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Hydrogen-Rich Saline Ameliorates Allergic Rhinitis
by Reversing the Imbalance of Th1/Th2 and Up-Regulation
of CD4+CD25+Foxp3+Regulatory T Cells, Interleukin-10,
and Membrane-Bound Transforming Growth Factor-β
in Guinea Pigs

Feifei Xu,1 Shaoqing Yu ,1,2,3 Mali Qin,1 Yong Mao,1 Ling Jin,1 Na Che,1 Shuangxi Liu,1 and
Rongming Ge1

Abstract— It is well known that CD4+CD25+Foxp3+Treg cells play an important role in the
development of allergic rhinitis (AR); the defect of cell numbers and functions contribute to
AR. Hydrogen has been proven effective in alleviating symptoms of AR. We herein aim to
verify the protective effects of hydrogen on CD4+CD25+Foxp3+Treg cells in guinea pigs
wi th AR and to explore the effec t o f hydrogen- r ich sa l ine (HRS) on
CD4+CD25+Foxp3+Treg cells in animals with AR and investigate the underlying anti-
inflammatory mechanism. Eighteen guinea pigs were randomly divided into three groups
(control group/AR group/AR-HRS group). The guinea pigs were injected with hydrogen-rich
saline (AR-HRS group) for 10 days after sensitization. The control group was injected with an
equal volume of normal saline. The number of sneezes, degree of runny nose, and nasal-
rubbing movements were scored. Peripheral blood eosinophil count was recorded. The
proportions of Th1/Th2 of the peripheral blood and the CD4+CD25+Foxp3+T cells in the
CD4+T cells of the spleen and peripheral blood were determined by flow cytometry. The
content of interleukin (IL)-10 and transforming growth factor (TGF)-β in the serum was
detected by enzyme-linked immunosorbent assay (ELISA). The protein and mRNA expres-
sion of Foxp3, IL-10, and TGF-β were determined by Western blot, immunofluorescence,
and real-time PCR analysis, respectively. Scores of symptoms, number of eosinophils,and
nasal mucosa damage were dramatically reduced after HRS treatment. HRS increased the
expression of Foxp3, IL-10, TGF-β, and number of CD4+CD25+Foxp3+Treg cells, which
were reduced in AR. HRS also revised the dysregulation of Th1/Th2 balance. Both the
number and biological activity of CD4+CD25+Foxp3+Treg cells increased with up-
regulation of Th1/Th2 after HRS administration. HRS could play a protective role in
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attenuating AR through improving the proportion and functions of CD4+CD25+Foxp3+Treg
cells.

KEYWORDS: allergic rhinitis; T-lymphocytes; regulatory T cell; hydrogen-rich saline; guinea pig.

INTRODUCTION

Allergic rhinitis (AR) is a chronic inflammatory air-
way disease, which is clinically identified as a symptom-
atic disorder of the nose induced by an immunoglobulin E
(IgE)-mediated hypersensitivity reaction against allergens
and involves mucosal inflammation driven by type 2 help-
er T (Th2) cells [1]. Nasal itching, sneezing, watery
rhinorrhea, and nasal congestion are the cardinal symptoms
of AR. With the change in the living environment, the
incidence of AR is gradually increasing around the world,
and AR has been shown to affect quality of life and
productivity at school or work and cause severe financial
losses [2]. Therefore, it is imperative to clarify fully the
pathogenesis of AR and to develop a novel therapeutic
strategy.

CD4+CD25+regulatory T (Treg) cells are a subset of
thymus-derived CD4+T cell population that can promote
self-immune tolerance and maintenance of immune bal-
ance and account for 5–10% of mature CD4+T cells. They
can secrete anti-inflammatory cytokines, including
transforming growth factor (TGF)-β and interleukin (IL)-
10, at high levels. The forkhead box P3 (Foxp3) gene is a
specific transcription factor, which plays a critical role in
the development and functional maintenance of
CD4+CD25+Treg cells [3]. In recent years, cumulative
studies have found that CD4+CD25+Treg cells are in-
volved in allergic inflammation and play an important role
in balancing Th1/Th2 cell differentiation and that a defect
in Treg function or reduced numbers of Treg cells trigger
the development and progression of AR [4, 5].

