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Abstract
Background: Thioredoxin (TRX), a 12-kDa oxidoreductase enzyme, is well known to be a redox-active protein
that regulates reactive oxidative metabolism. TRX is also accepted to be a protein with anti-inflammatory effects and
reported to attenuate the development of allergic airway inflammatory diseases such as allergic rhinitis (AR) and
asthma. Although histamine H1 receptor antagonists are frequently used for the treatment of AR, the influence of the
agents on TRX production is not well understood. In the present study, we examined the influence of fexofenadine
(FEX), cetirizine (CT), and levocetirizine (LCT), which are classified into histamine H1 receptor antagonists, on TRX
production in vitro and in vivo.
Methods: Macrophages derived from THP-1 cells (1 × 105 cells/ml) were cultured with 50 µM H2O2 in
combination with/without the agents for 24 h. Nasal secretions were obtained from patients with Japanese cedar
pollen-sensitized rhinitis, who were treated with FEX or LCT for four weeks during pollen season. TRX contents in
both culture supernatants and nasal secretions were examined by ELISA.
Results: Addition of FEX, CT and LCT into macrophage cultures increased TRX levels in supernatants. The
minimum concentration of the agents that caused significant increase was 0.3 µM for FEX, 0.4 µM for CT and LCT.
Treatment of patients with FEX and LCT also caused increase in TRX levels in nasal secretions along with
attenuation of clinical symptoms.
Conclusion: Histamine H1 receptor antagonists may increase the ability of macrophages to produce TRX, and
results in favorable modification of clinical conditions of AR.

Keywords: Macrophages; Thioredoxin; Fexofenadine; Levocetirizine;
Allergic rhinitis; Increase; In vivo; In vitro

Introduction
Allergic rhinitis (AR) is accepted to be a type I hypersensitivity
response to specific allergen(s) in nasal mucosa. On re-exposure to
allergen(s) in sensitized individuals with AR, cross-linking of IgE
bounded to receptors on mast cell surface occurs and results in mast
cell degranulation, releasing several types of chemical mediators such
as histamine, leukotrienes and prostaglandins, which cause the
development of clinical symptoms of AR such as sneezing, itching and
nasal congestions [1,2]. In addition to mast cell degranulation,
inhalation of allergens also causes the activation of epithelial cells and
fibroblast in nasal mucosa [1,3]. These cellular events induce the tissue
recruitment and migration of eosinophils into the nasal mucosa from
blood vessels [1,2]. Activation of eosinophils causes the release of
granule contents such as major basic protein, eosinophil cationic
protein and eosinophil peroxidase that are responsible for tissue
damages and remodeling after mucosal injury, leading to persistence of
inflammatory responses in nasal mucosa [1-3]. In addition to granule
contents, mast cells and eosinophils also secret free radicals, especially
nitric oxide (NO) [4-6], which causes oxidative stress responses in
inflammatory tissues through lipid peroxidation on the outer cell
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membrane, nuclear membrane and DNA damage [7,8]. Under normal
physiological conditions, there is a wide variety of antioxidants,
including superoxide dismutase and catalase, and prevent the oxidative
stress responses [7]. In these antioxidants, thioredoxin (TRX) has
attracted attention as a 12-kDa ubiquitous protein, which shows antioxidative activity. TRX, which was originally identified as an electron
donor to peroxidases and ribonucleotide reductase, is an
oxidoreductase enzymes containing a dithiol-disulfide active site and
operates as a scavenger of reactive oxygen species (ROS) and an
inhibitor of intracellular ROS generation in many oxidative stress
diseases such as diabetes, rheumatoid arthritis, cancer and asthma
[9,10]. TRX is also reported to exert immunomodulatory effects.
Treatment of asthmatic model mouse with TRX could suppress the
development of airway hyper responsiveness induced by aerosolized
acetylcholine [11,12]. It is also reported that administration of
exogenous TRX prevents airway remodeling with intense infiltration of
both eosinophils and macrophages through the suppression of Th2
cytokine (e.g. IL-4 and IL-5) production induced by inhalation of
specific allergen [11,12]. Furthermore, TRX is reported to inhibit the
production of regulated on activation, normal T cell expressed, and
secreted (RANTES)- and eotaxin-induced migration of eosinophils,
leading to attenuation of eosinophilic inflammatory responses in
airways [13]. Although these reports strongly suggest that TRX plays a
crucial role in the development of allergic diseases and will be a good
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target in the treatment of airway eosinophilic inflammatory disease,
the influence of histamine H1 receptor antagonists, which are
frequently used for the treatment of airway allergic diseases with
remarkable success, is not well defined. In the present study, therefore,
we examined the influence of histamine H1 receptor antagonists on
TRX production in vitro and in vivo.

