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Hydrogen-rich saline attenuates eosinophil
activation in a guinea pig model of allergic
rhinitis via reducing oxidative stress
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Abstract

Background: It is well considered that reactive oxygen species (ROS) plays a prominent causative role in the
development of allergic rhinitis (AR), and eosinophils cells as important allergic inflammatory cells contribute to
elevating oxidative stress. Hydrogen, emerging as a novel antioxidant, has been proven effective in selectively
reducing ROS in animals models of oxidative damage. We herein aim to verify protective effects of hydrogen on
eosinophils cells in guinea pigs models of AR.

Methods: Thirty two guinea pigs were random divided into four groups, and AR model was established through
ovalbumin sensitization. The guinea pigs were injected with hydrogen-rich saline (Normal-HRS and AR-HRS group)
or normal saline (control and AR group). The frequencies of sneezing and scratching were recorded. The IgE level,
blood eosinophil count and eosinophil cationic protein (ECP) level in serum were measured. The serum malondialdehyde
(MDA) and superoxide dismutase (SOD) assays were also measured to evaluate oxidative stress. The expression levels of
eotaxin mRNA and protein in the nasal mucosa were also determined by real-time RT-PCR, Western blot and
immunofluorescence.

Results: HRS reduced the ROS and MDA levels and increased SOD level in guinea pigs of AR-HRS group
accompanied with decreased frequency of sneezing and scratches. Meanwhile, there was a decline of the
number of eosinophils cells in blood and of thelevel of ECP in serum in the AR-HRS group. HRS also significantly decreased
the expression of eotaxin in nasal mucosa.

Conclusion: HRS may play a protective role in attenuating allergic inflammation, and suppressing the increase
and activation of eosinophils in AR possibly through antioxidation effect of hydrogen.

Keywords: Allergic rhinitis, Reactive oxygen species, Hydrogen-rich saline, Eosinophil, Eosinophil cationic protein, Eotaxin,
Guinea pig

Background
Rhinitis, especially allergic rhinitis (AR), is a major
health problem. Although several treatments such as
corticosteroid and anti-histamine drugs are available for
dealing with it, their side effects have limited the use of
them. Recent studies have shown that oxidative stress
and the production of reactive oxygen species (ROS)
contribute to allergic inflammation, such as asthma and
AR. The main sources of ROS are NAD (P) H oxidase,
xanthine oxidase, lipoxygenase, mitochondria, and the

uncoupling nitric oxide synthase [1]. It has been re-
ported that the oxidation ability is significantly increased
in patients with atopic asthma and AR compared to
healthy individuals [2].
Many observations suggest that oxidative stress plays

an important role in the pathogenesis of airway allergic
inflammation such as asthma and AR [3]. As important
pathogenic factors of AR, ROS can increase mucosa per-
meability and mucus production accompanied with in-
flux of inflammatory cells, decrease numbers and
function of epithelial cilia, and alter expression of adhe-
sion molecules and release of inflammatory mediators. A
growing number of reports havedemonstrated that
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oxidative stress and its resultant production of ROS play
prominent roles in the mechanism of inflammatory
responses during asthma and AR [4–6].
Airway and circulating inflammatory cells and espe-

cially eosinophils are the likely source of ROS increases.
For instance, antigen challenge increases spontaneous
ROS from airway eosinophils in patients with asthma
[7], and some research shows that blood eosinophils also
produces more ROS in asthmatic patients compared
with control subjects [8]. The eosinophils isolated from
allergic patients also produces more hydrogen peroxides
when challenged with antigen [9]. Thus eosinophils cells
as important allergic inflammatory cells contribute to
elevated oxidative stress in allergic disease.
Recently, it has been proved that hydrogen gas, a

highly flammable gas, has potent antioxidant property.
Compared with other antioxidants gas such as carbon
monoxide (CO) and Hydrogen sulfide (H2S), hydrogen
could selectively reduce the hydroxyl radical (∙OH) and
peroxynitriteanion (ONOO-), the most cytotoxic chemi-
cals of ROS, and effectively protect cells; in addition,
hydrogen does not react with other ROS, which
possesses physiological roles [10]. Since the hydrogen
molecule is electrically neutral and much smaller than
the other antioxidants, it is able to easily penetrate
membranes and enter cells and organelles, such as the
nucleus and mitochondria, where most commonly used
antioxidants cannot arrive [11]. However, hydrogen gas
inhalation as a clinical application is not convenient and
may be dangerous because it is inflammable and com-
bustible. Compared with hydrogen gas, hydrogen satu-
rated in saline (i.e., a hydrogen-rich saline, HRS) is safe
and easy to administer. It has been demonstrated that
treatment with HRS protects organs damage from oxida-
tion effect in animals models such as transient cerebral
ischemia [12], neonatal cerebral hypoxia–ischemia [13],
renal injury [14] and myocardial injury induced by ische-
mia and reperfusion [15]. Although some study shows
that HRS as an interesting anti-allergic treatment could
alleviate respiratory symptom of asthma [16], no researches
focus on the effect of treatment with hydrogen on AR, so
we make the present study to explore whether HRS could,
in its potential as an antioxidant for preventive and thera-
peutic applications in AR, attenuate eosinophil activation
through guinea pigs models.

