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Cardiac myofibroblasts: a novel source of vascular endothelial growth
factor (VEGF) and its receptors Flt-1 and KDR
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Abstract

Vascular endothelial growth factor (VEGF), produced predominantly by endothelial cells, is involved in angiogenesis and mitogenesis.
Myofibroblasts (myoFb) are phenotypically transformed fibroblast-like cells found at the site of myocardial infarction. Since myoFb play a
role in tissue repair/remodeling at the site of infarction, and express endothelin and angiotensin II (AngII), it was interesting to investigate
whether myoFb express VEGF and its receptors de novo, and if the expression is influenced by vasoactive peptides. Primary cultures of myoFb
were isolated from 4-week-old adult rat heart infarct were used in this study. Semiquantitative reverse transcriptase-polymerase chain reaction
(RT-PCR), utilizing primers designed to amplify known isoforms of VEGF revealed expression of two predominant forms, VEGF120 and
VEGF164 and northern blot hybridization detected VEGF mRNA of 4.5 kb. VEGF actions are mediated via two major receptors, Flt-1 and
KDR, and hence the expression of these receptors was investigated. Flt-1 and KDR expression in myoFb was detected by RT-PCR, RNA
transcripts were confirmed by northern blot hybridization while western blot confirmed the presence of VEGF, Flt-1 and KDR proteins in
myoFb. In this study AngII upregulated VEGF and Flt-1 expression in myoFb, but not KDR; this was mediated predominantly by
AT1-receptor. We report for the first time that cardiac myoFb, isolated from the site of infarction express VEGF, its receptors, Flt-1 and KDR,
with modulation of VEGF and Flt-1 expression by AngII. Thus, VEGF may contribute to tissue remodeling and angiogenesis at the site of
infarction in an autocrine manner.
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1. Introduction

Myofibroblasts (myoFb) exhibit phenotypic heterogene-
ity among fibroblasts expressing features of smooth muscle
cells [1–4]. They take part in the growth, development, and
repair of normal tissue as well as the diseases affecting many
different organs, yet there are few reports available on the
role of myoFb in heart remodeling during myocardial infarc-
tion [5,6]. Previously, we have shown that myoFb isolated
from the site of myocardial infarction are non-endothelial
cells exhibiting morphological features of fibroblasts and
smooth muscle cells by expressing $-smooth muscle actin,
but not factor VIII [5]. Evidence suggests that they play a
central role in wound healing and matrix remodeling during
post-myocardial infarction [5,7,8]. These wound healing

myoFb serve as a local source for endothelins, angiotensins
and their receptors [5,9–11]. Several vascular growth factors
have been implicated as playing important roles in the inva-
sive properties, proliferation, and migration phases of angio-
genesis. Accumulated evidence has demonstrated that vascu-
lar endothelial growth factor (VEGF) is a key regulator for
angiogenesis under various physiological and pathological
conditions, such as embryonic development, wound healing,
and solid tumor growth [12–18].

VEGF, also known as vascular permeability factor (VPF),
is a polypeptide secreted by a large number of cells, but
predominantly by endothelial cells. VEGF is a mitogen and
survival factor for endothelial cells that also induces angio-
genesis and vasculogenesis in vivo [19–23]. VEGF also
shows a mitogenic effect on a few non-endothelial cell types
such as retinal pigment epithelial cells, pancreatic duct cells,
and Schwann cells in vitro [24]. VEGF family members are
differentially expressed in various organs, including the
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heart, where co-expression of VEGF and VEGF-B is pre-
dominant [25]. Alternative exon splicing of eight cassettes
within a single VEGF gene results in the generation of sev-
eral VEGF isoforms, among which VEGF121 and VEGF165
are predominant [24]. VEGF mediates biological functions
mainly by Flt-1 and KDR/Flk-1 receptors; studies using
knockout mice lacking VEGF or its receptor revealed that
VEGF plays a critical role in the development and formation
of blood vessel network [26]. Previous studies have identified
that vasoactive peptides induce VEGF production. Chua et
al. [27] reported that angiotensin II (AngII) acts on rat heart
endothelial cells to induce VEGF mRNA in a dose and
time-dependent manner. Otani et al. [28] reported AngII
potentiation of VEGF dependent cell growth and tube forma-
tion of retinal microvascular endothelial cells through induc-
tion of the VEGF receptor KDR/Flk-1. Based on the previous
reports on endothelial cells and few non-endothelial cell
types, we postulated that myoFb might serve as a local source
of VEGF at the site of remodeling, with AngII modulating
expression of VEGF and its receptors in myoFb. Therefore,
our objectives in the current investigation were to identify
whether myoFb expressed VEGF and its receptors de novo,
which may prove to be the local source of growth factors
required for angiogenesis and remodeling following myocar-
dial infarction as well as modulation of VEGF and its recep-
tors expression by AngII.

