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and GSI. The expressions of the Notch1/NICD1 pathway were 
decreased after DEX and/or GSI administration in lung tis-
sues, especially in CD4+ T cells. Also, a reduction of GATA3 
and elevation of T-bet levels were correlated with the up-
regulation of Th1/Th2 ratios in lung tissues. Conclusions: 
Through the inhibition of Notch1 signaling, both GSI and 
GCs could regulate Th1/Th2 balance involved in allergic air-
way inflammation in OVA-induced asthma.

© 2018 S. Karger AG, Basel

Introduction

Asthma is a chronic inflammatory disease of the bron-
chial airways with T lymphocytes playing an indispens-
able role [1]. Th2 polarization and Th1/Th2 imbalance, 
characterized as an increase in Th2 cytokine levels (IL-4, 
IL-10, and IL-13) and decrease in Th1 cytokine levels 
(IFN-γ and IL-2), play a critical role in airway inflamma-
tion, hyper-reactivity, and the remodeling of asthma [2, 
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Abstract
Background: Notch1 has been linked to the pathogenesis of 
asthma due to its contribution on Th1/Th2 imbalance. 
γ-Secretase inhibitor (GSI) acts as an effective blocker of 
Notch1 signaling. Glucocorticoids (GCs) are the most effec-
tive anti-inflammatory drugs for asthma. The present study 
investigated the involvement of the Notch1 pathway in the 
anti-inflammatory effect of GCs and its association with Th1/
Th2 balance. Methods: The asthma model was established 
in BALB/c mice by sensitization with ovalbumin (OVA). Dexa-
methasone (DEX; 1 mg/kg) and/or GSI (0.03 mg/kg) was oral-
ly or intranasally administrated. Results: Compared to the 
OVA-sensitized mice, the administration of DEX and/or GSI 
significantly ameliorated the airway inflammation infiltra-
tion, goblet cell metaplasia, and airway hyper-responsive-
ness. The expression of IL-4 and IL-13, as well as the ratios of 
eosinophils and lymphocytes, were significantly decreased, 
whereas IFN-γ and IL-2 levels were significantly increased in 
bronchoalveolar lavage fluid after the administration of DEX 
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3]. Thus, the imbalance of Th1/Th2 is an essential target 
of asthma therapy [4]. Glucocorticoids (GCs) are the 
most effective anti-inflammatory drugs for asthma, which 
have been proven to reverse Th1/Th2 imbalance [5]. 
However, inhibitors of the Notch pathway [3, 6], PI3K 
signal pathway [6], or OX40-OX40L signaling [7] have 
also been reported to restore Th1/Th2 balance, but the 
mechanisms remain to be clearly delineated.

Notch signaling is an evolutionarily conserved path-
way that regulates many cell-fate decisions during devel-
opment. It consists of 4 different Notch transmembrane 
receptors (Notch1–4) and 5 types of transmembrane li-
gands (Delta1–3, Jagged1–2) in mammals [8]. The Notch 
pathway is initiated by receptor-ligand interactions fol-
lowed by 2 successive proteolytic cleavages of Notch mol-
ecules, firstly by metalloproteases of the ADAM family, 
and subsequently by a γ-secretase complex [9]. After-
wards, the Notch-intracellular domain (NICD) is liber-
ated, and translocated into the nucleus where it interacts 
with RBPj/CSL functioning as a potent transcriptional ac-
tivator [10]. Notch1 plays a distinct role in T lineage de-
velopment [11]. Previous studies have demonstrated that 
RBPj/CSL could increase expression of the GATA3 gene, 
which is a key transcription factor for Th2 differentiation 
[12], and oppositely repress T-bet, a Th1 differentiation 
gene [13]. The Notch1 protein level has been shown to 
increase in ovalbumin (OVA)-sensitized mice [3, 14]. In-
hibition of Notch1 signaling by the γ-secretase inhibitor 
(GSI) could decrease Th2 cytokine production and in-
crease Th1 cytokine levels, accompanied by alleviating 
asthma pathological changes [3]. Therefore, we hypoth-
esized that Notch1 signaling may play a critical role in the 
pathogenesis of asthma through regulating the Th1/Th2 
imbalance.

