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Hyssopus cuspidatus volatile oil: a potential =

treatment for steroid-resistant asthma
via inhibition of neutrophil extracellular traps
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Abstract

Background Steroid-resistant asthma (SRA) is a form of asthma resistant to corticosteroid therapy, which is charac-
terized by the presence of neutrophil-predominant inflammatory response and neutrophil extracellular traps (NETs)
formation. Hyssopus cuspidatus Boriss,, a traditional Uyghur medicine, is known for its efficacy in treating inflammatory
lung conditions such as asthma. However, the therapeutic impact and underlying mechanisms of Hyssopus cuspidatus
Boriss's volatile oil (HVO) in SRA have not been fully elucidated.

Methods This study established an ovalbumin/lipopolysaccharide (OVA/LPS)-induced SRA mice model to evaluate
the therapeutic effect of HVO on SRA. UPLC-QE-Orbitrap-MS was applied to analyze the serum compositions of HVO.
Network pharmacology and molecular docking were employed to uncover the complex mechanisms of HVO in treat-
ing SRA and predict potential effective compounds in HVO. Furthermore, in vivo studies in SRA mice and in vitro stud-
ies using HL-60 cells and bone marrow neutrophils were conducted to validate the mechanism.

Results HVO could significantly ameliorate OVA/LPS-induced SRA symptoms, including airway hyperresponsiveness,
airway inflammation, mucus overproduction and airway remodeling. 41 prototype compounds, 65 Phase | metabo-
lites and 50 Phase Il metabolites were identified in serum-containing HVO. The integration of network pharmacology
with experimental validation revealed that HVO can inhibit the formation of NETs by targeting neutrophil elastase,
thereby exerting a therapeutic influence on SRA. Meanwhile, molecular docking results showed that 3-methoxy-
4-hydroxy mandelonitrile, 1,2,3,4-tetrahydro-1,5,7-trimethyl-naphthalene, cis-calamenene and aristol-1(10)-en-9-yl
isovalerate may be the therapeutic compounds of HVO in treating SRA.

Conclusion These findings suggest that HVO is a promising therapeutic candidate for neutrophil-dominant SRA
by targeting NETs formation.

Keywords Hyssopus cuspidatus Boriss., Volatile oil, Steroid-resistant asthma, Neutrophil extracellular traps, Neutrophil
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Introduction

Asthma is a chronic respiratory disease characterized by
airway hyper-responsiveness (AHR), airway inflamma-
tion and remodeling, and mucus overproduction, result-
ing in symptoms such as recurrent wheezing, shortness
of breath, chest tightness, cough, and expiratory airflow
limitation [1]. The prevalent phenotype of asthma is
allergic asthma, which is associated with type 2 eosino-
philic responses, and anti-inflammatory inhaled corti-
costeroids are the mainstay of treatment [2]. However,
some patients do not respond well to high-dose inhaled
corticosteroids and they are considered to have steroid-
resistant asthma (SRA), which is associated with frequent
exacerbations and airflow limitations [3]. Clinical trials
have revealed that patients with SRA often show neutro-
phil-predominant inflammatory response, essentially the
formation of neutrophil extracellular traps (NETs), with
the presence of T helper cell 17 and cytokines including
IL-17, IL-1P, IL-8, and IFN-y [4, 5]. NETs are weblike
DNA structures coated with histones and antimicrobial
proteins such as neutrophil elastase (NE), citrullinated
histone3 (citH3) and myeloperoxidase (MPO), and cause
damage to host tissue [6]. Upon exposure to various trig-
gers such as allergens, viral and bacterial components,
smoking and inflammatory signals, the epithelial cells
and macrophages respond by generating chemokines
CXCL1/2, IL-1pB, IL-6, and IL-8. These chemokines
induced neutrophils chemotaxis and infiltration into the
airways and the release of NETs [7]. Moreover, IL-17 pro-
duced from Th17 cells recruits neutrophils to the airway
and promotes neutrophilic inflammation and steroid
resistance [8]. During the processes of NETs formation,
mediators released from neutrophils, such as reactive
oxygen species (ROS) and NE, help in host defense and
pathogen elimination, but they are known to promote
bronchoconstriction, contribute to increased mucus pro-
duction, cause collateral damage to the lungs and exacer-
bate airway diseases [4].

The prevalence of SRA has been reported to be 10%
of the overall population with asthma and represents
more than 50% of the asthma-associated healthcare
burden [9]. According to the 2024 Global Strategy for
Asthma Management and Prevention by the Global
Initiative for Asthma, combination therapy by long-
acting beta,-agonist and high-dose inhaled corticoster-
oids together with long-acting muscarinic antagonists
is recommended to improve lung function and reduce
exacerbations of SRA at present (https://ginasthma.
org/). Unfortunately, the combined use of long-acting
beta,-agonist and inhaled corticosteroids has been
reported to have significant side effects, such as enhanc-
ing the sensitivity of cardiac beta,-adrenoceptors,
thereby inducing arrhythmias [10]. Current researches
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on SRA treatment focus on chemical drugs, hence it
is urgent to develop a new therapy for SRA on tradi-
tional Chinese medicine to optimize a balance between
safety, efficacy, and cost. Particularly, the development
of single medicine that can address the challenges in
the management of SRA by simultaneously improving
airway hyper-responsiveness, airway inflammation and
remodeling is promising.

