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T cells play an essential role in the development of allergen-induced nasal hyperresponsiveness (NHR), a
pathophysiological response in allergic rhinitis. The effects of histamine H1-receptor antagonists (anti-
histamines) on murine NHR models were investigated. Intragastric epinastine, fexofenadine, and lor-
atadine administration suppressed allergen-induced immediate nasal response but not NHR in
immunized mice. Regardless of the alleviation of stimulation-induced Th2 cytokine expression by lor-
atadine and desloratadine in vitro, allergen-induced NHR and nasal eosinophil infiltration in Th2 cell
etransferred mice were unaffected by loratadine in vivo. This influence on T cellemediated NHR was
excluded from the pharmacological effects of antihistamines.

© 2022 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Allergic rhinitis (AR) is characterized by various nasal symptoms
such as sneezing, rhinorrhea, and nasal conjunction along with
inflammatory responses of the nasal mucosa.1 Furthermore, many
AR patients develop nasal hyperresponsiveness (NHR), a patho-
physiological feature by which the AR symptoms are augmented.2

We have proven the essential role of T cells in NHR development
using murine AR models.3

Various histamine H1-reseptor antagonists (antihistamines) are
used to treat AR, partly as over-the-counter (OTC) medicines. Be-
sides their strong inhibitory activity on histamine-mediated AR
symptoms, several antihistamines have been reported to affect T
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cellerelated responses. For example, Th2 cytokine production by
human T cells was suppressed by epinastine (EPN).4 Allergen-
induced bronchial hyperresponsiveness (BHR) accompanied by
lung eosinophil accumulation and Th2 cytokine production in
murine models of bronchial asthma was attenuated by treatment
with fexofenadine (FXF)5 and desloratadine (DES), an active
metabolite of loratadine (LRT).6 However, the efficacy of these OTC
antihistamines on NHR development has not been investigated.
Here, we re-evaluated the usefulness of antihistamines by exam-
ining their effects on allergen-induced NHR in an immunized
mouse model, as previously reported.3,7

All animal experiments were approved by the Animal Care and
Use Committee of Hiroshima University (A22-41). BALB/c mice
immunized with ovalbumin (OVA) were challenged via intranasal
injection of OVA for five consecutive days (Fig. 1A). These mice
developed an immediate nasal response (INR), detected by an in-
crease in the number of sneezes after the fourth OVA challenge.
This response was primarily caused by histamine released from
mast cells because of IgE-mediated degranulation.7 Consistently,
daily intragastric administration of 20 mg/kg EPN, 120 mg/kg FXF,
or 10mg/kg LRT, whichwas 60 times the daily clinical doses, almost
completely suppressed allergen-induced INR, probably via their
nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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Fig. 1. Effects of histamine H1-reseptor antagonists (antihistamines) on allergen-induced nasal responses in ovalbumin (OVA)-immunized mice. (A) Procedural overview of the
experiments. Six-week-old female BALB/c mice (Jackson Laboratory Japan, Inc.,Yokohama, Japan) were immunized four times with the weekly intraperitoneal injection of 20 mg
ovalbumin (OVA, SigmaeAldrich, St. Louis, MO, USA), emulsified in 2 mg alum (Inject Alum; Thermo Fisher Scientific, Chicago, IL, USA). Two weeks after the last immunization, the
mice were challenged once per day by the intranasal (i.n.) injection of 5 ml PBS or OVA solution (30 mg/ml in PBS) without anesthesia for four consecutive days. These mice were
treated with intragastric (i.g.) administration of 20 mg/kg epinastine (EPN), 120 mg/kg fexofenadine (FXF), or 10 mg/kg loratadine (LRT), that were purchased from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan), 30 min before daily OVA challenge. (B) As an immediate nasal response (NHR), the number of sneezes was counted for 5 min immediately after the
fourth OVA challenge. (C) Six hours after the last OVA challenge, that was performed without pretreatment of antihistamines, the nasal hyperresponsiveness (NHR) was evaluated
by counting the number of sneezes for 5 min immediately following the i.n. administration of 10 ml histamine (100 mM). (D) Subsequently, the number of eosinophils in the nasal
lavage fluid (NALF) was assessed as described previously.3 Data are expressed as means ± SEM of 5e8 mice and analyzed using one-way ANOVAwith Dunnett's multiple comparison
test. *p < 0.05, compared with OVA-challenged control mice.
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antagonistic activity for histamine-H1 receptor, although the effect
of EPN was not statistically significant (Fig. 1B).