Materials and Methods
Agents
The histamine H1 receptor antagonists used in this study were
chlorpheniramine (CH), fexofenadine (FEX), cetirizine (CT) and
levocetirizine (LCT). These agents were synthetized in Toronto
Research Chem., Inc. (North York, ON, Canada) and preservative free
pure powders. These agents were dissolved in RPMI-1640 medium
supplemented with 10% fetal bovine serum (RPMI-FCS), sterilized by
passing through 0.2 µm pore size filters and stored at 4°C until used.
Phorbol 12-myristate 13-acetate (PMA) was purchased from SIGMA
Chemicals Co., Ltd. (St. Louis, MO., USA). This was also dissolved in
RPMI-FCS at a concentration of 200 nM, sterilized similar manner
and stored at 4°C until used.

Subjects and treatment

recruited from Otolaryngology Outpatient Clinic of Showa University
Fujigaoka Hospital (Yokohama, Japan) and the remaining subjects (17
patients) treated with LCT were recruited from Otolaryngology
Outpatient Clinic of SASAKI hospital (Yokohama, Japan). All subjects
were received a written informed consent approved by the Ethics
Committee of Showa University. Pollinosis was diagnosed by
otorhinolaryngologists in accordance with the established criteria on
the basis of patient history and rhinoscopic examination. To confirm
the diagnosis and demonstrate allergen-caused pollinosis, skin prick
testing (mean wheal diameter at least 4 mm greater than negative
control) and a nasal provocation test were performed with commercial
crude extracts used for in vitro and in vivo (Torii Pharmaceutical Co.,
Ltd., Tokyo, Japan). The number of eosinophils in nasal secretions
obtained after the provocation test was also examined using smears
stained with Wright-Giemsa solution. We also recruited 5 male healthy
subjects from the member of SASAKI Hospital (Yokohama, Japan)
under a written informed consent, which was also approved by the
Ethics Committee of Showa University. The characteristics of the
subjects used in this study are shown in Table 1. Pollinosis patients
were orally treated with either 60 mg FEX (Sanofi Aventis, Tokyo,
Japan) twice a day or 5 mg LCT (Glaxo Smith Kline, Tokyo, Japan)
once a day for 4 weeks during Japanese cedar pollen season (January
2016 to April 2016).

The subjects were 32 male patients with Japanese cedar pollensensitized rhinitis. The subjects (15 patients) treated with FEX were
Controls

Patients treated with
FEX

LCT

Number of subjects

5

15

17

Age, years (range)

42-61

32-69

25-66

Sex

male

male

male

Disease severity

nonallergic

mild

mild

Medication

none

none

none

Serum IgE (U/ml)

40.6 ± 8.7

151.6 ± 14.7

149.6 ± 12.4

Cj

0

53.8 ± 10.2

55.8 ± 12.2

Aa

0

0

0

Ap

0

0

0

Dg

0

0

0

Df

0

0

0

Af

0

0

0

Cd

0

0

0

Dd

0

0

0

Blood eosinophil count, %

3.2 ± 0.6

16.2 ± 0.8

16.5 ± 1.8

Skin prick test

-

+++a

+++a

IgE RAST score

Nasal provocation test
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Symptoms

