
Tumor angiogenesis, the formation of new blood capillar-
ies by vascular endothelial cells from existing vessels, is an
important mechanism for supplying nutrients, oxygen,
growth factors and others to tumor cells. Tumor cells trigger
angiogenesis by secreting angiogenic factors, especially vas-
cular endothelial growth factor (VEGF-A),1) which plays an
important role in the regulation of normal and abnormal an-
giogenesis.2)

VEGF-A (commonly known as VEGF) was first reported
as a vascular permeability-inducing factor secreted by tumor
cells, and referred to as vascular permeability factor (VPF).3)

VEGF gene expression is initiated by extracellular signals in-
cluding growth factors, mitogens, phorbol ester, cytokines
and extracellular stresses. The first three of these exogenous
signals activate the Ras-Raf-MEK-ERK pathway that trans-
duces mitogenic signals regulating cell proliferation or dif-
ferentiation. The other extracellular signals activate the
JNK/SAPK and p38 pathways that regulate cellular inflam-
matory or stress responses.4) VEGF is overexpressed at both
mRNA and protein levels in a high percentage of malignant
animal and human tumors, as well as in many immortalized
and transformed cell lines.5—7) The VEGF-A gene transcript
undergoes alternative splicing to yield mature isoforms of
121, 165, 189, and 206 amino acids, with VEGF165 appearing
to be quantitatively and functionally predominant in most an-
giogenic states.8) VEGF121 and VEGF165 are secreted as solu-

ble compounds, whereas VEGF189 and VEGF206 remain cell
surface associated or are primarily deposited in the extracel-
lular matrix.9)

Reactive oxygen species (ROS) are suggested to play an
important role in angiogenesis.10) Furthermore, there is in-
creasing evidence of the involvement of H2O2 in the regula-
tion of angiogenesis.9,11—13) As well, a variety of cell lines
derived from human tumors has been shown to produce large
amounts of H2O2.

14) Constitutive surveillance for cellular
protection against oxidative stress is conferred by intracellu-
lar antioxidative agents.15) Excess amounts of ROS are toxic
and cause a reduction of intracellular antioxidant levels.16) It
has been reported that pretreatment of the heart with exoge-
nous antioxidants improved its condition as a result of reduc-
ing ROS production.17) The VEGF-A gene is one that has its
expression regulated by ROS, especially by H2O2. Additional
data support that VEGF-A mRNA is up-regulated by H2O2 in
a dose- and time-dependent manner.18,19) Taken together,
these suggest that some endogenous as well as exogenous an-
tioxidative agents can be used to regulate VEGF-A gene ex-
pression and/or H2O2 production for therapeutic purposes.

Electrolyzed reduced water (ERW) has attracted much at-
tention because of its antioxidative potential. Water electroly-
sis typically produces two forms of water: reduced or alka-
line (high pH) water near the cathode and an oxidized or acid
(low pH) water near the anode. Applications of oxidized
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Vascular endothelial growth factor (VEGF) is a key mediator of tumor angiogenesis. Tumor cells are ex-
posed to higher oxidative stress compared to normal cells. Numerous reports have demonstrated that the intra-
cellular redox (oxidation/reduction) state is closely associated with the pattern of VEGF expression. Electrolyzed
reduced water (ERW) produced near the cathode during the electrolysis of water scavenged intracellular H2O2

and decreased the release of H2O2 from a human lung adenocarcinoma cell line, A549, and down-regulated both
VEGF transcription and protein secretion in a time-dependent manner. To investigate the signal transduction
pathway involved in regulating VEGF expression, mitogen-activated kinase (MAPK) specific inhibitors,
SB203580 (p38 MAPK inhibitor), PD98059 (ERK1/2 inhibitor) and JNKi (c-Jun N-terminal protein kinase in-
hibitor) were applied. The results showed that only PD98059 blocks VEGF expression, suggesting an important
role for ERK1/2 in regulating VEGF expression in A549 cells. As well, ERW inhibited the activation of extracel-
lular signal-regulated kinase (ERK) in a time-dependent manner. Co-culture experiments to analyze in vitro
tubule formation assay revealed that A549 cell-derived conditioned medium significantly stimulated the forma-
tion of vascular tubules in all analyzed parameters; tubule total area, tubule junction, number of tubules, and
total tubule length. ERW counteracted the effect of A549 cell-conditioned medium and decreased total tube
length (p�0.01). The present study demonstrated that ERW down-regulated VEGF gene transcription and pro-
tein secretion through inactivation of ERK.
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water have frequently been reported.20—22) In Japan, ERW
produced from tap water by house-use electrolyzing purifiers
is popular as it is thought to have health benefits. ERW has
been shown to be clinically effective in the treatment of pa-
tients with irritable bowel syndrome or non-ulcer dyspep-
sia.23) Shirahata et al. first demonstrated that ERW not only
exhibited high pH, low dissolved oxygen, extremely high dis-
solved molecular hydrogen, but most importantly, showed
ROS scavenging activity and protective effects against oxida-
tive damage to DNA.24) Thereafter, the inhibitory effects of
ERW on alloxan-induced pancreatic cell damage25) and on
hemodialysis-induced oxidative stress in end-stage renal dis-
ease (ESRD) patients26,27) were reported. Kim and Kim re-
ported that ERW derived from tap water exhibited an anti-
type 2 diabetic effect in animal experiments.28)

