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Original Article

INTRODUCTION

Allergic rhinitis is a common inflammatory disease of the nasal 
mucosa that is characterized by pruritus, sneezing, rhinorrhea, 
and nasal obstruction. The prevalence of allergic rhinitis has con-
tinually increased in the developed world over the last decades 

[1]. Allergic rhinitis is one of type I allergic disorders character-
ized by an aberrant immune response to environmental antigens 
and is caused by an IgE-mediated humoral immune response 
[2,3]. It is characterized by an infiltration of interleukin-produc-
ing inflammatory cells, including eosinophils and T-helper 2 (Th2) 
cells, that produce interleukins interleukin [IL] 4, IL-5, and IL-13 
[4]. The production of these cytokines is the initial event and the 
key factor in the development of allergic responses. In addition, 
eosinophilic infiltration contributes to persistent nasal inflamma-
tion, remodeling and nasal hyperresponsiveness in patients with 
allergic rhinitis [5,6].
  Epigenetics, DNA methylation and chromatin modifications, 
are critical for generating cellular diversity and maintaining dis-
tinct gene expression profiles. Histone acetylation, one type of 
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Objectives. Trichostatin A (TSA), an inhibitor of histone deacetylase, has been shown to play an important role in attenuat-
ing asthmatic inflammation. However, the effect of TSA in allergic rhinitis is not known. The aims of this study were 
to investigate the effect of TSA on allergic nasal inflammation and on the induction of regulatory T cells in a murine 
model of allergic rhinitis.

Methods. BALB/c mice were sensitized intraperitoneally with ovalbumin (OVA) and then challenged intranasally with 
OVA. TSA (1 mg/kg) was given to the treatment group, and multiple parameters of allergic responses were evaluated 
to determine the effects of TSA on allergic rhinitis. Allergic nasal symptom scores, including frequency of rubbing 
and sneezing, were checked. Eosinophil infiltrations were stained with Chromotrope 2R, and the expression levels of 
OVA-specific IgE, T-helper 1 (Th1) cytokine (interferon-gamma [IFN-γ]), Th2 cytokines (interleukin [IL] 4 and IL-5) 
and Treg (Foxp3, IL-10, and transforming growth factor-beta [TGF-β]) were measured by quantitative reverse tran-
scription-polymerase chain reaction or enzyme-linked immunosorbent assay.

Results. TSA reduced the scores of allergic nasal symptoms and the amount of eosinophil infiltration into the nasal mucosa. 
TSA suppressed OVA-specific IgE levels and reduced expression of the IL-4 and IL-5. However, the expression of 
IFN-γ was unchanged in the treatment group. The levels of Foxp3, IL-10, and TGF-β were increased in pretreatment 
with TSA as compared to control group.

Conclusion. This study shows that TSA induced antiallergic effects by decreasing eosinophilic infiltration and Th2 cytokines 
in a murine model of allergic rhinitis via regulation of Tregs. Thus, TSA may be considered a potentially therapeutic 
agent in treating allergic rhinitis.
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chromatin modification, is regulated by histone acetyltransferase 
and histone deacetylase (HDAC) [7,8]. Histone acetyltransfer-
ase permits gene accessibility to transcription factors, allowing 
for gene expression. However, HDAC leads to gene silencing, 
which is caused by a condensation of the DNA structure. The 
balance of histone acetyltransferase and HDAC has been shown 
to regulate the expression of target genes. Among the HDACs, 
HDAC2 activity has been shown to be decreased in peripheral 
lung and bronchial biopsies and in alveolar macrophages from 
chronic obstructive pulmonary disease patients [8]. Using specif-
ic reversible trichostatin A (TSA), a known HDAC inhibitor, the 
relationship between histone acetylation status and the control 
of gene expression has been elucidated in nasal tissue [9,10].
  Regulatory T cells (Tregs) effect the suppressive properties of 
the T-cell response, and act to suppress autoreactive lymphocytes 
in order to control innate and adaptive immunity during inflam-
mation [11]. Tregs are Foxp3+CD4+CD25+ T cells that secrete in-
hibitory cytokines such as IL-10 and transforming growth factor-
beta (TGF-β). The inhibitory cytokines IL-10 and TGF-β, in turn, 
can induce Tregs from naive CD4+ T cells and suppress other types 
of immune cells [12]. Tregs employ a broad range of soluble and 
membrane-bound suppressor factors, such as IL-10, TGF-β, cyoto-
toxic T lymphocyte antigen-4, or histamine receptor 2 [12,13].
  According to recent findings, TSA attenuates airway inflam-
mation in mouse models of asthma. However, the inhibitory ef-
fect of TSA on inflammation in a murine model of allergic rhini-
tis has yet to be described. In the present study, we have exam-
ined whether TSA inhibits ovalbumin (OVA)-induced allergic 
nasal symptoms and inflammatory cytokines in a murine model 
of allergic rhinitis. 