In this study, we investigated the changes of Th1/Th2 
in responding to DEX and/or GSI treatment as well as 
Notch1 signaling in an asthma model of BALB/c mice. 

Materials and Methods

Animal Model
All studies were approved by the Institutional Animal Care and 

Use Committee of Xiangya School of Medicine, Central South 
University. All animal procedures and experimental protocols 
complied with NIH guidelines. Ninety BALB/c mice (6–8 weeks 
old, females, mean weight 20 ± 2 g) were purchased from Hunan 
Slack King Laboratory Animal Co. and maintained under specific 
pathogen-free conditions at the animal center of Central South 
University. All animals were allowed to acclimatize for 5 days pri-
or to treatments. The animals were assigned randomly into 6 
groups (n = 15/group): the control group, OVA-sensitized group 

(OVA group), OVA+DEX (dexamethasone) group, OVA+vehicle 
group, OVA+GSI group, and OVA+DEX+GSI group. The mice in 
the OVA group were sensitized by intraperitoneal administration 
of 50 μg of OVA (grade V, Sigma-Aldrich, St. Louis, MO, USA) 
emulsified with 2 mg of aluminum hydroxide (Sigma-Aldrich) in 
a total volume of 200 µL on days 0, 7, and 14. It was then followed 
by aerosol challenge with nebulized OVA (5%, 2 g of OVA in 40 
mL of normal saline) for 1 h per day from day 21 to day 27 [15]. 
From day 21 to day 34, DEX (1 mg/kg body weight; Sigma-Al-
drich) [16] was given orally and GSI (0.03 mg/kg body weight; 
L685485, Sigma-Aldrich) [3] was administered intranasally once a 
day, 30 min before aerosol challenge. For the OVA+DEX+GSI 
group, DEX and GSI were administered with a 30-min interval. In 
the OVA+vehicle group, saline was given orally and DMSO was 
given intranasally. The mice were sacrificed after the measurement 
of airway responsiveness.

Measurement of Airway Hyper-Responsiveness to 
Methacholine 
Airway resistance (Raw) was evaluated by a Buxco’s modular 

and invasive system (Buxco Electronics Inc., Troy, NY, USA)  
24 h after the last application of DEX and/or GSI [17]. In short, 
mice were anesthetized by intraperitoneal injection of 10% chloral 
hydrate solution (0.6 mg/kg), tracheostomized, intubated with an 
appropriate cannula, and laid supine inside the body plethysmo-
graph chamber connected to the ventilator. When a stable base-
line airway pressure (<5% variation over 2.5 min) was achieved, 
mice were successively given aerosolized PBS or various concen-
trations of methacholine (0, 0.125, 0.25, 0.5, 1 mg/mL; Sigma-Al-
drich) via a jet nebulizer into the head chamber. After delivery of 
each aerosol, forced oscillations were delivered every 15 s over a 
5-min duration. Regular ventilation was resumed between imped-
ance measurements. The peak response for each variable was de-
termined.

Bronchoalveolar Lavage Fluid and Serum Analyses 
After observing measurements of airway responsiveness, bron-

choalveolar lavage fluid (BALF) and blood were collected and the 
lungs were removed. Blood samples were collected and centrifuged 
at 2,000 rpm for 10 min at room temperature (RT), and serum was 
stored at −80 ° C. BALF was obtained by 3 successive instillations 
of ice-cold sterile saline (0.5 mL). This procedure recovered ap-
proximately 90% of the infused fluid. Cell suspensions were kept 
on ice until centrifugation (1,000 rpm, 4 ° C, 10 min). Supernatants 
were collected, aliquoted, and stored at –80 ° C for further analyses. 
Total cells were counted on slides prepared with Diff-Quick stain-
ing (Scientific Products, Gibbstown, NJ, USA). The cell differen-
tiation was based on their morphology, and a total of 300 white 
blood cells were counted. Cytokines (IL-2, IFN-γ, IL-4, and IL-13) 
in the BALF supernatant and serum were analyzed by enzyme-
linked immunosorbent assay following the manufacturer’s in-
structions (R&D Systems, Minneapolis, MN, USA).