Uyghur medicine, has attracted attentions from the
medical and pharmaceutical communities in recent
years [11]. One of the representative formulas of
Uyghur medicine, Hanchuan Zupa granule, has been
approved by the National Medical Products Admin-
istration of China for clinical treatment of asthma
(National Drug Approval Letter Z20063931). Hysso-
pus cuspidatus Boriss. is the main component of the
Hanchuan Zupa granules and it is also used to treat
damp-cold respiratory diseases [12]. Hyssopus cus-
pidatus volatile oil (HVO) contain active constituents
such as p-pinene, pinocamphone, and isopinocam-
phone. The herbal drug is generally regarded as safe
and possesses anti-inflammatory, antitussive, expecto-
rant, and other biological activities [13]. Our previous
study have shown that HVO was effective in treating
allergic asthma without observable toxic effects on the
major organs [14]. However, its effects on neutrophil-
dominant SRA and the underlying mechanisms remain
unclear.

In the present study, we evaluated the therapeutic
potential of HVO in OVA/LPSinduced SRA mice model.
To throw light on its underlying mechanisms, UPLC-
QE-Orbitrap-MS analysis of the serum of HVO-treated
rats was performed to detect the HVO metabolites, and
molecular docking was applied to predict the therapeutic
compounds. The pharmacological mechanism of HVO
in treating SRA was predicted using network pharmacol-
ogy and experimentally validated via in vivo and in vitro
study. These findings provide a research foundation for
the development of HVO as a therapeutic agent for SRA.

Materials and methods

Extraction of Hyssopus cuspidatus volatile oil

H. cuspidatus was collected from Tacheng City, Xinjiang
Uygur Autonomous Region of China and identified by
Prof. Jin-Bo Fang at Huazhong University of Science and
Technology, Wuhan, China. A voucher herbarium speci-
men has been deposited at the affiliated Pharmacognosy
Laboratory (No. 20,191,001). The air-dried H. cuspidatus
was crushed and soaked in distilled water overnight, fol-
lowed by continuous extraction for 9 h in a volatile oil
extractor. HVO was obtained with anhydrous sodium
sulfate, and stored at 4 °C protected from light.
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Animals

Female BALB/c mice (6 weeks, 20+2 g body weight)
were purchased from Beijing SiPeiFu Biotechnology
Co., Beijing, China [SYXK (Jing) 2019-0010] and housed
under Individual Ventilated Cages conditions. Pathogen-
free male Sprague—Dawley rats (6 weeks, 200+ 20 g body
weight) and male C57BL/6 mice (10 weeks, 20+2 g body
weight) were purchased from Hubei Biont Biological
Technology Co., Wuhan, China [SYXK (E) 2021-0027].
All animals were raised at the Experimental Animal
Center of the Huazhong University of Science and Tech-
nology (HUST) and provided with standard rodent chow
and water ad libitum under controlled environment
(25+2 °C; 60+ 5%; 12 h light dark cycle). The experimen-
tal protocol was approved by the Animal Ethics Com-
mittee at Tongji Medical College of HUST (IACUC No.
3674).

Preparation of HVO-containing serum

After 1 week of adaptive feeding, the Sprague—Dawley
rats were randomly divided into two groups (n=4). The
control group received 0.5% sodium carboxymethyl cel-
lulose and the HVO-group received 2.4 mg/kg of HVO
suspended in 0.5% sodium carboxymethyl cellulose solu-
tion (fivefold the clinically equivalent dose of HVO used
in Uygur medicine). All drugs were administered via gav-
age for three consecutive days, twice a day. Consequently,
rats were administered a daily dosage of 4.8 mg/kg of
HVO (tenfold the clinical equivalent dose). One-hour
after the last administration, rats were anesthetized by
intraperitoneal injection of 1% pentobarbital sodium, and
blood samples were collected from the abdominal aortas
and centrifuged at 3000 rpm for 15 min. The supernatant
was inactivated at 56 °C for 30 min filtered using a 0.22
pum membrane filter and then stored at —80 °C until use
[15].

Ingredients identification of the serum of HVO-treated rats
by UPLC-QE-Orbitrap-MS

The serum (200 pL) was treated with 1200 pL acetoni-
trile (Sinopharm Chemical Reagent Co. China) and
vortexed for 30 s. After centrifuging at 13,000 rpm
(4 °C) for 15 min, 1300 pL of supernatant was dried
under nitrogen. The residue was re-dissolved in 200 pL

(See figure on next page.)
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methanol (Sinopharm Chemical Reagent Co. China),
vortexed for 30 s and centrifuged at 13,000 rpm (4 °C)
for 15 min. The supernatant was analyzed by UPLC-
QE-Orbitrap-MS using an Ultimate 3000 UPLC cou-
pled with a high-resolution Q Exactive Orbitrap
tandem mass spectrometer (Thermo Fisher Scientific
Inc., Germany). Chromatographic separation was per-
formed on a Hypersil GOLD column (100X 2.1 mm, 3
pum) at 25 °C. The mobile phase consisted of acetonitrile
(A) and 0.1% (v/v) formic acid (Sigma Aldrich) aqueous
solution (B), and the gradient program was set as fol-
lows: 0-2 min, 5% A; 2—14 min, 5-95% A; 14—19 min,
95% A; 19-19.1 min, 95-5% A; and 19.1-25 min, 5% A.
The flow rate was 0.25 mL/min, and the injection vol-
ume was 5 pL. The mass spectrometer was operated
in both positive and negative ion modes, and the mass
range was set to 100—1500 Da. The MS parameters were
set as follows: ion source, electrospray ionization; spray
voltage, 3200 V; capillary temperature, 300 °C; sheath
gas, 40.00 Arb; aux gas, 8.00 Arb; max spray current,
100 pA; probe heater temperature, 275 °C. Data anal-
ysis was performed by the Xcalibur v4.1.50 software
(Thermo Fisher Scientific Inc.), and compound identity
was established by comparing the retention time, mass
and fragment ions with literature values.

