
Accepted Manuscript

Hydrogen-rich electrolyzed warm water represses wrinkle formation against

UVA ray together with type-I collagen production and oxidative-stress dimin‐

ishment in fibroblasts and cell-injury prevention in keratinocytes

Shinya Kato, Yasukazu Saitoh, Keizou Iwai, Nobuhiko Miwa

PII: S1011-1344(11)00219-3

DOI: 10.1016/j.jphotobiol.2011.09.006

Reference: JPB 9244

To appear in: Journal of Photochemistry and Photobiology B: Bi‐

ology

Received Date: 19 May 2011

Revised Date: 16 September 2011

Accepted Date: 28 September 2011

Please cite this article as: S. Kato, Y. Saitoh, K. Iwai, N. Miwa, Hydrogen-rich electrolyzed warm water represses

wrinkle formation against UVA ray together with type-I collagen production and oxidative-stress diminishment in

fibroblasts and cell-injury prevention in keratinocytes, Journal of Photochemistry and Photobiology B: Biology

(2011), doi: 10.1016/j.jphotobiol.2011.09.006

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.jphotobiol.2011.09.006
http://dx.doi.org/10.1016/j.jphotobiol.2011.09.006


  

1 

 

JPB 9244 

Date of Submission: 16th September 2011 
Manuscript type: Regular Paper  

 

Hydrogen-rich electrolyzed warm water represses wrinkle formation against UVA ray 

together with type-I collagen production and oxidative-stress 

diminishment in fibroblasts and cell-injury prevention in keratinocytes 

Shinya Katoa,c, Yasukazu Saitoha,d, Keizou Iwaib, Nobuhiko Miwaa,e* 

a Laboratory of Cell-Death Control BioTechnology, Faculty of Life and Environmental Sciences, 

Prefectural University of Hiroshima, Nanatsuka 562, Shobara, Hiroshima, 727-0023, Japan. 
bThe Chugoku Electric Manufacturing Co., Inc., Oozu 4-4-32, Minami-ku, Hiroshima, 
732-8564, Japan 
 

Present address: 
cRadioisotope Centre, Osaka City University Graduate School of Medicine, Asahimachi 1-4-3, 
Abeno-ku, Osaka, 545-8585, Japan 
dLaboratory of Bioscience & Biotechnology for cell function control, Faculty of Life and 

Environmental Sciences, Prefectural University of Hiroshima, Nanatsuka 562, Shobara, 
Hiroshima 727-0023, Japan. 
eDepartment of Radiological Technology, Faculty of Health Sciences, Butsuryo College of 
Osaka, OtoriKitaMachi 3-33, Nishi-ku, Sakai, Osaka 593-8328, Japan 

*Author to whom correspondence should be addressed.  
N. Miwa; e-mail: miwa@butsuryo.ac.jp 

 

ABSTRACT 

  Hydrogen-rich electrolyzed warm water (HW) was prepared at 41ºC and exhibited 

dissolved hydrogen (DH) of 1.13 ppm and an oxidation-reduction potential (ORP) of 

-741 mV in contrast to below 0.01 ppm and +184 mV for regular warm water (RW).  
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Fibroblasts OUMS-36 and keratinocytes HaCaT were used to examine effects of HW 

against UVA-ray irradiation.  Type-I collagen was synthesized 1.85- to 2.03-fold more 

abundantly by HW application for 3-5 days than RW in OUMS-36 fibroblasts, and 

localized preferentially around the nuclei as shown by immunostain.  HW application 

significantly prevented cell death and DNA damages such as nuclear condensation and 

fragmentation in UVA-induced HaCaT keratinocytes as estimated by WST-1 and 

Hoechst33342 assays.  HW significantly suppressed UVA-induced generation of 

intracellular superoxide anion radicals in both the cell lines according to NBT assay.  

Wrinkle repression was clinically assessed using a HW-bathing.  Six Japanese subjects 

were enrolled in a trial of HW-bathing (DH, 0.2-0.4 ppm) every day for 3 months.  

HW-bathing significantly improved wrinkle in four subjects on the back of neck on 90th 

day as compared to 0 day.  Thus, HW may serve as daily skin care to repress 

UVA-induced skin damages by ROS-scavenging and promotion of type-I collagen 

synthesis in dermis.  

 

Keywords:   

hydrogen water, UV-A, collagen type-I, fluorescent immunostaining, oxidative stress, 
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1. Introduction 

The generation of reactive oxygen species (ROS) is thought to cause oxidative damage 

in various biomolecules [1,2].  Hydrogen gas (H2)-dissolved water [3,4] or electrolyzed 

reduced water [5,6] has attracted much attention because of its antioxidant property.  

Molecular hydrogen in H2-dissolved water serves as an antioxidant that reduces 

hydroxyl radical (·OH) but not the other physiological ROS such as superoxide anion 

radical (O2
-·) or hydrogen peroxide (H2O2), which is thought to be therapeutically 

beneficial in Parkinson’s disease etc [4,7].  Whereas, Shirahata et al. proposed that the 

ideal scavenger for ROS should be ‘active hydrogen (atomic hydrogen)’, which was 

produced near the cathode during electrolysis of water, and the electrolyzed-reduced 

water exhibited superoxide dismutase (SOD)-like activity [8].  It is reported that the 

electrolyzed reduced water scavenges H2O2 from a human lung adenocarcinona cell line 

(A549) and inhibits tumor angiogenesis [9].  We also found previously that 

hydrogen-enriched electrolyzed water achieved tumor-preferential clonal growth 

inhibition and invasion together with scavenging of intracellular ROS [10].   