Although the data accumulated so far suggest that ERW
could be a useful antioxidative agent, further studies are re-
quired to elucidate the mechanisms of its actions in cells. To
this end, we hypothesized that ERW could regulate VEGF-A
gene expression to exert antiangiogenic effects via scaveng-
ing ROS, in particular H2O2. We carried out a series of ex-
periments as a first step to uncover the mechanisms involved.

Here we present evidence that ERW attenuates both the re-
lease of H2O2 and the secretion of VEGF. This then leads to
the suppression of angiogenesis induced by tumor cells.

MATERIALS AND METHODS

Preparation of Electrolyzed Reduced Water (ERW)
ERW (oxidation reduction potential, �600 mV; pH 11) was
prepared by electrolyzing ultra pure water containing 0.002 M

NaOH at 100 V for 60 min using an electrolyzing device
equipped with platinum-coated titanium electrodes (TI-200s,
Nihon Trim Co., Osaka, Japan), and typically contains
0.2 ppb Pt Nps when assayed with ICP-MS spectrometer (un-
published data). A batch type electrolyzing device was used.
It consisted of a 4-l vessel (190 mm length�210 mm width�
140 mm height) divided by a semi-permeable membrane
(190 mm width�130 mm height, 0.22 mm thickness, pore
size is not disclosed, Yuasa Membrane System Co., Osaka
Japan). Two electrodes (70 mm width�110 mm length) were
placed at a distance of 55 mm from each side of the semi-
permeable membrane.

Cell Culture and Reagents All electrolyzed alkaline
ERW was neutralized by adding 1 ml of 10� minimum
Eagle’s medium (MEM) (pH 7) and 0.2 ml of 1 M 4-(2-hy-
droxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer
(pH 5.3) to 9 ml of ERW (pH 11) before use. Human lung
adenocarcinoma, A549 cells and human diploid embryonic
lung fibroblast, TIG-1 cells were obtained from the Health
Science Research Resources Bank and maintained in MEM
supplemented with 10% fetal bovine serum (FBS) designated
as 10% FBS/MEM (Biowest, France). During the experi-
ments, A549 cells were cultured with MEM (no FBS) pre-
pared by dilution of 10� MEM with Milli Q water which
designated as serum-free MEM/Milli Q or cultured with
MEM (no FBS) prepared by dilution of 10� MEM with
ERW which designated as serum-free MEM/ERW. In a pre-
liminary experiment done in the past, we had compared two
MEM media prepared either with 0.002 M NaOH aqueous so-
lution or with Milli Q water to examine whether MEM media

with addition of NaOH could scavenge intracellular ROS or
not, and such effect was not observed. Also, these MEM
media were applied to human fibrosarcoma HT1080 cells
and measured matrix metalloproteinase (MMP) gene expres-
sions. We did not observe any difference in the levels of
MMP expression between HT1080 cells cultured with the
two MEM media (unpublished observation). Together with
these observations and the knowledge that both MMP and
VEGF are redox-sensitive genes, we judged that an addition
of NaOH into culture media has no effect on intracellular
redox state and related genes expression. We therefore used
MEM media prepared with Milli Q water as a control in sub-
sequent experiments.

Human umbilical vein endothelial cells (HUVEC) were
purchased from Cambrex and cultured in EGM-2 medium
(Cambrex, MD, U.S.A.). Homovanillic acid (HVA) and
horseradish peroxidase type VI were purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A.). SB203580, PD98059
and c-Jun N-terminal protein kinases inhibitor (JNKi) were
purchased from Calbiochem (CA, U.S.A.). The Quantikine
kit (Human VEGF Immunoassay, Catalog Number DVE00)
was obtained from R&D Systems, Inc. (Minneapolis, MN,
U.S.A.). The Quantikine VEGF Immunoassay kit is designed
to measure VEGF165 levels in cell culture supernates. An An-
giogenesis Tubule Staining Kit (for staining CD31) was ob-
tained from TCS Cellworks (Buckingham, U.K.). Total and
phospho-ERK mitogen-activated protein kinase (MAPK) 
antibody was purchased from Cell Signaling Technology
(Danvers, MA, U.S.A.). 2�,7�-Dichlorofluorescein diacetate
(DCFH-DA) was purchased from Molecular Probes, Inc.
(Eugene, OR, U.S.A.).