2. Materials and methods

2.1. Materials

Protease inhibitors (leupeptin, aprotinin, pepstatin and
phenylmethyl sulfonyl fluoride), AngII and secondary anti-
bodies were purchased from Sigma Chemical Company (St.
Louis, MO, USA). Dup-753 and PD-123319 were generous
gift from Du-Pont Pharmaceuticals (Wilmington, DE, USA)
and Park-Davis Pharmaceuticals (Research Division, MI,
USA), respectively. VEGF, Flt-1 and KDR polyclonal anti-
bodies were obtained from Santa Cruz Biotechnology Inc.
(Delaware Avenue, CA, USA). Tissue culture materials (anti-
biotics, DMEM medium, etc.), Trizol, and thermoscript one-
step quantitative reverse transcriptase-polymerase chain re-
action (RT-PCR) kit were purchased from Invitrogen (Life
Technologies, Grand Island, NY, USA). Enzymes and other
reagents required for RT-PCR were obtained from Promega
Biotech (Madison, WI, USA). b2-microglobulin, VEGF,
Flt-1, and KDR oligonucleotide primers were obtained from
Synthegen (Houston, TX, USA). All other general chemicals
were of reagent grade and were obtained from Fisher scien-
tific (Atlanta, GA, USA).

2.2. Isolation of myoFb

myoFb were isolated under aseptic conditions from the
border region of grossly visible scars in adult male Spra-
gue–Dawley rats (250–300 g) 28 d after induction of myo-

cardial infarction by ligation of the left anterior descending
coronary artery [5]. Previous in vivo studies from our group
have confirmed the presence of myoFb in these regions at
28 d of post-infarction [8]. Tissues recovered from this region
were washed in saline, minced to small pieces and placed in
a six well plates each containing a few drops of 20% FCS in
DMEM with amphotericin and gentamycin. After 6 h, addi-
tional medium with 10% FCS was added. Cells were washed
after 24 h with DMEM containing 10% FCS and medium
was subsequently replaced every 2–3 d. myoFb were grown
and maintained under the conditions as described previously
[5,7]. After 2 weeks of culturing, cells reached confluence
and were routinely split at 1:3 ratio. Early passages of
myoFb, i.e. 3–4, were frozen in 10% DMSO, stored in liquid
nitrogen and used when needed.

2.2.1. Treatments
Early passages of myoFb cells were grown to 80% conflu-

ence in 100 mm culture dishes using DMEM containing 10%
FCS. Prior to treatment, culture media was replaced with
serum-deprived (0.4% FCS) DMEM media for 12 h in order
to eliminate serum growth factors influence on experimental
conditions. Our preliminary studies (data not shown) indi-
cated myoFb required 24 h treatment with 10–100 nM AngII
to significantly stimulate VEGF expression, while Dup-753,
AngII type 1 (AT1), and PD-123319, type 2 (AT2), receptor
blockers optimally inhibited AngII influence on VEGF ex-
pression at 10 µM. Untreated myoFb cells under similar
culture conditions served as controls. Optimal VEGF mRNA
levels were observed in the cells treated for 3 h. Therefore,
these concentrations and time intervals were used for the
current investigation.

2.3. RNA isolation and purification

Total RNA was isolated from treated and untreated myoFb
cells using TRIZOL method. RNA samples were further
subjected to RNase-free DNase I treatment at 37 °C for
30 min, then purified with phenol chloroform and isoamyl
alcohol, re-precipitated, and dissolved in nuclease-free wa-
ter. RNA was quantified with GeneQuant pro spectropho-
tometer (Amersham Pharmacia Biotech, Piscataway, NJ,
USA) and RNA integrity was confirmed by running it on a
formaldehyde gel. The isolated total RNA was used in RT-
PCR, real-time quantitative RT-PCR, and northern hybrid-
ization experiments.