Exposure of human skin to solar radiation induces skin aging [11], and the loss of 

collagen is considered the characteristic histological finding in aged skin [12].  The 
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clinical manifestations of UV/ROS induced disturbances result in photoaged skin with 

wrinkle formation, laxity, leathery appearance as well as fragility, impaired wound 

healing and higher vulnerability [13].  Type-I collagen is the major structural 

component of the dermis, but when confluent fibroblast monolayers were irradiated 

with UVA, collagenase mRNA was induced, which is probably contributing to the 

actinic damage to the dermis [14].  Supplementation of the antioxidants such as 

glutathione, alpha-tocopherol, ascorbate or beta-carotene is successful against 

photodamage of skin, however the valance among the different antioxidants in the skin 

is very important, because too much of a single component could even have deleterious 

effects [15].  Therefore one strategy for preventing photo-aging is using retinoids to 

inhibit collagenase synthesis and to promote collagen production in combination with 

other antioxidants to neutralize free radicals [16].  Although hydrogen acts as a 

scavenger of ROS, it is not ascertained whether HW is beneficial for UV-protective skin 

care.  In the present study, we examined the effects of HW on type-I collagen synthesis 

in normal human embryo fibroblasts OUMS-36 and prevention of cell death in human 

skin keratinocytes HaCaT against the exposure to daily dose of UVA, then clinically 

assessed the effects of HW-bathing on repressive-wrinkle formation. 
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2. Materials and methods 

2.1. Cell culture  

Normal human embryo fibroblast cells OUMS-36 were provided by the Cell Bank, 

Japanese Collection of Research Bioresources (Osaka, Japan).  OUMS-36 fibroblasts 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Nissui pharmaceutical 

Co. Ltd., Tokyo) supplemented with 10% heat-inactivated fetal bovine serum (FBS, 

Biological Industries Ltd., Kibbutz Beit-Haemek, Israel), and 4 mM L-glutamine (Wako 

Pure Chemical Industries, Ltd., Osaka, Japan) at 37ºC in a 95% humidified air and 5% 

CO2.  Human skin epidermal keratinocytes HaCaT were kindly provided by Prof. 

Norbert E. Fusenig, German Cancer Research Center (Heidelberg, Germany) [17].  

HaCaT cells were cultured in DMEM supplemented with 10% FBS and 4 mM 

L-glutamine similarly as mentioned above. 

 

2.2. Preparation of Hydrogen-rich Electrolyzed Warm Water (HW) and HW-containing 

medium 

Hydrogen-rich electrolyzed warm water (HW) was prepared by electrolyzing 

reversed-osmosis ultra-pure water containing 0.21 mM NaHCO3 at 100 V for 10 min 

using an electrolyzing device equipped with stainless electrodes (The Chugoku Electric 
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Manufacturing Co. Inc., Hiroshima, Japan).  HW initially contained 1.13 ppm of 

dissolved hydrogen as measured with a DH meter (DH-35A, DKK-TOA Corp., Tokyo, 

Japan) and achieved to 41ºC.  A batch type electrolyzing device was used, which 

consists of electrodes wrapped with a semi-permeable film to remove oxygen. 

Reversed-osmosis ultra-pure water containing 0.21 mM NaHCO3 was warmed to 41ºC 

with a water bath (Personal-11, Taitec Co., Ltd., Saitama, Japan) and applied as a 

regular warm water (RW).  pH and dissolved oxygen (DO) were measured with a 

pH/DO meter (D-55, Horiba Inc., Kyoto, Japan), and oxidation-reduction potential 

(ORP) was measured using an ORP meter (RM-20P, DKK-TOA Corp.).  These 

parameters of HW and RW were measured immediately after preparation and every 30 

min up to 180 min of incubation at 37ºC as shown in Fig.1.  

 

Fig. 1 Parameters of hydrogen-rich electrolyzed warm water (HW) and regular warm 

water (RW) measured immediately after preparation and every 30 min up to 180 min of 

incubation at 37ºC.  Abbreviations represent Control: Reversed-osmosis ultra-pure 

water, HW: Hydrogen-rich electrolyzed warm water, RW: Regular warm water. 

 

The HW-containing medium was prepared in the procedure that HW (pH 9.0) of 4 mL 
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was neutralized to pH 7.3-7.4 by adding of 0.5 mL of 10-fold concentrated DMEM (pH 

7.2) and 0.5 mL of FBS.  The RW-containing medium was prepared in the same 

manner. 

  

2.3. Application of Hydrogen-rich electrolyzed warm water (HW) and Immunostaining 

for type I collagen in OUMS-36 fibroblasts  

To investigate the effects of HW on type-I collagen production, OUMS-36 fibroblasts 

of 2.0 × 103 were seeded in a chamber slide (Lab-Tek II, Nalge NuncTM, Rochester, NY, 

USA) and incubated for 21 hr at 37ºC in a 95% humidified air and 5% CO2.  Then half 

volume of the cell culture medium of 1 mL was replaced to HW-or RW-containing 

medium (pH 7.3-7.4) of 500  L twice daily in the morning and evening for 3-5 days at 

preliminary to UVA (315-400 nm)-irradiation.  UVA was irradiated by 1.2 J/cm2 using 

a UV spot curing system Hypercure-200 (Yamashita Denso Corp., Tokyo) emitted from 

a Hg-Xe lamp UXM-200YA (Yamashita Denso Corp.).  OUMS-36 fibroblasts were 

obtained after 3- and 5-day incubation and the biosynthesized type-I collagen was 

visualized by fluorescent immunostaining.  The adhesive OUMS-36 fibroblasts were 

fixed with 4% paraformaldehyde for 30 min, then rehydrated with three successive 

phosphate buffered saline [PBS (-), Nissui pharmaceutical Co. Ltd., Tokyo] washing.  



  

8 

 

Blocking was conducted with 1% BSA/PBS (-) for 10 min.  The primary antibody (a 

dilution ratio of 1:500, F-56 Anti-hCl [I], purified IgG, Daiichi Fine Chemical Co. Ltd., 

Toyama, Japan) against type-I collagen was added to the OUMS-36 fibroblasts and 

incubated for 1 hr at 37ºC, followed by washing with PBS (-) three times.  Then 

OUMS-36 fibroblasts were incubated at 37ºC with a fluorescein isothiocyanate 

(FITC)-labeled goat anti-mouse IgG antibody (a dilution ratio of 1: 200; sc-2010, Santa 

Cruz Biotechnology Inc., Santa Cruz, CA, USA) as the secondary antibody for 45 min.  

Slides were washed between each step in three shifts of PBS (-) for the total the 15 min. 

The mounting medium with 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI, 

Ultracruz Mounting Medium, sc-24941, Santa Cruz Biotechnology Inc.) was applied to 

each slide.    Four sites were randomly selected in slide glasses and observed with a 

fluorescent microscope (ECLIPSE E600, Nikon Corp., Tokyo) at Ex = 450-490 nm, Em 

= 520 nm (FITC) and Ex = 365 nm, Em = 400 (DAPI) in connected to a digital camera 

(C4742-95, Hamamatsu Photonics K.K., Shizuoka, Japan), then amount of type-I 

collagen was measured using Scion Image software (Scion Corp., Frederick, MD, 

USA). 

