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Abstract

Oxidative stress is recognized widely as being associated with various disorders including
diabetes, hypertension, and atherosclerosis. It is well established that hydrogen has a reducing action.
We therefore investigated the effects of hydrogen-rich water intake on lipid and glucose metabolism
in patients with either type 2 diabetes mellitus (T2DM) or impaired glucose tolerance (IGT). We
performed a randomized, double-blind, placebo-controlled, crossover study in 30 patients with
T2DM controlled by diet and exercise therapy and 6 patients with IGT. The patients consumed either
900 mL/d of hydrogen-rich pure water or 900 mL of placebo pure water for 8 weeks, with a 12-week
washout period. Several biomarkers of oxidative stress, insulin resistance, and glucose metabolism,
assessed by an oral glucose tolerance test, were evaluated at baseline and at 8§ weeks. Intake of
hydrogen-rich water was associated with significant decreases in the levels of modified low-density
lipoprotein (LDL) cholesterol (ie, modifications that increase the net negative charge of LDL), small
dense LDL, and urinary 8-isoprostanes by 15.5% (P <.01), 5.7% (P <.05), and 6.6% (P <.05),
respectively. Hydrogen-rich water intake was also associated with a trend of decreased serum
concentrations of oxidized LDL and free fatty acids, and increased plasma levels of adiponectin and
extracellular-superoxide dismutase. In 4 of 6 patients with IGT, intake of hydrogen-rich water
normalized the oral glucose tolerance test. In conclusion, these results suggest that supplementation
with hydrogen-rich water may have a beneficial role in prevention of T2DM and insulin resistance.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The prevalence of type 2 diabetes mellitus (T2DM) has
increased worldwide and is becoming a major public health
problem in many parts of the world [1]. In Japan, it is
estimated that nearly 7 million individuals have T2DM and
that another 7 million have a prediabetic condition [2]. Diet
and lifestyle are important risk factors in the development of
T2DM [3].

Oxidative stress represents an imbalance between the
production of reactive oxygen species (ROS) and the activity
of antioxidant defense systems [4]. Oxidative stress is
recognized widely as being associated with various disorders
including diabetes, hypertension, and atherosclerosis. Insulin
resistance is now receiving increasing attention, not only as a
precursor to T2DM, but also as a predictor of increased risk of
cardiovascular disease [5]. It has been reported that
antioxidant vitamins such as vitamins C and E have beneficial
effects on glycemic control in both humans with T2DM [6,7]
and animal models of diabetes [8,9]. Shirahata et al [10]
reported that electrolyzed-reduced water (ERW), which has a
high pH, high dissolved hydrogen, low dissolved oxygen,
and extremely negative redox potential values, had the ability
to scavenge ROS and therefore protect DNA from oxidative
damage. Recently, Kim and Kim reported that administration
of ERW improved blood glucose control in animal models of
insulin deficiency and insulin resistance [11]. However, an
antidiabetic effect of ERW in humans has not yet been
demonstrated. More recently, Ohsawa et al reported that
hydrogen acts as a therapeutic antioxidant by selectively
reducing cytotoxic oxygen radicals [12]. These findings led
us to consider the possibility that hydrogen-rich water may be
useful as a therapeutic supplement. We recently produced
hydrogen-rich pure drinking water by dissolving hydrogen in
water purified by the following 3 processes: (1) a reverse
osmosis/ultrafiltration, (2) an ion-exchange resin, and (3) an
ultrafiltration membrane.

In the present study, to assess whether supplementation
with hydrogen-rich pure water had beneficial effects on the
progression of diabetes and insulin resistance in humans, we
measured lipid and glucose metabolism and several
biomarkers of oxidative stress and insulin resistance,
including atherogenic lipoproteins and adipocytokines, in
patients with either mild T2DM or impaired glucose
tolerance (IGT) after consumption of hydrogen-rich water.
The study design was a randomized, double-blind, placebo-
controlled crossover trial.

