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Abstract

Objective—Pressure-overload hypertrophy is associated with decreased capillary density in
myocardium resulting in impaired substrate delivery. Treatment of hypertrophied hearts with
vascular endothelial growth factor (VEGF) induces angiogenesis. Since angiogenesis is associated
with extracellular matrix degradation, we sought to determine whether VEGF induced
angiogenesis in hypertrophy required matrix metalloproteinases (MMP) activation.

Methods—Newhborn rabbits underwent aortic banding. Progression of hypertrophy (mass-to-
volume (M/V) ratio) and mid-wall contractility index was monitored by echocardiography. At 4
and 6 weeks, VEGF (2 pg/kg), vehicle or VEGF combined with GM6001 (5 mg/kg), a MMP
inhibitor, was administered intrapericardially. CD-31 (indicator of angiogenesis), MMP-2, MT1-
MMP and TIMPs (endogenous MMP inhibitors) expression were measured by immunoblotting.
MMP-2 activity was determined by gelatin zymography.

Results—Untreated hypertrophied hearts progressed to ventricular dilatation at 7 wks (M/V
ratio: 0.75 = 0.07), but compensatory hypertrophy was maintained with VEGF (0.91+0.07;
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p<0.05). LV contractility declined in untreated hearts from —0.41 + 0.9 (5 wks) to —0.73 £ 0.5 (7
wks; p < 0.05) but remained normal with VEGF (+1.61 £ 0.6 vs. +0.47 = 0.2). MMP-2 expression
and activity were significantly elevated in VEGF treated hypertrophied hearts (p < 0.05) and were
blocked by concomitant administration of GM6001. VEGF induced neovascularization was
inhibited by addition of GM6001. MT1-MMP showed a trend to higher levels in VEGF treated
hearts. TIMPs were unchanged in all three groups.

Conclusions—Exogenous VEGF and resultant MMP-2 activation leads to increased capillary

formation in severe hypertrophy, preventing progression to ventricular dilation and dysfunction.

VEGF and the associated MMP-2 activation play an important and potentially therapeutic role in
vascular remodeling of hypertrophied hearts.
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hypertrophy; angiogenesis; matrix metalloproteinases

Introduction

Alterations at the level of the coronary microcirculation may play a significant role in the
genesis and evolution of the detrimental effects of pressure-overload hypertrophy on the
heart. With the development of severe myocardial hypertrophy, myocytes enlarge without
concomitant, adaptive growth of capillaries. The area of myocardial tissue supplied by one
capillary increases and this results in an increase of diffusion distance with limited supply of
oxygen and nutrient substrates [16, 32]. The concept of treating perfusion deficits with
angiogenic growth factors such as vascular endothelial growth factor (VEGF) has been
successfully tested in models of both myocardial and peripheral ischemia [1, 31] and
hypertrophy [10]. Angiogenesis is a multi-step process and VEGF, a 38- to 46-kD heparin-
binding homodimeric glycoprotein, promotes many of the events necessary for angiogenesis
such as proliferation and migration of endothelial cells, remodeling of the extracellular
matrix and the formation of capillary tubules [36]. Extracellular matrix degradation is
critical during angiogenesis which requires proteolysis of basement membrane and extra-
cellular matrix to create space for migration and proliferation of endothelial cells, as well as
synthesis of new matrix components. Degradation of matrix components is mediated by
specific proteases called matrix metalloproteinases (MMPs), which are produced by
endothelial cells, fibroblasts, vascular smooth muscle cells and as recently reported, also by
myocytes [4, 34]. MMPs and their endogenous inhibitors TIMPs (tissue inhibitors of matrix
metalloproteinases) have been shown to be involved at various stages of the angiogenic
process [20], from endothelial cell migration and proliferation, to deposition and remodeling
of basement membrane of newly formed blood vessels [24]. Much information regarding the
interplay of pro-angiogenic growth factors and MMPs is derived from tumor biology models
[15]. Evidence from these models suggests that there is a direct relationship between VEGF
expression and MMP expression where either MMPs regulate VEGF expression [12, 26], or
there is VEGF-induced upregulation of MMPs [35]. MMP-2 [6, 13] and MT-1-MMP are the
enzymes best characterized for their role in angiogenesis [6, 13, 30].

