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Abstract: Background: The angiogenic potential of an experimental therapy consisting in an administration of the
genes for vascular endothelial growth factor (VEGF165) in combination with hepatocyte growth factor (HGF) or
angiopoitein-1 (ANGPT1) has already been studied. However, there is still little known which combination of genes
is the most efficient. Methods: Two bicistronic plasmid vectors carrying pIRES/VEGF165/HGF and pIRES/ANGPT1/
VEGF165 and an empty plasmid (control group) were constructed. 30 rats were divided into three equal groups:
pIRES/VEGF165/HGF, pIRES/ANGPT1/VEGF165 and control group (empty plasmid). The plasmids were injected in
the hind limbs of the animals and 12 weeks later they were euthanized and tissue samples from the thigh muscle
were harvested. Then, under a microscope, vessels stained for the alpha-smooth muscle actin (α-SMA) and factor VIII (FVIII) were counted. Results: The average number of SMA+ or FVIII+ blood vessels in the pIRES/VEGF/
HGF group was 8.96±3.10 and 10.88±2.70, respectively. The angiogenesis was less effective after ANGPT1/VEGF
injection and the mean value was 7.12±3.30 for α-SMA+ and 8.63±3.63 for FVIII+ vessels. The average number
of SMA+ and FVIII+ vessels in the control group was 4.62±2.46 and 5.82±2.42, respectively. All differences were
statistically significant and P values were <0.01. Conclusions: In a rat model, the combination VEGF165 and HGF
genes is more effective in the neovascularization process than VEGF165 and ANGPT1 and more effective than the
injection of an empty plasmid.
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Introduction
Critical lower limb ischemia (CLI) is a common
disease in the developed countries [1-3]. CLI
often results in the need for limb amputation
and increases the overall risk of death compared to the general population [3, 4]. An optimal medical therapy, surgical procedures and
even modern endovascular procedures used 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]. One of the new methods of improving the microcirculation in critically ischemic
tissues involves the activation of angiogenesis

