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Abstract: The Notch signaling pathway is critically involved in the proliferation and differentiation of T cells, key 
players in the pathogenesis of the inflammatory diseases. It was reported that Notch signaling can induce the dif-
ferentiation of T helper 17 (Th17) cells and promote the expansion of interleukin-17 (IL-17). γ-Secretase inhibitors 
(DAPT) have been used to effectively block Notch signaling and directly regulate Th17 responses through a Notch 
signaling-dependent pathway. The aim of this study was to determine whether a γ-secretase inhibitor (DAPT) inhibits 
the differentiation of Th17 cells in mice with paraquat (PQ)-induced acute lung injury (ALI). DAPT ameliorated the 
inflammatory reaction of PQ-induced ALI. DAPT also significantly regulated Th17 cell responses and reduced the 
levels of IL-17A. These results suggested that DAPT could inhibit the differentiation of Th17 cells in mice with PQ-
induced ALI. Thus, DAPT plays critical role in attenuating PQ-induced ALI and should be considered as a potential 
therapeutic agent.
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Introduction

Paraquat (PQ) is an organic heterocyclic herbi-
cide, which is used worldwide in agriculture be- 
cause of its effective control of weeds. However, 
previously published studies have shown that 
PQ is a highly toxic compound for both humans 
and animals, with a high mortality of approxi-
mately 60% [1, 2]. Most importantly, PQ selec-
tively accumulates in the lungs which eventual-
ly leads to the development of acute lung injury 
(ALI) and irreversible pulmonary fibrosis [3]. 
Although the mechanisms of PQ-induced ALI 
are not fully elucidated, studies have provided 
data to support the hypothesis that inflamma-
tion and inflammatory mediators are associat-
ed with the occurrence and development of 
PQ-induced ALI [4].

Accumulating evidence has shown that CD4+ T 
cells play a pivotal role in the pathogenesis of 
ALI, especially T helper 17 (Th17) cells [5, 6]. 
Meanwhile, several studies have found that the 
Notch signaling pathway is critically involved in 

the proliferation and differentiation of T cells, 
key players in the pathogenesis of the inflam-
matory diseases [7, 8]. Furthermore, Notch sig-
naling can induce the differentiation of Th17 
cells and promote the expansion of interleu-
kin-17 (IL-17) in the pathogenesis of several 
inflammatory diseases [9, 10]. However, there 
are still no reports determining whether the 
Notch signaling pathway could cause changes 
in PQ-induced ALI. Moreover, evidence is lack-
ing which shows the relationship between the 
Th17 response through a Notch signaling-
dependent pathway and the pathogenesis of 
PQ-induced ALI. Accordingly, we hypothesized 
that regulating the Th17 response may have 
potential therapeutic effects in PQ-induced ALI.

As an effective blocker of Notch signaling, 
γ-secretase inhibitors (DAPT) play a crucial role 
in regulating the differentiation of Th17 cells 
[11]. Therefore, the aim of this study was to 
evaluate whether DAPT alleviated inflammation 
in mice with PQ-induced ALI by regulating the 
differentiation of Th17 cells, thus elucidating 
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whether the changes in Th17 cells in the PQ- 
induced mice are associated with the alterna-
tion of Notch expression.

Materials and methods

Experimental animals and protocols

Male Balb/c mice (6~8 weeks old, 18~22 g bo- 
dy weight) which were maintained under spe-
cific pathogen-free regions were obtained from 
the Laboratory Animal Center of Guangxi Medi- 
cal University (Nanning, Guangxi, China). Room 
temperature and humidity were set at 23±3°C 
and 55.5±10%, respectively. All mice were pro-
vided food and water ad libitum with a standard 
laboratory diet. Animal experimental protocols 
were consistent with the Ethical Principles in 
Animal Research adopted by the Guangxi Medi- 
cal University for Animal Experimentation.

