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Abstract

:

Hypohydration is linked to increased risk of a variety of diseases and can be life-threatening, especially in elderly populations. Dehydration induces cellular damage partially through the production of reactive oxygen species (ROS) in cells, tissues and organs. Hydrogen molecules are known to convert ROS to harmless water. Therefore, theoretically hydrogen-rich water (HW) might eliminate dehydration-induced ROS and reverse its harmful effects in cells. In this in vitro study, we demonstrated that air-drying for 5 min could induce ROS generation in both nucleus and cytoplasm of human keratinocytes HaCaT as quantified by CellROX® Green/Orange reagents (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.), respectively. Conversely, when the air-drying time was increased to 10 and 20 min, HaCaT cells lost the ability to produce ROS. Scanning electron microscopic (SEM) images showed that 10 min air-drying could induce severe membrane damage in HaCaT cells. PrestoBlue assay showed that, when HaCaT cells were air-dried for 20 min, cell viability was decreased to 27.6% of the control cells 48 h later. However, once HaCaT cells were pretreated with HW-prepared media, dehydration-induced intracellular ROS, cell membrane damage and cell death were significantly reduced as compared with double distilled water (DDW) under the same conditions. In conclusion, our data suggested that HW can decrease dehydration-induced harmful effects in human cells partially through its antioxidant capacity.
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1. Introduction


Dehydration leads to hypohydration, which occurs when an organism does not have enough water to carry out its normal functions. During water depletion, the formation of intracellular reactive oxygen species (ROS) increases. Over produced ROS result in lipid peroxidation, denaturation of proteins and nucleic acid alteration. These oxidative lesions consequently induce severe damage to cells both in vitro and in vivo [1]. Skin epidermis is the first barrier to protect the body from dehydration. This barrier function is mainly provided by keratinocytes, the major cells of epidermis [2]. However, little is known about dehydration-induced pathological changes in keratinocytes at cellular and molecular levels.



Superoxide anion (O2•−), hydroxyl radicals (•OH) and hydrogen peroxide (H2O2) are the well-known toxic chemical species of ROS. As a novel antioxidant, molecular hydrogen (H2) can convert the toxic ROS, hydroxyl radicals, superoxide anion, and hydrogen peroxide to harmless water (2•OH + H2 → 2H2O, O2•− + 2H2 → 2H2O, H2O2 + H2 → 2H2O) [3,4,5]. Therefore, theoretically hydrogen not only eliminates dehydration-generated intracellular ROS but also supplies water to cells. In 2007, Ohsawa et al. reported that hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals in both cultured cells and a rat model of ischemia [6]. Since then, the biological activities of hydrogen gas and hydrogen-rich water (HW) have been considerably studied in human subjects, animal models and cultured cells. Results from randomized controlled clinical trials showed that daily administration of HW could improve lipid metabolism and insulin resistance in patients with type 2 diabetes [7]. In heathy adults, drinking HW could increase serum antioxidant capacity, inflammatory responses [8], enhance endurance and relieve psychometric fatigue during exercise [9]. In vivo studies showed that drinking HW could improve senescence-related neurodegenerative diseases in animal models [10,11]. In our previous in vitro studies, we have demonstrated that hydrogen-rich water (HW) could reduce oxidants (such as H2O2 and cumene hydroperoxide)-induced ROS generation and harmful effects in human fibroblasts and keratinocytes [4]. Hydrogen-generating silica material could suppress UVA-induced oxidative stress, cell death and collagen loss in three dimensional skin equivalents [5]. Moreover, hydrogen nano-bubble water showed inhibitory effects on phorbol-myristate-acetate (PMA; an inducer of endogenous superoxide anion and hydrogen peroxide)-induced inflammatory cytokines secretion in adipocytes [12]. This evidence suggests that HW can protect skin keratinocytes from dehydration-induced cellular oxidative stress and injuries. However, up to date, the effects of HW on dehydration-induced injuries in cultured cells have yet to be investigated. In the present study, we are the first to investigate protective effects of HW on dehydration-induced harmful effects to cell morphology, membrane integrity and cell viability in human keratinocytes.




