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Abstract

We reported that reduced water produced by electrolysis enhanced the antioxidant effects of proton donors such as
ascorbic acid AsA) in a previous paper. We also demonstrated that reduced water produced by electrolysis of 2 mM
NaCl solutions did not show antioxidant effects by itself. We reasoned that the enhancement of antioxidant effects
may be due to the increase of the ionic product of water as solvent. The ionic product of pi&tewas estimated
by measurements of pH and by a neutralization titration method. As an indicator of oxidative damage, Reactive
Oxygen SpeciestROS mediated DNA strand breaks were measured by the conversion of superdditéd4 RF
| double-strand DNA to open and linear forms. Reduced water had a tendency to suppress single-strand breakage of
DNA induced by reactive oxygen species produced by 4G (I1) and HQ/Cu (II) systems. The enhancement of
superoxide anion radical dismutation activity can be explained by changes in the ionic product of water in the reduced
water.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (ORP), lower dissolved oxygettDO) and higher
dissolved hydrogen(DH) than non-electrolyzed
Recently, a new technology involving electrol- water. Reduced watdl—3], which has such par-
ysis of water has been proposed for clinical ameters, is used extensively as drinking water
improvement of various diseases. Reduced waterwhich in addition to its use as a pure filtered
produced by electrolysis of tap water has a higher grinking water may also act as an antioxidant
pH (9.0-10.0, lower oxidation reduction potential  against oxidative stress. In contrast, the water
" “Corresponding author. Tel.+ 81-268-25-1736; fax:+g1-  Collected from the anode compartment is oxidized
268-24-0050. water and has been used extensively as an antisep-
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Oxidative stres§7-17 in the human body is

thought to be due to excess reactive oxygen species EAS

or free radicals including superoxide anion radicals
(O3 *), hydroxyl radicalg*OH), hydroperoxyl rad-
icals (*\OOH), nitrogen monoxide radical€NO»),
singlet oxygen(*O,) and hydrogen peroxide mol-
ecules (H,0,). Among these, superoxide anion
radicals are the best known. It is considered that
the dismutation activity for superoxide anion rad-
icals is the most important indicator of antioxidant
effects. We have studied the antioxidant effects of
reduced water produced by electroly$iss]. The
commonly reported parameters of reduced water
which are pH, ORP, DO and DH, do not explain
the mechanism of enhanced antioxidant effects but
they are useful parameters for determining the
energy of electrolysis, if measured immediately
after electrolysis. They are the parameters of the
solute in the reduced water. We have investigated
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the parameters of the solvent water. The parameterFig. 1. Electrolysis cells made of an acrylonitrile—butadien—

of the solvent, which is directly related to the
enhancement of dismutation activity by reduced
water is the ionic product of water. We could
obtain the ionic product of wateipk,,) by using

pH and the neutralization titration method. We
defined the ionic product of watdipk,,) as pIP
for electrolyzed water. Water passed through the
electrolysis system with no current applied was

used as a control. In this study, pIP and the increase

of entropy have been estimated from the experi-

mental results. We demonstrate that the reduced

water protects DNA from damage by oxygen
radicals based on the plP of the reduced water.
The mechanism of the observed antioxidant effects
is discussed in relation to these parameters.

2. Materials and methods
2.1. Electrolysis cell

Two electrolysis half-cells, made of acrylo-
nitrile-butadien-styrene mounted in polyvinyl chlo-
ride resin, were prepared as shown in Fig. 1. A
non-charged membran€YUMICRON Y9201-T,
YUASA CORPORATION with an effective area
of 100 cnt and 0.12 mm thickness was mounted
between the two half-cells. Electrolysis was carried

styrene mounted in polyvinyl chloride resitA) anode,(C)

chathode (M) non-charged membranégS) electrolyte solu-
tions, (EC9S electrolyzed cathode solutionéthe reduced
watep, (EAS) electrolyzed anode solutionéthe oxidized
waten, (PS) electric power source ang) pump.

these two half-cells equipped with platinum-coated
titanium electrodes having an effective area of 100
cn? on the cathode.

2.2. Chemicals and reagents

The reagents used for this study were special-
grade NaCl, KCI, Mgd , CaGl L-ascorbic acid
(Wako Pure Chemical Industries Co., Didand
as a solvent, water, which was distilled and deion-
ized with an ion-exchange resin to below Q.3
cm~t. To measure the superoxide dismutation
activity, a sodium phosphate buffer containing 2
mM hypoxanthine(Sigma Chemical Companya
sodium phosphate buffer containing, 5,5-dimethyl-
1-pyrroline-oxide (DMPQO, Labotec Co., Ltd,
superoxide dismutaséBoehringer Manheim 0.4
unit mli~* xanthine oxidase in sodium phosphate
buffer (Merck and Co., Ind. and L-ascorbic acid
(AsA) were used.®X-174RF1 plasmid DNA
(New England Biolabs, Beverly, MA H,O,,
CuSQ,, hydroquinone, Tris base, sodium acetate,

out across the non-charged membrane betweenEDTA, and ethidium bromide(Sigma Chemical
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Co., St. Louis, MO and AgaroseBio-Rad Lab- titrator (Hiranuma Industry C9.for the reduced
oratories, Hercules, CAwere used for the DNA  water produced at each of the same levels of
damage measurements. electric current as the pH measurements.