2.3.1. cDNA synthesis
Total RNA was extracted from myoFb according to the

RNA isolation and purification method as mentioned in Sec-
tion 2.3. Complementary DNA (cDNA) was synthesized
using Life Technologies SuperScriptTM first strand synthesis
kit as follows: 1 µl (10 mM) dNTP mix, 1 µl (0.5 µg/µl) oligo
(dT12–18) primers, 5 µg total RNA, the reaction volume was
brought to 10 µl with DEPC water and incubated at 65 °C for
5 min followed by at least 1 min incubation on ice. Followed
by 2 µl (10×) RT buffer, 4 µl (25 mM) MgSO4, 2 µl (0.1 M)
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DTT, 1 µl (40 units) RNase out were added to above reaction
tube. The reaction mixture was incubated at 42 °C for 2 min
and 1 µl (50 units) of SuperScriptTM reverse transcriptase
was added and incubated at 42 °C for 50 min. Finally, above
reaction was terminated by incubating at 70 °C for 15 min.
Upon completion of the reaction, the final reaction mixture
volume was brought to 100 µl with distilled water. The PCR
product was purified using Life Technologies kit followed by
DNase-free RNase treatment and re-extraction. b2-
microglobulin (b2-MG) was chosen as an internal control to
monitor cDNA synthesis efficiency and to optimize the
amount of cDNA amplified.

2.4. Polymerase chain reaction

To investigate the expression of different VEGF mRNA
splice variants and its receptors (Flt-1 and KDR), PCR was
performed using specific oligonucleotide primers as shown
in Table 1. Total RNA was extracted from untreated (con-
trols) as well as treated myoFb, and cDNAs were synthesized
using the RT reaction as described previously. PCR amplifi-
cation of cDNA from each sample was performed utilizing
PCR Sigma Redtaq SuperPakTM as follows: 10× PCR buffer,
200 µM dNTP mix, 0.5 µM specific primers for VEGF, Flt-1
or KDR and b2-microglobulin (Table 1) and 0.05 units/µl of
polymerase in a final volume of 25 µl. Following an initial
denaturation at 94 °C for 1 min, VEGF, Flt-1, KDR and
b2-microglobulin were subjected to 35 cycles of denaturation
at 94 °C for 15 s, annealing at 60 °C for 1 min, primer
extension at 72 °C for 2 min and, a final extension at 72 °C for
5 min to ensure all reactions were completed. PCR products
were electrophoretically size-fractionated on 1.5% agarose
gels containing 0.05 µg/ml of ethidium bromide and visual-
ized with UV-light.

2.5. Real-time quantitative RT-PCR

Thermoscript one-step quantitative RT-PCR with plati-
num Taq kit was used in order to synthesize cDNA and
subsequent real-time quantitative RT-PCR (Cepheid Real
Time PCR thermocycler, from Sunnyvale, CA, USA) reac-
tions. The gene specific sequences of oligonucleotide prim-
ers (Table 1) were used to check the expression of respective
genes with a 0.2× final concentration of SYBR Green I
nucleic acid stain (Molecular Probes, Eugene, OR, USA) as

the fluorophore. The final concentration of MgSO4 was ad-
justed to 6 mM with 50 mM MgSO4 in 25 µl PCR mixture
according to the manufacturer’s protocol. The temperature
profile included an initial 30 min, at 50 °C (for cDNA syn-
thesis), then denaturation at 95 °C for 5 min, in order to
deactivate the RT and activate the thermoscript taq poly-
merase. This was immediately followed by 45 cycles of
denaturation at 95 °C for 15 s, 60 s at 60 °C annealing and
elongation with optics on for fluorescence monitoring. The
specificity and purity of the amplification reaction was deter-
mined by performing a melting curve analysis. The quantifi-
cation of gene expression by real-time RT-PCR was deter-
mined by comparing amplified products to a previously
generated standard curve for b-actin. Briefly, this was gener-
ated by serial dilution of known quantities of total b-actin
DNA using gene specific primers (Table 1) followed by
quantitative real-time PCR.

2.6. Northern blot analysis

The 15 µg of isolated total RNA was denatured in a
formamide/formaldehyde solution at 68 °C for 10 min and
samples were resolved on 1% agarose gel electrophoresis.
The gel was stained with ethidium bromide solution, photo-
graphed, washed and transferred by vacuum to a nylon mem-
brane (MSI, Westboro, MA, USA) for 5 h. After UV
crosslinking, blots were prehybridized in a buffer containing
50 mM PIPES, 100 mM NaCl, 50 mM sodium phosphate
(pH 7.0), 1 mM EDTA and 5% SDS at 55 °C for 30 min.
Radioactive [a-32P] dCTP (3000 Ci/mmol, Amersham Inter-
national, Buckinghamshire, UK) cDNA probes were gener-
ated by RT-PCR for rat VEGF, Flt-1 and KDR. The RNA
blotted membranes were subsequently hybridized for 16 h at
65 °C. The membrane was washed in 1× standard saline
citrate plus 5% SDS at 55 °C for 30 min, and exposed to
X-ray film at –70 °C for appropriate time, then developed.

