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Substance P promotes the progression of bronchial asthma through activating
the PI3K/AKT/NF-kB pathway mediated cellular inflammation and pyroptotic cell

death in bronchial epithelial cells
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ABSTRACT

NOD-like receptor family pyrin domain containing three (NLRP3) inflammasome-mediated pyr-
optotic cell death and inflammation contribute to the pathogenesis of bronchial asthma, and it is
reported that Substance P (SP) plays important role in the process, however, the detailed
molecular mechanisms by which SP participates in the aggravation of bronchial asthma have
not been fully studied. Here, our clinical data showed that SP and its receptor Neurokinin-1
receptor (NK1R) were significantly elevated in the plasma and peripheral blood mononuclear cell
(PBMC) collected from patients with bronchial asthma, and further pre-clinical experiments
evidenced that SP suppressed cell viability, accelerated lactate dehydrogenase (LDH) release,
and upregulated ASC, Caspase-1, NLRP3, IL-13 and IL-18 to promote pyroptotic cell death and
cellular inflammation in the human bronchial epithelial cells and asthmatic mice models in vitro
and in vivo. Interestingly, SP-induced pyroptotic cell death was reversed by NK1R inhibitor
L732138. Then, we uncovered the underlying mechanisms, and found that SP activated the
downstream PI3K/AKT/NF-kB signal pathway in a NK1R-dependent manner, and blockage of
this pathway by both PI3K inhibitor (LY294002) and NF-kB inhibitor (MG132) reversed SP-
induced pyroptotic cell death and recovered cell viability in bronchial epithelial cells.
Collectively, we concluded that SP interacted with its receptor NK1R to activate the PI3K/AKT/
NF-kB pathway, which further triggered NLRP3-mediated pyroptotic cell death in the bronchial

ARTICLE HISTORY
Received 19 January 2022
Revised 4 May 2022
Accepted 10 May 2022

KEYWORDS

Substance P; bronchial
asthma; pyroptotic cell
death; inflammatory factors

epithelial cells, resulting in the aggravation of bronchial asthma.

Introduction

Bronchial asthma is a heterogeneous disease charac-
terized by chronic inflammation involving multiple
cells and cellular components [1]. Airway epithelial
cells dysfunction is a hallmark of the pathogenesis of
bronchial asthma [2,3]. Due to its complex pathogen-
esis, the efficacy of current therapeutic strategies for
bronchial asthma is severely limited [2]. SP is an 11
amino acid neuropeptide widely distributed in mam-
malian tissues and body fluids [4,5], which exerts its
biological functions through three different neuroki-
nin (NK-1, NK-2, NK-3) receptors, among which
NKIR is preferentially activated by SP [6,7]. In addi-
tion, SP is involved in regulating many physiological
and pathophysiological processes, including fibrotic
diseases [8], cardiomyopathies [9] and asthma
[10,11]. In our previous studies, we uncovered that
SP accelerates neurogenic airway inflammation
through NKIR [12], and the NKIR antagonist

WIN62577 hampered airway smooth muscle cells
proliferation and migration [13]. Therefore, we specu-
lated that SP/NKIR aggravates the progression of
bronchial asthma by regulating cellular inflammatory
response. However, the molecular mechanisms by
which SP regulates bronchial asthma have not been
fully delineated.

Cell pyroptosis is a kind of inflammation-
associated programmed cell death, which is typi-
cally characterized with cell swelling until the cell
membrane ruptures, formation of inflammasomes,
the activation of the caspase family and Gasdermin
proteins, the release of LDH and the secretion of
a large number of pro-inflammatory factors, lead-
ing to a strong inflammatory response [14-17].
According to recent publications, pyroptotic cell
death is involved in regulating the development of
many diseases, including inflammatory bowel dis-
ease [18], Parkinson’s disease [19], cancers [20]
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and bronchial asthma [4]. Especially, blockage of
NLRP3 inflammasome-mediated pyroptotic cell
death ameliorates asthma in mice models [4]. As
previously reported, various types of cell death can
be regulated by SP [18], for example, researchers
noticed that SP causes neuronal cell death at the
cellular level [19]. Also, in acute brain injury,
elevated SP was harmful to neuron survival and
motor function, and upregulated SP accelerates
neurotoxin  6-hydroxydopamine  (6-OHDA)-
induced cell death [20], and conversely, SP dele-
tion inhibits oxidative stress and cell death
induced by scratch injury after traumatic brain
injury (TBI) [21]. However, it is still unclear
whether SP regulates the NLRP3-mediated pyrop-
totic cell death to participate in the regulation of
bronchial asthma.