-

+++b

+++b

Smear cytology

<1

>32

>31

(eosinophils, %)
Cj: Cryptomeria japonica; Aa: Ambrosia artemisiifolia; Ap: Artemisia princeps; Dg: Dactylis giomerata; Df: Dermatophagoides farina; Af: Aspergillus fumigatus; Cd: cat
dander; Dd: dog dander.
aWheal

reaction > 13mm and flare reaction > 30mm against C. japonica alone. bPositive for sneezing/ itch, watery rhinorrhea and nasal blockage against C. japonica
alone. FEX: fexofenadine; LCT: levocetirizine.

Table 1: Characteristics of subjects used for treatment.

Recovery of nasal secretions

Assay for oxidative stress

Nasal secretions were obtained as previously described [14]. Briefly,
a filter strip (7 × 30 mm; Whatman No. 42) was placed on the anterior
portion of the inferior turbinates of the nose and left for 5 min. To
prepare the extract of nasal secretions, filter papers were cut into small
pieces, suspended in PBS and rocking 12 h at 4°C and stored at –80°C
until used.

Oxidative stress responses in nasal cavity was assessed by measuring
hydrogen peroxide levels in nasal secretions using d-ROM tests
(DIACRON, Via Zircone, Italy) according to the manufacturer’s
recommendations. The results were expressed as Carratelli Units
(CARR U) ± SE.

Nasal symptom scores

Statistical analysis

Nasal discharge and congestion were scored from 0 to 3 (0=no,
1=mild, 2=moderate, 3=severe symptoms). The number of sneezes
during one h were counted and transformed into a score (0=0 sneezes,
1=1-4 sneezes, 2=5-9 sneezes, and 3=10 or more sneezes). A total
symptom score was calculated by adding these three scores.

Statistical significance between control and experimental groups
was examined by ANOVA followed by Dunette’s multiple comparison
tests (SPSS Inc., Chicago, IL, USA). Paired t-test was used to examine
the statistical significance between before and after treatment with
either FEX or LCT. A p value <0.05 was accepted as statistically
significant.

Cell culture

Results

Human monocytic leukemia cell line, THP-1 cell (ATCC No.
TIB-202) at a concentration of 5 × 105 cells were stimulated with 100
nM PMA for 48 h for differentiation into macrophages [15]. After
removing non-adherent cells by gentle washing with RPMI-FCS, the
remaining cells, macrophages, were treated with 0.05% trypsin, washed
2 times with RPMI-FCS and used as a target cell for examining TRX
production in vitro. In the case of examining the influence of H2O2
stimulation on TRX production, 1 × 105 cells were stimulated with
various concentrations of H2O2 for 12 to 48 h. Culture supernatants
were obtained and stored at -40°C until used. In the experiments
examining the influence of CH, FEX, CT and LCT on TRX production,
1 × 105 cells were stimulated with 50 µM H2O2 in combination with/
without the agents for 24 h. Culture supernatants were obtained and
stored at -40°C until used. In all experiments, treatment of cells with
the agents was started 2 h before H2O2 stimulation.

Assay for TRX
TRX levels in culture supernatants were examined by human TRX
ELISA test kits (Bio Vendor Lab. Med. Inc., Brno, Czech Republic)
according to the manufacturer’s recommendations, and the results
were expressed as the mean ng/ml ± SE. TRX levels in nasal secretions
was also measured by human TRX ELISA test kits (Bio Vendor Lab.
Med. Inc.) in a similar manner. Simultaneously, IgA contents in nasal
secretions were measured by human IgA ELISA test kits (Bethyl
Laboratories, Inc., Montogomery, TX, USA) and TRX levels in the
secretions were expressed as the mean ng/ng IgA ± SE. The minimum
detectable levels of TRX ELISA test kit was 2.13 ng/ml.
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Effects of H2O2 stimulation on TRX production from
macrophages in vitro
The first experiments were carried out to examine whether H2O2
stimulation could increase the ability of macrophages to produce TRX.
We firstly examined the optimal concentration of H2O2 to produce
TRX from macrophages. Cells (1 × 105 cells/ml) were stimulated with
different concentrations of H2O2 for 24 h and TRX levels in culture
supernatants were examined by ELISA. As shown in Figure 1a, H2O2
stimulation at more than 30 µM, but not 20 µM increased TRX
contents in culture supernatants and the maximum production of TRX
was observed, when cells were cultured with 50 µM H2O2. We then
examined the time course of TRX production from macrophages after
H2O2 stimulation. Cells (1 × 105 cells/ml) were stimulated with 50 µM
H2O2 for 12 to 48 h and TRX levels in culture supernatants were
examined by ELISA. As shown in Figure 1b, TRX contents in culture
supernatants peaked at 24 h and decline by 48 h after stimulation.

