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Abstract

Allergic asthma is a heterogeneous inflammatory disorder triggered by inhaled allergens, lead-
ing to airflow obstruction, bronchial inflammation, and airway hyperresponsiveness (AHR). T
helper (Th) 2 cell-mediated immune response and airway inflammation are the key features of
allergic asthma. Bruceine D (BD) is a bioactive compound extracted from the seeds of Brucea
Jjavanica. The present study aimed to investigate the effects of increased doses of BD on AHR,
secretion of Th1-/Th2-associated cytokines, and inflammatory cell infiltration in ovalbumin
(OVA)-induced allergic asthma mice. The results showed that BD reduced OVA-induced inflam-
matory cell infiltration and bronchial hyperresponsiveness into the peribronchial tissues and
perivascular areas. Mice treated with BD also showed significantly decreased expressions of
Th2-associated cytokines (i.e., interleukin (IL)-4, IL-5, and IL-13) and elevated production of
Th1-associated cytokines (i.e., interferon gamma and IL-2) following OVA stimulation. BD treat-
ment dose-dependently inhibited OVA-induced accumulation of inflammatory cells in asth-
matic mice. Further analysis revealed that OVA exposure upregulated pulmonary expressions
of NOTCH signaling receptors, a group of transmembrane proteins that communicate signals
upon binding to transmembrane ligands expressed on adjacent cells, while BD treatment sig-
nificantly abolished OVA-induced activation of the NOTCH pathway. In conclusion, BD pro-
tected mice against OVA-induced allergic asthma by reducing AHR and restoring the Th1/Th2
balance through the NOTCH signaling pathway. Our findings highlighted the potential of BD as
a therapeutic agent for allergic asthma.
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Introduction

Allergic asthma is a chronic, heterogeneous inflammatory
syndrome triggered by inhaled allergens, leading to airflow
obstruction, bronchial inflammation, airway hyperrespon-
siveness (AHR), and possibly allergic shock." The preva-
lence of allergic asthma has been increasing from 5.0 to
7.3% over the past two decades, while the prevalence of
nonatopic asthma remained stable around 3.5%.2 The high-
est incidence of allergic asthma is observed in early child-
hood.? Bronchodilators, such as p2-adrenoceptor agonists
and inhaled corticosteroids, as well as anti-inflammatory
drugs are the most widely used treatment strategies for
allergic asthma, but varied treatment responses have been
observed in different individuals.* Hence, the development
of new therapeutic strategies with high effectiveness and
improved reliability is of great importance for patients with
allergic asthma.

T helper cells play crucial roles in the pathophys-
iological process of allergic asthma.>® T helper 2 cell
(Th2)-mediated immune response and airway inflamma-
tion are the key characteristics of this chronic disorder.”
Upregulation of Th2-associated cytokines, such as inter-
leukin (IL)-4, IL-5, and IL-13, in asthmatic patients induces
the infiltration and activation of eosinophils in the lung.? In
contrast, the cytokines released by T helper 1 cells (Th1),
such as interferon gamma (IFN-y), have been shown to
inhibit the development of allergic asthma.’ Thus, thera-
peutic agents that can restore the Th1/Th2 balance may be
of interest for the treatment of allergic asthma.

Bruceine D (BD) is a natural, bioactive compound
extracted from the seeds of Brucea javanica.' Previous lit-
erature has reported that BD acts as a tumor suppressor
in different types of human cancers, including lung carci-
noma,'"" gastric cancer,’? and breast cancer.” It also plays
a neuroprotective role in Parkinson’s disease by inhibit-
ing oxidative stress and the production of inflammatory
factors in the brain.” BD is proved to be an inhibitor of
NOTCH signaling receptors, a group of transmembrane pro-
teins that communicate signals upon binding to transmem-
brane ligands expressed on adjacent cells.” A recent study
reported that inhibition of the NOTCH pathway reduced
airway inflammation in asthmatic mice.'® However, whether
Bruceine D can alleviate allergic asthma and whether the
NOTCH pathway is involved in this process remain unknown.

