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Abstract

Aim: This study was performed to evaluate the role of melatonin and carbon ion radiation on angiogenesis. Angiogenesis is the formation of new capillaries from
existing vasculature and plays an essential role in the growth and dissemination of cancer.

Materials and methods: We conducted a systematic review of the existing literature by searching for keywords in PubMed (January 2000 - April 2016) using the
search terms: ‘melatonin’, ‘X-ray irradiation’, ‘charged particle irradiation’, ‘carbon ion irradiation’, ‘migration’, ‘invasion’ and ‘angiogenesis’. We identified reports
containing the impact of melatonin and charged particle irradiation on migration, invasion and angiogenesis of tumor cells for inclusion. Reports which were
published in languages other than English, only published in abstract form, not related to angiogenesis/invasion of tumor cells, or duplicate articles and those

containing insufficient detail were excluded.
Results: The collected data documented the impact of melatonin and charged particle irradiation on tumor angiogenesis.

Conclusion: Since angiogenesis plays a crucial role in tumor invasion and metastasis, targeting the VEGF pathway could be highly effective strategy for targeting the
spread of tumor cells. Melatonin treatment effectively attenuates VEGF levels. Hypoxia in a tumor is a fundamental cause of angiogenesis. Under hypoxic condition,
melatonin inhibited HIF-1 transcriptional activity, resulting in a reduction of VEGF expression. Melatonin suppressed the stability of HIF-1c.. Melatonin also lowered
HIF-1o accumulation through inhibition of sphingosine kinase 1 (SPHK1) pathway and ROS generation in PC-3 cells under hypoxia. MicroRNAs (miRNAs)
play essential roles in angiogenesis. Melatonin upregulated miRNA3195 and miRNA374b. Over-expression of miRNA3195 and miRNA374b synergistically
attenuates VEGF production by hypoxic PC-3 cells, indicating the critical role of miRNA3195 and miRNA374b in melatonin-induced anti-angiogenic activity.
Photons upregulate pro-angiogenic factors resulting in enhanced angiogenesis and metastasis. The capillary-like tube structures are abolished after 0.1 Gy carbon ion
irradiation. Heavy ion irradiation could be more effective than X-ray irradiation in counteracting angiogenesis even at sublethal doses. In addition to angiogenesis,
cancer cell invasion and migration are fundamental aspects of cancer progression that significantly contribute to metastasis. Heavy ions decreased migration of
HCT116 colon carcinoma and U87 glioma cell lines dose-dependently. Carbon beam irradiation reduces the migration and invasion capabilities of both A549 and
EBC-1 cells more effectively than does photon irradiation. Carbon ion irradiation suppresses the metastatic potential of Non-Small-Cell Lung Cancer (NSCLC)
cells. These results imply a potential for particle irradiation in the treatment of systemic disease. Further investigation to elucidate the mechanisms and molecular
pathways involved in angiogenesis specifically associated with melatonin and charged particle irradiation is warranted.

unrepairable clustered DNA damage. Carbon jons are more potent in
the induction of cytogenetic damage and cytotoxicity of irradiated cells
than low-LET X-rays [13,14]. Takahashi and colleagues [15] reported
that X-ray irradiation enhanced the capillary-like tube structure in
three-dimensional culture. On the contrary, angiogenesis was inhibited
by carbon ion irradiation even at sublethal dose (0.1 Gy).

Introduction

Angiogenesis is the formation of new capillaries from existing
vasculature, characterized by endothelial cell proliferation, migration,
basement membrane degeneration and new tubule formation [1,2].
New blood vessels in a tumor mass supplies oxygen and nutrients
for tumor growth and provides a path for tumor cell migration and

metastasis [3-5]. Angiogenesis plays an essential role in the growth
and dissemination of cancer [2,6-8]. Thus, angiogenesis inhibition is a
promising strategy for the treatment of cancer along with conventional
therapies such as chemotherapy and radiotherapy [6].

Radiation therapy is an important modality of cancer treatment.
X-rays are widely used photons in radiation therapy. X-rays are defined
as low LET (Linear Energy Transfer) radiation which produce sparse
ionization along their trajectories [9]. Failure of radiation therapy
using photon irradiation is commonly related with metastasis [10].
There is an increasing application of high-LET charged particles such
as protons and carbon ions in the treatment of cancer [11-13]. Carbon
ions generate dense ionization along their trajectories, and induce
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Melatonin  (N-acetyl-5-methoxy-tryptamine), an  indolic
compound synthesized by the pineal gland and many other tissues, is
an effective jktumor inhibitor [16-23]. This molecule exerts anticancer
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effects in numerous types of cancer, due to its pro-apoptotic, anti-
proliferative, anti-cell differentiation and anti-angiogenic actions
[24,25]. Also, while melatonin is a well-established antioxidant in
normal cells, it is strongly pro-oxidant in cancer cells and aids in
killing them [25-28]. Hypoxia of the tumor is an essential cause of
angiogenesis [29]. Several publications documented that melatonin
inhibited angiogenesis [30-32]. Under hypoxic conditions, melatonin
inhibits Hypoxia Inducible Factor 1 (HIF-1) transcriptional activity,
resulting in suppression of VEGF expression [33]. HIF-1a is stabilized
by Reactive Oxygen Species (ROS) caused by hypoxia and increases
the expression of the angiogenic activators, such as VEGF. VEGF is
the most important endogenous pro-angiogenic factor, which brings
about angiogenesis by directly acting on the endothelium [34]. Several
studies verify that melatonin downregulates the expression of HIF-1a
and VEGF in a variety of tumors [33-36].