2. Materials and Methods


2.1. Hydrogen-Rich Water Preparation


Hydrogen-rich water was prepared with a hydrogen water server (Gaura Mini, Gaura Inc., Tokyo, Japan). The concentrations of dissolved hydrogen (DH) in water were detected with both a polarographic diaphragm type device with dissolved hydrogen-selective electrode (DH meter, KM2100DH, Kyoei Electronics Research Institute, Saitama, Japan) according to our previous report [4]. The oxidation-reduction potential (ORP) of HW was measured by an ORP electrometer (YK-23RP-ADV, SATOTECH, Kanagawa, Japan). The measurements were performed with the manufacturers’ instructions. To confirm whether temperature change affects the characteristics of HW, we checked DH and ORP in both freshly prepared HW and boiled HW (cooling down to room temperature because the electrometers’ requirement) (Table 1).



For cell treatment, we prepared DMEM medium with HW (Table 2) and found out that the DH in HW-prepared DMEM medium was about 460 µg/L.




2.2. Cell Culture


Immortalized human skin epidermal keratinocytes HaCaT were kindly provided from Professor Norbert E. Fusenig of Deutsches Krebsforschungszentrum (Heidelberg, Germany) [13]. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% FBS, 1% Gibco® GlutaMAX™ Supplement (Thermo Fisher Scientific, Tokyo, Japan), 100 units/mL penicillin and 10 mg/mL streptomycin in a 5% CO2-atmosphere at 37 °C [14].




2.3. Drying Experiment


At 2 h after HaCaT cells being cultivated in HW-DMEM or DDW (deionized distilled water)-DMEM (Table 1), the culture medium was completely sucked up by an air pump (AP-115N, Iwaki, Tokyo, Japan) of speed as high as 13/15 L/min for 5 s. Cells were then left at a room temperature (22–24 °C) under 35–40% moisture for 5, 10 and 20 min. Regular culture media was added to the cell monolayer after drying.




2.4. Giemsa Stain


At the end of cultivation, HaCaT cells were fixed with 100% methanol and stained by Giemsa’s azur-eosin-methylene blue solution (Sigma-Aldrich, Tokyo, Japan). The samples were then observed by a phase-contrast microscope (ECLIPSE Ts2, Nikon, CO., Tokyo, Japan).




2.5. Cell Viability Assay


Cell viability in HaCaT cells were measured by the cell-permeable dye resazurin- based PrestoBlue® Assay according to the manufacturer’s protocol. At the end of cultivation, HaCaT cells were incubated for 3 h at 37 °C with fresh medium supplemented with 10% PrestoBlue® (v/v; A13261, Thermo Fisher Scientific, Waltham, MA, USA). The PrestoBlue® reduction by the cells expressed as fluorescence intensity units was measured by using a microplate reader (SH-9000Lab, HITACHI, Tokyo, Japan) with excitation/emission at 560 nm/590 nm [15].




2.6. Cellular ROS Detection


Immediately after drying, cellular ROS generation in HaCaT cells was detected with the CellROX® Orange or Green Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s recommended protocol. ROS production in cells was observed by the EVOS® FL Cell Imaging System (Thermo Fisher Scientific, Waltham, MA, USA). To quantify the cellular ROS, green and red fluorescence in 50–100 HaCaT cells from at least 10 images were analyzed with an Image J software [4].




2.7. Scanning Electron Microscope Analysis


HaCaT cells were pre-fixed for 90 min in 2% paraformaldehyde and 2.5% glutaraldehyde solution in phosphate buffer (pH 7.4). After being washed with phosphate buffer, specimens were further fixed with 1% osmium tetroxide (OsO4). Samples were then washed with distilled water and dehydrated with ascending grades of ethanol. The specimens were substituted by t-butylalcohol and freeze-dried with a vacuum evaporator. The dried samples were mounted on stubs and then coated with thin layer of gold in a magnetron ion bombarder. The preparations were examined at 5–10 kV using a scanning electron microscope (S-4000, HITACHI, Ltd., Tokyo, Japan) [16,17].