Establishment of mouse models

Experimental animals were randomly divided 
into three groups: the control group, the PQ 
group, and the DAPT group, with 6 mice in each 
group. According to our previous research and 
related reports [12], after measurement of th- 
eir body weight, the mice received one injection 
of 20 mg/kg PQ in normal saline (Sigma, St. Lo- 
uis, MO, USA) intraperitoneally. One group was 
treated with dimethylsulfoxide (DMSO) as a co- 
ntrol for DAPT, while the control group was 
treated with normal saline instead of PQ at vol-
umes equivalent to the PQ dosage. The mice in 
the DAPT group were injected with DAPT (40 
mg/kg, re-suspended in DMSO) 30 minutes af- 
ter PQ administration.

Mouse sample collection and processing 

Twenty-four hours after treatment, all animals 
were anesthetized with pentobarbital. Specim- 
ens (BALF, lung, and spleen) were harvested. 
Bronchoalveolar lavage fluid (BALF) was col-
lected as previously described [13]. Briefly, the 
mice were anesthetized by and intraperitoneal 
injection of 10% chloral hydrate and fixed on 
their backs. The lungs were lavaged three times 
using 500 μL of ice-cold PBS, and then the 
BALF was collected in Eppendorf tubes, on ice. 
The recovery of the BALF was more than 80%. 
The supernatant was separated by centrifuga-
tion at 1500×g for 10 min at 4°C, aliquoted and 
then stored at -80°C prior to the measurement 
of cytokine levels.

To obtain splenocyte suspensions, the spleens 
were removed and cut into small pieces and 
subsequently ground gently into single cells 
and filtered through nylon mesh. The cell sus-
pension was centrifuged at 300×g for 10 min 
at 4°C. Subsequently, the erythrocytes were 
removed, as described previously, and the cell 
pellets of the spleens were washed twice with 
cold PBS.

The left upper lung tissues were fixed with 4% 
paraformaldehyde for H&E staining, the left 
lower lung tissues were used to analyze the 
wet/dry (W/D) weight ratios, and the right lung 
was snap-frozen by immersion in liquid nitro-
gen, and then stored at -80°C until quantitative 
real-time PCR was performed.

Histology and morphometry assay 

The left upper lung lobes were isolated from 
the mice, fixed with 4% paraformaldehyde, em- 
bedded in paraffin wax, and sectioned in at 4 
μm onto glass slides. The tissue sections were 
stained with hematoxylin and eosin (HE) for 
examination using an Olympus lighted micro-
scope (Olympus, Tokyo, Japan), with the histo-
logical assessment performed with the review-
er being blinded to the experimental group in 
each case. The severity of lung tissue injury, 
hemorrhage, and inflammation was assessed.

Lung wet/dry (W/D) weight ratio

The lung W/D ratio was used to quantify the 
magnitude of pulmonary edema and the sever-
ity of lung injury. The left lower lung tissues 
were harvested at 24 h after treatments in all 
the groups of mice, weighed immediately, and 
then placed in an oven at 70°C for 72 h to 
obtain the dry weight. The W/D ratio was calcu-
lated using the following formula: The W/D ratio 
= the wet weight / the dry weight.

Cytokine measurement

A commercial enzyme-linked immunosorbent 
assay (ELISA) kit (Cusabio Biotech Co. Ltd, Wu- 
han, China) was used, according to the manu-
facturer’s instructions to measure IL-17A in the 
BALF fluid for each of the study animals. The 
absorbance was measured at 450 nm by a 
microplate ELISA reader (Bio-Rad Laboratories, 
CA, USA).
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ined using agarose gel electrophoresis and me- 
lt curve analysis.

Statistical analysis

The statistical analysis of data was performed 
using the SPSS statistical software (version 
19.0, SPSS IBM, Chicago, IL, USA) and Graph- 
Pad Prism version 5.0 (GraphPad Software, 
San Diego, CA, USA). The data are presented as 
the means ± standard deviation (SD). Statistical 
comparisons of data were performed using a 
one-way analysis of variance (ANOVA) followed 
by Tukey’s Multiple Comparison Test of means. 
P-values of less than 0.05 were considered to 
indicate statistically significant differences.