Recent studies have shown that the PI3K/Akt/
NF-«B signal transduction pathway is closely asso-
ciated with the development of various diseases,
including cancer [22], asthma [23], spinal cord
injury [24], and chronic colitis [25]. Interestingly,
nuclear factor (NF)-xB is a transcriptional regula-
tor, which plays an important role in the inflam-
matory pathway of bronchial asthma [23], and the
expressions of NF-kB and its downstream target
genes can be controlled by phosphoinositide
3-kinase (PI3K)/The protein kinase B (AKT) sig-
naling pathway, which also plays a vital role in the
inflammatory  process  of  cells  [26,27].
Additionally, previous findings disclose that SP/
NK-1 R activated two convergent pro-
inflammatory signaling pathways, PI3K-Akt and
NF-kB [28]. Strikingly, the PI3K/Akt/NF-«kB signal
pathway is reported to regulate both cell pyropto-
sis and cellular inflammation [24,25,29], specifi-
cally, activation of this signal pathway contribute
to NLRP3 inflammasome-mediated pyroptotic cell
death in spinal cord injury (SCI) [24], HUVECs
[29] and chronic colitis [25].

Thus, based on the existed information, this study
investigated the involvement of SP in regulating bron-
chial asthma development, and we found that SP
NK1R-dependently activated the downstream PI3K/
AKT/NF-xB signaling pathway, resulting in the acti-
vation of the NLRP3 inflammasome-mediated pyrop-
totic cell death and aggravation of bronchial asthma.

Our data, for the first time, elucidated the detailed
molecular mechanisms by which SP aggravate the
development of bronchial asthma, which provided
potential treatment strategies for this disease.

Materials and methods
Patients and samples

The bronchial asthma and normal controls plasma
and peripheral blood mononuclear cell (PBMC)
were collected from Shengjing Hospital of China
Medical University. Normal controls had no his-
tory of lung disease, allergy, respiratory infection,
or exposure to tobacco smoke. This study was
approved by the Ethics Committee of Shengjing
Hospital of China Medical University, and each
participant signed an informed consent form. All
procedures were carried out in accordance with
the 1975 Declaration of Helsinki.

Asthmatic mouse model

BALB/c mice (6-8 weeks) were obtained from
Shanghai SLAC Experimental Animal Center
(China). According to the experimental protocols
provided by the previous publications, Ovalbumin
(OVA) without adjuvant was used to sensitize
mice with seven intraperitoneal injections of
OVA every other day [10]. Then, the mice were
challenged by OVA nebulization on the 33-
40th day. OVA sensitized mice (day 50) received
0.5 mg SP/ml saline, and control mice received
saline. 1732138, a selective antagonist of NKI1
receptor, purchased from Sigma, dissolved in
70% of DMSO in saline. L-732138 (500 ug in
50 ul DMSO 70%) or DMSO 70% alone (50 pl)
was administered intraperitoneally in OVA-
sensitized mice with experimental airway hyper-
sensitivity 1 h before intrabronchial SP adminis-
tration. Finally, all mice killed by
intraperitoneal injection of a lethal dose of pento-
barbital for analysis. All animal experiments in this
study are in compliance with the principles of
management and use of experimental animals
approved by the Ethics Committee of Shengjing
Hospital of China Medical University.

were



Cell culture

16-HBE and BEAS-2B cells were obtained from
the Procell Life Science & Technology Co., Ltd
(Wuhan, China). All cells were maintained at
37°C in 5% CO2 using Endothelial Cell Medium
(ECM, ScienCell Research Laboratories, Carlsbad,
CA, USA) supplemented with 10% fetal bovine
serum (FBS) and 1% (v/v) penicillin/streptomycin,
and 1% endothelial cell growth factors (Invitrogen,
Carlsbad, CA, USA).

Cell viability assay

16HBE (Procell Life Science & Technology Co.,
Ltd. CL-0249) and BEAS-2B cells (Procell Life
Science & Technology Co., Ltd. CL-0496) were
harvested after stimulation with different concen-
trations of SP and then cell viability tested by Cell
Counting Kit-8 (CCK-8, Yisheng Biotechnology
Co., Ltd., Shanghai, China. 40203ES60), following
the manufacturer’s instructions.