processes by gene and cell-based therapies [5,
6].
The activation of blood vessel formation in
adult tissues requires a cooperation of numerous cells and proteins. Vascular endothelial
growth factor (VEGF) is the key, initial player in
this multi-step process. It stimulates proliferation and migration of endothelial cells as well
as inhibits apoptosis. The activity of VEGF is
determined by the presence of VEGF receptors
on the cell surface [7, 8]. The VEGF-A overexpression in vivo initiates neovascularization
in the damaged or ischemic tissue [9, 10].
However, the formation of mature and stable
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blood vessels requires the presence of other
growth factors. Angiopoietin-1 (Ang-1) plays the
essential role in late phase of angiogenesis and
is responsible for the endothelial maturation
and stabilization of vascular vessels [11]. In
contrast to VEGF, Ang-1 doesn’t show mitogenic
properties. It inhibits endothelial permeability
as well as inflammation [12]. Ang-1 acts on
the cells by binding surface, specific receptor,
Tie-2 [13]. Hepatocyte Growth Factor (HGF) is
heterodimeric protein described as a powerful
activator of cell proliferation [14, 15]. The
receptor for HGF, c-Met is present on various
types of cells including endothelium. It was
postulated that HGF may effect on vascular
endothelial growth factor receptor-2 (VEGFR2)
expression [16, 17]. However, a recent study
did not confirm such a relationship [18].
Therapeutic angiogenesis using plasmid vectors as the carriers of growth factor genes
are considered to be safe [19]. Our previous
experience with VEGF165 gene application
using plasmid vectors in animal model as well
as CLI patients shows evidence of angiogenesis induction [20, 21]. Nevertheless, the results
were more satisfying when a combined genecell therapy was utilized [21, 22]. Mesenchymal
stem cells (MSC) are a good source of cytokines and growth factors but its isolation from
patients with chronic limb ischemia for autologous transplantation is often inefficient. For
this reason, we decided to develop a double
gene therapy using an optimal set of genes for
the induction of angiogenesis process in animal model.
The aim of this study is to compare the efficiency of neoangiogenesis in hind limbs of rats of
two bicistronic plasmid vectors carrying pIRES/
VEGF165/HGF and pIRES/ANGPT1/VEGF165.
Materials and methods
Plasmid preparation
The total RNA was isolated from ischemic
human heart tissue using EZNA RNA isolation
Kit (BIoTEC) according to the manufacturer’s
protocol. The reverse transcription reaction
was done with the SuprScript III kit (Invitrogen)
for cDNA library synthesis. HGF cDNA was
amplified by PCR using specific pair of primers:
5’ATATCTAGACCGTCCAGCAGCACC and 5’-ATAGTCGACCAGACACACTTACTTCAG. The cDNA fra-
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gments for ANGPT1 were obtained using a forward primer 5’ATAGCTAGCTGCTGGCAGTACAA
and a reverse primer 5’ATAACGCGTCATTGCGCTTTC. Human VEGF165 cDNA was prepared
as described previously [21]. All cDNAs were
cloned into pIRES bicistronic plasmid (Clontech)
with the restriction enzymes. In the case of
pIRES/VEGF165/HGF vector VEGF fragment
was inserted into multisite cloning place A
(MSCA) and HGF in multisite cloning place B
(MSCB). In vector pIRES/ANGPT1/VEGF165,
VEGF was cloned into MSCB whereas ANGPT1
in MSCA. In vitro studies have shown that VEGF
cloning site (A or B) has no effect on the efficiency of protein production.
All plasmids were purified using EndoFree
Plasmid Giga Kit (Qiagen) and dissolved in
sterile 0.9% NaCl solution. The apyrogeneity of
the plasmids was confirmed by a Limulus
amebocyte lysate assay, Pyrochrome Chromogenic Test Kit (Charles River). Endotoxin level
was below 10 EU per 1 mg DNA in all tested
samples.
RT-PCR analysis
COS7 African green monkey fibroblasts (ATCC)
was transfected transiently with plasmids
pIRES/ANGPT1/VEGF165 and pIRES/VEGF165/HGF using FuGENE® 6 transfection
reagent (Roche) according to the manufacturer’s protocol. 48 h after transfection, the cells
were harvested and total RNA was extracted
using E.Z.N.ATM Total RNA Kit (Omega Biotek) as
instructed by the manufacturer. Afterwards,
0.5 µg total miRNA was used as a template into
synthesis of cDNA using ThermoscriptTM RTPCR System (Life Technologies). The mRNA
expression level was measured in relative realtime PCR method using TaqMan Fast Universal
PCR Master Mix (Applied Biosytems) and specific TaqMan Gene Expression Assays (Hs00900054_m1 for VEGFA, Hs00300159_m1 for
HGF, Hs00181613_m1 for ANGPT1 and
H99999905_m1 for 18S). All reactions were
prepared on 96-well plate in conditions recommended by the manufacturer. The real-time
PCR was performed on 7900HT Fast Real-Time
PCR System (Applied Biosystems) under thermal cycling conditions: 20 s at 95°C and 40
cycles of 1 s at 95°C and 20 s at 60°C. For
quantification, the samples were normalized
against the expression of 18S. Relative quantification (RQ) for the examined mRNAs was cal-
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culated using the 2-ΔΔCT method. The results
were presented as logarithm of RQ.

Human VEGF DuoSet (R&D Systems) was used
for ELISA detection of VEGF165 in medium
samples. The concentration of human angiopietin-1 and HGF was determined by corresponding Quantikine® kit (R&D Systems) according to
the protocols of the manufacturer.

technology) in dilution 1:100 and monoclonal
mouse anti-human VEGF (VG-1, Santa Cruz
Biotechnology) in dilution 1:100. The specific
antibodies were incubated with studied sections for 1 h at room temperature. Subsequent
incubations involved biotinylated antibodies
and streptavidin-biotinylated peroxidase complex (LSAB+, HRP; Dako). For visualization of
the reaction, the DAB+ Liquid kit was used
(Dako). The sections were counterstained with
Mayer’s hematoxylin for 30 sec.

Animals and experimental protocols

Assessment of the number of vessels

The research protocol was approved by the
Local Ethics Committee (Ap. No: 70/2011). The
study was carried out on30 healthy Fisher
female rats. The animals were divided into
three, equal groups. The first group received 4
mg of pIRES/VEGF165/HGF plasmid in four
intramuscular injections in the right hind limb.
The second group was injected with 4 mg of
pIRES/ANGPT1/VEGF165 plasmid. The third,
control group received 4 mg of empty plasmids.