MATERIALS AND METHODS 

Reagents 
TSA and OVA (grade V) were purchased from Sigma (St. Louis, 
MO, USA). TSA was dissolved in dimethylsulfoxide and then di-

luted to the desired concentrations. 

Allergic rhinitis mouse model and treatment protocol
All animal experiments in this study followed the guidelines for 
Institutional Animal Care at the Clinical Research Institute of 
Korea University Guro Hospital. Female BALB/c mice (weight, 
18–22 g; Orient, Seongnam, Korea) were divided into three 
groups (6 mice/group). Control mice were sensitized and chal-
lenged with phosphate buffered saline (PBS, negative control); 
OVA mice were sensitized and challenged with OVA; TSA-treat-
ed, OVA+TSA mice were sensitized and treated with TSA, then 
challenged with OVA (OVA+TSA). Mice were sensitized with 25-
μg OVA with or without 2 mg of alum hydroxide (Imject Alum, 
Thermo Scientific, Waltham, MA, USA) dissolved in PBS, and a 
total of 300 μL was injected intraperitoneally on days 0, 7, and 
14. Five days after the final injection of OVA, mice were injected 
with TSA (1 mg/kg) by an intraperitoneal injection for six days. 
One week after the final injection, mice were challenged by in-
tranasal instillation with 200 μg of OVA solubilized in PBS (10 
µL/nostril) once daily for 4 days. Control mice were treated by 
intranasal instillation with PBS. All mice were sacrificed 24 hours 
after the final instillation (Fig. 1).

Allergic nasal symptoms
Nasal symptoms were evaluated by counting the frequency of 
nasal rubbing and sneezing that occurred in the 30-minute obser-
vation period. Assessors were blinded to the treatment protocol.

Nasal lavage fluid
The transtracheal technique was performed on mice 24 hours af-
ter the final allergen challenge to obtain nasal lavage samples. A 
polyethylene 22-gauge catheter connected to a syringe was in-
serted intratracheally into the choana following the tracheotomy 
of each mouse. One-mL aliquot of PBS at 37°C was slowly in-
jected into each of the nasal cavities, and nasal lavage fluid was 
collected from the nares.

0 7

Intraperitoneally sensitization (OVA+Alum) Intranasal challenge (OVA)

TSA treatment
Sacrifice

14 19 20 21 22 23 24 25 Days

Fig. 1. Schematic representation of the murine model of allergic rhinitis and treatment protocol. BALB/c mice were sensitized with ovalbumin 
(OVA) and 1 mg of aluminum hydroxide (Alum) on days 0, 7, and 14. All groups except control received intranasal OVA from 21 days to 24 
days. In addition to sensitization and challenge, TSA+OVA mice were injected with TSA (1 mg/kg/day). TSA, trichostatin A.
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Nasal tissue preparation and eosinophil count 
All tissues are fixed with 4% paraformaldehyde overnight and 
embedded in paraffin. Sections were mounted on slides, depar-
affinized with xylene, rehydrated through graded alcohols, and 
stained with Chromotrope 2R (Sigma). The stained slides were 
dehydrated, mounted, and observed under a light microscope 
(Olympus IX71, Olympus, Tokyo, Japan). Chromotrope 2R-posi-
tive cells were counted blind in a coded random order by two 
observers. The total number of Chromotrope 2R-positive cells 
was counted in high-power fields (×400). 

