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Abstract

Aim: Saikosaponin D (SSD) is a commonly prescribed agent against inflammatory diseases in Asian countries. However, the
anti-allergic inflammatory effect of SSD and its role in allergic rhinitis (AR) model is well known. In the present study, we
investigated the anti-allergic and anti-inflammatory effects of SSD on the ovalbumin (OVA)-induced AR model. Methods: AR
was induced in BALB/c mice by sensitization and treatment with OVA. Different concentrations of SSD and dexamethasone
(Dex) were administered. The mice were then evaluated for the presence of nasal mucosal inflammation, the production of
allergen-specific cytokine responses, as well as the histology of nasal mucosa. Results: Following SSD treatment, the nasal
symptoms and the inflammation of nasal mucosa were significantly ameliorated. During AR, administering SSD to the AR
mice appeared to balance the Type 1 helper T cells (Th1) to Th2 cytokine ratio by increasing and decreasing the percentage
of Th1 and Th2 cytokines, respectively. Meanwhile, SSD also appeared to markedly inhibit Th17 cytokines and their related
transcription factor, ROR?t, whereas the Th1 cytokines and their related transcription factor, T-bet, was significantly increased
in NALF and lung homogenates in OVA-induced AR mice. Notably, SSD also reduced the levels of OVA-specific Immunoglobulin
E (IgE) and IgG1, and increased the levels of IgG2a in serum. Conclusion: This study demonstrated that SSD has a significant
anti-allergic inflammatory effect in the nasal cavity. SSD may represent an alternative therapeutic approach for the treatment
of patients with AR through the regulation of T-bet, GATA-3, and ROR?t in inflammatory cells.

What is already known

• Anti-allergic and anti-histamine agents are commonly used in the treatment of allergic rhinitis.
• SSD has anti-inflammatory, immunomodulatory, antiviral, and anticancer activities.
• Drugs derived from natural products are known to induce fewer side effects than many synthetic drugs.

What dose this study add

• SSD improves AR clinical symptoms and regulates the Th1/Th2/Th17 cytokine and transcription
factor imbalance.

• SSD exerts anti-allergic and anti-inflammatory activity via the NF-κB pathway.

What is the clinical significance

Drugs derived from natural products are known to induce fewer side effects than many synthetic drugs. Our
data may represent an alternative therapeutic approach for the treatment of patients with AR.