We have previously shown that in a model of pressure-overload hypertrophy, ventricular
dilation and decline in myocardial function is associated with impaired nutrient supply to
hypertrophying cardiomyocytes due to a decrease in microvascular density [8, 10]. When
hypertrophied hearts were treated with a single dose of VEGF, the microvessel count per
area of myocardium increased significantly, the compensatory increase in ventricular muscle
mass was sustained without ventricular dilatation and myocardial function was maintained
for up to two weeks in this model [10]. The present study was designed to determine
whether serial VEGF treatment can preserve hypertrophic growth and delay the onset of
failure for longer periods and to determine whether MMP activation is an integral part of
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VEGF-induced neovascularization. We also sought to determine whether the main activator
of MMP-2, MT1-MMP, was involved in this process. Since MMP activity is regulated by its
endogenous inhibitors, the expression level of the four TIMPs was also determined.

Materials and methods

Left ventricular hypertrophy model

Pressure-overload hypertrophy was achieved by banding the descending aorta in ten-day-old
New Zealand White rabbits as previously described [8, 19]. While still in the compensated
phase of hypertrophy (4 weeks of age in this model), the animals were treated with an
intrapericardial administration of either 2 pg/kg VEGFg5 dissolved in PBS/0.1% rabbit
serum or vehicle only via sub-xyphoid exposure of the heart. Two weeks later the animals
were treated again with VEGF or vehicle. In a separate set of animals, concomitant with
VEGF, a broad-range MMP inhibitor, GM6001 (Chemicon, Temecula, CA), was
administered in a concentration of 5 mg/kg. The dosage was derived from dose-response
experiments using decrease of MMP-2 activity determined by gelatin zymography as the
endpoint and lack of side effects from the compound. One week after the second treatment
(7 weeks of age), all animals were euthanized by an 1.V. injection of ketamine (100 mg/kg)
and xylazine (5 mg) with heparin (500 1U) added. Blood was flushed out of the hearts and
tissue was frozen in liquid nitrogen and stored for further analysis.

In vivo myocardial function measurements by transthoracic echocardiography

Transthoracic echocardiography was performed using an Accuson 128 or Hewlett-Packard
Sonos 1500 Cardiac Imager equipped with a 7-7.5 MHz transducer. Measurements of LV
dimensions, wall thickness, and cavity volume were taken with transthoracic
echocardiography with simultaneous blood pressure monitoring as we have previously
described [8, 19]. Measurements of LV mass to LV volume ratio (M/V ratio) were used as
an index for progression of hypertrophy. As a measure of cardiac performance, midwall
contractility was determined. Calculation of midwall contractility Z-scores is based on
previous experiments where serial echocardiography was performed in non-hypertrophied
control animals between the ages of 3 and 7 weeks [19].

Left ventricular myocardial tissue extraction for gelatinase activity measurements

We studied four groups: controls, representing hearts from sham-operated, non-
hypertrophied littermates (n = 8/group), untreated hypertrophy hearts (n = 8/group), VEGF
treated hypertrophy hearts that received serial VEGF treatment (n = 8/group) and VEGF and
MMP inhibitor treated hypertrophy hearts that received serial VEGF treatment concomitant
with GM6001 (n = 6/ group). LV myocardial tissue was homogenized on ice in extraction
buffer containing NaCl (2 mol/L), Tris (10 mmol/L), NaN3 (0.02%), at pH 7.0 and nutated
at 4 °C for 24 hours following a method described by Moses et al. [2]. Samples were then
centrifuged for 15 minutes (4 °C, 15,000 g). The supernatant was saved on ice and samples
were dialyzed against assay buffer containing Tris (50 mmol/L at pH 7.6), NaCl (0.2 mol/L)
and CaCl, (1 mmol/L) at 4 °C. Total protein content was determined and the myocardial
extracts were stored at —80 °C for further analysis. All chemicals were obtained from
Sigma-Aldrich, Corp., St. Louis, MO.

