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Abstract
Assessment of Redox Status in Commercial Bottled Mineral Water
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Introduction

The quality of drinking water is important for our health. The hardness and/or mineral contents of drinking water are one of the factors used to evaluate water quality. Correlations between the hardness of drinking water and cardiovascular disease have become a concern [1-4]. Colloquial evidence also suggests that the quality of drinking water may have an anti-aging effect. Some essential trace elements in the mineral content, such as selenium, iron, copper, etc., can work as modifiers of the biological redox environment. The effective level of such bio-trace elements can be introduced and accumulated via daily water intake, although no strong direct redox activities are expected with drinking water. A great variety of brands of mineral water products are distributed by commercial companies, and they are widely available to purchase and consume. However, there is insufficient information available for healthy water choice on a scientific basis.

Spin-trapping techniques based on electron paramagnetic resonance (EPR) spectroscopy are to detect unstable free radical species [5]. A spin-trapping agent can react with a free radical species to give a corresponding spin adduct, which is a relatively stable free radical form, and become measurable using an EPR spectrometer. Each free radical species can be identified using the characteristic EPR spectra of the spin adduct. The spin adduct is not completely stable, and the EPR signal decays gradually by reduction and/or selfdecomposition of the spin adduct. This instability of spin adducts has made the quantification of free radical species difficult in most experimental situations.

An applied method with EPR spin-trapping, which can simultaneously assess dual factors, i.e. X-ray-induced hydroxyl radical (•OH) generation and free radical-reducing ability, has been reported [6,7]. In this method, the reaction mixture containing a spin-trapping agent only or with a subjected compound in an aqueous media, was irradiated with X-rays, then the time course of spin-adduct decay was measured using EPR spectroscopy. The reduction of the spin adduct during and after X-ray irradiation was corrected by extrapolation and a repetitive calculation based on the decay curve of the spin-adduct, thereby making it possible to accurately quantify •OH generation. In addition, the reduction rate of the spin adduct was proactively utilized to evaluate the free radical-reducing ability in the experimental environment. This simple chemical method can, therefore, be utilized to evaluate relatively weak redox activity in an aqueous sample.

In this paper, conventionally calculated hardness, actual lyophilized residue content, pH, X-ray-induced •OH generation (C ), and free radical-reducing ability (k), were measured and 0int compared among some commercially available bottled mineral water products. The basic redox atmosphere of mineral water products as an index of water quality is discussed.

Materials and Methods

Chemicals

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from LABOTEC Co. (Tokyo, Japan). Other chemicals were of analytical grade.

Water samples

Deionized water, prepared using a Milli-Q system (Milli-Q water), was used as the control. The same milli-Q water was 029-034.

also used to prepare phosphate buffer (PB) and boric acid buffer (BAB). Bottled mineral water product Choju-no-shima-no-mizu (Choju) was a gift from Amami-Oshima Nishikawa Shuzo Co., Ltd. (Tokunoshima, Japan). Other sample mineral water products were purchased commercially. Perrier, which is a soda water product, was used for experiments after degassing by strenuous stirring. Available information on the water products is summarized in Table 1.

pH measurement

Values of pH for the water samples were measured by three expert operators using different pH meters, and then averaged.

Weight of lyophilized residues

An aliquot (20 mL) of each water sample was placed into a plastic beaker. The water sample was frozen at -30°C and then lyophilized. The residue was weighed precisely using a 0.1 mg order scale.

X-ray-induced •OH generation and free radical- reducing ability

X-ray-induced •OH generation and free radical-reducing ability in water samples were estimated using previously reported methods [6]. A 15 mM DMPO water solution was prepared by adding 1.7 μL of DMPO to 1 mL of each water sample. The DMPO solution was irradiated by 32 Gy X-rays to generate DMPO-OH, which is an •OH adduct of DMPO. The details of X-ray irradiation are described below. A time course of EPR spectra of DMPO-OH for 10 min was measured using an X-band EPR spectrometer immediately after X-ray irradiation. The details of the EPR conditions are described below. The natural decay rate (k) of DMPO-OH was estimated from the decay curve of DMPO-OH after irradiation. The DMPO-OH decay constant k was used as a grade of free radical-reducing ability.