Endothelial cells are also influenced by melatonin. The study
of Alvarez-Garcia and colleagues showed that melatonin markedly
inhibited growth and tube formation by endothelial cells [37].
Human Umbilical Vein Endothelial Cells (HUVECs) exhibited an
increased cell proliferation and cell migration when co-cultured
with Pancreatic Carcinoma Cells (PANC-1) cells; this process was
suppressed with the addition of melatonin to the incubation medium
[38]. Melatonin at pharmacological concentrations inhibits cell
proliferation and migration of HUVECs co-cultured with PANC-1
cells. These observations correlate with the inhibition of the VEGF
protein secreted to the cultured medium and the VEGF protein
produced by the PANC-1 cells [35]. Moreover, melatonin plays a role
in the paracrine interactions between malignant breast epithelial cells
and endothelial cells through downregulation of VEGF leading to the
reduction of tumor angiogenesis [39]. A thorough understanding of
the mechanisms and molecular pathways activated in angiogenesis is
essential in identifying novel treatment options for cancer therapy that
target angiogenesis.

Materials and methods

Literature search strategy

A systematic review of the existing literature was conducted using
the following search terms: ‘melatonin’, ‘X-ray irradiation’, ‘charged
particle irradiation’, ‘carbon ion irradiation’, ‘migration’, ‘invasion’
and ‘angiogenesis’. The search used PubMed and spanned the period
from January 2000 to April 2016.

Inclusion and exclusion criteria

We identified reports containing the impact of melatonin and
charged particle irradiation on migration, invasion and angiogenesis of
tumor cells for inclusion. Reports which were published in languages
other than English, only published in abstract form, not related to
angiogenesis/invasion of tumor cells, duplicate articles and containing
insufficient detail were excluded. All titles and abstracts were screened
to assess whether they were eligible for inclusion. Then abstracts and
full texts of all eligible studies were evaluated and data was evaluated.

Results

Literature search results

The search identified 551 potentially eligible articles. After
application of the exclusion criteria, 63 reports were eligible. The
collected data included the impact of melatonin and charged particle
irradiation on tumor angiogenesis. The impact of melatonin on
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angiogenesis consisted of ‘Melatonin suppresses tumor angiogenesis
by inhibiting VEGF, ‘Melatonin suppresses tumor progression by
reducing angiogenesis induced by HIF-1’, ‘Antiangiogenic effects
of melatonin on endothelial cells’ and “‘Upregulation of microRNAs
mediates the anti-angiogenic properties of melatonin’. The impact of
charged particle irradiation on tumor angiogenesis consisted of ‘Heavy
ion irradiation inhibits angiogenesis’, ‘Comparison of the effects
of carbon ion and photon irradiation on the angiogenic response in
human lung adenocarcinoma cells’, ‘Carbon ion radiation may inhibit
angiogenesis of glioblastoma’ and ‘Proton irradiation suppresses
angiogenic genes and impairs cell invasion and tumor growth’.

Melatonin suppresses tumor angiogenesis by inhibiting
VEGF

Regulation of VEGF by melatonin in human breast cancer
cells: To investigate the role of melatonin on the regulation of VEGF
in breast cancer cells, Alvarez-Garcia and colleagues [39] co-cultured
human breast cancer cells (MCF-7) with HUVECs. Incorporation
of VEGF into the cultures stimulated the proliferation of HUVECs.
One mM melatonin inhibited this effect. Melatonin reduced VEGF
production as well as VEGF mRNA expression in MCF-7 cells. MCF-7
cells co-cultured with HUVEC:s activated proliferation of endothelial
cells, while it enhanced VEGEF levels in the culture media. Melatonin
inhibited both HUVECs proliferation and VEGF protein levels in
the co-culture media. Conditioned media from MCF-7 cell culture
stimulated HUVEC:s proliferation, which was significantly inhibited by
anti-VEGF or 1 mM melatonin. These findings imply that melatonin
may play a role in the paracrine interactions between malignant
epithelial cells and proximal endothelial cells through a downregulatory
action on VEGF expression in human breast cancer cells; this results in
a reduction of the level of VEGF around endothelial cells. Decreased
levels of VEGF could be critical in reducing the number of estrogen-
producing cells proximal to malignant cells while reducing tumor
angiogenesis [39].

The anti-angiogenic effect of melatonin in liver cancer cells via
suppressing VEGF expression: Hepatocellular Carcinoma (HCC) is
regarded as a hypervascular tumor, and angiogenesis has a critical role
in HCC development and progression [40-42]. VEGF is commonly
overexpressed in HCC tissues, which is generally related with tumor
size and histologic grade [43-45]. Sun and colleagues reported that
increased VEGF expression correlated with tumor progression,
microvessel invasion and metastasis of HCC [46]. Signal transducer
and activator of transcription 3 (STAT3) and HIF-1a were associated
in mediating VEGF transcription [47,48]. Carbajo-Pescador and
colleagues reported that administration of melatonin lowered VEGF
secretion by HepG2 cells [23]. A hypoxia-dependent activation of
VEGF transcriptional regulators, HIF-1a and phospho-STAT3, were
also inhibited by melatonin at the pharmacologic concentration
(Immol/L) [23]. The authors proposed that anti-angiogenic effect of
melatonin was due to its capability to prevent STAT3 activation, which
generally increased HIF-1a stability and enhanced its transcriptional
activity. Further investigations to assess the effectiveness of melatonin
for the prevention and treatment of liver cancer are necessary.