1. Introduction
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Allergic rhinitis (AR) is an allergic inflammation of the nasal airways and is characterized by sneezing,
rhinorrhea, itching, and nasal congestion. These clinical conditions are widely known to be induced by
inflammatory mediators, including histamine, leukotrienes, and inflammatory cytokines, which are secreted
by eosinophils (Pawankar, Mori, Ozu, & Kimura, 2011). AR is one of the world’s most common chronic
illnesses among children and young adults, and its prevalence is estimated to range from approximately
10–50% (Bellanti & Wallerstedt, 2000). Anti-allergic and anti-histamine agents are commonly used in the
treatment of allergic rhinitis; however, their effects are transient as they are only able to suppress the
symptoms of the inflammatory response (Adamia, Jorjoliani, Khachapuridze, Katamadze, & Chkuaseli,
2015). Therefore, it is important to develop novel therapeutic strategies that are effective for the treatment
of AR (Mowen & Glimcher, 2004). A T-box protein expressed in T cells (T-bet) is a transcription factor
specifically expressed in Type 1 helper T (Th1) cells. GATA-3, on the other hand, has been shown to
be an important factor in mediating allergic airway inflammation in vivo (Zhang et al., 1999). Effective
therapeutic strategies would aim to either downregulate Th2 or Th17 cytokines or to downregulate the
transcription factors that inhibit their production. Retinoic acid-related orphan nuclear receptor (ROR)
γt is a splice variant of ROR, which has been identified as an essential transcription factor during Th17
cellular differentiation (Chen et al., 2011). Patients with AR show an inflammatory Immunoglobulin E
(IgE)-mediated response characterized by the Th2 immunological pattern together with mast cells, goblet
cells, and eosinophil activation, as well as the release of inflammatory mediators, such as interleukin (IL)-
4 and IL-5, against allergen exposure (Durham et al., 1992). Th1/Th2 cells are associated with a series
of immune and inflammatory diseases, such as bacterial and viral infectious diseases (Meagher, Wines, &
Cooper, 2002; Walker, Virchow, Bruijnzeel, & Blaser, 1991). To date, the discovery of Th17 cells has
introduced complexity into the existing Th1/Th2 balance paradigm and expanded our understanding of
the pathogenesis of AR (S. B. Wang et al., 2014). Th17 cells are newly emerged immune/inflammatory
cell subsets, which are now widely believed to be critical for the regulation of various chronic immune
diseases (Halwani, Al-Muhsen, & Hamid, 2013). Th17 cells enhance eosinophilic airway inflammation,
which is mediated by Th2 cells (Wakashin et al., 2008). Nuclear factor-kappa B (NF-κB) is a multicellular
transcription factor, and it plays an important role in inflammatory and immune responses by regulating the
gene expression of immune and inflammation-related cytokines and inflammatory mediators, which is a vital
role in the initiation and perpetuation of allergic inflammation (Kumar, Takada, Boriek, & Aggarwal, 2004;
Wan & Lenardo, 2010). The transcription factor T-bet drives Th1 differentiation, while the transcription
factor GATA-3 drives Th2 differentiation. Natural products are regarded as abundant sources of novel drug
candidates, and their pharmacological usefulness has been proven through decades of research (Newman
& Cragg, 2016). In addition, drugs derived from natural products are known to induce fewer side effects
than many synthetic drugs (Mathur & Hoskins, 2017). Saikosaponin D (SSD, chemical structure shown in
Fig. 1A), one of the triterpenoid saponins derived from Bupleurum falcatum L, is a commonly prescribed
agent against inflammatory diseases in China, Japan, and other Asian countries (Lu et al., 2012; Wong et
al., 2013). Several studies have shown that SSD has anti-inflammatory, immunomodulatory, antiviral, and
anticancer activities (H. W. Wang, Liu, Zhong, & Fang, 2015). Other researchers have found that SSD
exhibited an anti-proliferative effect on the activated T lymphocyte via suppression of the NF-κB, NF-AT,
and AP-1 signaling pathways (Sun, Cai, Zhou, & Xu, 2009; Wong et al., 2013). However, the mechanism
underlying the anti-allergic effect of SSD on allergic rhinitis remains unclear. In the current study, we explore
the protective effects and therapeutic efficacy of SSD on an ovalbumin (OVA)-induced AR mice model, which
potentially involves the regulation of the Th1/Th2 and Th17 cellular responses.

2. Methods

2.1 Animals

Five-week-old male BALB/c mice were purchased from Damool Science (Dae-jeon, Korea). These mice were
housed in a laminar air-conditioned room maintained at a temperature of 23 ± 2 and a relative humidity of
55 +- 10% with a 12 hour light/dark cycle. All animal experiments were performed in compliance with the
guidelines on the care and use of laboratory animals and were approved by the Animal Research Committee
of Jeonbuk National University (CBN2016-37).
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2.2 Induction of AR mice model and treatment