2.3. Electrolysis of 2 mM NaCl, KCl, 1 mM 2.6. Measurement of superoxide dismutation
MgCl, and CaCl, activity

20 L sample solutions, containing 2 mM NacCl, 1 ml of 10 mM L-ascorbic acid was added to
2 mM KCIl, 1 mM MgCl, or 1 mM CaC} were 50 ml samples of the reduced water and to 50 ml
prepared. These samples were pumped from theof 2 mM NaC1 and KCI, and 1 mM MggGl and
solution container through a pair of electrolysis CaCl solutions, respectively. Superoxide dismu-
half-cells with a non-charged membrane mounted tation activity was measured using an electron spin
between them. The sample solutions were subject-resonance(ESR) spectrometer(ES-10, Nikkiso
ed to electrolysis under set conditions of 0 to 0.8 Co. Ltd). Each reaction mixture contained 50
A and 25 °C using a constant electric current mm® of 2 mM hypoxanthine in sodium phosphate
source. Electrolysis was carried out with a constant buffer, 50 mni of sample, 16 min of DMPO and
flow rate of 100050 ml min~! in the cathode 50 mn? xanthine oxidase in a sodium phosphate
compartment and, 2000100 ml min'! in the buffer. These reaction mixtures were poured into
anode compartment. The cathode solution pro- a special flat cell to conduct ESR measurements.
duced by electrolysis, which was called reduced This ESR measurement was carried out using 3.7
water, was used for the experiments in this study. mW microwave power, 33945.5 mT magnetic
field, 100 kHz frequency, 0.1 mT modulation,
2.4. Measurements of pH, oxidation and reduction 0.12 s response time and 1 min sweep time. As
potential (ORP), and dissolved oxygen (DO) the unit for superoxide dismutation activity, we
used the same unit as adopted by Friedovich et al.
The parameters that were measured to charac-[14]. The superoxide dismutation activity of the
terize the reduced water produced by electrolysis samples was estimated by means of interpolation
of 2 mM NaCl and KCI, and 1 mM MgGl and based on a standard curve of 0 to 30 units per ml
CaCl, were electrical potenti@V) from the power of superoxide dismutase.
source, electrical conductivitEC) by an EC
meter (TOA EC METER CM-14B, pH by a pH 2.7. The ratio of concentration of cations to that
meter (TOA ION METER IM-409), oxidation of anions in the cathode compartment
reduction potentia{l ORP) by an ORP metefTOA
ION METER IM-409 and dissolved oxygen When electrolysis of diluted electrolyte solutions
(DO) by a DO meter(HORIBA OM-12) at 25 is carried out the concentration of ions in both the

°C. cathode and the anode will be changed compared
to the initial solutions. The concentration of trans-
2.5. Measurement of OH™ ions ported ions in the cathode side was measured by

an ion chromatography systefTOA ICA-5000
The concentration of OH ions was obtained System and the ratio of cations and anions for

from the measurement of pH and by a neutraliza- each sample solution was estimated.
tion titration method using an automatic titrator.
In this study, pH was measured using a pH meter 2.8. Titration of the reduced water and the control
(TOA ION METER IM-40S, Toa Electronics Ltdl. by 10 mM AsA solutions
in samples produced at each of the following levels
of electric current, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, The amount of 10 mM AsA solutions consumed
0.7 and 0.8 A. Neutralization titrations with 20 by the neutralization titration for the reduced water
mM HCI were carried out using a COMITE-550 and the control solution was measured. Non-elec-
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trolyzed water brought to the same pH as the Where Ka, « and C are dissociation constant,
electrolyzed water by addition of NaOH was used degree of dissociation and initial concentration,
as the control. The pH of the reduced water was respectively. Ifa is much smaller than 1, Eq9)
changed from 10.1 to 10.94 and that of the control can be obtained from Ed8). Eq. (10) can be

was changed from 10.05 to 10.94.

2.9. The estimation of ionic product p(IP)gw of
reduced water and the entropy of reduced water

When electrolysis is carried out with 2 mM
NaCl and KCI solutions, and 1 mM Mggl and
CaCl, solutions, the following reactions will be
observed in the cathode compartment,
2H,0+2e" =20H™ +H, D
and designating monovalent electrolytesigsand
divalent electrolytes asfg, for NaCl, or KCI, and
MgCl, or CaCl, respectively,

Mi+OH™ ->M,OH (2)

M3" +20H™ - Mz(OH), 3

In general, even if pure water is used H €O

(beyond 1.%x1072 mM at 25) is present in an

open system. Therefore, most solutes are dissolved

as carbonates as shown in E)—(6).

H,0+ CO,% H,COs=H* +HCO3 (4)
M AOH~+H,CO;— (M 2),COs+2H,0 (5)
Mg(OH),+H,CO5— M gCOs+2H 0 (6)

The pH of the reduced water is shown as the
result of hydrolysis of the carbonate salts. In
general, hydrolysis of salts will be represented by

the following equations,
HA=H*+A" @)

WhereHA is a weak acid.