Melatonin inhibits the expression of VEGF in pancreatic cancer
cells: Pancreatic carcinoma is characterized by abundant tumor
neoangiogenesis and extensive vascularization in association with the
overexpression of several angiogenic factors including VEGF, platelet-
derived endothelial cell growth factor, and matrix metalloproteinases
[49-51]. VEGF is a secreted mediator involved in the extracellular
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environment [35,49]. VEGF is detected in the cytoplasm of tumor cell
by the immunocytochemical staining [52].

The study of Lv and colleagues demonstrated that high melatonin
concentrations significantly suppressed Pancreatic Carcinoma Cells
(PANC-1) proliferation, with 1 mmol/L concentration exhibiting the
maximal inhibitory effect [52]. VEGF concentrations in the cell culture
supernatants and cytoplasm were reduced after incubation with 1
mmol/L melatonin. VEGF mRNA expression decreased obviously
during the observation period [52]. Melatonin has potential as a novel
effective anti-angiogenesis therapy of cancer.

Molecular markers of angiogenesis and metastasis in lines of
oral carcinoma after treatment with melatonin: The local invasion,
metastasis in cervical lymph nodes and distant metastases to other
organs contribute to the poor prognosis of oral carcinoma [53-55]. The
high mortality and morbidity rate of oral cancer is closely correlated
to the processes of angiogenesis and tumor metastasis [56-58]. The
overexpression of the pro-angiogenic genes, HIF-1a and VEGF, and
pro-metastatic gene, ROCK-1, are associated with unfavorable outcome
of oral carcinoma [59,60]. Goncalves Ndo and colleagues reported
that SCC9 cells (squamous cell carcinoma of the tongue) treated with
melatonin under hypoxia demonstrated decreased expression of HIF-
la and VEGF gene, when compared to untreated cells under hypoxia
[60]. Using immunocytochemistry followed by the quantification
of immunostaining by optical densitometry, SCC9 cells treated with
melatonin under hypoxia exhibited a decrease in immunostaining of
HIF-1a and VEGF [60]. Further investigation to verify the potential
therapeutic effect of melatonin in other subtypes of oral carcinoma is
warranted.

Melatonin suppresses tumor progression by reducing
angiogenesis induced by HIF-1

Effect of melatonin on angiogenesis induced by HIF-1a in breast
cancer: Hypoxia sets off a series of events leading to angiogenesis
and tumor progression when the tumor size is approaching a few
millimeters [61,62]. Hypoxia induces expression of VEGF as well
as stromal-cell-derived factor-la (SDF-la), which recruits pro-
angiogenic cells from the bone marrow [63-67]. Some works suggested
that the pharmacological concentration of melatonin may inhibit
angiogenesis both directly and indirectly [31,33,68,69]. Several studies
demonstrated that melatonin downregulated the expression of hypoxia
inducible factor 1 alpha (HIF-1a) and VEGF in a variety of tumors
[33,61,69-71]. Melatonin possesses anticancer effects in many tumor
types. This inhibition involves an uncommonly large number of
different actions mediated by melatonin [72-80]. A study by Jardim-
Perassi and colleagues specifically mentioned that melatonin treatment
was effective in inhibiting ER-negative mammary tumor angiogenesis,
which was indicated by the reduction of VEGFR?2 expression [81].

As already noted, hypoxia in a tumor is an essential cause of
angiogenesis [29,82]. Hypoxia allows stabilization of HIF-1a, resulting
in increased VEGF-A transcription, which binds to VEGFR2 [81].
Serum VEGF levels reported decrease after administration of melatonin
when rats are exposed to hypoxia. This finding suggests that melatonin
reduced hypoxic adaptation of tumor cells through inhibition of
angiogenesis [32,83]. Jardim-Perassi and colleagues demonstrated that
melatonin inhibited tumor growth, cell proliferation and angiogenesis
in breast cancer. There is no essential systemic toxicity related to
melatonin treatment [79,81,84]. This emphasizes the importance of its
usefulness as an oncostatic agent either alone or in combination with
conventional chemotherapeutics [85-88].
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Melatonin suppresses tumor angiogenesis by inhibiting HIF-
la stabilization under hypoxia: HIF-1a is the essential transcription
factor involved in regulation of angiogenesis in cancer. HIF-la is
stabilized by Reactive Oxygen Species (ROS) caused by hypoxia and
increases the expression of the angiogenic activators, such as VEGF.
Park and colleagues found that melatonin destabilized hypoxia-induced
HIF-1a protein levels in the HCT116 human colon cancer cell line [89].
This destabilization of HIF-1a derived from the antioxidant activity of
melatonin against ROS was associated with hypoxia. Under hypoxic
conditions, melatonin inhibited HIF-1 transcriptional activity, leading
to inhibition of VEGF expression. Melatonin suppressed in vitro tube
formation, invasion and migration of HUVECs induced by hypoxia-
stimulated conditioned media of HCT116 cells. These findings imply
that melatonin could play a crucial role in tumor suppression through
inhibition of HIF-1-mediated angiogenesis [89].