Mice were randomly divided into four groups: the control group, OVA group, 10 mg/kg of SSD, and Dex-
amethasone (Dex, 2.5 mg/kg) group. The schedule for the OVA-induced AR animal model and treatment is
summarized in Figure 1B. Briefly, mice were sensitized by intraperitoneal injection of 50 μg of OVA (Grade
V, Sigma, St. Louis, MO, USA) emulsified in 1 mg of aluminum hydroxide (Thermo Scientific, Rockford,
MD, USA) in a total volume of 200 μl on days 1, 8, and 15. After one week of the last sensitization (days
22 to 26), mice were treated with an intranasal instillation of OVA (10 mg/ml, 20μl/nostril). From day 16,
mice received SSD (Sigma, St. Louis, MO, USA, 10 mg/kg body weight) and Dex (Innovative Research
of America, Toledo, Ohio, USA) dissolved in saline in a total volume of 200 μl and administered by oral
gavage 1 hour before every OVA treatment, every day for 11 consecutive days. Mice of the control group
were treated with saline but without sensitization and OVA treatment. Mice were sacrificed 24 h after the
last OVA treatment on day 27 to investigate the anti-inflammatory effect of SSD on OVA-induced AR mice.

2.3 Analysis of nasal lavage fluid (NALF)

Twenty-four hours after the last OVA challenge, the mice were sacrificed. The trachea was partially resected,
a catheter was inserted from the trachea into the nasopharynx, and the nasal cavity was gently perfused
with 1 ml of saline from the choana to the nostril. The NALF was centrifuged at 10,000 × g for 10 min, and
the supernatants were stored at -80 . The total NALF cells were counted using the double-blind counting
system with a hemocytometer using trypan blue staining. Differential cell counts were determined with
cytospin cell preparations, which were made by transferring NALF onto clean glass slides using a cytospin
device (Centrifuge 5403, Eppendorf, Hamburg, Germany) for 10 min and staining with Diff-Quik (Sysmex
Co., Kobe, Japan), according to the manufacturer’s instructions.

2.4 Evaluation of nasal symptoms

Nasal symptoms were evaluated by counting the frequencies of nasal rubbing and sneezing that occurred in
the 20-minute observation period and then counted by blinded observers to evaluate early allergic responses.

2.5 Histological examination

After performing the NALF, the heads of the mice were removed and then fixed in 10% neutral buffered
formalin for 3 days and then decalcified in an ethylenediamine triacetic acid decalcifying solution for 5 days.
The specimens were dehydrated with ethyl alcohol and xylene and embedded in paraffin, then embedded in
paraffin wax and sectioned at 5-μm thickness. The lung lobes were removed for histological examination and
were fixed in 10% paraformaldehyde for 3 days. The nasal and lung tissues were coronally sectioned into
5-μm slices for histological assessment. Subsequently, the number of inflammatory cells was counted, and
the epithelial damage was evaluated on randomly selected high-power fields at 400× magnification.

Hematoxylin and eosin (HE, Sigma Aldrich, St. Louis, MO, USA) staining was used to assess the general
morphological structure of the nasal and lung tissues.

Periodic acid-Schiff (PAS, Sigma, St. Louis, MO) staining was used for goblet cell hyperplasia.

Giemsa staining (Sigma, St. Louis, MO) was used for mast cell and eosinophil infiltration in nasal mucosa.
Eosinophils and mast cells were counted in the nasal septum and lateral process.

Masson’s trichrome staining was used to reveal the sub-epithelial deposition of collagen in the lung tissue.

2.6 Measurement of Th1/Th2/Th17 cytokines and related transcription factor levels

In the Th1 response, the levels of anti-inflammatory cytokines (Th1-associated cytokine), such as IFN-γ
and IL-12 levels, and the relative transcription factor T-bet in NALF and lung homogenates were assayed
using enzyme-linked immunosorbent assay kits (ELISA, R&D Systems, Minneapolis, USA), following the
manufacturer’s instructions.
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In the Th2 response, we examined the secretion of the inflammatory cytokines (Th2-associated cytokine)
TNF-α, IL-4, and IL-5 and relative transcription factor GATA-3 in NALF and lung homogenates were
measured using ELISA (R&D Systems, Minneapolis, USA), following manufacturer’s instructions.

In the Th17 response, Th17-associated cytokines, IL-17, and relative transcription factor RORγt in NALF
and lung homogenates were measured using ELISA (R&D Systems, Minneapolis, USA), following manufac-
turer’s instructions.