2.8. Statistical Analysis


Statistical analysis was performed according to our previous report [17]. GNU PSPP Statistical Analysis Software (version 0.8.2-gad9374) (https://www.gnu.org/software/pspp/, accessed on 12 December 2021) and EZ Analyze Excel-based tools (http://www.ezanalyze.com/, accessed on 12 December 2021) were used for analyzing data obtained from each experiment. All data, expressed as the mean ± SD were normally distributed. For multiple comparisons among groups, we performed one-way analysis of variance (ANOVA), followed by the post hoc tests (Bonferroni Correction). p < 0.05 was considered showing statistical significance. We independently repeated all experiments 3 more times.





3. Results


3.1. HW Prevents Dehydration-Induced Cell Death in Human Skin Keratinocytes HaCaT


To confirm whether dehydration induces cellular damage in HaCaT cells, we first tested cell viability of HaCaT cells 48 h after air-drying. Figure 1A showed that 5 min air-drying did not cause morphological changes, whereas 10 and 20 min air-drying caused membrane shrinkage in HaCaT cells. At 48 h after air-drying, Giemsa staining showed that 10 and 20 min air-drying markedly reduced cell density around the center of the culture well, especially the 20 min air-drying (Figure 1B). PrestoBlue assay showed that at 48 h after air-drying, cell viabilities of 5, 10 and 20 min air-drying in DDW-pretreated cells were 96.5%, 86.3% (p = 0.001 vs. 0 min) and 27.6% (p < 0.001 vs. 0 min) of the negative control cells (0 min) (Figure 1C). However, when HaCaT cells were pretreated with HW-prepared medium for 2 h, 20 min air-drying-induced morphological changes were significantly relieved, and cell viability was markedly increased to 61.1% of control (p < 0.001). These data suggested that HW could reduce dehydration-induced cell death.




3.2. HW Diminishes 5 min Air-Drying-Induced Intracellular ROS Generation in HaCaT Cells


We further examined whether dehydration induces intracellular ROS generation. As shown in Figure 2, compared to negative control (air-dry 0 min), 5 min air-drying induced massive ROS production both in the nuclei and cytoplasm. Interestingly, when cells were seriously damaged, both nuclei and cytoplasm ROS almost vanished, suggesting that cells lost the ability to produce ROS. Figure 3A,B showed that, as compared to DDW-pretreated cells, intracellular ROS in HW-pretreated cells were more appreciably limited. Results for Image J analysis confirmed that, as compared to the negative control (0 min), in DDW-pretreated cells, the levels of nuclei ROS were 445.6% (air-dry 5 min) (p < 0.001 vs. 0 min), 53.3% (10 min) and 27.5% (20 min) (p < 0.01 vs. 0 min), and cytoplasm ROS were 340.6% (5 min) (p < 0.001 vs. 0 min), 73.6% (10 min) and 65.4% (20 min). HW-pretreatment significantly reduced 5 min air-dry-induced ROS generation to 240.8% (nuclei ROS) (p < 0.01 vs. DDW) and 117.4% (cytoplasm ROS) (p < 0.001 vs. DDW) (Figure 3C). However, 10 and 20 min air-drying reduced ROS generation in both DDW- and HW-pretreated HaCaT cells, suggesting that long time air-dry-induced severe damage deprived their ability to produce ROS.



