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Abstract. The purpose of this study was to examine the effects 
of irradiation by 125I seeds in human lung cancer xenograft 
model and to determine the underlying mechanisms involved, 
with a focus on angiogenesis. A group of 40 mice bearing A549 
lung adenocarcinoma xenografts was randomly separated into 
4 groups: control group (n=10), sham seed (0 mCi) implant 
group (n=10), 125I seed (0.6 mCi) implant group (n=10) and 
125I seed (0.8 mCi) implant group (n=10), respectively. The 
body weight and tumor volume, were recorded every four days 
until the end of the study. At 30 days after irradiation, the 
microvessel density, proliferative index and apoptotic index 
were evaluated by quantitative morphometric analysis of the 
expression of CD34, proliferating cell nuclear antigen (Ki-67) 
and in situ terminal transferase-mediated fluorescein deoxy- 
UTP nick-end labeling (TUNEL), respectively. The changes 
in the expression of hypoxia inducible factor-1α (HIF-1α) and 
vascular endothelial growth factor (VEGF) were detected 
by real-time PCR and western blot analysis. Consequently, 
125I seed irradiation suppressed the growth of lung cancer 
xenografts in nude mice, while inhibiting cell proliferation and 
angiogenesis and inducing apoptosis as demonstrated by Ki67, 
CD34 and TUNEL staining. HIF-1α and VEGF mRNA and 
protein expression levels were substantially downregulated 

following 125I seed irradiation. Collectively, our data suggest 
that irradiation by 125I seeds is a promising new option for 
lung cancer treatment.

Introduction

Lung cancer is the most common cancer worldwide, and more 
than 1.8 million new cases and almost 1.6 million deaths were 
estimated in 2012, with most of these cases (80-85%) catego-
rized as non-small cell lung cancer (NSCLC) (1). In China, 
lung cancer is the most frequently diagnosed cancer and the 
leading cause of cancer-related death (2). NSCLC treatments 
include surgery, chemotherapy, and radiation therapy, which 
are determined by the type and stage of cancer. Surgery is the 
only curative treatment of NSCLC; however, less than 20% of 
NSCLC patients who were not diagnosed at advanced stages of 
the disease are potentially curable with surgical resection (3). 
Numerous clinical studies have confirmed the effectiveness 
of chemotherapy combined with external beam irradiation 
(EBRT) in the treatment of patients with NSCLC presenting 
with locally advanced malignancy (4-7). To our disappoint-
ment, they have not greatly affected outcomes, and the gain 
often comes with substantial severe toxicity (myelosuppres-
sion, nausea, vomiting and radiation pneumonitis), especially 
affecting important organs and tissues (heart, esophagus, and 
large blood vessels) (8,9). A great number of patients with 
advanced NSCLC also cannot tolerate the currently avail-
able treatment modalities mainly owing to their poor general 
condition, especially with other complication. Therefore, novel 
therapeutic approaches are urgently needed to effectively 
prolong survival time and obviously improve the quality of life 
in advanced patients.

In recent years, 125I implantation has been widely used 
to treat advanced and inoperable prostate cancer, lung cancer, 
pancreatic cancer, colorectal cancer and head and neck cancer 
because of accurate positioning, little trauma, high doses in 
the target volume, few normal tissues exposed and minimal 
complications (10-14). The advantages of 125I have led to its 
widespread application in China (11,15).

Although many clinical trials have reported that 125I seed 
radiation is a feasible adjuvant treatment to control local 
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symptoms and prolong survival for advanced or unresectable 
NSCLC (16,17), its biological effects and underlying molecular 
mechanisms are far from fully understood.