 

2.4. Intracellular ROS-generation examined by NBT assay in OUMS-36 fibroblasts 
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Nitroblue tetrazolium (NBT) reduction assay was used to determine the intracellular 

ROS mainly consists of O2·-[18].  OUMS-36 fibroblasts of 2.4 × 104 were seeded in a 

24-well plate (Becton Dickinson and Company, Sparks, MD, USA) and incubated for 

24 hr at 37ºC in a 95% humidified air and 5% CO2.  The cell culture medium was 

replaced to HW-or RW-containing medium (pH 7.3-7.4) of 500  L and incubated for 5 

min, subsequently exposed to UVA-irradiation of 12 J/cm2 and incubated for 25 min. 

Then the medium was replaced to 0.2% NBT (Biotium Inc., Hayward, CA, USA) 

solution of 300  L, which is dissolved in phenol red-free DMEM (Sigma-Aldrich Inc., 

St. Louis, MO, USA) supplemented with 10% FBS.  After 1.5 hr of incubation at 37ºC 

in a 95% humidified air and 5% CO2, 0.2% NBT solution was aspirated, and the 

reaction was stopped by addition of 500  L of prechilled PBS (-).  OUMS-36 

fibroblasts were fixed with 70% methanol (-10ºC) for 1 min.  The unreduced NBT dye 

was completely removed by three-time washing of wells with 500  L of cold PBS (-).  

Then, 300  L of cold PBS (-) was added into each well, and photomicrographs of 

NBT-reducing cells were prepared using a Hoffman modulation contrast microscope 

(ECLIPSE TE-2000-S, Nikon Corp., Tokyo, Japan).  The supernatant was aspirated, 

and formazan formed from NBT was dissolved in 250  L of a 1:1 v/v mixture of 4 M 

KOH: dimethyl sulphoxide (DMSO) in each well.  The plate was set on an orbital 
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shaker for 30 min, and the nitroblue formazan in the extract was determined at 560 nm 

with a microplate reader (FLUOstar OPTIMA, BMG Labtech GmbH, Offenburg, 

Germany). 

 

 

2.5. Cell viability measured by WST-1 assay in relation to DNA -cleavage and 

intracellular ROS generation in HaCaT keratinocytes 

The cell viability (% of the control) was measured by water-soluble tetrazolium salt 

(WST-1) method [19].  WST-1 solution was prepared by 5.6 mM WST-1 (Dojindo 

laboratories, Kumamoto, Japan) in PBS (-) and 2 mM 1-Methoxy-5-methylphenazinium 

methylsulfate (1-Methoxy PMS, Dojindo laboratories, Kumamoto, Japan) at the volume 

ratio of 9:1.  HaCaT keratinocytes of 8.0 × 103 were seeded in a 24-well plate and 

incubated for 24 hr at 37ºC in a 95% humidified air and 5% CO2.  The cell culture 

medium was replaced to HW-or RW-containing medium (pH 7.3-7.4) of 500  L and 

subsequently exposed to UVA-irradiation of 6 J/cm2.  This procedure of HW-or 

RW-administration and UVA-irradiation was conducted repeatedly three times every 1.5 

hr, namely UVA-irradiation was summed up to 18 J/cm2.  After 18-hr incubation, 

Hoffman modulation contrast micrographs of HaCaT keratinocytes were prepared using 
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a microscope (ECLIPSE Ti, Nikon Corp.).  Then the medium was replaced with 30  L 

of the formazan-forming redox indicator dye WST-1 solution and 300  L of 

phenol-red-free DMEM supplemented with 10% FBS in each well.  After incubation 

for 3 hr, the absorbance of each well was measured at 450 nm with a microplate reader 

to evaluate the cell viability.  

 

In relation to cell viability, intracellular ROS was also determined.  HaCaT 

keratinocytes of 1.6 × 104 were seeded in a 24-well plate and HW- or 

RW-administration and UVA-irradiation was conducted as similar to WST-1 assay.  

After third UVA-irradiation (sum: 18 J/cm2), intracellular ROS was determined by NBT 

assay as mentioned above. 

 

Furthermore, morphological changes that are characteristic of apoptosis in the cell were 

visualized by Hoechst 33342 staining [20].  HaCaT keratinocytes of 8.0 × 103 were 

seeded in a 24-well plate and HW-or RW-administration and UVA-irradiation was 

conducted as similar to WST-1 assay. After third UVA-irradiation (sum: 18 J/cm2) and 

18-hr incubation, HaCaT cells were fixed with 4% paraformaldehyde (pH7.4) for 20 

min, then washed with PBS(-) three times and exposed to 2  g/mL Hoechst 33342 
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(Dojindo Laboratories, Kumamoto, Japan) at room temperature, in the dark for 10 min. 

HaCaT keratinocytes were observed using a fluorescence microscope with Ex=365 nm, 

Em=400 nm as similarly to mentioned above.  At least 85 cells from six different view 

fields were evaluated, and the percentage of apoptotic cells was calculated. 

 

2.6. Clinical evaluation of repressive-wrinkle formation by daily HW-bathing 

Five healthy female volunteers at the age of 14-65 years and one healthy male 

volunteer at the age of 55 years participated in this study.  They did not have any 

specific diseases based on detailed questionnaires and examination by physicians.  

HW-bathing was prepared by electrolysis of tap-water using the device for 

HW-production (The Chugoku Electric manufacturing Co. Inc., Fig. 7). HW-bathing 

had properties that dissolved-H2: 0.19-0.41 ppm (RW: < 0.01 ppm), temperature: 41ºC, 

and oxidation-reduction potential: -150~ -300 mV (RW: +150 mV).  The subjects took 

a bath filled with HW daily for 3-months from 15th December 2009 to 15th March 2010.  

All subjects took a bath filled with HW daily more than 5 min at home. 

Replicas of the back of neck skin were obtained using silicone resin (Skin Cast, Raptor 

Survey Institute, Ltd., Shizuoka, Japan).  The replicas were set on a horizontal stand, 

and wrinkle shadows were produced by illumination with light of a fixed intensity at an 
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angle of 20º using a cold lighting system (PICL-NEX, Nippon P·I Co., Ltd., Tokyo).  

