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Bulleyaconitine A inhibits the lung inflammation and airway remodeling
through restoring Th1/Th2 balance in asthmatic model mice
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ABSTRACT

The current study aimed to study the effects of Bulleyaconitine A (BLA) on asthma. Asthmatic mice
model was established by ovalbumin (OVA) stimulation, and the model mice were treated by BLA.
After BLA treatment, the changes in lung and airway resistances, total and differential leukocytes
in the bronchoalveolar lavage fluid (BALF) were detected, and the changes in lung inflammation
and airway remodeling were observed. Moreover, the secretion of Igg, Th1/Th2-type and IL-17A
cytokines in BALF and serum of the asthmatic mice were determined. The resuts showed that BLA
attenuated OVA-induced lung and airway resistances, inhibited the inflammatory cell recruitment
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in BALF and the inflammation and airway remodeling of the asthmatic mice. In addition, BLA
suppressed the secretion of IgE, Th2-type cytokines, and IL-17A, but enhanced secretions of Th1-
type cytokines in BALF and serum. The current study discovered that BLA inhibited the lung
inflammation and airway remodeling via restoring the Th1/Th2 balance in asthmatic mice.

Asthma is a serious health problem that affects people of
all ages all over the world [1], and the prevalence of
asthma is still increasing [1,2]. Allergic asthma is char-
acterized by reversible airway obstruction to allergens,
chronic airway inflammation, and nonspecific airway
hyperresponsiveness (AHR) [3]. Although asthma is
considered as a condition of reversible airflow obstruc-
tion, many asthma patients still show residual airway
obstruction [4], suggesting that irreversible component
of airways obstruction is reflected in the presence of
airway remodeling. Airway remodeling can further
lead to airway dysfunction and is correlated to the
onset of severe asthma [5]. The process of airway remo-
deling involves collagen deposition, sub-epithelial fibro-
sis, smooth muscle mass, wall thickening, and
proliferation and angiogenesis of goblet cells [3,6].
Although the diagnosis and treatment of allergic asthma
has been improved greatly than before, the disease still
remains one of the most common chronic respiratory
diseases that affect more than 10% of all population in
the world [2,7]. At present, though glucocorticoids are
widely used to treat asthma, but they could produce side
effects and contributes to development of drug resis-
tance of patients [8]. Based on these limitations, it is
urgent to find effective methods to prevent and treat
asthma.

Bulleyaconitine A (BLA) is a diterpenoid alkaloid
isolated from Aconitum bulleyanum plants, which are
widely used in the treatment of chronic pain in China [9].
BLA could relieve different types of chronic pains such as
back pain, joint pain, and neuropathic pain with fewer

side effects, and the use of it as an anodyne has been
permitted in clinical practice by China Food and Drug
Administration since 1985 [10]. Researches have pre-
viously reported the mechanisms of BLA in chronic
pain treatment: Zhu et al. found that BLA could inhibit
presynaptic transmitter release to attenuate neuropathic
pain [9]; Xie et al. showed that the mechanisms of BLA in
anti-neuropathic pain may be realized through Na chan-
nels in uninjured neurons [11]; Li et al. demonstrated
that the ability of BLA to activate the cAMP-PKA-p38p-
CREB pathway may be its potential anti-nociceptive
mechanism [12]. From these reports, BLA potentially
has an anti-hypersensitivie effect [13]. In addition, it
has been reported that BLA could inhibit lung inflam-
mation in allergic asthma [14]. Moreover, BLA Inhibits
Itch and Itch Sensitization Induced by Histamine and
Chloroquine [15], and attenuates hyperexcitability of
dorsal root ganglion neurons induced by spared nerve
injury [16]. However, the effects and mechanisms of BLA
on asthma should be further investigated and confirmed.

Therefore, this study aimed to explore the effects of
BLA on asthma and the underlying mechanisms in
a murine asthmatic model.

Materials and methods
Ethics statement

All animal experiments were performed in accordance
with the guidelines of the China Council on Animal
Care and Use. This study was approved by the
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Committee of Experimental Animals of Yantai
Yuhuangding Hospital (220190105032 H). All possi-
ble efforts have been made in consideration of animal
walfare. The animal experiments were performed in
Yantai Yuhuangding Hospital.

Mice

Sixty adult female BALB/c mice (18-20 g, 6-8 weeks)
were purchased from SLAC Laboratory Animal
Technology (Shanghai, China). All the animals were
fed in the same animal feeding unit under 12 h dark/
12 h light cycle.

BLA

BLA, with a molecular weight of 627.76 and purity of
higher than 98%, was purchased from Yuanye
(107668-79-1, Shanghai, China), and stored at 4°C
for later use. Before using, BLA was dissolved in
1 mL normal saline (R21480, Yuanye) and given to
the mice at the prescribed dose.