The dissociation constant in this hydrolysis is

given by Eq.(8),

Ka=Co?/(1—a) (8)

obtained from Eq(9).
a=(Ka/C)¥? 9

Eqg. (10) can be obtained from Ed8).

[H"]=Ca=(Ka/C)¥? (10
Thus, pH will be described as follows:
pH=(1/2)(pKa—logC) (1D

In the case okw=10"14, the used pH will be
shown as Eq(12).
pH=7+(1/2)(pKa+logC) (12

However, the dissociation of water will be
shown as Eq(13),
H,O+H,O0=HL0"+0H" (13

lonic product of waterk,, and IP will be shown
as Eq.(14).
[H:O*][OH ]=K,=IP (14)

where IP will be described as El5) under the
conditions of 25°C and 1 atm,

(IP),, =10 (mol/I)2 (15)
Therefore, pIP),, will be shown as Eq(16),
—log(pK ) = pKw=p(IP),, (16)

The titration for 1-1 carbonates with HCI solu-
tions will be carried out as follows,
M,CO;+HCl— MCI+MHCO, @a»n

MHCO;+HCl— MCI+H,0+CO, (18
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M,CO3+ 2HCI— 2MCI+H 0+ CO, (19

If the neutralization titration is carried out with
20 mM HCI, two peaks of differential valudslE/
dV) are observed, whet€ andV are potential and
volume. The concentration at each neutralization
titration point is shown as Eq$20) and (21).

[OH_]MOH = [HCI]A point [HCl] B point (20)

[HCl]B point™— Z[MZCO?] dissociation [MHCO 13 total

(21)

—l0g[OH" Jm,co,= 14— (PH) m,co, (22)

[OH Jiotar= ([OH ™ Tmon+ [OH " T myco, (23)
p(IP)rw= —l0gK rw=14

+10g([OH " Jtota/ [OH ] 1) (24

where [OH™ ], is the concentration ofOH™]
estimated from pH value of the reduced water.

The free energy chang&G° for a reaction is
related to the equilibrium constakt enthalpyAH,
and entropyAS at equilibrium as shown in follow-
ing equations.

AG°=AH°—TAS°= —RTIn K (25

AS°=AH°/T+R In K (26)
whereR, T andK are the gas constaii.987 cal
mol~! K~1), the absolute temperature and the
equilibrium constant which is the ionic product of
water, Krw in the reduced water produced by
electrolysis. At 25°C and 1 atm.

AS°= —68.3/298+1.9872XIn Kgw (27)

From Eq.(27), the entropy differenceAS° of
the solvent in the reduced water will be estimated
using Krw Which is defined agIP)gw.

2.10. Measurement of DNA strand break under
oxidative stress

The ROS-mediated DNA strand breaks were
measured by the conversion of supercoilei-

75

174 RF | double-strand DNA to open and linear
forms, according to the method described by Li
[15] and Win [16]. Briefly, 0.2 wg DNA was
incubated with the indicated concentration of
H,O, and, 25uM CuSQO, in 20wl of 20 mM
sodium phosphate buffeipH 7.5 containing 17

wl of reduced water or, NaOH solution of the
same pH as the reduced water at 37 for 30
min. For the hydroquinon&opper I(HQ/Cu(ll))
induced breaks, 0.2vg of DNA was incubated
with the indicated concentrations of HQ and Cu
(1) in PBS at 37°C at a final volume of 2Qul
containing 17 pl of reduced water. Following
incubation, the samples were immediately loaded
in a 1% agarose gel containing 40 mM Tris, 20
mM sodium acetate and 2 mM EDTA, and sub-
jected to electrophoresis in Tyiacetate gel buffer.
After electrophoresis, the gels were stained with a
0.5 wg/ml solution of ethidium bromide for 30
min, followed by another 30 min destaining in
water. The gels were then photographed under UV
light.

3. Results

When electrolyte solutions are electrolyzed
across the membrane, reduction occurs at the
cathode and oxidation at the anode. Oxidation of
water molecules produces'H and O at the anode,
and OH  and H at the cathode. Therefore, cathod-
ic alkaline water(reduced wateris abundant in
dissolved hydroger{DH), whereas anodic acidic
water (oxidized watey is abundant in DO. DH
and DO produced by electrolysis have particular
characteristic42]. Results of the measurement of
electric potential(V), electric conductivity(EC),
pH, ORP and DO at different electric currents are
shown in Figs. 2—6. The electrolysis potential
varies linearly with electric current between 0.1 A
and 0.8 A as shown in Fig. 2. The slopds/A
increased in the order of KCk CaCl,, <MgCl.,,
<NaCl solutions. Fig. 3 shows results of electric
conductivity measurements. The electrical conduc-
tivity for a fixed electric current increased in the
order of MgClL, <NaCl, <CaCl, <KCI. The
conductivity of KCI solutions was very high com-
pared with the other electrolyte solutions. pH
increased from 9.9 to 10.96 in NaCl solutions,
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Fig. 2. The relationship between electric potential and elec- Fig. 4. The relationship between pH and electric curignt
tric current(A) using various electrolyte solutioné®) NacCl, using various electrolyte solutioné®) NacCl, (A) KCI, (#)
(A) KCI, (¢) MgCl, and(m) CaCl,. MgCl, and (W) CaCl.