The shadow images were photographed with a CCD camera (Leica Z16 APO, Leica 

Microsystems GmbH, Wetzlar, Germany).  For the image analysis of wrinkles by the 

skin replica, shadow areas were measured using Scion Image software (Scion Corp.) at 

the same level of threshold.   

 

2.7. Statistical analysis 

Results of the experiments were expressed as means ± SD, for n = 4 or 6, and 

evaluated by the Student’s t-test.  The p-values of which were at least smaller than 0.05 

were regarded as being statistically significant. 

 

 

3. Results 

3.1. Effects of HW on type-I collagen production and antioxidant activity against UVA 

in OUMS-36 fibroblasts 

In order to evaluate type-I collagen production by OUMS-36 fibroblasts, we 

performed fluorescent immunostaining to visualize type-I collagen and the amount of 

type-I collagen was expressed as an area ( m2) which is corresponding to type-I collagen 
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per one hundred cells on randomly selected four sites (350  m×350  m).  The control 

(reversed-osmosis ultra-pure water) exhibits measurement values that dissolved H2 = 

0.01 ppm, oxidation-reduction potential = +363 mV and temperature = 29.5ºC.  

Immediately after preparation using an electrolyzing device equipped with stainless 

electrodes (The Chugoku Electric Manufacturing Co. Inc.), HW exhibits measurement 

values that dissolved H2 = 1.13 ppm, oxidation-reduction potential = -741 mV and 

temperature = 41.0ºC, whereas RW exhibits each of them was at 0.01 ppm, +184 mV 

and 41.0ºC (Fig. 1). 

 

Fig 2 shows the distribution and amount of type-I collagen produced by OUMS-36 

fibroblasts.  In the H2-lacking regular warm water (RW) supplementations during the 

cell culture resulted in fewer type-I collagen producing around OUMS-36 fibroblasts 

compared to the HW-supplementations (Fig. 2).  Amount of type-I collagen production 

( m2/100 cells) was compared between HW and RW.  After 3-day culture on exposures 

to UVA of 1.2 J/cm2 × twice/day × 3 days (sum: 7.2 J/cm2), despite the low cell density, 

value of amount of type-I collagen ( m2/100 cells) was 2312.95 ± 86.61 with RW and 

4816.78 ± 384.41 with HW, that is, HW significantly enhanced type-I collagen 

biosynthesis more than RW by 2.03-fold (Fig. 2).  Furthermore, 5-day culture on 
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exposures to UVA-irradiation of 1.2 J/cm2 × twice/day × 5 days (sum: 12 J/cm2), the 

value was 3255.50 ± 345.52 with RW and 5998.40 ± 1127.54 with HW, that is, type-I 

collagen production was significantly increased with HW than RW by 1.85-fold (Fig. 2).  

Thus, the significantly more amount of type-I collagen was found with HW than RW 

during the cultivation. 

 

Fig. 2  Distribution and amount of type-I collagen produced by OUMS-36 fibroblasts 

as detected by fluorescent immunostaining using an antibody against type-I collagen 

with accompanying DAPI staining for cell nuclei. OUMS-36 fibroblasts were treated 

with hydrogen-rich electrolyzed warm water (HW) or regular warm water (RW) and 

subjected to 1.2 J/cm2 of UVA-irradiation at the rate of twice /day for 3-5 days.  

Magnification: × 200, Scale bars = 50  m.  Amount of type-I collagen was evaluated as 

an area which is corresponding to type-I collagen per one hundred cells ( m2/100 cells).  

Values are means ± SD, n = 4, *p < 0.05 (vs. RW). 

 

After 5-day culture and UVA-irradiation of 1.2 J/cm2× twice/day×5 days (sum: 12 

J/cm2), type-I collagen was not nearly found in control, but slightly produced with RW 

and significantly more increased with HW (Fig. 3).  Namely, OUMS-36 fibroblasts 
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began to produce type-I collagen more precociously with HW than RW, and type-I 

collagen construction was promoted much more with HW than RW over the 5-day (Fig. 

2 and 3). Type-I collagen was localized preferentially around the nuclei of OUMS-36 

fibroblasts except nuclei inside (Fig. 3). 

 

Fig. 3  Distribution of type-I collagen produced by OUMS-36 fibroblasts as detected 

by fluorescent immunostaining using an antibody against type-I collagen with 

accompanying DAPI staining for cell nuclei.  OUMS-36 fibroblasts were treated as the 

same as described in Fig. 2.  Relative luminance of test/control indicates the type-I 

collagen and nucleus on OUMS-cells with white dashed line.  Magnification: × 400, 

Scale bars = 30  m.   

 

The intracellular ROS-generation in UVA-irradiated OUMS-36 fibroblasts was 

examined by NBT-method. When the pale-yellow NBT reagent reacts with O2·-, a 

dark-blue insoluble formazan is produced [18,21,22].  In UVA-nonirradiated control, 

OUMS-36 fibroblasts showed slightly blue based on NBT-formazan, which is caused 

by a physiologically trace level of ROS (Fig. 4).  The UVA-irradiation of 12 J/cm2 

increased amount of NBT-formazan (A560 nm) by 6.8% (vs. the UVA-nonirradiated 
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control) with RW, and cytoplasmic region around the outside of nuclei became 

appreciably blue (Fig. 4).  When the cells were treated with HW for 30 min from 

preliminary to posterior UVA-irradiation, amount of NBT-formazan increased modestly 

by 1.9% (Fig. 4).  HW could significantly suppress UVA-induced intracellular ROS 

production in OUMS-36 fibroblasts (Fig. 4).   

 

Fig. 4.   UVA-induced intracellular reactive oxygen species (ROS) generation in 

OUMS-36 fobroblasts, treated with HW or RW as examined by NBT method.  

OUMS-36 fibroblasts were treated with hydrogen-rich electrolyzed warm water (HW) 

or regular warm water (RW) and subjected to 12 J/cm2 of UVA-irradiation.  Then NBT 

was added in each well and incubated for 1.5 hr. Magnification:× 100 (on the upper 

line), × 200 (on the bottom line), Scale bars = 50  m.  Amount of NBT-formazan was 

evaluated as an absorbance at 560 nm which is related to intracellular ROS in 

OUMS-36 fibroblasts.  Values are means ± SD, n = 4, *p < 0.05 (RW vs. HW). 