2. Methods and materials
2.1. Subjects

The study protocol was approved by the Kyoto Pre-
fectural University of Medicine institutional review board,
with informed consent being obtained from all the subjects
before enrollment in the study. We recruited 30 patients with
T2DM controlled by diet and exercise therapy and 6 patients

with IGT (18 men and 18 women; age, 58.6 + 4.7 years
[mean £ SD]; body mass index [BMI], 23.4 = 3.5 kg/m2
[mean + SD]), who fulfilled the World Health Organization
criteria [13] for diabetes. The patients were enrolled from
outpatient clinic of Kajiyama Clinic, Kyoto Prefectural
University of Medicine Hospital, and Yamashiro Public
Hospital. The exclusion criteria were as follows: (1) known
duration of diabetes >3 years; (2) mean hemoglobin A,
(HbA,.) level in the past 6 months >6.9%; (3) serum
creatinine concentration >106 umol/L; (4) chronic liver
disease or a clinical history and/or signs of cardiovascular
disease, cerebrovascular disease, or peripheral arterial
disease; (5) heavy smoking and drinking; and (6) use of
any dietary and/or antioxidant supplement in the 3 months
before the start of the study. Of the 36 patients, 12 patients
(33.3%) were receiving a stable dose of antihypertensive
medication, whereas 3 patients (8.3%) were receiving a low
dose of lipid-lowering medication. No changes were made to
these antihypertensive and lipid-lowering therapies during
the study.

2.2. Study design

The study was a randomized, placebo-controlled, 2 x 8§—
week, double-blind, crossover design with a 12-week
washout period. The patients consumed either 900 mL/d of
hydrogen-rich pure water for 8 weeks or 900 mL/d of
placebo pure water for 8 weeks, with a 12-week washout
period. Both waters were provided in 300 mL unlabelled
aluminum pouches obtained from I’rom Pharmaceutical Co
Ltd (Tokyo, Japan). The following parameters were
measured at baseline (0 week) and after 8§ weeks: total
cholesterol, high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), triacylglycer-
ols, nonesterified fatty acids, glucose, insulin, HbA,., net
electronegative charge of modified LDL (emLDL), oxidized
LDL (oxLDL), small dense LDL (sdLDL), remnant-like
particle cholesterol (RLP-C), total homocysteine, adiponec-
tin, leptin, resistin, high-sensitivity C-reactive protein
(hsCRP), extracellular-superoxide dismutase (EC-SOD),
and urinary 8-isoprostane (u-IsoP). In addition, a 75-g oral
glucose tolerance test (OGTT) was performed at baseline and
after 8 weeks of hydrogen-rich pure water consumption in
the 6 patients with IGT.

2.3. Diet and lifestyle

All the patients were asked to adhere to a dietary plan
tailored to their energy requirements and metabolic control
by a registered dietitian and/or physician, using the current
Japan Diabetes Society recommendations. The patients
recorded their daily dietary intake in a diary by using the
calorie and lipid list in the Japan Diabetes Society
recommendations guidebook. The dietary diary was
collected every week, and the results were reported back
to the subjects the following week. In addition, daily
activity and physical condition were recorded every 4
weeks using a checklist; and depending on the report, the
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physician checked the patient’s condition and provided
appropriate advice.

2.4. Production of hydrogen-rich pure water

Raw water of drinking quality was supplied for the
placebo and test waters. The raw water was purified by the
following 3 processes: passage through (1) a reverse
osmosis/ultrafiltration, (2) an ion-exchange resin, and (3)
an ultrafiltration membrane (placebo water: pH 6.9 + 0.05;
electric conductivity 0.7 + 0.2 uS/cm). The test water was
then produced by dissolving hydrogen gas directly into
the pure water. The hydrogen-rich pure water had the
following physical properties: pH 6.7 + 0.1, low electric
conductivity (0.9 £ 0.2 uS/cm), high dissolved hydrogen
(1.2 £ 0.1 mg/L), low dissolved oxygen (0.8 = 0.2 mg/L),
and an extremely negative redox potential (—600 £ 20 mV).
We measured breath hydrogen concentration after the
consumption of 300 mL of this hydrogen-rich pure water
in 10 healthy, fasting, adult volunteers. Breath hydrogen
concentration reached a maximum (56.8 + 27.8 ppm) at
15 minutes and then decreased gradually, returning to
baseline levels (11.2 + 6.5 ppm) after 150 minutes.