2.7. Western blotting

Treated/untreated sub-confluent myoFb were lysed in ly-
sis buffer (20 mM Tris, 150 mM NaCl, 0.25% NP-40, 1 mM
phenylmethylsulfonylfluoride and 1× protease inhibitors).
Fifty micrograms of protein was analyzed on (4–16%) gradi-
ent SDS-PAGE under denaturing conditions and elec-
trotransferred to nitrocellulose membranes (Sigma). Non-

Table 1
Gene specific nucleotide sequences used for PCR and real-time PCR

Gene Primer designation Primer sequence 5' → 3' Amplicon length base pairs
b2-MG b2-MG-5' 5'-CTCCCCTTCAAGTTGTACTCTCG-3' 250

b2-MG -3' 5'-GAGTGACGTGTTTAACTCTGCAAGC-3'
VEGF VEGF-5' 5'-CTCTACCTCCACCATGCCAAG-3' 500, 600

VEGF-3' 5'-GGTACTCCTGGAGGATGTCCACC-3'
KDR KDR-5' 5'-GTACTCCAGCGACGAGGCAGGACTTTTA-3' 445

KDR-3' 5'-TTTTATCCAGTTTCACAGAGGGCTCCATTG-3'
Flt-1 Flt-5' 5'-TGGAAGGAGGCGAGGATTACAGTGAGA-3' 453

Flt-3' 5'-GGTAGATTTCAGGTGTGGCATACTCTGGTG-3'
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specific protein binding was blocked by incubating the
membranes with blocking solution (PBS and 5% non-fat
dried milk) for 60 min, at room temperature. Polyclonal
antibodies specific for VEGF/Flt-1/KDR (1:250 in PBS con-
taining 5% non-fat dried milk) were applied to the membrane
and incubated overnight at 4 °C. After rinsing with wash
buffer (PBS, 0.15% Tween 20), membrane was incubated in
1:5000 diluted peroxidase-conjugated anti-mouse IgG anti-
body (Sigma, St. Louis, USA) for 60 min at room tempera-
ture. The detection of specific signals was performed using
the ECL detection system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Protein concentrations were mea-
sured using the method of Bradford (BIO-RAD, Hercules,
CA, USA).

2.8. Statistical analysis

Results are reported as mean ± S.E.M. for a minimum of
five or six determinations each of which was performed in
duplicate or triplicate. Statistical analysis was performed
using one-factor ANOVA, with P < 0.05 considered signifi-
cant.

3. Results

3.1. Expression of VEGF, Flt-1 and KDR mRNA in
myoFbs

VEGF and its receptors Flt-1 and KDR gene expression
was demonstrated in myoFb by northern blot (Fig. 1). The
mRNA transcript of 4.5 kb was detected for VEGF (Fig. 1a)
and a 5.0 kb mRNA transcript was detected for both Flt-1 and
KDR, as shown in Fig. 1b,c.

3.2. Expression of VEGF, Flt-1, and KDR protein in
myoFb

Protein levels were determined using western immunoblot
analysis of myoFb lysate with specific anti-VEGF, anti-Flt-1
and, anti-KDR antibodies corresponding to respective pro-
tein and protein bands for VEGF (at 23 kDa), Flt-1 (at 120
and 220 kDa), and KDR (at 220 kDa), are shown in Fig. 2.

3.3. VEGF and its receptor expression in myoFb by
RT-PCR

VEGF, Flt-1, and KDR mRNA expression was examined
in myoFb using RT-PCR technique. PCR amplification of
myoFb cDNA with VEGF, Flt-1 and KDR specific primers
resulted in PCR products of the expected size for VEGF (500,
600, 1000, and 1200 bp), Flt-1 (453 bp) and KDR (445 bp),
respectively (Fig. 3). Results indicated that VEGF PCR prod-
ucts 500, 600, 1000, and 1200 bp corresponded to VEGF
120, 164, 188 and 205, isoforms, respectively, with VEGF
120 and 164 as predominant isoforms (Fig. 3). These results
clearly demonstrate the expression of four different VEGF
isoforms and its receptors (Flt-1 and KDR) in myoFb.

