with green fluorescent protein

AAV-VEGF-B paced dogs transduced with VEGF-B1g7

Ang |1 angiotensin 11

GFP green fluorescent protein

GSK glycogen synthase kinase

LV left ventricular

MVO, myocardial oxygen consumption per minute

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor
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Novelty and Significance
What Is Known?

»  Vascular endothelial growth factor (VEGF)-B, a selective ligand of the receptor
VEGFR-1, is a minimally angiogenic growth factor that plays an important role
in heart development and, when overexpressed, induces cardiomyocyte
hypertrophy.

» The isoforms VEGF-B167 and VEGF-B1gg can activate potent cytoprotective
mechanisms in cells exposed to a variety of harmful conditions.

» VEGF-B exerts a marked cardioprotective effect in ischemic/infarcted hearts by
binding VEGFR-1 expressed by cardiomyocytes.

What New Information Does This Article Contribute?

e VEGF-B1g7 gene delivery to the heart delays ventricular pump failure in a dog
model of nonischemic dilated cardiomyopathy, while not inducing significant
neoangiogenesis.

» VEGF-Bg7 attenuates oxidative stress and apoptosis, 2 interrelated, major
determinants of progressive tissue loss in nonischemic dilated cardiomyopathy.

»  Consistent with its cytoprotective effects in failing hearts, VEGF-B147 prevents
oxidative stress and mitochondrial damage caused by angiotensin Il in cultured
cardiomyocyte.

VEGF-B is emerging as a major cytoprotective factor; however, no previous studies had
tested its beneficial effects in nonischemic cardiac diseases. VEGF-B147 CDNA carried
by adeno-associated viral vectors was delivered to the myocardium of dogs developing
tachypacing-induced dilated cardiomyopathy. After 4 weeks of pacing, these dogs were
still in a well-compensated state compared to control dogs. Consistently, hemodynamic
and cardiac functional and morphological parameters were better preserved. Histological
and molecular analysis indicated that VEGF-B147 markedly attenuated oxidative stress
and cell apoptosis without inducing detectable neoangiogenesis. The cytoprotective
effects of VEGF-B47 were further elucidated in cultured rat neonatal cardiomyocytes
exposed to high concentrations of angiotensin Il to mimic a recognized cause of oxidative
stress and cell damage occurring in failing hearts. VEGF-B147 prevented oxidative stress,
loss of mitochondrial membrane potential, and, consequently, apoptosis. We provide
novel evidence that VEGF-B147 is a cardiomyocyte protective factor capable of delaying
the onset of decompensated failure in a model of severe nonischemic cardiomyopathy,
without altering myocardial vascularization. Besides expanding our knowledge of a less
known member of the VEGF family, this study has also translational implications,
because it suggests a promising new candidate for gene therapy of dilated
cardiomyopathy, whose cure, at present, relies on unsatisfactory pharmacological options.
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Figure 1. Changes in major hemodynamic parameters over the 4 weeks of chronic pacing
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A, Changes in LV end-diastolic pressure. B, Changes in LV systolic pressure, dP/dtmax and
mean arterial pressure. n=8 per group. Measurements were taken with the pacemaker off.
*£<0.05 vs 0 weeks (baseline) within the group; #/<0.05 between groups at same time

point.
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Figure 2. Changes in echocardiographic parameters over the 4 weeks of chronic pacing
LVED indicates LV end-diastolic; ED, end-diastolic; ES, end-systolic; LVEDFW, end-

diastolic thickness of the LV free wall; LVSFW, LV systolic free wall. Measurements were
taken with the pacemaker off. */£<0.05 vs 0 weeks (baseline) within the group; #/<0.05
between groups at same time point; n=8 per group.
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Figure 3. Regional contractile function
A, Changes in 2 indexes of regional contractile function calculated from cyclic variations of

the LV distance (segmental length) between piezoelectric crystals implanted in the LV free
wall. The surrogate of the regional stroke work was obtained as the area of the LV pressure—
segmental length loop and normalized to baseline (n=8 per group). Measurements were
taken with the pacemaker off. *£<0.05 vs 0 weeks (baseline) within the group and #/<0.05
between groups at same time point. B, Representative pressure-length loops at 0 and 4
weeks pacing.
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Figure 4. Microscopic analysis of angiogenesis and cardiomyocyte hypertrophy
A, Representative photomicrographs of myocardial tissue showing double

immunofluorescence staining for endothelial cells (lectin®, green), vascular smooth muscle
cells (a-SMA™*) (red), whereas nuclei were stained with DAPI (blue). B and C, Microvessel
density was normalized by the number of cardiomyocyte fibers. D and E, FITC-conjugated
lectin (green) was used to stain myocardium and quantify cardiomyocyte cross-sectional

area. *P<0.05 vs normal; n=6 per group.
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Figure 5. VEGF-B1g7 protects myocardium from apoptosis
A and B, Cardiomyocyte apoptotic nuclei (white arrows) by TUNEL (red) analysis.

Cardiomyocytes are stained with a-actinin (green). Bars: #/<0.05 vs AAV-control; n=4 per
group. D, Representative Western blotting analysis of activated/cleaved caspase-3 (17 kDa).
The bands were not detectable in normal and AAV-VEGF-B, indicating virtually no
cleavage.
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Figure 6. VEGF receptor expression and activation of Akt, GSK-38 and FoxO3a
A, Real-time PCR quantification of VEGFR-1, VEGFR-2, and neuropilin-1 (NP-1) gene

expression. B, Western blotting analysis of activating phosphorylation of Akt and
inactivating phosphorylation of its down-stream targets GSK-34and FoxO3a. */<0.05 vs
normal; n=6 per group.
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Figure 7. VEGF-B1g7 protects cardiomyocytes from Ang Il-induced apoptosis
Percentage of TUNEL-positive nuclei (A), caspase-3 and -9 activity normalized by protein

concentration (B and C) and cellular peroxide levels (D) in rat neonatal cardiac myocytes
treated with Ang 11 (108 mol/L) with or without VEGF-B147. E, Representative fluorescent
images showing stronger MitoSox staining (red fluorescence) in Ang Il-treated cardiac
myocytes than in untreated controls (note also the increased number of early apoptotic cells
exhibiting nuclear accumulation of MitoSox). VEGF-B147 substantially attenuated MitoSox
fluorescence in Ang ll-treated cells (original magnification, x40). F, Increased MitoSox
staining localizes to the perinuclear mitochondria (counterstained with Mito- Tracker green)
of nonapoptotic Ang ll-treated cardiac myocytes (blue fluorescence: nuclear
counterstaining). G and H, Summary of flow cytometric data showing relative MitoSox
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fluorescence (E) and J-aggregate: JC-1 monomer fluorescence ratios in rat neonatal cardiac
myocytes treated with Ang 11 (1078 mol/L) with or without pretreatment with VEGF-B. Data
are means=SEM (n=6). */<0.05 vs no Ang II; #P<0.05 vs no VEGF-B1g7.
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