Methods
Material and animal models
HRS was generously offered by Professor Li Bailong
(the Second Military Medical University, Shanghai,
China) and prepared as described previously [17]. In
short, hydrogen gas (0.4 mPa) was dissolved in nor-
mal saline for at least 2 h to reach supersaturated
level (>0.6 mmol/L).

Mature healthy male guinea pigs weighing ±230 g
were purchased from National Rodent Laboratory
Animal Resources (Shanghai, China). All animal care
and experimental procedures were approved by the
Tongji University Institution Animal Care and Use
Committee (2014-DW-009).
The AR models were prepared as follows. 32 guinea

pigs were randomly divided into four groups (n = 8 each
group), namely, Control groups, normal-HRS, AR-NS
and AR-HRS. The AR-NS and AR-HRS groups were
both sensitized with ovalbumin (OVA, Sigma Corporation,
USA). Each guinea pig was first sensitized intraperitone-
ally with 0.3 mg of OVA and 30 mg of Aluminum hydrox-
ide (AL (OH) 3) every other day for a total of seven times.
From day 15 on, the guinea pigs were treated with 0.5%
OVA aerosol to stimulate AR symptoms for five times.
Subsequently, each side of the nasal cavity was given
20 μL of 2% OVA solution intranasally once a day to
maintain AR symptoms. The control group and normal-
HRS groups were health guinea pigs who are given the
same dose of saline treatment.
From day 20 on, the guinea pigs of the AR-HRS group

and Normal-HRS group were intraperitoneally injected
with a dose of 10 mL/kg HRS and intranasally with
20 μL of HRS on each side once a day. The guinea pigs
in the AR-NS group and control group were also given
the same dose of saline both intraperitoneally and intra-
nasally every day. The treatment continued for 14 days.

Observation of frequencies of scratching and sneezing
The frequencies of scratching and sneezing were
assessed for 1 h directly after nasal challenge. Sneezing
was characterized by an explosive expiration just after
deep inspiration. Scratching was characterized by an
external perinasal scratch with the animal’s forelimbs.

Determination of total IgE and eosinophil cationic protein
(ECP) level in serum
The guinea pigs were anesthetized by intraperitoneal
administration of pentobarbital (40 mg/kg). These ani-
mals were sacrificed by rapid decapitation, and then
blood and nasal mucosa were collected. Biopsies of the
nasal mucosa were taken from the inferior turbinate and
immediately placed in liquid nitrogen. Peripheral blood
was collected and the separated serum was kept at − 20 °C.
Serum total IgE (R&D Corporation,USA) and ECP (R&D
Corporation, USA) were determined by enzyme-linked im-
munosorbent assay method (CAP system). The detectable
range of the assay for total IgE is 2–200 ng/mL, and for
serum ECP is 2 to 100 ng/L.

Blood eosinophil count
A peripheral venous blood sample was collected and
eosinophils were counted through automatic blood cell
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analyzer (Sysmex Medical Electronics Co. Ltd. Japan).
The detectable range of blood eosinophil counted in the
same way is 0 to 10,000/μL.

Determination of ROS in serum and nasal mucosa
The levels of serum ROS were measured with highly
sensitive enzyme-linked immunosorbent assay (ELISA)
kits according to the manufacturer’s recommendations
(Shanghai Tongwei Co., Ltd, China). The absorbance
(OD) was measured at 450 nm wavelength with the
enzyme marker, and the ROS concentration in the sam-
ple was calculated by standard curve. The detectable
range of the assay is 10 IU/ml -320 IU/ml.
ROS levels in nasal mucosa were measured with 2,7-

dichlorofuorescin diacetate (DCFH-DA). Collected nasal
mucosa were incubated with DCFH-DA for 30 min at
37 °C. DCFH-DA forms a fluorescent product, DCF
(dichloro fluorescein) upon oxidation with ROS.
Fluorescence caused by DCF in each well was mea-
sured and recorded for 30 min at 500 nm (excitation)
and 530 nm (emission).

Serum malondialdehyde (MDA) and superoxide dismutase
(SOD) assays
To further confirm that HRS-induced inhibition of
inflammation was related to the anti-oxidative property
of HRS, the oxidative stress markers were measured with
MDA and SOD. SOD is endogenous antioxidants as free
radical scavenger, and MDA is the lipid per oxidation
end product.
Serum MDA levels were measured with a commercial

MDA assay kit (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China). Briefly, hydroxytoluene combined
with thiobarbituric acid was able to become red. The ab-
sorbance of condensation products was tested at a

wavelength of 532 nm. The levels of MDA in nasal mu-
cosa tissue were normalized against total protein (mg
protein/mL). The activity of SOD was measured with a
commercial assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), in accordance with the manu-
facturer’s instructions. Briefly, this assay kit uses a thia-
zole salt for detection of superoxide anions to produce a
colored product; absorbance was tested at a wavelength
of 450 nm.