Results

The inhibitory effects of DAPT ameliorate the 
severity of inflammation in PQ-induced ALI

Histological changes in the lungs of the mice in 
each group were evaluated by light microscopy 
of the H&E-stained tissue sections. The repre-
sentative sections from the lungs of the mice in 
each experimental group are shown in Figure 1. 
The control group showed normal lung tissue 
structure, and no inflammation and destructive 
changes. The PQ-treated mice showed dilata-
tion of the alveolar capillaries, which were filled 
with blood, and acute inflammatory cell infil-
trates in the alveolar spaces, consisting mainly 
of neutrophils, with lung injury. Compared with 
the PQ group, the DAPT group showed markedly 
attenuated inflammatory cell infiltration.

Effect of DAPT on mouse wet to dry (W/D) lung 
weight ratios

In this study, the effects of DAPT on PQ-induced 
lung wet to dry (W/D) weight ratios were asse- 
ssed. The W/D lung weight ratios were mea-
sured to detect the magnitude of the pulmo-
nary edema and the severity of lung injury. As 
shown in Figure 2, compared with the control 
group, W/D ratios were significantly increased 
in the PQ group. Interestingly, treatment of 
DAPT markedly decreased the lung W/D weight 
ratios in the DAPT group.

DAPT treatment regulates the production ofIL-
17A in PQ mice 

Inflammatory cytokines play a key role in the 
pathogenesis of PQ-induced ALI. To evaluate 

Flow cytometry 

The expression markers on the T cells from the 
spleens were observed by flow cytometry thr- 
ough the following antibodies: percp-CD4 and 
PE-IL-17, which were purchased from BD Phar- 
mingen (San Diego, CA, USA) or eBioscience 
(San Diego, CA, USA). Cell surface staining was 
performed according to the standard proce-
dures. For intracellular detection of cytokines, 
cells were stimulated with ionomycin (1 ng/ml; 
Sigma-Aldrich) and phorbol-myristate-acetate 
(PMA, 25 ng/ml; Sigma-Aldrich) in the presence 
of GolgiPlug™ (BD Pharmingen) for 4 h at 37°C 
in 5% CO2. Then the cells were washed and 
stained with fluorescent antibodies against 
CD3 at room temperature in the dark. After sur-
face staining, the cells were permeabilized in a 
permeabilization solution (Cytofix/Cytoperm™; 
BD Pharmingen), then stained with anti-IL-17 
mAbs for 30 min at 4°C. The cells were washed 
with Perm/Wash Buffer (BD Pharmingen) and 
resuspended in PBS + 2% FBS for flow cytomet-
ric analysis. Flow cytometry was determined on 
a BD FACS Canto II (BD Biosciences) and ana-
lyzed with FCS Express 4 software (De Novo 
Software, Los Angeles, CA, USA).

Quantitative real-time polymerase chain reac-
tion (PCR) analysis of RORγt mRNA expression

To quantify the Th17 transcription factor reti-
noid-related orphan nuclear receptor (RORγt), 
total RNA was extracted from lung samples 
with TRIzol (Invitrogen, ThermoFisher Scientific, 
Waltham, MA, USA) according to the manufac-
turer’s instructions. cDNA was prepared using 
an oligo (dT) primers (PrimeScript™RT reagent 
Kit, TAKALA, Kusatsu, Japan). Quantitative RT- 
PCR was performed in duplicate with SYBR 
Green I (SYBR®Premix Ex Taq™, TAKALA) using 
an Applied Biosystems 7500 analyzer (Thermo- 
Fisher Scientific) according to the manufactur-
er’s instructions. DNA was amplified under the 
following conditions: denaturation at 95°C for 
30 s, extension at 95°C for 5 s, 60°C for 34 s, 
and the samples were amplified for 40 cycles. 
The following primers were used: 5’-AATTCCAT- 
CATGAAGTGTGA-3’, 5’-ACTCCTGCTTGCTGATCC- 
AC-3’ for β-actin; 5’-TGCC AGGAGTGAACCTGG- 
AC-3’ and 5’-CCGAAGTGTGGTAGC GAGGA-3’ for 
RORγt. β-actin was used as an internal control, 
and the levels of each gene were normalized to 
β-actin expression using the ΔΔCt-method. The 
identity of the amplified products was exam-
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Figure 1. Histological changes of lung tissues by H&E staining. (A) Photomicrograph of the histology of a tissue sec-
tion from the control group shows the normal lung tissue structure, with no inflammation; (B) Histology of a tissue 
section of lung from the PQ group shows dilatation of the alveolar capillaries, which are filled with blood. There are 
also acute inflammatory cells in the alveolar spaces, consisting mainly of neutrophils, and lung injury is present. (C) 
Histology of a tissue section of lung from the DAPT group showed significantly alleviated inflammatory cell infiltra-
tion. (A) Control group, (B) PQ group, (C) DAPT group. Original magnification: ×200.

