


	
		×
		

	






    
        
            
                
                    
                        
                    
                

                
                    
                        
                    
                

                
                    
                        
                            
							
                        

                    

                

                
                    	
                            Log in
                        
	
                            Upload File
                        


                

            


            
                
                    	
                            Most Popular
                        
	
                            Art & Photos
                        
	
                            Automotive
                        
	
                            Business
                        
	
                            Career
                        
	
                            Design
                        
	
                            Education
                        
	
                            Hi-Tech
                        


                    + Browse for More
                

            

        

    



    
        
            
                
                

                
                	Home
	Documents

	Research Article Hydrogen-Rich Water Intake Accelerates...



                




    
        
            
                
                    
                        

                        
                        
                    

                    
                        
						1

14
                        
                    

                    
                        
                        100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                        
                    

					
                

            

            
                
                    
                    
                    
                

                
                    

                    

                    
                        
                         Match case
                         Limit results 1 per page
                        

                        
                        

                    

                

            

            
									
    
        
        

        

        

        
        
            Research Article Hydrogen-Rich Water Intake Accelerates Oral Palatal Wound Healing via Activation of the Nrf2/Antioxidant Defense Pathways in a Rat Model Naofumi Tamaki, Rita Cristina Orihuela-Campos, Makoto Fukui, and Hiro-O Ito Department of Preventive Dentistry, Institute of Biomedical Sciences, Tokushima University Graduate School, 3-18-15 Kuramoto-cho, Tokushima 770-8504, Japan Correspondence should be addressed to Naofumi Tamaki; [email protected] Received 20 August 2015; Accepted 11 October 2015 Academic Editor: Javier Egea Copyright © 2016 Naofumi Tamaki et al. is is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. e wound healing process attempts to restore the integrity and function of the injured tissue. Additionally, proinﬂammatory cytokines, growth factors, and oxidative stress play important roles in wound healing. e aim of this study was to determine whether hydrogen-rich water intake induces the activation of the Nrf2/antioxidant defense pathway in rat palatal tissue, thereby reducing systemic oxidative stress and proinﬂammatory cytokine levels and promoting healing-associated genes. A circular excisional wound was created in the oral palatal region, and the wound healing process was observed. e rats were divided into two experimental groups in which either hydrogen-rich water or distilled water was consumed. In the drinking hydrogen-rich water, the palatal wound healing process was accelerated compared to that in the control group. As molecular hydrogen upregulated the Nrf2 pathway, systemic oxidative stresses were decreased by the activation of antioxidant activity. Furthermore, hydrogen-rich water intake reduced proinﬂammatory cytokine levels and promoted the expression of healing-associated factors in rat palatal tissue. In conclusion, hydrogen-rich water intake exhibited multiple beneﬁcial eﬀects through activation of the Nrf2/antioxidant defense pathway. e results of this study support the hypothesis that oral administration of hydrogen-rich water beneﬁts the wound healing process by decreasing oxidative stress and inﬂammatory responses. 1. Introduction e wound healing process following trauma-related injury is involved in restoration of the integrity and function of the injured tissue. is process initiates an orderly but complex sequence of events that establish the integrity of the damaged tissues. Regeneration is considered to have taken place when tissue is structurally and functionally repaired to its original state as a result of the healing process. In general, wound heal- ing occurs in a cascade of overlapping phases, beginning with the inﬂammatory phase precipitated by the injury and fol- lowed sequentially by the proliferation and tissue remodeling phases [1]. Multiple proinﬂammatory cytokines, chemokines, and growth factors contribute to the success of wound repair. In addition, it is also important to focus on reactive oxygen species (ROS) in the context of wound healing [2]. Oxidative stress has been reported in many diseases in which the production of ROS and the oxidative modiﬁcation of various biomolecules underlie their pathophysiology, espe- cially inﬂammation-associated processes. ere is evidence that oxidative stress is a key factor contributing to inﬂam- matory conditions such as recurrent aphthous stomatitis, which causes a wound in the oral mucosa with no well- established underlying cause [3]. During wound-induced inﬂammation, ROS and inﬂammatory cytokines are released from immune system cells to kill microorganisms. However, these molecules are also known to be a signiﬁcant factor in the etiology of local tissue damage [4]. e production of ROS in the inﬂammatory process leads to marked inﬂammation dur- ing which the secretion of various chemoattractants is noted. Chemotactic stimulation of phagocytosis induces the acti- vation of a membrane-bound enzyme system that transfers Hindawi Publishing Corporation Oxidative Medicine and Cellular Longevity Volume 2016, Article ID 5679040, 13 pages http://dx.doi.org/10.1155/2016/5679040 
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Research ArticleHydrogen-Rich Water Intake Accelerates Oral PalatalWound Healing via Activation of the Nrf2AntioxidantDefense Pathways in a Rat Model
 Naofumi Tamaki Rita Cristina Orihuela-Campos Makoto Fukui and Hiro-O Ito
 Department of Preventive Dentistry Institute of Biomedical Sciences Tokushima University Graduate School3-18-15 Kuramoto-cho Tokushima 770-8504 Japan
 Correspondence should be addressed to Naofumi Tamaki tamanaoftokushima-uacjp
 Received 20 August 2015 Accepted 11 October 2015
 Academic Editor Javier Egea
 Copyright copy 2016 Naofumi Tamaki et al This is an open access article distributed under the Creative Commons AttributionLicense which permits unrestricted use distribution and reproduction in any medium provided the original work is properlycited
 The wound healing process attempts to restore the integrity and function of the injured tissue Additionally proinflammatorycytokines growth factors and oxidative stress play important roles in wound healing The aim of this study was to determinewhether hydrogen-rich water intake induces the activation of the Nrf2antioxidant defense pathway in rat palatal tissue therebyreducing systemic oxidative stress and proinflammatory cytokine levels and promoting healing-associated genes A circularexcisional woundwas created in the oral palatal region and the wound healing process was observedThe rats were divided into twoexperimental groups in which either hydrogen-richwater or distilled water was consumed In the drinking hydrogen-richwater thepalatal wound healing process was accelerated compared to that in the control group As molecular hydrogen upregulated the Nrf2pathway systemic oxidative stresses were decreased by the activation of antioxidant activity Furthermore hydrogen-rich waterintake reduced proinflammatory cytokine levels and promoted the expression of healing-associated factors in rat palatal tissueIn conclusion hydrogen-rich water intake exhibited multiple beneficial effects through activation of the Nrf2antioxidant defensepathwayThe results of this study support the hypothesis that oral administration of hydrogen-richwater benefits thewound healingprocess by decreasing oxidative stress and inflammatory responses
 1 Introduction
 The wound healing process following trauma-related injuryis involved in restoration of the integrity and function of theinjured tissue This process initiates an orderly but complexsequence of events that establish the integrity of the damagedtissues Regeneration is considered to have taken place whentissue is structurally and functionally repaired to its originalstate as a result of the healing process In general wound heal-ing occurs in a cascade of overlapping phases beginning withthe inflammatory phase precipitated by the injury and fol-lowed sequentially by the proliferation and tissue remodelingphases [1] Multiple proinflammatory cytokines chemokinesand growth factors contribute to the success of wound repairIn addition it is also important to focus on reactive oxygenspecies (ROS) in the context of wound healing [2]
 Oxidative stress has been reported in many diseases inwhich the production of ROS and the oxidative modificationof various biomolecules underlie their pathophysiology espe-cially inflammation-associated processes There is evidencethat oxidative stress is a key factor contributing to inflam-matory conditions such as recurrent aphthous stomatitiswhich causes a wound in the oral mucosa with no well-established underlying cause [3] During wound-inducedinflammation ROS and inflammatory cytokines are releasedfrom immune system cells to kill microorganisms Howeverthesemolecules are also known to be a significant factor in theetiology of local tissue damage [4]The production of ROS inthe inflammatory process leads tomarked inflammation dur-ing which the secretion of various chemoattractants is notedChemotactic stimulation of phagocytosis induces the acti-vation of a membrane-bound enzyme system that transfers
 Hindawi Publishing CorporationOxidative Medicine and Cellular LongevityVolume 2016 Article ID 5679040 13 pageshttpdxdoiorg10115520165679040
  2 Oxidative Medicine and Cellular Longevity
 electrons from cytosolic nicotinamide adenine dinucleotidephosphate (NADP+) to extracellular oxygen resulting in theproduction of the superoxide radical a well-established ROS[5]
 The beneficial biological effects of molecular hydrogen inmany diseases and physiological states are overwhelminglysupported in relevant scientific literature [6] Molecularhydrogen has potential as a novel antioxidant in preven-tive and therapeutic applications in addition to its anti-inflammatory effects [7] It has also been reported thatmolecular hydrogen activates the nuclear factor-E2 relatedfactor 2 (Nrf2)antioxidant defense pathway [8] The translo-cation of Nrf2 into the nucleus leads to upregulation ofthe expression of genes encoding phase 2 enzymes involvedin defense systems against oxidative stress and other toxicsources [9] Nrf2 cooperates with the antioxidant defensesystem to regulate genes such as heme oxygenase 1 (HO-1)and NAD(P)H quinine oxidoreductase 1 (NQO-1)
 It has been reported that the inhalation of hydrogen-containing gas stimulates the healing of radiation-inducedskin wounds [10] However it is unclear whether the benefitsof hydrogen-rich water intake on oxidative stress and inflam-mation are involved in the healing of oral palatal woundsTheobjective of this study was to determine whether hydrogen-rich water induces the activation of the Nrf2antioxidantdefense pathway in palatal tissue thereby reducing oxida-tive stress and proinflammatory cytokine levels In a ratmodel we examined whether these effects could promote thewound healing process Wound closure was monitored andgene expression determined in rat palatal tissue after injuryfor proinflammatory cytokines (interleukin 1 beta [IL-1120573]interleukin 6 [IL-6] and tumor necrosis factor alpha [TNF-120572]) chemokines (monocyte chemotactic protein-1 [MCP-1]and macrophage inflammatory protein-1 alpha [MIP-1120572])growth factors (transforming growth factor beta 1 [TGF-1205731]fibroblast growth factor 7 [FGF7] and vascular endothelialgrowth factor [VEGF]) and healing-associated factors (alphasmooth muscle actin [120572-SMA] and type 1 collagen [Col-1]) All of these genes are important for the wound healingprocess and show high levels of expression early in theremodeling phase
 2 Material and Methods
 21 Animals Twenty-four male Wistar rats (8 weeks of age)weighing 320ndash340 g were housed in individual wire cagesin a temperature- and humidity-controlled room (23∘C plusmn1∘C and 60 plusmn 5 relative humidity) with a 12 h light-dark cycle The animals were given standard rat pellets anddrinking water All the animals received humane care incompliance with institutional animal care guidelines and theAnimal Research Control Committee of Tokushima Univer-sity Graduate School (protocol number 12098) approved theexperimental protocol