RNA isolation and real-time RT-PCR for eotaxin
Fluorescent quantitative real time RT–PCR was per-
formed to determine the expression levels of eotaxin
mRNAs in nasal mucosa. The total RNA was extracted
and cDNA was synthesized with a cDNA synthesis kit
(Prime Script RTase, TaKaRa Inc., Japan). To determine
the expression of eotaxin, we performed a fluorescent
quantitative real-time RT–PCR assay. Primer sequences
used are listed in Table 1; mRNA levels were normalized
relative to GAPDH mRNA levels.

Western blot analyses of eotaxin
The guinea pig nasal mucosa (10 mg), which was frozen
in liquid nitrogen, was homogenized in 1 mL of protein
lysis buffer (PBS containing 0.1% Triton X-100) and cen-
trifuged at 14,000 g for 10 min at 4 °C. Nasal mucosa
lysates from each group were analyzed by Western blot.

Table 1 Examined genes and their PCR primers

Gene Primer sequence 5′→ 3′ Amplification
size (bp)

eotaxin-1 F:5′-AACCCAGAAACTATTGTCACGCT-3′
R:5′-GGACATTTGCTGCTGGTGATTAT-3′

216

GAPDH F:5′-AAAGGCATCTTGGGCTACACC-3′
R:5′-GCTGTAGCCGAACTCATTGTCATA-3′

153

Fig. 1 Frequency of scratching and sneezing of guinea pigs. For the four groups: saline control, normal-HRS, AR- NS and AR-HRS. Each column
and vertical bar represents the mean ± S.D. *,**: Significantly different from the control group (p < 0.05 and p < 0.01, respectively). #,## Significantly
different from the AR-NS group (p < 0.05 and p < 0.01, respectively)
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The blots were blocked with PBS-T containing 1% skim
milk and then incubated with a 1:1000 dilution of anti-
eotaxin antibody (Beyotime biotechnology, China) at
room temperature. After three additional washes, the
blots were incubated with anti-mouse secondary

antibody (1:5000) (Beyotime biotechnology, China) and
then conjugated to horseradish peroxidase for 1 h at
room temperature. The second batch of images was
quantified using Quantity One software (Bio-Rad
Laboratories, USA). GAPDH was employed as an

Fig. 2 IgE level in serum of guinea pigs. For the four groups: saline control, normal-HRS, AR- NS and AR-HRS. Each column and vertical bar represents
the mean ± S.D. *, **: Significantly different from the control group (p < 0.05 and p < 0.01, respectively). #, ## Significantly different from the AR-NS group
(p < 0.05 and p < 0.01, respectively)

Fig. 3 Levels of ROS in serum and nasal mucosa of groups. For the four groups: saline control, normal-HRS, AR- NS and AR-HRS. Levels of ROS in
serum (a) and nasal mucosa (b) were shown. Each column and vertical bar represents the mean ± S.D. *,**: Significantly different from the control
group (p < 0.05 and p < 0.01, respectively). #,## Significantly different from the AR-NS group (p < 0.05 and p < 0.01, respectively)
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endogenous control for protein normalization. The ex-
periments were performed in duplicate.

Immunofluorescence of eotaxin in nasal mucosa
Tissues from the specimens were fixed in 10% buffered
formalin. Immunohistochemical stains were performed
on formalin-fixed and paraffin-embedded 4 μm sections.
The tissue sections were deparaffined, and permeabilized
in precooled acetone at − 20 °C for 15 min. Slides were
washed in PBS. Normal goat serum (10% in PBS) was
used to block nonspecific antibody binding. The slides
were incubated for 1 h at room temperature with anti–
Eotaxin-1 rat monoclonal antibody (1:100, Boster Co.
Ltd. China). Slides were washed twice in PBS, and then
incubated for 30 min at room temperature with anti-rat
Cy3-conjugated IgG (1:50, Boster Co. Ltd. China). Slides
were washed twice in PBS and once in distilled water
and allowed to dry. Fluorescence microscope was applied
to observation and photograph.

Statistical analysis
Statistical analyses were performed using SPSS version
17.0 (SPSS Inc., Chicago, Illinois, USA). All data were
expressed as mean ± S.D. Statistical analyses of data were
performed using ANOVA for multiple comparison and
Least Significant Difference (LSD) for comparison among
groups, and Pearson Correlation for the two-variable
correlation analysis. p < 0.05 was considered statisti-
cally significant.

Results
Frequencies of scratching and sneezing and IgE level in
serum
The frequencies of scratching and sneezing are shown in
Fig. 1. The frequencies of scratching and sneezing in the
AR-sensitized group were significantly increased com-
pared with the control group (p < 0.05), and no signifi-
cant changes were found in normal guinea pigs after
HRS treatment (p > 0.05). In the AR-HRS group, the
frequencies of scratching and sneezing decreased sig-
nificantly compared with those of the AR-NS group
(p < 0.05). It indicates that inflammatory symptom of
AR was alleviated by HRS in guinea pigs.
The level of IgE of groups is shown in Fig. 2. In the

AR-NS group it is higher than that in the control group
(175.44 ± 10.02 ng/mL vs.65.24 ± 8.44 ng/mL, p < 0.01).
After HRS treatment, the IgE content in the AR-HRS
guinea pigs is significantly decreased (92.70 ± 7.66 ng/
mL vs 175.44 ± 10.02 ng/mL, p < 0.05). Otherwise, there
is no significant difference between control and Normal-
HRS group (68.76 ± 10.45 g/mL vs.65.24 ± 8.44 ng/mL,
p > 0.05). All these results indicate that HRS could
reduce the inflammatory response of AR accompanied
with decreased IgE level.