Hydrogen has long been recognized as a physiologi-
cal inert gas without biological activity. Recently, it has
been demonstrated that hydrogen gas may protect cells and
organs from damage in animal models such as those of
ischemia and reperfusion, acute trauma, and inflammation
[6]. Experimental data has indicated that hydrogen-rich
saline (HRS) reduces airway inflammation in a murine
model of asthma [7]. Furthermore, the latest studies show
that HRS can attenuate the severity of AR in guinea pigs
through potent antioxidation effect and inhibition of ex-
pressions of IL-4 and IL-13 [8, 9]. However, it has not been
shown that the underlying mechanism of HRS in reduction
of allergic inflammation in AR is via regulation of

CD4+CD25+Foxp3+Treg cells. In the current study, AR
model guinea pigs were induced with ovalbumin in order
t o i n v e s t i g a t e t h e e f f e c t o f H R S o n
CD4+CD25+Foxp3+Treg cells and underlying anti-
inflammatory mechanism.

MATERIALS AND METHODS

Material and Animal Models

Hydrogen gas (0.4 MPa) was dissolved in normal
saline for at least 2 h to reach supersaturated level
(>0.6 mmol/L) [10]. HRS in our experiment was obtained
from the Second Military Medical University, Shanghai,
China. Mature, healthy, and clean male guinea pigs
weighing 220 ± 10 g were purchased from Shanghai Lab-
oratory Animal Company (Shanghai, China) and bred in
the Experimental Animal Science Center of our institute.
All animal care and experimental procedures were ap-
proved by the Tongji University Institution Animal Care
and Use Committee (2017-DW-002).

The AR models were prepared as follows: 18 guinea
pigs were randomly divided into three groups (of six each),
namely, control group, AR group, and AR-HRS group.
The AR and AR-HRS groups were both sensitized with
ovalbumin (OVA, Sigma, USA). Every guinea pig was
sensitized by intraperitoneal injection with OVA (0.3 mg)
mixed with aluminum adjuvant (30 mg) in 10 mL normal
saline, which was administered every other day for seven
times. From day 15, the guinea pigs were treated with 1%
OVA aerosol five times to stimulate AR symptoms. Sub-
sequently, each side of the nasal cavity was administered
20 μL of 2% OVA solution intranasally once a day for
5 days to maintain AR symptoms. The control group was
administered normal saline instead of OVA in the same
manner and dosage.

From day 25, intranasal challenge was carried out. In
short, 20 μL of HRS was introduced into each nasal airway
passage of guinea pigs for ten consecutive days. The con-
trol group was administered the same dosage of saline
intranasally.
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Evaluation of Nasal Symptoms

Nasal symptoms of guinea pigs were observed for
15 min after intranasal excitation and intervention for the
final time. The frequencies of sneezes and runny nose were
evaluated in accordance with the score system used by
Narita et al. [11]. Sneezes were scored on a scale of 1 (1–
3 sneezes) to 3 (≥ 11 sneezes).The score of runny nose
degree was scored as follows:1 (flowing to anterior nostril),
2 (flowing through anterior nostril), and 3 (very severe
rhinorrhea). Itchiness of the nose was scored as 1
(scratching a few times) or 2 (scratching continually).

Peripheral Blood Eosinophil Count

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

Flow Cytometric Analysis

The proportion of CD4+CD25+Foxp3+Treg cells
was tested by flow cytometric analysis. Briefly, single-
cell suspension of the spleen and blood from the peripheral
vein was labeled with anti-CD4-fluorescein isothiocyanate
(FITC) and anti-CD25-allophycocyanin (APC) monoclo-
nal antibodies (BD, USA). For intracellular staining of
Foxp3, cells were fixed and permeabilized using the hu-
man Foxp3 buffer set according to the manufacturer’s
instruction (BD, USA). Following this, the cells were
stained with anti-Foxp3-phycoerythrin (PE) monoclonal
antibodies (eBioscience, USA) for Treg detection at 4 °C
for 30 min. In addition, the ratio of Th1/Th2 in peripheral
blood was detected by flow cytometric analysis. The pe-
ripheral blood mononuclear cell was labeled with anti-
CD4-fluorescein isothiocyanate and anti-IFN-γ antibody
or anti-IL-4 antibody (BD, USA). Non-specific fluores-
cence was determined using an isotype-matched IgG as
control. Data were acquired on a FACSCalibur (Beckman
Coulter, USA) and analyzed using CellQuest software
(BD, USA).