2.5. Laboratory investigations

Blood and urine samples were obtained in the morning
after an overnight fast. Plasma glucose levels were measured
by the glucose oxidase method, HbA . by high-performance
liquid chromatography (Arkray Inc, Kyoto, Japan), and
serum insulin levels by an immunoradiometric assay (Insulin-
RIAbead II; Abbott Japan, Tokyo, Japan). Serum total
cholesterol, HDL-C, LDL-C, triacylglycerols, and nonester-
ified fatty acids were measured by enzymatic methods on a
chemical autoanalyzer (Hitachi Co, Tokyo, Japan).

The emLDL was analyzed by an agarose gel electrophor-
esis lipoprotein fraction system according to the manufac-
turer’s instructions (Chol/Trig Combo System; Helena
Laboratories, Saitama, Japan). The relative proportion of
emLDL in the serum samples was calculated on a computer
according to the following formula: emLDL density = (b —
ala) x 100%, where b is the migration distance of LDL
fraction in the test samples and « is the migration distance of
normal control sera. The RLP-C was determined by the
immune adherence method (Japan Immunoresearch Labora-
tories Co, Ltd, Tokyo, Japan) [14]. The sdLDL was
measured in the supernatant that remained after heparin-
magnesium precipitation, with lipoproteins with a density
<1.044 being determined by a direct homogenous LDL-C
assay (Denka Seiken Co, Ltd, Tokyo, Japan), as described by
Hirano et al [15]. Plasma oxLDL was measured by an
enzyme-linked immunosorbent assay (ELISA) kit (Kyowa
Medex Co, Ltd, Tokyo, Japan) that provided specific
determination of oxLDL using a combination of a mono-
clonal antibody against oxLDL (FOHla/DHL) and anti—
apolipoprotein B antibody, as described by Itabe and
coworkers [16,17]. Total plasma homocysteine levels were
measured by high-performance liquid chromatography and

fluorescence detection as described elsewhere [18]. The
serum levels of leptin were measured by a radioimmunoas-
say (Linco Resarch Inc, St Charles, MO); and EC-SOD and
resistin levels were measured by ELISA, as described in our
previous reports [19,20]. The ELISA methods were also used
to measure the serum levels of adiponectin (Otsuka
Pharmaceutical, Tokyo, Japan), hsCRP (Angiopharma,
O’Fallon, MO), and u-IsoP (Cayman Chemicals, Ann
Arbor, MI), according to the manufacturer’s instructions.

The OGTTs were performed using a 75-g glucose
equivalent carbohydrate load (Trelan G; Shimizu Pharma-
ceutical, Shimizu, Japan). The subjects were classified as
having normal glucose tolerance, impaired fasting glucose,
IGT, or T2DM in accordance with the revised 1998 World
Health Organization diagnostic criteria [13].

2.6. Statistical analysis

All data are expressed as means = SD. A repeated-
measures analysis of variance was used to assess the
interaction of group and time on changes in the water
consumption. When the interaction was significant, a paired
Student ¢ test with Bonferroni correction for comparisons
within 2 groups was used to assess group changes with time.

Table 1

Changes in plasma lipids, lipoproteins, glucose, and insulin after
consumption of either hydrogen-rich pure water or placebo pure water for
8 weeks in patients with either T2DM or IGT

Hydrogen-rich water arm Placebo water arm
(n =36) (n =36)

0 wk 8 wk 0 wk 8 wk

Cholesterol
Total (mmol/L)  5.52+0.99 5.45+0.87

HDL (mmol/L)  1.59+0.38 1.63+0.37 1.61+0.36 1.60+0.37

LDL (mmol/L)  3.43+0.84 335+0.73 3.42+0.83 3.42+0.78

sdLDL (mmol/L) 1.05+0.25 0.99+0.17* 1.05+£0.22 1.04+0.27

5.49+0.99 5.50+0.92

RLPs (umol/L) 111 +47 109 + 41 110 + 44 109 + 44
Triacylglycerols 11.5+49 10.8+4.0 11.1+44 113+44
(mmol/L)