Measurement of Intracellular H2O2 Scavenging Activ-
ity by ERW H2O2 produced in A549 cells was measured
using DCFH-DA. A549 cells were pretreated with serum-
free MEM/ERW for 30 min, and then incubated with 5 mM

DCFH-DA for 30 min at 37 °C. DCFH-DA diffused freely
into cells and was then hydrolyzed by cellular esterases to
DCFH, which was trapped within the cell. This non-fluores-
cent molecule was then oxidized to fluorescent dichlorofluo-
rescein (DCF) by the action of intracellular H2O2. Cells were
washed with phosphate-buffered saline (PBS, pH 7.4) to re-
move the DCFH-DA. H2O2 levels were measured using flow
cytometry (EPICS XL System II; Beckman Coulter, U.S.A.)
by determining the intensity of the fluorescence relative to
that of control cells.

Measurement of H2O2 Release H2O2 release from
A549 cells into the culture medium was assayed by a pub-
lished method.29) Briefly, A549 cells were cultured in a 24-
well plate with serum-free MEM/Milli Q or serum-free
MEM/ERW for 24 h. The cells were washed with PBS and
then incubated with an 800 m l reaction buffer (100 mM HVA,
5 units/ml horseradish peroxidase type VI, and 1 mM HEPES
in Hanks balanced salt solution without phenol red, pH 7.4).
The reaction buffer without cells was treated in the same
way, as a control. This solution was then collected after incu-
bation for 30 min, pH was adjusted to 10.0 with 0.1 M

glycine–NaOH buffer, and fluorescence was then measured
using a fluorescence spectrophotometer (F-2500, Hitachi,
Japan) at excitation and emission wavelengths of 321 nm and
421 nm, respectively.

Semiquantitative Reverse Transcription-Polymerase

20 Vol. 31, No. 1



Chain Reaction (RT-PCR) Total RNA was isolated using
a GenEluteTM Mammalian Total RNA isolation kit (Sigma
Chemical Co., St. Louis, MO, U.S.A.) and following the pro-
tocol provided by the supplier. The primer sequences for
glyceraldehyde-3�-phosphate dehydrogenase (GAPDH) are
5�ACCACAGTCCATGCCATCAC3� (forward) and 5�TC-
CACCACCCTGTTGCTGTA-3� (reverse), which amplify a
512 bp segment (NCBI Acc#: NM 002046). The common
primer sequences for VEGF transcripts are 5�GGGCCTCC-
GAAACCATGAAC3� (forward) and 5�CTGGTTCCCGA-
AACCCTGAG3� (reverse), which differentiate alternatively
spliced VEGF165 and VEGF121 transcripts by generating
625 bp and 495 bp fragments, respectively.8,30) PCR amplifi-
cation for VEGF was carried out at 94 °C for 45 s of denatur-
ing, annealing for 45 s at 60 °C, and extension for 1 min at
72 °C for 35 cycles using Taq polymerase (Takara). Likewise,
PCR amplification for GAPDH was carried out at 94 °C for
3.5 min of denaturing, annealing for 30 s at 58 °C, and exten-
sion for 1 min at 72 °C for 30 cycles. The semi-quantitative
RT-PCR products were not saturated under the conditions
used in the present experiments. Amplified products were re-
solved by agarose gel electrophoresis and then photographed
with a digital camera (ATTO, Tokyo). For densitometric
analysis, recorded images were analyzed by an NIH image
analyzer program (Image 1.62f) using a personal computer.
Values below the panel were normalized by arbitrarily setting
the density of the VEGF165 and VEGF121 bands of untreated
A549 cells to 1.0. GAPDH transcripts were used as an inter-
nal control for cellular activity.

Measurement of VEGF Secreted into the Culture
Medium A549 cells (5�104 cells/well) were seeded in 24-
well plates with 10% FBS/MEM and cultured overnight. The
medium was replaced with serum-free MEM/ERW and incu-
bated for another 24 h. The conditioned medium was col-
lected to measure secreted VEGF, which was measured ac-
cording to the manufacturer’s protocol.

Preparation of Conditioned Medium and Tubule For-
mation Assay A549 cells (1�106 cells) were seeded in a
90 mm dish with 10% FBS/MEM and incubated overnight.
The medium was replaced with serum-free MEM/Milli Q or
serum-free MEM/ERW and cultured for 24 h. The condi-
tioned medium was collected and filtered with a 0.2 mm filter.
Aliquots were stored in a �80 °C deep-freezer. Tubule for-
mation assay was performed with a co-culture system.
HUVEC were mixed with TIG-1 cells at 1 : 40, seeded in 24-
well plates, and cultured in EGM-2 medium overnight. The
medium was removed and a mixture of A549 cell condi-
tioned and EGM-2 media mixed at 2 : 1 was added. The con-
ditioned medium was changed every 2 d. Tubules formed
with different media were detected with HUVEC-specific
markers CD31 (PECAM-1). Briefly, at day 11, the medium
was completely removed, and the co-culture plate was fixed
for 30 min with 70% ethanol solution. After incubation with
PBS containing 1% bovine serum albumin (BSA), the co-
culture plate was incubated with a mouse anti-human CD31
antibody (1 : 4000) for 60 min, followed by another 60 min
incubation with a secondary goat anti-mouse IgG antibody
conjugated with alkaline phosphatase (both antibodies were
included in the Tubule Staining Kit). After washing the cul-
ture plate, 5-bromo-4-chloro-3-indolylphosphate toluidine
salt/nitro-blue tetrazolium chloride (BCIP/NBT) substrate

was added until tubules developed a dark purple color. Co-
cultures were then dried and analyzed. Tubule formations in
the co-culture system were observed by phase-contrast mi-
croscopy and photomicrographs were documented with a
digital camera (Olympus, Japan). Recorded images were ana-
lyzed by Angiogenesis Image Analysis Software (AngioSys
1.0, TCS, Cellworks, U.K.). Twelve random fields per well
were photographed for tubule formation assessment.

