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Abstract
Objectives: This study evaluated the angiogenic efficacy of gene delivery by intramuscular (IM)

injections of VEGF 165 plasmid in an animal model.
Material and methods: 36 rats underwent intramuscular injections of plasmid to hind limbs. The

control group (18 animals) received empty plasmid. Group 1 received plasmid containing genes for vas-
cular endothelial growth factor (VEGF). After 12 weeks, all the animals were sacrificed and tissue sam-
ples from the thigh muscle from hind limbs were harvested for histological and immunohistochemistry
examinations.

Results: There were significant differences in the histological findings in the structure of muscle tissue
of the hind limbs between two groups. There was evidence of angiogenesis in the samples from group 1.
There was no angiogenesis present in the control group. The expression of VEGF 165 protein in the
immunohistochemistry examination demonstrated gene delivery to muscles of hind limbs in group 1.
Levels of expression of VEGF protein in the control group were not increased. The histological struc-
ture of the samples from group 1 confirmed successful gene delivery to muscles of hind limbs.

Conclusions: Intramuscular injections of plasmid of VEGF induced angiogenesis and increased the
concentration of VEGF protein in muscle tissue.
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Introduction
Epidemiological data indicate that frequency of occur-

rence of the critical lower limb ischemia (CLI) in Europe
and the USA range between 500 and 1000 new cases per
population of 1 million people [1-3]. CLI often results in
the high percentage of patients undergoing amputations and
death among patients [3, 4]. Currently applied pharmaco-
logical medication or endovascular procedures in CLI
patients yield very poor results. Several studies indicate
a death rate of 25% to 30% per year in CLI patients who
do not qualify for surgery [1, 3].

The latest scientific discoveries paved the way for the
entirely new concepts and techniques for treatment of the
critical lower limb ischemia [1, 5]. One of the new meth-
ods of improving the microcirculation in critically ischemic
tissues involves a process of angiogenesis [5, 6].

A process involving the growth of new blood vessels
is a subject of interest of several research institutes. This
vivid interest is augmented not only by the significance
of the process in the pathologic physiology of cancer but
also by the theoretical possibility of utilising this know-
ledge in therapy of the ischemic heart disease and lower
limb ischemia. Angiogenesis is a process involving blood
vessel formation by splitting off the existing ones [5, 6].
It is a very complex process that requires collaboration of
numerous cells and cytokines. In angiogenesis, one of the
most important cytokines is the vascular endothelial
growth factor (VEGF) [5-7]. It is the VEGF that by stim-
ulating the activation, proliferation and migration of
epithelial cells initiates formation of vessels in the dam-
aged or ischemic tissue. VEGF plays a key role in angio-
genesis and may easily be utilized in the therapeutic pro-
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motion of vessel growth in the ischemic tissues (neoan-
giogenesis) [8].

Therefore, for the reasons specified above, we have
decided to evaluate, in an animal model, the effect of the
plasmid that includes the VEGF165 protein coding gene.

The aim of the study
1. Evaluation of the efficacy of the induction of new blood

vessel formation by intramuscular injection of the plas-
mid VEGF165 gene within the hind extremities of the
laboratory animals, i.e. Fisher rats.

2. Evaluation of the safety of the VEGF165 gene therapy.

Material and methods
The research protocol was approved by the Ethics Com-

mittee of the Medical University of Wroclaw. Approval No.:
KB-926/2003.

Experimental tests were carried out in the Department
of Pathomorphology of the Wroclaw Medical University.

For research purposes, the plasmid that includes the
human VEGF165 coding gene and an empty control plas-
mid was used. Gene constructs were provided by the De-
partment of Molecular Technology of the Wroclaw Med-
ical University.

The apyrogenecity of the plasmid was confirmed by
a Limulus amebocyte lysate assay, Pyrochrome Chro-
mogenic Test Kit (Charles River) in the Laboratory of Med-
ical Microbiology in the IITD Institute of Immunology of
Infectious Diseases of the Polish Academy of Sciences in
Wroclaw. Plasmid sterility was confirmed by the Depart-
ment of Medical Microbiology of the Wroclaw Medical
University.

For the purposes of the present study, a group of 36
healthy Fisher rats, weighing from 200 g to 250 g, was
selected and qualified as a research material. All selected
animals were approved for the experimental gene therapy
by the Commission of Bioethics.

The treatment group or Group 1 consisted of 18 animals
that in 4 consecutive intramuscular injections were admin-
istered a total plasmid dose of 2 mg, with the hind right limb
as an injection site.

The control group consisted of practically identical 18 ani-
mals who were injected an empty (placebo) control plasmid.