LDH release assay

After different treatments, the lactate dehydrogenase
(LDH) levels in the culture supernatants or BALF
were detected using a LDH assay kit (Promega,
Madison, Wisconsin, USA. J2380-10 mL).

ELISA

Bronchial epithelial cells were plated onto 96-well
plates and cultured at 37°C overnight. Plasma
from patients with bronchial asthma and healthy
individuals was collected and stored at —80°C.
Then, after different treatments, plasma or culture
supernatant were collected for measurements
using ELISA kits (Milliplex® Luminex premix 13-
plex kit, Merck. HSTCMAG28SPMX13), accord-
ing to the recommended protocols.

RT-qPCR

Total RNA was extracted from the PBMC using
TRIzol reagent. RT-qPCR was performed on the
Biosystems 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA) to evaluate
the relative expression level of mRNA. The primer
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sequence design was as previously reported [30-34].
U6 snRNA (noncoding small nuclear RNA-001973)
was used as an internal reference gene, and the relative
expression level was checked using the 2724¢T

method.

Western blot

Protein samples of the same amount were separated
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis  (SDS-PAGE) and transferred to
a polyvinylidene fluoride (PVDF) membrane, fol-
lowed by blocking with 5% nonfat milk. Incubate
the primary antibody against NKIR (Sigma-Aldrich
(Shanghai) Trading Co. Ltd., Shanghai, China,
1:1000, SAB4502913), NLRP3 (Proteintech, Chicago,
USA, 1:1000, 19771-1-AP), ASC (Santa Cruz, USA,
1:500, sc-22514-R), Caspase-1 (Proteintech, Chicago,
USA, 1:1000, 22915-1-AP), PI3K (Abcam, Shanghai,
China, 1:1000, ab32089), phosphorylated (p)-PI3K
(Abcam, Shanghai, China, 1:1000, ab278545),
mTOR (Abcam, Shanghai, China, 1:2000, ab32028),
p-mTOR (Abcam, Shanghai, China, 1:5000,
ab109268), or GAPDH (Proteintech, Chicago, USA,
1:2000, 60004-1-lg) and membrane overnight at 4°C,
then washed and incubated with the anti-rabbit IgG
secondary antibody (Abcam, Shanghai, China,
1:5000, ab190495) for 1 h at room temperature.
Densitometry analysis was conducted using Image]J
software ~ (National  Institutes of  Health,
Bethesda, MD).

Immunofluorescence staining assay

Cells and tissues were fixed in 3.7% formaldehyde for
20 min and blocked with 5% skim milk in PBS con-
taining 0.2% Triton X-100 for 5 min. Next, exposed to
the primary antibodies of ASC and caspase-1 (Santa
Cruz Biotechnology, USA) at 4°C overnight. Next,
secondary antibody (Dako, Glostrup, Denmark) was
incubated with the cells for 1 h. Afterward, the cells
were mounted with Vectashield mounting medium
containing DAPI. The results were observed under
a Leica CTR 4000 fluorescence microscope.

Statistical analysis

Each experimental condition was performed inde-
pendently in triplicate. Statistical analyses were
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conducted using GraphPad Prism 8 software.
P values for comparisons between two groups
were calculated using unpaired student’s t-test,
and for three groups or more were calculated
using one-way ANOVA (*P-value < 0.05).

Results

Higher substance P/NK1R levels and
pro-inflammatory cytokines in patients with
bronchial asthma

In order to analyze the correlations of SP/NK1R
system with the development of bronchial asthma,
we collected blood and PBMC samples from 20
patients with bronchial asthma and 12 healthy