9.91 to 10.77 in KCI solutions, 9.46 to 10.6 in |~*in KCI solutions, 6.63 mg1* to 6.03 mgH
MgCl, solutions and 9.96 to 10.77 in CaCl in MgCl, solutions and 6.61 mgF to 6.18 mg
solutions when the current was increased from 0.1 | -1 in CaCl, solutions, respectively.
to 0.8 A. ORP decreased from50 mV to —170 Fig. 7 shows the superoxide dismutation activity
mV in NaCl solutions,—51 mV to —179 mV in of L-ascorbic acid in the reduced water of NaCl,
KCI solutions, =70 mV to —176 mV in MgCh KCI, MgCl, and CaC} solutions, and the control
solutions and—73 mV to —137 mV in CaC} solutions adjusted to the same pH and concentra-
solutions when the current was increased from 0.1 tion, respectively. The results were obtained
to 0.8 A. DO decreased from 6.97 mg'l t0 6.28 through ESR measurements conducted using 10
mg I~* in NaCl solutions, 6.9 mgT to 6.2 mg mM L-ascorbic acid as proton donor. Electrolysis
of 2 mM NaCl and KCI, and 1 mM MgGl and
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Fig. 3. The relationship between electric conductiVityS per Fig. 5. The relationship between redox potenielV) and
m) and electric currenfA) using various electrolyte solutions.  electric current(A) using various electrolyte solution$®)
(@) NaCl, (A) KCI, (#) MgCl, and(l) CaCl,. NacCl, (A) KCI, () MgCl, and(l) CaCl,.
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Fig. 6. The relationship between DO and electric curignt
using various electrolyte solutioné®) NacCl, (A) KCI, (¢)
MgCl, and (W) CaCl.

CaCl, solutions increased the superoxide dismu-
tation activity from 119 to 173 units per 20 ml,
115 to 154.3 units per 20 ml, 105 to 140 units per
20 ml, and 128 to 165 units per 20 ml far

ascorbic acid, respectively, compared to the same

solutions without electrolysis adjusted to the same
pH as the reduced water,. In the previous paper,
we demonstrated that the reduced water did not
show any dismutation activity without added

ascorbic acid. These results show the enhancemen

of superoxide dismutation activity by electrolysis
compared the control solutions.

Fig. 8 shows the results of the ratio of concen-
tration of cations to that of anionf;ationg..imoqd
[aniongcamose. The ratio of [cations comodb
[aniong..ioqe iNCreased in the order of CagGl,
<MgCl,, <KCI, <NaCl. The value of CaGl was
negative between 0.1 and 0.8 A of electric current.
For KCI and MgC}, the ratio was nearly 1. The
NaCl solution, showed the highest val(feetween
3.848 and 4.151

In order to confirm the difference in consumed
amount for neutralization titration between the
reduced water and the sample solution, the solu-
tions were titrated using a 10 mM AsA solution
from pH 10.05 to 10.95. As the result, the con-
sumed amount of 10 mM AsA solution for the
reduced water was lower than that of sample
solutions at all pH levels as shown in Fig. 9.
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Fig. 7. Superoxide dismutation activity afascorbic acid for
the reduced water and control solutions adjusted to the same
pH and initial concentration of electrolyte solutiof@ mM
NaCl and KCI, and 1 mM MgGIl and Cag@l (RW-Na) the
reduced water from 2 mM NaCl solution§RW—K) the
reduced water from 2 mM KCI solutiondRW-Mg) the
reduced water from 1 mM Mggl solutions arldRwW-Ca
reduced water from 1 mM CagCIl(PW-Na the control 2 mM
NaCl solutions andPW-K) the control 2 mM KCI solutions,
and (PW-Mg) the control 1 mM MgC} solutions antPW—
Ca) the control 1 mM CaGl solution.
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Fig. 8. The ratio of the concentration of cations and anions in
the cathode compartment corresponding to electric cutrent
(@) NaCl, (A) KCI, (¢) MgCl, and () CaCl,.
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Fig. 10 shows the results of i)\ values for
the reduced water of NaCl, KCI, Mggl and
CaCl, solutions and control solutions of NaCl and
KCI. p(IP)grw decreased in reduced NaCl, KClI,
MgCl, and CaC} solutions in proportion to the
increase in pH, but control solutions of NaCl and
KCI showed no change of({P)xw between pH:9.8
and pH:10.96. The (P)x,y values of the reduced

10 10.2 10.4

pH

10.6 10.8 11

Fig. 10. The relationship between p(P-log K,,) and pH for
the reduced water made from NaCl, KCI, MgCl and CaCl ,
and control solutions of NaCl and KO(®) NacCl, (A) KClI,
(4) MgCl, and (W) CaCl, for the reduced water, ar?r)
NaCl and(v) KCI for the control solutions.
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Table 1

The increase(AS®)a—os— (AS®) a—o, Of entropy between 0
and 0.8 A of electric current for the reduced water made from
NaCl, KCI, MgCl, and CaCl solutions

Current NacCl KCI CaCl, MgCl,
A 2 mM 2 mM 1 mM 1 mM
0 0 0 0 0

0.8 2.4 1.6 1.6 1.1

water of the electrolyte solutions decreased from
14.058 to 13.474. However, there was almost no
change in pIP)cs between pH:9.8 and pH:10.96
in the control solutions.