After 12 weeks, all animals were euthanized and their
necropsy included taking the muscle tissue samples from
the intramuscular injection site for the purpose of analysis.
The collected samples were used for the following micro-
scopic examinations:
1. Histopathology

Histologic specimens of the muscle samples were thin-
ly cut into 4 µm slices and stained with hematoxylin and
eosin. The samples were examined using an Olympus BX-
50 light microscope.

2. Immunocyto/histochemistry for the detection of VEGF
protein
Immunocyto- and histochemical analysis involved paraf-

fin-embedded 4 µm tissue sections, mounted on silanized
DAKO (DAKO® No. S 3003) glass slides. Next, the sam-
ples were deparaffinized with xylene and transferred through
the alcohol series of lessening strength down to water.

Antigens in formalin-preserved tissues were retrieved
using Target Retrieval Solution DAKO® No. S1700 and
then heated for 30 minutes in 90°C water bath. Endogenous
peroxidase activity was blocked for 10 minutes with a dilut-
ed 3% hydrogen peroxide (H2O2) solution. Next, the slices
were stained with primary antibody: VEGF antibody (vas-
cular endothelial growth factor) No. AF-239-NA of RD Sys-
tems; dilution factor 1/200, incubation at room temperature
for 30 minutes. Next, they were washed in TBS and stained
with the biotinylated antibody (SAB® + Kit, DAKO K
0679) for 15 minutes. After TBS washing the slices were
incubated for 15 minutes with streptavidin-peroxidase com-
plex (LSAB® + Kit, DAKO K 0679).

The immunocytochemical reaction was caused by 3,3'-
Diaminobenzidine tetrahydrochloride (DAB + Liquid K 3486
DAKO). The slices were subsequently rinsed in running water
and dewatered by alcohol series. The material was xylene
overexposed and it was then placed in Canada balsam.

The samples were assessed using an Olympus BX-50
light microscope.

Results
All rats survived for the full planned 12-week test peri-

od of intramuscular plasmid administration. The clinical
course was uncomplicated.

Necropsy results

Necropsy did not reveal any pathological changes in
organs and tissues of the animals.

Histological results

For the purpose of the present study, muscle tissue spec-
imens from the intramuscular plasmid injection site were
used. In the control group (empty placebo plasmid), the his-
tological picture of the striated muscles was normal. No
neoangiogenesis in microcirculation was observed (Fig. 1).

In group 1 (VEGF 165 plasmid) a normal histological
picture, corresponding to the striated muscles was revealed.
In all animals, within the microcirculation many endothe-
lial cells and a process of the growth of new blood vessels
(neoangiogensis) was found (Fig. 2).

Immunocyto/histochemistry results

For the purpose of our study, segments of the striated
muscles from the intramuscular plasmid injection site were
used. In the control group (empty placebo plasmid), the his-
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tological picture of the striated muscle tissue was normal.
In the endothelial cells and extracellular matrix, no increased
accumulation of the VEGF165 protein was noted. No for-
mation of new capillaries or increased endothelial cell pro-
liferation was revealed (Fig. 3).

In group 1 (VEGF 165 plasmid), large deposits of the
VEGF165 protein were noted both within the extracellu-
lar matrix and in the vicinity of the newly formed capil-
lary vessels. All preparations revealed an endothelial cell
proliferation. A complete picture reflected the neoangio-
genesis (Fig. 4).

Discussion
In the discussed experimental material, during the full 12-

week observation period, in 18 animals of the control group

(empty plasmid) no clinical complications were observed.
Necropsy material revealed no significant pathology.

In group 1, observations carried after the administration
of VEGF coding gene plasmid revealed no clinical com-
plications. Similarly, the necropsy material revealed no sig-
nificant pathology.

Therefore, it can be concluded that plasmid injections
do not pose any danger to health or threat to life of the lab-
oratory animals, i.e. Fisher rats.

Lack of changes in the clinical picture is the evidence
that the intramuscular injection of empty or the human
VEGF165 coding gene plasmid does not significantly influ-
ence the basic life functions of the experimental animals.

On the basis of the presented necropsy material, it
should be assumed that intramuscular injections of the vas-
cular endothelial growth factor (ph VEGF165) do not pro-
mote any general angiogenesis in the internal animal organs,
nor stimulate neoplastic processes [8].

Histological and immunocyto/histochemistry results in
the control group indicated no significant changes in the tis-
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sue structure of all preparations collected from the intra-
muscular injection site. The obtained results confirm other
published experimental studies and indicate that an empty
plasmid does not influence the tissue physiology at the injec-
tion site [9-12]. Lack of changes in the striated muscle prepa-
rations, uncomplicated course of 12-week observation peri-
od and the necropsy results demonstrate that an administration
of an empty plasmid does not significantly influence the state
of health of the experimental animals [8, 9, 12].