Serum Cytokine Measurements

The detection of serum contents of IL-10 and TGF-β
was carried out by means of enzyme-linked immunosor-
bent assay (ELISA) according to the manufacturer’s in-
struction. The lower limit of detection was 6.25 pg/mL for
IL-10 and 75 pg/mL for TGF-β.

Quantitative Real-Time Polymerase Chain Reaction

RT-PCR was performed to determine the expression
levels of Foxp3, IL-10, and TGF-β mRNAs in nasal mu-
cosa. Total RNAwas extracted according to the description
in the TRIzol protocol, and cDNAwas synthesized with a
cDNA synthesis kit (Invitrogen, USA) according to man-
ufacturer’s instructions. To determine the expression of
Foxp3, IL-10, and TGF-β, we performed a fluorescent
quantitative real-time RT-PCR assay. The primer se-
quences used were as follows: GAPDH forward 5′-
ACCACAGTCCATGCCATCAC-3′ and reverse 5′-
TCCACCACCCTGTTGCTGTA-3′; Foxp3 forward 5′-
GCGCCCTCTGGACAGC-3′ and reverse 5′-TTCT
TTCCTGGGCACACTGG-3′; IL-10 forward 5′-TAAT
AAGCTCCAAGACCAAG-3′ and reverse 5′-TAGA
ATGGGAACTGAGGTATC-3′; TGF-β forward 5′-
AGGGCTACCATGCCAACTTC-3′ and reverse 5′-
CCACGTAGTAGACGATGGGC-3′. All primers were
synthesized by Shanghai Huada Biotech Company
(Shanghai, China).The thermal cycling conditions were
2 min at 50 °C; 10 min at 95 °C, followed by 40 cycles
of 95 °C for 15 s, 60 °C for 1 min, and 50 °C for 15 s; and
finally, 60 °C for 15 s and 95 °C for 10 min. All PCR
reactions were performed in triplicate. The expression of
Foxp3, IL-10, and TGF-β mRNA was normalized to the
expression of the GAPDH housekeeping gene using 2−△CT

(comparative threshold cycle, CT) method.

Western Blot Analysis

The guinea pig nasal mucosa (10 mg), which was
frozen in liquid nitrogen, was homogenized by
phenylmethylsulfonyl fluoride (PMSF) lysis buffer and cen-
trifuged at 12,000×g for 5 min at 4 °C. The quantity of
protein was detected by the Bradford method (Bio-Rad).
Subsequently, the protein was loaded per line and was
separated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) and was then transferred to
nitrocellulose membrane (Pierce, USA).The membranes
were blocked by 5% non-fat milk (Yili, China) in TBST
(tris-buffered saline containing 0.05% Tween-20) for
60 min and then incubated with rabbit anti-mouse Foxp3
(1.0 μg/mL; Boster Co., BA2913, Ltd., China) at 4 °C
overnight, followed by TBST washing three times for
10 min each time at room temperature. HRP-labeled anti-
rabbit IgG (Beyotime Co., A0208, Ltd., China) with a
1:1000 dilution was then used for 1–2 h at room temperature
andwashed two times in TBST for 10min each. The second
batch of images was quantified usingQuantity One software
(Bio-Rad Laboratories, USA).Moreover, glyceraldehyde-3-
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phosphate dehydrogenase (GAPDA) was employed as an
internal control for protein normalization. The methods for
IL-10 and TGF-β were similar to those for Foxp3.The
experiments were performed in duplicate.

Immunofluorescence Assay

Tissue from nasal mucosa was fixed in 10% buffered
formalin. Immunohistochemical staining was performed
on formalin-fixed and paraffin-embedded 4-μm sections.
The tissue sections were deparaffinized 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 non-specific antibody binding. The slides
were incubated for 1.5 h at room temperature with anti-IL-
10 rat monoclonal antibody (1:100, Boster Co., BA0980–
1, Ltd., China).Slides were washed twice in PBS and
incubated for 30 min at room temperature with goat anti-
rabbit IL-10 IgG/Cy3 (1:500, Bioss, bs-0295G-Cy3,
China).Slides were washed twice in PBS and once in
distilled water and then allowed to dry. Fluorescence mi-
croscope was applied for observation and photography.
The methods for TGF-β were the same as those for IL-10.