3.4. Effect of AngII and its receptor antagonists on VEGF
expression in myoFb by western blot

The objective of this study was to investigate the modula-
tion of VEGF protein expression in myoFb treated with and
without AngII and its receptor antagonists (Fig. 4). Our
results revealed that AngII upregulated the VEGF expression
in myoFb and the influence of AngII was completely abro-
gated when treated along with Dup-753 whereas only incom-
plete inhibition was observed when treated simultaneously
with PD-123319. The decline of VEGF expression by Dup-
753 was statistically significant (P < 0.05) but not by PD-

Fig. 1. Northern blot analysis demonstrating the expression of VEGF (a), Flt-1 (b) and KDR (c) mRNA in cultured myoFb; (a) shows 4.5 kb transcript of VEGF,
(b,c) shows 5 kb Flt-1 and KDR transcripts respectively, and b2 Microglobulin was used as an internal control
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123319 (P < 0.8), demonstrating that the AngII influence on
VEGF expression mediated mainly by AT1 receptor.

3.5. Effect of AngII and its receptor antagonists on Flt-1
and KDR expression in myoFb by western blot

Experiments were conducted to study AngII effect on
Flt-1 and KDR protein expression. In these experiments,
myoFb were treated with and without AngII and its receptor
antagonists and results are shown in Fig. 5. Our results
demonstrated that AngII upregulates the Flt-1 protein expres-
sion in myoFb which was significantly inhibited by Dup-753
(Fig. 5, *P < 0.05) but not by PD-123319 (Fig. 4, lane 2,
P < 0.8). This study clearly demonstrates AngII upregulation
of Flt-1 expression is mediated predominantly by AT1 recep-
tor, while AngII alone or in combination with antagonists did
not show any significant effect on KDR protein expression
(Fig. 6).

Fig. 2. Western blot analysis of VEGF, Flt-1, and KDR expression using 50 µg of total protein from cultured myoFb. Electrophoreses was performed under
denaturing conditions on a 4–16% gradient sodium dodecyl sulfate-polyacrylamide gel. After transblotting to nitro-cellulose membrane, proteins were revealed
by a specific polyclonal antibody (1:250) and ECL detection. VEGF migrated to 23 kDa, KDR to 220 kDa, and Flt-1 to 220 and 120 kDa

Fig. 3. The expression of VEGF and its receptors (Flt-1 and KDR) by
RT-PCR in myoFb. Total RNA from myoFb was used for cDNA synthesis by
RT reaction and amplified by PCR using specific primers. (a) reveals the
expression of different splice variants of VEGF (1200, 1000, 600, and 500
bp). (b, c) both show 453 and 445 bp PCR products corresponding to Flt-1
and KDR, respectively

Fig. 4. Western blot analysis showing the effects of AngII in the absence or
presence of its receptor antagonists (Dup-753 and PD-123319) on VEGF
protein in cultured cardiac myoFb. Untreated cells (lane 1); cells treated with
10–7 M AngII (lane 2); 10–5 M Dup-753 and 10–7 M AngII (lane 3); 10–5 M
PD-123319 and 10–7 M AngII (lane 4) are shown. Lower panel (histogram)
represents the averages of densitometric scan of six (n = 6) experiments and
above panel shows one of the representative figures. VEGF protein was
normalized to internal control (b-actin). Results show the mean ± S.E.M. of
VEGF to internal control with *P < 0.05 indicating that data is statistically
significant
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3.6. Modulation of VEGF gene expression by AngII in
myoFb

3.6.1. Semiquantitative RT-PCR
Effect of AngII on VEGF expression was also studied

using semiquantitative RT-PCR technique. myoFb treated
with AngII showed increased VEGF gene expression com-
pared to control (untreated). AngII influence was blocked
when treated along with Dup-753, but not with PD-123319.
These results emphasize that modulation of VEGF by AngII
is mainly through AT1 receptor (Fig. 7a).

3.6.2. Real-time quantitative RT-PCR
The results on VEGF gene expression in myoFb treated

with AngII showed significant (*P < 0.05) increase in VEGF

(144%) compared to untreated controls (baseline; control as
100%). As shown in Fig. 7b, Dup-753 (AT1 receptor blocker)
treatment along with AngII (AngII + Dup-753) significantly
(*P < 0.05) inhibited AngII effect on VEGF gene expression
(13% with reference to baseline 144–87%). Whereas, PD-
123319 and AngII treated myoFb showed partial abrogation
of AngII influence on VEGF expression when compared to
AngII alone treated cells. However, AT2 receptor mediated
VEGF expression by AngII was marginal (P < 0.8) compared
to AT1. These results suggest AngII upregulation of VEGF
expression mostly via AT1.