These mice also developed significant NHR compared with that
seen in PBS-challenged mice (Fig. 1C). To avoid direct influence on
histamine-evoked response, an additional allergen challenge
without antihistamine administrationwas performed 24 h after the
fourth challenge, and NHRwas assessed 6 h after the final challenge
by counting the number of sneezes evoked by histamine. Antihis-
tamines did not significantly affect allergen-induced NHR, although
LRT reduced it by 54% (Fig. 1C). Allergen-induced nasal eosinophil
accumulation, evaluated by the nasal lavage immediately after NHR
assessment, was not affected by antihistamines (Fig. 1D). These
results contradict those of previous studies, at least demonstrating
the alleviation of allergen-induced BHR and lung eosinophilia by
FXF5 and nasal eosinophil accumulation by EPN.8 The reason for
this discrepancy is currently unknown, although several experi-
mental conditions were different. The effect of FXFwas evaluated in
the lung, but not in the nasal mucosa, with its higher dose and
longer administration compared with that used in our current
study. C57BL/6 mice were used for the EPN experiments. As further
comparative studies are required, substantial FXF and EPN effec-
tiveness on allergic nasal inflammation, including NHR develop-
ment, may not be expected at least at their clinical doses.

We have demonstrated that allergen-induced NHR in our AR
model largely depended on CD4þ T cells.3 DES was reported to
276
suppress T cell function via the reduction of DNA-binding activity of
signal transducer and activator of transcription family transcription
factors.9 Therefore, the effects of LRT and DES on stimulation-
induced cytokine expression in Th2 cells were comparatively
investigated. Th2 cells, differentiated from splenic naive CD4þ T
cells of DO11.10 x RAG-2�/� mice, as described previously,3 were
stimulated with anti-CD3/CD28 antibodies for 6 h. Cytokine mRNA
expression was assessed via quantitative real-time PCR. Th2 cells
significantly expressed Il4, Il5, and Il13 upon stimulation (Fig. 2A).
At concentrations of 10 mM or more, LRT and DES suppressed the
expression of these cytokines in a dose-dependent manner
(Fig. 2B). Since cytochrome P450 enzymes in the liver principally
contribute to metabolize LRT into DES,10 both drugs were most
likely to exhibit their effects in a direct manner at least in this
experimental condition.

These results prompted us to investigate the effect of LRT on a
murine model of T celledependent NHR (Fig. 3A).3 OVA challenge
to Th2 celletransferred mice evoked significant NHR and nasal
eosinophil accumulation (Fig. 3B and C). These responses were not
affected by LRT administration. The findings were contradictory to
the results of the in vitro experiments (Fig. 2) and those of a pre-
vious study demonstrating the suppression of T cellerelated
allergic inflammation by DES.6 We further need to clarify the
reason for the contradiction. NHR, accompanied by eosinophil
accumulation developed in this model, solely depends on the



Fig. 2. Effects of antihistamines on cytokine production by Th2 cells. Naïve CD4þ T cells were purified from splenocytes of DO11.10 x RAG-2�/� mice by an EasySep Mouse CD4þ T
Cell Isolation Kit (Veritas, Santa Clara, CA, USA). The cells were then cultured with X-ray-irradiated splenocytes in AIM-V medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum, 0.3 mM synthetic OVA323-339 peptide, 10 U/ml recombinant murine IL-4 (PeproTech, Rocky Hill, NJ, USA), 10 U/ml recombinant IL-2
(Shionogi, Osaka, Japan), and 10 mg/ml antieIFNeg monoclonal antibody (R4-6A2, eBioscience, San Diego, CA, USA). After 7-day culture, cells were stimulated with anti-CD3/CD28
antibodies (Dynabeads Mouse T-Activator CD3/CD28, Thermo Fisher Scientific) in the (A) absence or (B) presence of loratadine (LRT) or desloratadine (DES) for 6 h. Then, total RNA
was extracted using an RNeasy mini kit (Qiagen, Hilden, Germany). Following the reverse transcription using random primers with SuperScript VILO cDNA Synthesis Kit (Thermo
Fisher Scientific), quantitative real-time PCR for Il4 (Mm00439618_m1), Il5 (Mm00439646_m1), and Il13 (Mm00434204_m1) was carried out using TaqMan gene expression probes
(Thermo Fisher Scientific) on the ABI StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Data are expressed as means ± SEM of quadruplicate cultures as (A) relative
transcript levels normalized with Gapdh (4351309) expression and (B) the percentage of stimulated (100%) and unstimulated (0%) control cells. The statistical analysis was per-
formed using the Student's t-test. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with unstimulated control.