Chronic asthmatic model establishment and
treatment

The animals were randomly divided into four groups
(n = 15), and stimulated by chronic ovalbumin (OVA)
to establish an asthmatic model [4]. In brief, on day 0
and 7, the mice were sensitized by intravenous injection
of 0.2 mL saline solution containing 20 pug OVA (vac-
stova, Invivogen, Toulouse, France) and 2 mg alumi-
num hydroxide (HY-B1521, MedChem Express,
Shanghai, China). The mice were exposed to 2% OVA
solution for 30 min by ultrasonic nebulizer from day 14
on three times a week for 6 weeks (Figure 1(a)). Mice in
the control group were only sensitized and treated by
saline solution. From day 14 on, the mice in control and
asthmatic (OVA) groups were orally administrated with
saline solution, while those in Bulleyaconitine A (BLA)
group were intraperitioneally given BLA (0.48 mg/kg).
In tiotropium bromide (Tio) group, the mice received
intranasal drip of 0.1 mm Tio (S61229, Yuanye) 30 min
before the OVA stimulation and were considered as
a positive drug group. After the completion of the
program, the animals were anesthesed by intraperito-
neal injection of overdose of sodium pentobarbital
(R20830, Yuanye), and sacrificed by cervical dislocation
method. Finally, the blood and lung tissues of the ani-
mals were obtained for subsequent analysis.

Assessment of AHR

AHR tests were performed 24 h after the OVA treat-
ment of the mice by forced oscillation technique. In
brief, the mice were anesthetized by intraperitoneal
injection of sodium pentobarbital. Then a catheter

was quickly inserted into trachea, connected to the
FlexiVent (SCIREQ, Montreal, PQ, Canada) and
mechanically ventilated. Lung resistance was mea-
sured by forced oscillation technique. Airway respon-
siveness was determined by increasing doses of
inhaled methacholine (MCh). Data were collected at
I-min interval, moreover, lung function values,
including lung resistance (cm H,0O/mL/s) and airway
resistance (cm H,O/mL/s), were plotted to reflect the
effects of different MCh doses.

Bronchoalveolar lavage fluid (BALF) cell collection

After the catheter was inserted into the trachea, 2 mL
cold PBS (C0221A, Beyotime, Shanghai, China) was
injected into the lung by syringe, which was then
pulled back and forth twice. BALF samples were col-
lected into 1.5 mL tube (615,001, Nest, Wuxi, China)
and centrifuged at 4000 x g for 10 min. Then the
supernatants were stored at —80°C for cytokine mea-
surement. The cell pellets of BAL were re-suspended
in 200 pl PBS. The cells were stained by trypan blue
(C0011, Beyotime) to count the total cell number
under a phase-contrast optical microscope (Axio
Lab.A1 pol; Leica, Solms, Germany). Cell differentia-
tion was determined by a Diff-Quick Stain Kit
(40748ES60, YEASEN, Shanghai, China).

Histopathology

After we obtained the lung tissues from the sacrificed
mice, the tissues were fixed with 4% paraformaldehyde
(P804536, Macklin, shanghai, China). The tissues were
routinely processed, paraffin-embedded in (525190,
Yuanye), and sectioned into 5-um slices. Then the
slices were stained by hematoxylin and eosin (H&E)
(H-3502, Vectorlabs, MA, USA), periodic acid-Schiff
(PAS) (395B, Sigma, CA, USA), and trichrome stain
(Masson) (HT15-1KT, Sigma) for pathological obser-
vation of the lung tissues. Then the images were col-
lected by Leica DM4000B microscope under a light
microscope.

Cytokine measurement

Cytokines secretion levels of the supernatants of BALF
and the mouse serums were analyzed by enzyme-
linked immunosorbent assay (ELISA). The ELISA kit
of mice IgE (DCMO060-9), OVA-specific IgE
(ml063583), IFN-y (ml002277), IL-12 (ml037881),
eotaxin  (ml002213), IL-4 (ml064310), IL-5
(ml063157), IL-13 (ml063123), IL-33 (ml063153),
and IL-17A (ml037864) were purchased from
Enzyme-linked Biotechnology (Shanghai, China). In
brief, the wells in a coated micro-well plate were filled
with 50 pL of each concentration of standard, or 25 uL
test samples with 25 pL biotin. All the wells were filled
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Figure 1. BLA attenuates AHR in chronic OVA-induced asthma and inhibits inflammatory cell recruitment in BALF. (a).
Experimental layout to develop the model of chronic asthma in mice. (b, ¢). Lung resistance and airway resistance in BALF
were detected by forced oscillation technique. (dg) The number of the total, eosinophils, neutrophils, and lymphocytes in BALF