Western Blot Analysis Appropriately treated cells were
washed with PBS, and incubated with extraction buffer
(50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM PMSF, 1%
NP-40, 0.1% SDS, 10 mg/ml aprotinin and 10 mM EDTA) on
ice. Cells were collected with a scraper. The lysate was then
centrifuged at 12000�g for 5 min. Thirty micrograms of pro-
tein samples were boiled in a ratio of 3 : 1 with sample buffer
(250 mM Tris–HCl pH 6.8, 40% glycerol, 20% b-mercap-
toethanol, 8% SDS and 0.04% bromophenol blue), and elec-
trophoresed in SDS-PAGE. Resolved proteins were then
transferred onto Hybond-ECL membranes (Amersham Bio-
science, U.K.), which were blocked with 0.05% Tween 20-
PBS (T-PBS) containing 10% skim milk powder (Wako,
Osaka, Japan) and probed with primary and secondary anti-
bodies coupled with peroxidase. After washing three times
with T-PBS, the bound antibody was developed using an
ECL plus Western Blotting Detection System (Amersham
Biosciences, U.K.).

RESULTS

ERW Scavenges Intracellular H2O2 and Decreases the
Release of H2O2 from A549 Cells It has been reported
that cancer cells produce high amounts of ROS, including
H2O2,

14) and that exogenous ROS stimulates induction of
VEGF in various cell types.18,31) ERW has been shown to ef-
fectively scavenge intracellular ROS in HIT-T15 cells (a
hamster pancreatic cell line).25) These data together suggest
that ERW might regulate VEGF expression by way of ROS.
To test this idea and to ascertain if the ROS scavenging activ-
ity of ERW is applicable to other cell types, we began by ex-
amining the scavenging effect of ERW in A549 cells. A549
cells were treated with MEM containing ERW and then incu-
bated with DCFH-DA. Intracellular H2O2 levels were meas-
ured using flow cytometry by determining the intensity of the
fluorescence relative to that of control cells, as detailed in the
Materials and Methods. The results showed a reduction of in-
tracellular H2O2, as the signal curve obtained from ERW-
treated A549 cells (designated as “ERW”) was shifted to the
left compared with untreated A549 cells (designated as
“Control”) (Fig. 1A). This shift of the signal curve would 
indicate scavenging of H2O2. Thus ERW was suggested to
scavenge intracellular H2O2 in A549 cells. To test the ROS
scavenging activity of ERW, we examined the effect of ERW
on the release of H2O2 from A549 cells. Our test method was
based on the conversion of homovanillic acid, a substituted
phenol, to its fluorescent dimer in the presence of H2O2 and
horseradish peroxidase. As shown in Fig. 1B, when A549
cells were pre-treated with ERW for 24 h, the release of H2O2

from A549 cells decreased to approximately 40% compared
to non-treated control (p�0.05). Thus, the results confirmed
a previous report.25)

The present results from two different assays capable of
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measuring endogenous and exogenous H2O2 levels clearly
demonstrated that ERW has the potential to reduce and/or
scavenge H2O2.

ERW Inhibits Both VEGF Gene Expression and Extra-
cellular Secretion in A549 Cells As we had confirmed
that ERW reduces H2O2 production from A549 cells, we in-
vestigated using an RT-PCR method to determine if H2O2

and VEGF levels are coordinately regulated by ERW in A549
cells.

Primers were designed to amplify a 495 bp product for the
VEGF121 transcript and a 625 bp product for the VEGF165

transcript. Agarose gel electrophoresis was performed to dis-

solve RT-PCR products (Fig. 2A). Ratios of band intensities
between different incubation periods for GAPDH and those
for the two VEGF isoform products were used to compare
time dependent transcription levels (Fig. 2). The results
showed that ERW treatment down-regulated transcriptions of
VEGF165 and VEGF121 in a time-dependent manner. Notably,
when the cells were treated with ERW for 24 h, VEGF tran-
scription was significantly suppressed, while that of GAPDH
changed little; indicating that the results were not due to the
cytotoxic effects of ERW (Fig. 2A).