Melatonin suppresses tumor progression by reducing
angiogenesis stimulated by HIF-1: Hypoxia found in the tumor is
a crucial cause of angiogenesis, which is an essential factor of tumor
progression [90]. HIF-1a is an essential transcription factor related to
the hypoxic response of cancer cells. It initiates transcription of genes
controlling angiogenesis, proliferation, invasion and metastasis in
cancer [91].

A study of Kim and colleagues demonstrated that the administration
of melatonin inhibited tumor angiogenesis in RENCA cell (renal
adenocarcinoma) mouse tumor model [29]. Melatonin reduced the
expression of the HIF-1a protein in the tumor during tumorigenesis.
These findings are consistent with melatonin being a promising anti-
angiogenic therapeutic agent targeting HIF-1a in cancer. Reiter and
colleagues mentioned that the side effects of melatonin are negligible
over a very large dose range. Moreover, it can be administered via any
route over long periods [92]. These findings suggest that melatonin
could be an effective therapeutic agent for acute or long-term melatonin
treatment.

Sphingosine kinase 1 pathway in melatonin-induced HIF-1a
inactivation: Sphingosine Kinase 1 (SPHK1) is a regulator of HIF-1a
with different biological activities such as induction of angiogenesis,
cell growth and invasion. SPHK1 activity is increased in various types
of cancer. Cho and colleagues demonstrated that hypoxia increased
SPHKI1 activity as well as HIF-1a accumulation compared with those
levels under normoxic conditions [93]. Melatonin at 1 mmol (a
pharmacological concentration) reduced SPHK1 activity to 70% under
hypoxia compared with control values. SPHKI1 activity was persistently
reduced in melatonin-treated cells under hypoxia. Melatonin also
suppressed HIF-1a accumulation in a dose-dependent manner in PC-3
cells under hypoxia.

To confirm the role of SPHKI in melatonin mediated AKT/GSK-
3b signaling inhibition under hypoxia, a SPHK1 siRNA assay was
utilized in PC-3 cells subjected to hypoxia. SPHK1 siRNA transfection
enhanced the inhibitory effects of melatonin on HIF-1a accumulation
and the phosphorylation of AKT in PC-3 cells under these conditions.
Reactive Oxygen Species (ROS) scavengers such as N- acetylcysteine
inhibited HIF-la by means of blocking SPHKI activity under
hypoxia. The treatment with either melatonin or N- acetylcysteine
reduced hypoxia-mediated HIF-1la expression and SPHKI1 activity.
Additionally, combined treatment with melatonin and N- acetylcysteine
inhibited both HIF-1a expression and SPHKI activity to 38% of those
in untreated control. These findings indicate that melatonin attenuates
hypoxia-induced HIF-1a accumulation and SPHK1 activation through
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inhibition of ROS-related pathway in hypoxic PC-3 cells as a potential
anti-cancer agent for prostate cancer therapy [93].

Melatonin modulates the expression of VEGF and HIF-la
induced by CoClI2 in cultured cancer cells: To assess the impact of
melatonin on angiogenesis, Dai and colleagues utilized three human
cancer cell lines (PANC-1, HeLa and A549 cells) to study the effect of
melatonin on endogenous VEGF expression in these cell lines [35]. The
high cobalt chloride induced levels of VEGF mRNA were attenuated
significantly by 1 mmol melatonin. The levels of VEGF protein were
markedly reduced in the melatonin-treated cells compared with that of
the control cells. Melatonin may suppress the VEGF expression through
the inhibition of the accumulation of HIF-la [35]. Furthermore,
1 mmol melatonin significantly reduced CoCl2-induced HIF-la
protein levels in three cell types tested. These findings demonstrate
that melatonin markedly inhibits the expression of endogenous VEGF
and HIF-1a induced by cobalt chloride in cancer cell lines. Melatonin
clearly may be a potential novel agent in challenging antiangiogenesis
therapy of cancer.

Antiangiogenic effects of melatonin on endothelial cells

Antiangiogenic effects of melatonin in endothelial cell cultures:
Endothelial cells play an essential role in the development and
progression of cancer through controlling angiogenesis [37]. VEGF
is the most important endogenous pro-angiogenic factor, which
brings about angiogenesis by directly acting on the endothelium [34].
Alvarez-Garcia and colleagues indicated that melatonin might play a
role in the paracrine interactions between malignant epithelial cells
and proximal endothelial cells through downregulation of VEGF
expression in human breast cancer cells; melatonin decreases the levels
of VEGF around endothelial cells [37]. Cui and colleagues noted that 1
mmol melatonin added to the cultures medium suppressed the growth
of HUVECs, while Alvarez-Garcia ef al. reported that melatonin
inhibited proliferation of HUVECs. Melatonin treatment for 5 and
8 hours suppressed the distance migrated by HUVECs by 30% and
32% respectively, in comparison to untreated cells [30,37]. Melatonin
caused a 30% decline in the number of HUVECs that invaded through
the basement membrane in response to VEGF [37]. Melatonin also
disrupted tube formation and the reduced average tube length by
approximately 40%. Conditioned media obtained from human breast
cancer cells possessed angiogenic activity and caused tubule length
formation. This effect was attenuated by the addition of melatonin.
Furthermore, melatonin caused the disintegration of preformed
capillary networks. The antiangiogenic effect of melatonin could be an
important factor in breast cancer inhibition.