Nonesterified fatty 0.62+0.21 0.58+0.17 0.64 +0.17 0.62 +0.17

acids (mmol/L)

Electronegative 84+72 71+56%* 82+60 8.0+62
charge-modified
LDL (ecd)

oxLDL (unit/mL) 13.0+2.1 12.7+1.7 13.0+19 129+22

Fasting glucose 6.03+£0.48 599+0.57 6.05+044 6.03+0.54

(mmol/L)
Fasting insulin 28.0+16.6 30.2+150 283+152 29.0+15.5
(pmol/L)
HOMA-IR 1.26 £0.75 1.34+0.68 127+0.71 1.30+0.75
HbA . (%) 6.0+04 59+0.5 6.0+04 6005

Values are presented as mean + SD. A repeated-measures analysis of
variance was used to assess the interaction of group and time on changes in
the water consumption. When the interaction was significant, a paired
Student # test with Bonferroni correction for comparisons within 2 groups
was used to assess within-group changes over time. HOMA-IR indicates
homeostasis model assessment insulin resistance index; ecd, electronega-
tive-charge density.

* Significantly different from week 0 (P <.05).

** Significantly different from week 0 (P <.01).
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Table 2

Changes in biomarkers of insulin resistance and oxidative stress, BMI, and
blood pressure after consumption of either hydrogen-rich pure water or
placebo pure water for 8 weeks

Hydrogen-rich water Placebo water arm
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3. Results

3.1. Effect of hydrogen-rich water and placebo water on
clinical parameters of glucose and lipid metabolism

The mean levels of lipids/lipoproteins, glucose, insulin,

arm (n = 36) (n = 36) . ) ’
and HbA . concentrations in the blood at baseline (0 week)
0 wk 8 wk 0 wk 8 wk . .
. and at the end of each water consumption phase (ie, after
Homocysteine 9437 89£24 92232 91+35 8 weeks) are shown in Table 1. Serum emLDL and sdLDL
(nmol/mL) levels were decreased significantly after consumption of
EC-SOD (ng/mL)  87.3+85 887+83 879477 87.0+83 ; g Y P
u-IsoP 257+ 154 240+ 127* 260+ 142 256 + 158 hydrogen—rlch water (155%, P < .01 and 5.7%, P < 05,

(pg/mg creatinine)

respectively), but were not altered significantly by consump-

Adiponectin (ug/mL)  6.3+0.6 65+0.6 6406 6505 tion of placebo pure water. Intake of hydrogen-rich water
I]i?s’lt;‘m(n(igi;i) 2 "3‘ i ;2 2 ? i ;3 2 i i ?; 2 "3‘ i’ ?Z tended to decrease oxLDL levels (P = .0567), whereas these
hsCRP (ng/mL) 5464312 541 £467 5544350 564 4 399 levels remamesi upchanged after .1ntake of .placebo water.
BMI (kg/m?) 234+33 235+33 234434 235433 There was no significant effect of intake of either hydrogen-
Systolic blood 119+10 1198 119+9 119+9 rich water or placebo water on total cholesterol, HDL-C,

pressure (mm Hg) LDL-C, RLP-C, triacylglycerols, or nonesterified fatty acid
Diastolic blood 70+7 716 T 709 concentrations. Fasting blood glucose (FBS), fasting insulin,

pressure (mm Hg)

Values are presented as mean + SD.
* Significantly different from week 0 (P <.05).

Correlation was determined by Pearson correlation analysis.
The statistical analyses were performed using Stat View
version 5.0 (SAS Institute Inc, Cary, NC). A P value less
than .05 was considered statistically significant.

homeostasis model assessment insulin resistance index, and
HbA . levels were also not altered significantly by intake of
either water.