Figure 2. Paraquat increases the wet/dry W/D lung 
ratio, which is attenuated by DAPT. The wet/dry W/D 
lung ratio was determined at 70°C for 72 h follow-
ing paraquat (PQ) injection. Data are presented as 
the mean ± standard deviation (SD). Compared with 
the PQ group, there was a significant decrease in the 
lung W/D ratio in the DAPT treated group. P<0.05 
indicates a statistically significant difference, n=6 
per group.

DAPT inhibits the percentage of Th17 cells in 
the spleen of PQ induced ALI

Flow cytometry was used to examine the per-
centage of Th17 Cells among total CD4+ T cells 
in the spleen. As shown in Figure 4, the PQ 
group exhibited an increase in Th17 Cells, com-
pared with the control group. In contrast, the 
percentage of Th17 cells was significantly re- 
duced in the DAPT group compared with those 
in the PQ group. These results indicate that 

Figure 3. Paraquat increases the expression of in-
terleukin 17A (IL-17A) in BALF, which is attenuated 
by DAPT. In the PQ-treated group, the levels of IL-
17A in BALF were significantly increased compared 
with the control group (P<0.05). However, relative 
to the PQ group, the DAPT group expressed ob- 
viously decreased levels of IL-17A. Data are present-
ed as the mean ± SD (n=6/group). P<0.05 indicates 
a statistically significant difference.

the effects of DAPT, the expression of IL-17A 
was determined in bronchoalveolar lavage fluid 
(BALF) by ELISA. As shown in Figure 3, after PQ 
injection, the levels of IL-17A were significantly 
increased in the PQ-treated group compared 
with the control group. However, relative to the 
PQ group, the DAPT group expressed obviously 
decreased levels of IL-17A. These findings con-
firmed the hypothesis that DAPT regulated the 
expression of the inflammatory cytokines.
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DAPT could affect the percentage of Th17 cells 
in the spleen of PQ-treated animals.

DAPT effects the mRNA expression of RORγt 
in lung tissue in the PQ-induced mouse model 
of ALI

To evaluate the effects of DAPT on Th17 tran-
scription factor retinoid-related orphan nuclear 
receptor (RORγt) in PQ-induced ALI, the mRNA 
expression of RORγt was analyzed by quantita-
tive real-time PCR. As shown in Figure 5, com-
pared with the control group, PQ-administrated 
mice in the PQ group revealed increased mRNA 
expression of RORγt. Conversely, DAPT treat-
ment decreased the mRNA expression of RORγt 
compared to the PQ group.

Discussion

Due to the lack of an antidote or effective treat-
ment, PQ poisoning is a life-threatening clinical 
syndrome characterized by acute respiratory 
failure with extremely high mortality [14-16]. 
Although there have been many animal and 
clinical studies on PQ-associated ALI, the un- 
derlying mechanism is still not conclusively 

known [17, 18]. However, studies have demon-
strated that the activation of multiple inflam-
matory cells plays an important role in the 
development and outcome of PQ-induced ALI 
[19]. As an inflammatory cytokine, accumulat-
ing evidence has suggested that IL-17 is associ-
ated with the pathogenesis of multiple inflam-
matory diseases, including PQ-induced ALI [20]. 