The C of DMPO-OH was obtained by extrapolating the 0exp experimental decay curve of DMPO-OH to time = 0 (end of irradiation). C is a result of linear DMPO-OH generation and 0exp simultaneous decay of DMPO-OH during X-ray irradiation. When the decay of DMPO-OH during X-ray irradiation could be eliminated, the intact total amount of DMPO-OH generation during X-ray irradiation, i.e. C , can be obtained. Therefore, C was predicted 0int 0int using the following calculation. At first, C was used as the initial 0exp prediction of C . Then the generation of DMPO-OH during X-ray 0int irradiation was simulated while considering the decay of DMPO-OH with the decay rate of k to obtain a prediction of the net generation of DMPO-OH (C ). By incrementing the C prediction value until 0net 0int C becomes equal to C , the final decision of C , i.e. the intact 0net 0exp 0int amount of DMPO-OH generation during X-ray irradiation, was obtained.

X-ray irradiation

X-ray irradiation was performed at PANTAK 320S (Shimadzu, Kyoto, Japan). Effective energy was 80 keV using the following conditions: the X-ray tube voltage was 200 kV, X-ray tube current 20 mA, and the thickness and materials of the pre-filter 0.5 mm copper and 0.5 mm aluminum. The dose rate of X-ray irradiation was 3.2 Gy/ min when the distance between the X-ray tube and the sample was 300 mm.

X-band EPR measurement

One hundred microliters of the X-ray-irradiated DMPO solution was drawn up into PTFE tubing (i.d. 0.32 ± 0.001 inches, wall 0.002

Table 1 : Descriptive Mineral Contents and Experimental Values of Mineral Water Products.[image: Table 1 : Descriptive Mineral Contents and Experimental Values of Mineral Water Products.]
± 0.0005 inches; ZEUS, Orangeburg, SC), placed in the TE mode cavity using a special sample holder, and measured using an X-band EPR spectrometer JES-TE100 (JEOL, Tokyo Japan). The second peak from the lower field of 4 lines of DMPO-OH was recorded using the following conditions: microwave frequency 9.45 GHz, microwave power 2 mW, lower magnetic field 336.1 mT, field sweep width 1.25 mT, field sweep resolution 1024 points, sweep time 15 s, time constant 0.03 s, field modulation frequency 100 kHz, and field modulation width 0.063 mT. The EPR measurements were repeated 10 times at 1 min intervals for each sample. EPR data acquisition was controlled by a WIN-RAD ESR Data Analyzer System (Radical Research, Inc., Hino, Tokyo). The acquired EPR spectra were analyzed using an inhouse line-fitting program. A Gaussian line shape was fitted onto the acquired EPR spectra, then the signal height and line width of the fitted Gaussian line was measured. The EPR signal intensity was calculated as (signal height) × (line width).

Statistical analysis

Statistical differences were estimated using Scheffe’s F test. Grades

[image: Figure 1A shows a comparison of X-ray-induced DMPO-OH]Figure 1A shows a comparison of X-ray-induced DMPO-OH
generation, C (μmol/L), i.e. X-ray-induced •OH generation, among 0int the several water samples. Perrier showed significantly lower X-rayinduced DMPO-OH generation. Because the DMPO-OH generation C value obtained in this paper was a corrected value considering 0int DMPO-OH decay during X-ray irradiation, the lower C indicates 0int the difficulty of •OH generation in the sample. One possible factor to reduce C was •OH cancelation/trapping by residual constituents, 0int although milli-Q water (residual content was 32 ± 59 mg/L) and 100 mM buffers (residual contents should be 13.9–14.1 g/L for PB and for 5.2–5.4 g/L BAB) showed almost the same C values. This fact 0int suggested that the direct cancelation of •OH by inorganic residual constituents was sufficiently small. Therefore, DMPO-OH generation can simply indicate •OH generation in this reaction system.
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stable free radical-reducing ability, among several water samples. The decay rate of DMPO-OH was significantly faster in Choju and Perrier compared with the control water samples, i.e. milli-Q, PB, and BAB. A faster k value indicated a reductive atmosphere. A similar or much stronger reductive condition can be created by the addition of reductive antioxidants, such as ascorbic acid, berberine, glutathione, etc [6,7].

Table 1 summarizes the ph, descriptive mineral contents, hardness values, and experimentally obtained residual content of the water samples. Measuring the pH of the water samples, which had no buffer effect, was very unstable, and error values were relatively large. Perrier showed significantly lower pH, which was probably due to remaining CO . Other water samples showed slight alkaline pH values. The hardness, which indicated total permanent water hardness expressed as equivalent of CaCO , can be calculated based on the contents of calcium (Ca) and magnesium (Mg) ions. Because the correlation between the hardness and residue content showed a strong linear relationship (Figure 2), the main mineral contents were almost fully due to Ca and Mg salts.