 

 

3.2. Defensive effects of HW against UVA-induced injury in HaCaT keratinocytes 

The cell viability (% of Control) was measured by WST-1 method, which is based on 
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intracellular mitochondrial reducing ability and correlated linearly with the number of 

viable cells [19].  Three times of UVA-irradiation by 6 J/cm2 (sum: 18 J/cm2) induced 

markedly cell death and reduced the cell viability to 29.7%.  When HW was 

administered preliminary to every UVA-irradiation, cell viability was significantly 

retained to 35.0% (Fig. 5).  Cell viability increased slightly to 30.8% with RW, which 

showed no significant differences as compared to no-additive control.  Morphological 

aspects of HaCaT keratinocytes exposed to UVA-irradiation are in accordance with cell 

viability (Fig. 5).  Under the same conditions as WST-1 assay, we examined 

intracellular ROS in HaCaT keratinocytes by NBT method. Three-times of 

UVA-irradiation by 6 J/cm2 (sum: 18 J/cm2) increased amount of NBT-formazan (A560 

nm) by 10.2% (vs. the UVA-nonirradiated control), and cytoplasmic region around the 

outside of nuclei became appreciably blue with no additive control (Fig. 5).  When the 

cells were treated with HW preliminary to every UVA-irradiation, amount of 

NBT-formazan decreased to -3.9%, which is the same level as non UVA-irradiated 

control, but RW increased intracellular ROS modestly to 1.9% (Fig. 4).  Thus HW 

could significantly suppress UVA-induced intracellular ROS production in HaCaT 

keratinocytes over the RW (Fig. 5).   
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Fig. 5 Cell morphological aspects of HaCaT keratinocytes at 21 hr after 

UVA-irradiation for WST-1 assay and 1.5 hr after UVA-irradiation for NBT assay.  

HaCaT keratinocytes were treated with hydrogen-rich warm water (HW) or regular 

warm water (RW) repeatedly and subjected to 6 J/cm2 of UVA-irradiation at the rate of 

three-times at 1.5 hr intervals.  Magnification: × 200, Scale bars = 50  m. Values are 

means ± SD, n = 4, *p < 0.05 (vs. No additive control). 

 

 

Furthermore, morphological changes that are characteristic of apoptosis, such as DNA 

cleavage, karyorrhexis or pycnosis in the cell were visualized by Hoechst 33342 

staining [20].  The nuclei in normal cells exhibited the diffused staining of chromatin 

(Fig. 6).  Three-times UVA-irradiation by 6 J/cm2 (sum: 18 J/cm2) caused typical 

morphologic changes of apoptosis such as condensed chromatin and shrunken nucleus 

(Fig. 6).  When the cells were treated with HW preliminary before every 

UVA-irradiation, the abnormality of nuclei was repressed, but RW did not show so 

much cytoprotection against UVA.  The percentage of apoptotic cells increased by 

UVA-irradiation, but it was suppressed significantly by HW as compared to RW (Fig. 

6).  HW exhibited notable defense of DNA as detected by Hoechst 33342 stain. 
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Fig. 6 Fluorescence micrographs of HaCaT keratinocytes with Hoechst 33342 staining.  

HaCaT keratinocytes were treated as the same as described in Fig. 5. The condensed 

chromatin and shrunken nucleus were indicated by white open triangles.  

Magnification:× 100 (on the upper line), × 1000 (on the bottom line), Scale bars = 100 

 m (on the upper line), 10  m (on the bottom line).  And the percentage of apoptotic 

cells of each treatment were shown as means±SD, n=6.  *p < 0.05 (vs. No additive 

control) 

 

 

3.3. Clinical evaluation of repressive-wrinkle formation by HW-bathing 

Five healthy female volunteers at the age of 14-65 years and one healthy male 

volunteer at the age of 55 years were enrolled in a clinical study of repressive-wrinkle 

formation by HW-bathing.  The device for HW-bathing (Fig. 7) supplied HW by 

electrolysis of tap-water and hold dissolved hydrogen at the level of 0.19-0.41 ppm 

(RW: < 0.01 ppm), temperature: 41ºC, and oxidation-reduction potential at -150~-300 

mV (RW: +150 mV) in bath-tub by circulation.  About four female (14-46 years, 31.5 

± 11.4 years), HW-bathing exhibited improvement of wrinkles as shown in Fig. 8. The 
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wrinkle-area ratio ( m2/mm2/100) of them decreased with HW-bathing time dependently 

from 3041.7 ± 151.6 at 0 day to 2471.3 ± 596.9 at 45th day and 1770.7 ± 547.7 at 90th 

day, and there was significant difference at 90th as compared to 0 day (Fig. 8).  

Whereas two subjects (female: 65 years, male: 55 years) did not show improvement of 

wrinkles. 

 

Fig. 7 The device for HW-bathing and dissolved hydrogen level (ppm) of bathwater in 

supplying horse and bath-tub.  This device can supply HW by electrolysis of tap-water 

and hold dissolved hydrogen at the level of 0.19-0.41 ppm in bath-tub by circulation. 

 

Fig. 8 Improvement examples by photographic assessment of wrinkle and 

two-dimensional image analysis of replica in the back of neck area treated with daily 

HW-bathing before application (0 day) and after application at 45th and 90th day.  

Wrinkle degree was expressed as relative value of wrinkle-area ratio at 0 day = 100.  

Scale bars = 3 mm.  Values are means ± SD, n = 4, *p < 0.05 (vs. 0 day). 