VEGF is known to be secreted outside tumor cells to exert
its angiogenic effect by stimulating proliferation and migra-
tion of endothelial cells.18) Therefore, the effect of ERW on
the secretion of VEGF in A549 cells was tested. The secre-
tion of VEGF from control cells increased in a time-depend-
ent manner, whereas ERW gradually suppressed the increase
in the VEGF secretion (Fig. 2B). A significant difference 
in the secreted VEGF accumulations between control
(1217.94�61.83 pg/ml) and treated samples (1095.53�
21.50 pg/ml) was only observed when A549 cells were
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Fig. 1. Intracellular H2O2 Scavenging Activity of ERW (A) and Suppres-
sion of H2O2 Release from A549 Cells by ERW (B)

(A) Cultured A549 cells were pretreated for 30 min with 10% FBS/MEM/ERW, then
incubated with 5 mM DCFH-DA for 30 min at 37 °C. The fluorescence intensity of
DCFH was measured with a flow cytometer. The fluorescence intensity relative to that
of control cells is presented as curves. The curve designated as “Control” is the fluores-
cence intensity obtained from control A549 cells. The curve designated as “ERW” is
the fluorescence intensity obtained from A549 cells treated with ERW. H2O2 scavenging
activity was judged positive, as the ERW-treatment curve (ERW) was shifted to the left
compared with the control curve (Control). Mn X in the ERW and Control panels
means the mean of fluorescence intensity. A representative result is shown from three
independent experiments. (B) ERW was added to A549 cells in culture followed by fur-
ther 24 h incubation. Released H2O2 in the culture media was measured as described in
Materials and Methods. Differences were analyzed by Student’s t test (values are the
mean�S.D., n�3). An asterisk represents a significant difference compared with con-
trols (∗ p�0.05) and p values of �0.05 are considered statistically significant.

Fig. 2. ERW Down-Regulates VEGF Transcription and Secretion

(A) Four sets of A549 cells were treated with ERW for 0.5, 4 and 24 h. A549 cells
treated for designated time periods were used to isolate total RNAs. VEGF and
GAPDH transcripts were detected by RT-PCR with an appropriate set of primers, as
shown in Materials and Methods. Values above the panel were normalized by arbitrarily
setting the densitometry of VEGF165 and VEGF121 bands at time zero to 1.0. A GAPDH
transcript was used as an internal control for cellular activity. (B) A549 (5�105 cells)
cells/well were seeded in 24-well plates with 10% FBS/MEM for 0.5, 4 and 24 h. The
medium was replaced with serum-free MEM/ERW for the indicated time periods. The
medium was collected to measure an amount of VEGF secreted by A549 cells, as de-
scribed in Materials and Methods. Filled columns (�), controls cultured in serum-free
MEM/Milli Q; open columns (�), tests cultured in serum-free MEM/ERW. The results
of 3 independent experiments were analyzed by Student’s t test (values are the
mean�S.D., n�3). An asterisk represents a significant difference compared with the
control (∗ p�0.05) and p values of �0.05 are considered statistically significant.



treated with ERW for 24 h (p�0.05, Fig. 2B). This delayed
response of VEGF protein secretion compared to VEGF
gene transcription level, which after 4 h treatment reduced to
approximately 30—40%, may be attributable to assay point
differences, i.e., transcription and accumulated protein levels
because RT-PCR detects specific transcripts directly at spe-
cific time points while VEGF assay detects accumulated total
VEGF165 protein during the incubation periods indicated.

ERW Inactivates ERK1/2 VEGF gene transcription
was demonstrated to be regulated by ERW, suggesting that its
action point is at a gene transcription level and/or at signal
transduction pathway levels upstream to transcription initia-
tion complexes. As an initial step, the signal transduction
pathway involved in regulating VEGF gene expression was
investigated using MAPK specific inhibitors, SB203580 (p38
MAPK inhibitor), PD98059 (MEK inhibitor which is an up-
stream kinase of the ERK pathway) and JNKi (JNK in-
hibitor). For this purpose, the same RT-PCR assay system
and analysis methods, as in Fig. 2A, were used to quantify
VEGF transcripts (Fig. 3A). The results showed that only
PD98059 blocked VEGF expression, suggesting an impor-
tant role for the Ras-Raf-MEK-ERK pathway, particularly
ERK1/2 factor, in regulating VEGF expression in A549 cells
(Fig. 3A). Other inhibitors, SB203580 and JNKi, did not
show any significant inhibitory effect on VEGF gene tran-
scription, indicating that the JNK/stress activated protein ki-
nase (SAPK) and p38 pathways were not directly involved in

VEGF gene transcription.
Further experiments were performed to determine whether

ERW-induced down-regulation of VEGF expression is due to
the suppression of ERK1/2 phosphorylation. Western blot
analyses showed that phosphorylation of ERK decreased in a
time-dependent manner from 0.5 to 4 h. After 4 h, the phos-
pho-ERK level remained low for up to 24 h, even after ex-
tended ERW treatment. The total amount of ERK MAPK
protein was unaffected by ERW treatment (Fig. 3B). These
results further strengthened the results shown in Fig. 3A.
They also suggested that MEK is involved in the regulation
of VEGF transcription via ERK phosphorylation.