Real-Time PCR 
The total RNA was extracted using TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA). First-strand cDNA was synthesized from 1 μg 
of total RNA using a cDNA first-strand synthesis kit (Ferments, 
Vilnius, Lithuania). The Notch1 gene was amplified using the for-
ward primer 5′-GATGGCCTCAATGGGTACAAG-3′ and reverse 
primer 5′-TCGTTGTTGTTGA-TGTCACAGT-3′. The GATA3 
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gene was amplified using the forward primer 5′-CTCGGCCATTC-
GTACATGGAA-3′ and reverse primer 5′-GGATACCTCTG-
CACCGTAGC-3′. The Tbx21 gene was amplified using the for-
ward primer 5′-GCCTACCAGAACGCAGAGAT-3′ and reverse 
primer 5′-AGCAGTTGACAGTTGGGTCC-3′. The β-actin gene 
was amplified using the forward primer 5′-TGTTAC-
CAACTGGGAAGACA-3′ and reverse primer 5′-GGGGTGTT-
GAAGGTCTCAAA-3′ as an internal control. Amplification was 
performed in duplicate by using a SYBR Green PCR kit (SYBR Pre-
mix Ex Taq, Takara, Japan) in a 7900HR Fast Real-Time PCR Sys-
tem (Applied Biosystems, Carlsbad, CA, USA). The real-time PCR 
programs were initiated by a 30-s denaturation at 95 ° C, followed 
by 40 cycles of 95 ° C for 5 s, 60 ° C for 30 s, and a final extension at 
60 ° C for 15 s. Results are expressed as the ratios of the mean thresh-
old cycle (Ct) values of experimental groups to those of the control 
group after normalization to β-actin.

Western Blot 
Lung tissues were homogenized and 30 μg of total protein was 

loaded on 8–12% SDS-PAGE gels. The proteins were electrotrans-
ferred to polyvinylidene difluoride membranes (Millipore, Biller-
ica, MA, USA). The membranes were incubated with primary an-
tibodies against Notch1 (1: 1,000; Abcam, Cambridge, UK), NICD1 
(1: 500; Abcam), RBPj (1: 1,000; Abcam), T-bet (1: 1,000; Abcam), 
and GATA3 (1: 1,000; Cell Signaling Technology, Boston, MA, 
USA) overnight at 4 ° C. It was then followed by incubation with 
horseradish peroxidase-conjugated secondary antibodies (Invitro-
gen, Carlsbad, CA, USA) for 1 h at RT. Reactions were visualized 
by enhanced chemiluminescence reagents (Pierce, Rockford, IL, 
USA) and the bands were scanned using Glyko Bandscan 5.0 soft-
ware (Glyko, Novato, CA, USA). Results are expressed as the ratio 
of the mean band density of experimental groups to that of the 
control group after normalization to β-actin.
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Fig. 1. Therapeutic effects of DEX and/or GSI on airway inflam-
mation and Raw in OVA-sensitized mice. a, b The concentrations 
of Th2 and Th1 cytokines in serum and BALF were measured by 
enzyme-linked immunosorbent assay. c Inhibition of inflamma-

tory cell infiltration by DEX and/or GSI. d Effects of DEX and/or 
GSI on Raw of OVA-sensitized mice. * p < 0.05, ** p < 0.01 versus 
the control group; + p < 0.05, ++  p < 0.01 versus the OVA or 
OVA+vehicle group. n = 5.
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Flow Cytometry of Th1/Th2 Cells in Blood and Lungs
The peripheral blood and left lobe lung were used to prepare a 

single-cell suspension for flow cytometry. In brief, mononuclear 
cells were isolated from peripheral blood with Ficoll solution (Sig-
ma-Aldrich) and from lungs by Percoll gradient centrifugation 
(GE Healthcare, Marlborough, MA, USA). To isolate lympho-
cytes, lungs were mildly cut with a razor blade and digested for  
3 h at 37 ° C with collagenase IV (Sigma-Aldrich), and a single-cell 
suspension was prepared by forcing the digestion through a 70-μm 
nylon tissue strainer (BD Falcon, Bedford, MA, USA). The resul-
tant suspension was washed twice and the cells were counted. Sin-
gle-cell suspensions were then incubated with BV421 anti-mouse 
CD4 antibody (BD Biosciences, San Jose, CA, USA) at 4 ° C for 30 
min. The cells were then fixed and permeabilized according to the 
manufacturer’s instructions, and then stained with FITC anti-
mouse IFN-γ (BD Biosciences) for Th1 detection and APC anti-
mouse IL-4 (BD Biosciences) for Th2 detection. FACS analysis was 
performed using FACSCalibur and Cell Quest software (BD Bio-
sciences). The fluorescence strength was represented by the mean 
value (mean fluorescence intensity) and the data were analyzed 
using Flowjo software version 10.0.7.

