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ORIGINAL ARTICLE
RELATIONSHIP BETWEEN EXHALED HYDROGEN AND HUMAN
NEUTROPHIL FUNCTION IN THE JAPANESE GENERAL POPULATION

Ryoko Tanikawa?, Ippei Takahashi”, Noriyuki Okubo”, Masami Ono”,
Toshiki Okumura®, Goshi Ishibashi"”, Yosuke Takeishi®, Maki NakayamaG),
Tomohiko Yano"”, Yoshihiro Kumasaka®, and Shigeyuki Nakajil)

Abstract We examined the relationship between the amount of exhaled hydrogen and neutrophil ROS production
to investigate the effect of hydrogen on oxidative stress at normal state among the general population comprising
subjects who had participated in “The Iwaki Health Promotion Project in 2007”, which was held in the Iwaki area,
Hirosaki-city in Aomori prefecture in northern Japan. Subjects with diabetes mellitus (diagnosed by a medical
doctor), malignant tumors, immune disorders or those who were pregnant at the time of the study, taking
antimicrobial drugs, anticancer medication or hormones were excluded from the study, and a total of 656 subjects
(252 males and 404 females) were finally enrolled. Smoking habits, alcohol use, exercise habits and HbAlc were
surveyed. A positive correlation was seen between exhaled hydrogen concentration and total reactive oxygen species
production in stimulated neutrophils in subjects less than 60 y.o. (p<0.05), but such a trend was not seen in other age
groups or in female subjects. In conclusion, levels of body hydrogen as an antioxidative substance were suggested to
have increased as a response to increased production of ROS by neutrophils as mechanisms against oxidative stress.
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Introduction

It has been reported that reactive oxygen
species (ROS) causes oxidative stress in the
human body and is a contributory factor
for ageing and lifestyle diseases”. It is also
associated with exacerbation mechanisms as well
as occurrence of cancer and cerebrovascular
diseases®”. However, the human body has an
endogenous antioxidative mechanism, whereby
the oxidative function of ROS can be suppressed
and/or removed”. The body is therefore said to
be under oxidative stress when the antioxidative
function is insufficient to remove ROS that can
harm the body tissues. Despite its importance,
the relationship between the production
mechanism of ROS and innate antioxidative
function has yet been thoroughly elucidated.

In recent years, the function of hydrogen
has been gaining attention as an antioxidative
substance®®. In 2007, Ohsawa et al.” have
reported that inhalation of gas containing
hydrogen in rats with cerebral infarction
prevented the outspread of the infarct and that
this was suggested to be due to the removal
of one of the ROS family, the hydroradicals,
from the focal site. In 2009, the same result
was observed in a Parkinson disease mouse
model through the same mechanism, suggesting
the neuroprotective action of water with high
hydrogen content” .

Considering the reports above, Kajiya et
al pointed out the importance of hydrogen to
physiological function in the body, not only the
effect of endogenous H,, but especially levels
of H, produced endogenously9>. These authors
reported that the condition of mice with drug-
induced hepatitis worsened after introducing
an antibacterial agent to remove H,-producing
intestinal flora. Also, it has been suggested
that an o glucosidase inhibitor, which is one of
the disaccharidases, reduces oxidative stress
through increased production of intestinal H,,

. . 1
suppressing cardiovascular events'”.

As mentioned above, the roles of hydrogen
in the antioxidative mechanism include not
only to the direct removal of ROS, but also the
suppression of ROS production mechanisms'.
One of those mechanisms can be explained by
the Hymediated increase of the antioxidative
enzyme, superoxide dismutase (SOD) thereby
accelerating the deletion of superoxide, which
1s a primary substance produced by ROS'Y,
Also, TNF-a activates NADPH oxidase, which
is involved in the ROS production mechanism,
however, hydrogen lowers NADPH oxidase
concentrations, leading to an anti-inflammatory

. 13,14
reaction’

), Unfortunately, the relationship
between hydrogen occurring within the human
body and neutrophils, which produce ROS that
In excessive quantities cause oxidative stress,
has not yet been investigated.