Qu and colleagues (18) demonstrated that a continuous 
low-dose rate of irradiation (CLDR) induced stronger growth 
inhibition in A549 cells than single EBRT due to the aggra-
vation of G2/M arrest, and increased apoptosis. Takabayashi 
and colleagues (19) demonstrated that 125I seed irradiation 
induced apoptosis and suppressing proliferation in histo
logically varied gastric cancers to exert antitumor effects. The 
tumor microenvironment is often hypoxic, and tumor hypoxia 
is associated with formation of new capillaries and resistance 
to radiation therapy. HIF (e.g. HIF-1α, HIF-2α, HIF-3α) are 
activated in response to hypoxia, which upregulate numerous 
genes affecting angiogenesis. VEGF as the best known and 
the most efficient angiogenic factor is constitutively acti-
vated. It is thus inferred that the HIF upregulation of VEGF 
is most likely responsible for angiogenesis in tumors (20,21). 
It is well known that angiogenesis is absolutely required for 
tumor growth. Therefore, inhibition of angiogenesis can 
prevent tumor growth (22). This study was designed to inves-
tigate 125I-induced cell apoptosis, suppressing proliferation 
and angiogenesis and the possible role of HIF-1α and VEGF 
in the process of 125I brachytherapy in lung carcinoma. 
Herein, we examined its biological effects on adenocarci-
noma cells, the most common pathological type of NSCLC, 
using xenograft models.

Materials and methods

Cell line and cell culture. The human lung adenocarcinoma 
cell line A549 was purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). The cells were 
cultured in RPMI-1640 (Gibco, Carlsbad, CA, USA) medium 
supplemented with 10% heat-inactivated fetal bovine serum and 
1% pen-strep (100 U/ml penicillin and 100 mg/ml streptomycin) 
(Gibco) in a 37˚C humidified incubator containing 5% CO2. 
All experiments were performed using cells grown to 60-80% 
confluence. For in  vivo injections, suspensions with >95% 
viability were used, as determined by trypan blue exclusion.

Animal model. Female BALB/c nude mice, 4-6 weeks old and 
weighing 17-20 g, were purchased from Institute of Chinese 
Academy of Medical Sciences and allowed to acclimatize for 
1 week under specific pathogen-free conditions (23±2˚C and 
55±5% humidity) in the Animal Care Facility before any inter-
vention was initiated. The mice were housed and maintained 
under specific pathogen-free conditions in facilities approved 
by the Animal Care and Use Committee of Qingdao University 
School of Medicine. A549 cells (5x106) in 0.2 ml PBS were 
injected subcutaneously into the right dorsal flank of each 
mouse. Mice were monitored daily for tumor development and 
total body weight, tumor incidence and mass, were recorded 
every four days till the end of study. The tumor volume (V) 
was calculated by the following formula: V (mm3)=LxW2x1/2 
(L, length of tumor; W, width of tumor).

125I seeds. The 125I  seeds were provided by Invasive 
Technology Department of The Affiliated Hospital of Qingdao 
University, with a diameter of 0.8 mm, and a length of 4.5 mm. 

The average energy was 27.4 to 35.5 keV, with a half-life of 59.6 
days. After decaying into the organs, the 125I seeds released 
continuous low-dose γ-ray and soft X-ray (5% of 35 keV and 
95% of 28 keV, respectively). The internal irradiation was 
relatively long-acting, 93-97% of the brachytherapy dose was 
delivered within 8-10 months.

125I brachytherapy seed implant. As tumors reached a size 
of approximately 300  mm3 in about 24  days, mice were 
randomly divided into 4 groups (n=10/group). Four groups 
were grouped as follows: non-implanted control group; sham 
seed implant group; 125I seed (0.6 mCi) implant group; and 
125I seed (0.8 mCi) implant group. Before in vivo implanta-
tion, each mouse was anesthetized via inhalation of diethyl 
ether (provided by Pharmacy Department of the Affiliated 
Hospital of Qingdao University). The visible mass in mice 
was punctured by the 18-gauge needles of the Mick-applicator 
through which seeds were implanted. After 30 days of treat-
ment, all mice were humanely sacrificed, and tumors were 
harvested and weighed, then fixed in 4% paraformaldehyde 
(PFA) or flash frozen in liquid nitrogen.