Effects of histamine H1 receptor antagonists on H2O2induced TRX production
The thirds experiments were designed to examine the influence of
histamine H1 receptor antagonists on TRX production from
macrophages induced by H2O2 stimulation. Cells (1 × 105 cells/ml)
were cultured with 50 µM H2O2 in combination with/without CH,
FEX, CT and LCT for 24 h, and TRX levels in culture supernatants
were examined by ELISA. Addition of CH into cell cultures scarcely
affected the ability of cells to produce TRX in response to H2O2
stimulation: TRX levels in experimental culture supernatants are
similar (not significant) to that observed in appropriate control (H2O2
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alone; Figure 2a). However, addition of FEX at more than 0.3 µM into
cell cultures increased TRX levels in culture supernatants (Figure 2b).
Furthermore, addition of CT and LCT at more than 0.4 µM into cell
cultures also caused increase in TRX levels in culture supernatants as
in the case of FEX (Figures 3a and 3b).

Figure 1: Influence of H2O2 stimulation on thioredoxin (TRX)
production by macrophages derived from THP-1 cells in vitro.
Macrophages (1 × 105 cells/ml) were stimulated with various
concentrations of H2O2 for 24 h (a) or with 50 µM H2O2 for
indicated hours (b). The concentration of TRX in culture
supernatants was then measured with ELISA. The results are
expressed as the mean ng/ml ± SE of triplicated cultures. The
experiments were repeated twice with similar results.

Figure 3: Influence of cetilizine (CT) and levocetirizine (LCT) on
thioredoxin (TRX) production by macrophages derived from
THP-1 cells in vitro. Macrophages (1 × 105 cells/ml) were
stimulated with 50 µM H2O2 in combination with/without the
agents for 24 h, and TRX levels in culture supernatants were
measured by ELISA. The results are expressed as the mean ng/ml ±
SE of triplicated cultures. The experiments were repeated twice with
similar results.

Influence of treatment of polinosis patients with FEX and
LCT on oxidative stress responses in nasal cavity
The fourth experiments were designed to examine whether
oxidative stress responses were observed in pollinosis patients and
administration of FEX and LCT into the patients could suppress
oxidative stress responses. Pollinosis patients were treated with either
60 mg FEX twice a day or 5 mg LCT once a day for 4 weeks during
Japanese cedar pollen season and hydrogen peroxide levels in nasal
secretions were examined by d-ROM test. Treatment of the patients
with FEX (Figure 4a) and LCT (Figure 4b) decreased significantly
hydrogen peroxide levels in nasal secretions as compared with before
treatment.