of SP in the above 32 plasma samples by ELISA.
The results uncovered that the content of SP in the
plasma of patients with bronchial asthma was sig-
nificantly higher than that of healthy controls
(Figure 1(a)). As previously reported, SP regulates
many disease-related processes through interacting
with its receptor NKIR [35,36]. Thus, RT-qPCR
and western blot were performed to examine
NKIR level in the patients’ PBMC. As expected,
the results revealed that NK1R was also signifi-
cantly upregulated in PBMC collected from bron-
chial asthma patients in contrast with their normal
counterparts (Figure 1(b,c)), indicating that the
SP/NKIR system was closely relevant to the devel-
opment of bronchial asthma. According to recent
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a e b ., C d 3
o J— dkkek
30 '&‘ 15 2 80
- B 2 NI N2 N3 Bl B2 B3 g 2
£ & o3 o v B oo 7
R gl 4 NKlR‘-———— — iy ...._| 2 £
= 233 - . I 40 =
5 | H E ‘
1 o GAPDH ‘ s s -| »
0 0 0
NC BA
e f g
1000 2.5 50 2.5 60 23
800 2.0 i 40 2.0 20
% _ l i ERU
K 600 a 1.54 B 30 1.5 = i 1
= B = & =
o a0 2 104 N 20 10 R =10
B =) = 20
2 200 0.5 10 0.5 05
0 0. ; ; 0 0.0 . . 0.4 : :
NC BA NC BA NC BA NC BA Ne BA NC BA
h i j
2.5+ - 200 25 110 1100
_ 2.0 1 20 _ o g
= = £ =
) o 1.5 é = 15 £ ERU
= o S 3 AP 2 500
= = 104 = =10 z B -
e | - - 2] .
= = 5 70 0 » 700 . :
0.5 05 * =0.7111 p=<0.0001 =0.7466 p=0.0001
1 T r , 1 T r .
0. : i 0 0.0 25 30 35 40 25 30 35 40
NC BA NC BA SP (pg/ml) SP (pg/ml)
l 60 m 60 n 200 0 200 .
.
. N e
_ . _ 150 ./-'5./( = 150 . /(-} .
ZF 40 0% ‘. Z 50 g A g T e
= . 2 ) E ("A/‘ . B Y
S s B S 2 100 004 o
o e e w = =
= 2 = 40 o 2
= 50 = 50
=0.7004 p=0.0001 r=0.8107 p=0.0001 r=0.7998 p=0.0001 r=0.8402 p<0.0001
} r r ) 1 r T ) T r ) 1 T r .
25 30 35 40 25 30 35 40 30 35 40 5 30 35 40
SP (pg/ml) SP (pg/ml) SP (pg/ml) SP (pg/ml)

Figure 1. Higher substance P/NK1R levels and pro-inflammatory cytokines in patients with bronchial asthma. (a): ELISA was used to
measure the concentrations of substance P in the plasma. (b): The expression of NKTR mRNA of bronchial asthma patients and
normal control subjects. (c): The protein expression of NK1R of bronchial asthma patients and normal control subjects was detected
by Western blot. “B1”, “B2”, “B3” represented “bronchial asthma patients 1, 2, or 3”, “N1”, “N2”, “N3” represented “normal control 1,
2, or 3”. (d-i): The concentration of pro-inflammatory cytokines, including TNF-a, TGF-B1, IL-2, IL-5, IL-18 and IL-1f, in plasma of
patients with bronchial asthma was measured by ELISA (Left), The mRNA expression of pro-inflammatory cytokines (TNF-a, TGF-B1,
IL-2, IL-5, IL-18 and IL-1P) in PBMC of bronchial asthma patients and normal control subjects was measured by RT-gPCR (Right). (j-o):
Correlation analysis between SP and pro-inflammatory cytokines (TNF-a, TGF-B1, IL-2, IL-5, IL-18 and IL-1B) in plasma of patients of
bronchial asthma was performed using Pearson correlation test. “BA” represented “bronchial asthma”, “NC” represented “normal
control”. Each experiment was conducted in triplicate. *P < 0.05, ** P < 0.01, ***P < 0.001, ****P < 0.0001.



important contributor for the aggravation of bron-
chial asthma, and various pro-inflammatory cyto-
kines are reported to participate in the regulation
of this process [37-39]. To validate the above
information, we performed the following experi-
ments, and found that the mRNA and protein
levels of the cytokines, including TNF-a, TGF-f1,
IL-2, IL-5, IL-18 and IL-1f, were all significantly
elevated in the bronchial asthma patients’ plasma
(Figure S1A-F and Figure 1(d-i)) and PBMC
(Figure 1(j-o) and Figure S2G-L) compared to
the normal participants. Also, the correlation ana-
lysis results supported that SP levels were posi-
tively related with all of the above cytokines in
patients’ serum (Figure 1(p-u)). Moreover, we ana-
lyzed the clinical characteristics of the subjects in
Supplementary Table S1, and found that the
higher the grade of bronchial asthma, the higher
the concentration of SP. Those data suggested that
SP/NKIR system and its associated super-
inflammation were closely relevant to the progres-
sion of bronchial asthma.