In the present study, we used ovalbumin (OVA) to
induce allergic asthma in mice and investigated the effects
of Bruceine D on AHR, secretion of Th1/Th2-associated
cytokines, and infiltration of inflammatory cell in mice
following OVA challenge. The effect of Bruceine D on the
NOTCH pathway in asthmatic mice was also explored.

Materials and methods
Animal model of allergic asthma

Twenty-five male BALB/c mice (8 weeks old, 18-20 g)
were purchased from Shanghai Laboratory Animal Center
(Shanghai, China) and housed in a specific pathogen-free
environment with a temperature of 22-24°C, 12-h alternat-
ing light-dark cycle, and 50-60% humidity. All animals had

ad libitum access to water and food. All experiments were
approved by the Animal Ethics Committee of Wuhan Myhalic
Biotechnology Co., Ltd. (Approval no. HLK-20210202-01)
and performed following the Guide for the Care and Use of
Laboratory Animals."”

After 1 week of acclimation, mice were randomly
assigned to five groups (n =5 per group): Sham, OVA, OVA +
10 mg/kg BD, OVA + 20 mg/kg BD, and OVA + 40 mg/kg BD.
A model of OVA-induced allergic asthma was established
as previously reported.” Briefly, all mice, except those in
the Sham group, were intraperitoneally injected with 200
ng of OVA (Sigma, St. Louis, USA) and 1 mg of aluminum
hydroxide (Sigma) dissolved in 0.2 mL of normal saline on
Day 1, 8, and 15. From Day 22 to 25, mice were placed in
an incompletely closed container and continuously exposed
to 2.5% OVA (30 min per day) using an ultrasonic nebulizer
(Omron Co., Tokyo, Japan).

Drug treatment

BD (>97% purity; CAS Number: 21499-66-1) was purchased
from Tauto Biotech Co., Ltd. (Shanghai, China) and dis-
solved in DMSO (Sigma) to different concentrations. From
Day 19 to Day 25 of OVA stimulation, model mice subjected
to BD treatment were intraperitoneally injected once per
day with different concentrations of BD (10, 20, and 40 mg/
kg) 1 h before OVA challenge, while the OVA group were
treated with an equal amount of DMSO. The Sham group
remained untreated. Schematic diagram of the experimen-
tal procedure is shown in Figure 1A.

Histopathological analysis of lung tissues

Immediately after the AHR assessment, all animals were
euthanized by an intraperitoneal injection of Pentobarbital
Sodium (1%, 80 mg/kg). The lung tissues were harvested
and stored at —80°C. A proportion of tissue samples was
fixed in 4% paraformaldehyde overnight and then cut into
5-um sections. The sections were then dewaxed, dehy-
drated in ethanol, and stained with hematoxylin and eosin
(H&E; Sigma). Microscopic images were captured at x200
magnification using a light microscope (Olympus, Tokyo
Japan).

Assessment of airway hyperresponsiveness

At 24 h after the last OVA inhalation, mice were tested for
AHR using the Buxco Noninvasive Airway Mechanics System
(Buxco Electronics Inc., Wilmington, USA) as previously
mentioned."® Animals were anesthetized by an intraperi-
toneal injection of 7% hydrate chloral (0.5 mL/100 g) and
then exposed to aerosolized normal saline or increasing
concentrations (10-50 mg/mL) of methacholine (Sigma).
The airway resistance in the cannula was assessed.