2.7 Measurement of OVA-specific immunoglobulins

The blood specimens were collected from the retro-orbital plexus and centrifuged at 1,000 x g for 10 min
at 4 (Centrifuge 5403; Eppendorf, Hamburg, Germany) to obtain the serum. Then, the concentrations of
OVA-specific IgE, OVA-specific IgG1, and OVA-specific IgG2α levels were measured in each group using
ELISA (R&D Systems, Minneapolis, USA), following manufacturer’s instructions.

2.8 Measurement of the NF-kB signaling pathway

The lung homogenates were centrifuged at 1,000 × g for 15 min at 4 °C. The supernatants of NF-кB p65
and P- NF-кB, both in NALF and lung homogenates, were obtained for analysis.

2.9 Statistical analysis

The results were analyzed using Graph Pad Prism software (v5.0, La Jolla, CA, USA). The data were
presented as mean ± SEMs. The statistical significance of the differences among the groups was performed
using one-way ANOVA, followed by the Tukey’s test. Statistical significance was defined at the 95% confidence
level (P < 0.05 ).

2.10 Materials

OVA (grade VI), and SSD were purchased from Sigma-Aldrich (Sigma, St. Louis, MO, USA). Aluminum hy-
droxide adjuvant was purchased from Pierce (Thermo Scientific, Rockford, MD, USA) and Dex was purchased
from Innovative Research of America (Innovative Research of America, Toledo, Ohio, USA).

3. Results

3.1 Inhibitory effects of SSD on clinical symptoms of OVA-induced AR mice

In animal models, early allergic responses have been quantitated by the nasal rubbing and sneezing score.
To examine the regulatory effect of SSD in the OVA-induced AR mice model, after 400 μg of OVA intranasal
treatment, we measured the frequency of nasal sneezing and the rubbing behaviors were recorded during a 20-
minute period by blinded observers on days 22 to 26. The OVA-induced AR mice showed a significant increase
in sneezing and nasal rubbing as compared to the control mice (Fig. 1C). However, oral administration of 10
mg/kg/day SSD revealed a tendency to decrease the sneezing and nasal rubbing (Fig. 1C). SSD treatments
considerably improved nasal symptoms compared to those of OVA-induced AR mice. These results suggest
that treatment with SSD may ameliorate the symptoms associated with AR.

3.2 Inhibitory effects of SSD on the infiltration of inflammatory cells in the NALF of OVA-
induced AR mice

To evaluate the underlying mechanism of SSD on the level of inflammatory cells in OVA-induced AR mice,
the total number of cells and the differential inflammatory cells in NALF were counted. OVA-induced AR
mice exhibited a more significant increase in total cells and inflammatory cells of NALF than mice of the
control group (Fig. 1D, E). In contrast, oral administration of 10 mg/kg/day SSD and 2.5 mg/kg/day Dex
subsequently reduced the total cell number and the infiltration of eosinophils, epithelial cells, and other
inflammatory cells in NALF (Fig. 1D, E).

3.3 Inhibitory effects of SSD on the histopathological changes of nasal mucosal tissues and
lungs of OVA-induced AR mice

4
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To evaluate the effects of SSD administration on the infiltration of inflammatory cells in nasal mucosal tissues
and lung tissues, we next examined the histological changes of OVA-induced AR mice with HE, PAS, Giemsa,
and Masson’s trichrome. As shown in Fig. 2A, OVA treatment caused remarkable histological alterations,
such as epithelial disruption and edema. Infiltration of eosinophils and mast cells, as well as goblet cell
hyperplasia, was significantly increased compared to the control mice. (Fig. 2A). The mucosal thickness of
the nasal septum was significantly higher in OVA-induced AR mice than in control mice. However, SSD
treatment notably mitigated epithelial disruption and inhibited the infiltration of eosinophils, mast cells,
and the hyperplasia of goblet cells.