 22 Wounding and Preparation of Wound Tissue Prior towounding all rats were anesthetized with an injection ofsodium pentobarbital with physiological saline after which acircular full-thickness excisional wound 35mm in diameter
 was created using a sterile biopsy punch (Kai Medical SekiCity Japan) in the center of the oral palatal region in eachanimal (Figure 1(a)) [11] The animals were observed andweighed on days 0 1 2 3 and 7 For the purpose of observa-tion rats were anesthetized using an inhalational anestheticwith isoflurane clinical photographs of palatal wounds weretaken with a digital camera on days 0 1 2 3 and 7 In eachphotograph a stainless steel ruler was included to providecalibration of the wound area measurement between images[2] A free computer program (Image J NIH Bethesda MDUSA) was used to measure the wound area The palatalwound closure of each time point was calculated using thefollowing formula percentage of wound closure () =(WA0minusWA
 119905)WA
 0times 100 where WA corresponds to wound
 area 0 means day 0 (baseline) and 119905 represents each timepoint after treatment
 The rats were randomly divided into two experimentalgroups of twelve each (1) control group treated with distilledwater and (2) hydrogen water group (HW) treated withhydrogen-rich water Each type of water was placed twicea day in a closed glass vessel equipped with an outlet linecontaining two ball bearings which prevented the water frombeing degassedThemolecular hydrogen-preserving capacityof this method has previously been established [12] The ratsconsumed distilled water or hydrogen-rich water until 3 or 7days after treatment
 Six rats from each group were sacrificed under generalanesthesia and cardiac blood samples were collected fromthe heart at each experimental time point 3 or 7 days aftertreatment Serumwas separated by centrifugation at 3000timesgfor 20min and stored at minus80∘C until use The entire woundarea was harvested using a sterile biopsy punch from sixrats per group on day 3 or day 7 The excised palatal tissuewas immediately subdivided and processed for use in eachexperiment [13]
 23 Preparation of Hydrogen-Rich Water Hydrogen-richwater was prepared using anAquela kit (Ecomo InternationalCo Ltd Fukuoka Japan) Hydrogen gas was obtained in anacrylic resin tube by using material for producing molecularhydrogen in a polyethylene terephthalate (PET) bottle so asto provide a carbonated drink containing 500mL water [14]The concentration of molecular hydrogen in the water wasmeasured according to a previously reportedmethod [15]Weconfirmed that themolecular hydrogen concentration was 5ndash7 ppm in hydrogen-rich water before use In a glass vessel thehydrogen concentration was more than 1 ppm after 24 h
 24 Real-Time PCR Thedivided palatal samples were imme-diately placed in 1mL RNAlater (Sigma St Louis MO USA)and frozen Total RNA from a palatal tissue specimen wasisolated using TRIzol (Invitrogen Corporation Grand IslandNY USA) according to the manufacturerrsquos protocol TheRNA concentration was determined from the optical densityat a wavelength of 260 nm using an OD
 260unit equivalent
 to 40 120583gmL of RNA The purity of the isolated RNA wasdetermined by the absorbance ratio of 260280 nm andonly samples with a ratio of more than 18 were used Onemicrogram of isolated total RNA was reverse transcribed to
  Oxidative Medicine and Cellular Longevity 3
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 Figure 1 Photographs and percentage of healing of the palatal wounds in rats drinking either distilled or hydrogen-rich water (a) A circular(35mm in diameter) full-thickness excision wound was created with a surgical punch at baseline The photographs of palatal wounds of (b)control group and (c) HW group at 7 days after treatment are shown (d) Changes in palatal wound closure for each group were calculatedand plotted over the course of this study Comparisons are represented within each time point Data are expressed as mean plusmn SEM (119899 = 6)lowastlowast119901 lt 001 significantly different from control group
 cDNA using ReverTra Ace (Toyobo Co Ltd Osaka Japan)Table 1 displays the primer sequences for the genes of interestin this study Quantification was performed using a real-time PCR system (Bio-Rad Hercules CA USA) with SYBRGreen (Bio-Rad) [16]The cycling parameters were as followsinitial denaturation at 95∘C for 1min followed by 40 cycles ofdenaturation at 95∘C for 20 s annealing at 60∘C for 30 s andextension at 72∘C for 30 s The mRNA levels were calculatedby determining the relative copy number of each mRNA tothat of the housekeeping internal control gene (GAPDH)for each sample and 119862
 119905of the control group at 3 days after
 treatment was normalized to 1
 25 Western Blot Analysis The divided rat palatal tissuewas harvested in lysis buffer to which a protease inhibitorcocktail was added and thoroughly homogenized Proteincontent was determined with Bradford reagent using bovineserum albumin as a standard An equal amount of proteinfrom palatal tissue was separated by sodium dodecyl sulphate
 polyacrylamide gel electrophoresis for 30min at 200V andwas transferred onto polyvinylidene difluoride membranesfor 60min at 100V Following transfer the membraneswere blocked with 5 nonfat dry milk in Tris-bufferedsaline with Tween-20 for 1 h Subsequently the membraneswere probed with primary antibody (iNOS [1 200 dilutionSanta Cruz Biotechnology Santa Cruz CA USA]) and 120573-actin (1 1000 dilution Cell Signaling Technology DanversMA USA) overnight at 4∘C followed by incubation withan anti-mouse horseradish peroxidase-conjugated secondaryantibody (1 3000 dilution Cell Signaling Technology) for1 h Detection was performed using enhanced chemilumines-cence Immunoblots were scanned by densitometry and theintensity was quantified using Image J software (NIH)
 26 Serum Levels of Reactive Nitrogen Species BiomarkersNitric oxide (NO) metabolite (NOx nitrite + nitrate) levelswere determined with a nitritenitrate colorimetric assay kitusing the Griess reaction (Dojindo Tokyo Japan) according
  4 Oxidative Medicine and Cellular Longevity
 Table 1 Primers used in real-time PCR
 Gene Orientation Primer sequence
 Nrf2 Forward 51015840-GCTATTTTCCATTCCCGAGTTAC-31015840
 Reverse 51015840-ATTGCTGTCCATCTCTGTCAG-31015840
 HO-1 Forward 51015840-CTTTCAGAAGGGTCAGGTGTC-31015840
 Reverse 51015840-TGCTTGTTTCGCTCTATCTCC-31015840
 NQO-1 Forward 51015840-CATCATTTGGGCAAGTCC-31015840
 Reverse 51015840-ACAGCCGTGGCAGAACTA-31015840
 iNOS Forward 51015840-ACCACTCGTACTTGGGATGC-31015840
 Reverse 51015840-CACCTTGGAGTTCACCCAGT-31015840
 IL-1120573 Forward 51015840-TGTGATGTTCCCATTAGAC-31015840
 Reverse 51015840-AATACCACTTGTTGGCTTA-31015840
 IL-6 Forward 51015840-CCCAACTTCCAATGCTCTCCTAAT-31015840
 Reverse 51015840-GCACACTAGGTTTGCCGAGTAGACC-31015840
 TNF-120572 Forward 51015840-GTGATCGGTCCCAACAAG-31015840
 Reverse 51015840-ATCGGGTGCAGCATCGTT-31015840
 MCP-1 Forward 51015840-CTCTCTTCCTCCACCACTATGC-31015840
 Reverse 51015840-GTGGGGCATTAACTGCATCTG-31015840
 MIP-1120572 Forward 51015840-TCCACCACTGCCCTTGCT-31015840
 Reverse 51015840-CGTCCATAGGAGAAGCAGCA-31015840
 TGF-1205731 Forward 51015840-CTCCCGTGGCTTCTAGTGC-31015840
 Reverse 51015840-GCCTTAGTTTGGACAGGATCTG-31015840
 FGF7 Forward 51015840-TCTATAATGCGCAAATGGATACTGA-31015840
 Reverse 51015840-CGAGGTGGAAGCACGGTCT-31015840
 VEGF Forward 51015840-GGGCTGCTGCAATGATGAA-31015840
 Reverse 51015840-TCCGCATGATCTGCATAGTGA-31015840
 120572-SMA Forward 51015840-AGCATCCGACCTTGCTAACG-31015840
 Reverse 51015840-CATACATGGCAGGGACATTGAA-31015840
 Col-1 Forward 51015840-GTGGAAATGATGGTGCTACT-31015840
 Reverse 51015840-TTAGCACCAGTGTCTCCTTT-31015840
 GAPDH Forward 51015840-GTATTGGGCGCCTGGTCACC-31015840
 Reverse 51015840-CGCTCCTGGAAGATGGTGATGG-31015840
 to the manufacturerrsquos instructions NOx concentrations havebeen expressed in 120583molL [17]The levels of serum nitrotyro-sine were determined using an ELISA kit (ImmundiagnostikAG Bensheim Germany) [18] Nitrotyrosine concentrationshave been expressed in nM
 27 Serum Levels of Oxidative Stress Measurement of serumreactive oxygen metabolites (ROMs) levels was performedusing photometric quantification as previously reported [19]according to the manufacturerrsquos instructions (Diacron Inter-national Grosseto Italy) ROM tests are expressed in relativeunits where one Carratelli unit (CARR U) is equivalentto 008mgdL of a hydrogen peroxide solution To deter-mine total serum antioxidant capacity the OXY-adsorbenttests were performed using a spectrophotometer (DiacronInternational) for all samples [19] This test evaluates thecapacity of serum to oppose the massive oxidative actionof a hypochlorous acid (HClO) solution total antioxidantcapacity was expressed in terms of HClO consumed by 1mLof sample (lmolHClOmL)
 28 Serum Levels of Proinflammatory Cytokines All serumsamples analyzed for proinflammatory cytokineswere filteredthrough a 022120583m spin filter Multiplex bead-based kits (Bio-Rad) were used to measure the concentrations of proinflam-matory cytokines (IL-1120573 IL-6 and TNF-120572) in serum Thecytokines were measured in a 96-well plate using 50 120583L ofserum per well The standards and samples were assayed on aBio-Plex 200 system (Bio-Rad) plates were washed with theBio-Plex Pro wash station (Bio-Rad) for magnetic beads asreported earlier [20] Samples were analyzed and standardcurves were generated using the Bio-Plex Manager version50 software (Bio-Rad)
 29 Statistical Analysis All data were expressed as mean plusmnstandard error of the mean (SEM) For statistical analysisdifferences between groups were analyzed with the Mann-Whitney 119880 test using IBM SPSS statistics version 19 (SPSSInc Tokyo Japan) A 119901 value less than 005 was consideredstatistically significant A sample size of 6 per group wasrequired to detect significant differences based on the resultsof a previous study [21]
  Oxidative Medicine and Cellular Longevity 5
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 Figure 2 Effects of hydrogen-rich water on the expression of genes involved in the Nrf2antioxidant defense pathway in rat palatal tissueRelative mRNA levels of (a) Nrf2 (b) HO-1 and (c) NQO-1 were determined by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001significantly different from control group at each time point
 3 Results
 31 Palatal Wound Closure and General CharacteristicsTherewere no significant differences between the groupswithrespect to food consumption body weight or growth pat-terns during the experimental period Photographs of palatalwound creation and healing in rats are shown in Figures1(a) 1(b) and 1(c) In this model clinical examination ofwounds showed gradual healing in a time-dependentmannerin all groups The time course of palatal wound closure foreach group at 1 2 3 and 7 days after treatment is shown inFigure 1(d)There were no significant differences between thegroups at 1 and 2 days However the rates of wound closureof the HW group were significantly higher than those of thecontrol group at both 3 and 7 days after treatment (119901 lt 001)
 Acceleration of the wound healing process was observed inthe HW group which consumed hydrogen-rich water
 32 Effects of Hydrogen-Rich Water on the Nrf2AntioxidantDefense Pathway The Nrf2 mRNA expression levels weresignificantly higher in rat palatal tissue with hydrogen-richwater intake than in palatal tissue of the control group(119901 lt 005 119901 lt 001) (Figure 2(a)) The HW groupat 7 days after treatment displayed a further increase inNrf2 expression versus 3 days (Figure 2(a)) Additionallythe mRNA expression of HO-1 had significantly increasedat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 2(b)) The mRNA expression levels of NQO-1 whichis known to be induced by Nrf2 were markedly higher in
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 Figure 3 Effects of hydrogen-rich water on iNOS expression in rat palatal tissue (a) Relative mRNA levels of iNOS were detected by real-time PCR Bars represent mRNA expression levels normalized to GAPDH levels and relative to the control group at 3 days (b) Representativewestern blots are shown for iNOS and 120573-actin (c) Densitometry results for the bands (iNOS) were normalized to those for 120573-actin Data areexpressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 the HW group than in the control group at both 3 and 7 days(119901 lt 001) (Figure 2(c)) These data suggest that hydrogen-richwater intake promoted the upregulation of the expressionof antioxidant defense genes by activating the Nrf2 pathway
 33 Effects of Hydrogen-RichWater on iNOS in Rat Palatal Tis-sue The mRNA expression of iNOS in rats with hydrogen-rich water intake was lower than that in the control group atboth 3 and 7 days after treatment (119901 lt 005) (Figure 3(a))Western blot analysis indicated that iNOS protein expressionwas attenuated in the HW group (Figure 3(b)) Furthermorerats in theHWgroup exhibited significantly suppressed iNOSprotein expression at both 3 and 7 days after treatment (119901 lt005 119901 lt 001) (Figure 3(c)) Taken together the results indi-cate that activation of the Nrf2antioxidant defense pathwayreduced iNOS expression in rat palatal tissue