Eq. (27) shows the entropy of (P)gw. We can
estimate the increase in entropy by using &).
Table 1 shows the estimated entropy increase in
the reduced water from the sample solutions. The
reduced water with 2 mM NaCl solution showed
the largest entropy increag2.4 Kcal/mol). Con-
versely, the reduced water of MgCl showed the
lowest entropy increas€l.1 Kcal/mol).

The effects of reduced water on oxidative DNA
damage are presented in Figs. 11 and 12. In the
present study, oxidative DNA damage is clearly

lﬂﬂﬂ =

Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7

Open & linear/intact
DNA
(]

Super-coil

Open-circular

2 3 4 5 6 7

Fig. 11. Effect of electrolyzed water on hydrogen peroxide
induced DNA damage. Lane 1: Negative control; Lane 2: Con-
trol; Lane 3: H Q+Cu(ll); Lane 4. H,O,+Cu(ll)+KOH
solution; Lane 5: H @+ Cu(ll)+2 mM KCI solution (0 A),

pH 6.30; Lane 6: B @+ Cu(ll) +electrolyzed reduced water
(0.4 A), pH 10.47; and Lane 7: H & Cu(ll) +electrolyzed
reduced watef0.8 A), pH 10.74.
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shows pH:9.2 to 10.6 between 40 moi'l and
] 102 mol I'! and in NaHC@ , pH:7.2 to 8.7
between 10® mol1* and I¢ molt , respec-

tively, [17]. At 25 °C, 1.15x10"2 mM carbon
H dioxide is dissolved in pure water. As mentioned

0.754

e

o0

=)
N

above, when sufficiently dilute electrolyte solu-
tions are used for the reduced water, carbonates
- H cannot be neglected. ORP is the oxidation reduc-

Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7 tion potential and it can be estimated from the
Nernst equation as follows,

Open & linearfintact
DNA
o
nN
o

Super-coil E,=E%+2.30RT /nFlog(ox)/(red) (28)

Open-circular

Where,E,, E, R, T, n, F, (0x) and(red) are the
oxidation reduction potential, standard potential,
Fig. 12. Effect of electrolyzed water on hydroquinott¢Q) gas constant, abso“flte temperature, number  of
induced DNA damage. Lane 1: Negative control; Lane 2: Con- electrons transferred in th? .r.eactlon, Fafad?){ con-
trol; Lane 3: HQ+Cu(ll); Lane 4: HQ+ Cu(ll) +KOH solu- stant, product of the activities of the oxidized
tion; Lane 5: HQ+Cu(ll)+2 mM KCI solution (0 A), pH species and product of activities of reduced spe-
6.30; Lane 6: H@-Cu(ll) +electrolyzed reduced watdf.4 cies, respectively. Thus, in the case of reduced
A), pH 10.47; and Lane 7: HQCu(Il) +electrolyzed reduced 510 45 oxidation and reduction are included for
water (0.8 A), pH 10.74. . . .
oxygen in the original water and hydrogen in the

evident in the H Q@ /Cu (Il) and the HQ'Cu (Il) reduced water, the ORP equation will be shown as

systems(lane 3. Densitometric results, expressed Eq. (29)
as the fraction of DNA converted to open circular
and linear forms, clearly showed that reduced Ey=Ey+(n)pH+ (m)olog[Oz] + (m) Hog[H]
water significantly inhibited oxidative stress (29
induced DNA damage in both H £Cu (II) and
HQ/Cu (II) systems(lanes 6 and ¥ compared to
the control solution passed through the apparatus
with no voltage appliedlane 5.

2 3 4 5 6 7

Where,(n), (m)o and(m), are coefficients relative
to pH, O, and B [18]. Therefore, ORP is the
parameter indicating the concentrations of oxygen
and hydrogen dissolved in the reduced water. As

4. Discussion DO and DH are the concentrations of oxygen and

hydrogen in the reduced water, they are parameters
4.1. The characterization of solutes in the reduced relative to solutes in it. Those solutes will be
water generated by the process of electrolysis.