Immunohistochemistry for Ki67 and CD34. Immunohisto
chemical procedures of Ki67 and CD34 were done as described 
previously by Lee and colleagues (23). In brief, samples of the 
tumors were fixed in 4% PFA for 24 h, embedded with paraffin, 
then sectioned (4 µm) longitudinally and stained with hema-
toxylin and eosin (H&E). Following staining cell proliferation 
and microvessel density was assessed by quantitative morpho-
metric analysis of Ki67 and CD34 expression, respectively. For 
detecting CD34 and Ki67 immunoreactivity, tissue sections 
were deparaffinized with sequential washing of xylene, rehy-
drated with descending grades of ethanol, followed by antigen 
retrieval and endogenous peroxidase treatment. After blocking 
endogenous peroxides and nonspecific proteins, sections were 
incubated at 4˚C overnight with rabbit anti-mouse monoclonal 
anti-Ki67 antibody (Abcam, Cambridge, MA, USA) at a 1:100 
dilution and rabbit anti-mouse monoclonal anti-CD34 antibody 
(Cell Signaling Technology, Boston, MA, USA) at a 1:85 dilu-
tion, respectively. Subsequently, slides were washed three 
times in Tris-buffered saline (TBS), and incubated for 20 min 
at room temperature with peroxidase-conjugated goat anti-
rabbit IgG secondary antibodies (Abcam). Negative controls 
were incubated with PBS instead of the primary antibody. 
Visualization was achieved with a diaminobenzidine (DAB) 
substrate system in which nuclei with DNA fragmentation or 
endothelial cells were stained brown.

TUNEL staining. For the detection of apoptosis, tumor 
specimens were subjected to a TUNEL assay using the 
In Situ Cell Death Detection kit (Roche, Basel, Switzerland), 
in accordance with the manufacturer's instructions. Briefly, 
4% PFA fixed tissues were permeabilized with Proteinase K 
working solution (provided in the kit) at 37˚C for 30 min. The 
slides were washed twice in PBS and incubated with 50 µl of 
TUNEL reaction mixture (provided in the kit) in a dark and 
humid atmosphere for 60 min at 37˚C, followed by incubation 
with Converter-POD solution (provided in the kit) for 30 min 
at 37˚C. Slides were developed using DAB, mounted under 
glass coverslip, and then analyzed under a light microscope.
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Microscopic quantitative analyses of Ki67, CD34, and TUNEL. 
To quantify MVD, 5 random fields at x400 magnification per 
slide were examined for each tumor (one slide per mouse, 
5 slides of each treatment group) and microvessel (MV) counts 
per field were done by two investigators in a blinded fashion. 
A single MV was defined as a cluster clearly separate from 
adjacent MVs or single cell stained positive for CD34 with the 
presence of a lumen. To quantify Ki67 expression, the number 
of Ki67-positive cells and the total number of tumor cells were 
counted in 5 random fields at x400 magnification. Proliferative 
index was calculated by the percentage of positive cells to total 
tumor cells. For quantification of TUNEL positive cells, the 
number of TUNEL-positive and total tumor cells was counted 
in 5 random fields at x400 magnification. The apoptosis index 
was calculated as the ratio of TUNEL-positive to total tumor 
cells. DAB-stained sections were examined via a BX51T-
PHD-J11 microscope (Olympus Co., Tokyo, Japan). Images 
were captured and analyzed using Image-Pro Plus software 
(Media Cybernetics, Rockville, MD, USA).

Total RNA extraction and real-time PCR. Total RNA was 
extracted from flash-frozen tumor tissue using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's 

instructions. Then 5 µg of total RNA was reverse-transcribed 
in a 50 µl reaction by TIANScript RT kit (Tiangen Biotech, 
Beijing, China). Real-time PCR was performed with Super Real 
PreMix Plus (Tiangen Biotech) in the ABI 7500 Real-time PCR 
System (Applied Biosystems, Foster City, CA, USA). The ther-
mocycling conditions were as follows: pre-denaturation at 95˚C 
for 30 sec, followed by 40 cycles at 95˚C for 10 sec, 58˚C for 
30 sec, and 70˚C for 30 sec. We determined the expression of 
VEGF and HIF-1α mRNAs, using the following PCR primers: 
for VEGF, forward 5'-GGAGCGTTCACTGTGAGC-3', reverse 
5'-GCGAGTCTGTGTTTTTGC-3', and amplified fragment 
length of 96 bp; for HIF-1α, forward 5'-CTGGAAACGAGTG 
AAAGG-3', reverse 5'-ATGCTAAATCGGAGGGTA-3', and 
amplified fragment length of 86  bp; for β-actin, forward 
5'-GGCACCACACCTTCTAC-3', reverse 5'-CTGGGTCATC 
TTTTCAC-3', and amplified fragment length of 107 bp. The 
housekeeping gene β-actin served as an internal control. 
Relative mRNA expression levels were calculated by the 2-∆∆Ct 
method in the ABI 7500 Sequence Detection system (Applied 
Biosystems), according to the manufacturer's protocol.