The histological changes in lung tissues in OVA-induced AR mice were then evaluated, and the level of
general pathological alterations was examined. Histological observations revealed that there was a more
severe infiltration of inflammatory cells around the respiratory tract and blood vessels than in the control
group. While SSD treatment showed a significantly reduced infiltration (Fig. 2B). These results suggest that
SSD may alleviate allergic responses in OVA-treated mice by attenuating the inflammatory cells infiltration
both in the upper and lower airway.

3.4 Inhibitory effects of SSD on the serum levels of OVA-specific IgE, IgG1, and IgG2a of
OVA-induced AR mice

In order to investigate the therapeutic impact of SSD on OVA-specific immune responses, we determined
the serum levels of OVA-specific immunoglobulin in OVA-induced AR mice. As shown in Fig. 3, both levels
of OVA-specific IgE and IgG1 in OVA-induced AR mice were markedly increased. However, treatment with
SSD significantly inhibited OVA-specific IgE and IgG1 production (Fig. 3). Moreover, the level of OVA-
specific IgG2a was slightly up-regulated by SSD treatment compared with OVA-induced AR mice. These
results indicate that SSD might have anti-allergic activity via suppression of allergic mediator production.

3.5 Effects of SSD on the levels of Th1, Th2, and Th17 cytokines in NALF and lung ho-
mogenates of OVA-induced AR mice

To further evaluate the effect of SSD on anti-allergic responses in the OVA-induced AR mice model, the
Th1/Th2/Th17 levels of secreted cytokines in NALF and lung homogenates were assessed. First, we exam-
ined the secretion of the Th2-associated cytokines, including TNF-α, IL-4, and IL-5, using ELISA. OVA-
induced AR mice showed increased levels of TNF-α, IL-4, and IL-5 in NALF compared to control mice; how-
ever, SSD treatment significantly decreased the cytokine levels (Fig 4A, B). Moreover, the anti-inflammatory
effect of Th1-associated cytokines, such as IFN-γ and IL-12, were measured using ELISA. The OVA-induced
release of IFN-γ was significantly increased by SSD and Dex treatment (Fig 4A, B), while the production
of IL-12 did not show any significant difference (Fig. 4A, B). Th17-associated cytokine IL-17 was increased
in the AR mice (Fig. 4A, B). In contrast, SSD treatment significantly diminished IL-17 production in the
NALF and Dex groups (Fig. 4A, B).

Since the administration of SSD suppressed the levels of IL-17 in NALF, we investigated the possibility that
Th17 production was down-regulated in the lung tissue. As expected, OVA-induced AR mice dramatically
increased IL-17 levels in lung homogenates compared to the control group. However, the administration
of SSD markedly attenuated the production of IL-17 (Fig. 4A, B). These results were consistent with the
reduced infiltration of inflammatory cells in NALF, and nasal tissues of SSD treated mice via the modulation
of the Th1/Th2/Th17 cytokines.

3.6 Εφφεςτ οφ ΣΣΔ ον τηε λεvελς οφ Τη1-, Τη2-, ανδ Τη17-ρελατεδ τρανσςριπτιον

φαςτορς Τ-βετ, ΓΑΤΑ-3, ανδ ΡΟΡγτ ιν τηε λυνγ ηομογενατες οφ Ο῞Α-ινδυςεδ ΑΡ μιςε

It was hypothesized that the mechanisms underlying the anti-allergic effects of SSD involve the regulation of
transcription factors, including T-bet, GATA-3, and RORγt, during Th1, Th2, and Th17 cellular differenti-
ation. The expression of the specific transcription factors, T-bet, GATA-3, and RORγt in the nucleus, was
used to identify whether Th1, Th2, Th17 cells, respectively, were altered in the lung tissue following SSD
and Dex administration. The production of GATA-3 in the OVA-induced AR mice increased significantly
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(Fig. 4C). In contrast, the T-bet expression levels in the OVA-induced AR mice were lower than those in the
SSD and Dex groups. The expression of GATA-3 expression was decreased in the SSD group compared to
the control group. There were no significant differences in the expression levels of T-bet between the OVA
and SSD groups. Similar effects were observed in the Th17 transcription factor RORγt. The expression of
RORγt appeared to be up-regulated in OVA-induced AR mice. Conversely, treatment with SSD and Dex
ameliorated this effect.