 

 

4. Discussion 
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The aim of the present study was to examine the promotive effects of HW on type-I 

collagen synthesis in OUMS-36 fibroblasts and preventive effects against UVA-induced 

cell death and intracellular ROS in HaCaT keratinocytes as compared to RW.  We also 

clinically assessed the effect of daily HW-bathing on repressive-wrinkle formation with 

six subjects for three months.  It is reported that UVA-irradiation causes a small 

decrease in cellular growth rate and in the degree of type I-collagen fibril formation in 

vitro[23].  Based on immunostaining, HW increased type-I collagen production in 

OUMS-36 fibroblasts.  When OUMS-36 fibroblasts were exposed to repetitive 

UVA-irradiation by 1.2 J/cm2× twice/day, which is within the range of daily UVA-dose, 

the amount of biosynthesized type-I collagen with HW increased by 2.03-fold greater 

than RW on 3rd day, and 1.85-fold greater than RW on 5th day (Fig. 2).  Thus HW 

assisted production of type-I collagen, and H2-lacking RW did not show a noteworthy 

increase of type-I collagen.  It is reported that intracellular type-I collagen is mostly 

localized preferentially around the nuclei of juvenile rabbit tenocytes [24], type-III 

collagen is more diffused in the cytoplasm and type-V collagen is detected in fibrillar 

and vesicular forms in the cytoplasm [25].  In agreement with this, we observed type-I 

collagen was distributed around the outside of nuclei of OUMS-fibroblasts with 

fluorescent microscope (Fig. 2 and 3).  The UVA-irradiation of 12 J/cm2 increased 
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intracellular ROS by 6.8% with RW at cytoplasmic region around the outside of nuclei 

in OUMS-36 fibroblasts (Fig. 4).  But HW could significantly suppress UVA-induced 

intracellular ROS production to 1.9% (Fig. 4).  These results suggest that dissolved 

hydrogen in HW could restrain type-I collagen destruction owing to scavenge 

UVA-induced intracellular ROS, thereafter promote type-I collagen biosynthesis in 

exposure to the daily dose of UVA. 

 

Then, in HaCaT keratinocytes, three-times of UVA-irradiation by 6 J/cm2 (sum: 18 

J/cm2) increased intracellular ROS by 10.2% and reduced the cell viability to 29.7%.  

HW-administration preliminary to every UVA-irradiation decreased intracellular ROS 

decreased to the same level as non UVA-irradiated control and significantly retained 

cell viability to 35.0% (Figs. 4 and 5).  Meanwhile, RW increased intracellular ROS 

modestly to 1.9%, and also increased cell viability slightly to 30.8% (Figs. 4 and 5).  

There was no significant difference between RW-administration and no additive control 

(Figs. 4 and 5).  Furthermore, HW repressed the UVA-induced abnormalities of nuclei 

in HaCaT keratinocytes, but RW did not show so much cytoprotection against UVA.  

These results indicate that application of HW could significantly attenuate 

UVA-induced cell death, as well as inhibit the UVA-induced DNA damages and 
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intracellular ROS in HaCaT keratinocytes over the RW (Figs. 4 and 5).  These results 

suggest that HW protects HaCaT keratinocytes from UVA-induced cell damage by 

preventing UVA-derived intracellular ROS generation owing to its high level of 

dissolved hydrogen: 1.13 ppm and low oxidation-reduction potential: -741 mV. 

 

Wrinkles are modifications of the skin associated with cutaneous aging and 

preferentially on sun-exposed skin with decrease in collagen fiber [26].  It is reported 

that L-ascorbic acid stimulates the synthesis of type-I collagen in primary cultures of 

dermal fibroblasts, and which decreases in a statistically significant linear manner with 

donor age [27].  If there is an ideal useful material for anti-skin aging, it needs to be 

biological safety and restore the impaired function in skin without excessive activation.  

It is noteworthy that the electrolyzed reduced water treatment is effective in palliating 

chronic hemodialysis-evoked oxidative stress without side effects of oxalate 

accumulation which is easily induced by L-ascorbic acid [28].  All collagen molecules 

are made within fibroblasts [29].  It is reported that exposure of cultured human dermal 

fibroblasts to ultraviolet radiation (UVA, UVB) increases ROS formation and reduces 

collagen type-I in vitro[30].  Destruction of collagen is a hallmark of photoaging [31], 

and ROS are thought to be a major factor to initiate the up-regulation of 
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matrix-metalloproteinases (MMPs) in not only fibroblasts but also in keratinocytes to 

degrade fiber components in dermis, leading to wrinkle formation [32].  Our data 

supports the hypothesis that UVA-irradiation induces intracellular ROS, but antioxidant 

response of HW will quench the increased levels of intracellular ROS, inhibit cell death 

and DNA damage and promotes type-I collagen production.  The effects of HW on 

type-I collagen production and cytoprotection against UVA may be due to the 

antioxidant activity of dissolved-H2, as HW was found to be antioxidative but not with 

H2-lacking RW in vitro by NBT assay.  Since intracellular ROS was increased 

modestly with H2-lacking RW after UVA-irradiation, it is suggested that ‘warm’ are not 

playing a major role in this cytoprotective response (Figs. 4 and 5).   

 

Natural evolution of wrinkles starts from a reducible to a permanent skin invagination 

with differences among individuals depending on age [33], whereas substantial repair is 

occurred in hairless mice skin after stopping UV-exposure in vivo[34].  In the 

three-months clinical study on 6-healthy Japanese volunteers (age: 14-65 years) in 

HW-bathing of 0.19-0.41 ppm of dissolved H2, the wrinkles in back of the neck were 

improved significantly on 4-subjects (age: 14-46 years) at 90th day as compared to 0 day.  

It is reported that hydrogen water is rapidly absorbed and increased breath hydrogen to 
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the maximal level of approximately 40 ppm for 10-15 min after ingestion [35].  The 

repressive-wrinkle effect of HW-bathing could be attributed to dissolved-H2 which was 

penetrated into the skin thorough dilated follicles by warming with HW at 41ºC and 

scavenge ROS in the skin.  It means that the combination of dissolved-H2 and warm 

temperature at 41ºC synergistically improved the mechanical properties of skin due to 

facilitate a ROS-scavenging reaction of dissolved H2.  In vitro, HW was set to contain 

1.13 ppm of dissolved-H2 and applied for 3-5 days test in OUMS-36 fibroblasts and 

HaCaT keratinocytes.  However in clinical study, HW-bathing was containing 

0.19-0.41 ppm of dissolved-H2, but HW-bathing was applied daily for 3-months, which 

would result in improvement of wrinkles.  Thus, HW has potential anti-aging effects to 

serve for a daily skin care by repressing UVA-induced skin damages by 

ROS-scavenging and promotion of type-I collagen synthesis in dermis.  