Immunofluorescence
Lung tissues were cut into sections (10 μm) with a cryostat (Lei-

ca, Wetzlar, Germany) at –20 ° C. Slides were rinsed in PBS 3 times 
at RT, and then incubated with blocking buffer (10% goat serum, 
0.4% Triton-X100) for 30 min. The slides were incubated with pri-
mary antibodies CD3e (1: 200, BD Biosciences), CD4 (1: 200, BD 
Biosciences), and NICD1(1: 500, Abcam) overnight at 4 ° C. After 
washing the slides with PBS 3 times, they were incubated with sec-
ondary antibodies (Lianke, Hangzhou, China) at RT in the dark 
for 1 h. The images were acquired by confocal microscope (Nikon, 
Tokyo, Japan) at ×20 magnification.

Statistical Analysis 
Data were expressed as the mean ± SD (standard diversion) and 

analyzed using 1-way analysis of variance followed by the Duncan 
multiple range test using SPSS version 19.0 software. p < 0.05 was 
considered statistically significant.

Results

DEX and/or GSI Inhibit Th2 Cytokine Productions, 
but Increase Th1 Cytokine Levels in BALF and 
Peripheral Serum
As shown in Figure 1, OVA challenge significantly in-

creased IL-4 and IL-13, but significantly decreased IL-2 
and IFN-γ concentrations in BALF and serum (p < 0.05). 
In OVA-sensitized mice, DEX and/or GSI significantly 
decreased IL-4 and IL-13 levels in BALF and serum (p < 
0.05). In contrast, IL-2 and IFN-γ levels were significant-
ly increased in the OVA+DEX, OVA+GSI, and 
OVA+DEX+GSI groups compared to OVA-sensitized 
mice (p < 0.05). 

Inhibitory Effects of DEX and/or GSI on Airway 
Inflammation, Airway Remodeling, and Airway 
Hyper-Responsiveness
The proportion of eosinophils and lymphocytes was 

significantly increased in the BALF of the OVA group 
(Fig.  1c). The elevated Raw to methacholine was ob-
served. The Raw value in the OVA group was signifi-

H
E

Control OVA OVA + vehicle OVA + DEX OVA + DEX + GSIOVA + GSI

PA
S

Fig. 2. DEX and/or GSI suppressed inflammatory cell infiltration and goblet cell metaplasia in lung tissue of OVA-
sensitized mice. HE stain and periodic acid-Schiff staining. Original magnification. ×200. Scale bar, 100 µm.
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cantly increased compared to the control group when 
the concentration of methacholine reached 0.25 mg/mL 
(Fig. 1d). The infiltration of inflammatory cells was sig-
nificantly increased in both the peribronchiolar and 
perivascular areas in OVA-sensitized mice (Fig.  2). 
Goblet cell metaplasia, elevated mucin production, and 
smooth muscle hypertrophy were also observed in the 
OVA group (Fig.  2). The application of DEX and/or 
GSI remarkably alleviated these pathological altera-
tions of airway inflammation and airway remodeling in 
OVA-sensitized mice (Fig.  1, 2). Administration of 
DEX and GSI markedly attenuated the ratio of eosino-
phils and lymphocytes in BALF and Raw in OVA-sen-
sitized mice. 

Effects of DEX or/and GSI on the Percentages of Th1 
and Th2 Cells in the Peripheral Blood and Lungs
As shown in Figure 3, the percentages of CD4+IFN-γ+ 

cells (Th1 cells) in the peripheral blood and lung tissue of 
mice were markedly lower in the OVA group than those 
in the control group (p < 0.01), whereas the proportions 

of Th1 cells in the OVA+DEX, OVA+GSI, and 
OVA+DEX+GSI groups were significantly higher than 
those in the OVA group (p < 0.05). The percentages of 
CD4+IL-4+ cells (Th2 cells) in the OVA group were no-
tably higher than those in the control group (p < 0.01). 
The proportions of Th2 cells were significantly lower in 
the OVA+DEX, OVA+GSI, and OVA+DEX+GSI groups 
than in the OVA group in the peripheral blood and lung 
tissue (p < 0.05).