The electric potential at each level of electric
The parameters related to solutes in water current was higher in NaCl solution than that in
reduced by electrolysis are pH, ORP, DO, DH and KCI, and MgC} solutions, which was higher than
EC. pH is the indicator which shows the hydrogen in CaCl, solution as shown in Fig. 2. It is assumed
ion concentration. When electrolysis is carried out that the difference in ionic mobility between cati-
in electrolyte solutions such as NaCl, KCI, ons and anions will be proportional to the electric
MgCl, or CaClL the pH of the reduced water potential. For example, the ratio of Cl ions to
produced in the cathode compartment will be Na* ions is 0.767, that of Cl ionstoK ions is
measured as hydrolysis of carbonates of those0.987, and that of Cl ions to Mg ions is 0.713
electrolytes. Therefore, the pH value depends onand CI ions to C&" is 0.799. It is strongly
the initial concentration of the carbonates and the suggested that the higher the ratio of anions to
parameters of hydrolysis. For example, ,Na{LO cations, the lower the electric potential gradient.
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Results for electrical conductivity were contrary to dissociation of protons at the 3rd functional group
those for electrical potential as mentioned above. of AsA, dissolved in the reduced water accounts
This is a reasonable result. Furthermore, pH, ORP for the significant difference between the reduced
and DO also changed as expected in proportion to water and the control solutions. This property is

the magnitude of the electrical field energy. due to water molecules as solvent and also a very

stable molecular structure. As described in a pre-
4.2. The enhancement of superoxide dismutation vious paper, the increase in dissociation activity of
activity in reduced water the reduced water is due to the process of elec-

trolysis [10]. When a sufficiently large electric
Reduced water prepared from all of the electro- field is applied to the boundary between the
lyte solutions(NaCl, KCI, MgCl, and CaCl) had  electrode and the electrolyte bulk solutions, a very
higher superoxide dismutation activity, when meas- high electric potential will be generate@bove
ured using AsA as an antioxidant indicator, than 107 v cm~1). If a sufficient amount of reduced
the corresp_onding control solutions adjusted to the water is taken into the body, it will increase the
same pH(Fig. 7). AsA has the structure of a 2,3-  gissociation activity for the water-soluble antioxi-
enediol which is a kind of saccharic acid, and it gant substances of relatively lower dissociation
plays a role in the protection system against ycvity. As a result, we speculate that their anti-
oxidative stress in animals and plaht9,2d. The  qyigant capacity will be enhanced. It is quite

O"é a';] the an? fléngti]?nal _grom:p hasl(ah=11.79 possible that many useful phenomena related to
ZnZStIfaA}\ "X t eddrd tunct&onadgro?p ag’a3= irol reduced water will be found to be the result of the
.I t S hl'sﬁ € (()j_retuget V:ﬁ eran cor;'ro increase of dissociation activity of water as solvent
tsr?eurggjcgj I\(/:vatZ:e tﬁejui;on Oon fh:ag: gf th?as by electrolysis. The enhancement of the reduced
X , the p : ; water will depend on the ionic properties of the
3rd functional group will react with the OH ions . L
solutes such as species and membrane or ionic

of the reduced water and the OH ions in control o

solutions, and will be neutralized because the OH mob|l|ty [23,24. When a'non-charged membrane

of the 3rd functional group of AsA is dissociated Is used _for the prqduptlon Of reduced Watgr a

as shown in Eq(30), greater_dlffere.nce in ionic moblllty_betw_ee_n catlo_ns
and anions will produce higher dissociation activ-

—OH-> O +H* (30) ity as shown in Fig. 8. In general, the dissociation
activity of water depends on the temperature and

Furthermore, it is considered that proton in OH Pressure. The ionic product of watetk,) has
of the third functional group of AsA will be used been calculated in a wide range of temperatures
for the neutralization of the alkaline reduced water (0—600 and densities by H. Sato et 4R5].
and proton in that of the 2nd functional group of ~ The difference between (fP)g, for reduced
AsA which has very low dissociation activity at a water and IP)cs for control solutions is shown
pKa=11.79 will be used for the superoxide radical in Eq. (31).
dismutation reactiofi21,29. If AsA is mixed with
reduced water, the dissociation activity will
increase because of the higher dissociation activity Ap(1P) = p(IP)cs— p(IP) ru (31)
of the reduced water. The higher dissociation
activity of the reduced water increases the disso-
ciation activity of substances with lower activity.
As shown in Fig. 9, when the neutralization titra- It is considered that the enhancement of anti-
tion was carried out at several different pH levels oxidant effects for superoxide radicals will increase
in reduced water and the control solutions of 2 in proportion to the increase dfp(IP). Therefore,
mM NaOH, there were significant differences at Ap(IP) for reduced water as solvent is the essential
each pH. It is considered that the increase in parameter.
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4.3. The estimation of pIP and entropy produced
by electrolysis in NaCl, KCI, MgCl, and CaCl,
solutions

Fig. 10 shows estimates off)x\ for reduced
water made from NacCl, KCI, MgGl Cagl, and
control solutions using NaCl and KCI. These
results showed significant differences between
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ence of each electrolyte solution at 0.8 A
(AS®)a_os— (AS®) a_g). The entropy increased in
proportion to the increase afp(IP),,. The increase

of entropy means that the reduced water became
more active and offered a higher reaction field for
dissolved substances. Thus, if substances of lower
dissociation activity are dissolved in the reduced
water the dissociation activity will increase com-

reduced water and control solutions adjusted to the pared to non-electrolyzed water.