Th17 cells are regarded as having a role in vari-
ous inflammatory diseases such as acute lung 
injury which are characterized by the secretion 
of IL-17 and their expression of RORγt [21]. In 
our study, we found that the concentration of 
IL-17A in in BALF was significantly increased in 
mice with PQ-induced ALI compared with the 
control group. Meanwhile, Th17 cells played a 
critical role in the inflammation of PQ-induced 
ALI, which upregulated the proportion of Th17 
cells in the CD4+ T cells of mice spleens in the 
PQ group compared with those from the control 
group.

Interestingly, Notch signaling can induce the 
differentiation of Th17 cells and promote the 
expansion of IL-17 in the pathogenesis of sev-
eral inflammatory diseases. As one of the most 

Figure 4. Compared with the control group, the 
PQ group exhibited an increase in spleen Th17 
Cells. In contrast, the percentage of Th17 Cells 
was significantly reduced in the DAPT group com-
pared with the percentage in the PQ group. Data 
are presented as the mean ± SD (n=6/group).
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widely studied intracellular signaling pathways, 
the Notch signaling pathway plays a key role in 
the pathogenesis of early lung injury, as shown 
by Zhu and colleagues, who demonstrated that 
the Notch signaling pathway is involved in 
angiogenesis in the process of smoke inhala-
tion injury in a rat model [22]. Similarly, Han 
and colleagues have shown that the Notch sig-
naling pathway is involved in zymosan-induced 
lung injury, and that the inhibition of this signal-
ing pathway can ameliorate the expression of 
inflammatory cytokines and reduce local infla- 
mmatory lung damage [23]. These previous 
studies confirmed that a blocker of Notch sig-
naling would inhibit the expression of Th17 
cells.

Recently, increasing evidence has demonstrat-
ed that Notch signaling pathways play a critical 
role in the differentiation and activation of 
Th17 cells [24]. 

In the present study, our data suggest that the 
inhibition of Notch signaling by DAPT effectively 
blocks the differentiation of Th17 cells by regu-
lating the level of IL-17 and the expression of 
RORγt. First, our study showed that DAPT could 
suppress the differentiation of Th17 cells in 
mice with PQ-induced ALI. By means of flow 
cytometry, we observed that the PQ group exhi- 
bited a significant increase in Th17 cells, and 
we further found that DAPT can affect the per-
centage of Th17 Cells in the spleen of treated 

mice. Meanwhile, further investigation demon-
strated that DAPT could also regulate the level 
of IL-17A in BALF. As important as the inflamma-
tory cytokines are, accumulating evidence has 
demonstrated that IL-17A plays a crucial role in 
the pathogenesis of inflammatory disease [25]. 
In our study, we observed that the expression 
of the proinflammatory cytokines IL-17A in BALF 
was significantly increased in mice with PQ-in- 
duced ALI. However, there was a significant 
decrease in the DAPT group. The above results 
reveal the interesting phenomenon that DAPT 
can regulate the level of IL-17A in mice with 
PQ-induced ALI. Furthermore, as a unique tran-
scription factor, Th17 cells express RORγt [26]. 
Our study demonstrated that the γ-secretase 
inhibitor (DAPT) could suppress the expression 
of RORγt mRNA in mice with PQ-administrated 
ALI, which suggests that Notch signaling can 
regulate the differentiation of Th17 cells via 
RORγt. In addition, we also found that the inhi-
bition of notch signaling can alleviate lung in- 
flammation and tissue damage. Lung histopa-
thology and the W/D ratio in DAPT group were 
markedly alleviated. These results are in accor-
dance with previous studies [27].

Taken together, in a mouse model of paraquat 
(PQ)-induced acute lung injury (ALI), the Notch 
signaling pathway was shown to be involved in 
lung inflammation, and its role is related to the 
secretion of inflammatory cytokines. γ-secreta- 
se inhibitor (DAPT) can block the Notch signal-
ing and suppress the level of IL-17A, which pro-
vides a new avenue for the prevention and 
treatment of PQ-induced ALI. Nevertheless, th- 
ere are of course some limitations to our pres-
ent study. Further studies are needed to eluci-
date the possible mechanisms of the process 
described here.
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