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Introduction
Radiation-induced heart disease (RIHD) is a particular prob-
lem related to radiation treatments for the mediastinum and 
breast, such as in lymphoma, breast cancer, esophagogastric 
cancer, thymoma and lung cancer[1].  The goal of radiotherapy 
is to deliver a dose to the tumor that is sufficient to provide 
a high probability of cure yet will cause minimal damage to 
the surrounding tissues.  During radiotherapy of tumors adja-
cent to the heart, at least a portion of the heart is frequently 
included in the treatment field and may receive the full dose 
intended for the tumor.  Local heart irradiation with single 
or fractionated doses leads to heart failure following dose-
dependent latency periods[2].  High survival rates of diseases 
and long follow-up time of relatively young patients revealed 
that irradiation of the heart can cause chronic impairment of 
cardiac pump function and cardiac disease[3–6].  There is com-
pelling epidemiological evidence that the risk of dying from 
myocardial infarction or another ischemic heart disease is sig-

nificantly increased at more than 10−15 years after exposure of 
the heart to local irradiation[7].

Radiation-induced damage to the microvasculature has 
severe pathological implications for kidney, heart and other 
tissues[8–10].  The most significant type of radiation-induced 
heart disease (RIHD) appears to be myocardial damage, which 
may result from loss of alkaline phosphatase activity of capil-
lary endothelial cells 6−10 weeks after radiotherapy[9, 11].  After 
a single dose of 20 Gy, myocardial degeneration becomes 
apparent in rats at approximately 6 months post-irradiation 
and is preceded by a marked reduction in capillary density[12].  
In addition to myocardial degeneration, perivascular and 
interstitial fibrosis are seen[13].  Parallel to the development 
of morphological damage, hemodynamic studies reveal a 
marked impairment of cardiac function[14, 15].  It has been pro-
posed that effective pharmacological intervention to protect 
the vascular system could lead to a decrease in normal tissue 
damage.

Hepatocyte growth factor (HGF), originally identified and 
cloned as a potent mitogen for mature hepatocytes[16–18], has 
mitogenic, morphogenic, and anti-apoptotic activities in a 
wide variety of cells, preferentially in most epithelial and 
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endothelial cells[19–21].  It is particularly important that HGF 
enhances regeneration of organs such as liver, kidney and 
lung[20].  Additionally, HGF has angiogenic activity[22–24].

However, whether HGF is effective in protecting vascular 
endothelial cells against gamma ray irradiation has not been 
reported.  The purpose of this study was to investigate the 
effect of HGF on proliferation, apoptosis and migration of 
human vascular endothelial cells irradiated with a single dose 
of gamma rays.

Materials and methods
Cell lines and cell culture
ECV304 cells derived from adult human umbilical veins 
endothelial cells (HUVEC) were cultured in DMEM (Gibco, 
USA) that included 10% newborn calf serum (Gibco).  The 
medium contained penicillin and streptomycin.  Cells were 
incubated at 37 °C in 5% CO2.  

Immunocytochemistry
Immunocytochemistry was used to examine expression of 
c-Met in the ECV304 cells.  Either polyclonal rabbit anti-
human c-Met IgG or the negative control of normal rabbit 
immunoglobulin was used as the primary antibody, and HRP-
linked goat anti-rabbit IgG was used as the secondary anti-
body (Santa Cruz, CA, USA).  Cells were visualized by a single 
observer with a microscope at 100×magnification.

Western blot analysis
To prepare lysates, cells were washed in PBS and solubilized 
with 50 mmol/L Hepes solution (pH 7.4) containing 1% (v/v) 
Triton X-100, 4 mmol/L EDTA, 1 mmol/L sodium fluoride, 0.1 
mmol/L sodium orthovanadate, 1 mmol/L tetrasodium pyro-
phosphate, 2 mmol/L phenylmethylsulfonyl fluoride (PMSF), 
10 μg/mL leupeptin, and 10 μg/mL aprotitin.  Following 
centrifugation in a microfuge, the protein concentration in 
the supernatant was determined.  Equal protein levels of cell 
lysates were electrophoresed through reducing SDS polyacryl-
amide.  Completion of the protein transfer from gels to the 
membranes was checked by staining the gels with Coomassie 
Blue R-250.  The membranes were blocked with 5% nonfat 
milk and incubated with antibodies for c-Met and phospho-
specific c-Met.  Levels of proteins and phospho-proteins were 
detected with HRP-linked secondary antibodies and the ECL 
system.  Membranes were stained with Coomassie Blue to 
confirm that there was equal loading and transfer.