Enzyme-linked immunosorbent assay

The lung tissues were homogenized using RIPA buffer with
protease inhibitors (Bio-Rad). The pulmonary concen-
trations of IFN-y, IL-2, IL-4, IL-5, and IL-13 were measured
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Figure 1

Pulmonary morphological changes in OVA-challenged mice treated with or without BD. (A) Schematic diagram of the

experimental procedure. (B) An animal model of OVA-induced allergic asthma was established in BALB/c mice. The OVA, OVA + 10
mg/kg BD, OVA + 20 mg/kg BD, and OVA + 40 mg/kg BD groups (n = 5 per group) were treated with BD at various doses or DMSO
from Day 19 to Day 25 of OVA stimulation. The Sham group (n = 5) received no OVA exposure. The lung tissues were harvested at
24 h after the last OVA inhalation, sectioned, and stained with H&E. The images were observed at x200 magnification.

using enzyme-linked immunosorbent assay (ELISA) Kkits
(BioSource International, Camarillo, USA). The optical den-
sity was measured at 450 nm using a microplate reader
(Bio-TEK, Winooski, USA).

Inflammatory cell counting

Blood samples were obtained from the brachial plexus of
each mouse after the AHR assessment, and centrifuged at
1300 x g for 10 min at 4°C. The serum supernatant was
then collected. Inflammatory cells, including white blood
cells, monocytes, basophils, neutrophils, lymphocytes, and
eosinophils were counted using a Hemavet 950 Hematology
System (Drew Scientific, Inc., Miami Lakes, USA)

Western blot

The homogenized lung tissue samples were prepared using
RIPA buffer with protease inhibitors (Bio-Rad). The bicin-
choninic acid assay (Pierce, Rockford, USA) was used to
determine protein concentration. An equal amount of pro-
tein samples (50 pg) were separated by a 10% SDS-PAGE gel
and transferred onto the PVDF membrane (MilliporeSigma,
Burlington, USA). After blocking with 5% nonfat dry milk,
the PVDF membranes were incubated with designated pri-
mary antibodies overnight at 4°C: NOTCH1 (1:1000; cat no.
52627, Abcam, Cambridge, USA), NOTCH2 (1:1000; cat no.
518049, Santa Cruz Biotechnology, Dallas, USA), NOTCH3
(1:1000; cat no. 2889, Cell Signaling Technology, Danvers,
USA), DLL4 (1:1000; cat no. 270534, Abcam), and B-actin
(1:3000; cat no. 8226, Abcam). After washed with Tris-
buffered saline tween, the membranes were incubated
with a secondary antibody (1:5000; cat no. 6721, Abcam)

at room temperature for 1 h. The bands were visualized
by Alphalmager 2000 Imaging System (Alpha Innotech, San
Leandro, USA) and quantified using the Image J software.

Statistical analysis

Data were analyzed by the SPSS software (v. 24.0) and
presented as mean * standard deviation from three
independent experiments. One-way ANOVA followed by
Bonferroni’s post-hoc test was performed to determine sta-
tistical significance among groups. A p-value of <0.05 was
considered statistically significant.

Results

Pulmonary morphological alterations in
mice with allergic asthma

To investigate the effects of BD on asthma and the potential
pathways involved in this process, we established an OVA-
induced allergic asthma mouse model and treated mice
with or without BD at various concentrations. Compared
with the Sham group, OVA-challenged mice showed severe
inflammatory cell infiltration into the peribronchial con-
nective tissues and perivascular areas. The BD treatment,
however, reduced infiltration of inflammatory cells, and
ameliorated fibrosis around the airways and vessels in OVA-
stimulated mice. The higher the dose of BD given to mice,
the less the morphological alterations observed in the
lungs (Figure 1B). The histopathological analysis indicated
that BD treatment repaired OVA-induced pulmonary tissue
injury in mice.
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Figure 2 Effect of BD on AHR in mice with OVA-induced
allergic asthma. The AHR assessment was performed 24 h
after the final OVA challenge. Mice were administered with
increasing concentrations of methacholine (0-50 mg/mL)
under anesthesia. The airway resistance of each mouse was
assessed. **p < 0.01 compared with the Sham group; #p < 0.01
compared with the OVA group.