 

5. Conclusions 

In this study, we demonstrated that HW promotes the type-I collagen synthesis in 

OUMS-36 fibroblasts and decreases cell death in HaCaT keratinocytes, each of them is 

accompanying by scavenging UVA-derived intracellular ROS.  In addition, a clinical 

study of HW-bathing using image analysis showed the repressive-wrinkle formation on 
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90th day as compared to 0 day.  Therefore, continuous application of HW reduces 

oxidative stress in the skin, and expects to prevent the wrinkle formation.  HW-bathing 

could be applicable for anti-skin aging. 

 

 

References 

1. D. Harman, Aging: a theory based on free radical and radiation chemistry,  J. 

Gerontol. 11 (1956) 298-300. 

2. M.Y. Lee, Y.K. Kim, K.K. Ryoo, Y.B. Lee, E.J. Park, Electrolyzed-reduced water 

protects against oxidative damage to DNA, RNA, and protein.  Appl. Biochem. 

Biotechnol. 135 (2006)133-144. 

 3. I. Ohsawa, M. Ishikawa, K. Takahashi, M. Watanabe, K. Nishimaki, K. Yamagata, K. 

Katsura, Y. Katayama, S. Asoh, S. Ohta, Hydrogen acts as a therapeutic antioxidant 

by selectively reducing cytotoxic oxygen radicals,  Nat. Med. 13 (2007) 688-694. 

4. S. Ohta, Hydrogen gas and hydrogen water act as a therapeutic and preventive 

antioxidant with a novel concept, Nippon Ronen Igakkai Zasshi 45 (2008) 355-362. 

5. Y. Li, T. Nishimura, K. Teruya, T. Maki, T. Komatsu, T. Hamasaki, T. Kashiwagi, S. 

Kabayama, S.Y. Shim, Y. Katakura, K. Osada, T. Kawahara, K. Otsubo, S. Morisawa, 



  

28 

 

Y. Ishii, Z. Gadek, S. Shirahata, Protective mechanism of reduced water against 

alloxan-induced pancreatic beta-cell damage: Scavenging effect against reactive 

oxygen species, Cytotechnology 40 (2002) 139-149. 

6. K.C. Huang, C.C. Yang, K.T. Lee, C.T. Chien,  Reduced hemodialysis-induced 

oxidative stress in end-stage renal disease patients by electrolyzed reduced water,  

Kidney. Int. 64 (2003) 704-714. 

7. Y. Fu, M. Ito, Y. Fujita, M, Ito, M. Ichihara, A, Masuda, Y. Suzuki, S. Maesawa, Y. 

Kajita, M. Hirayama, I. Ohsawa, S. Ohta, K. Ohno, Molecular hydrogen is protective 

against 6-hydroxydopamine-induced nigrostriatal degeneration in a rat model of 

Perkinson’sdisease,  Neurosci. Lett. 453 (2009) 81-85. 

8. S. Shirahata, S. Kabayama, M. Nakano, T. Miura, K. Kusumoto, M. Gotoh, H. 

Hayashi, K. Otsubo, S. Morisawa, Y. Katakura, Electrolyzed-reduced water 

scavengers active oxygen species and protects DNA from oxidative damage,  

Biochem. Biophys. Res. Commun. 234 (1997) 269-274. 

9. J. Ye, Y. Li, T. Hamasaki, N. Nakamichi, T. Komatsu, T. Kashiwagi, K. Teruya, R. 

Nishikawa, T. Kawahara, K. Osada, K. Toh, M. Abe, H. Tian, S. Kabayama, K. 

Otsubo, S. Morisawa, Y. Katakura, S. Shirahata, Inhibitory effect of electrolyzed 

reduced water on tumor angiogenesis, Biol. Pharm. Bull. 31 (2008)19-26. 



  

29 

 

10. Y. Saitoh, H. Okayasu, L. Xiao, Y. Harata, N. Miwa, Neutral pH hydrogen-enriched 

electrolyzed water achieves tumor-preferential clonal growth inhibition over normal 

cells and tumor invasion inhibition concurrently with intracellular oxidant repression, 

Oncol. Res. 17 (2008) 247-255. 

11. L.H. Kligman, Photoaging. Manifestations, prevention, and treatment, Dermatol. 

Clin. 4 (1986) 517-528. 

12. G. Hermann, M. Wlaschek, T.S. Lange, K. Prenzel, G. Goerz, K. 

Scharffetter-Kochanek, UVA irradiation stimulates the synthesis of various 

matrixmetalloproteinases (MMPs) in cultured human fibroblasts,  Exp. Dermatol. 2 

(1993) 92-97. 

13. S. Grether-Beck, M. Wlaschek, J. Krutmann, K. Scharffetter-Kochanek, 

Photodamage and photoaging—prevention and treatment,  J. Dtsch. Dermatol. Ges. 

Suppl. 2 (2005) S19-25. 

14. K. Scharffetter, M. Wlaschek, A. Hogg, K. Bolsen, A. Schothorst, G. Goerz, T. Krieg, 

G. Plewig, UVA irradiation induces collagenase in human dermal fibroblasts in vitro 

and in vivo,  Arch. Dermatol. Res. 283 (1991) 506-511. 

15. D.P. Steenvoorden, G.M. van Henegouwen, The use of endogenous antioxidants to 

improve photoprotection,  J. Photochem. Photobiol. B. 41 (1997) 1-10. 



  

30 

 

16. L. Baumann, Skin ageing and its treatment,  J, Pathol. 211 (2007) 241-251. 

17. P. Boukamp, R.T. Petrussevska, D. Breitkreutz, J. Homung, A. Markham, N.E. 

Fusenig, Normal keratinization in a spontaneously immortalized aneuploid human 

keratinocyte cell line, J. Cell Biol. 106 (1988) 761-771. 

18. H.S. Choi, J.W. Kim, Y.N. Cha, C. Kim, A quantitative nitroblue tetrazolium assay 

for determining intracellular superoxide anion production in phagocytic cells,  

J .Immunoassay Immunochem. 27 (2006) 31-44. 

19. M. Ishiyama, H. Tominaga, M. Shiga, K. Sasamoto, Y. Ohkura, K. Ueno, A 

combined assay of cell viability and in vitro cytotoxicity with a highly water-soluble 

tetrazolium salt, neutral red and crystal violet,  Biol. Pharm. Bull. 19 (1996) 

1518-1520. 