same pH and initial concentration as the reduced

water before electrolysis. In general;° is related
to the dissociation constark and the electric
potential E° at the equilibrium state as shown in
Egs.(25) and(27), can be shown as Eq32)
AG®°= —nFE® (32

E° and hydrogen ionic concentration can be shown
as Eq.(33).
E°=(RT/mnF) In[H*] (33

Wherem is the coefficient of the correction of the
relationship betweei® and pH atkK,, =10~

log IP=2.303RT /mnF) log[H*]+C (39
Thus, pIP is described as E@5).
p(IP)rw=(0.059Y/m)pH+ C (35)

The plot of {IP)rw VS pH is a straight line
with a slope 0f(0.0591/m) and a constant. The
constantC will depend on the properties of elec-
trolytes and m will depend on the properties of

4.4. The inhibitive effect of reduced water on the
single-strand breakage of DNA by using H,0,/Cu
(D) and HQ/Cu system

In the present study, the effects of reduced water
on oxidative DNA damage were investigated by
using H,Q,/Cu (II) and HQ/Cu (lI) systems.
Induction of single-strand breaks in the supercoiled
double-strandedPX174 plasmid DNA leads to
formation of open circular DNA, while the for-
mation of a linear form of DNA is indicative of
double-strand breakEl5]. Cu (Il), H,O, is able
to cause strand breaks in isolated DNA. As such,
H,0,/Cu (II) has been widely used as a model
system to induce oxidative DNA damag#6,2q.
Although the exact reactive species remain to be
chemically defined, a bound hydroxyl radical or
its equivalent derived from the reaction of,H,O
and copper has been suggested to participate in
the oxidative DNA damagé¢l5,26. The addition
of reduced water to H ©@Cu (Il) resulted in
marked inhibition of conversion of supercoiled
DNA to open circular forms, suggesting that
reduced water is capable of protecting against the
H,0,/Cu (Il)-mediated DNA strand breaks. To

the membrane and the interaction between the further determine the inhibitory effects of reduced

membrane and the ions or solvent. TH&R s of

the control solutions did not change with a change
of pH from 9.8 to 10.88 but that of all sample

solutions changed linearly with a change of pH
from 9.9 to 10.9. The @P)gy of the reduced

water on oxidative DNA damage, HQCu (Il)
was used in the present study. It has been previ-
ously shown that the H@QCu (II) system is able

to induce DNA breaks, with both CUl)/Cu (1)
redox cycle and B @ being critically involved.

water decreased in proportion to the increase in Similar to what was observed with the, H,Cu

pH. This change will depend on the magnitude of
the applied electric current. Therefore, the disso-

(11, the presence of reduced water also markedly
protected against DNA strand breaks induced by

ciation energy depends on the electric current usedthe HQ/Cu (lI) system. Therefore, the results

during electrolysis.
Entropy is estimated by Eq(31) using IP
instead ofK,,. Table 1 shows the entropy differ-

suggest that reduced water can prevent oxidative
DNA damage possibly by enhanced antioxidant
effects against superoxide anion radicals as shown
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originally by S. Shirahata et al[27]. Thus, it
appears that consumption of electrolyzed reduced
drinking water may potentially serve to prevent
DNA damage induced by oxygen free radicals
produced by the mitochondria due to the rise in
oxidative stress.

Acknowledgments

We would like to thank Dr Yoshiaki Matsuo and
Dr Dick Wullaert for stimulating discussion and
encouragement.

References

[1] D. Nelson, C.P. Avula, C. Jolly, J. DeVierville, G.
Fernandes, Effect of electrolyzed water intake on lifes-
pan of autoimmune disease prone mice, FASEB. J. 12
(1998 A794.

[2] K. Kikuchi, H. Takeda, B. Rabolt, T. Okaya, Z. Oguchi,
Y. Saihara, et al., Hydrogen concentration in water from
an Alkali—lon—Water electrolyzer having platinum-elec-
troplated titanium electrode, J. Appl. Electrochem. 31
(2001 1301-1306.

[3] K. Kikuchi, H. Takeda, B. Rabolt, T. Okaya, Z. Ogumi,
Y. Saihara, et al., Hydrogen particles and supersaturation
in alkaline water from an Alkali—-lon—Water electroly-
zer, J. Electroanalyt. Chem. 5@2001) 22-27.

[4] D. Nelson, Newer technologies for endoscope disinfec-
tion: electrolyzed acid water and disposable-component
endoscope systems, Gastrointest. Endosc. Clin. N. Am.
10 (2000 319-328.

[5] K.S. Venkitanarayanan, C.M. Lin, H. Bailey, M.P.
Doyle, Inactivation ofEscherichia coli O157:H7, Sal-
monella enteritidis, and Listeria monocytogenes on
apples, oranges, and tomatoes by lactic acid with hydro-
gen peroxide, J. Food Prot. 2002 100-105.

[6] S.M. Russell, The effect of electrolyzed oxidative water
applied using electrostatic spraying on pathogenic and
indicator bacteria on the surface of eggs, Poult. Sci. 82
(2003 158-162.