The evaluation of the neovascularization using
the angiogenesis markers was performed
under the light microscope Olympus BX41
with AnalySIS DOCU software (Soft Imaging
GmbH). Factor VIII and alpha smooth muscle
actin (alpha-SMA) protein expression was evaluated using a quantitative modified Weidner’s
method [18]. A microscopic image from one
slide magnified 200 times was transferred to a
computer program, and five randomly selected
fields of view with the highest density were
selected. It means that 50 fields of view were
selected for each study group (10 animals × 5
microscopic fields of view). Then, all blood vessels, brown stained for FVIII or SMA were counted automatically.

ELISA of human VEGF, HGF and angiopoietin-1

After 12 weeks all animals were euthanized
and muscle tissue samples from the intramuscular injection site were collected for further
analyses.
Histology and histopathology

Statistical analysis

Histologic specimens of the muscle samples
were thinly cut into 5-µm sections and stained
with hematoxylin and eosin for tissue necrosis
analysis. The samples were examined using an
Olympus BX51 light microscope.

The data were analyzed with Statistica 10.0
software (StatSoft). The distribution of the variables was tested with Shapiro-Wilk’s W test
prior to any further statistical analyses.
Summary statistics are expressed as medians
with 25th and 75th percentiles. The KruskalWallis ANOVA on ranks with post-hoc test was
used for multi-group comparisons (independent samples). Comparisons within a single
group among different time points were performed by using a Wilcoxon rank sum test.
Statistical significance was determined as
P<0.05.

Immunohistochemistry
Formalin fixed paraffin-embedded tissue was
freshly cut into 5-µm sections. The sections
were mounted on Superfrost slides (Menzel
Gläser, Germany), dewaxed with xylene and
gradually hydrated. Activity of endogenous peroxidase was blocked by 5-min exposure to 3%
H2O2. All the studied sections were boiled for
15 min at 250 W in Antigen Retrieval Solution
(Dako, Denmark). Then, immunohistochemical
reactions were performed using the following
antibodies: monoclonal mouse anti-human
α-Smooth Muscle Actin-αSMA (clone 1A4,
Dako) in dilution 1:100, monoclonal mouse
Factor VIII light chain (H-100, Santa Cruz Bio-
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Results
VEGF165, HGF and Ang-1 expression in cell
culture
An in vitro evaluation of the expression activity
of plasmid constructs was performed through a
transfection of the plasmids to the COS7 cells.

Int J Clin Exp Med 2016;9(7):12737-12744

The effectiveness of VEGF165/HGF and ANGPT1/VEGF165 genes in angiogenesis

Figure 1. Expression of pIRES/ANGPT1/VEGF and pIRES/VEGF/HGF plasmid constructs in the COS7 cells. Analysis
of VEGF, HGF ANGPT1 mRNAs in the COS7 cells transiently transfected with plasmid constructs was performed using real-time RT-PCR method. For relative quantification (RQ) the samples were normalized against 18S rRNA using
2-ΔΔCt method. The COS7 cells transfected with empty plasmid were used as a control. Bars represent the mean ±
SD of logarithm of RQ.

Figure 2. Expression of pIRES/ANGPT1/VEGF and pIRES/VEGF/HGF plasmid constructs in muscle samples from
study group of animals. Representative images of VEGF-stained rat muscle cross sections after (A) intramuscular
injection of pIRES/VEGF/HGF, (B) pIRES/ANGPT1/VEGF and (C) empty plasmid.

The mRNA level of individual genes in transfected cells was identified using relative real-time
PCR method. As shown in Figure 1, the transfection with pIRES/ANGPT1/VEGF165 (Figure
1A) as well pIRES/VEGF165/HGF (Figure 1B)
resulted in an increased mRNA level of HGF,
VEGF and ANGPT1 compared to control cells
transfected with empty plasmid. These results
were confirmed on protein level by quantitative
ELISA. Both, angiopoietin-1 and HGF were
undetectable in the samples of cell culture
media, whereas after transfection their concentration increased to 1873±1042 pg/ml and
42.39±28.04 pg/ml respectively. In contrast to
HGF and angiopoietin-1 the production of VEGF
protein increased slightly or remained at the
same level. In case of VEGF we observed positive reaction with media collected from untreated cell culture, which was most likely caused by
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too low species specificity of the antibodies
used in the ELISA test.
Necropsy and histological examination
All rats survived the 12-week test period. The
animals developed properly in all groups.
Necropsy did not reveal any pathological changes in organs and tissues of the animals. In all
animals from all groups a normal histological
picture of the striated muscles in the hind limbs
was found.
Immunohistochemical evaluation of angiogenesis
There was a significant increase in concentration of VEGF protein and capillary density in
animals receiving the pIRES/VEGF165/HGF
(Figure 2A) and pIRES/ANGPT1/VEGF165 (Fig-
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Figure 3. Histological analysis of skeletal muscle neovascularization. Representative photos of sections stained for
α-SMA (right) and Factor VIII (left). A and B: Images represented tigh muscles treated with pIRES/VEGF/HGF. C and
D: With pIRES/ANGPT1/VEGF. E and F: With empty plasmid, magnification 100 ×.