HRS treatment reduced oxidative stress
Enhanced oxidative stress was observed in AR animals,
as evidenced with the elevated ROS levels of serum and
nasal mucosa (Fig. 3a and b), and the elevation appeared

Fig. 4 Levels of MDA and SOD in serum of groups. For the four groups: saline control, normal-HRS, AR- NS and AR-HRS. Levels of MDA (a) and
SOD (b) in serum were shown. Each column and vertical bar represents the mean ± S.D. *,**: Significantly different from the control group (p < 0.05
and p < 0.01, respectively). #,## Significantly different from the AR-NS group (p < 0.05 and p < 0.01, respectively)
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to be significantly inhibited by HRS treatment (p < 0.05).
Moreover, decreased changes for SOD activity and in-
creased MDA levels in serum were observed (Fig. 4a
and b), and after HRS treatment, elevated ROS was
inhibited by HRS accompanied with increased SOD
level and decreased MDA level significantly (p < 0.05).
Similarly, no significant difference between control
and Normal-HRS group was found (p > 0.05). The
correlation between the makers was also carried out,
and there was a highly significant correlation between
ROS and MDA levels (r = 0.87, P < 0.01) (Fig. 5a), sug-
gesting that levels of MDA were positively correlated
with ROS. Otherwise, there was also a highly
significant correlation between ROS and SOD levels
(r = 0.64, P < 0.01) (Fig. 5b), suggesting that levels of
SOD were negatively correlated with ROS. All this
suggests that HRS treatment could reduce oxidative
stress of AR significantly.

Blood eosinophil count and ECP concentrations in serum
Similarly, eosinophil count in AR group was signifi-
cantly higher than in control group. ((0.41 ± 0.06) ×
109/L vs.(0.26 ± 0.03) × 109/L, p < 0.05) and decreased
significantly with HRS treatment ((0.31 ± 0.04) × 109/L,
p < 0.05) (Fig. 6a). Otherwise, no significant difference
was also found between control group and normal-
HRS groups ((0.32 ± 0.03) × 109/L vs. (0.26 ± 0.03) ×
109/L, p > 0.05).
Serum ECP level was 741.98 ± 69.7 pg/mL in AR group

was significantly higher than that of control subjects
(533.13 ± 39.14 pg/mL, p < 0.05), while it was 554.48 ±
36.53 pg/mL in AR-HRS group and 512.39 ± 32.478 in
normal-HRS group (Fig. 6b). There was a significantly dif-
ference between AR-HRS and AR-NS groups (p < 0.01).
Also, serum ECP was correlated with blood eosinophil
count (r = 0.65, p < 0.01) (Fig. 7a), and serum total IgE
(r = 0.56, p < 0.01) significantly (Fig. 7b).

Fig. 5 Correlation analysis of serum ROS, MDA and SOD. Serum ROS was correlated with MDA levels (r = 0.87, P < 0.01) (a), and SOD levels
(r = 0.64, P < 0.01) (b)
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Reduction of eotaxin mRNA and protein expression in nasal
mucosa by HRS treatment
The eotaxin mRNA and protein expression in the nasal mu-
cosa of the AR sensitized significantly grew up (p < 0.05).
Similarly, no significant difference between control and
Normal-HRS group was found (p > 0.05). However,
the mRNA and protein expression of eotaxin in the
HRS-treated group decreased significantly compared
with that of the AR-NS group (p < 0.05 for each
(Figs. 8 and 9). These results indicate that HRS could
suppress the eotaxin expression in allergic inflamma-
tion conditions.

Assessing eotaxin expression by immunofluorescence
Histology seems to confirm the above findings. Figure 10c
shows plenty of eotaxin in the cell nucleus of nasal
mucosa taken from AR and NS group, while in control
subjects and normal-HRS subjects eosinophil infiltration
is very scarce (Fig. 10a and b). Otherwise, the eotaxin of
the HRS-treated group is relatively low expression
(Fig. 10d). All this indicates that HRS could reduce
eotaxin expression in the nasal mucosa of AR.

Discussion and conclusions
Our results have demonstrated that HRS, functioning as
a scavenger of ROS, could have the anti-allergic inflam-
mation therapeutic value in AR disease. ROS are classic-
ally defined as partially reduced metabolites of oxygen
that possess strong oxidizing capabilities. They contain
∙OH, O2, H2O2, ONOO, NO−, are important cytotoxic
molecules and signal mediators in the pathophysiological
mechanisms of inflammatory diseases [18, 19]. Among
them, ∙OH and ONOO− are much more reactive than
others and are regarded as major cytotoxic mediators of
cellular oxidative damage [20].
Under physiological condition, tissues contain various en-

dogenous antioxidant enzymes like GSH and SOD, which
scavenge ROS and prevent lipid peroxidation, and maintain
the relevant balance [21]. In the process of AR, the antigens
have been shown to induce human nasal epithelial cells to
produce ROS that trigger cytokine production in AR, and
ROS were overproduced and then induced an imbalance
between the ROS and endogenous antioxidants or antioxi-
dant enzymes. The overproduced ROS were able to directly
or indirectly damage the nasal mucosa, which results in
mucosa dysfunction and histological changes [22].