[7]1 H. Sies, Oxidative Stress, Academic Press, London,
1985.

[8] M. Kaneko, T. Nakayama, M. Kodama, C. Nagata,

Detection of DNA lesions in cultured human fibroblasts

induced by active oxygen species generated from a

hydroxylated metabolite of 2-naphthylamine, Gann 75

(1984) 349-354.

J.A. Klein, S.L. Ackerman, Oxidative stress, cell cycle

and neurodegeneration, J. Clin. Invest. 142003

785-793.

[10] R. Kohen, A. Nyska, Oxidation of biological systems:

oxidative stress phenomena, antioxidants, redox reac-

©

(11

(12

(13

(14]

(18]

[16]

[17]

(18

(19

(20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

tions, and methods for their quantification, Toxicol.
Pathol. 30(2002 620-650.

J.W. Heinecke, Oxidative stress: new approaches to
diagnosis and prognosis in atherosclerosis, Am. J. Car-
diol. 91 (2003 12A-16A.

R.S. Sohal, Role of oxidative stress and protein oxida-
tion in the aging process, Free Radic. Biol. Med. 33
(2002 37-44.

K. Hanaoka, Antioxidant effects of reduced water pro-
duced by electrolysis of sodium chloride solutions, J.
Appl. Electrochem. 3X2001) 1307-1313.

J.M. McCord, I. Fridovich, Superoxide dismutase: an
enzymatic function for erythrocupreithemocupreip,

J. Biol. Chem. 2441969 6049-6055.

Y. Li, M.A. Trush, DNA damage resulting from the
oxidation of hydroquinone by copper: role for a@u/
Cu(l) redox cycle and reactive oxygen generation,
Carcinogenesis 141993 1303-1311.

W. Win, Z. Cao, X. Peng, M.A. Trush, Y. Li, Different
effects of genistein and resveratrol on oxidative DNA
damage in vitro, Mutat. Res. 512002 113-120.

J. Butler, lonic Equilibrium, Wiley-Interscience, New
York, 1998.

K. Hanaoka, The physico-chemical propertties and its
application in electrolyzed functional water, Fragrance.
J. 3(1999 18-22.

K. Asada, Ascorbate peroxidase a hydrogen peroxides-
cavenging enzyme in plants, Physiol. Plant @292
235-241.

H.E. Sauberlich, Pharmacology of vitamin C, Annu.
Rev. Nutr. 14(1994) 371-391.

M. Nishikimi, Oxidation of ascorbic acid with super-
oxide anion generated by the xanthine-xanthine oxidase
system, Biochem. Biophys. Res. Commun. @375
463-468.

D. Cabelli, B. Bielski, Kinetics and mechanism for the
oxidation of ascorbic acjtascorbate by HQ'O5 radi-
cals, J. Phys. Chem. 82983 1809-1812.

B. Breslau, I. Miller, A hydrodynamic model for elec-
troosmosis, Ind. Eng. Chem. Fundam. XQ975
554-564.

K. Hanaoka, R. Kiyono, M. Tasaka, Thermal membrane
potential across anion-exchange membranes in KCL and
KlO4, J. Memb. Sci. 821993 255-263.

H. Sato, F. Hirata, Ab initio study on molecular and
thermodynamic properties of water: A theoretical pre-
diction of pK,, over a wide range of temperature and
density, J. Phys. Chem. B1(3999 6596-6604.

K. Yamamoto, S. Kawanishi, Hydroxy! free radical is
not the main active species in site-specific DNA damage
induced by coppe(ll) ion and hydrogen peroxide, J.
Biol. Chem. 264(1989 15 435-15 440.

S. Shirahata, S. Kabayama, M. Nakano, T. Miura, K.
Kusumoto, M. Gotoh, et al., Electrolyzed—reduced water
scavenges active oxygen species and protects DNA
from oxidative damage, Biochem. Biophys. Res. Com-
mun. 234(1997) 269-274.



	The mechanism of the enhanced antioxidant effects against superoxide anion radicals of reduced water produced by electrolys ...
	Introduction
	Materials and methods
	Electrolysis cell
	Chemicals and reagents
	Electrolysis of 2 mM NaCl, KCl, 1 mM MgCl2 and CaCl2
	Measurements of pH, oxidation and reduction potential (ORP), and dissolved oxygen (DO)
	Measurement of OH]871=<null>
]]872=]-]871=]]872=] ions
	Measurement of superoxide dismutation activity
	The ratio of concentration of cations to that of anions in the cathode compartment
	Titration of the reduced water and the control by 10 mM AsA solutions
	The estimation of ionic product p(IP)RW of reduced water and the entropy of reduced water
	Measurement of DNA strand break under oxidative stress

	Results
	Discussion
	The characterization of solutes in the reduced water
	The enhancement of superoxide dismutation activity in reduced water
	The estimation of pIP and entropy produced by electrolysis in NaCl, KCl, MgCl2 and CaCl2 solutions
	The inhibitive effect of reduced water on the single-strand breakage of DNA by using H2O2/Cu (II) and HQ/Cu system

	Acknowledgements
	References