Statistical Analysis

Statistical analyses were performed using SPSS ver-
sion 17.0 (SPSS Inc., Chicago, IL, USA).All data were
expressed as mean ± standard deviation (SD). Statistical
analyses of data were performed using ANOVA for multi-
ple comparison among groups. The least significant differ-
ence (LSD) method was used for multiple pair-wise com-
parisons of data, which followed normal distribution.
Dunnett’s T3 test was performed for data that did not
follow normal distribution. The correlation coefficient
was generated by using Pearson’s rank correlation. Statis-
tical significance was defined as p < 0.05.

RESULTS

Effect of HRS on Nasal Symptoms in Guinea Pigs

The number of sneezes, degree of runny nose, and
nasal rubbing movements were recorded in 15 min after
sensitization and HRS treatment, and the nasal symptoms
were presented as scores (Table 1).The score of the normal
control group was found to be low. However, the score of
the AR group was significantly higher than that of the AR-
HRS group (p < 0.05), which suggests that HRS may
alleviate inflammatory symptoms of AR.

Blood Eosinophil Count

Similarly, eosinophil count in AR group was signifi-
cant ly higher than that in the contro l group
((0.41 ± 0.05) × 109/L vs. (0.25 ± 0.04) × 109/L;
p < 0.05) and significantly lower than that in AR-HRS
group ((0.32 ± 0.03) × 109 /L; p < 0.05) (Table 1).

Comparison of CD4+IFN-γ+Th1 Cells and CD4+IL-
4+Th2 Cells in Peripheral Blood Mononuclear Cells

In comparison to the control group, the number of
CD4+IFN-γ+Th1 cells and the proportion of Th1/Th2 in
the AR group were significantly reduced with the up-
regulation of CD4+IL-4+Th2 cells. HRS reduced the count
of CD4+IL-4+Th2 cells, thereby improving the level of
CD4+IFN-γ+Th1 cells and the proportion of Th1/Th2 in
the peripheral blood (p < 0.05, Table 2 and Fig. 1 (1a, 1b,
1c)).

Proportion of CD4+CD25+Foxp3+Treg Cells in Each
Group

PBMCs and splenocyte tissue single-cell suspensions
in each group were examined for the prevalence of
CD4+CD25+Foxp3+Treg cells. As shown in Table 1 and
F i g . 1 ( 1 a , 1 b , 1 c ) , t h e f r e q u e n c y o f
CD4+CD25+Foxp3+Treg cells was markedly reduced in
the AR group when compared to the other two groups
(p < 0.05, Table 2 and Fig. 1 (2a, 2b, 2c, 3a, 3b, 3c)).Owing
to HRS, the level of CD4+CD25+Foxp3+Treg cells in the
peripheral blood of the AR-HRS group is higher than that
of the AR group (p < 0.05, Table 2 and Fig. 1). However,
there was no significant difference between the AR group
and AR-HRS group in the splenocyte tissue (p > 0.05).

Serum Level of IL-10 and TGF-β

ELISA was performed to detect the levels of
CD4+CD25+Foxp3+Treg cell effector cytokines IL-10
and TGF-β in the plasma in all groups. The results showed
that the expression of IL-10 and TGF-β was significantly
decreased in AR group, whereas HRS increased the plasma
levels of IL-10 and TGF-β in AR-HRS group (p < 0.05,
Table 3).

Expression of Foxp3, IL-10, and TGF-βmRNA Levels
of Nasal Mucosa in Each Group

The mRNA expression of Foxp3, IL-10, and TGF-β
was detected by RT-PCR analysis. As shown in Fig. 2, the
expression of Foxp3, IL-10, and TGF-β mRNAs was
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markedly lower in the AR group in nasal mucosa. The
expression of IL-10 and TGF-β mRNAs was significantly
higher in the AR-HRS group treated with HRS. HRS may
have increased the mRNA expression of Foxp3 in the AR-
HRS group (p < 0.05).