Effect of BD on OVA-induced AHR in mice

Since increased bronchial hyperresponsiveness is the
main manifestation of asthma, we further investigated
the effect of BD on airway resistance. Compared with
the Sham group, OVA-challenged mice showed signifi-
cantly increased airway resistance when the concentra-
tion of methacholine exceeded 10 mg/mL. BD significantly
decreased OVA-induced airway resistance in mice at all
concentrations, and the most robust effect was observed
at the highest concentration (40 mg/kg) (Figure 2). These

results suggested that BD alleviated OVA-induced AHR in
asthmatic mice.

Effect of BD on Th1-/Th2-associated cytokines in
mice with OVA-induced asthma

To explore whether BD affected the Th1/Th2 balance in
mice with allergic asthma, we measured the levels of Th1-/
Th2-associated cytokines in lung tissues. The Th1 cytokines
(i.e., IFN-y and IL-2) were significantly downregulated, while
the levels of inflammatory Th2 cytokines (i.e., IL-4, IL-5, and
IL-13) were markedly elevated in OVA-challenged mice com-
pared with the Sham group (Figure 3), indicating that OVA
stimulation resulted in the imbalance of Th1/Th2 in mice.
BD at the highest concentration (40 mg/kg) effectively
upregulated IFN-y and IL-2, and reduced the production of
Th2-associated cytokines in OVA-stimulated mice, implying
that BD treatment restored the Th1/Th2 balance in asthma.

Effect of BD on the number of inflammatory cells
in the blood of OVA-treated mice

Next, we counted the number of inflammatory cells in the
blood of mice to determine the regulatory effect of BD
on inflammatory cell population. OVA stimulation signifi-
cantly increased the number of white blood cells, mono-
cytes, basophils, neutrophils, lymphocytes, and eosinophils
in the blood of mice compared with the Sham group. BD
treatment, however, almost completely eliminated the
effect of OVA challenge on the induction of inflammatory
cells (Figure 4). These data suggested that BD inhibited the
accumulation of inflammatory cells in mice following OVA
stimulation.
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Figure 3 Effect of BD on the production of Th1/Th2-associated cytokines in OVA-exposed mice. The pulmonary concentrations of
Th1/Th2-associated cytokines in all groups of mice were measured by ELISA, including IFN-y, IL-2, IL-4, IL-5, and IL-13. *p < 0.05, **p
< 0.01 compared with the Sham group; #p < 0.05, #p < 0.01 compared with the OVA group.
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Figure 4 Effect of BD on the number of inflammatory cells in OVA-challenged mice. The serum samples were collected from
all mice after the AHR assessment. The numbers of inflammatory cells, including white blood cells, neutrophils, lymphocytes,
monocytes, eosinophils, and basophils in the blood were counted by a hemocytometer. **p < 0.01 compared with the Sham group;
“p < 0.05, #p < 0.01 compared with the OVA group.

Effect of BD on OVA-induced activation of the

NOTCH pathway

Lastly, we found that OVA challenge induced the activa-
tion of the NOTCH pathway in mice, as evidenced by sig-
nificantly upregulated pulmonary expressions of NOTCH1,
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NOTCH2, NOTCH3, and DLL4, a transmembrane protein

that acts as a ligand for Notch receptors. Treatment of BD
at all doses efficiently decreased the levels of all NOTCH-
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signaling-related proteins in a concentration-dependent
manner (Figure 5), indicating that BD restrained the activa-
tion of the NOTCH signaling in OVA-challenged mice.

M Sham

[l OVA

W OVA+10mg/kg BD
1 OVA+20mg/kg BD
[ OVA+40mg/kg BD

- -
o [¢)]

o
)

NOTCH2/B-actin
(fold change)

o
o

M Sham

H OVA

Il OVA+10mg/kg BD
[1 OVA+20mg/kg BD
[0 OVA+40mg/kg BD

-
a

-
o

it

e
&
¥

NOTCH3/B-actin
(fold change)

0.0

Figure 5 Effect of BD on OVA-induced activation of the NOTCH pathway. The expressions of NOTCH1, NOTCH2, NOTCH3, and
DLL4 in mouse lung tissues were examined by Western blot. Beta-actin was used as an internal control. **p < 0.01 compared with
the Sham group; #p < 0.01 compared with the OVA group.