Neutrophils are immune cells that destroy
and sterilize foreign substances by engulfing
them and then by producing ROS. It is believed
that hyperactivity of neutrophil ROS production

1% Thus, increase of

contribute to oxidative stress
ROS production in the normal state (hyperactivity)
and overreaction against foreign substances
(hyperreactivity) can lead to excess ROS
production and induce tissue damage through
oxidative stress'”. On the other hand, decreased
neutrophil reaction against foreign substances has
been reported to cause increased susceptibility to
infection'”.

The present study has investigated the
relationship between the amount of exhaled H,
and neutrophil ROS production among normal
healthy members of the general population. The
concentration of H, detected in exhaled breath
has been reported to reflect the amount of total
H, produced by intestinal flora, and thus was

. 18
used as an index for endogenous H, ),
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Subjects and Methods

1. Subject

Subjects were selected from members of
the general population who had participated in
“The Iwaki Health Promotion Project in 2007”,
which was held in the Iwaki area, Hirosaki-
city in Aomori prefecture in northern Japan,
for ten days from 28th May until 6th June,
2007. The purpose of this project is to maintain
and to promote the health of local community
in order to prevent lifestyle-related diseases
and to prolong their lifespan. Subjects with
diabetes mellitus (diagnosed by a medical
doctor), malignant tumors, immune disorders
or those who were pregnant at the time of the
study, taking antimicrobial drugs, anticancer
medication or hormones were excluded from
the study, and a total of 656 subjects (252 males
and 404 females) were finally enrolled.

2. Lifestyle habits and physical measurements

Self-reported questionnaires were sent to
subjects prior to the investigation day and were
collected after reviewing the answers during
personal interviews on the day of the study. In
the questionnaire, subjects were asked about
their age, sex, present illnesses, past illnesses,
medication histories, smoking habits (daily
number of cigarettes), alcohol use (daily alcohol
volume) and exercise habits (days of weekly
exercise). Body mass index [BMI, weight (kg)
/height (cm)?] was calculated as an index of
obesity.

3. Blood parameters

Blood samples were collected from peripheral
veins of subjects under fasting conditions in
the morning. Neutrophil counts were measured
using an automated blood cell analyzer (SE9000;
Sysmex, Kobe, Japan). Measurements of blood
glucose and HbAlc levels were consigned to
Mitsubishi Chemical Medience after serum was

separated from whole blood by centrifugation.
Blood glucose was measured using the
IATORO LQ GLU® chemical reagent kit and
a biochemistry autoanalyzer (H7700; Hitachi
High-Technologies Corporation, Tokyo, Japan).
HbAlc was measured using the Cin Q HbAlc”
chemical reagent kit (JCA-BM9030; JEOL Ltd,
Tokyo, Japan), according to the established
methods adopted by the Japan Diabetes Society
(JDS) as well as the National Glycohemoglobin
Standardization Program (NGSP)".

4. Measurement method of neutrophil-related
functions

Reactive oxygen species (ROS) generation
and the phagocyte activity (PA) of peripheral
blood neutrophils were determined with a
FACScan system (Becton Dickinson, San
Jose, CA) using two-color flow cytometry.
Hydroethidine (HE; 44.4 pmol/L, Polyscience
Inc., Warrington, PA) was used as an indicator
for the ROS production capability, and opsonized
zymosan (OZ) particles labelled with fluorescein
isothiocyanate (FITC; Sigma Chemical Co.,
St. Louis, MO, USA) for assessment of PA.
Zymosan was purchased from Sigma Chemical
Co. (St. Louis, MO, USA).