DEX and/or GSI Inhibit the Activation of Notch1 
Signaling, Downregulate GATA3 Expressions, and 
Upregulate T-bet Levels in Lung Tissues
To investigate the involvement of Notch signaling in 

anti-inflammation, we assessed the protein levels of Jag-
ged1 (Notch1 ligand) and the protein and mRNA expres-
sions of the Notch1 pathway. The protein expressions of 
Jagged1, Notch1, NICD1, RBPj, and the mRNA expres-
sion of the Notch1 gene were significantly elevated in the 
OVA group compared to the control group (p < 0.05; 
Fig. 4). The augmentation effects of OVA sensitization on 
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Fig. 3. DEX and/or GSI skew to Th1 from Th2 immunity in OVA-sensitized mice. a CD4+ T-cell subsets in  
the blood or lungs of different groups were tested by flow cytometric analysis. b Th1 and Th2 ratios. * p < 0.05, 
** p < 0.01 versus the control group; + p < 0.05, ++ p < 0.01 versus the OVA or OVA+vehicle group. n = 3.
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Notch1, NICD1, and RBPj protein expressions and 
mRNA were significantly repressed by DEX and/or GSI 
treatment (p < 0.05).

To detect the potential mechanisms of DEX on Th1 
and Th2 ratios, T-bet and GATA3 mRNA and protein ex-
pressions in lung tissues were detected. GATA3 mRNA 
and protein expressions were significantly upregulated, 
but T-bet mRNA and protein expressions were downreg-
ulated in the OVA group compared to the control group 

(p < 0.05; Fig. 4). GATA3 protein and mRNA levels were 
significantly decreased, whereas T-bet protein levels were 
significantly increased in the OVA+DEX, OVA+GSI, and 
OVA+DEX+GSI groups compared to the OVA group  
(p < 0.05). In the OVA+DEX group, the incremental 
change in T-bet mRNA expression was marginal, but the 
T-bet mRNA levels were markedly elevated in OVA+GSI 
and OVA+DEX+GSI groups compared to the OVA 
group (p < 0.05). 
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Fig. 4. DEX and/or GSI suppressed Notch1 signaling components 
in the lungs of OVA-sensitized mice. Jagged1, Notch1, NICD1, T-
bet, RBPj, and GATA3 protein levels were measured by Western 
blot (a) while mRNA levels were measured by real-time PCR (c) 
in mice lungs. β-Actin was the internal control. The density ratios 

of bands in Western blot (b) were calculated and represented as 
the relative expression level. Each value represents the mean ± SD. 
* p < 0.05, ** p < 0.01 versus the control group; + p < 0.05, ++ p < 
0.01 versus the OVA or OVA+vehicle group. n = 5.
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Fig. 5. Activation of Notch1 signaling in lung CD4+CD3e+ T lymphocytes of OVA-sensitized mice. Immuno-
fluorescent staining of mice lung tissues shows that NICD1 is colocalized with CD4+CD3e+ T lymphocytes. The 
level of NICD1 was increased in the OVA group and decreased in the OVA+DEX and OVA+GSI groups. Scale 
bar, 100 µm.
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Activation of Notch1 Signaling in CD4+CD3e+ T 
Lymphocytes of Lung Tissues
Immunofluorescent staining of mice lung tissues 

showed that NICD1 staining (activation marker of 
Notch1 signaling) is colocalized with CD4+CD3e+ T 
lymphocytes (Fig. 5). NICD1 expression was increased in 
CD4+CD3e+ T lymphocytes in the OVA group com-
pared to the control group. DEX or GSI treatment could 
reduce the level of NICD1.