Protein extraction and western blotting assay. Total protein 
was extracted from tumor tissues with lysis buffer (Beyotime 

Figure 1. 125I seed irradiation suppresses tumor growth. (A) Time courses of tumor growth in control (non-implanted) mice and in seed implant mice (0, 0.6 
or 0.8 mCi seed) that were injected subcutaneously with A549 lung adenocarcinoma cells. (B) Mean tumor volumes of control and seed implant tumors on 
day 44. (C) Quantification of tumor weights in harvested tumors when the mouse was sacrificed. Results represent the means ± standard error (SE); n=10 mice 
per group. *P<0.05, **P<0.01, ***P<0.001 compared with control group.
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Institute of Biotechnology, Shanghai, China). The lysates 
were ultra-sonicated and centrifuged at 12,000 x g at 4˚C for 
10 min. Subsequently, the supernatant was transferred into 
new tubes. Protein concentrations were determined by BCA 
assay (Beyotime Institute of Biotechnology). Protein lysates 
(20 µg) were then separated by 10% SDS-PAGE, and trans-
ferred to PVDF membranes. After blocking with TBS/5% 
skim milk, the membranes were incubated with rabbit anti-
mouse monoclonal anti-VEGF antibody (1:1000; Abcam) and 
rabbit anti-mouse monoclonal anti-HIF-1α antibody (1:1000; 
Abcam) for 2 h at room temperature, respectively. They were 
then washed with TBST, and incubated with HRP-conjugated 
goat anti-rabbit IgG secondary antibodies (1:10,000; CoWin 
Biotech, Beijing, China) for 1.5 h at room temperature. As a 
loading control, the blots were also probed with rabbit anti-
mouse monoclonal anti-β-actin antibody (1:1,000; Abcam). 
Proteins were then visualized using ECl Plus Detection 
Reagents (Beyotime Institute of Biotechnology) with UVP 
GDS-8000 System (Thermo Scientific Inc., Waltham, MA, 
USA). Bands were quantified using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. The data were obtained from at least three 
independent experiments and each experiment used three 
parallel samples. All results are presented as mean ± standard 

error. Differences between means in more than two groups 
were analyzed by ANOVA followed by Student-Newman-
Keuls test. Differences between means in two groups were 
compared using the unpaired-sample t-test. All statistical 
analyses were done using SPSS software, version 22.0 for 
Windows (SAS Institute, Cary, NC, USA). Differences were 
considered significant at P-values <0.05.

Results

Effect of 125I  seed irradiation on tumor growth of lung 
cancer. Tumor xenografts consisting of transplanted human 
lung adenocarcinoma A549 cells were used to evaluate the 
antitumor effects of the 125I seeds. When tumors reached 
approximately 300 mm3 at day 24, twenty seeds with the 
radio dosage of 0.6 or 0.8 mCi were implanted into mice 
of respective groups. In addition, to account for possibility 
of local effects, we also implanted sham seed with the 
radio dosage of 0 mCi on a separate group of animals. All 
seeds were well located without loss and displacement 
and removed. To confirm its enhanced tumor suppression, 
we tested tumor growth. As shown in Fig. 1A, there were 
no significant changes in tumor volume during the first 
3 weeks after seed implantation, but after that, tumors of 
0.6 or 0.8 mCi group were much smaller than 0 mCi or the 