Quantitative reverse transcription-polymerase chain reaction
Total RNA from spleen tissues was extracted using NucleoSpin 
RNA II (Macherey-Nagel, Düren, Germany) according to the 
manufacturer’s instructions. Two micrograms of RNA was reverse-
transcribed with ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Ja-
pan) following the manufacturer’s protocols. The primer pairs used 
for targeting specific genes as follows: IFN-γ (sense sequence, 5′-
CGG CAC AGT CAT TGA AAG CCT A-3′; anti-sense sequence, 
5′-GTT GCT GAT GGC CTG ATT GTC T-3′; 199 bp), IL-4 (sense 
sequence, 5′- TCG GCA TTT TGA ACG AGG TC -3′; antisense se-
quence, 5′- CGA AAA GCC CGA AAG AGT CTC-3′; 217 bp), 
IL-5 (sense sequence, 5′-CTC ACC GAG CTC TGT TGA CAA-3′; 
antisense sequence, 5′-CCA CAC TTC TCT TTT TGG CGG-3′; 
202 bp), Foxp3 (sense sequence, 5′- CCC ATC CCC AGG AGT 
CTT G -3′; antisense sequence, 5′- ACC ATG ACT AGG GGC 
ACT GTA -3′; 183 bp), GAPDH (sense sequence, 5′-GTA TGA 
TGA CAT CAA GAA GGT GGT G-3′; antisense sequence, 5′-
ATA CCA GGA AAT GAG CTT GAC AAA G-3′; 181 bp). The 
cDNA were amplified with an initial 5-minute denaturation step 
at 94°C, followed by 30 cycles at 94°C for 45 seconds, 55°C–65°C 
for 45 seconds, 72°C for 45 seconds and an extension step at 
74°C for 5 minutes. PCR products were visualized in 2% agarose 
gel and analyzed with Molecular Imager ChemiDoc XRS+ (Bio-
Rad, Hercules, CA, USA).

Measurement of OVA-specific IgE and cytokines levels 
The levels of OVA-specific IgE in the serum were measured us-
ing an ELISA kit (BioLegend Inc., San Diego, CA, USA). The 
levels of IFN-γ for the Th1 cytokine and IL-4 and IL-5 for the 
Th2 cytokines in nasal lavage fluid were measured using IFN-γ, 
IL-4, and IL-5 ELISA quantitation kits (R&D systems, Minneap-
olis, MN, USA). The levels of IL-10 and TGF-β for the Treg cyto-
kines were determined by ELISA quantitation kits.

Statistical analysis
The statistical significance of the differences between control and 
experimental data was analyzed using unpaired t-tests or one-
way analysis of variance followed by Tukey test (GraphPad Prism 
ver. 5, GraphPad Software Inc., San Diego, CA, USA). Signifi-
cance was established at the 95% confidence level. Values of P< 
0.05 were accepted as statistically significant. 

RESULTS 

Allergic nasal symptoms
The frequency of nasal rubbing and sneezing increased signifi-
cantly in the OVA treatment group versus the control group. 
However, the OVA+TSA group exhibited a significant decrease 
in the frequency of nasal rubbing and sneezing compared to the 
group undergoing treatment with OVA only (Fig. 2), demonstrat-
ing that TSA inhibits OVA-induced allergic nasal symptoms. 

Serum OVA-specific IgE levels
Serum OVA-specific IgE levels were increased in the OVA group 
compared to levels in the control. OVA-specific IgE levels of 
OVA+TSA group were decreased compared to OVA group. These 
results demonstrate that TSA significantly reduced serum OVA-
specific IgE levels (Fig. 3).
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Fig. 2. Nasal symptom scores. (A) Rubbing score. (B) Sneezing score. OVA, ovalbumin; TSA, trichostatin A. *P<0.05 and **P<0.01 compared 
to control. †P<0.05 compared to OVA. 
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Eosinophil count in nasal mucosa
Histological analyses of nasal mucosa from the OVA group re-
vealed typical pathologic features of allergic rhinitis—eosinophil 
infiltration of the nasal mucosa (Fig. 4A). The number of eosino-
phils in nasal mucosa was significantly elevated in the OVA group 
compared to the control group. A significant reduction in eosino-
phil numbers was observed in the mucosa from OVA+TSA group 
(Fig. 4B). 

IFN-γ, IL-4, and IL-5 expression levels 
In the evaluation of the allergic reaction, level of the Th1 cyto-
kine IFN-γ showed no significant difference in all groups (Fig. 5A, 
B). Allergic asthmatic inflammation and remodeling are caused 
by the secretion of a series of Th2 cytokines, particularly IL-4 
and IL-5. Therefore, we examined whether the levels of these cy-
tokine were altered in OVA+TSA-treated mice. IL-4 and IL-5 
levels in the OVA group were significantly higher than in the 
control group. However, the levels of IL-4 and IL-5 cytokines 
were significantly reduced in the OVA+TSA group (Fig. 5C–F).