Pathways prediction based on network pharmacology
Targets of the 41 prototype components in HVO-con-
taining serum were predicted using the Swisstarget-
Prediction database (http://swisstargetprediction.ch/)
and normalized by UniProt (https://www.uniprot.org/).
Targets associated with SRA were searched from Gen-
ecard (https://www.genecards.org/) and OMIM (https://
omim.org/) databases, using the keyword “steroid resist-
ant asthma” The protein-protein interaction network
was created by STRING database (https://cn.string-db.
org/) and visualized using Cytoscape 3.9.1 software. The
topological parameters in the network were calculated
using Network Analyzer software plug-in for Cytoscape.
Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes enrichment analyses were used for functional
annotations and performed in the DAVID database
(https://david.ncifcrf.gov/).

Fig. 1 HVO attenuated airway hyperresponsiveness (AHR), airway inflammation and airway remodeling in OVA/LPS-induced SRA mice. A
Schematic diagram of the SRA mice models induced by OVA/LPS and treated with Dexa or HVO. B Evaluation of AHR in response to increasing
doses of methacholine. C Total leukocytes count in BALF. D-E Differential count of eosinophils and neutrophils in BALF (D) and blood (E). F-11L-8
(F), IL-17 (@), CXCL1 (H) and CXCL2 (I) level in BALF, lungs and serum, measured using ELISA. J-K Representative images of HE staining (J) and PAS
staining (K) in the lung tissues. Sizes 400 : Scale bar=25 um. Data was presented as mean + SEM. ****P <0.0001, **P<0.01 versus Control group.
####P <0.0001, ###P<0.001, ##P<0.01, #°<0.05, ns P> 0.05 versus OVA/LPS group
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Molecular docking

The PDB database (https://www1.rcsb.org/) was searched
to obtain molecular structure files of the protein targets
MPO (PDB ID: 5MFA), NE (PDB ID: 5ABW), IL-17 (PDB
ID: 8USS) and IL-8 (PDB ID: 4XDX). 2D-structures of
the 41 prototype compounds identified in HVO-contain-
ing serum as ligands were obtained from the PubChem
database  (https://pubchem.ncbi.nlm.nih.gov/), and
Chem3D software was applied to optimize molecular
mechanics for the optimal conformations and conversion
into 3D-structures. Subsequently, the Auto Dock Vina
v.1.2.0 was used to calculate the affinity between protein
targets and the ligands. Finally, the PyMOL software and
Discovery Studio 2016 Client were used to visualize the
molecular docking results.

SRA mouse model and drug treatment

BALB/c mice were randomly divided into the following
groups (n=5): Control, OVA/LPS, OVA/LPS+ Dexa-
methasone (Dexa), OVA/LPS + Sivelestat (SIV), OVA/
LPS +low dose of HVO (HVO-Low), OVA/LPS + mid-
dle dose of HVO (HVO-Mid), OVA/LPS+high dose
of HVO group (HVO-High), OVA/LPS + SIV + middle
dose of HVO group (HVO + SIV). Mice were sensitized
by intraperitoneal injection of a mixture of OVA (Alad-
din; 1.5 mg/kg) and Al(OH), adjuvant (Sigma Aldrich;
50 mg/kg) on days 0, 7, and 14, and stimulated intra-
nasally with LPS (LPS from Escherichia coli 0111: B4,
Sigma Aldrich; 0.5 mg/kg) on day 21. On days 22-26,
the mice were challenged by inhalation of aerosolized
1% OVA for 30 min once a day. For drug treatment,
dexamethasone (Sigma Aldrich; 5 mg/kg, i.p.), SIV
(Yuanye, Shanghai, China; 100 mg/kg, i.p.) and HVO-
Low (0.85 mg/kg, i.g.), HVO-Mid (1.71 mg/kg, i.g.),
or HVO-High (3.42 mg/kg, i.g.) were administered 30
min before each OVA challenge, respectively. The HVO
doses were determined based on the conversion for-
mula between experimental animals and humans, 1.71
mg/kg of HVO being equivalent to the clinical dose in
humans.

Measurement of airway hyper-responsiveness

To evaluate lung function, AHR was measured 24 h after
the last challenge. The mice were anesthetized intra-
peritoneally with 1% pentobarbital sodium, followed by
tracheotomy and intubation. Subsequently, the inserted
tracheal tube was connected to the ventilator of a Flex-
iVent system (SCIREQ, Montreal, QC, Canada). Increas-
ing doses of methacholine (0, 3.125, 6.25, 12.5, 25, and 50
mg/mL; Sigma Aldrich) were nebulized using an ultra-
sonic nebulizer connected to the FlexiVent system to
induce bronchoconstriction. Individual peak response
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values of resistive resistance were recorded after each
nebulization for lung function measurement.