Results from real-time RT-PCR and semiquantitative RT-
PCR confirm the upregulation of VEGF by AngII and also a
role for AT1 receptor in this process.

3.7. Influence of AngII on Flt-1 & KDR gene expression in
myoFb

3.7.1. Semiquantitative RT-PCR
Fig. 8a shows that AngII and its receptor antagonist’s

influence on Flt-1 gene expression in myoFb by semiquanti-

Fig. 5. Western blot analysis of AngII and its receptor antagonists (Dup-753
and PD-123319) on Flt-1 in cultured cardiac myoFb. Cells were treated with
or without AngII (10–7 M) and its receptor antagonists (10–5 M) for 24 h in
serum-free medium. Samples were loaded in the following order; lane 1
control, 2 AngII, 3 AngII and PD-123319, and 4 AngII and Dup-743. Lower
panel shows a histogram results from six blots corresponding to different
treatments (n = 6, top panel shows one of the representative figure). Results
show the ratios of mean ± S.E.M. of Flt-1 to internal control (*P < 0.05)

Fig. 6. Western Blot analysis shows the influence of AngII and its receptor
antagonists (Dup-753 and PD-123319) on KDR expression in cultured
cardiac myoFb. Cells were treated with or without AngII (10–7 M) and its
receptor antagonists (10–5 M) for 24 h in serum-free medium. Samples were
loaded in the following order; lane 1 control, 2-AngII, 3-AngII and Dup-
743, 4-AngII and PD-123319. Lower panel is a histogram of western blots
showing the ratio of KDR to the b-actin at different treatments, results are
mean ± S.E.M. (n = 4, top panel indicates one of the representative figure)
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tative RT-PCR. myoFb treated with AngII alone, showed
induction of Flt-1 expression, while Dup-753 + AngII treat-
ment blocked AngII influence on Flt-1 gene expression, but
not with PD-123319. These results clearly demonstrate that
AngII upregulates Flt-1 expression through AT1 receptor.

3.7.2. Real-time quantitative RT-PCR
In these experiments, real-time PCR results demonstrated

over expression of the Flt-1 receptor gene in myoFb samples
treated with AngII (increased to 220%) when compared to
untreated controls (100%) (Fig. 8b). When myoFb were
treated with Dup-753 (AT1 receptor antagonist) and AngII
(AngII + Dup-753), a significant (*P < 0.05) decrease in

AngII effect on Flt-1 gene expression was observed when
compared to control (100–35%) and AngII treated alone
(220–35%). When myoFb treated with PD-123319 (AT2
receptor antagonist) and AngII, partial abrogation of AngII
effect on Flt-1 expression was observed when compared to
AngII treated myoFb (220–150%, control baseline = 100%).
These results suggest that AngII influence on Flt-1 expres-
sion was predominantly mediated through AT1 receptor. In
these groups, KDR gene expression was not altered in any

Fig. 7. (a) RT-PCR analysis of VEGF mRNA isolated from AngII and its
receptor antagonists treated cultured myoFb. Total cellular mRNA was
reverse-transcribed into cDNA and amplified with VEGF and b2-MG-
specific primers. b2-MG was used as an internal control and PCR products
were of the predicted size: VEGF, 500 and 600 bp; b2-MG, 250 bp.
(b) Histogram showing the effect of AngII receptor antagonists’ Dup-753
and PD-123319 on the induction of VEGF mRNA in rat cardiac myoFb.
Cells were treated with or without AngII (10–7 M) and its receptor antago-
nists (10–5 M) for 3 h in serum-free medium. Total 200 ng of total RNA was
used in each case for real-time quantitative RT-PCR with specific primers for
VEGF as shown Table 1. Gene expression was quantified as percent change
in copy number (*P < 0.05) compared to b-actin standard curve. Values are
the mean ± S.D. from six independent experiments

Fig. 8. (a) RT-PCR analysis of Flt-1 mRNA isolated from AngII and its
receptor antagonists treated cultured myoFb. Total cellular RNA was
reverse-transcribed into cDNA and amplified with VEGF and b2-MG-
specific primers. b2-MG was used as an internal control and PCR amplified
products were of the predicted size: Flt-1, 453 bp; b2-MG, 250 bp.(b) A
histogram showing the effects of AngII receptor antagonists Dup-753 and
PD-123319 on the induction of Flt-1 mRNA in rat cardiac myoFb. Cells
were treated with or without AngII (10–7 M) and its receptor antagonists
(10–5 M) for 3 h in serum-free medium. After RNA extraction, 200 ng of
total RNA was used for real-time quantitative RT-PCR, amplified with
specific primers for Flt-1 (Table 1), and quantified by comparing percent
change in copy number from six mean ± S.D. (*P < 0.05) independent
experiments to b-actin standard curve.
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treatments and no significant change in KDR gene expres-
sion was noticed in myoFb indicating that AngII predomi-
nantly influences VEGF and the Flt-1 receptor, but not the
KDR receptor.