N. Uda, S. Ogata, N. Yamasaki et al. Journal of Pharmacological Sciences 150 (2022) 275e278
transplanted allergen-specific Th2 cells.3 In clinical use, the serum
LRT concentration reaches 10 nM after 10 mg of oral medication in
adult subjects. Even considering that LRT was administered 60
times the clinical dose in this study, the serum LRT concentration
was not likely to be 10 mM, in which LRT and DES exhibited their
suppressive activity against T cell cytokine expression (Fig. 2).
Therefore, the effectiveness of LRT and DES on T cell cytokine pro-
duction and subsequent T cellemediated NHR could not be ex-
pected at least at their clinical doses.

The ineffectiveness of LRT on NHR in Th2 transfer model clearly
suggest that tendency toward NHR suppression in immunized mice
was not caused by the antagonistic activity of LRTor DES remained in
the mouse body against histamine used for NHR evaluation. The
difference in the results between thesemodelsmight be relatedwith
the effect on histamine-H1 receptor expression. Since the expression
of histamine-H1 receptor is upregulated by histamine,11 LRT poten-
tially suppressed its expression, that might be augmented by mast
cellederived histamine, and consequently inhibited histamine-
evoked sneezing response in allergen immunization model.

Relevantly, histamine-H1 receptor is constitutively activated
even without histamine stimulation. Several antihistamines act
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as inverse agonists and stabilize the receptor in an inactive
form. Mizuguchi et al. compared the inverse agonistic activity of
antihistamines, including EPN, FXF, and LRT, in HeLa cells.12 EPN
and FXF but not LRT exhibited the inverse agonistic activity and
resultingly suppressed spontaneous histamine H1 receptor
expression, whereas the expression evoked by histamine was
abrogated by all of them. Although these findings are not
consistent, at least in part, with the result of our present study,
involvement of spontaneous and histamine-mediated expression
and activation of histamine-H1 receptor in the effect of antihis-
tamines on NHR deserves further investigation.

In conclusion, EPN, FXF, and LRT strongly suppressed allergen-
induced INR probably by antagonizing mast cell-derived hista-
mine. Additional effects of the antihistamines on T
cellemediated nasal inflammatory responses, including NHR
development and eosinophil accumulation, are not expected in
their clinical dose ranges. To control NHR in AR patients, topical
steroids, by which we demonstrated the significant suppression
of NHR in essentially the same model employed in this study,7

are probably needed, as approved by the Japanese guidelines
for AR.1



Fig. 3. Effects of antihistamines on allergen-induced nasal responses in Th2 celletransferred mice. (A) Procedural overview of the experiments. Th2 cells were intravenously
injected into BALB/c mice (2 � 107 cells/head). From 6 h after the cell transfer, repeated intragastric (i.g.) treatment with epinastine (EPN), fexofenadine (FXF), or loratadine (LRT)
and intranasal (i.n.) ovalbumin (OVA) challenge were performed as shown in Fig. 1A. (B) Six hours after the last challenge, that was performed without antihistamine pretreatment,
nasal hyperresponsiveness (NHR) was evaluated by counting the number of sneezes for 5 min immediately following the i.n. nasal histamine administration. (C) Subsequently, the
number of eosinophils in the nasal lavage fluid (NALF) was assessed. Data are expressed as means ± SEM of 4e7 mice and analyzed using one-way ANOVA with Dunnett's multiple
comparison test. *p < 0.05 and ***p < 0.001, compared with OVA-challenged control mice.
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