3.7 Ινηιβιτορψ εφφεςτ οφ ΣΣΔ ον τηε αςτιvατιον οφ ΝΦ-κΒ σιγναλινγ ιν λυνγ ηομογε-

νατες ανδ ΝΑΛΦ οφ Ο῞Α-ινδυςεδ ΑΡ Μιςε

The signaling pathway of NF-κB, a transcription factor, is important in the synthesis and release of inflam-
matory mediators by activated mast cells during allergic inflammation (Cho et al., 2014; Jung, Jung, Kim,
Kang, & Park, 2012). Therefore, to assess the effect of SSD on the signaling pathway, NF-κB and P-NF-κB,
both in NALF and lung homogenates were analyzed by ELISA. The results showed that in OVA-induced
AR mice, the levels of NF-κB in NALF and lung homogenates were significantly increased as compared to
control mice; however, their levels were significantly decreased by SSD treatment (Fig. 4D). In addition, as a
marker of NF-κB activation, degradation levels of P-NF-κB in NALF and lung homogenates were examined.
OVA-induced AR mice showed an increased level of P-NF-κB degradation in NALF and lung homogenates
as compared to control mice. Moreover, we found that SSD treatment down-regulated the levels of P-NF-κB
in NALF and lung homogenates as compared to OVA-induced AR. These findings indicate the potential role
of the NF-κB pathway in the suppression of inflammatory mediators by SSD in OVA-induced AR.

4. Discussion

The clinical symptoms of AR include sneezing, rubbing, rhinorrhea, lacrimation, and nasal congestion, which
mainly originate from mast cells and other inflammatory cells (Mandhane, Shah, & Thennati, 2011). These
symptoms are presumed to be triggered by various mediators such as cytokines (IL-4, TNF-α), prostaglandins,
NO from mast cells, and other inflammatory cells (Fu, Dai, Wang, & Zhang, 2003). In the present study,
we investigated the effects of SSD treatment on the nasal mucosa in an AR mouse model. We demonstrated
that SSD treatment was associated with significantly decreased clinical symptoms as well as an increase in
the number of disrupted epithelial cells in the NALF, serum OVA-specific immunoglobulin levels, Th2, and
Th17 cytokines levels. Moreover, SSD treatment inhibited the infiltration of eosinophils, mast cells, goblet
cells, and epithelial cells into the nasal mucosa. In addition, goblet cell hyperplasia and collagen deposition
were also alleviated in lung tissue. The down-regulation of transcription factor GATA-3, RORγt expression,
and the up-regulation of T-bet expression were observed in the SSD group. We further demonstrated that
SSD was able to suppress the release of allergic mediators by blocking the NF-κB signaling pathway.

Under the physiological conditions of an allergic response, Th1 and Th2 populations exist in equilibrium
and cross-regulate each other, and the Th1/Th2 balance is reported to be necessary for the maintenance of
immune homeostasis (Gotoh, 2015; Ma et al., 2013). GATA-3 is a transcription factor that is specifically
expressed in Th2 cells, whereas T-bet is a transcription factor specifically expressed in Th1 cells. GATA-
3 and T-bet have been reported to modulate gene expression during T cell differentiation, thus serving a
critical role in the development of Th1 and Th2 lineages (Han et al., 2013; Ku et al., 2015). The present
study revealed that in OVA-induced AR mice, GATA-3 expression was markedly up-regulated in lung tissue
compared to control mice. Notably, GATA-3 expression levels were markedly decreased following treatment
with SSD. Conversely, T-bet levels were up-regulated following SSD administration; however, there was
no significant difference compared to OVA-induced AR mice. The present findings demonstrate that the
expression of GATA-3 and T-bet may be altered during allergic immune responses and may be implicated in
the regulation of Th1/Th2 differentiation. Following the retroviral vector-mediated transduction of RORγt
into naive T cells, Th17 cell development was enhanced, therefore suggesting that RORγt may be essential
for Th17 cellular proliferation (Korn, Bettelli, Oukka, & Kuchroo, 2009). The present study revealed that
the protein expression of RORγt was down-regulated following SSD administration.