Activation of Treg cells
Treg cells express CD4, CD25, and Foxp3. Foxp3 plays as the 
key transcription factor controlling Treg development and func-
tion. To investigate effect of TSA on Treg cells, we measured the 
mRNA expression level of Foxp3. The mRNA expression level 
of Foxp3 was higher in the OVA group compared to the control 
group, and also the mRNA of Foxp3 more significantly in-
creased in OVA+TSA group compared to the OVA group (Fig. 
6A). The immunosuppressive cytokines TGF-β and IL-10 have 
also been implicated in the function of Tregs. To determine effect 
of TSA on Treg cells, we evaluated the expression levels of 
TGF-β and IL-10 in each treatment group. The expression levels 
of TGF-β and IL-10 significantly increased in the OVA+TSA 
group compared to the control group (Fig. 6B, C).
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Fig. 3. Serum OVA-specific IgE levels. Serum OVA-specific IgE lev-
els were measured by enzyme-linked immunosorbent assay. In-
creased level of serum OVA-specific IgE in OVA group was de-
creased in OVA+TSA group. OVA, ovalbumin; TSA, trichostatin A.  
*P<0.05 compared with control. †P<0.05 compared with OVA. 
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Fig. 4. Infiltration of eosinophils in the nasal mucosa. (A) Chromotro-
phe 2R staining of the nasal mucosa in each group. Level of eosino-
phil infiltration (red color) markedly decreased in OVA+TSA group 
compared with OVA group. (B) Eosinophil counts in the nasal muco-
sa. Eosinophil count was significantly reduced in OVA+TSA group 
compared with OVA group (×400). OVA, ovalbumin; TSA, tricho-
statin A. *P<0.05 compared to control. †P<0.05 compared to OVA. 

DISCUSSION 

In this study, we have shown that TSA inhibits OVA-induced in-
flammation in a murine model of allergic rhinitis. TSA inhibited 
allergic nasal symptoms, including rubbing and sneezing, and re-
duced the numbers of eosinophils in nasal mucosa. TSA decreased 
OVA-specific IgE, IL-4, and IL-5 levels. Furthermore, OVA-in-
duced cytokine levels of Tregs were significantly increased further 
by TSA treatment. 
  Allergic rhinitis has been defined as an inflammatory disease of 
the nasal mucosa, and is characterized by the following symp-
toms: nasal obstruction, sneezing, and rhinorrhea [1,2]. The symp-
toms of allergic rhinitis arise as a result of an IgE-mediated in-
flammation of the nasal mucosa, which is distinguished by an in-
filtration of inflammatory cells such as eosinophils and lympho-
cytes. Eosinophils are considered to be the major inflammatory 
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Fig. 5. IFN-γ, IL-4, and IL-5 expression levels. Messenger RNA levels of IFN-γ (A), IL-4 (C), and IL-5 (E) were measured by quantitative reverse 
transcription-polymerase chain reaction. Protein levels of IFN-γ (B), IL-4 (D), and IL-5 (F) were measured by enzyme-linked immunosorbent as-
say. Levels of IL-4 and IL-5 were inhibited in OVA+TSA group compared with OVA group. However, IFN-γ level did not increase in OVA group. 
IFN-γ, interferon-gamma; IL, interleukin; OVA, ovalbumin; TSA, trichostatin A. *P<0.05 compared to controls. †P<0.05 compared to OVA. 
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Fig. 6. Activation of regulatory T cells. (A) mRNA level of Foxp3 was 
analyzed by quantitative reverse transcription-polymerase chain re-
action. Protein levels of IL-10 (B) and TGF-β (C) were significantly in-
creased in OVA+TSA group, as measured by enzyme-linked immu-
nosorbent assay. OVA, ovalbumin; TSA, trichostatin A; IL, interleukin; 
TGF-β, transforming growth factor-beta. *P<0.05 and **P<0.01 
compared to controls.