Briefly, 100 pL heparinized whole blood was
mixed with 22 pL HE (final concentration, f.c.
8 umol/L) and incubated at 37°C for 5 min.
After the addition of 25 pL FITC-labeled OZ
(FITC-OZ; f.c. 5 mg/mL), the samples were
incubated at 37°C for 35 min. Neutrophils
labelled with only HE served as the control
to measure nonstimulated neutrophil function,
basal ROS production. After incubation, Lyse
and Fix (IMMUNOTECH, Marseille, France)
was added to lyse the erythrocytes and to fix
the samples. The samples were washed twice
in phosphate-buffered saline with sodium azide,
and the fluorescence intensity (FI) in activated
neutrophils was measured with the FACScan
system (stimulated ROS production). 30 uL
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Trypan blue (0.25 mg/mL, pH 45) was added
just before the assay to differentiate between
attached and ingested FITC-OZ by fluorescence
quenching %%V,

FI was measured as the value of neutrophils
per 10,000 screened with forward and
side scattering light for each sample. The
accumulated FI (cumulative FI, CFI) was
calculated by multiplying the intensity and the
rate of fluorescence-positive cells. The FI was
used as a quantitative index of the function per
one activated neutrophil. The CFI was used as
a quantitative index of neutrophil function.

5. Exhaled hydrogen

The exhalation gases were obtained in the
morning while subjects were still in the fasting
state. The subjects were asked to breathe in
lightly and held their breath for approximately
15 seconds. They then exhaled and between 100
and 200 ml of their final exhalation (expiratory
reserve volume) was directed into a bag
through a mouth-piece attached to the top
of the breath bag (manufactured by Otsuka
Pharmaceutical Co., Ltd., Tokyo, ]apan)22). The
inside of the bags were thoroughly washed in
advance at 70C and left overnight, then washed
again 3 times by inflating with pure synthetic
air (Gl grade: impurity less than 0.1 ppm)
which is free from volatile organic compounds
to exclude some contaminated gases generated
from the inner surface of the bags. Just before
the measurement, the breath bag was warmed
in an incubator to 45C for approximately
15 minutes. 1 ml of breath was taken from
the breath bag with a special syringe and
injected into a Biogas CO AnalyzerTM, BAS-
1000 (designed and developed by Mitleben
R&D Associates, Osaka, Japan), to analyze H,
and CH, concentrations simultaneously. This
apparatus is based on gas chromatography.
All the analyses were performed on the day in
which the exhalation gases were collected. The

analysis device used was a gas chromatograph
equipped with a high-sensitivity semiconductor
gas detector. The lower limit for detection of
gases was 0.1 ppm, and reproducibility was *
2%. Pure synthetic air was used as a carrier
gas and calibration was performed every 100
samples using mixed gas of 5 ppm concentration
for the two gases.

As human body cells do not produce
hydrogen, all H, detected in the breath is
produced by intestinal flora®, so that the
exhaled hydrogen concentration we detected
could reflect each subject’s endogenous H,
concentration.

6. Statistical analysis

Subjects were classified by gender and age
into 4 groups: 60 y.o. or over and under 60 y.o.
for each gender. A non paired-t-test was used to
test for differences in the values of age, lifestyle,
leukocyte/ neutrophil count and neutrophil
functions. A multiple linear regression analysis
was conducted to examine the linear effect of
the H, level in expiratory gas on the neutrophil
ROS production and phagocytic activity. Data
were corrected for age, BMI, habits of smoking,
drinking, physical exercise, and the presence of
the menopause as the confounding factors.

Data analysis was performed with SPSS
version 17.0 J for Windows (SPSS Inc., Chicago,
IL, USA). The statistical differences were
considered to be significant at p < 0.05, and to
be marginally significant at p < 0.1.