Fig. 6 Blood eosinophil count and ECP concentrations in serum of groups. For the four groups: saline control, normal-HRS, AR- NS and AR-HRS.
Blood eosinophil count and ECP concentrations in serum of groups were shown. Each column and vertical bar represents the mean ± S.D. *,**:
Significantly different from the control group (p < 0.05 and p < 0.01, respectively). #,## Significantly different from the AR-NS group (p < 0.05 and
p < 0.01, respectively)

Yu et al. Journal of Inflammation  (2017) 14:1 Page 7 of 12



In 2007, researchers from Japan reported that hydro-
gen gas possessing antioxidant and anti-apoptotic
properties could protect the brain against ischemia-
reperfusion injury and stroke by selectively reducing
hydroxyl radicals · OH and ONOO-in cell-free systems.
Indeed, more researches have been reported that hydro-
gen reacts only with the strongest oxidants (∙OH and
ONOO−) and does not disrupt metabolic redox reac-
tions or ROS concerned in cell signaling [23]. It is dem-
onstrated that HRS has an essential role in ROS
clearance. In vitro study, the researchers demonstrated
that hydrogen showed promising efficacy in many dis-
ease models [24, 25]. A growing number of reports have
demonstrated that oxidative stress and its resultant pro-
duction of ROS play prominent roles in the mechanism
of inflammatory responses as asthma, renal injury, etc.
In the process of inflammation, ROS are overproduced
and then induce an imbalance between the ROS and
endogenous antioxidants or antioxidant enzymes, and
HRS can neutralize the ROS and eases the oxidative
damage in inflammation such as asthma and pancreatitis
[16, 26]. However, there are no reports of HRS in

research of AR disease, although HRS may also exert
anti-inflammatory effects in rhinitis.
In order to observe the antioxidation effect of HRS in

AR, levels of MDA and SOD in serum were observed in
this experiment. MDA can be used as a crosslinking
agent to promote the cross-linking of nucleic acids, pro-
teins and phospholipids, and to change the function of
biological macromolecules. The content of MDA can
reflect the degree of lipid per oxidation. SOD, as dispro-
portionation of superoxide anion generation of H2O2,
can scavenge ROS, prevent lipid per oxidation, and pro-
tect cells from damaging of toxic oxygen radicals. There-
fore, SOD is an important enzyme in the defense of the
superoxidion from the body or external environment.
The increase of MDA levels and decrease of SOD activ-
ity can lead to oxidative stress reaction, which will result
in cell damage and even cell death. It is showed that in
the process of allergen-induced airway inflammation, the
inflammatory mediators can stimulate eosinophils to
produce ROS that can be inhibited by SOD [27]. In this
study, upregulated oxidative metabolism in allergic
models compared to those from normal subjects was

Fig. 7 Correlation analysis of serum ECP, eosinophil count and serum total IgE. Pearson Correlation was used to analyze the relationship. Serum
ECP was correlated with blood eosinophil count (r =0.65, p < 0.01) (a), and serum total IgE (r = 0.56, p < 0.01) significantly (b)
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shown, and ROS levels in AR animal appeared to be re-
duced by HRS accompanied with increased SOD level
and decreased MDA level. These results indicate that
HRS neutralizes the ROS and eases the oxidative damage
from allergic inflammation. After HRS treatment, the
AR guinea pigs showed relieved symptoms of allergic
reaction, such as nasal scratching nose and sneezing.
The observations indicate that HRS exerts potent anti
oxidative and anti-inflammatory effects, and it can
attenuate the severity of AR in guinea pigs.
In order to investigate the influence of HRS on inflam-

mation of AR, the function and counts of eosinophils
were also studied, because abnormalities of quantity and
activity of eosinophils are typical features of AR. The
present observations indicate that the declined number
of eosinophils may be associated with drug-induced
eosinophil apoptosis of tissue. It has been widely as-
sumed that apoptosis of eosinophils of airway tissue
would be increased by treatment such as corticosteroid,
and inducement of eosinophil apoptosis has thus been
advocated as a major pharmacological mechanism to
bring about resolution of allergic inflammation [28, 29].
However, more studies are needed to confirm the induc-
tion of apoptotic eosinophils with HRS.
It has been known that ECP is released by activated

eosinophils, and ROS with activated eosinophils affect

the ECP levels [30]. Our study had shown that eosino-
phils concentration and ECP levels in serum is increased
in guinea pigs with AR, and the ECP levels in AR animal
appeared to be reduced by HRS accompanied with de-
creased eosinophils concentration in serum. The ECP
levels in the serum could reflect the rate of activation of
circulating eosinophils [31]. Indeed, the serum levels of
ECP in allergic asthma and atopic dermatitis are signifi-
cantly higher [32]. Since ECP may be a major cause of
chronic airway inflammation, it may also be an objective
parameter of inflammation in respiratory allergic dis-
eases. It is strongly involved in upper and lower airway
inflammation, such as AR, nasal polyps and widely used
as a standard marker of eosinophil activity [33]. ECP
levels, correlated well with the number of eosinophils,
could be useful in evaluating the degree of inflammation
in patients with AR, and as an effective clinical test for
evaluating the effectiveness of allergic inflammation
therapy [34], for eg. pollen specific immunotherapy [35].
In our research, the therapy with HRS in AR can influ-
ence serum ECP levels, which indicates that HRS can
suppress active eosinophil in AR.
Moreover, it is reported that eotaxin has a greater

effect on priming eosinophil ROS, and eotaxin plays an
important role in the pathogenesis of allergic inflamma-
tion through eosinophil activation by priming the