20. A. Herzog, H.R. Schütze, Fluorescent staining of mammalian chromosomes with a 

basically substituted bis-benzimidazole derivative (preparation 33258 “Hoechst”),  

Deutsche tierärztliche Wochenschrift 75 (1968)476-479. 

21. L. Flohé, F. Otting, Surperoxide dismutase assays,  Meth. Enzymol.105 (1984) 

93-104. 

22. F.E. Maly, M. Nakamura, J.F. Gauchat, A. Urwyler, G. Walker, C.A. Dahinden, A.R. 

Cross, O.T.G. Jones, A.L. Weck, Superoxide-dependent nitroblue tetrazolium 



  

31 

 

reduction and expression of cytochrome b245 components by human tonsillar 

lymphocytes and B cell lines,  J. Immunol. 142 (1989) 1260-1267. 

23. J.M. Menter, A.M. Patta, R.M. Sayre, J. Dowdy, I. Willis, Effect of UV irradiation 

on type I collagen fibril formation in neutral collagen solutions,  Photodermatol. 

Photoimmunol. Photomed. 17 (2001) 114-120. 

24. K. Bernard-Beaubois, C. Hecquet, O. Houcine, G. Hayem, M. Adolphe, Culture and 

characterization of juvenile rabbit tenocytes,  Cell Biol. Toxicol. 13 (1997) 103-113. 

25. C. Güngörmüş, D. Kolankaya, Characterization of type I, III and V collagens in 

high-density cultured tenocytes by triple-immunofluorescence technique,  

Cytotechnology 58 (2008) 145-152. 

26. S. Bosset, P. Barré, A. Chalon, R. Kurfurst, F. Bonté, P. André, P. Perrier, F. Disant, 

B. Le Varlet, J.F. Nicolas, Skin ageing: clinical and histopathologic study of 

permanent and reducible wrinkles,  Eur. J. Dermatol. 12 (2002) 247-252. 

27. M. Dumas, C. Chaudagne, F. Bonté, A. Meybeck, Age-related response of human 

dermal fibroblasts to L-ascorbic acid: study of type I and III collagen synthesis,  C 

R Acad. Sci. III 319 (1996) 1127-1132. 

28.  K.C. Huang, C.C. Yang, S.P. Hsu, K.T. Lee, H.W. Liu, S. Morisawa, K. Otsubo, 

C.T. Chien,  Electrolyzed-reduced water reduced hemodialysis-induced erythrocyte 



  

32 

 

impairment in end-stage renal disease patients,  Kidney Int. 70 (2006) 391-398. 

29. M.J. Rennie, Testing out the truth about collagen, J. Physiol. 521 (1999) 1. 

30. N. Buechner, P. Schroeder, S. Jakob, K. Kunze, T. Maresch, C. Calles, J. Krutmann, 

J. Haendeler, Changes of MMP-1 and collagen type Ialpha1 by UVA, UVB and IRA 

are differentially regulated by Trx-1, Exp. Gerontol. 43 (2008) 633-637. 

31. K.K. Dong, N. Damaghi, S.D. Picart, N.G. Markova, K. Obayashi, Y. Okano, H. 

Masaki, S. Grether-Beck, J. Krutmann, K.A. Smiles, D.B. Yarosh, UV-induced DNA 

damage initiates release of MMP-1 in human skin,  Exp. Dermatol. 17 (2008) 

1037-1044. 

32. M. Inui, M. Ooe, K. Fujii, H. Matsunaka, M. Yoshida, M. Ichihashi, Mechanisms of 

inhibitory effects of CoQ10 on UVB-induced wrinkle formation in vitro and in vivo,  

Biofactors 32 (2008) 237-243. 

33. P. Corcuff, J. de Rigal, J.L. Leveque, S. Makki, Skin relief and aging,  J. Soc. 

Cosmet. Chem. 34 (1983) 177-190. 

34. L.H. Kligman, F.J. Akin, A.M. Kligman, Sunscreens promote repair of ultraviolet 

radiation-induced dermal damage, J. Invest. Dermatol. 81 (1983) 98-102. 

35. A. Shimouchi, K. Nose, M. Yamaguchi, H. Ishiguro, T. Kondo, Breath hydrogen 

produced by ingestion of commercial hydrogen water and milk,  Biomark Insights 4 



  

33 

 

(2009)27-32. 

 

 



  

Fig. 1

m
) V)

0.8 

1.0 

1.2 

6
7 
8 
9 

10 

0 

400 

n 
 le

ve
l (

pp
m

po
te

nt
ia

l (
m

V

 le
ve

l (
pp

m
)

0.2 

0.4 

0.6 

1
2 
3 
4 
5 
6 

-400 

ve
d 

hy
dr

og
e

on
-re

du
ct

io
n 

lv
ed

 o
xy

ge
n 

0.0 
0 30 60 90 120 150 180

0 
1 

0 30 60 90 120 150 180
-800 

0 30 60 90 120 150 180

9 0
9.5 

45
50 

D
is

so
l

O
xi

da
tio

D
is

so

7.0 
7.5 
8.0 
8.5 
9.0 

25 
30 
35 
40 
45 

RW
HWpH ra

tu
re

 (
)

5.0 
5.5 
6.0 
6.5 

0

0
5 

10 
15 
20 

Control

Te
m

pe

0 30 60 90 120 150 180
0 

0 30 60 90 120150 180
Incubation time (min)



  

Fig. 2 OUMS‐36 Cllgn‐I
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Fig. 3 OUMS‐36 Cllgn‐I About figures, the authors hope to be “monochrome” in the case 
of color charge.
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Fig. 4 OUMS‐36
NBT
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Fig. 5 HaCaT
WST‐1&NBT
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Fig. 6 HaCaT
Hoechst33342
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Fig. 7
About figures, the authors hope to be “monochrome” in the case 
of color charge.
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Fig. 8
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Highlights 
►Hydrogen-rich electrolyzed warm water (HW) promotes the type-I collagen synthesis in 
fibroblasts and suppresses cell death in keratinocytes, in accompanying with quenching 
UVA-derived intracellular reactive oxygen species.  ►In addition, a clinical study of 
HW-bathing demonstrated the repressive-wrinkle formation on 90th day as compared to 0 day.  

►Therefore, continuous application of HW reduces oxidative stress in the skin, and expects to 
prevent the wrinkle formation.   
 

 

 