7. Ethical consideration

Prior to the investigation, following points
were explained to all participants and written
consents were obtained: 1) the use of the
documents obtained during the research would
only be used for study purposes; 2) participants
had a right to decline or withdraw from the
project at any time; 3) confidentiality and
anonymity of subjects would be protected; and
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Table 1 Characteristics of subjects

R. Tanikawa, et al.

Male Females
under 60 years 60 years over under 60 years 60 years over
(N=139) (N=113) (N=198) (N=206)
Age, years 477 = 84 694 = 57 481 = 92 679 = 51*
BMI, kg/m* 239 = 27 237 = 29 224 = 31 233 = 29
Exercise, time/week 15 = 11 185 = 147 16 = 12 19 = 1.3*
Smoking, cigarettes/day 162 = 179 169 = 219 19 = 53 03 = 33
Alcohol intake, g/day 515 + 554 417 + 523 91 + 243 18 = 87"
Menopause, number (%) 86(43.4%) 206 (100%)

+

Date are expressed as mean
BMI, body mass index
* p<0.05, *p<0.01: compared with under 60 year

Table 2 Characteristics of subjects

standard deviation, compared with age: non-paired t-test

Male Females

under 60 years 60 years over under 60 years 60 years over
Exhaled hydrogen (H,) 11.2 + 126 8.8 + 99 104 + 124 11.3 + 14.2
concentration (ppm) : : : : : : : :
W(I}ﬁ‘i)bl""d cell count 57004 4 17932 52283 + 14077° 48096 = 13235 4722.8 = 12699
N(“/tljff)’hﬂs cell counts 51698 & 19371 20477 + 10777 27057 + 963.1 26282 + 10003.9
]égslal ROS production. 93006+ 93348 120781 + 11712.3° 119012 = 112702 149192 + 149737
Stimulated ROS 99253 + 1107444  116740.8 + 1122158 791335 + 76939.8 91669.3 + 89580.4
production, CFI
Phagocytic activity, 1642585 + 126081.8 1913269 + 158882.9 1696814 + 1170474 208215 + 236567.9*

CFI

+

Date are expressed as mean

standard deviation, compared with age: non-paired t-test

ROS: reactive oxygen species, CFI: cumulative fluorescence intensity

* p<0.05: compared with under 60 year

4) the storage of data would be properly and
securely managed. The Iwaki Health Promotion
Project and the present study were approved
by the Ethics Committee of Hirosaki University
Graduate School of Medicine.

Results

1. Subjects background (Tables 1 and 2)

For males, exercise frequency per week
was greater in the 60 y.o. or over group than in
the under 60 y.o. group (p<0.05). For females,
exercise frequency was greater in 60 y.o. or
over than in the under 60 y.o. group (p<0.05).
Smoking prevalence and alcohol consumption

were greater in the under 60 y.o. group than
in the 60 y.o. or over group (both p<0.01). For
females in the under 60 y.o. group, 43.4% had
reached menopause and 100% were menopausal
in the 60 y.o. or over group.

2. Exhaled hydrogen concentration and neutrophil
function according to two age groups

There were no significant differences in
H, levels in exhaled gas between the two age
group for both genders (Table 2). For males,
the basal ROS production was significantly
greater in the 60 y.o. or over than that in the
under 60 y.o. group (p<0.05). For females, the
basal and phagocytic activity were significantly
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Table 3 Multiple regression analysis with Expiration hydrogen (males)

under 60 years 60 years over

dependent variables B-coefficient ~ P-value R? B-coefficient  P-value R?
Exhaled hydrogen

Basal ROS production, CFI 0.112 0.202 0.045 0.005 0.961 0.059
Stimulated ROS production, CFI 0.237 0.006 0.088 -0.081 0.426 0.033
Phagocytic activity, CFI 0.026 0.770 0.032 -0.023 0.820 0.018

Values are adjusted for age, body mass index, cigarette smoking, alcohol intake, exercise
ROS, reactive oxygen species; CFI, cumulative fluorescence intensity

Table 4 Multiple regression analysis with Expiration hydrogen (females)

under 60 years 60 years over

dependent variables B-coefficient ~ P-value R? B-coefficient  P-value R?
Exhaled hydrogen

Basal ROS production, CFI 0.033 0.651 0.044 -0.060 0.397 0.018
Stimulated ROS production, CFI -0.011 0.880 0.026 0.063 0.374 0.036
Phagocytic activity, CFI -0.043 0.559 0.035 -0.025 0.721 0.039