In treatment group 1, in all histological and immuno-
cyto/histochemistry preparations obtained after an applica-
tion of a VEGF165 plasmid, a promotion of angiogenesis
was observed. The phenomenon was evidenced by the new
capillaries in the microcirculation, proliferation of endothe-
lial cells and increased deposits of the VEGF165 protein in
the plasmid injection site.

At the same time, it should be emphasized that intra-
muscular injections of the VEGF165 plasmid did not stim-
ulate angiogenesis outside the injection site. This was evi-
denced by the lack of pathological changes in the necropsy
material [8, 9, 12]. The obtained results document the process
of angiogenesis only in the sites of administration of the vas-
cular endothelial growth factor (VEGF165) [8, 9, 11, 12].

The growth of new blood vessels (angiogenesis) is
a complicated multistage process, involving numerous
changes in the overall cellular environment. First, an
increased permeability in blood vessels and laying of the
extracellular proteins in the matrix [5, 6, 11] is observed. It
is followed by the degrading of the basement membrane,
reorganization of the original vessel walls and preciously
controlled proteolysis of the matrix molecules [5, 6, 11].
These processes enable and prepare the tissue for the next
stage of invasion, migration and proliferation of the endothe-
lial cells upon stimulation by VEGF. The next essential
process occurring during the formation of new blood ves-
sels is the organization of multicell aggregates into tube-
like structures [5, 6, 11]. This stage occurs only due to the
spatial and tridimensional matrix structure and direct cell
contact with the extracellular matrix. As a result of this
process and VEGF stimulation , the cells change their shape
into a more pointed form, better adhering to each other and
forming an organisation resembling a blood vessel. The final
stage consists in final differentiation into a mature blood
vessel and stabilisation [5, 6, 11]. All the cells participating
in the formation of the new blood vessel are stimulated by
the vascular endothelial growth factor [13-16].

For the reasons specified above and on the basis of the
obtained results, it should be assumed that VEGF belongs
to proteins determining formation of new veins and arter-
ies. This growth factor was discovered in 1983, as a factor
increasing vascular permeability (VPF) and exceeding the
maximum response to histamine by 50 000. Later, due to
some debate over terminology, it acquired its contemporary
name [13, 14]. Vascular endothelial growth factor is a sub-
family of growth factors, which currently includes 6 pro-
teins: VEGF-A, -B, -C, -D, -E and placental growth factor

PIGF [24]. Vascular endothelial growth factor A is the most
important and best known one. This gene may be repre-
sented in five different forms that differ in the number of
amino acids per protein molecule: 121, 145, 165, 189 or
206 [9, 14]. Vascular endothelial growth factor is synthe-
sized by several cell types: endothelial, tumor, macrophages,
T lymphocytes, smooth muscle, kidney, keratocytes, astro-
cytes and osteoblasts [15-18]. The main transcription fac-
tor that regulates VEGF cell synthesis is HIF-1, hypoxia
inducible factor-1, which stimulates the protein expression
in response to insufficient blood supply or cell damage.

The main biological effect of VEGF is modulating
endothelial cell biology. The protein regulates also the devel-
opment of the vascular system [9, 14]. During embryonic
development it stimulates the development of aorta and oth-
er arteries, as well as of the venous and lymphatic system
[14]. Vascular endothelial growth factor is a potent mitogen
both for endothelial and smooth muscle cells that participate
in formation or reconstruction of arterial vessels [9, 14].

Vascular endothelial growth factor is believed to be
a major contributor to initial stages of angiogenesis as it reg-
ulates and stimulates the initiation of the process. However,
further stages, especially maturity of blood vessels, require
collaboration of numerous cells and cytokines [16-18].

While comparing the obtained results to these quoted
in the literature on the subject, it should to be assumed that
angiogenesis is a multistage process, in which coordinated
interaction of extracellular matrix, cells and cytokines is
indispensible. Due to the complexity of the process, it is
difficult to effectively interfere with formation of new blood
vessels solely by administration of the vascular endothelial
growth factor [13-15]. The solution that seems to solve this
problem is a simultaneous administration of the endothelial
growth factors [10, 13-15].

Conclusions
1. Intramuscular injections of plasmid that includes the

VEGF165 coding gene do not pose any danger to health
of experimental animals and do not cause any local or
general side effects.

2. Intramuscular injection of the plasmid that includes the
VEGF165 coding gene does not promote any general
angiogenesis or stimulate neoplastic processes in the
internal animal organs.

3. A process involving the growth of new blood vessels and
increased accumulation of the VEGF165 protein in the
injection site of an empty plasmid was observed.
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