Figure 2. Pathology of 125I seed implanted lung cancer. Representative H&E stained sections from the control (A), 0 mCi (B), 0.6 mCi (C), and 0.8 mCi (D) 
seed implant groups 30 days after 125I seed implantation were prepared as described in Materials and methods.
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control group and significant differences in tumor volumes 
were observed between the 0.6 or 0.8 mCi group and the 
control group (all P<0.05). Tumor volumes on day 44 (day 20 
after treatment) in 0.6 mCi (627.517±116.251) or 0.8 mCi 
(525.763±81.141) groups were significantly suppressed when 
compared with control group (1021.040±183.301; P=0.012, 
P=0.006), with an average decrease in tumor size of about 
38% or 49% (Fig. 1B). Tumor volumes in 0 mCi or control 
groups increased exponentially with no regression, and no 
significant differences in tumor volumes were observed on 
day 54 between 0 mCi and control groups (P=0.124). 0.6 
or 0.8 mCi group also decreased tumor weight by 49 and 
62% compared with control group (all P<0.05; Fig. 1C). This 
indicated that 125I seed irradiation significantly inhibited 
growth of the tumors during the 4- to 5-week treatment. 
Besides, none of the mice died during the treatment, and no 
significant complications associated with seed implantation 
were observed in vital organs. These results underscore the 
safety of 125I seed treatment.

Effect of 125I seed irradiation on morphology of lung cancer. 
To investigate the effect of the 125I seed irradiation on the 
histology of the A549 xenografts, tumor sections obtained 
from mice in four groups were stained using H&E. As shown 
in Fig. 2, the histological appearance of the tumors in 0 mCi 

and control groups was quite different from that in 0.6 and 
0.8 mCi groups. In 0 mCi and control groups, the cancer cells 
were densely arranged with large darkly stained nuclei and 
obvious karyokinesis (Fig. 2A and B). Whereas, the cancer 
cells around the 125I seed in 0.6 and 0.8 mCi groups revealed 
broad necrosis after treatment (Fig. 2C and D). The cancer 
cells adjacent to the necrotic region were loosely arranged with 
condensed nuclei and reduced eosinophilic cytoplasm. These 
results indicated that 0.6 or 0.8 mCi seed implantation caused 
growth inhibition of cancer cells in the A549 xenografts.

Effect of 125I  seed irradiation on proliferation, MVD, 
and apoptosis. To determine possible mechanisms under-
lying 125I  seed-mediated suppression of tumor growth, 
we hypothesized that 125I  seed mediates its antitumor 
effects via inhibition of proliferation. Therefore, we first 
examined its anti-proliferative effects by performing Ki67 
immunohistochemistry on tumors obtained at necropsy 
from the four groups. The results in Fig. 3A and B showed 
that the proliferation indices were significantly decreased in 
0.6 mCi (46.200±8.349) and 0.8 mCi (38.600±6.025) group 
compared with control group (71.000±10.000; P<0.001, both). 
However, there was no significant difference in the prolifera-
tion indices between 0 mCi group (63.200±6.221) and control 
group (P=0.059). The tumor tissues were stained with CD34, 

Figure 3. Proliferation in tumor tissues is decreased in lung cancer xenograft irradiated with 125I seeds. (A) Immunohistochemical images of proliferation 
marker Ki-67 in tumors harvested from animals. Representative sections are depicted (x400). (B) Quantification of Ki-67-positive cells as described in 
Materials and methods. Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001 compared with control group.
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an endothelial marker, to measure MVD and thus ascertain 
whether tumor angiogenesis might be affected following 
125I seed therapy. MVD, calculated as a measure of angio-
genesis, was significantly lower in 0.6 mCi (7.400±1.140) and 
0.8 mCi (5.800±1.924) groups compared with control group 
(12.400±1.517; P<0.001, both; Fig.  4A and  B). Treatment 
with 0.6 or 0.8 mCi seed implantation resulted in a 40% or 
53% decrease in MVD compared with controls, respectively. 
Treatment with 0 mCi (11.600±1.140) seed implantation did 
not result in a significant decrease in MVD compared with 
controls (P=0.366). To further elucidate the mechanism by 
which 125I seed irradiation elicits its antitumor effects, we 
examined tumor cell apoptosis using the TUNEL assay. As 
shown in Fig. 5, the apoptotic indices in control and 0 mCi 
groups were 27.00±4.69% and 35.50±3.42%, respectively. 
Further, the apoptotic indices in 0.6 and 0.8  mCi groups 
were 50.00±2.58% and 62.33±4.51%. There was statistically 
significant difference in apoptotic indices between 0.6 and 
0.8 mCi groups and control group (P<0.001, both). These find-
ings suggest that treatment with 125I seed irradiation causes 
apoptosis in tumor cells.