Melatonin prevents HUVEC proliferation and migration by
inhibiting VEGF expression: Pancreatic cancer is a highly vascularized
and angiogenic solid tumors which responds poorly to chemotherapy
and radiation. Cui and colleagues found HUVECs exhibited increased
cell proliferation and cell migration when co-cultured with pancreatic
carcinoma cells (PANC-1) cells [38]. The activity was suppressed by
the addition of melatonin into the incubation medium. Melatonin
inhibited cell proliferation and migration of HUVECs co-cultured
with PANC-1 cells. This process was accompanied by inhibition
of the VEGF protein secreted into the cultured medium as well as a
drop in VEGF protein produced by the PANC-1 cells. Furthermore,
melatonin downregulated the VEGF mRNA expression [38]. Thus,
pancreatic cancer which is uncommonly difficult to treat, may respond
to melatonin because of its anti-angiogenic activity [94].

Melatonin suppresses migration of HUVECs via inhibition of
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ERK/Racl activation: HIF-1la translocates into the nucleus under
hypoxic conditions. It upregulates the transcription of its target genes,
including Matrix Metalloproteinases (MMPs) and VEGF, which relate
to the migration of endothelial cells and angiogenesis [95,96]. Racl,
a member of the Rho GTPases family, is an essential regulator of cell
migration [97]. Yang and colleagues showed that the anti-Racl effect
of melatonin in HUVECs related to its inhibition of ERK [97]. They
found that melatonin reduced hypoxia-stimulated HIF-1a expression
and endothelial cell migration, critical steps in angiogenesis. Under
hypoxic condition, melatonin decreased Racl activation and inhibited
the co-localized Racl and F-actin on the membrane of HUVECs:.
Furthermore, inhibition of Racl activation with ectopic expression of
an inactive mutant form of Racl-T17N decreased HIF-1la expression
and cell migration in response to hypoxia. These findings show
that melatonin is capable of suppressing ERK/Racl activation and
interrupts the stabilization of HIF-1a, resulting in a notable inhibition
of the migration and angiogenesis of hypoxic HUVECs [97].

Upregulation of miRNA3195 and miRNA374b mediates the
anti-angiogenic properties of melatonin: MicroRNAs (miRNAs),
consisting of non-coding small RNAs (~20-22 nt) and single-stranded
RNA molecules, commonly regulate gene expression at the post-
transcriptional level and play critical roles in cell growth, autophagy
and angiogenesis [98-100]. To investigate whether melatonin
influences angiogenesis by regulating miRNAs, Sohn and coworkers
[101] employed miRNA array to identify miRNA profiles in melatonin-
treated PC-3 cells under hypoxia. miRNA array analysis demonstrated
that miRNA3195 and miRNA 374b were upregulated in melatonin-
treated PC-3 cells under hypoxia compared to untreated conditions.
Quantitative real-time PCR assay (QRT-PCR) showed that the levels of
miRNA3195 and miRNA374b were upregulated in melatonin-treated
PC-3 cells under hypoxia in contrast to hypoxia only [101]. Also,
melatonin reduced the expression of HIF-la and VEGF at mRNA
level in hypoxic PC-3 cells. Melatonin attenuated VEGF production
in hypoxic PC-3 cells transfected with miRNA3195 and miRNA374b
mimics compared to miRNA vector control or only melatonin treated
controls. These findings indicate that upregulation of miRNA3195
and miRNA374b may be an essential role in anti-angiogenic activity
induced by melatonin in hypoxic PC-3 cells [101].

The impact of charged particle irradiation on tumor
angiogenesis

Heavy ion irradiation inhibits angiogenesis: In the study of
Takahashi et al., ECV304 cell line obtained from American Type
Culture Collection and HUVECs were exposed to carbon ion beams
with energy of 290 MeV (linear energy transfer 110 keV/um) or 4 MV
X-rays (linear energy transfer 1 keV/um) [15]. The capillary like tube
structures were abolished after 0.1 Gy carbon ion irradiation. Matrix
metalloproteinase-2 activity and migration to vitronectin were also
inhibited by carbon ion irradiation. On the contrary, X-ray irradiation
enhanced the capillary-like tube structure after >8 Gy irradiation. These
findings implied that heavy ion irradiation could be more effective than
X-ray irradiation in counteracting angiogenesis even at a sublethal
dose.