Effect of ERW on Vascular Tubule Formation Induced
by A549 Cells Exogenous ROS is known to stimulate
VEGF production18) and to promote tubular morphogenesis
in endothelial cells.32) To evaluate the effect of ERW on
tubule formation, four parameters; tubule area, number of
junctions, number of tubules, and total tube length, were
measured. For this, a co-culture of HUVEC and TIG cells
was incubated with mixtures of EGM-2 medium and non-
conditioned MEM (Fig. 4A, Control), A549 conditioned
MEM (Fig. 4B, A549 CM), and ERW-treated A549 condi-
tioned MEM (Fig. 4C, ERW-A549 CM) at a ratio of 1 : 2, re-
spectively. Co-cultures treated with the A549 conditioned
MEM significantly increased the formation of vascular
tubules in all analyzed parameters in comparison with con-
trol; that is, a 76% increase on total tubule areas, a 200% in-
crease of the number of tubule junctions, a 179% increase of
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Fig. 3. VEGF Expression Is Down-Regulated via Inactivation of the ERK
Pathway

(A) A549 cells were treated with serum-free MEM containing SB203580 (10 mM),
PD98059 (20 mM) or JNK inhibitor II (40 nM) for 24 h and total RNAs isolated. Total
RNAs were used to amplify VEGF165 and VEGF121 transcripts by RT-PCR with respec-
tive primer sets. Amplified products were resolved in an agarose gel electrophoresis and
bands were photographed and documented using a digital camera. Recorded images
were analyzed by an NIH image analyzer program (Image 1.62f) using a personal com-
puter. Values above the panel were normalized by arbitrarily setting the densitometry of
VEGF165 and VEGF121 bands at time zero to 1.0. A GAPDH transcript was used as an
internal control for cellular activity. Control: no inhibitor, SB: SB203580 (p38 MAPK
inhibitor), PD: PD98059 (MEK inhibitor), JNKi: JNK inhibitor. (B) A549 cells were
incubated in serum-free MEM/ERW for the indicated time periods. Cell lysates were
prepared and 30 mg proteins from each lysate were resolved by SDS-PAGE and used for
Western-blot analysis as described in Materials and Methods. Total- and phospho-ERK
were detected using Total- and phospho-ERK MAPK antibodies. Values above the
panel were normalized by arbitrarily setting the densitometry of phospho-ERK band to
1.0. Total ERK was used to monitor cellular activity.

Fig. 4. Effects of ERW on A549 Cell Conditioned Medium-Induced Vas-
cular Tubule Formation

HUVEC/TIG-1 co-culture in a 24-well plate was challenged with mixtures of EGM-
2 medium and non-conditioned MEM (A. Control), A549 cell conditioned MEM (B.
A549 CM) and ERW-treated A549 cell conditioned MEM (C. ERW-A549 CM) mixed
at 1 : 2, respectively. Media were changed every 2 d. At day 11, tubule formations were
detected with a Tubule Staining Kit and visualized by phase-contrast microscopy. Pho-
tomicrographs from a digital camera were used to characterize tubules. Recorded im-
ages were analyzed by angiogenesis quantification software (D). Twelve random fields
per well were pictured for tubule formation assessment. Data are expressed as a per-
centage of the total area, the number of junctions, the number of tubules and the total
tube length in untreated control cells (mean�S.E.). Asterisks represent a significant
difference compared with controls (∗∗ p�0.01). p values of �0.05 were considered sta-
tistically significant.



the number of tubules, and a 65% increase of total tubule
length, respectively (Fig. 4D: compares control and A549
CM). Taking these results into consideration, conditioned
medium derived from A549 cells cultured with ERW (ERW-
A549 CM) was used to see how ERW influences the tubule
formation parameters. The results showed that ERW treat-
ment affected only the total tubule length, decreasing it at a
statistically significant level compared to A549 CM treated
cells (p�0.01, Fig. 4D: see total tubule length). Although,
the total tubule length parameter is commonly used for quan-
titative analysis of tubule formation, other parameters were
also measured. ERW was shown to exert its influence by
marginally suppressing the other three parameters, though
not to a statistically significant level (Fig. 4D). These results
strongly suggested that ERW exerts an inhibitory effect on
tumor-induced angiogenesis by way of down-regulating H2O2

release and VEGF secretion from A549 cells (Fig. 4).