Influence of treatment of pollinosis patients with FEX and
LCT on TRX levels in nasal secretions

Figure 2: Influence of chlorpheniramine (CH) and fexofenadine
(FEX) on thioredoxin (TRX) production by macrophages derived
from THP-1 cells in vitro. Macrophages (1 × 105 cells/ml) were
stimulated with 50 µM H2O2 in combination with/without the
agents for 24 h, and TRX levels in culture supernatants were
measured by ELISA. The results are expressed as the mean ng/ml ±
SE of triplicated cultures. The experiments were repeated twice with
similar results.
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The fifth experiments were undertaken to examine the influence of
FEX and LCT on TRX appearance in nasal secretions. Pollinosis
patients were treated with either 60 mg FEX twice a day or 5 mg LCT
once a day for 4 weeks during Japanese cedar pollen season and TRX
levels in nasal secretions were examined by ELISA. As shown in
(Figures 5a and 5b), oral administration of FEX (a) and LCT (b) into
the patients caused significant increase in TRX levels in nasal
secretions as compared with before treatment.
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Symptoms

Treatment with FEX

Treatment with LCT

Before

After*

Before

After*

Sneezing

2.5 ± 0.4

0.6 ± 0.3

2.4 ± 0.5

0.5 ± 0.3

Nasal discharge

2.3 ± 1.1

1.5 ± 0.9

2.6 ± 1.0

1.3 ± 0.7

Congestion

2.4 ± 1.3

0.9 ± 0.3

2.3 ± 1.2

1.0 ± 0.2

FEX: fexofenadine; LCT: levocetirizine; *: P<0.005 as compared with before
treatment.

Table 2: Changes in clinical symptom scores observed in pollinosis
patients treated with histamine H1 receptor antagonists for 4 weeks.

Figure 4: Influence of treatment of pollinosis patients with
fexofenadine (FEX) and levocetirizine (LCT) on the appearance of
hydrogen peroxide in nasal secretions. Pollinosis patients were
orally treated with either 60 mg FEX twice a day (a) or 5 mg LCT
once a day (b) for 4 weeks during Japanese cedar pollen season.
Hydrogen peroxide levels in nasal secretions were measured with dROM tests and the results are expressed as the mean of Carratelli
Units (CARR U) ± SE of 15 patients for FEX and 17 patients for
LCT.

Figure 5: Influence of treatment of pollinosis patients with
fexofenadine (FEX) and levocetirizine (LCT) on the appearance of
thioredoxin (TRX) in nasal secretions. Pollinosis patients were
orally treated with either 60 mg FEX twice a day (a) or 5 mg LCT
once a day (b) for 4 weeks during Japanese cedar pollen season.
TRX levels and IgA contents in nasal secretions were measured by
ELISA, respectively and the results are expressed as the mean ng/ng
IgA ± SE of 15 patients for FEX and 17 patients for LCT.