Gelatinase activity measurement by zymography

The myocardial extracts were mixed with substrate sample buffer (10% SDS, 4% glycerol,
0.25 mmol/L Tris-HCI at pH 6.8, 0.1% bromophenol blue) without boiling and loaded onto
electrophoresis gels (SDS-PAGE) containing 1 mg/ml gelatin (Bio-Rad Laboratories,
Hercules, CA) according to previously published methods under non-reducing conditions
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[2]. After electrophoresis, the gels were soaked in renaturing buffer containing 2.5% Triton
X-100 with gentle shaking at room temperature for 30 minutes, rinsed with water, and
incubated in substrate buffer (50 mmol/L Tris-HCI at pH 8.0, 5 mmol/L CaCl,, 0.02%
NaN3) at 37 °C overnight. After incubation, gels were rinsed with water, stained using 0.5%
Coomassie Blue R-250 in acetic acid and isopropyl alcohol mixture (Bio-Rad Laboratories,
Hercules, CA), destained in acetic acid and isopropyl alcohol and analyzed. A MMP-2
zymographic standard (R&D Systems Inc., Minneapolis, MN) was included in the gels and
served as positive control.

Immunoblot analysis of MMPs and TIMPs

Protein extraction from LV myocardial tissue obtained from non-hypertrophied, age-
matched littermates (n = 6), untreated hypertrophied (n = 6) and VEGF treated
hypertrophied hearts (n = 6) were immunoprecipitated with the respective antibody by
protein A/G-PLUS-agarose as we have previously described in more detail [9]. The
immunoprecipitates were separated by gel electrophoresis with 10% SDS-PAGE gels.
Proteins were electrophoretically transferred to nitrocellulose membranes, incubated in 5%
nonfat dry milk in TBST for 30 minutes at room temperature to block non-specific binding
and then incubated with primary antibodies against MMP-2, MT1-MMP, TIMP-1 (R&D
Systems Inc., Minneapolis, MN), TIMP-2, TIMP-3 or TIMP-4 (Chemicon International Inc.,
Temecula, CA), respectively, at a dilution of 1:500 or 1:1000 overnight and this was
followed by incubation with horseradish peroxidase-conjugated secondary antibody
(Jackson Immuno Research Labs, Inc., West Grove, PA) at a dilution of 1:2500. The bound
antibody was detected by the enhanced chemiluminescence method according to the
manufacturer’s instruction (Amersham Life Science, Arlington Heights, IL). After exposure
on films, quantitative protein analysis was conducted using laser densitometry.

Determination of microvascular density

Microvascularity was quantified by measuring CD-31 (endothelial cell specific marker)
expression levels by immunoblotting in protein extracts from LV myocardial tissue obtained
from non-hypertrophied, age-matched littermates, untreated hypertrophied animals, VEGF
treated hypertrophied animals, and hearts treated with VEGF and GM6001. CD-31 levels
are indicative of the degree of neovascularization. In addition, microvascular density was
also determined on histological sections obtained from hearts perfused with fluorescein-
isothiocyanate-conjugated (FITC) Lycopersicon esculentum lectin (Sigma-Aldrich, St.
Louis, MO). The details of this method were previously described by our group [10].
Paraffin-embedded cross-sections of the LV were de-paraffinized and either stained with
CD-31 using a red fluorescent secondary antibody (Alexa-594™ fluorophore; Molecular
Probes, Eugene, OR) or simply cover-slips were applied to the lectin perfused sections with
fluorescent mounting medium (Dako Corporation, Carpinteria, CA). Slides were visualized
using an Axiovert 35 Microscope with a Nikon 10x objective (NA = 10x/0.25).

Statistical analysis

Animal care

Data were analyzed using SPSS software package (version 11.0, SPSS Inc., Chicago, IL)
and are reported as mean + standard error of the mean (SEM). ANOVA was used for
comparison among and between groups, followed by Bonferroni’s post-hoc analysis where
appropriate. Z-score comparison to the population mean was performed using one-way
unpaired t-test. A value of p < 0.05 was considered statistically significant.

All animals received humane care in compliance with the “Principles of Laboratory Animal
Care” formulated by the National Society for Medical Research and the “Guide for the Care
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and Use of Laboratory Animals” prepared by the National Academy of Sciences and
published by the National Institutes of Health (NIH Publication No. 86-23, revised 1996).
The protocol was reviewed and approved by the Institutional Animal Care and Use
Committee at Children’s Hospital Boston.

Determination of microvascular density

Neoangiogenesis was determined by measuring CD-31 protein levels in controls, untreated
hypertrophied, VEGF treated hypertrophied and VEGF+MMP inhibitor (GM6001) treated
hypertrophied hearts (see Fig. 1A). Untreated hypertrophied hearts showed a significantly
lower expression level of CD-31 compared to all other groups, indicative of decreased
microvascular density. VEGF treatment concomitant with MMP inhibition resulted in
reduced capillary growth. Histological evaluation of CD-31 immunostaining and lectin
labeled LV transverse sections revealed that VEGF treatment induced capillary growth
resulting in a significant increase in the number of microvessels confirming the Western
blotting data of CD-31.