Inflammatory cell count

Twenty-four hours after the last challenge, the mice
were anesthetized intraperitoneally with 1% pentobar-
bital sodium. Peripheral blood samples were collected
and treated with anticoagulants. Bronchoalveolar lav-
age fluid (BALF) was also collected and divided into two
parts. The first was used for cytokine analysis, and the
second was applied in cell counting using a hemocytom-
eter under light microscope. Differential cell counts in
the peripheral blood and BALF were determined using
Wright—Giemsa staining. Relative percentages of eosino-
phils and neutrophils were recorded.

Enzyme-linked immunosorbent assay

Peripheral blood samples and the first BALF were cen-
trifuged at 3500 rpm for 15 min and 2000 rpm for 10
min at 4 °C, respectively. The supernatant was stored
at —80 °C for cytokine measurement. Lungs were iso-
lated and homogenized in phosphate-buffered saline,
and the homogenate was centrifuged at 6000 x g for 10
min at 4 °C. The IL-17 (Mlbio), IL-8 (Mlbio), CXCL1
(Elabscience), and CXCL2 (Elabscience) levels in the
BALF, serum, and lung tissues were determined using
commercial ELISA kits according to the manufacturer’s
protocol.

Lung histology

The left lung lobes of the mice were fixed in 4% paraform-
aldehyde, paraffin-embedded and 7-um sections were
cut. The extent of cell infiltration and mucus production
in the lungs was evaluated using hematoxylin and eosin
and periodic acid-Schiff staining, respectively.

Western blot

The lung tissues were lysed in ice-cold RIPA lysis buffer
containing protease (Sigma Aldrich) and phosphatase
inhibitors (Sigma Aldrich) at 4 °C for 30 min, followed
by centrifugation at 14,000 g for 30 min to collect the
protein supernatant. Protein content was determined by
bicinchoninic acid assay (Biosharp). The samples were
then separated on SDS-PAGE and transferred to PVDF
membranes (Sigma Aldrich). After blocked with 5% skim
milk for 2 h, the membranes were incubated with rabbit
primary antibodies at 4 °C overnight: p-JNK (Beyotime),
JNK (Beyotime), p-P38 (Absin), P38 (Beyotime), p-ERK
(Cell Signaling Technology) and p-actin (Abbkine), ERK
(Beyotime). The membranes were washed in TBST and
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Fig. 3 Network topology analysis of HVO against SRA and molecular docking of identified prototype compounds with key targets. A Venn Diagram
oftargets of prototype compounds in HVO-containing serum and SRA, and PPl core network of the common targets between them. B Biological
process analysis of overlapping targets was classified by GO annotation. C Analysis of KEGG pathway enrichment. D The heatmap of docking

scores of key targets combining to 41prototype compounds in HVO-containing serum. E The representative docking complex of key targets

and compounds
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D in A. Sizes 400 x: Scale bar=25 um. E-F Representative western blot bands E of p-JNK, T-JNK, p-P38, T-P38, p-ERK, T-ERK, and B-actin in OVA/
LPS-induced mouse lung tissues, and relative phosphorylated protein levels F of JNK, P38, and ERK in E. Protein expressions of p-PI3K, p-Akt,
p-JNK, and p-P38 in each group. Data was presented as mean £ SEM. ****P <0.0001, ***P<0.001, **P<0.01 versus Control group. ####P < 0.0001,

###P<0.001, ##P<0.01, ns P>0.05 versus OVA/LPS group

incubated with anti-rabbit secondary antibodies (DaiAn)
for 1 h at room temperature, and then washed and pho-
tographed using an imaging analysis system (GE Health-
care, Little Chalfont, UK). The mean grey values were
analyzed and normalized by Image] software.

Immunohistochemistry staining

After de-paraffin, antigen retrieval, being blocked endog-
enous peroxidase nonspecific binding, lung tissue slides
were incubated with anti-MPO (1:100; Beyotime) anti-
body, anti-citH3 antibody (1:200; Abcam), and anti-NE
antibody (1:200; Abcam) at 4 °C overnight. After wash,
the slides were incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (Bosterbio) for 1 h at
room temperature and stained with diaminobenzidine
(ZSGB-BIO). Cell nuclei were counterstained with hema-
toxylin. Images were captured under light microscope,
followed by analysis using the Image] software.

Isolation of mice neutrophils and differentiated HL-60 cell
culture

Bone marrow cells from the femurs and tibias of the male
C57BL/6 mice were flushed in sterile phosphate-buffered
saline, and filtered through a 70 um cell strainer. Neu-
trophils were then separated from bone marrow cells
by plating 1 mL of the cell suspension onto a Percoll
(Biosharp) gradient consisting of 3 mL of 78% Percoll, 3
mL of 62.5% Percoll, 2 mL of 55% Percoll to 2 mL of 55%
Percoll, followed by centrifugation at 900X g for 30 min
at 10 °C. The neutrophil layer between 78% and 62.5%
Percoll was collected, washed twice with phosphate-buff-
ered saline, and resuspended in serum-free RPMI 1640
medium.