Western Blot Results of Foxp3, IL-10, and TGF-β
Expressions in NasalMucosa Among the Three Groups

Protein expression of Foxp3, IL-10, and TGF-β in
inflamed local tissues was detected by Western blot. It was
found that the expression level of Foxp3, IL-10, and TGF-
β proteins was lower in the AR group as compared to the
control group and AR-HRS group and that HRS increased
the protein expression in the nasal mucosa (Fig. 3a, b,
p < 0.05).

Assessing IL-10 and TGF-β Expressions by
Immunofluorescence

As shown in Fig. 4, IL-10 and TGF-β expressions in
the control group were more than those in the AR group,
and after HRS treatment, the levels of IL-10 and TGF-β
were increased significantly in the AR-HRS group.

Correlation Analysis in AR-HRS Group Between
CD4+CD25+Foxp3+Treg Cells in Peripheral Blood
and Their Effector Cytokines IL-10, TGF-β, and Eo-
sinophil in Serum

Correlation analysis of Pearson revealed that the fre-
quency of peripheral blood CD4+CD25+Foxp3+Treg cells
was positively correlated to plasma IL-10 (Fig. 5a;
r = 0.51, p < 0.05) and TGF-β levels (Fig. 5b; r = 0.53,
p < 0.05).However, it was negatively related to eosinophil
in serum (Fig. 5c; r = − 0.906, p < 0.05).

DISCUSSION

Hydrogen is a colorless gas and is the lightest ele-
ment. In 2007, researchers from Japan reported that 2%
hydrogen gas possesses antioxidant and anti-apoptotic
properties that protect the brain against I/R injury [10].
Subsequently, an increasing number of scholars focused
on hydrogen research in biology and medical fields.
Bucholz proved that hydrogen plays a critical role in alle-
viating inflammation [12]. HRS was prepared by dissolv-
ing hydrogen gas (0.4MPa) in normal saline for at least 2 h
to reach supersaturated level (> 0.6 mmol/L) [10].

Table 1. Scores of Nasal Symptom and Eosinophil Count in PBMCs (mean ± standard deviation)

Groups Number Scores Eos counts(× 109/L)

Controls 6 1.00 ± 0.71 0.25 ± 0.03
AR group 6 6.29 ± 1.79* 0.41 ± 0.05*
AR-HRS group 6 4.50 ± 0.84*,** 0.32 ± 0.03*,**

PBMCs peripheral blood mononuclear cell, AR allergic rhinitis, HRS hydrogen-rich saline
*p < 0.01 versus control group; **p < 0.05 versus AR group

Table 2. The Proportion of Th1/Th2 Cells in PBMCs And Cd4 + Cd25 + Foxp3+Treg Cells in PBMCs and the Spleen Tissue (mean ± standard)

Groups Number Peripheral blood mononuclear cell Spleen tissue

CD4+IFN-r+Th1 CD4+IL-4+Th2 Th1/Th2 CD4+CD25+Foxp3+Treg CD4+CD25+Foxp3+Treg

Controls 6 17.04 ± 1.25 1.12 ± 0.08 15.21 ± 0.01 1.81 ± 0.10 1.29 ± 0.74
AR group 6 14.00 ± 0.31* 3.50 ± 0.08* 4.00 ± 0.03* 1.15 ± 0.11* 0.94 ± 0.08*
AR-HRS group 6 15.31 ± 0.10*,** 1.01 ± 0.01*,** 15.15 ± 0.01*,** 1.50 ± 011*,** 0.98 ± 0.09*

Th1/Th2:CD4 + IFN-γ + Th1/CD4 + IL-4 + Th2 in peripheral blood mononuclear cells; no significance of the percentage of CD4+CD25+Foxp3+Treg cells
in the spleen tissue was shown between AR group and AR-HRS group (**p < 0.05)
PBMCs peripheral blood mononuclear cell, AR allergic rhinitis, HRS hydrogen-rich saline
*p < 0.01 versus control group; **p < 0.05 versus AR group
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(1a) (1b) (1c)

(2a) (2b) (2c)

(3a) (3b) (3c)

Fig. 1. Analysis of CD4+IFN-γ+Th1 cells, CD4+IL-4+Th2 cells, and CD4+CD25+Foxp3+Treg cells of peripheral blood mononuclear cell and CD4+
CD25+Foxp3+Treg cells of the spleen tissue by FCM in control group (a), AR group (b), and AR-HRS group (c), where 1 and 2 refer to peripheral blood and
3 refers to the spleen tissue. Q1+Q2 represents the CD4+IFN-γ+Th1 cells in 1a, 1b, and 1c, while Q2+Q3 in 1a, 1b, and 1c represents CD4+IL-4+Th2 cells.
AR allergic rhinitis, HRS hydrogen-rich saline.