In vivo myocardial function measurements by transthoracic echocardiography

Cardiac hypertrophy is a compensatory response to sustained elevations in LV wall stress. In
this model left ventricular M/V ratio increased, reaching a plateau by 4 to 5 weeks of age.
Since the pressure load remained unrelieved, the increase in muscle mass could no longer
compensate to reduce peak systolic stress and the left ventricle began to dilate, as indicated
by a fall in M/V ratio after week 4 (Fig. 2A). In comparison, serial treatment with VEGF at
maximal hypertrophy maintained hypertrophic growth and delayed the onset of ventricular
dilation (7 wks: 0.91 £ 0.07) beyond the time point when untreated hypertrophied hearts (7
wks: 0.75 + 0.07; p < 0.05) had already shown signs of severe dilatation, failure and death.

The use of midwall indices for contractility measurements better reflects the preservation in
global cardiac performance in hypertrophied hearts. In this model, midwall contractility (Z-
scores) in the serial VEGF treated group remained within normal range and was
significantly higher than the untreated group at 5 weeks (VEGF treated: +1.61 + 0.6 vs.
untreated: —0.41 + 0.9; p < 0.05) and 7 weeks of age (VEGF treated: +0.47 + 0.2 vs.
untreated: —0.73 £ 0.5; p < 0.05).

Gelatinase activity

Zymograms revealed the main band at 66 kDa molecular weight, indicative of MMP-2
activity which was also confirmed by a positive MMP-2 control (see Fig. 3A). To determine
the time course of MMP activation, different time points following VEGF treatment were
investigated and the highest levels in hypertrophied hearts treated with VEGF were seen
within a week after VEGF administration (p < 0.05; see representative zymograms in Fig.
3A and B). In order to determine the direct effect of VEGF treatment on MMP activation,
we analyzed tissue of hypertrophied hearts treated with VEGF and GM6001 (see Fig. 3C)
and showed that GM6001 abolished VEGF induced MMP-2 activation.

Immunoblot analysis of MMPs and TIMPs

As indicated by the representative immonoblot (see Fig. 4A), the antibody against MMP-2
detected the latent form of MMP-2 (higher molecular weight) as well as the active enzyme.
Protein content of latent MMP-2 was not different between the three groups but the active
enzyme portion was significantly higher in hypertrophied hearts following serial VEGF
treatment compared to untreated hypertrophied hearts or controls (p < 0.05). A
representative immunoblot for MMP-2 is shown in Fig. 4A. Figures 4B and C summarize
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the densitometry results. At the same time point, MT1-MMP showed the highest expression
levels in VEGF treated hypertrophied hearts but the difference did not reach significance
compared to controls (see Fig. 5; p = 0.07). MMP effects are also determined by the level of
TIMPs. All four TIMP isoforms were detected in the myocardium. As indicated in Fig. 6A,
B, C and D (representative immunoblots and summary of densitometry data), there was no
difference in the expression of any of the four TIMPs between the groups.

Discussion

This study demonstrates that extracellular matrix turnover, mediated by increased MMP-2
activity is an important mechanism regulating vascular remodeling in the hypertrophying
heart following VEGF treatment. Intrapericardial application of VEGF results in activation
of MMP-2 within a week following treatment, and upregulation of MT1-MMP protein levels
in this model of pressure-overload hypertrophy. Administration of a MMP inhibitor
concomitant with VEGF blocked the VEGF induced effect on MMP-2 activation and
reduced the effects of VEGF on neovascularization. VEGF-induced neovascularization and
associated MMP activation preserves myocardial function beyond the time point when
untreated hypertrophied hearts had already developed signs of dilatation and failure.