AR is one of the most common chronic conditions in the adult and pediatric population, affecting 10–30%
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of adults and 20–40% of children (Meltzer et al., 2009). Therefore, the development of new and promising
therapeutic options for the treatment of AR is required. In the present study, we demonstrated that OVA
treatment of AR mice induced nasal airway remodeling compared to control mice via increased epithelial
disruption, mucosa edema, eosinophil and mast cell infiltration, goblet cell hyperplasia in the nasal mucosa,
OVA-specific immunoglobulins, Th2, and Th17 polarization, and NF-κB signaling pathway activation in nasal
epithelial cells. In the present study, we assessed the anti-allergic and anti-inflammatory activities of SSD in
the OVA-induced AR mice to elucidate the effects of SSD on inflammation-related NF-κB pathways. Here,
we demonstrate for the first time, that SSD, which is a commonly prescribed agent against inflammatory
diseases, significantly attenuated allergic responses.

SSD is considered one of the major active components isolated and identified from the herb (Xu et al.,
2012). Protection against CCl4-induced inflammation and fibro-genesis by SSD was correlated with the
down-regulation of pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, and the up-regulation of
the anti-inflammatory cytokine, IL-10 (Wu, Tam, Tsai, Chang, & Chao, 2010). A previous report suggested
that IL-17 has the potential to promote airway inflammatory cell infiltration (Molet et al., 2001). The
pathogenesis of AR is characterized by the secretion of many cytokines and immune cells. IL-4 expression
is related to the differentiation of Th2 lymphocytes, the synthesis of IgE, and the hypersecretion of mucus
(Pawankar et al., 2011). IL-5 plays a role in eosinophilic inflammation (Foster, Hogan, Ramsay, Matthaei, &
Young, 1996). In this study, we demonstrated that SSD diminished Th2 cytokine levels, including TNF-α,
IL-4, and IL-5, as well as Th17 cytokine IL-17 expression levels in NALF and lung homogenates by inhibiting
NF-κB activation.

NF-κB regulates the transcription of pro-inflammatory cytokines (Hoffmann & Baltimore, 2006). IκB is
rapidly removed by IKKα/β and activated NF-κB is released and then translocated to the nucleus, where it
activates the transcription of target genes (Hayden & Ghosh, 2004). The effect of SSD treatment supported
the hypothesis that the expression of these pro-inflammatory cytokines is NF-κB dependent. These results
revealed that SSD suppressed NF-κB and P-NF-κB activation. In addition, the NF-κB dependent increase
in the levels of inflammatory cytokines was markedly inhibited. Therefore, we postulate that SSD has an
anti-inflammatory effect, which acts through the inhibition of NF-κB activation.

The OVA sensitization and treatment of mice led to an increase in the levels of antigen-specific immunoglob-
ulins in serum and the infiltration of inflammatory cells in the epithelium and sub-epithelium of the nasal
mucosa (Bahekar, Shah, Ayer, Mandhane, & Thennati, 2008). The released IgE is responsible for increased
production of leukotrienes and prostaglandins, which in turn attract eosinophils, increase microvascular
leakage, edema, and mucous secretion (Smith, 1999). Our study revealed that SSD remarkably inhibited
OVA-specific IgE and IgG1 levels and increased the production of IgG2a in OVA-induced mice. These results
demonstrated that SSD displays an anti-allergic activity against allergic responses.