DISCUSSION

Our findings suggest that ERW reduces H2O2 induced
VEGF expression in a human lung adenocarcinoma cell line,
A549. As cancer cells produce ROS, including H2O2, the re-
lease of H2O2 could be a trigger for the angiogenic process in
those cancer cells.9,11,12,14) As well, H2O2 has also been shown
to induce significant VEGF expression in various cell
types.33—35) As well, tumor vascularity has been shown to be
directly correlated with VEGF production by tumors.36—41)

Blockade of tumor secreted VEGF by an anti-VEGF anti-
body caused significant damage on endothelial cells.42) These
results together strongly support the hypothesis that the
blockade of H2O2 release and VEGF secretion from cancer
cells has therapeutic value by conferring an antiangiogenic
effect. Along this line, antioxidants such as N-acetylcystein,
vitamin E, catechins, and natural polyphenols from red wine
have been evaluated for their efficacy, with positive re-
sults.42—47)

The signal transduction pathway for VEGF expression is
highly divergent and is cell type dependent. Involvement of
both phosphatidylinositol 3�-kinase and MAPK/ERK kinase
1/2 in the regulation of VEGF expression is reported in astro-
cytomas48) and head and neck squamous cell carcinoma,49)

while phosphatidylinositol 3�-kinase pathway, but not ERK
MAPK regulated VEGF expression is involved in hepatocel-
lular carcinoma.50) As well, p38 MAPK is reported to affect
VEGF expression in vascular smooth muscle,43) and breast
cancer51) cells, while ERK MAPK does so in fibroblasts,52)

and colon carcinoma.53) In the present study, at least ERK
was proven to be involved in regulation of VEGF expression
in lung adenocarcinoma A549 cells, because only PD98059
blocked VEGF expression in the cells (Fig. 3).

ERK activation is sensitive to redox stress.54—58) Thus, the
reduction of redox stress induced in cells or the neutraliza-
tion of exogenous oxidative stress may block activation of
ERK MAPK, which can lead to an alteration of the target
gene expression. Epigallocatechin gallate, an antioxidant
contained in green tea, inhibited VEGF expression via the
suppression of ERK activation in HT29 human colon cancer
cells.59) In the current study, ERW inactivated ERK in a time-
dependent manner, within 4 h, after which ERW showed no
further effect on ERK activation. This indicated that the effi-

ciency of ERW on ERK activation is only short-term. The in-
hibition of constitutive VEGF expression in A549 cells can
be partially ascribed to the blockade of ERK activation by
ERW. Also, we considered possible transcription factor(s) in-
volved in regulating VEGF gene transcription in relation to
ROS. Exogenous stimulation of cultured cells by hydrogen
peroxide (H2O2) was shown to up-regulate VEGF mRNA in a
dose- and time-dependent manner. VEGF mRNA activation
was also shown to correlate with an enhanced binding of AP-
1 and NF-kB.60) NF-kB resides in the cytoplasm complexed
with the inhibitor protein I-kB masking the nuclear localiza-
tion signal of NF-kB. NF-kB is activated by H2O2 treatment
through phosphorylating I-kB to release NF-kB for nuclear
translocation via the Ras mitogen-activated protein kinase
(MAPK) pathway.61) Our present results with specific in-
hibitors showed that MAPK pathway (p38 and JNK) is not
involved (Fig. 3) and thus VEGF mRNA activation by NF-
kB is excluded. On the other hand, AP-1 is considered as a
redox-sensitive transcription factor62) and thus VEGF mRNA
up-regulation by H2O2 is likely to involve AP-1. Another
transcription factor, ETS-1, is up-regulated by H2O2 via HIF-
1a which is stabilized by H2O2.

63,64) The HIF-1a (120 kDa)
is complexed with HIF-1b (94 kDa) subunit forming func-
tional HIF-1 (hypoxia-inducible factor-1). HIF-1a is the rate
limiting subunit which determines the activity of the HIF-1
complex.65) HIF-1a is a short lived protein that is maintained
at low and often undetectable levels in normoxia, whereas it
is strongly induced in hypoxic cells.66) We showed that ERW
scavenges endogenous as well as exogenous H2O2 (Fig. 1)
suggesting that HIF-1 regulated ETS-1 involvement is less
likely. However, it has been shown that ETS-1 promoter con-
tains several transcription factor binding sites including AP-
167) and AP-1 is considered as a redox-sensitive transcription
factor.62) Taking all these information into considerations, we
deduced AP-1 as the prime candidate for up-regulating
VEGF transcription.

Present results uncovered that mRNA levels were dramati-
cally decreased in the cells treated by ERW while secreted
protein levels decreased rather slowly. Drastic mRNA decline
could be interpreted as that the half-life of VEGF mRNA is
42 min68) and 43�6 min69) under normoxic conditions, while
the average half-life of eukaryotic mRNA is 10—12 h.70) Fur-
thermore, the VEGF mRNA contains destabilizing elements
in its 5�UTR, coding region and 3�UTR, and three elements
act additively to execute rapid degradation under normoxic
conditions.71) Our experiments were carried out under nor-
moxic conditions and therefore mRNA is considered to be
short lived. In addition, the activities of hydrogen peroxide
(H2O2) regulated transcription factors would also be de-
creased due to lowered H2O2 levels by scavenging activity of
ERW. Considering incubation times (0.5, 4.0, 24 h) used and
short-half life of VEGF mRNA as well as lowered transcrip-
tion factor(s) together would explain the drastic decrease of
VEGF mRNA levels in the present experimental conditions
(Fig. 3A). VEGF protein secreted in the medium is not dras-
tically decreased as mRNA does. Our interpretation is that
the levels of VEGF protein assayed are cumulative instead of
time point levels. Thus the amount of protein will be accu-
mulated as incubation time is extended up to 24 h. At 24 h
point, control medium contains 1217.94�61.83 pg/ml while
ERW treated medium contains 1095.53�21.50 pg/ml and
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thus ERW treated medium still contains ca. 85% of VEGF
protein (Fig. 2B). Then, one would expect that more VEGF
protein exist in the conditioned medium, more tubule forma-
tion will result. ERW could have reduced ca. 15% VEGF
protein compared to control after 24 h incubation and thus
the tubule formation is exerted by ca. 85% VEGF protein.
Three criteria show the suppressive tendencies though not
statistically significant levels, and showed significant reduc-
tion in the total tubule length only (Fig. 4D). Therefore, vas-
cular tubule formation assay is in accordance with the pro-
tein levels detected in Fig. 2B (Fig. 4D).