Fig. 8 Expression of eotaxin mRNA in nasal mucosa. Sizes of PCR products are 216 bp (eotaxin) and 153 bp (GAPDH). Lanes from left to right
were products of saline control, normal-HRS, AR-NS and AR-HRS. There was an increase in eotaxin mRNA in AR-NS group compared with control,
and eotaxin decrease dafter HRS treated (*p < 0.05 versus control, #p < 0.05 versus AR-NS), whereas there was no change in GAPDH mRNA. No
significance of mRNA expression were shown between control and Normal-NS groups (*p > 0.05)
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Fig. 10 Immuno cytochemistry of Eotaxin in groups. Eotaxin expression in control, AR-NS, AR-HRS and Normal-HRS groups was determined by
immuno cytochemistry. Immunoreactive eotaxin, detected using a Cy3-labeled secondary antibody (red), was highly expressed in nasal mucosa of
AR-NS group (c), and decreased in AR-HRS group (d). While in control subjects and normal-HRS subjects eosinophil infiltration was very scarce (a and b)

Fig. 9 Western blot analysis of eotaxin protein in groups. For the four groups: saline control, normal-HRS, AR- NS and AR-HRS. Western blot analysis
showed that the relative expression of eotaxin protein in the AR-NS group was much higher than that in control group, and decreased in AR–HRS group,
(*p< 0.05 versus control, #p< 0.05 versus AR-NS). No significance of protein expression were shown between control and Normal-NS groups (*p> 0.05)
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eosinophil oxidative metabolism [36]. In the present
study, influence of HRS on eotaxin expression has also
been studied. Eotaxin, which is a CC Chemokine, was
originally isolated from the bronchoalveolar fluid of
allergic guinea pigs [37]. It has a strong chemotactic ac-
tivity that is specific for eosinophils, while it induced
monocyte chemotaxis only at a high concentration, and
did not induce neutrophil or lymphocyte chemotaxis at
all [38]. The eotaxin regulates eosinophil trafficking dur-
ing allergic inflammation and plays important role in
allergic reaction. As shown in the results, it is an in-
crease in ROS production with higher expressed eotaxin
in nasal mucosa of AR models, and it is also indicated
that ROS had an effect on the expression of eotaxin.
Therefore, the expression of eotaxin was also decreased
along with ROS production suppressed by HRS treat-
ment. It is implied that HRS also can suppress the
eotaxin expression and it may be related to a decrease in
ROS production in nasal mucosa of AR models.
Our study was the first to evaluate the molecular

hydrogen protects cells and tissues against oxidative
stress in AR models. It also raised the possibility of treat-
ing allergic respiratory diseases by using medical gas as
antioxidant therapy. Antioxidants gas, such as CO,H2S
and H2, will be a new treatment strategy in the therapy
of AR [39].
In conclusion, our data demonstrate that HRS attenu-

ates airway inflammation and suppresses the function
and counts of eosinophils in AR possibly through anti-
oxidation effect of hydrogen. However, more investiga-
tions should be carried out to identify the underlying
mechanisms in hydrogen-mediated anti-allergic in-
flammation in future. We also propose that molecular
hydrogen could be widely used in medical applica-
tions as a safe and effective protective drug with min-
imal side effects.

Acknowledgements
Not applicable.

Funding
Not applicable.

Availability of data and materials
Please contact author for data requests.

Authors’ contributions
YSQ designed and performed the study. Culturing and stimulation of
animals as well as evaluating experimental data were done by ZCL and CN.
JL participated in the design of the study and performed the statistical
analysis. GRM designed and performed the study of RT-PCR and participated
in interpretation of results. YSQ conceived of the study, and participated in
its design and coordination and helped to draft the manuscript. All authors
read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval
This study about animal care and experimental procedures were approved by
the Tongji University Institution Animal Care and Use Committee (2014-DW-009).

Received: 3 November 2016 Accepted: 9 December 2016

References
1. Sim CS, Lee JH, Kim SH, Han MW, Kim Y, Oh I, Yun SC, Lee JC. Oxidative

stress in schoolchildren with allergic rhinitis: propensity score matching
case-control study. Ann Allergy Asthma Immunol. 2015;115(5):391–5.

2. Sannohe S, Adachi T, Hamada K, Honda K, Yamada Y, Saito N, Cui CH,
Kayaba H, Ishikawa K, Chihara J. Upregulated response to Chemokines in
oxidative metabolism of eosinophils in asthma and allergic rhinitis. Eur
Respir J. 2003;21(6):925–31.