Changes in biomarkers of insulin resistance, BMI, and
blood pressure before (baseline) and after 8 weeks of
consumption of each water are shown in Table 2. The mean
u-IsoP level was decreased significantly after hydrogen-rich
water consumption (6.6%, P < .05), but was not altered
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Fig. 1. Correlation between changes in (A) serum emLDL and sdLDL concentrations, (B) serum emLDL and oxLDL concentrations, (C) serum emLDL and
u-IsoP concentrations, (D) serum emLDL and adiponectin concentrations, (E) serum emLDL and EC-SOD concentrations, and (F) serum emLDL and FBS
concentrations after consumption of hydrogen-rich pure water for 8 weeks in patients with either T2DM or IGT. Correlations were determined by Pearson

correlation analyses (n = 36).
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Table 3
Changes in glucose and insulin concentrations during a 75-g OGTT before and after consumption of hydrogen-rich pure water for 8 weeks in patients with IGT
0 min 30 min 60 min 120 min AIRI/ABS
Glucose Insulin Glucose Insulin Glucose Insulin Glucose Insulin ratio
(mmol/L) (pmol/L) (mmol/L) (pmol/L) (mmol/L) (pmol/L) (mmol/L) (pmol/L)
Case 1
0 wk 6.00 22.8 9.27 127.0 11.81 433.2 9.33 399.0 0.30
8 wk 6.05 36.6 8.94 182.4. 11.77 778.8 6.49 221.4 0.38
Case 2
0 wk 5.82 10.8 11.32 42.0 15.03 97.2 8.66 175.8 0.06
8 wk 5.66 11.4 11.55 85.8 13.77 337.2 6.72 168.0 0.12
Case 3
0 wk 5.61 12.6 9.05 29.4 10.29 93.0 8.94 163.2 0.05
8 wk 5.44 12.6 8.05 47.4 9.88 291.6 6.16 267.0 0.12
Case 4
0 wk 6.05 62.4 9.60 256.4 10.66 600.6 8.33 594.6 0.51
8 wk 5.82 57.0 9.83 307.8 10.32 682.2 7.05 5334 0.57
Case 5
0 wk 5.82 234 9.49 152.8 12.16 255.6 10.21 195.6 0.33
8 wk 5.55 20.4 10.16 160.8 11.82 288.0 9.05 366.6 0.28
Case 6
0 wk 5.16 16.2 10.10 178.6 12.82 141.0 10.66 108.0 0.30
8 wk 5.33 27.0 8.94 159.8 10.99 165.0 8.49 108.0 0.37

AIRI/ABS was calculated as follows: (insulin at 30 minutes — insulin at 0 minute)/(glucose at 30 minutes — glucose at 0 minute).

significantly by consumption of placebo pure water.
Hydrogen-rich water supplementation tended to increase
serum EC-SOD and adiponectin levels (P = .0871 and P =
.0577, respectively), whereas intake of placebo water had no
effect on the level of these 2 variables. There was no
significant effect of intake of either hydrogen-rich water or
placebo water on serum levels of homocysteine, leptin,
resistin, and hsCRP, and on BMI or blood pressure.

We next assessed the relationship between the change in
emLDL levels and changes in sdLDL, oxLDL, u-IsoP,
adiponectin, EC-SOD, and FBS levels after 8 weeks of
hydrogen-rich water. As shown in Fig. 1, the change in
emLDL level correlated significantly with changes in
sdLDL (r = 0.643, P <.0001; Fig. 1A), oxLDL (r = 0.434,

157
14 1
13 1
12 1

10 1
9
8
7
6

Glucose (mmol/1)

Insulin (pmol/l)

0 30 60 120
Time (min)

P = .0076; Fig. 1B), and u-IsoP (» = 0.395, P = .0164;
Fig. 1C) concentrations. In contrast, there was no
correlation between the change in emLDL level and
changes in adiponectin (» = —0.152, P = .3791; Fig. 1D),
EC-SOD (r=-0.211, P=.2322; Fig. 1E), or FBS (= 0.230,
P = .1786; Fig. 1F) concentrations.