Correlations among several parameters obtained in this study were analyzed to find a possible determinant factor for water quality. First, the factors that affected DMPO-OH generations were examined (Figure 3). No correlation was observed between DMPO- OH generation and the DMPO-OH decay rate (Figure 3A). In other words, •OH cancelation and free radical reduction were independent factors of each other. Therefore, it is important that these two antioxidative factors must be regulated separately. In addition, no correlation was observed between DMPO-OH generation and the residual content (Figure 3B). Again, the findings suggested that the direct •OH cancelation by residual constituents, i.e. inorganic contents, was small. A weak correlation was observed between DMPO-OH generation, i.e. X-ray-induced •OH generation, and the pH of the water samples (Figure 3C).

The factors that affected the DMPO-OH decay rate were tested. The DMPO-OH decay rate showed no correlation with pH (Figure 4A), nor the residue content (Figure 4B). An index value, 1-H/R, which was calculated as 1 minus the ratio of hardness/residue content, was proposed here. The 1-H/R is indicating a ratio of mineral contents other than Ca and Mg. Figure 4C shows the relationship between free radical-reduction ability and 1-H/R values of the water samples. There was a weak correlation between free radical-reducing ability in the water samples and 1-H/R value. This suggested that some unknown trace minerals, other than Ca and Mg, probably affect the redox atmospheres of the mineral water samples. No correlation (R = 0.0124) between 1-H/R and DMPO-OH generation was observed (data not shown).

Discussion

It is known that components of each natural water are different, and the calculation of hardness is determined as Ca (mg/L) × 2.5 + Mg (mg/L) × 4.1 [8,9]. The degree of water hardness was determined, as shown as in Table 2.

The milli-Q water indicated a residual value in this experiment (Table 1); however it should be zero for milli-Q water. This result is probably due to contamination of dust and/or scaling error. The individual values for 3 milli-Q samples measured were -0.11, 0.04, and 2.02 mg/20 mL.

DMPO-OH generation and DMPO-OH decay are completely different factors. The DMPO-OH generation is a simply observing the

[image: Figure 2: Correlation between hardness and residue level. The hardness and residues values indicated in Table 1 were plotted. A strong linear approximation was obtained.]Figure 2: Correlation between hardness and residue level. The hardness and residues values indicated in Table 1 were plotted. A strong linear approximation was obtained.
[image: Figure 3: Correlations of DMPO-OH generation C and specific parameters.]Figure 3: Correlations of DMPO-OH generation C and specific parameters.
0int (A) Correlation between DMPO-OH generation and DMPO-OH decay rate. (B) Correlation between DMPO-OH generation C and residue weight. (C) 0int Correlation between DMPO-OH generation C and pH. Significance was 0int estimated by p < 0.05. A weak correlation was obtained between DMPO-OH generation and pH.

hydroxyl radical (•OH) generated in the sample solution. The •OH could be immediately trapped by DMPO, in other word, •OH can oxidize DMPO, and give DMPO-OH as a product. Since a correlation was observed between DMPO-OH generation and the pH (Figure 3C), a correlation between pH and •OH generation was predicted. However, a much precisely planned experiment may be required to confirm the relation between X-ray induced •OH generation and pH in the sample water. The DMPO-OH is a relatively stable free radical species, which has a nitroxyl radical on it. The DMPO-OH decay is monitoring reduction of nitroxyl radical in the DMPO-OH molecule. The •OH generation, which may be depending on pH, was larger in Perrier, however the DMPO-OH decay, which may be depending on contents of reductive mineral, was larger both in Choju and Perrier.

Besides the taste, it will be of interest to determine the antioxidant ) -1

(min

k

DMPO-OH Decay Rate

A pH B y = -0.0132x + 0.03 R² = 0.48978 p = 0.0353 C Figure 4: Correlations of DMPO-OH decay rate k and specific parameters. (A) Correlation between DMPO-OH decay rate and pH. (B) Correlation between DMPO-OH decay rate and residue weight. (C) Correlation between DMPO-OH decay rate and 1-H/R value. Significance was estimated by p < 0.05. A weak correlation was obtained between 1-H/R value and DMPO-OH reduction rate k.
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capacity of the water samples. Evidence of additional nutrient water has been widely discussed [10]. However, the function of commercially available drinking water has been rarely reported or discussed. Mineral-rich water may provide an important supplementary contribution to total Ca and Mg intake [11]. In this study nine natural water samples, which are available commercially were examined to determine their antioxidant capacity, which was determined using EPR spectroscopy [6].