Comparison of the effects of carbon ion and photon irradiation
on the angiogenic response in human lung adenocarcinoma cells:
X-rays are reported to promote angiogenesis and increase metastasis
by enhancing the expression of pro-angiogenic factors such as VEGF,
stem cell factor (SCF), HIF-1a, basic Fibroblast Growth Factor (bFGF),
and Placenta-Like Growth Factor (PIGF) secreted by tumor cells [102-
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105]. Human lung adenocarcinoma (A549) cells were utilized in an
experiment conducted by Kamlah et al. to compare the effects of carbon
ion and X-ray irradiation on the angiogenic response of tumor cells
[105]. The A549 cells were irradiated with biologically equivalent doses
of either carbon ions (2 Gy; linear energy transfer, 170 keV/mm; energy
0f 9.8 MeV/u on target) or X-rays (8 Gy). A549 cells exposed to X-rays
resulted in an increase in tumor angiogenesis which was probably
mediated by X-ray-dependent induction and secretion of Stem Cell
Factor (SCF) in A549 cells. In contrast, carbon ion radiation inhibited
angiogenesis involving both tumor cells and endothelial cells even at a
sublethal dose. With respect to the treatment of lung adenocarcinoma,
carbon ion irradiation may represent a more effective therapy than that
of X-ray irradiation [15,105,106].

Effects of carbon-ion beam irradiation on the angiogenic
response inlung adenocarcinoma cells: Liu and colleagues investigated
the expression of VEGF and bFGF in the Tumor Conditioned Medium
(TCM) of A549 cells [107]. A549 cells exposed to carbon-ion or X-ray
irradiation were cultured with serum-free MCDB131 medium. X-ray
irradiation at 2 and 4 Gy enhanced the secretion of VEGF in A549 cells.
Carbon-ion irradiation at 1 Gy suppressed VEGF and bFGF level. Using
a transwell chamber assay, the TCM of A549 cells exposed to carbon-
ion irradiation at 1 Gy markedly reduced the number of invasive cells.
The TCM of cells irradiated with X-rays notably enhanced the invasion
of Human Microvascular Endothelial Cells (HMEC-1) [104]. With
respect to capillary-like tube formation, the TCM of A549 cells exposed
to X-ray irradiation caused a substantial enhancement in the formation
of capillary-like structures in HMEC-1 cells. On the contrary, the TCM
of A549 cells exposed to carbon-ion irradiation at 1 Gy substantially
suppressed capillary formation. These data imply that carbon-ion
irradiation at 1Gy inhibits the process of angiogenesis by decreasing
endothelial cell invasion and tube formation.

Carbon ion radiation inhibits angiogenesis of glioblastoma: Liu
et al. also reported that C6 glioma and human microvascular endothelial
cells exposed to photon radiation-conditioned medium induced a
dose-dependent enhancement of tube formation and cell migration
with an upregulation of VEGF expression [108]. Conditioned media
from C6 glioma cells irradiated with 4.0 Gy carbon ion beam inhibited
the formation of endothelial cell tubules, suggesting that heavy ion
irradiation suppressed the process of angiogenesis. VEGF secretion
was reduced at 4.0 Gy carbon ion irradiation. Through modulation
of VEGF production and release into the tumor microenvironment,
carbon ion irradiation likely reduces angiogenesis of glioblastoma.

Proton irradiation suppresses angiogenic genes and impairs
cell invasion and tumor growth: When Human Microvascular
Endothelial Cells of lung (HMVEC) and human lung adenocarcinoma
(A549) cells were exposed to photon irradiation, the expression of
VEGF, IL-8, HIF-1a, and IL-6 were upregulated in a dose-dependent
manner relative to control levels (0 Gy) 6 h after irradiation. Girdhani
and coworkers showed that proton irradiation decreased expression
of pro-angiogenic factors and multiple angiogenesis-associated
processes, including invasion and endothelial cell proliferation [109].
Dose-dependent inhibition of angiogenic signaling was detected in
human lung adenocarcinoma cells, mouse lung carcinoma (LLC) cells,
HMVEC and Normal Human Dermal Fibroblasts (NHDF). Genome-
wide array analysis and real-time quantitative RT-PCR demonstrated
that angiogenic genes, including VEGF and HIF-1a, were significantly
downregulated after proton irradiation (0.5, 1.0 and 2.0 Gy).

Endothelial cell proliferation and invasion were inhibited by
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culturing them with irradiated A549 adenocarcinoma or fibroblast cells.
This finding supports the idea that proton irradiation may contribute
to inhibition of angiogenesis. Proton irradiation may inhibit processes
of tumor progression (e.g., invasion, migration and angiogenesis)
necessary for metastasis. Thus, proton irradiation may counteract the
dissemination of cancer cells.