125I seed irradiation downregulates the expression of VEGF 
and HIF-1α in tumors. It has been demonstrated that a high 
level of HIF-1α in the tumor microenvironment leads to 

enhanced angiogenesis and proliferation. Given that its gene 
target VEGF is also a critical regulator for neovasculariza-
tion (24,25), we questioned whether 125I seeds mediate its 
effects through modulation of HIF-1α and VEGF. Therefore, 
we determined the HIF-1α and VEGF mRNA expression 
by RT-PCR in A549 xenograft after treatment in all four 
cohorts of animals. Expression of HIF-1α and VEGF mRNA 
in the 0.6  mCi (0.370±0.086, 0.279±0.066) and 0.8  mCi 
(0.278±0.065, 0.215±0.062) groups were significantly lower 
than in the control group (1.055±0.078, 1.073±0.103, all 
P<0.001; Fig.  6A). Moreover, HIF-1α and VEGF mRNA 
expression did not differ between 0 mCi group (0.810±0.006, 
0.923±0.089) and control group (P=0.150, 0.236). These data 
suggest that 125I seed irradiation significantly affects the 
expression of HIF-1α and VEGF mRNA. Expression of HIF-1α 
and VEGF were also examined by western blotting (Fig. 6B). 
As shown in Fig. 6C, HIF-1α and VEGF protein expression 
decreased in the 0.6 mCi (0.554±0.0585, 0.396±0.010) and 
0.8 mCi (0.502±0.0582, 0.385±0.0842) groups compared with 
the control group (0.852±0.0395, 0.810±0.0593; all P<0.001). 
However, there were no significantly statistical differences in 
HIF-1α and VEGF protein expression between 0 mCi group 
(0.810±0.006, 0.923±0.089) and control group (P=0.157, 
P=0.191). These data suggest that 125I irradiation significantly 
affects HIF-1α and VEGF protein expression.

Figure 4. Angiogenesis in tumor tissues is decreased in lung cancer xenografts irradiated with 125I seeds. (A) Sections of tumors developing in nude mice were 
stained with anti-CD34 monoclonal antibody (x400). (B) Quantification of MVD in tumors as described in Materials and methods. Error bars represent SEM. 
*P<0.05, **P<0.01, ***P<0.001 compared with control group.
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Discussion

NSCLC is the most prevalent type of lung cancer. Despite ther-
apeutics advances in surgery, chemotherapy, and radiotherapy, 
the five-year overall survival rate is poor. Radiotherapeutics 
approach has recently started to play an important role in the 
treatment of advanced lung cancer. However, the adverse effects 
of conventional EBRT on surrounding organs pose a major 
problem. The advantages of 125I seed radiation are the low 
dose rates and conformal irradiation which increases the dose 
applied within the target area, thus decreasing the incidental 
radiation injury to normal tissues and the attendant compli-
cations (26,27). Several recent studies suggest that apoptosis 
and proliferative inhibition may have important roles in the 
therapeutic effects of 125I seeds (18,28), but the mechanism 
in the treatment of lung cancer, especially in animal models, is 
not known completely. In addition, the HIF-1α and VEGF may 
be involved in the lung cancer tumorigenesis (29). Irradiation 
therapy may downregulate the expression of HIF-1α and VEGF 
in tumors, thereby affecting angiogenesis and then affecting 
tumor growth (30,31). However, comprehensive knowledge on 
this topic, particularly at the molecular level, is still lacking. In 
this study, we assessed the radiobiological effects of 125I seeds 
on human lung adenocarcinoma cells in vivo.