Irradiation procedure
Twenty-four h before irradiation, cell cultures received fresh 
culture medium. Cells were then irradiated at room tempera-
ture with a single dose of 20 Gy, operated at a dose-rate of 
510.4 cGy/min.  Sham-irradiated cell cultures were included 
at room temperature at the same time.  After irradiation, cell 
cultures were replaced in the incubator and were maintained 
at 37 °C under 5% CO2 .

Mitogenicity bioassay (MTT test)
A total of 200 μL ECV304 cells were seeded separately into 
96-well plates at a density of 1×106 cells per well.  On d 3, the 
cells were irradiated with a single dose of 5, 10, and 20 Gy, 
respectively.  At 48 h post-irradiation, 20 μL MTT (5 mg/mL) 
was added to each well.  The cells were cultured for an addi-
tional 4 h, and then all the liquid in each well was tipped out.  
To dissolve the precipitate, 150 μL DMSO was added.  Absor-
bance at 570 nm was determined by ELISA spectrometry.

Apoptosis assay by flow cytometry
Flow cytometric assays for detection of apoptosis were carried 
out using the Annexin V kit (Caltag Laboratories) according 
to the manufacturer’s protocol.  Briefly, trypsinized cells were 
resuspended in binding buffer with Annexin V-FITC and pro-
pidium iodide (PI) and incubated for 15 min in the dark.  Flow 
cytometry was performed immediately after the staining was 
completed.  All analyses were performed on a Becton Dick-
inson flow cytometer, and the data were processed using the 
Cell Quest program.

Transwell chamber assay
The motility and invasive ability of ECV304 cells were per-
formed in 24-well transwell plates.  The upper surface of poly-
carbonate filters with 8 mm pores was coated with collagen I.  
ECV304 cells were pre-incubated with different concentrations 
of HGF or 1% BSA (negative control) for 24 h at 37 °C in a 
CO2 incubator and then detached and resuspended in serum-
free DMEM.  A suspension of cells (2×105 cells/100 µL) was 
placed in the upper chambers, and the lower chambers were 
filled with 600 µL of DMEM medium.  Cells were allowed to 
migrate for 4 h at 37 °C.  Migration was terminated by remov-
ing the cells from the upper compartment of the filter with a 
cotton swab.  Cells that had invaded through the collagen I 
and reached the lower surface of the filter were quantified by 
counting the cells that migrated in five random microscopic 
fields per filter at 100×magnification (Olympus IX51; Olympus 
Corporation, Tokyo, Japan).

Statistical analysis
All statistical analyses were performed using SPSS10.0 for 
Windows (SPSS Inc, USA).

Continuous variables were expressed as mean±standard 
deviation (SD), and the differences were evaluated by one-
way analysis of variance (ANOVA) or t test.

Results
c-Met protein is expressed in ECV304 cells and can be activated 
by HGF 
To determine whether ECV304 cells express c-Met and 
whether HGF can activate signal transduction in ECV304 cells, 
we evaluated the expression of c-Met and phosphor-specific 
c-Met protein in ECV304 cells.  Immunocytochemistry analy-
sis showed ECV304 cells expressed c-Met (receptor of HGF) 
(Figure 1A).  Further, immunoprecipitation followed by West-
ern blot analysis, using antibodies for phosphor-tyrosine and 
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c-Met, revealed that HGF elicited tyrosine phosphorylation of 
c-Met in ECV304 cells (Figure 1B).