3. Sagdic A, Sener O, Bulucu F, Karadurmus N, Özel HE, Yamanel L, Tasci C,
Naharci I, Ocal R, Aydin A. Oxidative stress status and plasma trace elements
in patients with asthma or allergic rhinitis. Allergol Immunopathol (Madr).
2011;39(4):200–5.

4. Kirkham P, Rahman I. Oxidative stress in asthma and COPD: antioxidants as
a therapeutic strategy. Pharmacol Ther. 2006;111(2):476–94.

5. Bowler RP, Crapo JD. Oxidative stress in allergic respiratory diseases. J Allergy
Clin Immunol. 2002;110(3):349–56.

6. Henricks PA, Nijkamp FP. Reactive oxygen species as mediators in asthma.
Pulm Pharmacol Ther. 2001;14(6):409–20.

7. Calhoun WJ, Reed HE, Moest DR, Stevens CA. Enhanced superoxide
production by alveolar macrophages and air-space cells, airway
inflammation, and alveolar macrophage density changes after segmental
antigen bronchoprovocation in allergic subjects. Am Rev Respir Dis.
1992;145(2 Pt 1):317–25.

8. Vachier I, Chanez P, Le Doucen C, Damon M, Descomps B, Godard P.
Enhancement of reactive oxygen species formation in stable and unstable
asthmatic patients. Eur Respir J. 1994;7(9):1585–92.

9. Evans DJ, Lindsay MA, O’Connor BJ, Barnes PJ. Priming of circulating human
eosinophils following late response to allergen challenge. Eur Respir J. 1996;
9(4):703–8.

10. Shi P, Sun W, Shi P. A hypothesis on chemical mechanism of the effect of
hydrogen. Med Gas Res. 2012;2(1):17.

11. Maher P, Salgado KF, Zivin JA, Lapchak PA. A novel approach to screening
for new neuroprotective compounds for the treatment of stroke. Brain Res.
2007;1173:117–25.

12. Ji Q, Hui K, Zhang L, Sun X, Li W, Duan M. The effect of hydrogen-rich saline
on the brain of rats with transient ischemia. J Surg Res. 2011;168(1):e95–e101.

13. Ji X, Liu W, Xie K, Liu W, Qu Y, Chao X, Chen T, Zhou J, Fei Z. Beneficial effects
of hydrogen gas in a rat model of traumatic brain injury via reducing oxidative
stress. Brain Res. 2010;1354:196–205.

14. Wang F, Yu G, Liu SY, Li JB, Wang JF, Bo LL, Qian LR, Sun XJ, Deng XM.
Hydrogen-rich saline protects against renal ischemia/reperfusion injury in
rats. J Surg Res. 2011;167(2):e339–44.

15. Hayashida K, Sano M, Ohsawa I, Shinmura K, Tamaki K, Kimura K, Endo J,
Katayama T, Kawamura A, Kohsaka S, Makino S, Ohta S, Ogawa S, Fukuda K.
Inhalation of hydrogen gas reduces infarct size in the rat model of
myocardial ischemia-reperfusion injury. Biochem Biophys Res Commun.
2008;373(1):30–5.

16. Xiao M, Zhu T, Wang T, Wen FQ. Hydrogen-rich saline reduces airway
remodeling via inactivation of NF-κB in a murine model of asthma. Eur Rev
Med Pharmacol Sci. 2013;17(8):1033–43.

17. Nakashima-Kamimura N, Mori T, Ohsawa I, Asoh S, Ohta S. Molecular
hydrogen alleviates nephrotoxicity induced by an anti-cancer drug cisplatin
without compromising anti-tumor activity in mice. Cancer Chemother
Pharmacol. 2009;64(4):753–61.

18. Naito Y, Takano H, Yoshikawa T. Oxidative stress-related molecules as a
therapeutic target for inflammatory and allergic diseases. Curr Drug Targets
Inflamm Allergy. 2005;4:511–5.

19. Al-Harbi NO, Nadeem A, Al-Harbi MM, Imam F, Al-Shabanah OA, Ahmad SF,
Sayed-Ahmed MM, Bahashwan SA. Oxidative airway inflammation leads to
systemic and vascular oxidative stress in a murine model of allergic asthma.
Int Immunopharmacol. 2015;26(1):237–45.

20. Poli G, Leonarduzzi G, Biasi F, Chiarpotto E. Oxidative stress and cell
signalling. Curr Med Chem. 2004;11(9):1163–82.

Yu et al. Journal of Inflammation  (2017) 14:1 Page 11 of 12



21. Michiels C, Raes M, Toussaint O, Remacle J. Importance of Se-glutathione
peroxidase, catalase, and Cu/Zn-SOD for cell survival against oxidative stress.
Free Radic Biol Med. 1994;17(3):235–48.

22. Ulusoy S, Ayan NN, Dinc ME, Is A, Bicer C, Erel O. A new oxidative stress
marker for thiol-disulphide homeostasis in seasonal allergic rhinitis. Am J
Rhinol Allergy. 2016;30(3):53–7.

23. Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K,
Katsura K, Katayama Y, Asoh S, Ohta S. Hydrogen acts as a therapeutic
antioxidant by selectively reducing cytotoxic oxygen radicals. Nat Med.
2007;13(6):688–94.