3.2. Results of the 75-g OGTT

The results of the 75-g OGTT in the 6 patients with IGT
before and after 8 weeks of consumption of hydrogen-rich
water are summarized in Table 3. Of the 6 patients with
IGT at baseline, 4 subjects were reverted to normal glucose
tolerance. As shown in Fig. 2, after 8 weeks of supplementa-
tion with hydrogen-rich water, 2-hour plasma glucose

600 7

500

*

400
300 7
200

100

0 30 60 120

Time (min)

Fig. 2. Plasma glucose and insulin concentrations in response to a 75-g OGTT before (O) and after (@) consumption of hydrogen-rich pure water for 8 weeks in
6 patients with IGT. Values are presented as mean + SD. *Significantly different from before consumption of hydrogen-rich water (P <.05). **Significantly

different from before consumption of hydrogen-rich water (P <.01).
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levels were reduced significantly compared with baseline
(9.36 £0.91 vs 7.33 £ 1.17 mmol/L, P = .0010). In contrast,
the 1-hour plasma insulin levels showed a significant
increase compared with baseline (270.1 + 206.9 vs 423.8 +
246.2 pmol/L, P = .0329). No significant change in the
insulinogenic index (AIRISO minutes/ABSSO minutes) was found
compared with baseline values.

4. Discussion

In this study, we demonstrated, for the first time, that
consumption of hydrogen-rich pure water for 8 weeks (900
mL/d) in humans resulted in significant reductions in serum
modified LDL levels, especially emLDL and u-IsoP.
Circulating LDL particles exhibit considerable heterogene-
ity in density, size, chemical composition, and the electrical
charge on the surface of the particle [21]. This difference in
electric charge density of LDL particles may influence lipid
metabolism. Production of LDL with an increased net
negative charge, resulting from modification of lysine
residues by acetylation, carbamylation, glycation, glycoxida-
tion, or oxidation, all led to increased uptake by macrophages
through the scavenger receptor system [22-24]. These
changes are thought to be key processes in the formation
of foam cells, the hallmark of early atherosclerotic lesions.
Although the precise mechanisms of how hydrogen-rich
water decreases emLDL, sdLDL, and u-IsoP remain
unclear, it is well known that hydrogen is an electron
donor and therefore has a high reducing ability. We
therefore speculate that hydrogen may suppress chemical
modifications of serum lipoproteins in the plasma mem-
brane caused by glycoxidation, oxidation, and lipid
peroxidation. In this study, we demonstrated that changes
in emLDL concentration after hydrogen-rich pure water
supplementation correlated significantly with changes in
sdLDL, oxLDL, and u-IsoP concentrations. These results
suggest that increased production of emLDL is related
closely with increases in the levels of sdLDL, oxLDL, and
u-IsoP, and that these increases have the potential to
accelerate each other. However, further studies are needed
to clarify the regulation of these biomarkers.

Another noteworthy finding of this study was the
observation that supplementation with hydrogen-rich water
normalized glucose tolerance in 4 of 6 patients with IGT. We
consider that this normalization was due to an increase in
insulin secretion after glucose loading. We hypothesized that
postprandial hyperglycemia in patients with T2DM was also
improved, although such a possibility needs to be confirmed
by a 75-g OGTT and/or meal test.

It has been reported that antioxidants exert beneficial
effects in diabetic mice, with preservation of in vivo S-cell
function [8]. Kim and Kim [11] reported recently that
administration of electrolyzed reduced water to a mouse
model of T2DM improved islet S-cell function, resulting in
increased release of circulating insulin and also improved
insulin sensitivity in both mouse models of both type 1 and

type 2 diabetes. The precise mechanisms by which
antioxidant supplementation causes these beneficial effects
on p-cell function in diabetes are very complex. As hydrogen
can readily pass across the cell membrane, consumption of
hydrogen-rich water may affect intracellular events, such as
protecting DNA from damage by ROS, thereby influencing
gene transcription [12].

Finally, in this study, we showed that supplementation
with hydrogen-rich pure water tended to increase serum
adiponectin and EC-SOD levels, independent of the change
in serum emLDL. Increased serum adiponectin and EC-SOD
would also be expected to contribute to an improvement in
insulin resistance.

In conclusion, the results of this study show for the
first time that supplementation with hydrogen-rich pure
water has beneficial effects on lipid and glucose
metabolism in humans. On the basis of these findings,
we conclude that a sufficient supply of this water may
prevent or delay development and progression of T2DM
and insulin resistance by providing protection against
oxidative stress. However, because of the small sample
of patients in this study, the results should be interpreted
with caution. An appropriately designed, large-scale,
prospective clinical study is therefore necessary to confirm
our findings.
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