Gamma ray irradiation effects on proliferation, apoptosis and 
motility of ECV304 cells is dose dependent
Gamma rays can cause the decline of viable cells and inhibit 
cell proliferation.  We detected the proliferation and apopto-
sis of ECV304 cells using MTT assay and flow cytometry 48 h 
after irradiation with single dose of 5, 10, and 20 Gy of gamma 
rays, respectively.  As shown in Figure 2A, the proliferation 
of ECV304 cells were inhibited after a single irradiation with 
gamma rays, but irradiation aggravated apoptosis of ECV304 
cells and was dose-dependent manner (Figure 2B).

Further, 48 h post-irradiation, we evaluated the motility and 
invasive ability of ECV304 cells migrating through collagen I 
coated membrane.  Migrated cells were treated with irradia-
tion of a single dose gamma ray of 5, 10, and 20 Gy, respec-
tively.  At 48 h post-irradiation, cells were placed on collagen 
I-coated filters and incubated for 4 h for migration assay.  They 
were then fixed, stained with 0.5% crystal violet and photo-
graphed.  The number of cells passing through the filter was 
counted after staining with crystal violet.  The transwell cham-
ber assay showed that the migration ability of ECV304 cells 
was significantly decreased following a single dose of gamma 
rays and was dose dependent.  The numbers of cells migrat-

Figure 1.  c-Met protein expression and phosphorylation in ECV304 cells.  
(A) The ECV304 cells were immuocytochemically stained with control 
antibody(a) and antibody against c-Met(b) (original magnification: 100×).  
(B) ECV304 cells were treated with HGF at concentrations indicated for 30 
min and harvested for immunoprecipitation using c-Met antibody-protein 
A-agarose conjugates followed by Western blot with phosphotyrosine 
specific antibody (top: designated as Py-c-Met).  Blots were stripped and 
reported with antibody to c-Met (bottom). 

Figure 2.  Gamma ray irradiation induces the apoptosis and inhibits 
proliferation and motility of ECV304 cells.  (A) MTT assay shows That 
gamma ray irradiation inhibits proliferation of ECV304 cells in a dose-
dependent manner.  (B) Apoptosis assay with flow cytometry shows 
irradiation increases apoptosis of ECV304 cells.  (C and D) Depression 
of ECV304 cell invasion and migration induced by gamma ray irradiation.  
Typical micrographs of invading ECV304 cells (C) (original magnification: 
200×).  Irradiation decreased rates of cell invasion significantly in a dose 
dependent manner (D).  0 Gy: sham-irradiated, 5 Gy: irradiated with 5 Gy 
gamma ray, 10 Gy: irradiated with 10 Gy gamma ray, 20 Gy: irradiated with 
20 Gy gamma ray.  bP<0.05, cP<0.01 vs without irradiation.
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ing across the collagen I coated membrane were significantly 
decreased compared to control cells (Figure 2C–2D).

HGF protects ECV304 against gamma ray irradiation induced 
damage
To determine whether HGF protects ECV304 cell against irra-
diation, cells were incubated with HGF with a dose of 0, 20, 
or 40 ng/mL 3 h prior to irradiation with 20 Gy of gamma 
ray.  At 48 h post-irradiation, the proliferation, apoptosis 
and migration ability of ECV304 cells were measured.  MTT 
assay confirmed that the proliferation of cells with HGF was 
decreased compared to sham-irradiated cells, but proliferation 
was increased significantly compared to irradiated cells with-
out HGF (Figure 3A).  Apoptosis analysis with flow cytometry 
showed that HGF inhibited the apoptosis of irradiated ECV304 
cells (Figure 3B).  

One of the earliest steps in angiogenesis is the invasion of 
the basement membrane and migration of endothelial cells 
toward the angiogenic stimulants.  In this study, we observed 
the effect of HGF on the migratory ability of ECV304 cells.  
Cells were incubated with HGF with a dose of 0, 20, or 40 
ng/mL 3 h prior to irradiation with 20 Gy of gamma ray.  At 
48 h after irradiation, transwell chamber assay confirmed that 
the invasive and migratory ability of ECV304 cells was signifi-
cantly increased by 3 h pre-incubation with HGF compared to 
without HGF (Figure 3C–3D).