Cellular ROS in HaCaT cells was immediately detected after air-drying with CellROX® Green and Orange dyes and observed with a fluorescence microscope. Illustration on the top represents procedures of the experiments. Typical fluorescence images of HaCaT cells display that, as compared to cells without air-drying (left panel), 5 min air-dried HaCaT cells produced intracellular ROS. Interestingly, some cells lost their ability to generate ROS because their damage was so serious (yellow arrows). Green, nuclei ROS; red, cytoplasm ROS. Scale bars = 50 µm.
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Figure 3. Effects of HW on hypohydration-induced cellular oxidative stress in HaCaT keratinocytes. Cellular ROS was immediately detected as same as in Figure 2. Illustration on the top represents procedures of the experiments. (A) Typical fluorescence images of HaCaT cells. Green, nuclei ROS; Red, cytoplasm ROS. Scale bars = 20 µm. (B) Scale bars = 10 μm. (C) To quantify the cellular ROS, green and red fluorescence in HaCaT cells were analyzed with an Image J software as described in “Materials and Methods”. **, p < 0.01, ***, p < 0.01. Each bar represents the mean ± SD of three independent experiments. 
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3.3. HW Reduces 10 min Air-Drying-Induced Apoptosis-like Cell Death and Membrane Damage in HaCaT Cells


We noticed that, after 10 and 20 min air-drying, some bleb-/blister-like protrusions appeared in the surface of HaCaT cells. These protrusions continuously existed on the cell surface even 48 h later (Figure 4 upper panel). SEM analysis showed that on the surface of 10 min air-dried HaCaT cells, apoptotic bodies appeared, suggesting that dehydration caused apoptosis-like death. However, in HW-pretreated cells, bleb-like protrusions and apoptotic bodies were more markedly prevented than in DDW-pretreated cells.



SEM analysis further showed that, as compared to the negative control, 5 min air-drying induced the extent membrane-fracture in DDW-pretreated cells. Nevertheless, HW-pretreatment diminished the fracture in HaCaT cells (Figure 5).



These data suggested that HW could reduce dehydration-induced apoptosis-like cell death and membrane damage in HaCaT cells.
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Figure 4. Preventive effects of HW on dehydration-induced apoptosis-like cell death in HaCaT keratinocytes. 
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HaCaT keratinocytes (1 × 104 cells/well) were seeded into micro-cover glasses in a 6-well plate and treated as in Figure 1. Cells were air-dried for 10 min, and then followed by SEM as described in “Materials and Methods”. The illustration on the top represents the procedures of the experiments. The upper panel shows typical phase-contrast microscopic images (scale bars = 15 µm), and the lower panel exhibits SEM images of HaCaT cells 48 h after drying (scale bars = 3 µm), respectively.
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Figure 5. Effects of HW on hypohydration-induced membrane damage in HaCaT keratinocytes. 
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HaCaT cells were prepared as same as in Figure 4. Top panel illustrates procedures of the experiments. Typical SEM images showed the center region of cell membrane in one single HaCaT cell.





4. Discussion


Dehydration is the process of losing water, which leads to hypohydration. In the elderly, hypohydration easily occurs due to aged people having a lower percentage of body water, an impaired thirst sensitivity, less effective arginine vasopressin (AVP) and weakened ability for urinary concentration [18]. Chronic systemic hypohydration has been considered related to infection, renal calculus, stroke, venous thromboembolism, and other cardiovascular diseases [19,20,21]. The magnitude of hypohydration represents a gradual body water loss from mild = 1% to 5%, moderate = 5% to 10%, to severe ≥10% body mass deficit [22]. If a fluid deficit is greater than 5%, the patient will develop serious symptoms and organ damage. Animal studies showed that in camels, long-term dehydration could cause oxidative stress in kidney cortex and apoptosis in cortex and medulla with significantly elevated inflammatory cytokines [23]. Experimental research displayed that dehydration increases cell membrane permeability and induces variety of harmful cellular events resulting in cell dysfunction and cell death in human dermal fibroblasts and other mammalian cells [24]. Oxidative stress is one of the most deleterious events during water depletion. It has been reported that dehydration generates 10 times more ROS production in yeast cells [25] and increases cell membrane damage and membrane permeability in plants [26,27]. Dehydration also decreases the activities of endogenous antioxidants, superoxide dismutase and glutathione (GSH) in frogs [28]. However, up to now, no clinical or experimental studies showed the relationship among the magnitude of hypohydration, ROS production and related pathological changes in cells.