Results from real-time RT-PCR and semiquantitative RT-
PCR experiments were similar and confirmed that upregula-
tion of Flt-1 by AngII and a role for AT1 receptor.

4. Discussion

myoFb are ubiquitous cells with similar properties and
functions playing important roles in growth and develop-
ment, wound repair, and disease. These cells exhibit charac-
teristic features of both fibroblasts and smooth muscle cells
and are hence termed as myoFb [5–7,29]. Angiogenesis is
implicated in the pathogenesis of a variety of disorders. The
role of VEGF in developmental and pathological angiogen-
esis is well documented [24]. VEGF (also known as VEGF-A
or VPF) is a secreted, heparin binding 45 kDa glycoprotein
that stimulates angiogenesis in numerous physiological and
pathological settings [21]. VEGF is a potent mitogen for
endothelial cells and is chemotactic for vascular smooth
muscle cells [30]. Expression of vasoactive peptides such as
AngII and TGF-b1 by myoFb and their role in cardiac remod-
eling has been demonstrated [5,7]. Association of angiogenic
factors like VEGF to wound healing myoFb may have impli-
cations in regulation of angiogenesis during repair/
remodeling process. VEGF production in myoFb raises in-
triguing questions regarding its role in angiogenesis follow-
ing myocardial infarction. The present study demonstrates
for the first time that cardiac myoFb express VEGF and its
receptors, and their expression was markedly upregulated by
AngII.

The first objective of this study was to determine if myoFb
express mRNAs for VEGF/VEGF isoforms, their receptors
Flt-1 and KDR, and to elaborate their corresponding pro-
teins; this was demonstrated by a variety of techniques.
Northern hybridization results show the expression of 4.5 kb
VEGF transcript in cardiac myoFb. This is in agreement with
the earlier studies of Olofsson et al. [25], who reported major
transcripts of 3.7, 4.5 kb VEGF along with a 1.4 kb VEGF-B,
the most abundantly expressed transcripts in heart, skeletal
muscle, pancreas and prostrate endothelial cells. In our SDS-
PAGE experiments, we detected VEGF and VEGF-B expres-
sion (data not shown). DiSalvo et al. [31] reported that pure
VEGF homodimer migrates at its sub-unit mass of 27 kDa on
reducing SDS-PAGE.

myoFb expressed mRNA for the four VEGF isoforms:
VEGF120, VEGF164, VEGF188, and VEGF205. Rat VEGF
gene contains eight exons, VEGF120 lacks exons 6 and 7,
VEGF164 lacks exon 6, and VEGF188 incorporates all eight
exons. The major known functional difference among the
various VEGF isoforms is their ability to bind to heparin and
heparin sulfate proteoglycans distributed on cellular sur-
faces, within extracellular matrixes, and basement mem-
branes, this ability of VEGF is believed to be imparted

mainly by exon 6. Recent RT-PCR findings by Chen et al.
[32] revealed a similar profile of VEGF splice variants in a
co-culture model developed to study the effect of VEGF
produced by rat glomerular epithelial cells on the permeabil-
ity of endothelial cells in vitro.

Two receptor tyrosine kinases, Flt-1, and KDR mRNA
transcripts of size 5.0 kb were expressed in cardiac myoFb
cells. Yamane et al. [33] reported a 4.7 kb Flt-1 transcript in
rat liver endothelial cells and Wen et al. [34] reported a 6.0 kb
of KDR transcript in rat retinal endothelial cells. The Flt-1
protein under reducing conditions migrated at 120 and
220 kDa in SDS-PAGE analysis and KDR migrated at
220 kDa in cardiac myoFb. In mouse vascular endothelial
cells, Zachary et al. [35] reported a 180 kDa size of Flt-1
protein and 230 kDa of KDR protein.