24. Sun H, Chen L, Zhou W, Hu L, Li L, Tu Q, Chang Y, Liu Q, Sun X, Wu M,
Wang H. The protective role of hydrogen-rich saline in experimental liver
injury in mice. J Hepatol. 2011;54(3):471–80.

25. Szuster-Ciesielska A, Daniluk J, Kandefer-Szerszeń M. Oxidative stress in blood
of patients with alcohol-related pancreatitis. Pancreas. 2001;22(3):261–6.

26. Shi Q, Liao KS, Zhao KL, Wang WX, Zuo T, Deng WH, Chen C, Yu J, Guo WY,
He XB, Abliz A, Wang P, Zhao L. Hydrogen-rich saline attenuates acute renal
injury in sodium taurocholate-induced severe acute pancreatitis by
inhibiting ROS and NF-κB pathway. Mediators Inflamm. 2015;2015:685043.

27. Sanders SP, Zweier JL, Harrison SJ, Trush MA, Rembish SJ, Liu MC.
Spontaneous oxygen radical production at sites of antigen challenge in
allergic subjects. Am J Respir Crit Care Med. 1995;151(6):1725–33.

28. Vignola AM, Chiappara G, Gagliardo R, Gjomarkaj M, Merendino A, Siena L,
Bousquet J, Bonsignore G. Apoptosis and airway inflammation in asthma.
Apoptosis. 2000;5(5):473–85.

29. Druilhe A, Letuve S, Pretolani M. Glucocorticoid-induced apoptosis in
human eosinophils: mechanisms of action. Apoptosis. 2003;8(5):481–95.

30. Morshed M, Yousefi S, Stöckle C, Simon HU, Simon D. Thymic stromal
lymphopoietin stimulates the formation of eosinophil extracellular traps.
Allergy. 2012;67(9):1127–37.

31. Venge P. Serum measurements of eosinophil cationic protein (ECP) in
bronchial asthma. Clin Exp Allergy. 1993;23 Suppl 2:3–7. discussion 15–22.

32. Sugai T, Sakiyama Y, Matumoto S. Eosinophil cationic protein in peripheral
blood of pediatric patients with allergic diseases. Clin Exp Allergy. 1992;
22(2):275–81.

33. Sun DI, Joo YH, Auo HJ, Kang JM. Clinical significance of eosinophilic
cationic protein levels in nasal secretions of patients with nasal polyposis.
Eur Arch Otorhinolaryngol. 2009;266(7):981–6.

34. Nielsen LP, Peterson CG, Dahl R. Serum eosinophil granule proteins predict
asthma risk in allergic rhinitis. Allergy. 2009;64(5):733–7.

35. Ohashi Y, Nakai Y, Kakinoki Y, Ohno Y, Okamoto H, Sakamoto H, Kato A,
Tanaka A. The effect of immunotherapy on the serum levels of eosinophil
cationic protein in seasonal allergic rhinitis. Clin Otolaryngol Allied Sci.
1997;22(2):100–5.

36. Perić A, Vojvodić D, Vukomanović-Đurđević B, Baletić N. Eosinophilic
inflammation in allergic rhinitis and nasal polyposis. Arh Hig Rada Toksikol.
2011;62(4):341–8.

37. Jose PJ, Griffiths-Johnson DA, Collins PD, Walsh DT, Moqbel R, Totty NF,
Truong O, Hsuan JJ, Williams TJ. Eotaxin: a potent eosinophil
chemoattractant cytokine detected in a guinea pig model of allergic
airways inflammation. J Exp Med. 1994;179(3):881–7.

38. Ponath PD, Qin S, Ringler DJ, Clark-Lewis I, Wang J, Kassam N, Smith H, Shi
X, Gonzalo JA, Newman W, Gutierrez-Ramos JC, Mackay CR. Cloning of the
human eosinophil chemoattractant, eotaxin. Expression, receptor binding,
and functional properties suggest a mechanism for the selective
recruitment of eosinophils. J Clin Invest. 1996;97(3):604–12.

39. Yu S, Yan Z, Che N, Zhang X, Ge R. Impact of carbon monoxide/heme oxygenase
on hydrogen sulfide/cystathionine-γ-lyase pathway in the pathogenesis of
allergic rhinitis in guinea pigs. Otolaryngol Head Neck Surg. 2015;152(3):470–6.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Yu et al. Journal of Inflammation  (2017) 14:1 Page 12 of 12


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Material and animal models
	Observation of frequencies of scratching and sneezing
	Determination of total IgE and eosinophil cationic protein (ECP) level in serum
	Blood eosinophil count
	Determination of ROS in serum and nasal mucosa
	Serum malondialdehyde (MDA) and superoxide dismutase (SOD) assays
	RNA isolation and real-time RT-PCR for eotaxin
	Western blot analyses of eotaxin
	Immunofluorescence of eotaxin in nasal mucosa
	Statistical analysis

	Results
	Frequencies of scratching and sneezing and IgE level in serum
	HRS treatment reduced oxidative stress
	Blood eosinophil count and ECP concentrations in serum
	Reduction of eotaxin mRNA and protein expression in nasal mucosa by HRS treatment
	Assessing eotaxin expression by immunofluorescence

	Discussion and conclusions
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval
	References