In the present study, we used a staggered time for air-drying HaCaT keratinocytes. Cell viability and morphological changes of HaCaT represented an increasing deterioration in an air-drying time dependent manner. This observation might represent the magnitude of hypohydration in the human body, as follows: 5 min, 10 min and 20 min air-drying to keratinocytes reflect mild, moderate and severe hypohydration, respectively. Our data showed that only 5 min air-dry could induce ROS generation in HaCaT keratinocytes, whereas longer air-dry (10 and 20 min) time suppressed ROS production. Coexistent healthier cells and severely damaged cells demonstrated that injured cells did not produce ROS (Figure 2). When the air-drying time was lengthened to 10 min, membrane disturbances and apoptotic bodies occurred in the dehydrated HaCaT cells. These harmful effects became more severe and cell viability was markedly decreased, when the air-drying time was prolonged to 20 min. As expected, HaCaT cells lost the ability to produce intracellular ROS. These observations demonstrated that ROS production is not consistent with the severity of cellular damage during dehydration. The results also suggested that severe water depletion probably injured cells through other factors other than ROS. However, once HaCaT cells were pre-treated with HW-prepared media, intracellular ROS generation, membrane disturbances and apoptosis-like cell death were significantly reduced together with a marked increase in cell viability. These data suggested that HW could protect keratinocytes from dehydration-induced harmful effects. HW probably protects cells from dehydration through the following two different mechanisms: one is by scavenging dehydration-caused ROS to relieve the cytotoxicity via four-electron reduction, resulting in prevention against apoptotic events such as caspase-3 signal transduction, mitochondrial cytochrome-c leakage and p53 upregulation, and the other one is that HW might permeate into depth of living tissues through the minimum Stokes radius and amphiphilicity of hydrogen molecules to rebalance dehydration-induced electrolyte imbalance. It has been reported that GSH plays an important role in protecting cell membranes suffering water deficiency, favoring tolerance to dehydration in yeast cells [29]. Our previous study demonstrated that HW could enhance GSH level in human fibroblasts HGF and protect HGF from H2O2-induced cell death [4]. This evidence suggests that HW might protect keratinocytes from dehydration-injuries through the elevation of GSH. Bio-chemical and molecular studies are needed.



Since only 5 min air-drying increased ROS generation in HaCaT cells, whereas 10 and 20 min air-drying decreased ROS production, perhaps in clinical practice, antioxidants (such as ascorbic acid and vitamin E) only help mild hypohydration but not moderate and severe hypohydration. More clinical or preclinical studies are needed.



The most well-known symptoms of dehydration are dry mouth and tongue. Nevertheless, during the current COVID-19 pandemic, these symptoms are easily ignored, because daily-use of masks locally moistens the nose, mouse and throat, resulting in the dangerous risk of insensitivity for systemic hypohydration. Our data presented here suggest that HW could reduce dehydration-induced cellular damage and oxidative stress. It has been reported that drinking HW (1.5 L) daily could increase serum biological antioxidant potential and reduce the inflammatory responses in healthy adults, especially in people aged over 30 [8]. Our clinical study also showed that drinking HW (1.0 L) daily could reduce urine 8-OHdG (the marker of oxidative stress) and increase the value of serum ORAC (oxygen radical absorbance capacity) in elderly healthy volunteers (data are not published). Therefore, drinking HW 1.0–1.5 L daily is recommended for reducing dehydration-induced oxidative stress or other harmful effects.



The limitations of the present study are listed as below:



I. During dehydration, functions of cardiovascular, respiratory and renal systems are all altered that might contribute to ROS production and other pathological changes. This in vitro study cannot represent these alterations nor test the effects of HW on dehydration-induced oxidative stress in a human body.



II. Hypohydration presents water-electrolyte imbalance in a human body. This study did not check the alterations of ions or related ionic channels on cellular injuries during dehydration.