Angiogenesis is the growth of new blood vessels from
preexisting ones and is a complex process regulated by nu-
merous factors. Among these factors, AngII, the main effec-
tor peptide of the renin-angiotensin system, may contribute
to vessel growth regulation. AngII acts by binding to both its
isoform receptors, angiotensin type 1 (AT1) and type 2
(AT2), yet induces activation of endothelial and smooth
muscle cell growth mainly by the AT1 receptor [36]. AngII, a
vasoactive peptide, also increases the expression and synthe-
sis of extracellular matrix proteins. In infracted rat heart,
quantitative in vitro autoradiography localized high density
angiotensin converting enzyme (ACE) and AngII receptor
binding to the site of tissue repair [8,37,38]. Previously, we
have identified that cultured myoFb express various compo-
nents involved in AngII generation [5] and elucidation of
these effector mechanisms regulated by this vasoactive pep-
tide may contribute to understanding of VEGF interaction
with its receptors.

The second objective of the present study was determina-
tion of the effect of AngII on VEGF and its receptors expres-
sion in myoFb. Our data demonstrates that AngII induced
cardiac myoFb to increase production of VEGF mRNA and
protein. AngII influence on VEGF expression was com-
pletely inhibited by Dup-753, and partially inhibited by PD-
123319. These studies suggest that induction of VEGF ex-
pression by AngII was mediated mainly by AT1. Gruden et
al. [39] reported AngII increased VEGF protein production
in human mesangial cells, which was completely abolished
by Losartan (Dup-753), a specific AT1 receptor antagonist.
Tamarat et al. [36] also reported in ischemic hind limb that
AngII enhanced VEGF protein content and this effect was
hampered by AT1 receptor blockade. Chua et al. [27] re-
ported that AngII acts on rat heart endothelial cells to induce
VEGF mRNA in a dose and time dependant manner in rat
endothelial cells. However, the induction is mainly mediated
by AT1 receptors alone with no involvement of AT2 recep-
tors.

AngII increased the mRNA and protein expression of
VEGF receptor Flt-1, but not KDR. Similar to VEGF gene
expression, Dup-753 significantly decreased the Flt-1 gene
expression whereas PD-123319 was less efficient in blocking
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AngII effect. AngII and its receptor antagonists did not have
any significant effect on KDR gene expression. These find-
ings suggest that AngII might potentiate Flt-1 gene expres-
sion mediated mainly by AT1 in cardiac myoFb cells. Otani
et al. [28] reported similar results in retinal microcapillary
endothelial cells. Similarly, their findings indicated an in-
crease in KDR gene expression and protein synthesis after
AngII treatment, which was inhibited by AT1 receptor an-
tagonist, but not by AT2 receptor antagonist, suggesting that
AngII influence on KDR expression was predominantly me-
diated by AT1 receptor signaling pathways.

In our previous studies [5] we have reported endogenous
expression of AngII by myoFb. This endogenously expressed
AngII may have influence on the basal level expression of
VEGF and Flt-1 in normal myoFb. In the present work, when
myoFb were treated with Dup-753 along with AngII, the
expression of VEGF and Flt-1 was lower than control indi-
cating that the effect of both exogenous AngII and endog-
enously expressed AngII, was completely blocked but not
with PD-123319 treated samples. These studies suggest that
induction of VEGF and Flt-1 expression by AngII was medi-
ated predominantly by AT1 receptor.

The most important findings of the present study is the de
novo expression of VEGF and its receptors (Flt-1 and KDR)
and its actions are mediated through Flt-1 receptor in cardiac
myoFb and local production of VEGF which may also par-
ticipate in remodeling at the myocardial infarction site in an
autocrine manner. The findings that AngII stimulates the
gene expression and protein secretion of VEGF in cultured
myoFb, suggest this peptide might be important in inducing
the synthesis and secretion of VEGF in myoFb during myo-
cardial infarction.

In conclusion, our studies demonstrate the de novo ex-
pression of VEGF and its receptors (Flt-1 and KDR) in
cultured cardiac myoFb suggesting a possible role(s) of
VEGF in angiogenesis and remodeling following myocardial
infarction. AngII upregulates VEGF and its receptor Flt-1
expression. However, no significant changes were observed
in KDR expression levels treated with AngII. Our findings
also suggest that the AT1 receptor pathway might play a
major role in regulation of VEGF in cardiac myoFb. Locally
produced VEGF and its receptors by myoFb may have novel
physiologic or therapeutic functions in myocardial remodel-
ing and angiogenesis that underlie disease or wound healing
processes. In depth studies are required to delineate the
relative importance of VEGF and VEGF-B and their iso-
forms in angiogenesis/remodeling associated with myocar-
dial infarction in cultured myoFb. Further studies are re-
quired to understand the role of AT1 and AT2 receptor
mediated signaling pathways that influence the expression of
VEGF and Flt-1 by AngII in myoFb.
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