 34 Levels of Nitrosative and Oxidative Stress Biomarkersin Serum We assessed whether hydrogen-rich water intake
 regulated systemic nitrosative stress Levels of nitrosativestress biomarkers such as NOx were markedly lower in ratswith hydrogen-rich water intake than in control rats at both 3and 7 days after treatment (119901 lt 001) (Figure 4(a))Moreoverserum levels of nitrotyrosine significantly decreased in theHW group at 3 and 7 days (119901 lt 005 119901 lt 001) (Figure 4(b))
 To evaluate the effects of hydrogen-richwater on systemicoxidative stress we measured biomarkers of oxidative stresssuch as ROM and OXY Serum levels of ROM a reliablebiomarker of circulating ROS were significantly lowered byintake of hydrogen-rich water at 3 and 7 days after treatment(119901 lt 005 119901 lt 001) (Figure 4(c)) Moreover levels ofantioxidant capacity such as OXY in the HW group weremarkedly higher than those of the control group at 3 and 7days after treatment (119901 lt 005 119901 lt 001) (Figure 4(d))Theseresults indicate that hydrogen-rich water intake reducedsystemic nitrosative and oxidative stresses by the activationof antioxidant activity
  Oxidative Medicine and Cellular Longevity 7
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 Figure 4 Levels of nitrosative and oxidative stress biomarkers in serum (a) NOx was quantified by the nitritenitrate colorimetric assayusing the Griess reaction and (b) nitrotyrosine (NT) was quantified by ELISA (c) ROM and (d) OXY were quantified using photometricquantification Data are expressed as means plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each timepoint
 35 Effects of Hydrogen-Rich Water on ProinflammatoryCytokines and Chemokines in Rat Palatal Tissue Using real-time PCR we found that theHWgroup had lower proinflam-matory cytokine expression levels in rat palatal tissue thanthe control group (Figures 5(a) 5(b) and 5(c)) Specificallythe expression of IL-6 and TNF-120572was significantly lower at 3and 7 days after treatment (119901 lt 005 119901 lt 001) (Figures 5(b)and 5(c)) In contrast the expression levels of chemokines inthe HW group were only significantly suppressed at 3 days(119901 lt 005) (Figures 5(d) and 5(e)) These results indicatethat hydrogen-rich water intake suppressed the expression ofinflammatory cytokines and chemokines
 36 Effects of Hydrogen-Rich Water on the Expression ofHealing-Associated Genes in Rat Palatal Tissue The geneexpression of TGF-1205731 FGF7 VEGF and 120572-SMA was higherin the HW group than the control group at 3 days after
 treatment (119901 lt 005) (Figures 6(a) 6(b) 6(c) and 6(d)) TheHW group exhibited significantly upregulated expression ofFGF7 mRNA as compared to that in the periodontitis groupat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 6(b)) Although no significant difference in type 1collagen levels was observed between the groups borderlinesignificantly higher levels were observed in the HW group at3 days (Figure 6(e)) These data suggest that hydrogen-richwater intake promotes the expression of healing-associatedgenes in rat palatal tissue
 37 Effects of Hydrogen-Rich Water on Systemic Levels ofProinflammatory Cytokines The serum levels of the proin-flammatory cytokines IL-1120573 IL-6 and TNF-120572 were ana-lyzed using a multiplex bead-based system In rats drinkinghydrogen-rich water serum IL-1120573 IL-6 and TNF-120572 levelswere significantly lower than those of the control group at 3
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
 Conflict of Interests
 The authors declare no conflict of interests in the publicationof this study
 Acknowledgment
 This work was supported in part by grants-in-aid for Sci-entific Research (nos 15K11418 26463164 and 26293442)
  12 Oxidative Medicine and Cellular Longevity
 from the Ministry of Education Culture Sports Science andTechnology of Japan
 References
 [1] A D Le D L Basi and A O Abubaker ldquoWound healingfindings of the 2005 AAOMSResearch Summitrdquo Journal of Oraland Maxillofacial Surgery vol 63 no 10 pp 1426ndash1435 2005
 [2] F Yoshino A Yoshida A Nakajima S Wada-Takahashi STakahashi and M C-I Lee ldquoAlteration of the redox statewith reactive oxygen species for 5-fluorouracil-induced oralmucositis in hamstersrdquo PLoS ONE vol 8 no 12 Article IDe82834 2013
 [3] S Arikan C Durusoy N Akalin A Haberal and D SeckinldquoOxidantantioxidant status in recurrent aphthous stomatitisrdquoOral Diseases vol 15 no 7 pp 512ndash515 2009
 [4] I L C Chapple and J B Matthews ldquoThe role of reactive oxygenand antioxidant species in periodontal tissue destructionrdquoPeriodontology 2000 vol 43 no 1 pp 160ndash232 2007
 [5] M Baggiolini and M P Wymann ldquoTurning on the respiratoryburstrdquo Trends in Biochemical Sciences vol 15 no 2 pp 69ndash721990
 [6] S Ohta ldquoMolecular hydrogen is a novel antioxidant to effi-ciently reduce oxidative stress with potential for the improve-ment of mitochondrial diseasesrdquo Biochimica et Biophysica Actavol 1820 no 5 pp 586ndash594 2012
 [7] I Ohsawa M Ishikawa K Takahashi et al ldquoHydrogen actsas a therapeutic antioxidant by selectively reducing cytotoxicoxygen radicalsrdquo Nature Medicine vol 13 no 6 pp 688ndash6942007
 [8] T Kawamura N Wakabayashi N Shigemura et al ldquoHydrogengas reduces hyperoxic lung injury via the Nrf2 pathway in vivordquoAmerican Journal of PhysiologyndashLung Cellular and MolecularPhysiology vol 304 no 10 pp L646ndashL656 2013
 [9] S Ohta ldquoMolecular hydrogen as a preventive and therapeuticmedical gas initiation development and potential of hydrogenmedicinerdquo Pharmacology and Therapeutics vol 144 no 1 pp1ndash11 2014
 [10] S Watanabe M Fujita M Ishihara et al ldquoProtective effect ofinhalation of hydrogen gas on radiation-induced dermatitis andskin injury in ratsrdquo Journal of Radiation Research vol 55 no 6pp 1107ndash1113 2014
 [11] L Yang C G Engeland and B Cheng ldquoSocial isolation impairsoral palatal wound healing in sprague-dawley rats a role formiR-29 and miR-203 via VEGF suppressionrdquo PLoS ONE vol8 no 8 Article ID e72359 2013
 [12] D Kawai A Takaki A Nakatsuka et al ldquoHydrogen-richwater prevents progression of nonalcoholic steatohepatitis andaccompanying hepatocarcinogenesis in micerdquo Hepatology vol56 no 3 pp 912ndash921 2012
 [13] Y J Kim F C Carvalho J A C Souza et al ldquoTopicalapplication of the lectin Artin M accelerates wound healing inrat oralmucosa by enhancingTGF-beta andVEGFproductionrdquoWound Repair and Regeneration vol 21 no 3 pp 456ndash4632013
 [14] T Ishibashi B Sato M Rikitake et al ldquoConsumption of watercontaining a high concentration ofmolecular hydrogen reducesoxidative stress and disease activity in patients with rheumatoidarthritis an open-label pilot studyrdquo Medical Gas Research vol2 no 1 article 27 2012
 [15] T Seo R Kurokawa and B Sato ldquoA convenient method fordetermining the concentration of hydrogen in water use ofmethylene blue with colloidal platinumrdquoMedical Gas Researchvol 2 article 1 2012
 [16] R Orihuela-Campos N Tamaki R Mukai M Fukui J Teraoand H-O Ito ldquoBiological impacts of resveratrol quercetinand N-acetylcysteine on oxidative stress in human gingivalfibroblastsrdquo Journal of Clinical Biochemistry and Nutrition vol56 no 3 pp 220ndash227 2015
 [17] O Andrukhov H Haririan K Bertl et al ldquoNitric oxideproduction systemic inflammation and lipid metabolism inperiodontitis patients possible gender aspectrdquo Journal of Clini-cal Periodontology vol 40 no 10 pp 916ndash923 2013
 [18] J M Souza G Peluffo and R Radi ldquoProtein tyrosinenitrationmdashfunctional alteration or just a biomarkerrdquo FreeRadical Biology and Medicine vol 45 no 4 pp 357ndash366 2008
 [19] N Tamaki H Hayashida M Fukui et al ldquoOxidative stress andantibody levels to periodontal bacteria in adults the NagasakiIslands studyrdquo Oral Diseases vol 20 no 3 pp 49ndash56 2014
 [20] A Khan ldquoDetection and quantitation of forty eight cytokineschemokines growth factors and nine acute phase proteins inhealthy human plasma saliva and urinerdquo Journal of Proteomicsvol 75 no 15 pp 4802ndash4819 2012
 [21] N Tamaki R Cristina Orihuela-Campos Y Inagaki M FukuiT Nagata and H-O Ito ldquoResveratrol improves oxidative stressand prevents the progression of periodontitis via the activationof the Sirt1AMPK and the Nrf2antioxidant defense pathwaysin a rat periodontitis modelrdquo Free Radical Biology andMedicinevol 75 pp 222ndash229 2014
 [22] A J Singer and R A F Clark ldquoCutaneous wound healingrdquoTheNew England Journal of Medicine vol 341 no 10 pp 738ndash7461999
 [23] PMartin and S J Leibovich ldquoInflammatory cells duringwoundrepair the good the bad and the uglyrdquo Trends in Cell Biologyvol 15 no 11 pp 599ndash607 2005
 [24] N Yoneda A Yasue T Watanabe and E Tanaka ldquoDown-regulation of Smad3 accelerates palatal wound repairrdquo Journalof Dental Research vol 92 no 8 pp 716ndash720 2013
 [25] S Werner and R Grose ldquoRegulation of wound healing bygrowth factors and cytokinesrdquo Physiological Reviews vol 83 no3 pp 835ndash870 2003
 [26] M Jarosz L Robbez-Masson A-M Chioni B Cross IRosewell and R Grose ldquoFibroblast growth factor 22 is notessential for skin development and repair but plays a role intumorigenesisrdquo PLoS ONE vol 7 no 6 Article ID e39436 2012
 [27] S Braun C Hanselmann M G Gassmann et al ldquoNrf2transcription factor a novel target of keratinocyte growth factoractionwhich regulates gene expression and inflammation in thehealing skin woundrdquoMolecular and Cellular Biology vol 22 no15 pp 5492ndash5505 2002
 [28] R Spielberger P Stiff W Bensinger et al ldquoPalifermin for oralmucositis after intensive therapy for hematologic cancersrdquo TheNew England Journal of Medicine vol 351 no 25 pp 2590ndash2598 2004
 [29] K Kasuyama T Tomofuji D Ekuni et al ldquoHydrogen-richwater attenuates experimental periodontitis in a rat modelrdquoJournal of Clinical Periodontology vol 38 no 12 pp 1085ndash10902011
 [30] X Zhai X Chen J Shi et al ldquoLactulose ameliorates cerebralischemia-reperfusion injury in ratsby inducing hydrogen byactivating Nrf2 expressionrdquo Free Radical Biology and Medicinevol 65 pp 731ndash741 2013
  Oxidative Medicine and Cellular Longevity 13
 [31] R Hayashi N Himori K Taguchi et al ldquoThe role of the Nrf2-mediated defense system in corneal epithelial wound healingrdquoFree Radical Biology and Medicine vol 61 pp 333ndash342 2013
 [32] A Yachie Y Niida T Wada et al ldquoOxidative stress causesenhanced endothelial cell injury in human heme oxygenase-1deficiencyrdquo The Journal of Clinical Investigation vol 103 no 1pp 129ndash135 1999
 [33] R TenhunenH SMarver andR Schmid ldquoThe enzymatic con-version of heme to bilirubin by microsomal heme oxygenaserdquoProceedings of the National Academy of Sciences of the UnitedStates of America vol 61 no 2 pp 748ndash755 1968
 [34] P K Datta S B Koukouritaki K A Hopp and E A LianosldquoHeme oxygenasc-1 induction attenuates inducible nitric oxidesynthase expression and proteinuria in glomerulonephritisrdquoJournal of the American Society of Nephrology vol 10 no 12 pp2540ndash2550 1999
 [35] F DrsquoAiuto L Nibali M Parkar K Patel J Suvan and NDonos ldquoOxidative stress systemic inflammation and severeperiodontitisrdquo Journal of Dental Research vol 89 no 11 pp1241ndash1246 2010
 [36] S Masi K D Salpea K Li et al ldquoOxidative stress chronicinflammation and telomere length in patients with periodonti-tisrdquo Free Radical Biology and Medicine vol 50 no 6 pp 730ndash735 2011
 [37] R Costa R Negrao I Valente et al ldquoXanthohumol modulatesinflammation oxidative stress and angiogenesis in type 1diabetic rat skin wound healingrdquo Journal of Natural Productsvol 76 no 11 pp 2047ndash2053 2013
 [38] HMoshage B Kok J R Huizenga and P LM Jansen ldquoNitriteand nitrate determinations in plasma a critical evaluationrdquoClinical Chemistry vol 41 no 6 pp 892ndash896 1995
 [39] N Tamaki A Takaki T Tomofuji et al ldquoStage of hepatocellularcarcinoma is associated with periodontitisrdquo Journal of ClinicalPeriodontology vol 38 no 11 pp 1015ndash1020 2011
  Submit your manuscripts athttpwwwhindawicom
 Stem CellsInternational
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 MEDIATORSINFLAMMATION
 of
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Behavioural Neurology
 EndocrinologyInternational Journal of
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Disease Markers
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 BioMed Research International
 OncologyJournal of
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Oxidative Medicine and Cellular Longevity
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 PPAR Research
 The Scientific World JournalHindawi Publishing Corporation httpwwwhindawicom Volume 2014
 Immunology ResearchHindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Journal of
 ObesityJournal of
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Computational and Mathematical Methods in Medicine
 OphthalmologyJournal of
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Diabetes ResearchJournal of
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Research and TreatmentAIDS
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Gastroenterology Research and Practice
 Hindawi Publishing Corporationhttpwwwhindawicom Volume 2014
 Parkinsonrsquos Disease
 Evidence-Based Complementary and Alternative Medicine
 Volume 2014Hindawi Publishing Corporationhttpwwwhindawicom
 