Discussion
This study demonstrates that HGF may attenuate irradiation-
induced damage of endothelial cells, thereby reducing the 
apoptosis and improving the proliferation and migration abil-
ity of endothelial cells.

As to pathogenesis of RIHD, some studies illustrate that 
myocardial degeneration and diffused fibrosis are preceded 
by irradiation-induced damage to the capillary network.  Early 
morphological alterations in irradiated endothelial cells in 
vivo are irreversible and are followed by a persistent decrease 
in capillary density.  Systematic morphometric studies in rats 
showed that the reduction of capillary volume, length and 
density sets in at about 20 days after heart irradiation, and its 
progress is dose dependent.  Simultaneous with capillary rare-
fication is a focal loss of the endothelial cell marker enzyme 
alkaline phosphatase that increases with time.  When the foci 
of myocardial degeneration developed, they were invariably 
situated within the areas of enzyme loss[9, 25].  Loss of enzyme 
activity was associated with foci of myocardial degeneration, 
supporting the hypothesis that lesions were secondary to vas-
cular endothelial cells injury[9].  

HGF has mitogenic, morphogenic, and anti-apoptotic activi-
ties in a wide variety of cells.  The potent activity of HGF to 
prevent cell death in distinct types of cells has been docu-
mented[26–28].  HGF has been shown to be released in response 
to myocardial ischemia-reperfusion injury[29] and acute myo-
cardial ischemia-reperfusion[30, 31].  It has been postulated that 
HGF serves as a cardioprotective agent in the heart[32].  Some 
of the cardioprotective effects of HGF may be due to its abil-

ity to induce angiogenesis by acting on vascular endothelial 
cells[33].

Radiation injury to endothelial cells of the myocardial capil-

Figure 3.  HGF protects ECV304 cells against irradiation of 20 Gy of 
gamma ray irradiation.  (A) Proliferation of cells with HGF (40 ng/mL) was 
significantly increased compared to cells without HGF.  (B) HGF attenuates 
the apoptosis of ECV304 cells.  (C) Typical micrographs of invading 
ECV304 cells with different concentration of HGF.  (D) HGF significantly 
increased the number of migrating cell at the concentration of 40 ng/mL.  
H0: without HGF, H20: with HGF (20 ng/mL), H40: with HGF (40 ng/mL).  
bP<0.05, cP<0.01 vs group without HGF.
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lary network is the underlying cause of myocardial degenera-
tion and heart failure after heart irradiation.  In this study, 
the HGF receptor c-Met has been shown to be expressed 
in endothelial cells.  We also found that c-Met can function 
through HGF-induced rapid tyrosine phosphorylation.  There-
fore, HGF can transmit signals that may protect endothelial 
cells against irradiation.  

In this study, we irradiated ECV304 cells with gamma rays 
and found that gamma rays damaged the proliferation and 
migratory ability of ECV304 cells in a dose-dependent manner.  
Further, cells were incubated with HGF of different concen-
trations prior to irradiation.  HGF was proven to increase the 
proliferation and inhibit the apoptosis of endothelial cells.  We 
further evaluated the motility and invasive ability of endothe-
lial cells.  The invasive and migratory ability of ECV304 cells 
was significantly increased by 3 h pre-incubation with HGF 
prior to irradiation.  

One of the earliest steps in angiogenesis is the invasion of 
the basement membrane and migration of endothelial cells 
toward the angiogenic stimulants.  Angiogenesis is associated 
with viability and migratory ability of endothelial cells.  This 
study demonstrated that HGF can attenuate radiation injury 
to endothelial cells, so these experimental results can lay a 
solid foundation for HGF therapy of irradiation-induced heart 
disease.

In summary, the present study demonstrates that endothe-
lial cells have functional HGF/c-Met signaling machinery that 
exhibits phosphorylation of c-Met.  Furthermore, the results of 
this study show that HGF can inhibit the apoptosis and pro-
mote the proliferation and motility of endothelial cells.  HGF 
may be useful as a pharmacological agent to treat RIHD.
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