In angiogenesis, new blood vessels originate from post-capillary venules through a series of
events, beginning with the disruption of the vascular basement membrane by proteolytic
enzymes. After the disruption of the vessel wall and the degradation of the surrounding
extracellular matrix, the extravasation of plasma proteins provides the scaffold for the
migration of endothelial cells. Degradation of matrix components is carried out by specific
proteases the so called matrix metalloproteinases (MMPs). MMPs contribute to normal as
well as pathological tissue remodeling. Endothelial cells synthesize and secrete a variety of
these MMPs [20] and at the same time secrete their endogenous inhibitors, the TIMPs
(tissue inhibitors of matrix metalloproteinases). Inhibition is provided by formation of tight
complexes between TIMPs and activated MMPs. Four different TIMPs have been identified
in normal myocardium [29, 33]. TIMP expression is regulated during development and
tissue remodeling and under pathological conditions associated with unbalanced MMP
activities. Therefore, coordinate expression of MMPs and TIMPs provides the regulatory
mechanisms [20] which limits extracellular matrix degradation to endothelial cell migration
[23] and proliferation, and also regulates deposition and remodeling of basement membrane
in newly formed blood vessels [24]. In our study, we identified all four TIMP isoforms in
rabbit myocardium; however, protein levels were not different between any of the groups,
indicating that the same level of inhibition was present.

MMP-1, MMP-2, MMP-9 and MT1-MMP have been reported to be the main MMPs
involved in the neovascularization process stimulated by growth factors such as VEGF [30].
Interest has been focused on proteases that preferentially degrade basement membrane
components such as type 1V collagen [18], but also participate in the degradation of other
extracellular matrix components. The present study examined MMP-2 activity as well as
MMP-2, MT1-MMP and TIMP isoform levels in left ventricular myocardium of normal
hearts, hypertrophied myocardium and hypertrophied hearts following VEGF treatment.
MMPs can be divided into two structurally distinct groups, secreted MMPs and membrane-
type MMPs (MT-MMPs). The former are synthesized and secreted as inactive pro-enzymes
that are activated by cleavage of the N-terminal pro-segment by autoactivation, by other
MMPs, or by proteases such as trypsin and function at neutral pH [21]. Most MMPs, with
the exception of MMP-2, are not constitutively expressed in normal tissues. Endothelial
cells have been shown to produce MMP-2 during differentiation into capillary tube-like
structures and exogenous addition of MMP-2 has been shown to enhance this process,
whereas suppression of MMP-2 alone could inhibit the angiogenic potential as seen in
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tumors [6]. MMP-2 can degrade intact type 1V basement membrane collagen as well as
denatured collagens, type | and 111, the main components of the myocardial extracellular
matrix. In our study, we found that non-hypertrophied, hypertrophied and VEGF treated
hypertrophied hearts showed some degree of MMP-2 activation. Since the animals are still
growing and developing, some degree of activation has to be expected. However, we also
found that increased MMP-2 activation occurs tightly linked to VEGF treatment. Within one
week following application of VEGF we found increased activity levels of MMP-2, as
measured by zymography and immunoblotting. Our results with concomitant administration
of VEGF and MMP inhibition, establish a critical role for MMP activity in the VEGF
induced formation of new microvasculature which concurs with a study on skeletal muscle
[11].

MMP-2 which is the only isoform also secreted by cardiomyocytes [4], facilitates the
degradation of basement membrane type IV collagen, exposes the growth affecting sites on
extracellular matrix proteins and increases the bioavailability of matrix-associated growth
factors [3]. In comparison to other zymogens, pro-MMP-2 is not readily activated by
proteases like MMP-3 but the main activator is located on the cell surface as MT1-MMP
which requires the assistance of TIMP-2. MT1-MMP contributes to angiogenesis not only
through the activation of MMP-2 [25] but also by cleaving both extracellular matrix, such as
type I collagen, fibronectin, laminin, fibrin [22, 25], which promotes cell migration, and cell
surface receptors, influencing the bioavailability of growth factors [14]. However, there is a
dual action of TIMP-2, which can either inhibit MT1-MMP and MMP-2 by binding to the
active site of the enzyme, or it can form a non-covalent complex with pro-MMP-2 [7, 28]
creating a tertiary complex of MMP-2/TIMP-2/MT1-MMP. The resulting TIMP-free
environment due to complex formation on the cell surface permits effective MMP-2
activation by MT1-MMP [28]. Consistent with our results with regard to VEGF stimulated
MMP-2 and MT1-MMP activation, it has been reported that induction of certain MMPs
correlates with up-regulation of VEGF [5, 34]. In particular, over-expression of MT1-MMP
correlates with increasing endothelial cell proliferation and migration, and subsequent
vascularization [26]. The major function of the MMPs is extracellular matrix resorption but
the extracellular matrix is not simply an extracellular scaffold but also acts as a reservoir of
biologically active molecules, such as growth factors. Degradation of extracellular matrix
components by MMPs can alter cellular behavior and phenotypes. There are also a number
of non-extra-cellular matrix proteins that serve as substrates for MMPs which demonstrate
biological activity [17, 27]. Therefore, it seems likely that MMP-2 activation also provides
release of matrix bound VEGF; however this notion remains to be proven in our model.