 
 
 
 
 
 
 
 
 
 
 
 

Page 2
						

2 Oxidative Medicine and Cellular Longevity
 electrons from cytosolic nicotinamide adenine dinucleotidephosphate (NADP+) to extracellular oxygen resulting in theproduction of the superoxide radical a well-established ROS[5]
 The beneficial biological effects of molecular hydrogen inmany diseases and physiological states are overwhelminglysupported in relevant scientific literature [6] Molecularhydrogen has potential as a novel antioxidant in preven-tive and therapeutic applications in addition to its anti-inflammatory effects [7] It has also been reported thatmolecular hydrogen activates the nuclear factor-E2 relatedfactor 2 (Nrf2)antioxidant defense pathway [8] The translo-cation of Nrf2 into the nucleus leads to upregulation ofthe expression of genes encoding phase 2 enzymes involvedin defense systems against oxidative stress and other toxicsources [9] Nrf2 cooperates with the antioxidant defensesystem to regulate genes such as heme oxygenase 1 (HO-1)and NAD(P)H quinine oxidoreductase 1 (NQO-1)
 It has been reported that the inhalation of hydrogen-containing gas stimulates the healing of radiation-inducedskin wounds [10] However it is unclear whether the benefitsof hydrogen-rich water intake on oxidative stress and inflam-mation are involved in the healing of oral palatal woundsTheobjective of this study was to determine whether hydrogen-rich water induces the activation of the Nrf2antioxidantdefense pathway in palatal tissue thereby reducing oxida-tive stress and proinflammatory cytokine levels In a ratmodel we examined whether these effects could promote thewound healing process Wound closure was monitored andgene expression determined in rat palatal tissue after injuryfor proinflammatory cytokines (interleukin 1 beta [IL-1120573]interleukin 6 [IL-6] and tumor necrosis factor alpha [TNF-120572]) chemokines (monocyte chemotactic protein-1 [MCP-1]and macrophage inflammatory protein-1 alpha [MIP-1120572])growth factors (transforming growth factor beta 1 [TGF-1205731]fibroblast growth factor 7 [FGF7] and vascular endothelialgrowth factor [VEGF]) and healing-associated factors (alphasmooth muscle actin [120572-SMA] and type 1 collagen [Col-1]) All of these genes are important for the wound healingprocess and show high levels of expression early in theremodeling phase
 2 Material and Methods
 21 Animals Twenty-four male Wistar rats (8 weeks of age)weighing 320ndash340 g were housed in individual wire cagesin a temperature- and humidity-controlled room (23∘C plusmn1∘C and 60 plusmn 5 relative humidity) with a 12 h light-dark cycle The animals were given standard rat pellets anddrinking water All the animals received humane care incompliance with institutional animal care guidelines and theAnimal Research Control Committee of Tokushima Univer-sity Graduate School (protocol number 12098) approved theexperimental protocol
 22 Wounding and Preparation of Wound Tissue Prior towounding all rats were anesthetized with an injection ofsodium pentobarbital with physiological saline after which acircular full-thickness excisional wound 35mm in diameter
 was created using a sterile biopsy punch (Kai Medical SekiCity Japan) in the center of the oral palatal region in eachanimal (Figure 1(a)) [11] The animals were observed andweighed on days 0 1 2 3 and 7 For the purpose of observa-tion rats were anesthetized using an inhalational anestheticwith isoflurane clinical photographs of palatal wounds weretaken with a digital camera on days 0 1 2 3 and 7 In eachphotograph a stainless steel ruler was included to providecalibration of the wound area measurement between images[2] A free computer program (Image J NIH Bethesda MDUSA) was used to measure the wound area The palatalwound closure of each time point was calculated using thefollowing formula percentage of wound closure () =(WA0minusWA
 119905)WA
 0times 100 where WA corresponds to wound
 area 0 means day 0 (baseline) and 119905 represents each timepoint after treatment
 The rats were randomly divided into two experimentalgroups of twelve each (1) control group treated with distilledwater and (2) hydrogen water group (HW) treated withhydrogen-rich water Each type of water was placed twicea day in a closed glass vessel equipped with an outlet linecontaining two ball bearings which prevented the water frombeing degassedThemolecular hydrogen-preserving capacityof this method has previously been established [12] The ratsconsumed distilled water or hydrogen-rich water until 3 or 7days after treatment
 Six rats from each group were sacrificed under generalanesthesia and cardiac blood samples were collected fromthe heart at each experimental time point 3 or 7 days aftertreatment Serumwas separated by centrifugation at 3000timesgfor 20min and stored at minus80∘C until use The entire woundarea was harvested using a sterile biopsy punch from sixrats per group on day 3 or day 7 The excised palatal tissuewas immediately subdivided and processed for use in eachexperiment [13]
 23 Preparation of Hydrogen-Rich Water Hydrogen-richwater was prepared using anAquela kit (Ecomo InternationalCo Ltd Fukuoka Japan) Hydrogen gas was obtained in anacrylic resin tube by using material for producing molecularhydrogen in a polyethylene terephthalate (PET) bottle so asto provide a carbonated drink containing 500mL water [14]The concentration of molecular hydrogen in the water wasmeasured according to a previously reportedmethod [15]Weconfirmed that themolecular hydrogen concentration was 5ndash7 ppm in hydrogen-rich water before use In a glass vessel thehydrogen concentration was more than 1 ppm after 24 h
 24 Real-Time PCR Thedivided palatal samples were imme-diately placed in 1mL RNAlater (Sigma St Louis MO USA)and frozen Total RNA from a palatal tissue specimen wasisolated using TRIzol (Invitrogen Corporation Grand IslandNY USA) according to the manufacturerrsquos protocol TheRNA concentration was determined from the optical densityat a wavelength of 260 nm using an OD
 260unit equivalent
 to 40 120583gmL of RNA The purity of the isolated RNA wasdetermined by the absorbance ratio of 260280 nm andonly samples with a ratio of more than 18 were used Onemicrogram of isolated total RNA was reverse transcribed to
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 Figure 1 Photographs and percentage of healing of the palatal wounds in rats drinking either distilled or hydrogen-rich water (a) A circular(35mm in diameter) full-thickness excision wound was created with a surgical punch at baseline The photographs of palatal wounds of (b)control group and (c) HW group at 7 days after treatment are shown (d) Changes in palatal wound closure for each group were calculatedand plotted over the course of this study Comparisons are represented within each time point Data are expressed as mean plusmn SEM (119899 = 6)lowastlowast119901 lt 001 significantly different from control group
 cDNA using ReverTra Ace (Toyobo Co Ltd Osaka Japan)Table 1 displays the primer sequences for the genes of interestin this study Quantification was performed using a real-time PCR system (Bio-Rad Hercules CA USA) with SYBRGreen (Bio-Rad) [16]The cycling parameters were as followsinitial denaturation at 95∘C for 1min followed by 40 cycles ofdenaturation at 95∘C for 20 s annealing at 60∘C for 30 s andextension at 72∘C for 30 s The mRNA levels were calculatedby determining the relative copy number of each mRNA tothat of the housekeeping internal control gene (GAPDH)for each sample and 119862
 119905of the control group at 3 days after
 treatment was normalized to 1
 25 Western Blot Analysis The divided rat palatal tissuewas harvested in lysis buffer to which a protease inhibitorcocktail was added and thoroughly homogenized Proteincontent was determined with Bradford reagent using bovineserum albumin as a standard An equal amount of proteinfrom palatal tissue was separated by sodium dodecyl sulphate
 polyacrylamide gel electrophoresis for 30min at 200V andwas transferred onto polyvinylidene difluoride membranesfor 60min at 100V Following transfer the membraneswere blocked with 5 nonfat dry milk in Tris-bufferedsaline with Tween-20 for 1 h Subsequently the membraneswere probed with primary antibody (iNOS [1 200 dilutionSanta Cruz Biotechnology Santa Cruz CA USA]) and 120573-actin (1 1000 dilution Cell Signaling Technology DanversMA USA) overnight at 4∘C followed by incubation withan anti-mouse horseradish peroxidase-conjugated secondaryantibody (1 3000 dilution Cell Signaling Technology) for1 h Detection was performed using enhanced chemilumines-cence Immunoblots were scanned by densitometry and theintensity was quantified using Image J software (NIH)
 26 Serum Levels of Reactive Nitrogen Species BiomarkersNitric oxide (NO) metabolite (NOx nitrite + nitrate) levelswere determined with a nitritenitrate colorimetric assay kitusing the Griess reaction (Dojindo Tokyo Japan) according
  4 Oxidative Medicine and Cellular Longevity
 Table 1 Primers used in real-time PCR
 Gene Orientation Primer sequence
 Nrf2 Forward 51015840-GCTATTTTCCATTCCCGAGTTAC-31015840
 Reverse 51015840-ATTGCTGTCCATCTCTGTCAG-31015840
 HO-1 Forward 51015840-CTTTCAGAAGGGTCAGGTGTC-31015840
 Reverse 51015840-TGCTTGTTTCGCTCTATCTCC-31015840
 NQO-1 Forward 51015840-CATCATTTGGGCAAGTCC-31015840
 Reverse 51015840-ACAGCCGTGGCAGAACTA-31015840
 iNOS Forward 51015840-ACCACTCGTACTTGGGATGC-31015840
 Reverse 51015840-CACCTTGGAGTTCACCCAGT-31015840
 IL-1120573 Forward 51015840-TGTGATGTTCCCATTAGAC-31015840
 Reverse 51015840-AATACCACTTGTTGGCTTA-31015840
 IL-6 Forward 51015840-CCCAACTTCCAATGCTCTCCTAAT-31015840
 Reverse 51015840-GCACACTAGGTTTGCCGAGTAGACC-31015840
 TNF-120572 Forward 51015840-GTGATCGGTCCCAACAAG-31015840
 Reverse 51015840-ATCGGGTGCAGCATCGTT-31015840
 MCP-1 Forward 51015840-CTCTCTTCCTCCACCACTATGC-31015840
 Reverse 51015840-GTGGGGCATTAACTGCATCTG-31015840
 MIP-1120572 Forward 51015840-TCCACCACTGCCCTTGCT-31015840
 Reverse 51015840-CGTCCATAGGAGAAGCAGCA-31015840
 TGF-1205731 Forward 51015840-CTCCCGTGGCTTCTAGTGC-31015840
 Reverse 51015840-GCCTTAGTTTGGACAGGATCTG-31015840
 FGF7 Forward 51015840-TCTATAATGCGCAAATGGATACTGA-31015840
 Reverse 51015840-CGAGGTGGAAGCACGGTCT-31015840
 VEGF Forward 51015840-GGGCTGCTGCAATGATGAA-31015840
 Reverse 51015840-TCCGCATGATCTGCATAGTGA-31015840
 120572-SMA Forward 51015840-AGCATCCGACCTTGCTAACG-31015840
 Reverse 51015840-CATACATGGCAGGGACATTGAA-31015840
 Col-1 Forward 51015840-GTGGAAATGATGGTGCTACT-31015840
 Reverse 51015840-TTAGCACCAGTGTCTCCTTT-31015840
 GAPDH Forward 51015840-GTATTGGGCGCCTGGTCACC-31015840
 Reverse 51015840-CGCTCCTGGAAGATGGTGATGG-31015840
 to the manufacturerrsquos instructions NOx concentrations havebeen expressed in 120583molL [17]The levels of serum nitrotyro-sine were determined using an ELISA kit (ImmundiagnostikAG Bensheim Germany) [18] Nitrotyrosine concentrationshave been expressed in nM
 27 Serum Levels of Oxidative Stress Measurement of serumreactive oxygen metabolites (ROMs) levels was performedusing photometric quantification as previously reported [19]according to the manufacturerrsquos instructions (Diacron Inter-national Grosseto Italy) ROM tests are expressed in relativeunits where one Carratelli unit (CARR U) is equivalentto 008mgdL of a hydrogen peroxide solution To deter-mine total serum antioxidant capacity the OXY-adsorbenttests were performed using a spectrophotometer (DiacronInternational) for all samples [19] This test evaluates thecapacity of serum to oppose the massive oxidative actionof a hypochlorous acid (HClO) solution total antioxidantcapacity was expressed in terms of HClO consumed by 1mLof sample (lmolHClOmL)
 28 Serum Levels of Proinflammatory Cytokines All serumsamples analyzed for proinflammatory cytokineswere filteredthrough a 022120583m spin filter Multiplex bead-based kits (Bio-Rad) were used to measure the concentrations of proinflam-matory cytokines (IL-1120573 IL-6 and TNF-120572) in serum Thecytokines were measured in a 96-well plate using 50 120583L ofserum per well The standards and samples were assayed on aBio-Plex 200 system (Bio-Rad) plates were washed with theBio-Plex Pro wash station (Bio-Rad) for magnetic beads asreported earlier [20] Samples were analyzed and standardcurves were generated using the Bio-Plex Manager version50 software (Bio-Rad)
 29 Statistical Analysis All data were expressed as mean plusmnstandard error of the mean (SEM) For statistical analysisdifferences between groups were analyzed with the Mann-Whitney 119880 test using IBM SPSS statistics version 19 (SPSSInc Tokyo Japan) A 119901 value less than 005 was consideredstatistically significant A sample size of 6 per group wasrequired to detect significant differences based on the resultsof a previous study [21]
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 Figure 2 Effects of hydrogen-rich water on the expression of genes involved in the Nrf2antioxidant defense pathway in rat palatal tissueRelative mRNA levels of (a) Nrf2 (b) HO-1 and (c) NQO-1 were determined by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001significantly different from control group at each time point
 3 Results
 31 Palatal Wound Closure and General CharacteristicsTherewere no significant differences between the groupswithrespect to food consumption body weight or growth pat-terns during the experimental period Photographs of palatalwound creation and healing in rats are shown in Figures1(a) 1(b) and 1(c) In this model clinical examination ofwounds showed gradual healing in a time-dependentmannerin all groups The time course of palatal wound closure foreach group at 1 2 3 and 7 days after treatment is shown inFigure 1(d)There were no significant differences between thegroups at 1 and 2 days However the rates of wound closureof the HW group were significantly higher than those of thecontrol group at both 3 and 7 days after treatment (119901 lt 001)