Table 3. Serum Levels of IL-10 and TGF-β in All Groups (mean ± standard, pg/mL)

Group Number IL-10 TGF-β

Control group 6 86.88 ± 17.17 598.28 ± 72.70
AR group 6 53.49 ± 10.07* 482.69 ± 65.96*
AR-HRS group 6 72.54 ± 11.75*,** 530.23 ± 57.15*,**

AR allergic rhinitis, HRS hydrogen-rich saline
*p < 0.01 versus control group; **p < 0.05 versus AR group
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Experimental and clinical data have indicated that the
effect of inhaling hydrogen or drinking HRS is parallel
[13]. However, HRS is safer and more convenient than
hydrogen gas, which is in favor of clinical application. In
addition, previous observations suggest that HRS, as an
interesting anti-allergic treatment, could alleviate respira-
tory symptoms of asthma and AR [7–9]. Therefore, HRS
plays an important role in preventing airway inflammation.
In our study, the symptoms of AR, which consist of sneez-
ing, rhinorrhea, and nasal itching, significantly took a turn
for the better along with the declined number of eosino-
phils on HRS treatment. It is shown that HRS could pro-
mote eosinophil apoptosis and reduce the growth of eosin-
ophil, which is parallel to the mechanism of corticosteroid
in inhibiting allergic inflammation [14, 15]. Thus, HRS
may be an effective therapy for AR in animals.

Sakaguchi et al. observed that CD4+CD25+Treg cells
were shown in the peripheral blood and spleen in people
and an ima l s , such a s mur ine an ima l s [16 ] .
CD4+CD25+Treg cells can be divided into two major
subsets, natural Treg (nTreg), which develops in the thy-
mus, and adjusted Treg (aTreg), which develops in the
periphery from naïve T cells in response to signals, such
as low immunogenic doses of antigen, commensal mi-
crobes, or lymphopenia [17]. Several lines of evidence
have shown that CD4+CD25+Treg cells could not only

inhibit the activation of allergic inflammatory cells such as
eosinophil and mast cells, but could also reduce production
of IgE [18]. Besides, CD4+CD25+Treg cells are actively
engaged in negative control of inflammation and allergy,
which is necessary to sustain normal immune responses
[19]. Furthermore, as CD4+CD25+Treg cells play a key
role in airway allergic disorders such as AR and asthma,
the declined number and function of CD4+CD25+Treg
cells may result in airway allergic diseases [20]. The animal
expe r imen t s man i f e s t ed tha t t he number o f
CD4+CD25+Foxp3+Treg cells in the peripheral blood
and splenocyte tissue was significantly reduced in compar-
isonwith the normal control group in the ARmurinemodel
[21]. Moreover, clinical research also draws the same
conclusion. Compared to control group, the proportion of
CD4+CD25+Foxp3+Treg cells is lower in the nasal mu-
cosa and peripheral blood of AR patients [4, 22]. It has
been proven that specific immunotherapy may improve the
s ymp t om s o f AR by me a n s o f i n c r e a s i n g
CD4+CD25+Foxp3+Treg cell numbers [23].

I n t h i s p r e s e n t s t u d y , l e v e l s o f
CD4+CD25+Foxp3+Treg cells in the peripheral blood
and splenocyte tissue decreased after OVA sensitization
and increased after HRS treatment. Therefore, we argue
tha t HRS cou ld inc r e a s e t he p ropo r t i on o f
CD4+CD25+Foxp3+Treg cells. By comparing the number