Water quality is generally evaluated by examining pollutants, chemical contaminants, and/or bacteria, but there is no method to evaluate water functionality. In other words, most assay methods excel at evaluating negative indexes and/or demerits of the subject, but they are poor at evaluating the beneficial features of a subject. The free radical-reducing ability, which is a quantitative factor for the anti-oxidative function, can be positive index of water quality. Water contains various minerals and other components, some of which even stimulate cellular transduction signals. Wang et al. [12] reported that the components including organic extracts, activate Nrf2 and binds to ARE, activating various antioxidative stress relating enzymes. Main contents of inorganic minerals, i.e. Ca and Mg, are redox inactive and have no recognizable redox functionality. Such functionless minerals may be no problem on the quality mineral water. However, some miner minerals, such as selenium, iron, copper, and etc., are redox active and they could give a redox behavior of the water. Therefore, we proposed an index such as 1-H/R, an indicator of mineral contents other than Ca and Mg, to set evaluation standards for functions of drink water.

Regarding sulfurous components in the mineral water, Benedetti et al. reported that drinking 500 ml/day mineral water for 2 weeks, which contained 7.25 mg/500 ml of sulfurous components, in 40 subjects (18 men and 22 women, ages 41–55 years). The drinking water ameliorated oxidative stress in blood plasma, which was examined using oxidative stress biomarkers such as hydroperoxides, malondialdehyde, carbonyls, and advanced oxidation protein products [13]. They also found that tocopherols, carotenoids, and retinol remained almost unchanged before and after treatment in both groups.

Deep-sea water (DSW) has also been reported to contain high levels of minerals, such as sodium (Na), potassium (K), Ca, and Mg, compared with surface- and middle-sea water [14-16]. DSW is characterized by high purity, low temperature, and high nutrients and minerals, and has recently been tested as a multifunctional materials in the food, agricultural, cosmetic, and medical fields. DSW exhibits hardness (ppm) of 310.05, 890.80, and 517.96 ppm for DSW collected at 300, 900, and 1,500 m, respectively. Hardness of soft and very hard water is less than 7.0 and over 170 ppm, respectively, as shown in Table 2. The hardness of Choju and Perrier, for which the DMPO- OH decay rate was significant larger, 269 ± 45 and 523 ± 8 mg/L, respectively (Table 1). It was noted that Evian, Vittel, and Contrexville showed greater hardness but did not show a significantly larger decay rate. Hardness might be a factor to determine the antioxidant effect, however, other factors should not be eliminated. It was reported that DSW (hardness: 1000 ppm) showed an amelioration of body-weight increase, blood sugar, and serum lipids in ob/ob (obese) mice [14,17]. Recently, the health effects of DSW from sea water below 700 m in the outer sea of Hua-Lien County, Taiwan, have been demonstrated [14,18]. This DSW was reported as having beneficial effects on hepatic lipid accumulation [14]. It was also reported that electrodialysis (ED)- treated DSW (ED DSW; hardness: 4685.90 ppm) could decrease serum lipids and improve the blood cholesterol profile [14,18]. DSW drinking waters could upregulate the expression of hepatic lowdensity-lipoprotein receptor and cholesterol-7a-hydroxylase genes to reduce serum cholesterol levels, and concurrently decrease serum lipid oxidative levels [14,19]. Miyamura et al. [18] also discussed the role of DSW in prevention of atherosclerosis. It was noted that the DSW Choju showed a strong free radical reducing ability in this study.

Conclusion

Redox status in commercial bottled mineral water, ILOHAS, Mt. Fuji, Choju, Crystal Geyser, Volvic, Evian, Vittel, Perrier and Contrexville was studied using an applied EPR spin-trapping technique. A significant higher free radical reducing ability was observed in Choju and Perrier. Among the 9 bottled water, significant correlations were observed between the hardness of water and the amount of residue after lyophilization, between X-ray-induced •OH generation and pH in the water samples, and between free radicalreducing ability and 1-H/R value in the water samples.
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