 Acceleration of the wound healing process was observed inthe HW group which consumed hydrogen-rich water
 32 Effects of Hydrogen-Rich Water on the Nrf2AntioxidantDefense Pathway The Nrf2 mRNA expression levels weresignificantly higher in rat palatal tissue with hydrogen-richwater intake than in palatal tissue of the control group(119901 lt 005 119901 lt 001) (Figure 2(a)) The HW groupat 7 days after treatment displayed a further increase inNrf2 expression versus 3 days (Figure 2(a)) Additionallythe mRNA expression of HO-1 had significantly increasedat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 2(b)) The mRNA expression levels of NQO-1 whichis known to be induced by Nrf2 were markedly higher in
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 Figure 3 Effects of hydrogen-rich water on iNOS expression in rat palatal tissue (a) Relative mRNA levels of iNOS were detected by real-time PCR Bars represent mRNA expression levels normalized to GAPDH levels and relative to the control group at 3 days (b) Representativewestern blots are shown for iNOS and 120573-actin (c) Densitometry results for the bands (iNOS) were normalized to those for 120573-actin Data areexpressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 the HW group than in the control group at both 3 and 7 days(119901 lt 001) (Figure 2(c)) These data suggest that hydrogen-richwater intake promoted the upregulation of the expressionof antioxidant defense genes by activating the Nrf2 pathway
 33 Effects of Hydrogen-RichWater on iNOS in Rat Palatal Tis-sue The mRNA expression of iNOS in rats with hydrogen-rich water intake was lower than that in the control group atboth 3 and 7 days after treatment (119901 lt 005) (Figure 3(a))Western blot analysis indicated that iNOS protein expressionwas attenuated in the HW group (Figure 3(b)) Furthermorerats in theHWgroup exhibited significantly suppressed iNOSprotein expression at both 3 and 7 days after treatment (119901 lt005 119901 lt 001) (Figure 3(c)) Taken together the results indi-cate that activation of the Nrf2antioxidant defense pathwayreduced iNOS expression in rat palatal tissue
 34 Levels of Nitrosative and Oxidative Stress Biomarkersin Serum We assessed whether hydrogen-rich water intake
 regulated systemic nitrosative stress Levels of nitrosativestress biomarkers such as NOx were markedly lower in ratswith hydrogen-rich water intake than in control rats at both 3and 7 days after treatment (119901 lt 001) (Figure 4(a))Moreoverserum levels of nitrotyrosine significantly decreased in theHW group at 3 and 7 days (119901 lt 005 119901 lt 001) (Figure 4(b))
 To evaluate the effects of hydrogen-richwater on systemicoxidative stress we measured biomarkers of oxidative stresssuch as ROM and OXY Serum levels of ROM a reliablebiomarker of circulating ROS were significantly lowered byintake of hydrogen-rich water at 3 and 7 days after treatment(119901 lt 005 119901 lt 001) (Figure 4(c)) Moreover levels ofantioxidant capacity such as OXY in the HW group weremarkedly higher than those of the control group at 3 and 7days after treatment (119901 lt 005 119901 lt 001) (Figure 4(d))Theseresults indicate that hydrogen-rich water intake reducedsystemic nitrosative and oxidative stresses by the activationof antioxidant activity
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 Figure 4 Levels of nitrosative and oxidative stress biomarkers in serum (a) NOx was quantified by the nitritenitrate colorimetric assayusing the Griess reaction and (b) nitrotyrosine (NT) was quantified by ELISA (c) ROM and (d) OXY were quantified using photometricquantification Data are expressed as means plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each timepoint
 35 Effects of Hydrogen-Rich Water on ProinflammatoryCytokines and Chemokines in Rat Palatal Tissue Using real-time PCR we found that theHWgroup had lower proinflam-matory cytokine expression levels in rat palatal tissue thanthe control group (Figures 5(a) 5(b) and 5(c)) Specificallythe expression of IL-6 and TNF-120572was significantly lower at 3and 7 days after treatment (119901 lt 005 119901 lt 001) (Figures 5(b)and 5(c)) In contrast the expression levels of chemokines inthe HW group were only significantly suppressed at 3 days(119901 lt 005) (Figures 5(d) and 5(e)) These results indicatethat hydrogen-rich water intake suppressed the expression ofinflammatory cytokines and chemokines
 36 Effects of Hydrogen-Rich Water on the Expression ofHealing-Associated Genes in Rat Palatal Tissue The geneexpression of TGF-1205731 FGF7 VEGF and 120572-SMA was higherin the HW group than the control group at 3 days after
 treatment (119901 lt 005) (Figures 6(a) 6(b) 6(c) and 6(d)) TheHW group exhibited significantly upregulated expression ofFGF7 mRNA as compared to that in the periodontitis groupat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 6(b)) Although no significant difference in type 1collagen levels was observed between the groups borderlinesignificantly higher levels were observed in the HW group at3 days (Figure 6(e)) These data suggest that hydrogen-richwater intake promotes the expression of healing-associatedgenes in rat palatal tissue
 37 Effects of Hydrogen-Rich Water on Systemic Levels ofProinflammatory Cytokines The serum levels of the proin-flammatory cytokines IL-1120573 IL-6 and TNF-120572 were ana-lyzed using a multiplex bead-based system In rats drinkinghydrogen-rich water serum IL-1120573 IL-6 and TNF-120572 levelswere significantly lower than those of the control group at 3
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
  Oxidative Medicine and Cellular Longevity 9
 ControlHW
 0
 1
 2
 3
 Rela
 tive m
 RNA
 expr
 essio
 n
 lowast
 3 7(days)
 TGF-1205731
 (a)
 ControlHW
 0
 1
 2
 3
 4 FGF7
 Rela
 tive m
 RNA
 expr
 essio
 n
 lowastlowast
 lowast
 3 7(days)
 (b)
 ControlHW
 Rela
 tive m
 RNA
 expr
 essio
 n
 0
 1
 2
 3 VEGFlowast
 3 7(days)
 (c)
 ControlHW
 0
 1
 2
 3
 4
 Rela
 tive m
 RNA
 expr
 essio
 n
 lowast
 3 7(days)
 120572-SMA
 (d)
 ControlHW
 0
 1
 2
 3 Type 1 collagen
 Rela
 tive m
 RNA
 expr
 essio
 n
 3 7(days)
 (e)
 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 Figure 1 Photographs and percentage of healing of the palatal wounds in rats drinking either distilled or hydrogen-rich water (a) A circular(35mm in diameter) full-thickness excision wound was created with a surgical punch at baseline The photographs of palatal wounds of (b)control group and (c) HW group at 7 days after treatment are shown (d) Changes in palatal wound closure for each group were calculatedand plotted over the course of this study Comparisons are represented within each time point Data are expressed as mean plusmn SEM (119899 = 6)lowastlowast119901 lt 001 significantly different from control group
 cDNA using ReverTra Ace (Toyobo Co Ltd Osaka Japan)Table 1 displays the primer sequences for the genes of interestin this study Quantification was performed using a real-time PCR system (Bio-Rad Hercules CA USA) with SYBRGreen (Bio-Rad) [16]The cycling parameters were as followsinitial denaturation at 95∘C for 1min followed by 40 cycles ofdenaturation at 95∘C for 20 s annealing at 60∘C for 30 s andextension at 72∘C for 30 s The mRNA levels were calculatedby determining the relative copy number of each mRNA tothat of the housekeeping internal control gene (GAPDH)for each sample and 119862
 119905of the control group at 3 days after
 treatment was normalized to 1
 25 Western Blot Analysis The divided rat palatal tissuewas harvested in lysis buffer to which a protease inhibitorcocktail was added and thoroughly homogenized Proteincontent was determined with Bradford reagent using bovineserum albumin as a standard An equal amount of proteinfrom palatal tissue was separated by sodium dodecyl sulphate
 polyacrylamide gel electrophoresis for 30min at 200V andwas transferred onto polyvinylidene difluoride membranesfor 60min at 100V Following transfer the membraneswere blocked with 5 nonfat dry milk in Tris-bufferedsaline with Tween-20 for 1 h Subsequently the membraneswere probed with primary antibody (iNOS [1 200 dilutionSanta Cruz Biotechnology Santa Cruz CA USA]) and 120573-actin (1 1000 dilution Cell Signaling Technology DanversMA USA) overnight at 4∘C followed by incubation withan anti-mouse horseradish peroxidase-conjugated secondaryantibody (1 3000 dilution Cell Signaling Technology) for1 h Detection was performed using enhanced chemilumines-cence Immunoblots were scanned by densitometry and theintensity was quantified using Image J software (NIH)
 26 Serum Levels of Reactive Nitrogen Species BiomarkersNitric oxide (NO) metabolite (NOx nitrite + nitrate) levelswere determined with a nitritenitrate colorimetric assay kitusing the Griess reaction (Dojindo Tokyo Japan) according
  4 Oxidative Medicine and Cellular Longevity
 Table 1 Primers used in real-time PCR
 Gene Orientation Primer sequence
 Nrf2 Forward 51015840-GCTATTTTCCATTCCCGAGTTAC-31015840
 Reverse 51015840-ATTGCTGTCCATCTCTGTCAG-31015840
 HO-1 Forward 51015840-CTTTCAGAAGGGTCAGGTGTC-31015840
 Reverse 51015840-TGCTTGTTTCGCTCTATCTCC-31015840
 NQO-1 Forward 51015840-CATCATTTGGGCAAGTCC-31015840
 Reverse 51015840-ACAGCCGTGGCAGAACTA-31015840
 iNOS Forward 51015840-ACCACTCGTACTTGGGATGC-31015840
 Reverse 51015840-CACCTTGGAGTTCACCCAGT-31015840
 IL-1120573 Forward 51015840-TGTGATGTTCCCATTAGAC-31015840
 Reverse 51015840-AATACCACTTGTTGGCTTA-31015840
 IL-6 Forward 51015840-CCCAACTTCCAATGCTCTCCTAAT-31015840
 Reverse 51015840-GCACACTAGGTTTGCCGAGTAGACC-31015840
 TNF-120572 Forward 51015840-GTGATCGGTCCCAACAAG-31015840
 Reverse 51015840-ATCGGGTGCAGCATCGTT-31015840
 MCP-1 Forward 51015840-CTCTCTTCCTCCACCACTATGC-31015840
 Reverse 51015840-GTGGGGCATTAACTGCATCTG-31015840
 MIP-1120572 Forward 51015840-TCCACCACTGCCCTTGCT-31015840
 Reverse 51015840-CGTCCATAGGAGAAGCAGCA-31015840
 TGF-1205731 Forward 51015840-CTCCCGTGGCTTCTAGTGC-31015840
 Reverse 51015840-GCCTTAGTTTGGACAGGATCTG-31015840
 FGF7 Forward 51015840-TCTATAATGCGCAAATGGATACTGA-31015840
 Reverse 51015840-CGAGGTGGAAGCACGGTCT-31015840
 VEGF Forward 51015840-GGGCTGCTGCAATGATGAA-31015840
 Reverse 51015840-TCCGCATGATCTGCATAGTGA-31015840
 120572-SMA Forward 51015840-AGCATCCGACCTTGCTAACG-31015840
 Reverse 51015840-CATACATGGCAGGGACATTGAA-31015840
 Col-1 Forward 51015840-GTGGAAATGATGGTGCTACT-31015840
 Reverse 51015840-TTAGCACCAGTGTCTCCTTT-31015840
 GAPDH Forward 51015840-GTATTGGGCGCCTGGTCACC-31015840
 Reverse 51015840-CGCTCCTGGAAGATGGTGATGG-31015840
 to the manufacturerrsquos instructions NOx concentrations havebeen expressed in 120583molL [17]The levels of serum nitrotyro-sine were determined using an ELISA kit (ImmundiagnostikAG Bensheim Germany) [18] Nitrotyrosine concentrationshave been expressed in nM
 27 Serum Levels of Oxidative Stress Measurement of serumreactive oxygen metabolites (ROMs) levels was performedusing photometric quantification as previously reported [19]according to the manufacturerrsquos instructions (Diacron Inter-national Grosseto Italy) ROM tests are expressed in relativeunits where one Carratelli unit (CARR U) is equivalentto 008mgdL of a hydrogen peroxide solution To deter-mine total serum antioxidant capacity the OXY-adsorbenttests were performed using a spectrophotometer (DiacronInternational) for all samples [19] This test evaluates thecapacity of serum to oppose the massive oxidative actionof a hypochlorous acid (HClO) solution total antioxidantcapacity was expressed in terms of HClO consumed by 1mLof sample (lmolHClOmL)
 28 Serum Levels of Proinflammatory Cytokines All serumsamples analyzed for proinflammatory cytokineswere filteredthrough a 022120583m spin filter Multiplex bead-based kits (Bio-Rad) were used to measure the concentrations of proinflam-matory cytokines (IL-1120573 IL-6 and TNF-120572) in serum Thecytokines were measured in a 96-well plate using 50 120583L ofserum per well The standards and samples were assayed on aBio-Plex 200 system (Bio-Rad) plates were washed with theBio-Plex Pro wash station (Bio-Rad) for magnetic beads asreported earlier [20] Samples were analyzed and standardcurves were generated using the Bio-Plex Manager version50 software (Bio-Rad)
 29 Statistical Analysis All data were expressed as mean plusmnstandard error of the mean (SEM) For statistical analysisdifferences between groups were analyzed with the Mann-Whitney 119880 test using IBM SPSS statistics version 19 (SPSSInc Tokyo Japan) A 119901 value less than 005 was consideredstatistically significant A sample size of 6 per group wasrequired to detect significant differences based on the resultsof a previous study [21]
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 Figure 2 Effects of hydrogen-rich water on the expression of genes involved in the Nrf2antioxidant defense pathway in rat palatal tissueRelative mRNA levels of (a) Nrf2 (b) HO-1 and (c) NQO-1 were determined by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001significantly different from control group at each time point
 3 Results
 31 Palatal Wound Closure and General CharacteristicsTherewere no significant differences between the groupswithrespect to food consumption body weight or growth pat-terns during the experimental period Photographs of palatalwound creation and healing in rats are shown in Figures1(a) 1(b) and 1(c) In this model clinical examination ofwounds showed gradual healing in a time-dependentmannerin all groups The time course of palatal wound closure foreach group at 1 2 3 and 7 days after treatment is shown inFigure 1(d)There were no significant differences between thegroups at 1 and 2 days However the rates of wound closureof the HW group were significantly higher than those of thecontrol group at both 3 and 7 days after treatment (119901 lt 001)
 Acceleration of the wound healing process was observed inthe HW group which consumed hydrogen-rich water