Values are adjusted for age, body mass index, cigarette smoking, alcohol intake, exercise
ROS, reactive oxygen species; CFI, cumulative fluorescence intensity

greater in the 60 y.o. or over than that in the
under 60 y.o. group (both p<0.05).
3. The association between exhaled hydrogen and
neutrophil function (Tables 3 and 4)

In less 60 y.o. males, a significant positive
correlation was seen between exhaled H,
concentrations and stimulated ROS production
(p<0.05) (Table 3). On the other hand,
there was no correlation between exhaled H,
concentrations and neutrophil function (Table
4).

Discussion

To the best of our knowledge, the present
study is the first to investigate the relationship
between exhaled breath concentrations of H,
and neutrophil functions (ROS production
quantities at normal state and when reacting
against foreign substances) in subjects from the
general population. In recent years, antioxidative
features of H, have been reported to include not

only the elimination of ROS which is the cause
of oxidative stress, but also the suppression of
ROS production "

According to the results obtained in this
study, a positive correlation was observed
between the quantity of ROS production in
stimulated neutrophils and exhaled breath
concentration of H, in male subjects under 60
years of age. This finding suggested that those
with a higher amount of neutrophil-produced
ROS in the circulation tend to have higher
exhaled H, breath concentrations, whereas those
with lower amounts of circulating neutrophil-
produced ROS tended to have lower H,
concentrations in exhaled breath. It has already
been pointed out that excess production of ROS
by neutrophils induces oxidative stress in the
body** ®. However, the human body has an
endogenous antioxidative mechanism that reacts
against ROS”. Thus, the amount of exhaled H,,
which is an antioxidative substance, as an index
of H, in the body, had probably increased as
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a response to increased production of ROS by
neutrophils.

As H, is not produced by cells of the
human body, all H, detected in the breath
are produced by intestinal flora®®. In recent
years, the association between intestinal flora
H, production by and the human immune
system has been reported, including the H,-
mediated suppression of the inflammatory
reaction, which reduces nitrogen monoxide
(NO) produced from macrophages®. H, has
also been reported to reduce the amount of
ROS produced by lymphocytesm. Moreover,
hydrogen water has been found to suppress the
reduction of leukocytes caused by radiation®.
However, no previous studies have reported on
the association between neutrophil function and
endogenous levels of H,.

Several studies have reported on the
association between intestinal flora and neutrophil
functions. According to one such study, reduced
functions of circulating neutrophils were
observed in a mouse model whose intestinal
flora had been removed by antibiotics®”.
Also, intestinal flora was found to activate
the neutrophil foreign body response against
Streptococcus pneumoniae and Staphylococcus
aureus™. However, the underlying mechanisms
have remained unclear. Thus, H, produced by
intestinal flora was suggested to play certain
role in the association mechanism between
intestinal flora and neutrophils.

The fact that such an association was
observed only in the subjects 60 years old and
under in the present study, was suggested to be
the effect of increased inflammatory cytokines
with age. From the past research, hydrogen was
found to suppress ROS production mechanism
by reducing the concentration of inflammatory

31)

cytokines”’. However, some inflammatory

cytokines including TNF-a are known to

32)

increase with age”’. Thus, no association

between H, and neutrophil functions was

observed in subjects over 60 years of age, which
can be explained by the decreasing effect of H,
against inflammatory cytokine concentration
concomitant with ageing.

In females, no significant associations were
observed between exhaled breath concentration
of H, and neutrophil functions. In previous
studies a gender-related difference in immune
function has been reported: females tended to
have a higher immune function® and higher

% than males. Also, female

neutrophil function
hormones are known to maintain various
aspects of the immune function®™. Thus, unlike
the case in males, no significant association was
observed in females as the effect of H, against
neutrophil function may have been smaller than
the effect of female hormones on neutrophil

function.
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