78

Nie Y et al.

Discussion

Despite major advances in the treatment of allergic asthma
over the past decades, it remains a serious health prob-
lem that affects at least 300 million people worldwide."”
The potential use of pharmaceutical compounds to reduce
bronchial inflammation and inhibit AHR in asthma has been
explored. In the present study, we showed that Bruceine D
restored the Th1/Th2 balance and inhibited inflammatory
cell infiltration in OVA-induced allergic asthma mice via
suppressing the NOTCH pathway.

In allergic asthma, airway structural changes, such as the
loss of epithelial integrity, subepithelial fibrosis, increased
smooth muscle mass, and neovascularization, have been
shown to cause airway narrowing, AHR, and infiltration
of inflammatory cells.?? In this study, histological analysis
showed that BD ameliorated OVA-induced inflammatory cell
infiltration into the perivascular and peribronchial tissues
and reduced fibrosis around these areas. Bronchial hyper-
responsiveness, referring to the predisposition of the airway
to narrow excessively in response to stimuli, has been con-
sidered a major hallmark of allergic asthma.?' Previous evi-
dence has suggested that the severity of AHR is associated
with an increased level of treatment required for asthma
control and an increased risk of life-threatening exacerba-
tion.?2 Here, we found that BD treatment significantly and
dose-dependently decreased OVA-induced AHR in mice.

The imbalance of Th1 and Th2 cells is a key contributor
to the pathogenesis of allergic asthma.? The inappropriate
immune responses to allergens trigger the differentiation of
naive T CD4 cells toward Th2 cells and consequently leads to
the excessive secretion of Th2-associated cytokines, partic-
ularly IL-4, IL-5, and IL-13, which induce AHR, mucus hyper-
secretion, and goblet cell hyperplasia. The Th1-associated
cytokines (i.e., IFN-y and IL-2), however, have been reported
to inhibit the expression of IL-4 and reduce the aggrega-
tion of immune cells.? In this study, mice treated with BD
showed significantly downregulated Th2-associated cyto-
kines and elevated production of Th1-associated cytokines
following OVA stimulation, suggesting that BD intervention
restored the Th1/Th2 balance in asthmatic mice.

Inflammatory cells, including white blood cells, baso-
phils, neutrophils, monocytes, lymphocytes, and eosino-
phils, are essential components of allergic inflammation.
For example, neutrophils produce excessive amounts of
inflammatory cytokines, thus contributing to airway remod-
eling and exaggerating asthma.? Lymphocytes are involved
in the regulation of airway immune response in asthma and
secrete proinflammatory factors.?” Eosinophils release amy-
loid granules at the site of inflammation to induce airway
obstruction and tissue edema, and stimulate the secretion
of proinflammatory cytokines, which further promote bron-
chial inflammation.?® Here, our results demonstrated that
BD treatment dose-dependently inhibited OVA-induced
accumulation of inflammatory cells in asthmatic mice.
Further investigations of inflammatory cell count in the
lung tissues are needed to validate the current findings.

The activation of the NOTCH pathway plays an indis-
pensable role in allergic asthma. Inhibition of NOTCH
signaling in CD4+ T cells protected mice against allergic
airway inflammation and the development of AHR.? It has
also been reported that T-cell-specific NOTCH deficiency

prevents house-dust-mite-driven eosinophilic bronchial
inflammation and reduces the production of Th2 cytokines
and AHR.*® Our data showed that OVA exposure increased
pulmonary expressions of all NOTCH signaling receptors,
while BD treatment significantly abolished OVA-induced
activation of the NOTCH pathway.

Conclusion

Taken together, BD protected mice against OVA-induced
allergic asthma by reducing AHR and restoring the balance
between Th1- and Th2-associated cytokines through deac-
tivating the NOTCH pathway. Our findings suggest that BD
may be used as a therapeutic agent for allergic asthma.
Future investigations are needed to determine the optimal
dosage and delivery method of BD.
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