The HL-60 cell line was obtained from the Cell Bank of
Wuhan University, China Center for Type Culture Col-
lection (CCTCC; Wuhan, China). HL-60 cells were cul-
tured in an RPMI-1640 medium containing 10% FBS,
streptomycin (100 U/mL), and penicillin (100 U/mL), and
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Fig. 5 HVO inhibits NETs formation through the suppression of NE in OVA/LPS-induced SRA mice. A Schematic diagram of the SRA mice models
induced by OVA/LPS and treated with SIV and HVO-Mid (the clinical dosage: 1.71 mg/kg). B-E Immunohistochemical representative images B

in the lung tissues and quantification analysis of the expressions of MPO C, NE D and citH3 E in B. Sizes 400 x: Scale bar=25 um. Data was presented
as mean £ SEM. ****P<(0.0001, **P<0.01 versus Control group. #i###P < 0.0001, ###P < 0.001, ##P<0.01, ns P> 0.05 versus OVA/LPS group

maintained in an incubator in a humidified atmosphere
containing 5% CO, at 37 °C. Neutrophil-like differenti-
ated HL-60 were induced by adding all-trans-retinoic
acid (Sigma Aldrich; 0.1, 1, or 10 uM) to the culture
media. Giemsa staining and trypan blue (0.08%) staining

tion time.

were used to detect the differentiation effects under dif-
ferent concentration of all-trans-retinoic acid and induc-
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Flowcytometry analyses of differentiated HL-60 cells
Single-cell suspension of differentiated HL-60 cells as
described above was obtained. Cells were dyed with
flow cytometric antibodies for neutrophils (human:
CD11b+CD15+). Samples were analyzed on a BD FAC-
SVerse 3L8C cytometer (San Jose, CA, USA). Data were
processed with FlowJo software V10 (BD Biosciences,
San Jose, CA, USA). PE-anti-human-CD11b-antibody
and FITC-anti-human-CD15 were obtained from
Biolegend.

In vitro neutrophil extracellular traps formation

Primary mouse neutrophils and neutrophil-like differ-
entiated HL-60 cells were seeded onto coverslips pre-
treated with 100 pug/mL poly-L-lysine at 4 °C overnight
in 24-well plates (1x10° cells/well) and cultured in
serum-free RPMI 1640 medium. Neutrophil extracellu-
lar traps were induced with PMA (100 nM, 4 h) in the
presence or absence of HVO-rat serum (tenfold dilu-
tion with culture medium) or SIV (20 puM), and a nega-
tive control was set up.

Immunofluorescence staining

The culture supernatants were removed, and the cells
were washed twice with phosphate-buffered saline. The
cells were fixed with 4% paraformaldehyde for 10 min,
permeabilized with 0.5% Triton X-100 (Sigma Aldrich)
for 15 min, and blocked with 5% BSA in PBS for 1 h
at room temperature. Cells were incubated with anti-
MPO (1:100; Beyotime) antibody, anti-histone H3 (cit-
rulline R2+R8+R17) antibody (1:200; Abcam) and
anti-Neutrophil Elastase antibody (1:200; Abcam) at
4 °C overnight, washed with PBS, and incubated with
FITC -conjugated goat anti-rabbit IgG (1:200; Abbkine)
for 1 h. The washed coverslips were stained with
4/,6-diamidino—2-phenylindole for 4 min and mounted
onto slides using mounting media. Fluorescence images
were captured using a confocal microscope (Nikon,
NIS-Elements 5.4) at 400X magnification. The inte-
grated densities per image were quantified using the
Image] software to determine the proportion of NETs
formation induced by the neutrophils.

(See figure on next page.)
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Statistical analysis

GraphPad Prism version 8.0 was used for depictive sta-
tistical analysis. Data were presented as mean+SEM
and analyzed by one-way analysis of variance, fol-
lowed by Bonferroni post-test to evaluate the diver-
sity between two groups. P<0.05 were considered
significance.

Results

HVO attenuated AHR, neutrophil-dominated airway
inflammation and remodeling, and mucus overproduction
in OVA/LPS-induced SRA mice

As shown in Fig. 1B, compared with the control group,
the OVA/LPS group showed a marked increase in resis-
tive resistance. Similarly, the number of total leukocytes
in BALF (Fig. 1C), neutrophil and eosinophil in both
the BALF (Fig. 1D) and blood samples (Fig. 1E) were
also increased remarkedly in OVA/LPS group. Further-
more, neutrophils were the main inflammatory cells that
induced airway inflammation (an 8.0-fold increase in
BALF and a 3.6-fold increase in blood samples). Com-
pared with those in the control group, the OVA/LPS
group had a significant increase in the levels of IL-8,
IL-17, CXCL1, and CXCL2 in the BALF, lung, and serum
samples (Fig. 1F-I). Notable peribranchial inflammatory
infiltration, bronchial epithelial mucosal damage, airway
goblet cell hyperplasia, mucus hypersecretion, and air-
way stenosis were also observed in the OVA/LPS group
(Fig. 1J-K). However, the effect of dexamethasone was
completely abrogated, as indicated by the almost non-
existent suppression of AHR (Fig. 1B), inflammatory
cell infiltration (Fig. 1C-J), inflammatory cytokine levels
(Fig. 1F-I), and airway remodeling (Fig. 1K). These find-
ings supported our hypothesis that neutrophil-induced
airway inflammation in OVA/LPS-induced SRA mice
was associated with steroid resistance. Notably, after
treatment with HVO, the levels of AHR, inflammatory
cell infiltration, and inflammatory cytokine were reduced,
and airway remodeling was improved compared with the
OVA/LPS group (Fig. 1B-J). Collectively, these results
indicated that HVO was able to ameliorate AHR, neutro-
phil-dominated airway inflammation, and airway remod-
eling on SRA mice model. Impressively, all dosages of
HVO significantly reduced AHR and BALF inflammatory