In summary, the higher capillary density seen in VEGF treated hearts is associated with an
increase in MMP-2 activity, suggesting an important and potentially therapeutic role of
MMP-2 in the regulation of vascular remodeling in hypertrophied hearts. In addition, MT1-
MMP, the main activator of MMP-2, is also upregulated following VEGF treatment. The
cumulative effect of VEGF and MMP-2 activation ameliorates the progression of ventricular
dysfunction by sustaining hypertrophic growth and thus preventing ventricular dilation.
Whether MMP-2 and MT1-MMP activation exerts its major effects by extracellular matrix
turnover, clearing the path for migrating and proliferating endothelial cells or whether the
matrix degradation induces the release of additional angiogenic growth factors remains to be
determined.
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Fig. 1.

Microvascular density. A Representative immunoblots for CD-31 and summary of the
densitometry data are depicted. VEGF treatment of hypertrophied hearts results in
significant higher CD-31 levels. Concomitant administration of VEGF with a MMP
inhibitor inhibited neoangiogenesis; however, the difference did not reach a level of
significance (*p < 0.05 vs. VEGF treated hypertrophy). B Representative
immunohistochemical sections of LV tissue are depicted with staining of the
microvasculature with CD-31 in red or lectin in green
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Fig. 2.

Left ventricular mass to volume ratio and midwall contractility. A LV mass to LV cavity
volume measurement as an indicator of hypertrophic growth. VEGF treated hearts
maintained a higher ratio of LV mass to cavity volume over an extended period compared to
untreated hypertrophied hearts, which showed signs of severe ventricular dilatation (= fall in
M/V ratio) (*p < 0.05; versus untreated hypertrophied hearts). B Midwall contractility
(depicted as Z-scores) was calculated based on echocardiographic measurements of non-
hypertrophied control hearts. VEGF treatment prevented myocardial dysfunction seen in the
untreated hypertrophied hearts (*p < 0.05; versus untreated hypertrophied hearts)
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Fig. 3.

MMP-2 activity. A, B MMP-2 activity levels were determined by gelatin zymography. Two
representative gels are depicted with MMP activity for hypertrophied hearts and VEGF
treated hearts at two different time points following treatment. Active MMP-2 was higher in
VEGF treated hypertrophied hearts, one week following VEGF administration compared to
untreated hypertrophied hearts. C A representative zymogram is shown which indicates that
concomitant administration of VEGF and a MMP inhibitor decreased zymographic activity
of MMP-2
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Fig. 4.

Myocardial MMP protein content. A To reconfirm that MMP-2 is activated within one week
following VEGF treatment, we performed immunoblot analysis using an antibody
identifying total and active MMP-2. A representative immunoblot for this specific MMP
species is shown for immunoprecipitates obtained from left ventricular muscle extracts from
controls, untreated hypertrophied hearts and VEGF treated hypertrophied hearts. A distinct
immunoreactive band could be localized at 72 kDa indicative of the latent, non-active form
and a second one at 66 kDa which represents the active form of MMP-2. B, C
Quantification of protein content of latent (B) and active (C) form was performed by laser
densitometry and values are expressed as arbitrary densitometry units. There is no difference
of latent MMP-2 protein content between controls (solid bar) and VEGF treated
hypertrophied hearts (shaded bar) and untreated hypertrophied hearts (blank bar) but active
MMP-2 levels were significantly higher in hypertrophied hearts following VEGF treatment
(*p < 0.05; versus untreated hypertrophy and Control)
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Fig. 5.

MT1-MMP protein content. AA representative immunoblot of MT1-MMP protein from left
ventricular muscle extracts for all three groups is shown. BA summary of densitometry data
showed that VEGF treatment resulted in an increase of MT1-MMP protein levels in
hypertrophied hearts compared to untreated hearts but did not reach significance (p = 0.07)
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TIMP levels in myocardium. A-D Representative immunoblots for all four TIMPs and
summary of the densitometry data are depicted. There was no significant difference in TIMP

protein levels between the groups
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