SP triggered pyroptotic cell death in human
bronchial epithelial cell lines

According to the existed information, IL-1f and IL-18
are important effector cytokines of pyroptotic cell
death, which has been proved to be closely associated
with cellular inflammation and bronchial asthma
[40,41], suggesting that cell pyroptosis may play
important role in bronchial asthma. To ask whether
SP participated in the regulation of bronchial asthma
through regulating cell pyroptosis, the human bron-
chial epithelial cell lines (16-HBE and BEAS-2B) were
subjected to different concentrations of SP treatment
(0, 0.1, 0.5 and 1.0 uM) for in vitro experiments. The
CCK-8 assay (Figure 2(a,b)) and colony formation
assay (Figure 2(c,d)) showed that SP dose-
dependently suppressed cell viability in the bronchial
epithelial cells. Since 0.5 pM of SP significantly sup-
pressed cell viability in the two human bronchial
epithelial cell lines, we selected this concentration of
SP for further experiments, and we found that SP
triggered pyroptotic cell death in both 16-HBE and
BEAS-2B cells (Figure 2(e-k)). Specifically, the immu-
nofluorescence staining assay results showed that SP
significantly upregulated Caspase-1/ASC levels in
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both 16-HBE and BEAS-2B cells (Figure 2(e)). Also,
SP treatment promoted LDH release (figure 2(f)),
increased the expression levels of NLPR3, ASC and
Caspase-1 proteins (Figure 2(g-i)), and promoted IL-
1B and IL-18 secretion in cells’ supernatants of 16-
HBE and BEAS-2B cells (Figure 2(j,k)).

SP triggered pyroptotic cell death in asthma mice
and human bronchial epithelial cells in a
NK1R-dependent manner

We next validated that SP also triggered pyroptotic
cell death in asthmatic mice in vivo. Specifically, estab-
lishment and SP treatment of BALB/c mice asthma
model (Figure 3(a)), and the Real-Time qPCR and
ELISA analysis verified that SP increased the expres-
sion levels of TNF-a, TGF-f1, IL-2, IL-5, IL-18 and
IL-1f in both mice airway epithelium (Figure 3(b-g))
and serum (Figure 3(h-m)) to trigger super-
inflammation in vivo. Then, we validated that SP
upregulated Caspase-1 expressions (Figure 3(0)) and
facilitate LDH release (Figure 3(n)) to promote cell
pyroptosis in mice bronchial tissues. In addition, as it
had been indicated in the previous literatures [42], SP
often exerts its biological functions through interact-
ing with its receptor NK1R, the mice were then co-
administered with NKIR inhibitor L732138 for the
rescuing experiments. As expected, blockage of NK1R
suppressed pro-inflammatory cytokines secretion
(Figure 3(b-m)), and restrain cell pyroptosis
(Figure 3(n,0)) in SP-treated asthmatic mice models.
Consistently, the above in vivo results were verified by
the following in vitro experiments, which showed that
SP NKI1R-dependenlty upregulated IL-1p and IL-18
(Figure S2A, B), and promoted LDH release in the 16-
HBE and BEAS-2B cell (Figure S2C), supporting the
notion that SP activated the NLRP3 inflammasome-
mediated pyroptotic cell death in bronchial asthma
through interacting with its receptor NK1R.

The PI3K/AKT/ NF-kB signaling pathway could be
activated by SP

Next, we investigated the underlying mechanisms
by which SP activated cell pyroptosis in bronchial
asthma. As previously reported, the PI3K/AKT/
NF-«kB signal transduction pathway is closely
related with pyroptotic cell death [24,25], and
this pathway can be activated by SP [22]. Also,
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Figure 2. Substance P triggered pyroptotic cell death in human bronchial epithelial cell lines. (a, b): 16-HBE and BEAS-2B cells were
treated with different doses (0, 0.1, 0.5 and 1 pM) of SP for 8 h. Cell viability was determined using the CCK8 assay. (c, d): The cell
viability of 16-HBE and BEAS-2B cells were treated by SP was detected by colony formation. (e): ASC and Caspase-1 immunofluor-
escence of 16-HBE and BEAS-2B cells treated with 0.5 uM SP. (f): The release of LDH from SP-treated 16-HBE and BEAS-2B cells was
measured by LDH assay kit. (g-i): Protein levels of NLRP3, ASC and Caspase-1 were detected by Western blot. (j): The levels of IL-1f
were determined by ELISA. (k): The le ansvels of IL-18 were determined by ELISA. Each experiment was conducted in triplicate.