The mechanism underlying how ERW effectively scav-
enges intracellular H2O2 remains to be clarified in more de-
tail. ERW contains a high concentration of hydrogen mole-
cule, however, hydrogen molecule is chemically inert at room
temperature. In an attempt to overcome this challenging
problem, Shirahata et al. proposed an active hydrogen hy-
pothesis of reduced water in which active hydrogen with a
high reducing potential was produced in ERW by electrolysis
and played a key role in scavenging ROS.24,72) Active hydro-
gen can be produced from hydrogen molecule by catalysis
action of noble metal nanoparticles like platinum nanoparti-
cles.73) Transition metal nanoparticles such as Pd, Pt, Ni, and
Cu are produced during the process of electrolysis.74) Plat-
inum nanoparticles have also been demonstrated to adsorb
active hydrogen.75) Synthetic platinum nanoparticles were
shown to scavenge superoxide radicals.76) There is a possibil-
ity that platinum nanoparticles derived from platinum-coated
titanium electrode used here during electrolysis and metal
nanoparticls of 1—10 nm size can stably exist in solution for
a long time.74) Taken together, here we propose a new hy-
pothesis of reduced water containing metal nanoparticles and
hydrogen molecule as follows: (1) Electrolysis produces ac-
tive hydrogen on the cathodic platinum electrode and hyper-
saturated hydrogen molecule in ERW. (2) Metal ions in the
solution are reduced to metal nanoparticles on the electrode
or in hydrogen-rich ERW. (3) Transition metal nanoparticles
with low ionic tendencies adsorbed or absorbed active hydro-
gen can exist stably in ERW but other metal nanoparticles
with high ionic tendencies such as Na and K disappear in
ERW soon. (4) Hydrogen molecule is constantly converted to
active hydrogen, which can scavenge ROS, by the catalysis of
metal nanoparticles. Some kinds of metal nanoparticles like
platinum nanoparticles can also directly scavenge ROS with-
out hydrogen molecule.

On the other hand, Kikuchi et al. hypothesized, in attempt-
ing to elucidate the ROS scavenging substance(s) in ERW,
that activated molecular hydrogen or hydrogen nanobubbles
are responsible for the reducibility of ERW.77—81) Recently,
molecular hydrogen was demonstrated to act as a selective
antioxidant against cytotoxic oxygen radicals like hydroxyl
radical and peroxynitrite.82) Hiraoka et al. reported that ERW
and several natural mineral waters also possess reducing ac-
tivities and hypothesized that it is due to molecular hydrogen
and/or reductive vanadium ions.83,84) Hanaoka et al. sug-
gested that the enhancement of superoxide anion radical dis-
mutation activity can be explained by changes in the ionic
product of water in ERW.85,86)

Major drawbacks of cancer chemotherapy are the various
side-effects of the drugs used and the resistance that can be
developing to these drugs. To resolve these problems, an un-

derstanding of the biological differences between cancer and
normal cells is necessary. It will also be necessary to seek
out appropriate therapeutic agents that can block the biologi-
cal events critical for cancer cells, but not those for normal
cells. Cancer cells, as compared to normal ones, are exposed
to higher oxidative stresses associated with oncogenic trans-
formation, alterations in metabolic activity, and increased
generation of ROS. ERW possesses an advantage over many
other antioxidants in that cancer cells with higher oxidative
stress are more likely to be affected by ERW, whereas normal
cells are not.

Taken together, we demonstrated here for the first time that
ERW can suppress angiogenesis induced by A549 cells
through down-regulating both H2O2 release and VEGF ex-
pression. Moreover, our study suggested that ERK MAPK
plays a critical role in regulating VEGF expression in A549
cells, and that inhibition of VEGF by ERW partially corre-
lated with inactivation of ERK MAPK.

While the present results have pointed out the intracellular
target sites regulated by ERW, what component(s) in ERW
actually scavenged intracellular H2O2 remains to be eluci-
dated. Future investigations need to be directed to clarifying
the reducing agent(s) in ERW. Also, our future studies could
be directed to perform similar experiments under normoxic
and hypoxic conditions to learn ERW effects at the gene ex-
pression levels which include confirmation of AP-1 involve-
ment.
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