Mast cells and eosinophils regulate local immune and inflammatory responses, and their accumulation in
blood and tissue is associated with several inflammatory diseases (Tian et al., 2017). The recruitment
of eosinophils in AR is reportedly initiated by Th2-type cytokines (Juneja & Parmar, 2013).Our results
demonstrated that SSD inhibited the infiltration of mast cells, eosinophils, and goblet cell hyperplasia into
the nasal tissues of OVA-induced AR mice. Therefore, we postulate that SSD undergoes anti-allergic and
anti-inflammatory reactions through the inhibition of inflammatory cell infiltration, of both the nasal and
lung tissues.

In summary, our findings provide in vivo evidence that the anti-allergic and anti-inflammatory agent SSD
significantly diminishes allergic reactions by alleviating the symptoms of OVA-induced AR, by mediating
the Th1/Th2 cell balance, via regulation of the T-bet, GATA-3, and RORγt expression levels. Therefore,
SSD may represent an alternative therapeutic approach for the treatment of patients with AR.
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Figure Legends:

Figure 1. Experimental protocol for AR, nasal symptoms, and inflammation of OVA-induced
AR mice. (A) Chemical structure of saikosaponin D (SSD). (B) Experimental protocol. (C) The frequencies
of total rubbing and sneezing numbers for 5 days were evaluated by counting that occurred in the 20-minute
period after OVA treatment without anesthesia. (C) Total and differential cell numbers were counted using a
hemocytometer. (D) Cytospin cell preparations were made by NALF and stained with Diff-Quik. Scale bar
= 100 μm. #P < 0.05, ##P < 0.01,###P < 0.001, significant differences of the control group. Values are
presented as the mean ± SD (n = 6 per group). *P < 0.05,**P < 0.01, ***P < 0.001 , significant differences
of the OVA group.

Figure 2. Effect of SSA on histological changes in the nasal and lung tissues of OVA-induced
AR mice. (A) The general histology and epithelium thickness of the nasal mucosa, HE staining; Infiltration
of the eosinophils, Sirius Red staining; Goblet cells hyperplasia, PAS staining; Mast cells immigration to the
epithelium, Giemsa staining; Lung tissues from each group were stained with HE. (B) The general histology
and epithelium thickness of nasal mucosa, HE staining; Infiltration of the eosinophils, Sirius Red staining;
Goblet cell hyperplasia, PAS staining; Collagen deposition, Masson’s Trichrome staining. Scale bar = 50 μm
in the nasal tissues and 100 μm in the lungs. Values are presented as the mean ± SD (n = 6 per group).
###P < 0.001 , significant difference of the control group.**P < 0.01, ***P < 0.001 , significant differences
of the OVA group.

Figure 3. Effect of SSD on the level of OVA-specific IgE, IgG1, and IgG2a expression in OVA-
induced AR mice. The serum levels of OVA-specific IgE, IgG1, and IgG2a. Values are presented as the
mean ± SD (n = 6 per group). #P < 0.05, ##P < 0.01, ###P < 0.001, significant differences of the
control group. *P < 0.05, **P < 0.01, ***P < 0.001, significant differences of the OVA group.

Figure 4. Effect of SSD on Th1/Th2/Th17 cytokines and related transcription factor levels
and NF-кB p65 and P-NF-B signaling pathways in OVA-induced AR mice. The levels of (A),
Th1 cytokines, IL-12, and IFN- γ· Th2 cytokines, IL-5, IL-13, and TNF-α· and Th17 cytokines, IL-17, were
determined in NALF and (B) lung homogenates in OVA-induced AR mice. (C) Analysis of T-bet, GATA-3,
and RORγt expression levels in lung homogenates. (D) Detection of NF-κB and P-NF-κB in NALF and lung
homogenates. Values are presented as the mean ± SD (n = 6 per group).#P < 0.05, ##P < 0.01, ###P
< 0.001 , significant differences of the control group. *P < 0.05, **P < 0.01,***P < 0.001 , significant
differences of the OVA group.
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