Discussion

Angiogenesis is a fundamental process involved in tumor invasion
and metastasis [110]. This complex process constitutes a critical point of
control of cancer progression [111]. Numerous studies suggested that
suppression of the VEGF pathway may be even more effective strategy
than targeting the tumor itself, based on the fact that angiogenesis
is a major characteristic of solid tumors, regardless their etiological
origin [112-114]. Furthermore, often it is the cancer metastases
that contribute to morbidity rather than the primary tumor. VEGF
produced by tumor cells is necessary for the progression of breast
cancer, presumably by increasing proliferation of endothelial cells from
neighboring blood vessels [39]. MCF-7 cells co-cultured with HUVECs
activate the proliferation of endothelial cells and enhanced VEGF levels
in the culture media. Melatonin inhibited both HUVEC proliferation
and VEGF protein levels in the culture medium. Pancreatic carcinoma
is characterized by ample tumor neoangiogenesis in association with
the overexpression of VEGF [49-51]. High melatonin concentrations
suppressed Pancreatic Carcinoma Cell (PANC-1) proliferation,
particularly when the melatonin concentration reached 1 mmol/L [49].
VEGF concentrations in the cell culture supernatants and cytoplasm
were reduced after incubation with 1 mmol/L of melatonin. Carbajo-
Pescador and colleagues [23] demonstrated that melatonin treatment
effectively attenuated VEGF levels, mainly at the pharmacological dose,
and decreased VEGF secretion by HepG2 cells. HUVECs cultured
with conditioned medium from the melatonin treated group were
incapable of presenting its endothelial features. Cui et al. reported
that melatonin suppressed human pancreatic carcinoma cell PANC-
1-induced HUVEC proliferation and migration by inhibiting VEGF
expression [38]. In spite of the fact that VEGF expression is influenced
by many factors, hypoxia appears to be the principal regulator of its
production [115,116]. HIF-1a is the basic transcription factor involved
in regulation of angiogenesis in cancer [33]. Melatonin suppressed the
stability of HIF-1a. Furthermore, melatonin attenuated sphingosine
kinase 1 (SPHK1) activity in PC-3 cells during hypoxia [93]. SPHK1
is a regulator of HIF-1a with different biological activities such as
angiogenesis and invasion. Melatonin suppresses HIF-1a accumulation
through inhibition of SPHK1 pathway and ROS generation in PC-3
cells under hypoxia.

Some studies revealed that microRNAs (miRNAs) play essential
roles in angiogenesis [117,118]. The hypoxia-regulated microRNAs
(miRNAs), miRNA-15b, miRNA-16b and miRNA-20a/b, are
recognized to control VEGF production [119,120]. MicroRNAs
modulate VEGF expression by targeting HIF-1a and STAT3 in MCF-7
breast cancer cells [120]. Sohn and colleagues found that overexpression
of miRNA3195 and miRNA374b mimics in PC-3 cells reduced the
mRNA levels of the angiogenesis-related proteins HIF-1a, HIF-2a and
VEGF under hypoxia, indicating that miRNA3195 and miRNA374b
targeted the HIF-1/2 alpha/VEGF axis [101]. Melatonin upregulated
miRNA3195 and miRNA374b as defined by miRNA microarray and
qRT-PCR analysis. Overexpression of miRNA3195 and miRNA374b
synergistically attenuated VEGF production by hypoxic PC-3 prostate
cancer cells, indicating the critical role of miRNA3195 and miRNA374b
in melatonin induced anti-angiogenic activity. Further investigation
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is warranted to verify the anti-angiogenic effects of miRNA3195 and
miRNA374b in animals.

The study of Carbajo-Pescador and colleagues revealed a hypoxia-
dependent activation of VEGF transcriptional regulators, HIF-1a and
phospho-STAT3, which were suppressed by melatonin [23]. Anti-
angiogenic activity of melatonin in liver cancer cells may be mediated
by inhibition of HIF-1a nuclear translocation and subsequent VEGF
expression [23]. In addition, results from other tumor types also
demonstrated the capability of melatonin to regulate HIF-1a activity
[33,35,36,95]. Several studies reported that either HIF-1a or STAT3
transcriptionally activated VEGF expression [121-124]. Other
reports indicated that a maximal induction was achieved when both
transcription factors bind to the VEGF promoter, where they were
probably connected within the same transcriptional complex together
with CBP/p300 co-activator [125,126]. Carbajo-Pescador et al.
demonstrated that HIF-1a and STAT3 transcription factors promoted
VEGF production in hypoxia-related angiogenesis in hepatocellular
carcinoma [23]. Due to the lack of toxicity of melatonin even at high
doses it is important to carry out further research to examine the
effectiveness of this ubiquitously-acting indole for the treatment of
patients with hepatocellular carcinoma [23,80].

Kim and colleagues reported decreased protein level of HIF-1ain the
growing tumor masses taken from melatonin-treated mice, consistent
with melatonin inhibition of HIF-1la during tumor progression [29].
Accordingly, theauthors proposed that melatonin actually reduced HIF-
la through the scavenging of ROS produced during tumor progression.
In this study as in many others, melatonin was well tolerated, without
causing toxicity after long term administration necessary to achieve
the therapeutic activities. These results provide an imperative rationale
for the application of melatonin as an antineoplastic agent in clinical
trials. Photons upregulated pro-angiogenic factors including VEGF,
interleukin 6 (IL-6), HIF-1a and basic fibroblast growth Factor (bFGF),
resulting in enhanced angiogenesis and metastasis [103,104,127,128].
Girdhani and colleagues documented that proton irradiation
significantly downregulated pro-angiogenic factors including VEGF,
IL-6, IL-8 and HIF-1a in human and murine cancer cells, and in human
endothelial and fibroblast cells in vitro [109]. Exposure to carbon ion
beam at the energy used in radiotherapy, a lower dose (10 cGy) of
irradiation inhibited developing vessel models and cell migration using
human endothelial cell line ECV304 cells [15]. Proton-irradiation
of human lung adenocarcinoma cells (A549), human endothelial
(HMVEC) and fibroblast (NHDF) cells downregulated the expression
of pro-angiogenic factors including VEGF, IL-8, IL-6, and HIF-1a. On
the contrary, photon irradiation of A549, HMVEC and NHDF cells
upregulated these pro-angiogenic factors dose-dependently [109].
Boyd et al. confirmed that iris neovascularization in uveal melanomas
was suppressed in proton-irradiated tissue concomitant with reduced
VEGEF protein expression compared to sham-irradiated controls [129].
A subsequent study also showed that protons at doses as low as 0.5 Gy
inhibited developing vessels 3D in vitro culture models [128].