*P < 0.05, ** P < 0.01, ***P < 0.001, ****P < 0.0001.

this signal pathway is often aberrantly activated in
bronchial asthma [43]. Thus, we asked whether the
SP/NKIR system activated the PI3K/AKT/NF-xB
signal pathway in bronchial asthma. To achieve
this, the 16-HBE and BEAS-2B cells were adminis-
tered with SP and NKIR inhibitor L732138, and
the expression levels of the PI3K/AKT/NF-«B sig-
naling pathway-related proteins in 16-HBE and
BEAS-2B cells were determined by Western blot.

As shown in Figure 4(a-h), SP increased the
expression levels of phosphorylated PI3K
(p-PI3K), Akt (p-Akt) and NF-kB (p-NF-xB) to
activate the PI3K/AKT/NF-kB signaling pathway
in 16-HBE and BEAS-2B cells, but did not alter the
expression status of total PI3K, Akt and NF-«kB.
Interestingly, SP-induced activation of the PI3K/
AKT/NF-kB signaling pathway was reversed by
co-treating cells with L732138, suggesting that SP
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Figure 3. SP triggered pyroptotic cell death in asthma mice in a NK1R-dependent manner. (a) Overview of sensitization experiments
in experimental asthma mice. (b-g): The mRNA expression of pro-inflammatory cytokines (TNF-a, TGF-B1, IL-2, IL-5, IL-18 and IL-1B)
of asthma mice. (h-m): The expression levels of pro-inflammatory cytokines (TNF-a, TGF-B1, IL-2, IL-5, IL-18 and IL-1B) in serum of
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also activated the PI3K/AKT/NF-kB signaling
pathway through interacting with its receptor
NKI1R.

SP activated the PI3K/AKT/NF-kB signaling
pathway to induce pyroptotic cell death and
cellular inflammation in the bronchial epithelial
cells

Given that the PI3K/AKT/NF-kB signaling path-
way can be activated by SP [22], and this pathway
is reported to regulate NLRP3-mediated pyroptotic
cell death [44-46], we finally explored whether SP
triggered pyroptotic cell death in the human

bronchial epithelial cells through modulating this
pathway. Thus, the 16-HBE and BEAS-2B cells
were, respectively, administered with SP, PI3K
inhibitor LY294002, and NF-kB inhibitor MG132,
which were grouped as follows: Control, SP alone
group, SP plus MG132 group (SP+MG132), and
SP plus LY294002 group (SP+LY294002). As
shown in Figure 5(a-c), the suppressing effects of
SP on cell viability were reversed by co-treating
cells with both MG132 and LY294002. Also, the
immunofluorescence staining assay (Figure 5(d,e))
uncovered that the levels of Caspase-1 and ASC
were curbed in SP-treated cells by MG132 and
LY294002. Similarly, the promoting effects of SP
on LDH release in the cells were restrained by
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Figure 4. The PI3K/AKT/ NF-kB signaling pathway could be activated by SP. (a): The expression of proteins related to PI3K/AKT/NF-kB
signaling pathway in 16-HBE cells was measured by Western blot. (b-d): Gray statistical value of PI3K/AKT/NF-kB signaling pathway
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blocking the PI3K/AKT/NF-«xB signaling pathway
(figure 5(f,g)), and Western Blot analysis (Figure 5
(h,i)) verified that both MG132 and 1Y294002
decreased the expression levels of Caspase-1, ASC
and NLRP3 to inactivate SP-induced pyroptotic
cell death in the bronchial epithelial cells. Finally,
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the cells’ supernatants were collected, and our
ELISA assay results supported that SP promoted
secretion of IL-1p and IL-18 to facilitate cellular
inflammation, which were also suppressed by
MG132 and LY294002 (Figure 5(j,k)). Those data
suggested that SP promoted cell pyroptosis and
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Figure 5. SP activated the PI3K/AKT/NF-kB signaling pathway to induce pyroptotic cell death and cellular inflammation in the
bronchial epithelial cells. (a): CCK8 analysis of cell viability treated with LY294002 or MG132. (b, ¢) Colony formation assays with
control, SP, SP+MG132 and SP+LY294002 in 16-HBE and BEAS-2B cells. (d): Caspase-1 and ASC immunofluorescence of 16-HBE cells
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cellular inflammation in bronchial asthma by acti-
vating the PI3K/AKT/NF-«B signaling pathway.