 32 Effects of Hydrogen-Rich Water on the Nrf2AntioxidantDefense Pathway The Nrf2 mRNA expression levels weresignificantly higher in rat palatal tissue with hydrogen-richwater intake than in palatal tissue of the control group(119901 lt 005 119901 lt 001) (Figure 2(a)) The HW groupat 7 days after treatment displayed a further increase inNrf2 expression versus 3 days (Figure 2(a)) Additionallythe mRNA expression of HO-1 had significantly increasedat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 2(b)) The mRNA expression levels of NQO-1 whichis known to be induced by Nrf2 were markedly higher in
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 Figure 3 Effects of hydrogen-rich water on iNOS expression in rat palatal tissue (a) Relative mRNA levels of iNOS were detected by real-time PCR Bars represent mRNA expression levels normalized to GAPDH levels and relative to the control group at 3 days (b) Representativewestern blots are shown for iNOS and 120573-actin (c) Densitometry results for the bands (iNOS) were normalized to those for 120573-actin Data areexpressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 the HW group than in the control group at both 3 and 7 days(119901 lt 001) (Figure 2(c)) These data suggest that hydrogen-richwater intake promoted the upregulation of the expressionof antioxidant defense genes by activating the Nrf2 pathway
 33 Effects of Hydrogen-RichWater on iNOS in Rat Palatal Tis-sue The mRNA expression of iNOS in rats with hydrogen-rich water intake was lower than that in the control group atboth 3 and 7 days after treatment (119901 lt 005) (Figure 3(a))Western blot analysis indicated that iNOS protein expressionwas attenuated in the HW group (Figure 3(b)) Furthermorerats in theHWgroup exhibited significantly suppressed iNOSprotein expression at both 3 and 7 days after treatment (119901 lt005 119901 lt 001) (Figure 3(c)) Taken together the results indi-cate that activation of the Nrf2antioxidant defense pathwayreduced iNOS expression in rat palatal tissue
 34 Levels of Nitrosative and Oxidative Stress Biomarkersin Serum We assessed whether hydrogen-rich water intake
 regulated systemic nitrosative stress Levels of nitrosativestress biomarkers such as NOx were markedly lower in ratswith hydrogen-rich water intake than in control rats at both 3and 7 days after treatment (119901 lt 001) (Figure 4(a))Moreoverserum levels of nitrotyrosine significantly decreased in theHW group at 3 and 7 days (119901 lt 005 119901 lt 001) (Figure 4(b))
 To evaluate the effects of hydrogen-richwater on systemicoxidative stress we measured biomarkers of oxidative stresssuch as ROM and OXY Serum levels of ROM a reliablebiomarker of circulating ROS were significantly lowered byintake of hydrogen-rich water at 3 and 7 days after treatment(119901 lt 005 119901 lt 001) (Figure 4(c)) Moreover levels ofantioxidant capacity such as OXY in the HW group weremarkedly higher than those of the control group at 3 and 7days after treatment (119901 lt 005 119901 lt 001) (Figure 4(d))Theseresults indicate that hydrogen-rich water intake reducedsystemic nitrosative and oxidative stresses by the activationof antioxidant activity
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 Figure 4 Levels of nitrosative and oxidative stress biomarkers in serum (a) NOx was quantified by the nitritenitrate colorimetric assayusing the Griess reaction and (b) nitrotyrosine (NT) was quantified by ELISA (c) ROM and (d) OXY were quantified using photometricquantification Data are expressed as means plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each timepoint
 35 Effects of Hydrogen-Rich Water on ProinflammatoryCytokines and Chemokines in Rat Palatal Tissue Using real-time PCR we found that theHWgroup had lower proinflam-matory cytokine expression levels in rat palatal tissue thanthe control group (Figures 5(a) 5(b) and 5(c)) Specificallythe expression of IL-6 and TNF-120572was significantly lower at 3and 7 days after treatment (119901 lt 005 119901 lt 001) (Figures 5(b)and 5(c)) In contrast the expression levels of chemokines inthe HW group were only significantly suppressed at 3 days(119901 lt 005) (Figures 5(d) and 5(e)) These results indicatethat hydrogen-rich water intake suppressed the expression ofinflammatory cytokines and chemokines
 36 Effects of Hydrogen-Rich Water on the Expression ofHealing-Associated Genes in Rat Palatal Tissue The geneexpression of TGF-1205731 FGF7 VEGF and 120572-SMA was higherin the HW group than the control group at 3 days after
 treatment (119901 lt 005) (Figures 6(a) 6(b) 6(c) and 6(d)) TheHW group exhibited significantly upregulated expression ofFGF7 mRNA as compared to that in the periodontitis groupat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 6(b)) Although no significant difference in type 1collagen levels was observed between the groups borderlinesignificantly higher levels were observed in the HW group at3 days (Figure 6(e)) These data suggest that hydrogen-richwater intake promotes the expression of healing-associatedgenes in rat palatal tissue
 37 Effects of Hydrogen-Rich Water on Systemic Levels ofProinflammatory Cytokines The serum levels of the proin-flammatory cytokines IL-1120573 IL-6 and TNF-120572 were ana-lyzed using a multiplex bead-based system In rats drinkinghydrogen-rich water serum IL-1120573 IL-6 and TNF-120572 levelswere significantly lower than those of the control group at 3
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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4 Oxidative Medicine and Cellular Longevity
 Table 1 Primers used in real-time PCR
 Gene Orientation Primer sequence
 Nrf2 Forward 51015840-GCTATTTTCCATTCCCGAGTTAC-31015840
 Reverse 51015840-ATTGCTGTCCATCTCTGTCAG-31015840
 HO-1 Forward 51015840-CTTTCAGAAGGGTCAGGTGTC-31015840
 Reverse 51015840-TGCTTGTTTCGCTCTATCTCC-31015840
 NQO-1 Forward 51015840-CATCATTTGGGCAAGTCC-31015840
 Reverse 51015840-ACAGCCGTGGCAGAACTA-31015840
 iNOS Forward 51015840-ACCACTCGTACTTGGGATGC-31015840
 Reverse 51015840-CACCTTGGAGTTCACCCAGT-31015840
 IL-1120573 Forward 51015840-TGTGATGTTCCCATTAGAC-31015840
 Reverse 51015840-AATACCACTTGTTGGCTTA-31015840
 IL-6 Forward 51015840-CCCAACTTCCAATGCTCTCCTAAT-31015840
 Reverse 51015840-GCACACTAGGTTTGCCGAGTAGACC-31015840
 TNF-120572 Forward 51015840-GTGATCGGTCCCAACAAG-31015840
 Reverse 51015840-ATCGGGTGCAGCATCGTT-31015840
 MCP-1 Forward 51015840-CTCTCTTCCTCCACCACTATGC-31015840
 Reverse 51015840-GTGGGGCATTAACTGCATCTG-31015840
 MIP-1120572 Forward 51015840-TCCACCACTGCCCTTGCT-31015840
 Reverse 51015840-CGTCCATAGGAGAAGCAGCA-31015840
 TGF-1205731 Forward 51015840-CTCCCGTGGCTTCTAGTGC-31015840
 Reverse 51015840-GCCTTAGTTTGGACAGGATCTG-31015840
 FGF7 Forward 51015840-TCTATAATGCGCAAATGGATACTGA-31015840
 Reverse 51015840-CGAGGTGGAAGCACGGTCT-31015840
 VEGF Forward 51015840-GGGCTGCTGCAATGATGAA-31015840
 Reverse 51015840-TCCGCATGATCTGCATAGTGA-31015840
 120572-SMA Forward 51015840-AGCATCCGACCTTGCTAACG-31015840
 Reverse 51015840-CATACATGGCAGGGACATTGAA-31015840
 Col-1 Forward 51015840-GTGGAAATGATGGTGCTACT-31015840
 Reverse 51015840-TTAGCACCAGTGTCTCCTTT-31015840
 GAPDH Forward 51015840-GTATTGGGCGCCTGGTCACC-31015840
 Reverse 51015840-CGCTCCTGGAAGATGGTGATGG-31015840
 to the manufacturerrsquos instructions NOx concentrations havebeen expressed in 120583molL [17]The levels of serum nitrotyro-sine were determined using an ELISA kit (ImmundiagnostikAG Bensheim Germany) [18] Nitrotyrosine concentrationshave been expressed in nM
 27 Serum Levels of Oxidative Stress Measurement of serumreactive oxygen metabolites (ROMs) levels was performedusing photometric quantification as previously reported [19]according to the manufacturerrsquos instructions (Diacron Inter-national Grosseto Italy) ROM tests are expressed in relativeunits where one Carratelli unit (CARR U) is equivalentto 008mgdL of a hydrogen peroxide solution To deter-mine total serum antioxidant capacity the OXY-adsorbenttests were performed using a spectrophotometer (DiacronInternational) for all samples [19] This test evaluates thecapacity of serum to oppose the massive oxidative actionof a hypochlorous acid (HClO) solution total antioxidantcapacity was expressed in terms of HClO consumed by 1mLof sample (lmolHClOmL)
 28 Serum Levels of Proinflammatory Cytokines All serumsamples analyzed for proinflammatory cytokineswere filteredthrough a 022120583m spin filter Multiplex bead-based kits (Bio-Rad) were used to measure the concentrations of proinflam-matory cytokines (IL-1120573 IL-6 and TNF-120572) in serum Thecytokines were measured in a 96-well plate using 50 120583L ofserum per well The standards and samples were assayed on aBio-Plex 200 system (Bio-Rad) plates were washed with theBio-Plex Pro wash station (Bio-Rad) for magnetic beads asreported earlier [20] Samples were analyzed and standardcurves were generated using the Bio-Plex Manager version50 software (Bio-Rad)
 29 Statistical Analysis All data were expressed as mean plusmnstandard error of the mean (SEM) For statistical analysisdifferences between groups were analyzed with the Mann-Whitney 119880 test using IBM SPSS statistics version 19 (SPSSInc Tokyo Japan) A 119901 value less than 005 was consideredstatistically significant A sample size of 6 per group wasrequired to detect significant differences based on the resultsof a previous study [21]
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 Figure 2 Effects of hydrogen-rich water on the expression of genes involved in the Nrf2antioxidant defense pathway in rat palatal tissueRelative mRNA levels of (a) Nrf2 (b) HO-1 and (c) NQO-1 were determined by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001significantly different from control group at each time point
 3 Results
 31 Palatal Wound Closure and General CharacteristicsTherewere no significant differences between the groupswithrespect to food consumption body weight or growth pat-terns during the experimental period Photographs of palatalwound creation and healing in rats are shown in Figures1(a) 1(b) and 1(c) In this model clinical examination ofwounds showed gradual healing in a time-dependentmannerin all groups The time course of palatal wound closure foreach group at 1 2 3 and 7 days after treatment is shown inFigure 1(d)There were no significant differences between thegroups at 1 and 2 days However the rates of wound closureof the HW group were significantly higher than those of thecontrol group at both 3 and 7 days after treatment (119901 lt 001)
 Acceleration of the wound healing process was observed inthe HW group which consumed hydrogen-rich water
 32 Effects of Hydrogen-Rich Water on the Nrf2AntioxidantDefense Pathway The Nrf2 mRNA expression levels weresignificantly higher in rat palatal tissue with hydrogen-richwater intake than in palatal tissue of the control group(119901 lt 005 119901 lt 001) (Figure 2(a)) The HW groupat 7 days after treatment displayed a further increase inNrf2 expression versus 3 days (Figure 2(a)) Additionallythe mRNA expression of HO-1 had significantly increasedat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 2(b)) The mRNA expression levels of NQO-1 whichis known to be induced by Nrf2 were markedly higher in
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 Figure 3 Effects of hydrogen-rich water on iNOS expression in rat palatal tissue (a) Relative mRNA levels of iNOS were detected by real-time PCR Bars represent mRNA expression levels normalized to GAPDH levels and relative to the control group at 3 days (b) Representativewestern blots are shown for iNOS and 120573-actin (c) Densitometry results for the bands (iNOS) were normalized to those for 120573-actin Data areexpressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 the HW group than in the control group at both 3 and 7 days(119901 lt 001) (Figure 2(c)) These data suggest that hydrogen-richwater intake promoted the upregulation of the expressionof antioxidant defense genes by activating the Nrf2 pathway
 33 Effects of Hydrogen-RichWater on iNOS in Rat Palatal Tis-sue The mRNA expression of iNOS in rats with hydrogen-rich water intake was lower than that in the control group atboth 3 and 7 days after treatment (119901 lt 005) (Figure 3(a))Western blot analysis indicated that iNOS protein expressionwas attenuated in the HW group (Figure 3(b)) Furthermorerats in theHWgroup exhibited significantly suppressed iNOSprotein expression at both 3 and 7 days after treatment (119901 lt005 119901 lt 001) (Figure 3(c)) Taken together the results indi-cate that activation of the Nrf2antioxidant defense pathwayreduced iNOS expression in rat palatal tissue
 34 Levels of Nitrosative and Oxidative Stress Biomarkersin Serum We assessed whether hydrogen-rich water intake
 regulated systemic nitrosative stress Levels of nitrosativestress biomarkers such as NOx were markedly lower in ratswith hydrogen-rich water intake than in control rats at both 3and 7 days after treatment (119901 lt 001) (Figure 4(a))Moreoverserum levels of nitrotyrosine significantly decreased in theHW group at 3 and 7 days (119901 lt 005 119901 lt 001) (Figure 4(b))
 To evaluate the effects of hydrogen-richwater on systemicoxidative stress we measured biomarkers of oxidative stresssuch as ROM and OXY Serum levels of ROM a reliablebiomarker of circulating ROS were significantly lowered byintake of hydrogen-rich water at 3 and 7 days after treatment(119901 lt 005 119901 lt 001) (Figure 4(c)) Moreover levels ofantioxidant capacity such as OXY in the HW group weremarkedly higher than those of the control group at 3 and 7days after treatment (119901 lt 005 119901 lt 001) (Figure 4(d))Theseresults indicate that hydrogen-rich water intake reducedsystemic nitrosative and oxidative stresses by the activationof antioxidant activity
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 Figure 4 Levels of nitrosative and oxidative stress biomarkers in serum (a) NOx was quantified by the nitritenitrate colorimetric assayusing the Griess reaction and (b) nitrotyrosine (NT) was quantified by ELISA (c) ROM and (d) OXY were quantified using photometricquantification Data are expressed as means plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each timepoint