Tumor progression strongly depends on an angiogenic response
[130-132]. Various factors are related to angiogenesis. MMP-2
and aVP3 integrin are essential factors that play critical roles in
angiogenesis [15,133,134]. In addition to angiogenesis, cancer cell
invasion and migration are fundamental aspects of cancer progression
that significantly contribute to metastasis. Ogata and colleagues found
that low dose (0.5 Gy) photon irradiation promoted cell migration
and invasion concomitant with up-regulation of aVp3 integrin [106].
Carbon ion irradiation decreased cell migration and invasion in a
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dose-dependent manner and markedly inhibited MMP-2 activity.
For cancer cells irradiated with carbon ion irradiation, the number of
pulmonary metastases was decreased significantly. The study of Goetze
and coworkers indicated that photon irradiation decreased HCT116
colon carcinoma cell migration at high doses and increased U87
glioma cell migration at 3 Gy or high doses [135]. Heavy ions limited
migration of HCT116 colon carcinoma and U87 glioma cell lines dose-
dependently. The study of Akino and colleagues demonstrated that low
dose photon irradiation stimulated cell proliferation of Non-Small-Cell
Lung Cancer (NSCLC) cells [136]. Carbon beam irradiation reduced
the migration and invasion capabilities of both A549 and EBC-1 cells
more effectively than did photon irradiation. Carbon ion irradiation
suppressed the metastatic potential of NSCLC cells. Stahler and
colleagues claimed that 2 Gy photon irradiation increased migration
of U87 EGFR ++ cells and decreased motility of LN229 EGFR ++ cells
[137]. Heavy ions decreased migration of both cell lines. Photon beam
radiation potentially contributed to treatment failure by increasing
EGFR-related tumor cell migration. Carbon ion irradiation reduced
the mobility of Glioblastoma Multiforme (GBM) cells lines. Heavy-ion
irradiation may be more effective than conventional photon therapy
in its possible effects for the inhibition of metastasis of irradiated
malignant tumor cells [137]. These findings suggest that particle
irradiation may inhibit processes of tumor progression (e.g., invasion,
migration and angiogenesis) indispensable for metastasis. The results
imply a potential for particle irradiation in the treatment of systemic
disease. These well substantiated in vitro and in vivo findings provide
preclinical evidence that particle irradiation may have uncommon
biological relevance that can be employed for improving the therapeutic
result during cancer treatment.

Conclusion

Angiogenesisplaysanessentialroleintumorinvasionand metastasis.
Targeting the VEGF pathway could be a more effective strategy than
targeting the tumor itself, based on the fact that angiogenesis is a
major characteristic of solid tumors. Melatonin treatment effectively
attenuates VEGF levels, mainly at pharmacological doses. Melatonin
treatment decreased VEGF secretion by tumor cells. Hypoxia in tumors
is a fundamental cause of angiogenesis. Under hypoxic conditions,
melatonin inhibited HIF-1 transcriptional activity, resulting in
reduction in VEGF expression. HIF-1a is the essential transcription
factor involved in regulation of angiogenesis in cancer. Melatonin
suppressed the stability of HIF-1a. Melatonin also limited HIF-1la
accumulation through inhibition of Sphingosine Kinase 1 (SPHK1)
pathway and ROS generation in PC-3 cells under hypoxia. MicroRNAs
(miRNAs) play essential roles in angiogenesis. Melatonin upregulated
miRNA3195 and miRNA374b. Over-expression of miRNA3195 and
miRNA374b synergistically attenuated VEGF production in hypoxic
PC-3 cells, indicating the critical role of miRNA3195 and miRNA374b
in melatonin-induced anti-angiogenic activity. Photons upregulates
pro-angiogenic factors resulting in enhanced angiogenesis and
metastasis. The capillary-like tube structures are abolished after 0.1 Gy
carbon ion irradiation. Heavy ion irradiation could be more effective
than X-ray irradiation in counteracting angiogenesis even at sublethal
doses.

In addition to angiogenesis, cancer cell invasion and migration are
fundamental aspects of cancer progression that significantly contribute
to metastasis. Heavy ions decrease migration of HCT116 colon
carcinoma and U87 glioma cell lines dose-dependently. Carbon beam
irradiation reduces the migration and invasive capabilities of both
A549 and EBC-1 cells more effectively than does photon irradiation.
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Carbon ion irradiation suppressed the metastatic potential of Non-
Small-Cell Lung Cancer (NSCLC) cells. These results imply a potential
for particle irradiation in the treatment of systemic disease. Further
investigation to elucidate the mechanisms and molecular pathways
involved in angiogenesis specifically associated with melatonin and
charged particle irradiation certainly is warranted. Finally, considering
the similar actions of melatonin and particle irradiation in terms of
altering the process of angiogenesis in tumors, a combination therapy
using these two modalities may be highly worthwhile.
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