*

*

*

#

#

#

Fig. 2. Expression of Foxp3, IL-10, and TGF-β mRNA in nasal mucosa. Lanes from left to right are products of control group, AR group, and AR-HRS
group, respectively. There was a decrease in IL-10, TGF-β, and Foxp3 mRNA in AR group compared with that of the control group, which increased after
HRS treatment. AR allergic rhinitis, HRS hydrogen-rich saline. *p < 0.05 vs.control group; #p < 0.05 vs.AR group.
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of CD4+CD25+Foxp3+Treg cells in the peripheral blood
and splenocyte tissue, we realized that the impact on the
change of the CD4+CD25+Foxp3+Treg cells in the pe-
ripheral blood after HRS treatment was evident. A higher
concentration of HRS, applied to the nasal mucosa, might
have led to a greater influence on the peripheral blood than
on spleen tissue. It is possible that the effect of HRS on
CD4+CD25+Foxp3+Treg cells had dependence on organs.
HRS could protect the nasal mucosa and peripheral blood
but induces the activation of CD4+effect T cells in the
splenocyte tissue with lower expression of Foxp3 [24].
Although no significant difference in the proportion of
CD4+CD25+Foxp3+Treg cells after HRS treatment was
found in the splenocyte tissue between the AR group and
AR-HRS group, there was an increasing trend. Our study
suggested that HRS could strengthen the function of inhi-
bi t ion by means of improving the number of

CD4+CD25+Foxp3+Treg cells, which contributed to the
treatment of AR.

Apart from this, CD4+CD25+Foxp3+Treg cells
could suppress allergen-specific Th1 and Th2 cell re-
sponses, which play an important role in the physiological
immune response to allergens [25]. From the viewpoint of
Th1 and Th2 cells, current research indicates that HRS
could revise the dysregulation of Th1/Th2, increase the
number of Th1 cells, and decrease that of Th2, which
presented opposite changes in the AR group. The experi-
ment revealed that HRS could efficiently treat AR by
down-regulation of Th2 and inhibition of Th2 cell response
in AR.

Anti-inflammatory cytokines, such as IL-10 and
TGF-β, are produced by CD4+CD25+Foxp3+Treg
cells, which exert their function in controlling inflam-
mation and protecting tissues and organs from

(a)

(b)

Fig. 3. Western blot analysis of Foxp3, IL-10, and TGF-β proteins of nasal mucosa in the following groups: control group, AR group, and AR-HRS group.
Western blot analysis showed that the relative expression of IL-10, TGF-β, and Foxp3 proteins in the AR group was lower in comparison with that in the
control group, whereas expression was much higher in the AR-HRS group. AR allergic rhinitis, HRS hydrogen-rich saline. *p < 0.05 vs. control group;
#p < 0.05 vs.AR group.
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inflammatory injury partly via decreasing IL-4 and IL-5
of Th2 cells and ameliorating IgE [26, 27]. Studies have
reported that IL-10 not only reduced the function and
activity of eosinophil and suppressed the inflammatory
medium generated by monocytes and macrophages, but
also reduced the effect of antigen-presenting cells [21,
28]. TGF-β could convert naive CD4+CD25-T cells
into CD4+CD25+anergic T cells in the periphery, in-
volving the induction of Foxp3 expression, and then
boost the number of CD4+CD25+Foxp3+Treg cells
[ 29 ] . Howeve r , t h e i nh i b i t o r y f un c t i o n o f
CD4+CD25+Foxp3+Treg cells could be blocked by
the antibodies of IL-10 and TGF-β [30]. The findings
of Frew et al. had demonstrated that CD4+CD25+Treg
cells could inhibit allergic inflammatory reactions rely-
ing on production of IL-10 and TGF-β [31].

From the point of view of cytokines, serum IL-10 and
TGF-β levels in the AR group were dramatically reduced
compared with healthy controls, implying the secretion
disorder of CD4+CD25+Foxp3+Treg cells, which is in
line with previous studies [32, 33]. As serum contents of
IL-10 and TGF-β were evidently up-regulated after HRS
treatment, HRS could play an anti-inflammatory role
through acceleration of secretion of inhibitory cytokines.