cell type contributing to allergic rhinitis, since they release proin-
flammatory mediators such as leukotriene C4 and platelet-acti-
vating factor, which increase permeability and are a potent che-
motactic factor for further eosinophil infiltration. Eosinophils also 
produce a number of potent, highly positively charged proteins 
that are toxic to the respiratory epithelium [5]. Th2 cells produce 
Th2 cytokines, which include IL-4, IL-5, and IL-13 [4]. IL-4 pro-
motes T-cell activation and differentiation into the Th2 subtype, 
while both IL-4 and IL-13 promote IgE production in B cells and 

mucus production in the airways [14,15]. IFN-γ affects Th1/Th2 
differentiation, the suppression of Th2 cytokines released from ac-
tivated T cells, and the inhibition of effector cell recruitment to 
the site of inflammation. IFN-γ is the principal Th1 effector cyto-
kine and has a crucial role in the resolution of many allergy-asso-
ciated disorders. 
  Tregs, a unique subpopulation of CD4+ CD25+ Foxp3+ T cells, 
prevent immune responses and play a crucial role in the mainte-
nance of self-tolerance. Tregs crucially protect the host from auto-
immunity by inhibiting the response of self-reactive T cells and are 
essential for preventing immunopathology in immune responses 
directed against foreign antigens [13]. Mouse CD4+ CD25+ Foxp3+ 
T cells have been shown to suppress the in vitro differentiation of 
Th2 cells from naive CD4+ T cells, but required preactivation to 
inhibit cytokine production from differentiated Th2 cells [16]. 
While Tregs normally prevent IgE responses [17], the depletion of 
CD4+ CD25+ Foxp3+ T cells was found to reduce airway inflam-
mation in a murine model of allergic sensitization [18]. In another 
report, the transfer of CD4+ CD25+ Foxp3+ T cells seemed to have 
no effect on inflammation or airway hyperresponsiveness [19]. 
These studies suggest that the role of Tregs in murine models of al-
lergic rhinitis is controversial.
  Epigenetic regulation, classified as DNA methylation and chro-
matin modifications, is critical for generating cellular diversity and 
maintaining distinct gene expression profiles. Histone acetylation, 
one type of chromatin modification, is regulated by histone acet-
yltransferases and HDACs [7,8]. HDAC inhibitors modulate tran-
scriptional activity by interfering with the removal of acetyl 
groups from histones, thereby altering gene expression. HDAC in-
hibitors were recently found to alter the expression of several 
genes related to inflammatory processes, including inducible nitric 
oxide synthase, macrophage inflammatory protein-2, IL-8, tumor 
necrosis factor-α, IL-1β, IL-6, and IFN-γ [20]. Recent studies in 
murine models of allergic airway disease have demonstrated that 
the HDAC inhibitors TSA has potent anti-inflammatory effects 
[21]. In these studies, TSA treatment inhibited Th2 responses, re-
ducing IL-4, IL-5, and IgE, and attenuated airway inflammation 
[22]. This is likely due to the inhibition of T-cell recruitment and 
Th2 cytokine production in acute models of allergic airway dis-
ease. Further recent studies have shown that TSA promotes 
FoxP3+ regulatory T cell [23]. Taken together, these findings sug-
gest that inhibition of HDAC may reduce allergic rhinitis. In the 
present study, we have examined the effect of HDAC inhibition 
by TSA on OVA-induced nasal inflammation via Treg cells in a 
murine model of allergic rhinitis.
  Our data has demonstrated that TSA inhibits allergic nasal 
symptoms, eosinophil infiltration, and production of OVA-spe-
cific IgE, Th2-type cytokines and Treg cytokines in a murine mod-
el of allergic rhinitis. These findings imply that TSA has a poten-
tial anti-inflammatory role by inhibiting OVA-specific allergic re-
sponses in nasal mucosa. Further studies are needed to better 
evaluate the role of TSA on mediating inflammation and to de-
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termine potential HDAC inhibition by TSA
  In conclusion, TSA suppresses allergic nasal symptoms, aller-
gic cytokines and Treg cytokines in a murine model of allergic 
rhinitis. TSA was shown to decrease eosinophil migration into 
the nasal mucosa and inhibit serum IgE and nasal IL-4 and IL-5 
levels. Our study provides evidence of the antiallergic efficacy of 
TSA in an in vivo model of allergic rhinitis. Our findings suggest 
that the use of TSA results in a beneficial pharmacological effect 
on the induction of Tregs in a mouse model of allergic rhinitis. 
Thus, TSA could be considered a potential therapeutic agent in 
treating allergic rhinitis in humans. 
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