Fig. 6 HVO and SIV significantly attenuated airway hyperresponsiveness (AHR), airway inflammation and remodeling in OVA/LPS-induced SRA
mice. A Evaluation of AHR in response to increasing doses of methacholine. B Total leukocytes count in BALF. C-D Differential count of eosinophils
and neutrophils in BALF C and blood D. E-H IL-8 E, IL.-17 F, CXCL1 G and CXCL2 H level in BALF, lungs and serum, measured using ELISA. I-J
Representative images of HE I staining, PAS staining J in the lung tissues. Sizes 400 X, Scale bar= 25 pym. Data was presented as mean + SEM.
***%p < 0.0001, ***P<0.001 versus Control group. ####P < 0.0001, ###P < 0.001, ##P <0.01, ns P>0.05 versus OVA/LPS group
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cell infiltration compared with the OVA/LPS group, not
in a dose-dependent manner.

Characterization and identification of compounds

in the serum of HVO-treated rats

Based on the pharmacological effects of HVO on SRA,
further studies were conducted to analyze the ingredi-
ents in the serum of HVO-treated rats. The ingredients
of in vivo protypes, Phase I metabolites, and Phase II
metabolites were identified using UPLC-QE-Orbitrap-
MS. The total ion chromatogram is shown in Fig. 2A,
and the extraction ion chromatograms of characteristic
compounds are provided in Supplementary Fig. S1. As
detailed in Supplementary Tables S1-3, the serum con-
tained 41 prototype compounds, 65 Phase I and 50 Phase
II metabolites of HVO. The structural types of these 41
prototype compounds are shown in Fig. 2B, with ketone
compounds playing a dominant role.

Network pharmacology analysis of HVO against SRA

and prediction of pharmacologically active compounds

via molecular docking

Based on the identification of 41 prototype compounds,
we used network pharmacology methods to predict the
mechanism of HVO against SRA. A total of 471 ingredi-
ent-related targets and 371 SRA-associated targets were
obtained. In addition, 83 common targets were con-
sidered potential targets for HVO and protein-protein
interaction network of the potential targets indicated
SP90AA, HIF1A, IL-8, TLR4, NR3C1, MPO, NE, MTOR,
CYP1A1, PPARA, AKT1, ESR1, IL-17A, and PPARG
were key targets with high degree values (Fig. 3A). The
results of Kyoto Encyclopedia of Genes and Genomes
pathway secondary classification revealed that neutro-
phil extracellular traps formation may be an important
mechanism underlying the effects of HVO on SRA.
Additionally, the IL-17 signaling pathway and Th17 cell
differentiation were associated with neutrophil-induced
immune responses and NETs formation (Fig. 3B). Gene
Ontology annotation was conducted, and the results are
shown in Fig. 3C. To further explore the active com-
pounds in HVO, molecular docking of 41 prototype
compounds was performed with the key targets associ-
ated with neutrophil extracellular traps formation and

(See figure on next page.)
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the IL-17 signal pathway, i.e. IL-8, IL-17, MPO, and NE.
As shown in Fig. 3D, 3-methoxy-4-hydroxy mandeloni-
trile, 1,2,3,4-tetrahydro-1,5,7-trimethyl- Naphthalene,
cis-calamenene and aristol-1(10)-en-9-yl isovalerate had
strong binding affinity with the targets MPO and NE.
Figure 3E displays the representative molecular docking
results of the most stable pair of each key target and the
corresponding component.

HVO inhibited neutrophil extracellular traps (NETs)
formation and IL-17-induced neutrophilic recruitment

in OVA/LPS-induced SRA mice

To confirm the network topology, we performed assays
on related proteins implicated in the process of NETs
formation. Since NETSs are complexes composed of DNA
webs and globular proteins including MPO, NE, and
citH3 (Fig. S3), [7], the relative levels of MPO, NE, and
citH3 in lung tissue were used to evaluate the inhibitory
effect of HVO on NETs formation. NETs were found to
be upregulated in the OVA/LPS group, evidenced by
higher expression of MPO, NE, and citH3 than that in
the control group. However, after treatment with HVO,
the levels of NETs were reduced (Fig. 4A-D). Concur-
rently, the IL-17 signaling pathway was enriched accord-
ing to KEGG analyses (Fig. 3B). The mitogen-activated
protein kinases (MAPKs) is recognized to be involved in
IL-17 signaling pathway as well as IL-17-induced release
of neutrophil-mobilizing cytokines (Fig. S3) [16, 17], pro-
teins associated with the activation of MAPKs (p-ERK,
p-JNK and p-P38) were examined in mouse lung tis-
sues. The result suggested that the phosphorylation lev-
els of ERK, JNK and P38 were down-regulated by HVO
treatment, indicating HVO could inhibit IL-17-induced
neutrophil recruitment by inhibiting MAPKs activation
(Fig. 4E-F). Thus, we speculated that HVO, especially at
the middle dose, could resolve OVA/LPS-induced SRA
by inhibiting NETs release and IL-17 signaling pathway.
However, the exact mechanism underlying the inhibition
requires further investigation.