Furthermore, our study suggested that the frequency of
peripheral blood CD4+CD25+Foxp3+Treg cells was pos-
itively correlated to plasma IL-10 and TGF-β levels. There
m a y e x i s t a s y n e r g i s t i c e f f e c t b e t w e e n
CD4+CD25+Foxp3+Treg cells and their cytokines. How-
ever, no correlation between IL-10 and TGF-β may be
related with the fact that CD4+CD25+Foxp3+Treg cells
are not the only cells that could secrete them [24, 34]. In
addition, we measured IL-10 and TGF-β mRNA expres-
sions in local inflamed sites and found that protein produc-
tion was improved in nasal mucosa after HRS induction.
Interestingly, the transcription of IL-10 and TGF-β in-
creased in the AR-HRS group. Thus, our data suggested
that IL-10 and TGF-β play an important role in HRS-
mediated anti-inflammatory mechanism. In short, a decline
in the number of CD4+CD25+Foxp3+Treg cells and their
inhibitory cytokines is involved in the pathogenesis of AR.
HRS is a novel treatment strategy for AR in animals. On
the one hand, HRS may increase the proportion of
CD4+CD25+Foxp3+Treg cells in order to heighten con-
tact inhibition. On the other hand, HRS may also increase
secretion of proteins such as IL-10 and TGF-β by
CD4+CD25+Foxp3+Treg cells. Both these alterations aid
allergic reaction inhibition and AR treatment.

Control AR AR-HRS

Control AR AR-HRS

(a)

(b)
Fig. 4. The expression of IL-10 (a) and TGF-β (b) in nasal mucosa by immunocytochemistry. Red fluorescence was fluorescence labeling of IL-10 and
TGF-β. AR allergic rhinitis, HRS hydrogen-rich saline (Color figure online).
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(a)

(b)

(c)

n=18 r =0.51

p<0.05

n=18 r =0.53

p<0.05

n=18 r =-0.906

P<0.05

Fig. 5. Correlation analysis of Pearson revealed that the frequency of peripheral blood CD4+CD25+Foxp3+Treg cells was positively correlated with plasma
IL-10 (a) and TGF-β (b) levels and the frequency of CD4+CD25+Foxp3+Treg cells/CD4+T cells was negatively correlated with the eosinophil count in
peripheral blood (c).
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Foxp3 has not only been shown to be the specific
molecule marker of CD4+CD25+Foxp3+Treg cells, but
also regulates differentiation in the thymus and function in
the peripheral blood [35]. At the same time, Foxp3 mRNA
levels could directly reflect the amount and function of
CD4+CD25+Foxp3+Treg cells, which in turn reflects the
activity level [35]. Foxp3 gene defect could reduce the
inhibitory effect of CD4+CD25+Foxp3+Treg cells, leading
to inflammatory syndrome in people and murine animals
[36]. In a study carried out by Lee, the mRNA expression of
Foxp3 detected by RT-PCR was significantly decreased in
AR patients [37]. Some scholars argued that the katabatic
expression of Foxp3 mRNA was related to the functional
deficiency of CD4+CD25+Treg cells [38]. In the present
study, the expression of Foxp3 mRNA is significantly de-
creased in nasal mucosa in the AR group, which is in
accordance with the report by Xu [22]. The declined ex-
pression of Foxp3 mRNA gave rise to functional shortcom-
ings of CD4+CD25+Treg cells in AR individuals, and the
expression of Foxp3 mRNA increased after HRS treatment.
Evidence showed that up-regulation of Foxp3 mRNA could
improve the function of CD4+CD25+Treg cells, which is
beneficial in inhibition of allergic inflammation [39].
Through analysis of the contents of protein in every group
of nasal mucosa, we found that Foxp3 protein was the least
in the AR group. Foxp3 protein content was increased
significantly after HRS treatment. Our study indicated that
the change in Foxp3 expression is directly related to the
number of CD4+CD25+Treg cells. The study went one step
further in suggesting that HRS could promote the expres-
sion of Foxp3, which in turn improves the number and/or
function of CD4+CD25+Treg cells and thereby aids in
treatment of AR in animals.

In conclusion, our study has showed, for the first time,
that HRS can be used in effective treatment of AR guinea
pigs by improving the proportion and enhancing the func-
tion of CD4+CD25+Foxp3+Treg cells, facilitating the pro-
duction of serum contents of IL-10 and TGF-β, and pro-
moting expression of Foxp3.Moreover, HRS could reverse
the imbalance of Th1/Th2, which plays a critical role in
antigen-specific Th2-mediated allergic response. However,
further investigations should be carried out to confirm the
results and clarify more precise mechanisms.
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