 35 Effects of Hydrogen-Rich Water on ProinflammatoryCytokines and Chemokines in Rat Palatal Tissue Using real-time PCR we found that theHWgroup had lower proinflam-matory cytokine expression levels in rat palatal tissue thanthe control group (Figures 5(a) 5(b) and 5(c)) Specificallythe expression of IL-6 and TNF-120572was significantly lower at 3and 7 days after treatment (119901 lt 005 119901 lt 001) (Figures 5(b)and 5(c)) In contrast the expression levels of chemokines inthe HW group were only significantly suppressed at 3 days(119901 lt 005) (Figures 5(d) and 5(e)) These results indicatethat hydrogen-rich water intake suppressed the expression ofinflammatory cytokines and chemokines
 36 Effects of Hydrogen-Rich Water on the Expression ofHealing-Associated Genes in Rat Palatal Tissue The geneexpression of TGF-1205731 FGF7 VEGF and 120572-SMA was higherin the HW group than the control group at 3 days after
 treatment (119901 lt 005) (Figures 6(a) 6(b) 6(c) and 6(d)) TheHW group exhibited significantly upregulated expression ofFGF7 mRNA as compared to that in the periodontitis groupat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 6(b)) Although no significant difference in type 1collagen levels was observed between the groups borderlinesignificantly higher levels were observed in the HW group at3 days (Figure 6(e)) These data suggest that hydrogen-richwater intake promotes the expression of healing-associatedgenes in rat palatal tissue
 37 Effects of Hydrogen-Rich Water on Systemic Levels ofProinflammatory Cytokines The serum levels of the proin-flammatory cytokines IL-1120573 IL-6 and TNF-120572 were ana-lyzed using a multiplex bead-based system In rats drinkinghydrogen-rich water serum IL-1120573 IL-6 and TNF-120572 levelswere significantly lower than those of the control group at 3
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 Figure 2 Effects of hydrogen-rich water on the expression of genes involved in the Nrf2antioxidant defense pathway in rat palatal tissueRelative mRNA levels of (a) Nrf2 (b) HO-1 and (c) NQO-1 were determined by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001significantly different from control group at each time point
 3 Results
 31 Palatal Wound Closure and General CharacteristicsTherewere no significant differences between the groupswithrespect to food consumption body weight or growth pat-terns during the experimental period Photographs of palatalwound creation and healing in rats are shown in Figures1(a) 1(b) and 1(c) In this model clinical examination ofwounds showed gradual healing in a time-dependentmannerin all groups The time course of palatal wound closure foreach group at 1 2 3 and 7 days after treatment is shown inFigure 1(d)There were no significant differences between thegroups at 1 and 2 days However the rates of wound closureof the HW group were significantly higher than those of thecontrol group at both 3 and 7 days after treatment (119901 lt 001)
 Acceleration of the wound healing process was observed inthe HW group which consumed hydrogen-rich water
 32 Effects of Hydrogen-Rich Water on the Nrf2AntioxidantDefense Pathway The Nrf2 mRNA expression levels weresignificantly higher in rat palatal tissue with hydrogen-richwater intake than in palatal tissue of the control group(119901 lt 005 119901 lt 001) (Figure 2(a)) The HW groupat 7 days after treatment displayed a further increase inNrf2 expression versus 3 days (Figure 2(a)) Additionallythe mRNA expression of HO-1 had significantly increasedat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 2(b)) The mRNA expression levels of NQO-1 whichis known to be induced by Nrf2 were markedly higher in
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 Figure 3 Effects of hydrogen-rich water on iNOS expression in rat palatal tissue (a) Relative mRNA levels of iNOS were detected by real-time PCR Bars represent mRNA expression levels normalized to GAPDH levels and relative to the control group at 3 days (b) Representativewestern blots are shown for iNOS and 120573-actin (c) Densitometry results for the bands (iNOS) were normalized to those for 120573-actin Data areexpressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 the HW group than in the control group at both 3 and 7 days(119901 lt 001) (Figure 2(c)) These data suggest that hydrogen-richwater intake promoted the upregulation of the expressionof antioxidant defense genes by activating the Nrf2 pathway
 33 Effects of Hydrogen-RichWater on iNOS in Rat Palatal Tis-sue The mRNA expression of iNOS in rats with hydrogen-rich water intake was lower than that in the control group atboth 3 and 7 days after treatment (119901 lt 005) (Figure 3(a))Western blot analysis indicated that iNOS protein expressionwas attenuated in the HW group (Figure 3(b)) Furthermorerats in theHWgroup exhibited significantly suppressed iNOSprotein expression at both 3 and 7 days after treatment (119901 lt005 119901 lt 001) (Figure 3(c)) Taken together the results indi-cate that activation of the Nrf2antioxidant defense pathwayreduced iNOS expression in rat palatal tissue
 34 Levels of Nitrosative and Oxidative Stress Biomarkersin Serum We assessed whether hydrogen-rich water intake
 regulated systemic nitrosative stress Levels of nitrosativestress biomarkers such as NOx were markedly lower in ratswith hydrogen-rich water intake than in control rats at both 3and 7 days after treatment (119901 lt 001) (Figure 4(a))Moreoverserum levels of nitrotyrosine significantly decreased in theHW group at 3 and 7 days (119901 lt 005 119901 lt 001) (Figure 4(b))
 To evaluate the effects of hydrogen-richwater on systemicoxidative stress we measured biomarkers of oxidative stresssuch as ROM and OXY Serum levels of ROM a reliablebiomarker of circulating ROS were significantly lowered byintake of hydrogen-rich water at 3 and 7 days after treatment(119901 lt 005 119901 lt 001) (Figure 4(c)) Moreover levels ofantioxidant capacity such as OXY in the HW group weremarkedly higher than those of the control group at 3 and 7days after treatment (119901 lt 005 119901 lt 001) (Figure 4(d))Theseresults indicate that hydrogen-rich water intake reducedsystemic nitrosative and oxidative stresses by the activationof antioxidant activity
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 Figure 4 Levels of nitrosative and oxidative stress biomarkers in serum (a) NOx was quantified by the nitritenitrate colorimetric assayusing the Griess reaction and (b) nitrotyrosine (NT) was quantified by ELISA (c) ROM and (d) OXY were quantified using photometricquantification Data are expressed as means plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each timepoint
 35 Effects of Hydrogen-Rich Water on ProinflammatoryCytokines and Chemokines in Rat Palatal Tissue Using real-time PCR we found that theHWgroup had lower proinflam-matory cytokine expression levels in rat palatal tissue thanthe control group (Figures 5(a) 5(b) and 5(c)) Specificallythe expression of IL-6 and TNF-120572was significantly lower at 3and 7 days after treatment (119901 lt 005 119901 lt 001) (Figures 5(b)and 5(c)) In contrast the expression levels of chemokines inthe HW group were only significantly suppressed at 3 days(119901 lt 005) (Figures 5(d) and 5(e)) These results indicatethat hydrogen-rich water intake suppressed the expression ofinflammatory cytokines and chemokines
 36 Effects of Hydrogen-Rich Water on the Expression ofHealing-Associated Genes in Rat Palatal Tissue The geneexpression of TGF-1205731 FGF7 VEGF and 120572-SMA was higherin the HW group than the control group at 3 days after
 treatment (119901 lt 005) (Figures 6(a) 6(b) 6(c) and 6(d)) TheHW group exhibited significantly upregulated expression ofFGF7 mRNA as compared to that in the periodontitis groupat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 6(b)) Although no significant difference in type 1collagen levels was observed between the groups borderlinesignificantly higher levels were observed in the HW group at3 days (Figure 6(e)) These data suggest that hydrogen-richwater intake promotes the expression of healing-associatedgenes in rat palatal tissue
 37 Effects of Hydrogen-Rich Water on Systemic Levels ofProinflammatory Cytokines The serum levels of the proin-flammatory cytokines IL-1120573 IL-6 and TNF-120572 were ana-lyzed using a multiplex bead-based system In rats drinkinghydrogen-rich water serum IL-1120573 IL-6 and TNF-120572 levelswere significantly lower than those of the control group at 3
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 Figure 3 Effects of hydrogen-rich water on iNOS expression in rat palatal tissue (a) Relative mRNA levels of iNOS were detected by real-time PCR Bars represent mRNA expression levels normalized to GAPDH levels and relative to the control group at 3 days (b) Representativewestern blots are shown for iNOS and 120573-actin (c) Densitometry results for the bands (iNOS) were normalized to those for 120573-actin Data areexpressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 the HW group than in the control group at both 3 and 7 days(119901 lt 001) (Figure 2(c)) These data suggest that hydrogen-richwater intake promoted the upregulation of the expressionof antioxidant defense genes by activating the Nrf2 pathway
 33 Effects of Hydrogen-RichWater on iNOS in Rat Palatal Tis-sue The mRNA expression of iNOS in rats with hydrogen-rich water intake was lower than that in the control group atboth 3 and 7 days after treatment (119901 lt 005) (Figure 3(a))Western blot analysis indicated that iNOS protein expressionwas attenuated in the HW group (Figure 3(b)) Furthermorerats in theHWgroup exhibited significantly suppressed iNOSprotein expression at both 3 and 7 days after treatment (119901 lt005 119901 lt 001) (Figure 3(c)) Taken together the results indi-cate that activation of the Nrf2antioxidant defense pathwayreduced iNOS expression in rat palatal tissue
 34 Levels of Nitrosative and Oxidative Stress Biomarkersin Serum We assessed whether hydrogen-rich water intake
 regulated systemic nitrosative stress Levels of nitrosativestress biomarkers such as NOx were markedly lower in ratswith hydrogen-rich water intake than in control rats at both 3and 7 days after treatment (119901 lt 001) (Figure 4(a))Moreoverserum levels of nitrotyrosine significantly decreased in theHW group at 3 and 7 days (119901 lt 005 119901 lt 001) (Figure 4(b))
 To evaluate the effects of hydrogen-richwater on systemicoxidative stress we measured biomarkers of oxidative stresssuch as ROM and OXY Serum levels of ROM a reliablebiomarker of circulating ROS were significantly lowered byintake of hydrogen-rich water at 3 and 7 days after treatment(119901 lt 005 119901 lt 001) (Figure 4(c)) Moreover levels ofantioxidant capacity such as OXY in the HW group weremarkedly higher than those of the control group at 3 and 7days after treatment (119901 lt 005 119901 lt 001) (Figure 4(d))Theseresults indicate that hydrogen-rich water intake reducedsystemic nitrosative and oxidative stresses by the activationof antioxidant activity
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 Figure 4 Levels of nitrosative and oxidative stress biomarkers in serum (a) NOx was quantified by the nitritenitrate colorimetric assayusing the Griess reaction and (b) nitrotyrosine (NT) was quantified by ELISA (c) ROM and (d) OXY were quantified using photometricquantification Data are expressed as means plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each timepoint
 35 Effects of Hydrogen-Rich Water on ProinflammatoryCytokines and Chemokines in Rat Palatal Tissue Using real-time PCR we found that theHWgroup had lower proinflam-matory cytokine expression levels in rat palatal tissue thanthe control group (Figures 5(a) 5(b) and 5(c)) Specificallythe expression of IL-6 and TNF-120572was significantly lower at 3and 7 days after treatment (119901 lt 005 119901 lt 001) (Figures 5(b)and 5(c)) In contrast the expression levels of chemokines inthe HW group were only significantly suppressed at 3 days(119901 lt 005) (Figures 5(d) and 5(e)) These results indicatethat hydrogen-rich water intake suppressed the expression ofinflammatory cytokines and chemokines
 36 Effects of Hydrogen-Rich Water on the Expression ofHealing-Associated Genes in Rat Palatal Tissue The geneexpression of TGF-1205731 FGF7 VEGF and 120572-SMA was higherin the HW group than the control group at 3 days after
 treatment (119901 lt 005) (Figures 6(a) 6(b) 6(c) and 6(d)) TheHW group exhibited significantly upregulated expression ofFGF7 mRNA as compared to that in the periodontitis groupat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 6(b)) Although no significant difference in type 1collagen levels was observed between the groups borderlinesignificantly higher levels were observed in the HW group at3 days (Figure 6(e)) These data suggest that hydrogen-richwater intake promotes the expression of healing-associatedgenes in rat palatal tissue
 37 Effects of Hydrogen-Rich Water on Systemic Levels ofProinflammatory Cytokines The serum levels of the proin-flammatory cytokines IL-1120573 IL-6 and TNF-120572 were ana-lyzed using a multiplex bead-based system In rats drinkinghydrogen-rich water serum IL-1120573 IL-6 and TNF-120572 levelswere significantly lower than those of the control group at 3
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 Figure 4 Levels of nitrosative and oxidative stress biomarkers in serum (a) NOx was quantified by the nitritenitrate colorimetric assayusing the Griess reaction and (b) nitrotyrosine (NT) was quantified by ELISA (c) ROM and (d) OXY were quantified using photometricquantification Data are expressed as means plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each timepoint