ure 2B) plasmids compared to the control
group (Figure 2C).
The administration of pIRES/VEGF165/HGF as
well as pIRES/ANGPT1/VEGF165 resulted in an
increased new blood vessels formation compared with the empty plasmid administration
(Figure 3). However, the highest number of
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α-SMA- and FVIII-positive capillaries was observed after pIRES/VEGF165/HGF genes transfer (Figure 3A, 3B).
The average number of blood SMA+ or FVIII+
vessels in the pIRES/VEGF/HGF group was
8.96±3.10 and 10.88±2.70, respectively (Figures 4, 5). The capillary formation was less ef-
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The application of bicistronic vectors with the
internal ribosome entry site (IRES) allows simultaneous expression of two genes in the
same cell [27]. VEGF, Ang-1 and HGF are regarded as key angiogenic factors [26, 28, 29].
Therefore, the combinations of VEGF165 with
ANGPT1 gene and VEGF165 with HGF gene
were chosen for the analysis in our study.

Figure 4. The mean number of capillary vessels under one microscopic field of view (α-SMA-marker).

VEGF alone is a critical factor for initiation of
angiogenesis. However, it has also been shown
as key mediator of the inflammation and vascular permeability [30]. An addition of Ang-1 leads
to vessel maturation and suppress VEGFinduced permeability and inflammation in
endothelial cells [31, 32]. Moreover, Ang-1 has
been reported as a chemotactic agent on bone
marrow-derived hematopoietic stem cells and
inducer of endothelial differentiation [33-35].
Similar to VEGF, HGF is a powerful endothelial
mitogen. The benefit of the HGF use is lack of
inducing vascular permeability and no proinflammatory effects [36, 37].

fective after pIRES/ANGPT1/VEGF165 injection and the mean value was 7.12±3.30 for
α-SMA+ and 8.63±3.63 for FVIII+ vessels. The
average number of SMA+ and FVIII+ capillaries
in the control group was 4.62±2.46 and
5.82±2.42, respectively. All differences were
statistical significant and P values were <0.01.

In our study, all animals were healthy and developed properly during the 12-week observation period. Necropsy did not reveal any pathological changes in organs and tissues of the
rats, including neoplastic lesions. After the
injection of both, pIRES/ANGPT1/VEGF165 and
pIRES/VEGF165/HGF plasmids, the angiogenesis was more intense than in the rats receiving empty plasmids. The pIRES/VEGF165/HGF
plasmid was significantly more effective in
inducing the neoangiogenesis than the pIRES/
ANGPT1/VEGF165 plasmid. The reason why
the improvement in the neovascularization process observed after an injection of the pIRES/
VEGF165/HGF was significantly higher better
needs to be examined in future studies.

Discussion

Conclusions

Figure 5. The mean number of capillary vessels under one microscopic field of view (FVIII- marker).

Gene therapy is a promising, alternative treatment option for patients with chronic limb ischemia. Since the first application of naked DNA
in CLI therapy by J. Isner, various approaches
have developed [24]. The most popular is the
use of plasmids and viral vectors. Most of the
recent studies involved a single gene, like VEGF,
HGF, fibroblast growth factors (FGF1, FGF2,
FGF4) [19]. However, a therapy using a single
angiogenic factor has been proven to be ineffective, mainly because the angiogenesis requires a cascade of various growth factors [25,
26].
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In conclusion, intramuscular administration of
bicistronic vectors encoding pIRES/VEGF165/
HGF and pIRES/ANGPT1/VEGF165 induced
local angiogenesis and did not cause neoplastic processes in the internal organs. The combination of VEGF165 and HGF genesis was more
effective in the neovascularization process
than VEGF165 and ANGPT1 and more effective
than the injection of an empty plasmid.
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