Influence of treatment with FEX and LCT on clinical
conditions of pollinosis patient
The final experiments were designed to examine whether oral
administration of either FEX or LCT into pollinosis patients could
favorably modify the clinical conditions of the patients. As shown in
Table 2, Clinical symptom scores decreased significantly after
treatment.
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Discussion
The data obtained from the in vitro experiments clearly showed that
the second- (CT and FEX) and the third (LCT)-, but not the first
(CH)-generation histamine H1 receptor antagonists enhance the
ability of macrophages to produce TRX in response to the stimulation
with oxidant species, H2O2, in vitro. The minimum concentration that
caused significant increase in TRX levels in culture supernatants was
0.3 µM for FEX, and 0.4 µM for CT and LCT, which are similar to
therapeutic blood levels [16].
AR is well known to be an inflammatory reaction of the nasal
mucosa mediated by an IgE-associated response against specific
allergen(s) [1,2]. It is also accepted that AR is characterized by a two
phase allergic reaction: an initial sensitization phase where allergen
exposure results in IgE production, and subsequent clinical disease
after repeated allergen exposure [1,2]. The clinical allergic reaction is
further subdivided into early- and late-phase responses. In early-phase
response, cross-linking of IgE with an allergen results in rapid release
of several types of mediators such as histamine, prostaglandin and
leukotrienes, from mast cells and basophils. These responses occur
within 5 min after allergen exposure, and responsible for development
of some of the general symptoms associated with AR, including
mucosal edema, watery rhinorrhea and sneezing [1,2,17]. On the other
hand, the late-phase response, which occurred 4-6 hours after allergen
exposure, is characterized by the recruitment and activation of
inflammatory cells (e.g. eosinophils, macrophages and T cells) within
nasal mucosa, resulting in increased symptoms usually associated with
nasal congestion, tissue damages and remodeling through the secretion
of major basic protein and eosinophilc cationic protein, among others
[1,2,17]. In addition to these mediators, inflammatory cells, including
mast cells, eosinophils and macrophages produce ROS, especially NO
[4-6]. In low/moderate concentration of ROS are essential for
maintaining normal physiological functions, but excess productions
and/or decreased levels in antioxidant(s) lead to oxidative stresses
[7,18,19]. TRX is well known to be one of the most important
regulators of reduction/oxidation (redox) balance and to inhibit
intracellular ROS generation [11-13,20], which causes tissue injury at
the inflamed site during AR [21,22]. It is reported that TRX suppressed
the CC chemokine-induced chemotaxis of eosinophils through
inhibition of both activation of extracellular signal-regulated kinase
1/2 and p38 mitogen-activated protein kinase pathways [22], which
play an important role in eosinophil chemotaxis [23]. Treatment of
mice with TRX prevents the establishment of airway inflammation and
overproduction of macrophage inflammatory protein (MIP)-1,
RANTES, IL-4 and IL-5, which are involved in the pathogenesis of
allergic inflammation, in chronic antigen exposure mice [11,12].
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Furthermore, it is also reported that airway remodeling and
eosinophilic inflammation induced by chronic antigen exposure
prevented in TRX transgenic mice that showed the constitutive
overproduction of TRX [12]. Together with these reports, the in vitro
experimental results may be interpreted that the second-and the third-,
but not the first-, generation histamine H1 receptor antagonists
increase TRX levels in nasal mucosa and results in favorable
modification of clinical symptoms in AR. However, before drawing the
conclusion that the enhancement of TRX production from
inflammatory cells by histamine H1 receptor antagonists may account
for the therapeutic mode of action of the agents on AR, it is necessary
to examine the influence of the agents on TRX production in vivo. We,
therefore, then examined the influence of the agents on TRX
production in vivo using pollinosis patients treated with either FEX or
LCT for four weeks during Japanese cedar pollen season. The data
obtained in the second part of experiments clearly showed that nasal
secretions obtained pollinosis patients before treatment contained
much higher levels of hydrogen peroxide as compared with those from
healthy control, and that oral administration of both FEX and LCT
into the patients caused decrease in hydrogen peroxide levels in nasal
secretions along with the increase in TRX levels in nasal secretions. It
is also showed that treatment of pollinosis patients with either FEX or
LCT favorably modify the clinical symptoms induced by Japanese
cedar pollen inhalation, suggesting that enhancement of TRX
production by histamine H1 receptor antagonists constitute, in part, of
a therapeutic mode of action of the agents on AR.
Although the present results clearly show that histamine H1
receptor antagonists, especially FEX, CT and LCT enhance the ability
of cells (e.g. macrophages) to produce TRX in response to the
stimulation with either H2O2 or specific allergen(s) in vitro and in
vivo, the precise mechanisms by which the agents could increase TRX
production are not clear understood. Our previous reports showed that
histamine H1 receptor antagonists, FEX and LCT, caused increase in
the production of CC10, which is an important endogenous protein
exerting anti-inflammatory effects, in spite of the suppression of its
mRNA expression from nasal epithelial cells after TNF-α stimulation
and that this is due, in part, to the up-regulation of translation of CC10
mRNA in ribosome [14,24]. From these experimental data, there is
possibility that FEX and LCT increase translation of TRX mRNA and
results in appearance of large amount of TRX in both culture
supernatants and nasal secretions. Further experiments are required to
clarify this point.
In conclusion, the present results may suggest that some of
therapeutic mode of action of histamine H1 receptor antagonists,
especially FEX and LCT, in AR depend on their ability to increase TRX
production from macrophages and nasal cells such as epithelial cells
induced by the stimulation with ROS and/or allergen(s).
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