HVO inhibits NETs formation through the suppression

of neutrophil elastase in OVA/LPS-induced SRA mice
Neutrophil elastase (NE), which is pivotal in NETs for-
mation, is a proteolytic enzyme stored in the azurophilic
granules of neutrophils that processes histones, leading

Fig. 7 HVO and SIV significantly inhibit PMA-induced NETs formation in mice neutrophils. A Schematic diagram showing the isolation

of neutrophils from bone marrow cells of C57BL/6 mice in vitro, and their treatment with PMA (100 nM, 4 h) to induce NETs. B, D and F
Representative immunofluorescence images of MPO B, NE D and citH3 F in neutrophils isolated from mice bone marrows to visualize NETs
formation. Scale bar=100 um. C, E and G Quantification of MPO C, NE E and citH3 G and in neutrophils by mean fluorescence intensities. Data
was presented as mean £ SEM. ****P <0.0001, **P< 0.01 versus Control group. ####P < 0.0001, ###P < 0.001, ##P < 0.01 versus PMA group
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to the release of NETs into the extracellular space [18].
Inhibition of NE activity may provide a viable approach
for preventing NETs formation [19]. SIV, a second-gen-
eration NE inhibitor [20], was used to ascertain the role
of NETs formation in a neutrophilic SRA mice model.
We also wondered whether the concurrent treatment of
HVO and SIV could enhance the therapeutic potential of
HVO.

Using an animal model as shown in Fig. 5A, decreased
levels of NE, MPO, and citH3 were observed in the SIV,
HVO, and HVO+SIV groups (Fig. 5B-E), indicating
that HVO suppressed NETs formation by impeding the
release of NE. Simultaneously, SIV or HVO alone attenu-
ated AHR (Fig. 6A), decreased the number of inflamma-
tory cells in the BALF (Fig. 6B, C) and blood (Fig. 6D),
reduced the levels of IL-8, IL-17, CXCL1, and CXCL2
(Fig. 6E-H), and alleviated airway inflammation infiltra-
tion and airway remodeling (Fig. 61, J). However, com-
bined treatment with HVO and SIV (HVO + SIV) did not
enhance the already suppressed AHR, airway inflamma-
tion, and remodeling, and there was no difference com-
pared with HVO or SIV alone (Fig. 6A-]).

Consequently, we believe that HVO inhibits NETs
formation by suppressing NE to relieve the symptoms
in OVA/LPS-induced SRA mice.

HVO inhibits phorbol-12-myristate-13-acetate
(PMA)-induced NETs formation in vitro

Next, we evaluated the effect of HVO on NETs forma-
tion in vitro. PMA is a classic factor that induces NETs.
Bone marrow neutrophils [21] of C57BL/6 mice were
isolated (Fig. 7A) and stimulated with PMA to induce
NETs formation in the presence or absence of serum
containing-HVO or SIV, and then NE, MPO, and citH3
were measured using immunofluorescence staining. As
depicted in Fig. 7B—G, PMA-induced NETs formation
was significantly decreased by HVO or SIV treatment.

To investigate whether human neutrophils could reca-
pitulate these results, HL-60 cells were used [22]. Treat-
ment with 10 pM ATRA for 5 days (more neutrophils and
cell survival rate) was the optimal condition for inducing
HL-60 cells into neutrophil-like dHL-60 cells (Fig. 8A—
D). Subsequently, the effects of HVO and SIV on NETs

(See figure on next page.)
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formation were examined using IF staining. Compared
with that in the PMA group, NETs formation was sig-
nificantly decreased by either HVO or SIV treatment in
human neutrophils (Fig. 8F-I).

Collectively, these in vitro experiments confirmed that
HVO inhibited PMA-induced NETs formation by sup-
pressing NE.

Discussion

HVO, an active fraction of the Uygur herb H. cuspidatus,
has excellent bioactivity and is effective in treating com-
mon allergic asthma [23]. The present studies address the
question whether HVO have the same therapeutic effects
in SRA. As shown in the in vivo experiments, HVO effec-
tively alleviated AHR and inhibited the aggregation of
neutrophils around the bronchi, as well as the inflamma-
tory response and airway mucus overproduction caused
by neutrophils. This finding suggests that HVO has a
therapeutic effect against SRA.

HVO, as a complex mixture, the elucidation of the
pharmacologically active constituents is important for
its development as a potential treatment for SRA [24].
In this study, we precisely identified 41 prototypes, 65
phase I metabolites and 50 phase II metabolites in HVO-
containing serum (Supplementary Tables S1-3). Moreo-
ver, network pharmacology analysis revealed that the key
signaling pathways are intimately linked to the formation
of NETs. Particularly, MPO and NE, as the key targets
in HVO'’s treatment of SRA, play an essential role in the
formation of NETs. During the formation of NETs, MPO
and NE migrate to the nucleus from azurosome granules,
cleave histones, leading to histones citrullination and
chromatin decondensation, and subsequently, the plasma
membrane ruptures, releasing the web-like NETs [25].
Therefore, we conducted molecular docking experiments
of compounds in serum-containing HVO and key targets,
by which we discovered that 3-methoxy-4-hydroxy man-
delonitrile, 1,2,3,4-tetrahydro-1,5,7-trimethyl-naphtha-
lene, cis-calamenene and aristol-1(10)-en-9-yl isovalerate
showed excellent affinity for MPO and NE. These com-
pounds above, which can target the key proteins MPO
and NE involved in the formation of NETs, may be the