Discussion

Asthma affects more than 300 million people world-
wide and is one of the most common chronic diseases 
with well-defined pathological features, including airway 
inflammation, mucin hypersecretion, airway remodeling, 
and airway hyper-responsiveness [18]. The mechanisms 
of asthma are not fully elucidated, but it is commonly 
thought to be associated with Th1/Th2 imbalance. A 
mouse model of asthma was successfully established us-
ing OVA sensitization and challenge to mimic all the 
above mentioned pathological changes in asthma pa-
tients. This study observed a Th1/Th2 imbalance in OVA-
sensitized mice, a decrease in Th1 concomitant with an 
increase in Th2.

We found an elevated Notch1 protein level in OVA 
mice. Antigen presentation cells (such as dendritic cells) 
could provide instructive signals for Th cells differentia-
tion by expressing different Notch ligands upon stimula-
tions [8, 19, 20]. However, the involvement of Notch in 
T-cell differentiation remains to be elucidated. This study 
showed that Jagged1 protein expressions were signifi-
cantly increased in the lung of OVA-sensitized mice. 
NICD1 is the activation marker of Notch1 signaling. In 
this study, OVA stimulated Notch1 signaling in the CD4+ 
lymphocytes. Our results reinforce previous findings [3] 
that the increased RBPj expression paralleled to the in-
crease in GATA3 and decrease in T-bet expression. RBPj 
and Notch1 are shown to bind to the GATA3 promoter 
[21] or the chromatin regions of Tbx21 (T-bet gene) [22], 
which implicate a physiological role of these molecules in 
the regulation of Th1 and Th2 balance. Therefore, we 
propose that allergens like OVA challenge could increase 
the expressions of Jagged1 on dendritic cells and Notch1 
on CD4+ lymphocytes, which subsequently induce more 
Jagged1-Notch1 combinations and activate the Notch1 
pathway to induce Th2 differentiation. 

GSI is a specific inhibitor of the γ-secretase complex. 
In agreement with previous studies [3, 23], the blockade 

of Notch1 signaling by GSI inhibited Th2 and stimu-
lated Th1 cytokine production. Besides, GSI treatment 
might reduce allergic pulmonary inflammation by mod-
ulating Th1 and Th2 responses. Thus, Th2 cell differen-
tiation and Th1/Th2 imbalance caused by Notch1 
(NICD1)-RBPj signaling may play a role in asthma 
pathogenesis.

GCs are the most effective therapy for the treatment of 
asthma, while the associated molecular and cellular 
mechanisms are still unclear. Previous studies suggested 
that GCs could inhibit the recruitment of inflammatory 
cells, suppress the multiple inflammatory genes that are 
activated in asthma, and reverse the goblet-cell hyperpla-
sia [24]. This hormone also exerts the potent anti-inflam-
matory effect partly through modulating the behavior 
and function of immune cells. In Th cells, GCs may re-
store Th1/Th2 balance by altering the secretion of various 
cytokines, which induce Th cell differentiation [5]. In our 
study, we confirmed that DEX decreased airway respon-
siveness and inflammation [25], and we also found that 
DEX could inhibit Th2 cytokine production and increase 
Th1 cytokine production in OVA-sensitized mice. A nov-
el finding in our study is that DEX enhanced T-bet ex-
pression but inhibited GATA3 expression through the 
Notch1 (NICD1)-RBPj pathway, which in turn induced 
changes in the Th1 and Th2 phenotype. The effects of 
DEX are analogous to GSI in OVA mice. These findings 
raise the possibility that GCs might exert anti-inflamma-
tion and immunoregulatory effects, partly through the 
blockade of Notch1 signaling. However, the direct link 
between GCs and the Notch pathway needs further inves-
tigation.

This study found no positive collaborative effects be-
tween DEX and GSI. The reason for this is unclear, al-
though similar observations were also reported [26]. Pre-
vious studies on GC resistance in T-cell acute lympho-
blastic leukemia demonstrated that the combination 
therapy with GSI plus GC can improve the anti-leukemic 
effects of GSI and reduce their gut toxicity in vivo [27]. It 
implies that GSI may be a potent treatment to GC-resis-
tant asthma. However, a complete understanding of the 
relationship between GCs and GSI still needs to be eluci-
dated.

In conclusion, our study provided evidence for the 
first time that GCs as well as GSI might reverse the Th1/
Th2 imbalance and reduce allergic pulmonary inflamma-
tion though inhibiting Notch1 signaling.
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