A549 lung cancer cells were cultured ex vivo and implanted 
subcutaneously into the nude mice to create the animal model. 
We examined the effects of irradiation on tumor growth and 
found that radioactive 125I seed significantly inhibited tumor 
growth in nude mice. By observing H&E-stained slides, 
large necrotic regions were observed around the 125I seed 
in tumors. Immunohistochemistry staining indicated that 
the expression of Ki67 and microvessel density (CD34) was 
inhibited by 125I seed irradiation in tumor tissues. The Ki67, 
which is a proliferative cell marker expressed in all phases of 
the cell cycle except the G0 stage, is considered to be a reli-
able index of the proliferation rate (32). Angiogenesis which is 
required for the delivery of oxygen and nutrients in the tumor 
tissues, possibly resulting in the apoptosis in vivo, was inhib-
ited by 125I seeds. To test the effect of 125I seed radiation on 
apoptosis, we assayed apoptosis using TUNEL staining. Our 
data showed that 125I seed significantly induced apoptosis in 
tumor tissues, indicating that 125I seed may indeed inhibit 
tumor growth through the inhibition of angiogenesis. These 
data suggest that 125I seed radiation is an effective radio-
therapeutics approach for lung cancer through inhibiting cell 
proliferation, angiogenesis and inducing apoptosis in vivo.

Hypoxia is known to be a hallmark of solid tumors and 
increased angiogenesis (33); under hypoxia condition, HIF-1 

Figure 5. Apoptosis in tumor tissues is increased in lung cancer xenografts irradiated with 125I seeds. (A) Representative TUNEL staining images of tumor 
cells are depicted. (B) The average radio of TUNEL-positive cells in the 0.6 and 0.8 mCi implanted groups were significantly increased over those in the 
control and 0 mCi seed implanted groups (all P<0.001). All images were taken at original magnification x400. Error bars represent SEM. ***P<0.001 compared 
with control group.
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regulates expression of numerous angiogenic genes and 
stimulate angiogenesis as a long-term solution to the hypoxic 
conditions  (34,35). HIF-1 is a heterodimeric transcription 
factor consisted of HIF-1α and HIF-1β subunits (36). HIF-1α 
is an important mediator induced by hypoxia, growth factors, 
and oncogenes (37). As a transcription factor involved in the 
process of gene related hypoxic adaptation of neoplasm, HIF-1α 
is often upregulated in human cancers. HIF-1α activates the 
transcription of many genes such as VEGF, endothelin-1, and 
inducible nitric oxide synthase, which are involved in vasodi-
lation, neovascularization, and tumor metastasis (38). Many 
investigations have revealed that the relationships between 
HIF-1α, VEGF and angiogenesis resulted from hypoxic condi-
tion (39,40). To test whether 125I seed radiation affects HIF-1α 
levels, we analyzed HIF-1α expression by real-time PCR and 
western blotting and showed that 125I seed specifically inhib-
ited HIF-1α expression in cancer cells.

VEGF is known to be an important angiogenic factor for 
endothelial cells. Many studies recently showed that VEGF 
levels correspond with advanced lung cancer. The increased 
VEGF levels were found to be associated with poor prognosis 
in patients with NSCLC (41,42). In addition, the activation 
of VEGF expression can be induced by HIF-1α, as indicated 
above. Our data showed that 125I seed radiation inhibited 
VEGF expression at the transcriptional level and protein 

level. HIF-1 expression is known to play an important role in 
VEGF transcriptional activation in response to hypoxia (34). 
Thus, 125I seed radiation may inhibit VEGF transcriptional 
level through the decrease of HIF-1 expression in cancer cells. 
This result is consistent with the data showing the inhibition 
of angiogenesis by 125I seed because HIF-1α and VEGF are 
important for tumor angiogenesis. Our study demonstrated 
that HIF-1α and VEGF play an important role in the thera-
peutic effects of continuous low-energy 125I irradiation and 
are involved in the mechanism of the 125I seed implantation 
therapy process.

Collectively, it was shown that 125I seed radiation can elicit 
significant anticancer effects by inhibiting proliferation and 
inducing apoptosis in vivo. In the tumor microenvironment, 
reducing the levels of HIF-1α and VEGF induced by 125I seed 
might inhibit angiogenesis. These findings suggest that the 
125I seed radiation may be a promising therapeutics approach 
against lung cancer.
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