 35 Effects of Hydrogen-Rich Water on ProinflammatoryCytokines and Chemokines in Rat Palatal Tissue Using real-time PCR we found that theHWgroup had lower proinflam-matory cytokine expression levels in rat palatal tissue thanthe control group (Figures 5(a) 5(b) and 5(c)) Specificallythe expression of IL-6 and TNF-120572was significantly lower at 3and 7 days after treatment (119901 lt 005 119901 lt 001) (Figures 5(b)and 5(c)) In contrast the expression levels of chemokines inthe HW group were only significantly suppressed at 3 days(119901 lt 005) (Figures 5(d) and 5(e)) These results indicatethat hydrogen-rich water intake suppressed the expression ofinflammatory cytokines and chemokines
 36 Effects of Hydrogen-Rich Water on the Expression ofHealing-Associated Genes in Rat Palatal Tissue The geneexpression of TGF-1205731 FGF7 VEGF and 120572-SMA was higherin the HW group than the control group at 3 days after
 treatment (119901 lt 005) (Figures 6(a) 6(b) 6(c) and 6(d)) TheHW group exhibited significantly upregulated expression ofFGF7 mRNA as compared to that in the periodontitis groupat both 3 and 7 days after treatment (119901 lt 005 119901 lt 001)(Figure 6(b)) Although no significant difference in type 1collagen levels was observed between the groups borderlinesignificantly higher levels were observed in the HW group at3 days (Figure 6(e)) These data suggest that hydrogen-richwater intake promotes the expression of healing-associatedgenes in rat palatal tissue
 37 Effects of Hydrogen-Rich Water on Systemic Levels ofProinflammatory Cytokines The serum levels of the proin-flammatory cytokines IL-1120573 IL-6 and TNF-120572 were ana-lyzed using a multiplex bead-based system In rats drinkinghydrogen-rich water serum IL-1120573 IL-6 and TNF-120572 levelswere significantly lower than those of the control group at 3
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
  10 Oxidative Medicine and Cellular Longevity
 ControlHW
 0
 50
 100
 150
 200
 250
 lowastlowast
 3 7(days)
 Seru
 m IL
 -1120573
 (pg
 mL)
 Serum IL-1120573
 (a)
 ControlHW
 0
 5
 10
 15
 20
 Seru
 m IL
 -6 (p
 gm
 L)
 Serum IL-6
 lowast
 3 7(days)
 (b)
 ControlHW
 0
 10
 20
 30
 40
 50
 60
 70
 lowast
 3 7(days)
 Serum TNF-120572
 Seru
 m T
 NF-120572
 (pg
 mL)
 (c)
 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
  Oxidative Medicine and Cellular Longevity 11
 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 Figure 5 Effects of hydrogen-rich water on proinflammatory cytokines and chemokine expression in rat palatal tissue Relative mRNAlevels were detected for (a) IL-1120573 (b) IL-6 (c) TNF-120572 (d) MCP-1 and (e) MIP-1120572 by real-time PCR Bars represent mRNA expression levelsnormalized to GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 daysare shown Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
  Oxidative Medicine and Cellular Longevity 11
 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 Figure 6 Effects of hydrogen-richwater on the expression of healing-associated genes in rat palatal tissue RelativemRNA levelswere detectedfor (a) TGF-1205731 (b) FGF7 (c) VEGF (d) 120572-SMA and (e) type 1 collagen by real-time PCR Bars represent mRNA expression levels normalizedto GAPDH levels and relative to the control group at 3 days after treatment Comparisons within each time point at 3 and 7 days are shownData are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from control group at each time point
 days after treatment (119901 lt 005119901 lt 001) (Figure 7) Howeverno significant differences in IL-1120573 IL-6 and TNF-120572 levelswere observed between the groups a trend toward lowerlevels was observed in the HW group at 7 days (Figure 7)These data suggest that hydrogen-rich water lowers systemiclevels of proinflammatory cytokines
 4 Discussion
 The palatal excisional used to wound rats in this studywas chosen for its clinical reproducibility Many studiesused this model to investigate intraoral wound healing orfactors that could affect it Furthermore we showed thatthe wound healing process was accelerated by the admin-istration of hydrogen-rich water To elucidate the mecha-nisms of wound healing we focused on the antioxidant andanti-inflammatory effects of molecular hydrogen in the ratpalatal wound model Hydrogen-rich water intake promoted
 the upregulation of antioxidant defense genes through acti-vation of the Nrf2 pathway and the consequent reducediNOS expression in palatal tissue Systemic oxidative andnitrosative stresses decreased because of activation of theantioxidant activity bymolecular hydrogenOur findings alsoindicated that hydrogen-rich water intake reduced local andsystemic proinflammatory cytokine levels and promoted theexpression of healing-associated genes in the rat palatal tis-sue Taken together these results demonstrate that molecularhydrogen intake can promote the oral wound healing processin rats by activating the Nrf2antioxidant defense pathway
 Wound healing is known to be a highly ordered andwell-coordinated process that involves inflammation cellproliferation matrix deposition and tissue remodeling [22]The inflammatory phase is characterized by the formation ofa blood clot caused by the disruption of blood vessels andextravasation of blood constituents In addition chemokinefamily members including MCP-1 and MIP-1120572 play
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
  Oxidative Medicine and Cellular Longevity 11
 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 Figure 7 Effects of hydrogen-rich water on proinflammatory cytokine concentrations in serum (a) IL-1120573 (b) IL-6 and (c) TNF-120572 werequantified with a multiplex bead assay Data are expressed as mean plusmn SEM (119899 = 6) lowast119901 lt 005 lowastlowast119901 lt 001 significantly different from controlgroup at each time point
 the important role of mediating infiltration of inflammatorycells such as monocytes and macrophages into healingwounds [23] TGF-120573 signaling also plays an important roleduring the wound healing process TGF-1205731 was found tofacilitate the expression of 120572-SMA a major mediator ofwound contraction [24] Since TGF-1205731 signaling has beenimplicated in collagen deposition TGF-1205731 is also importantin multiple aspects of wound healing including epithelialgrowth vascular endothelial growth and collagen deposition[25] FGF7 is known to regulate genes that encode cytoprotec-tive mediators [26] and the transcription factor Nrf2 inaddition to the antioxidant enzyme gene targets of Nrf2 [27]Interestingly a recombinant form of FGF7 is used clinicallyin the treatment of oral mucositis [28] These results wereconsistent with previously mentioned findings hydrogen-rich water intake suppressed the expression of the proinflam-matory cytokines MCP-1 and MIP-1 whereas it enhancedthe expression of healing-associated genes such as TGF-1205731FGF7 VEGF and 120572-SMA in this study
 Molecular hydrogen is the simplest element in nature andis of therapeutic and preventive interest because of its biologi-cal activities including its antioxidant and anti-inflammatoryactivities in most tissues of model animals [9] There are anumber of advantages of hydrogen as a potential antioxidantit is mild enough not to disturb metabolic redox reactions orto affect ROS which functions in cell signaling and it also hasfavorable distribution characteristics with respect to its phys-ical ability to penetrate biomembranes and diffuse throughbarriers into cellular components [6] Molecular hydrogenhas also been reported to reduce the levels of proinflamma-tory cytokines and suppress inflammation in many experi-mental model animals [9] Recently hydrogen-rich water acolorless and odorless liquid was found to possess strongantioxidant and anti-inflammatory activity [29] The mainconcept behind using hydrogen-rich water to promotewound healing in this study is that molecular hydrogenreduces ROS levels and inflammation Our present studyindicates that oral administration of hydrogen-rich water has
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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 beneficial effects in a rat palatal wound model It is con-ceivable that orally administered molecular hydrogen couldimprove local redox balance as well as decrease circulatingoxidative stress
 Although there are several ways to ingest or con-sume molecular hydrogen including inhalation of hydro-gen gas drinking hydrogen-dissolved water (hydrogen-richwater) and injecting hydrogen-dissolved saline are preferredapproaches Because inhalation of hydrogen gas or injectionof hydrogen-dissolved saline may be unsuitable or imprac-tical for continuous molecular hydrogen consumption indaily life for preventive use we chose to examine hydrogen-rich water consumption in our present study Hydrogen-richwater is a particularly promising mean to ingest molecularhydrogen since it is portable easily administered and safeand does not affect the taste smell or pH of foods and drinksHydrogen-rich water can be obtained by several methodsinfusing hydrogen gas into water under high pressure elec-trolyzing water to produce hydrogen and reacting metalor hydride with water These methods could be useful forapplication to not only water but also other solvents Sincemolecular hydrogen is a very small molecule it is easilylost and penetrates the glass and plastic walls of any vesselin a short time Therefore hydrogen-rich water had to beprepared every day for this study Consequently we preparedhydrogen-rich water just before administration and changedthe water twice a day in a closed glass vessel equipped with anoutlet line containing two ball bearings which kept the waterfrom being degassed
 Nrf2 is the master regulator of antioxidant responseelements and modulates the expression of defense genesassociated with protection against injuries and diseases [30]Activated Nrf2 in the cytoplasm translocates to the nucleuswhere it binds to promoters and upregulates the expression ofphase 2 enzymes such as HO-1 and NQO-1 Intriguingly theNrf2-mediated defense system has been reported to play cru-cial roles in wound healing in some tissues [27 31] Further-more HO-1 an anti-inflammatory and antioxidant enzymewas also suggested to be associated with wound healing inhumans [32] The expression of HO-1 is appreciated to cat-alyze heme into equimolar quantities of biliverdin (reducedsubsequently to bilirubin through biliverdin reductase)which frees ferrous iron and carbon monoxide [33] therebynegatively regulating iNOS through both carbon monoxide-mediated inactivation of iNOS and ferrous iron ion inhibitionof iNOS transcription [34] Recently accumulating evidencesuggests that molecular hydrogen promotes the upregulationof Nrf2 in lung tissue [8] Additionally hydrogen-inducedenhancement of Nrf2 expression significantly increased theexpression of HO-1 and NQO-1 [8] As hydrogen-rich waterintake was shown to activate the Nrf2antioxidant pathwaywe measured the expression of Nrf2 HO-1 NQO-1 andiNOS In our experiment enhancement of the expression ofNrf2 was observed in the palatal tissue of the rats adminis-tered hydrogen-rich water Moreover the activation of Nrf2elevated the expression of HO-1 and NQO-1 and reducediNOS expression as determined using real-time PCR andwestern blotting of palatal tissue samples
 The peripheral blood marker ROM is reported to beuseful as a reliable indicator of circulating ROS [35] Analysisof ROM helps determine the overall oxidant capacity inblood which in turn reflects the level of ROS fromwhich theywere formed Several studies have indicated the existence ofa relationship between systemic levels of ROM and systemicdisease states Because of inflammation serum levels ofROM also increase in periodontitis patients [36] Addi-tionally administration of hydrogen-rich water decreasesperiodontitis-induced systemic ROM which in turn inhibitsinflammation [26] It is known thatNO and nitrotyrosine lev-els significantly increase in wounds and wounded tissue [37]NO which is produced by nitric oxide synthase through theoxidation of l-arginine is a secondarymessenger involved invarious physiopathological processes and is readily oxidizedto nitrite (NO
 2) Furthermore NO
 2can be oxidized to nitrate
 (NO3) The total levels of nitrite and nitrate in blood are gen-
 erally used for monitoring NOx [38] Additionally peroxyni-trite a highly reactive oxidant formed by the combination ofnitric oxide and superoxide can nitrosylate tyrosine residuesof proteins to produce nitrotyrosine residues Recently sev-eral methods have become available to evaluate total antioxi-dant status in the blood In this study systemic antioxidantcapacity was measured by spectrophotometric estimationusing the OXY-adsorbent test which tests the samplersquos abilityto oppose the massive oxidative action of a hypochlorousacid solution [39] The data from this study showed that oraladministration of hydrogen-rich water markedly activatedantioxidant capacity and consequently reduced systemicoxidative and nitrosative stresses It is therefore possible thatmolecular hydrogen accelerates thewound healing process byinhibiting systemic oxidative and nitrosative stresses
 This study has a limitation While clinical photographsof palatal wounds were taken with a digital camera nohistological or immunohistochemical analysis using a lightmicroscope was presented Further detailed investigationssuch as histological analyses for defining how hydrogen-richwater modulates palatal wounds would be needed to improvethe reliability of our notion
 5 Conclusions
 In conclusion drinking hydrogen-rich water exhibited mul-tiple beneficial effects in the rat palatal wound modelthrough activation of the Nrf2antioxidant defense pathwayThe results of this study support the hypothesis that oraladministration of hydrogen-rich water would be beneficialduring the wound healing process by decreasing oxidativestress and inflammatory responses
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