Discussion

Currently, the pathogenesis of bronchial asthma is
very complicated, and various pathogenic factors
that contribute to the development of this disease,
which seriously limits the development of novel
treatment strategies for this disease [47,48]. SP is
a pleiotropic neuropeptide belonging to the tachy-
kinin family, and SP is highly expressed in
inflamed airways. According to recent literatures,
SP plays a key role in regulating the development
of a variety of diseases, such as leukemia [48],
epilepsy [7], fibrotic [6,8], various cancers [22,35]
and asthma [10,49]. Also, it is reported that SP
exerts its biological functions through interacting
with its receptor NKIR [42], and NKIR itself is
associated with the development of inflammation-
associated diseases [50]. However, the involvement
of the SP/NKIR system in modulating the progres-
sion of bronchial asthma has not been studied.
Thus, in our study, we verified that both SP and
NKI1R were significantly upregulated in the plasma
and PBMC collected from the patients with bron-
chial asthma, and the expression levels of the SP
was positively related with the pro-inflammatory
cytokines (TNF-a, TGF-p1, IL-2, IL-5, IL-18 and
IL-1P), suggesting that SP/NKIR system was
involved in regulating bronchial asthma, and this
process was associated with super-inflammation,
which were supported by the existed publica-
tions [50].

Cell pyroptosis is a type of programmed inflam-
mation-associated cell death, which is reported to
be related with the occurrence of many diseases,
such as atherosclerosis [51], multiple sclerosis [52],
melanoma [53], spinal cord injury [44] and asthma
[3]. In particular, Panganiban et al. demonstrate
that GSDMB-mediated epithelial cell pyroptosis is
involved in the pathogenesis of asthma [54], and
NLRP3 inflammasome-mediated pyroptosis is also
closely related to abnormal inflammation-related
colitis [25], which were supported by our results
that NLRP3 inflammasome-mediated pyroptotic
cell death and cellular inflammation contributed
to the aggravation of bronchial asthma. In addi-
tion, SP is capable of promoting various types of

cell death [19-21], unfortunately, it is still unclear
whether SP participated in the regulation of cell
pyroptosis. In our study, we firstly verified that SP
upregulated NLRP3, ASC, Caspase-1, IL-1p and
IL-18 to activate cell pyroptosis in the in vitro
and in vivo bronchial asthma models. Moreover,
since SP is known to exert its biological functions
through interacting with its receptor NKIR [42],
and we validated that SP NK1R-dependently trig-
gered pyroptotic cell death in the bronchial asthma
models.

Aberrant activation or inactivation of the classi-
cal PI3K/Akt/NF-kB signaling pathway is identi-
fied as critical contributor for the development of
atherosclerosis [27], cancer [22,55,56], asthma
[43,57], and lung diseases [57]. Especially, this
signal pathway also affects the progression of
asthma, and data from the existed literatures sug-
gest that the PI3K/AKT/NF-kB signaling pathway
participates in the regulation of asthma through
influencing super-inflammation [43,57].
Interestingly, previous data illustrate that the
PI3K/AKT/NF-kB pathway can be activated by
SP [22,55,56], which were verified by our results
that SP activated this pathway in human bronchial
epithelial cells through interacting with its recep-
tor NK1R. Moreover, as previously described, the
PI3K/AKT/NF-kB signaling pathway is critical sig-
nal that regulates cell pyroptosis and cellular
inflammation in diabetic kidney disease [45],
abdominal aortic aneurysm [58] and atherosclero-
sis [46], and based on the fact that the SP/NK1R
system is able to activate both this pathway and
cell pyroptosis, we validated that blockage of the
PI3K/Akt/NF-«kB signaling pathway abrogated the
promoting effects of SP on cell pyroptosis and
inflammation in the bronchial epithelial cells.

Conclusions

In summary, we concluded that SP and its recep-
tor NKIR promoted bronchial asthma progression
by inducing pyroptotic cell death and cellular
inflammation through activating the PI3K/Akt/
NF-kB signaling pathway. However, more clinical
samples and further in-depth studies are needed.
These findings revealed the regulatory mechanism
of SP in the inflammatory response of bronchial



asthma and provided a theoretical basis for the
treatment of bronchial asthma.
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