Fig. 8 HVO and SIV significantly inhibit PMA-induced NETs formation in human neutrophils. A Differential level of HL-60 cells into neutrophil-like
dHL-60 cells induced by different concentration of ATRA and different induction time, measured by Giemsa staining. B Cell survival rate of dHL-60
cells at different concentration of ATRA and different induction time by trypan blue (0.08%) staining. C, D Representative flow cytometry

plots and quantification of neutrophils (CD11b+CD15+) differentiated from HL-60 cells with ATRA for 5 days. e Schematic diagram showing

the differentiation of HL-60 cells to neutrophil-like dHL-60 cells, and their treatment with PMA (100 nM, 4 h) to induce NETs. F-I Representative
immunofluorescence images and quantification of mean fluorescence intensities of MPO F, H and NE G, I in neutrophils differentiated from HL-60
cells to visualize NETs formation. Scale bar= 100 pm. Data was presented as mean + SEM. *P < 0.05 versus 0 uM DAY1. ****P < (0,0001 versus Control

group. ###HP <0.0001, ###P < 0.001, ##P < 0.01, ns P> 0.05 versus PMA group
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Fig. 9 Possible mechanism of the pulmonary protective effects of HVO on SRA

therapeutic compounds of HVO in the treatment of SRA,
and hold value for further research.

Mechanistic research helps understand how drugs
intervene the pathological processes, which is impor-
tant for the development of new drugs. In this study, the
network pharmacology and in vivo/in vitro experiments
were explored to offer a mechanisms exploration of HVO
associated with SRA. NETs, DNA-based webs coated
with citH3, and antimicrobial proteins such as NE and
MPO, play crucial roles in the innate immune system by
trapping and neutralizing pathogens, and several stud-
ies have demonstrated their roles in airway inflamma-
tion and subsequent airway epithelial cell damage in SRA
[4]. Upon exposure to various triggering factors such as
allergens, virus and bacterial components, smoking and
inflammatory signals, which stimulate differentiation of
TH17 cells from naive T cell, the IL-17 produced from
Th17 cells binds to IL-17R and causes activation of three
MAPKSs cascades. Once activated by the upstream regu-
lators, the MAPKs translocate to the cell nucleus where
they modulate the activity of nuclear transcription fac-
tors and kinases, which in turn cause the production of
neutrophil-mobilizing cytokines such as IL-8, CXCL1

and CXCL2 [7, 8, 17]. Neutrophils recruited to the air-
way and lung tissues achieve their host defense role by
phagocytosing pathogens, secreting their granules full
of cytotoxic enzymes, and expelling NETs [26]. During
the processes of NETs formation, mediators released
from neutrophils such as NE, MPO, and citH3 promote
bronchoconstriction, increased mucus production, cause
collateral damage to the lungs, and strengthen the devel-
opment of neutrophil recruitment and steroid resistance
[27]. Our findings of elevated expression of MPO, NE
and citH3 around the airways of mice with SRA dem-
onstrate that NETs positively correlates with SRA, con-
sistent with the clinical findings of elevated NETs in the
sputum of patients [4]. Moreover, HVO could suppress
NETs release, together with the activation of p-ERK,
p-JNK, p-p38 in IL-17 signaling pathways and reduced
production of IL-8, IL-17, CXCL1 and CXCL2, leading
to improvement of AHR, mucus production and airway
remodeling (Fig. 9).

Several studies have shown that inhibiting NETs forma-
tion with NE inhibitors, can reduce lung pathologies and
improve pulmonary function [28]. SIV, a specific inhibi-
tor of NE, has demonstrated efficacy in the treatment of
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respiratory diseases, including acute lung injury or acute
respiratory distress syndrome with systemic inflamma-
tory response syndrome [20]. Likewise, our results sug-
gested that both SIV and HVO effectively inhibit NETs
formation and prevent the development of SRA in the
OVA/LPS-induced mice model as well as in vitro.

Extensive evidence corroborates the association
between NETs and a spectrum of pulmonary disorders.
For example, NETs had been found impair obstructive
lung function in mice and patients with cystic fibrosis
[29]. It was reported that NETs formation was increased
in the sputum of patients with chronic obstructive pul-
monary disease and was associated with disease severity
and airway neutrophil function [30]. NETs and NETs-
associated dsDNA have also been found to contribute to
the pathogenesis of rhinovirus-induced allergic asthma
exacerbations and type 2 immune responses in a mouse
model [31]. In the present study, our findings add to this
body of evidence by showing an association between
NETs and SRA, reinforcing the idea that NETs are central
to pulmonary disease, and suggest that inhibiting NETSs
might be a promising approach for treating neutrophilic
lung diseases.

To conclude, HVO attenuated AHR, airway
inflammation, mucus overproduction and airway
remodeling in OVA/LPS-induced SRA mice by sup-
pressing neutrophil filtration and NETs formation.
Additionally, the main effective compounds, such as
3-methoxy-4-hydroxy mandelonitrile, 1,2,3,4-tetrahy-
dro-1,5,7-trimethyl-naphthalene, cis-calamenene and
aristol-1(10)-en-9-yl isovalerate, play vital role in HVO
for the treatment of SRA. This finding implies that
HVO may be a novel agent for the development of anti-
SRA drugs.
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