III. Dehydration-caused cellular damage is not only related to ROS production but also other factors. Additionally, we did not compare the effects of HW with other antioxidants (such as ascorbic acid) on dehydration-induced oxidative stress in HaCaT cells. Further investigations are needed.




5. Conclusions


In conclusion, our data showed that mild dehydration could induce intracellular ROS production, and moderate/severe dehydration servilely injured cells. HW significantly suppressed ROS generation, cell membrane damage and apoptotic cell death in dehydrated human keratinocytes. These results suggest that HW can be used for inhibiting dehydration-induced harmful effects in human cells.







Author Contributions


Conceptualization, L.X. and N.M.; methodology, L.X. and N.M.; software, L.X.; validation, L.X. and N.M.; formal analysis, L.X.; investigation, L.X.; resources, L.X. and N.M.; data curation, L.X.; writing—original draft preparation, L.X.; writing—review and editing, L.X. and N.M.; visualization, L.X.; supervision, L.X. and N.M.; project administration, L.X. and N.M.; funding acquisition, L.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded in part by a Grant-in-Aid for AntiAging Scientific Research #1517 by Japanese Center for AntiAging MedSciences, Hiroshima, Japan to L.X.




Data Availability Statement


The data presented in this study are available within the article. There are no databases associated with this manuscript.




Acknowledgments


The authors appreciate Nathaniel Green’s proofreading.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	ROS
	reactive oxygen species



	HW
	hydrogen-rich water



	DDW
	double distilled water



	SEM
	scanning electron microscope



	DH
	dissolved hydrogen



	ORP
	oxidation-reduction potential



	DMEM
	Dulbecco’s modified Eagle’s medium



	AVP
	arginine vasopressin
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Figure 1. Effects of hydrogen-rich water (HW) on hypohydration-induced cell death in human skin keratinocytes HaCaT. HaCaT cells (2 × 104 cells/well) were seeded into 24-well plates and cultivated for 48 h. Cells were then cultivated in DDW- or HW-prepared medium for 2 h. After the medium was removed, cells were air-dried for 5, 10 and 20 min, and then re-soaked in the regular culture medium. Cells were further cultivated for 48 h and followed by PrestoBlue® assay and Giemsa staining. Illustration on the top represents procedures of the experiments. (A) Typical phase-contrast microscopic images of HaCaT cells immediately after drying. Scale bars = 20 µm. Cell shrinkage and fragmentation were observed in 20 min dehydrated DDW-pretreated cells, as shown by yellow arrowheads. (B) Typical images of HaCaT cells stained by Giemsa solution in a 24-well plate. (C) Cell viability of HaCaT cells. ***, p < 0.001. Each bar represents the mean ± SD of three independent experiments. 
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Figure 2. Dehydration causes intracellular ROS production in HaCaT keratinocytes. 
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Table 1. The characteristics of HW and DDW.






Table 1. The characteristics of HW and DDW.












	
	DH (24 °C)
	DH (100 °C ⟹ 24 °C) 1
	ORP (24 °C)
	ORP (100 °C ⟹ 24 °C) 1





	HW
	880 ± 38 ppb
	420 ± 25 ppb
	−341 ± 15 mv
	−160 ± 10 mv



	DDW
	46 ± 12 ppb
	N/A 2
	571 ± 26 mV
	N/A 2







1 The water was boiled to 100 °C and then cooled down to 24 °C. 2 N/A: not applicable.
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Table 2. HW-DMEM or DDW-DMEM preparation.






Table 2. HW-DMEM or DDW-DMEM preparation.





	HW-DMEM
	DDW-DMEM
	For 100 mL
	Final Ratio (%)





	HW
	DDW
	70 mL
	70



	DMEM 10×
	DMEM 10×
	10 mL
	10



	NaHCO3 0.23 M
	NaHCO3 0.23 M
	10 mL
	10



	FBS
	FBS
	10 mL
	10
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