were detected by trypan blue. All experiments were conducte

d in triplicate (**P < 0.01, ***P < 0.001, vs. Control; ¥*pP < 0.01,

&&&p < 0.001, vs. OVA; *P < 0.05, *P < 0.01, vs. OVA+Tio). (BLA: Bulleyaconitine A, AHR: Airway Hyperresponsiveness, OVA:

ovalbumin, BALF: bronchoalveolar lavage fluid, Tio: tiotropium

with 50 pL enzyme conjugation liquid and incubated
for 1 h at 37°C. After washing the well for 5 times with
washing liquid, substrate A (50 puL) and B (50 pL) were
added into each well, and incubated for 20 min at
room temperature. Finally, the wells were added with
50 pL stopping liquid, and the absorbance was mea-
sured at 450 nm by a microplate reader (Infinite M200
PRO, Tecan Austria GmbH, Austria).

Statistical analysis

Student’s t-test and one-way ANOVA were used to
analyze the data by SPSS software (version 18.0). LSD

bromide).

and Dunnet’s were used as posthoc tests. The data were
shown as mean + standard. All experiments were con-
ducted in triplicate. Statistically, a significant result was
defined as P < 0.05.

Results

BLA attenuates AHR in chronic OVA-induced
asthma and inhibits inflammatory cell recruitment
in BALF

As AHR is the most typical characteristic of asthma [3],
AHR of the mice in each group was detected.
Experimental layout to develop the model of chronic
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asthma in mice shown in Figure 1(a). As shown in
Figure 1(b,c), the baselines of conditions of lung and
airway resistances of these four groups of mice were
almost the same, and with the increases of Mch at the
concentration from 25 to 100 mg/mL (OVA group), the
lung and airway resistances were significantly increased
compared with the control groups (P < 0.001, respec-
tively). However, in OVA+Tio and OVA+BLA groups,
the treatment of Tio and BLA both inhibited the OVA-
induced lung and airway resistances compared with
OVA group (P < 0.01, respectively). Tio is a positive
drug for asthma, and OVA+Tio group was seen as
a positive control. The result revealed that BLA attenu-
ated AHR in the mice with chronic OVA-induced
asthma. Then, the change of total and differential leu-
kocytes (eosinophils, neutrophils, and lymphocytes) in
the BALF were detected, as shown in Figure 1(d,g), the
total and differential leukocytes in OVA group were
higher than those in control group (P < 0.01, respec-
tively), while in OVA+Tio and OVA+BLA groups, the
total and differential leukocytes were significantly
reduced compared with OVA group (P < 0.01, respec-
tively). Although the levels of eosinophils, neutrophils,
and lymphocytes in OVA+BLA group were higher than
that in OVA+Tio group (P < 0.05, respectively), the
results still demonstrated that BLA inhibited inflamma-
tory cell recruitment in BALF.
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BLA inhibits the lung inflammation and IgE
secretion in chronic OVA-induced asthma

Based on the current results, we further observed the
changes in lung inflammation using H&E staining, as
shown in Figure 2(a), histopathological examination
showed that inflammation in perivascular and peri-
bronchial regions was significantly increased in OVA
group but reduced in OVA+Tio and OVA+BLA
groups, however, the inflammation was not quantified.
Then we measured the secretion levels of total IgE and
OV A-specific IgE of the mice serum of each group. As
shown in Figure 2(b,c), the results revealed that the
secretion levels of total IgE and OVA-specific IgE
were significantly increased in OVA group compared
with control group (P < 0.001, respectively), while in
OVA+Tio and OVA+BLA groups, the levels of the
tweo were greatly reduced compared with OVA group
(P < 0.001, respectively). Their results further demon-
strated that BLA inhibited lung inflammation and IgE
secretion in chronic OVA-induced asthma.

BLA inhibits the airway remodeling in chronic
OVA-induced asthma

The airway remodeling in the mice of each group was
observed, as shown in Figure 3(a), the level of mucous
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Figure 2. BLA inhibits the lung inflammation and IgE secretion in chronic OVA-induced asthma. (a). Lung histopathological
examination was detected by H&E staining (Magnification x100, x200). (b, c) Total IgE and OVA-specific IgE secretion levels were
detected by ELISA. All experiments were conducted in triplicate (***P < 0.001, vs. Control; P < 0.001, vs. OVA). (BLA:
Bulleyaconitine A, OVA: ovalbumin, Tio: tiotropium bromide, H&E: hematoxylin and eosin, ELISA: enzyme-linked immunosorbent

assay).
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Figure 3. BLA inhibits the airway remodeling in chronic OVA-induced asthma. (a). The percentage of PAS+ epithelial cells out of
the total number of epithelial cells in the airway in the lung tissues was detected by PAS staining. (b). The peribronchial area
stained with Masson’s trichrome was quantified to assess the extent of subepithelial fibrosis. All experiments were conducted in
triplicate (***P < 0.001, vs. Control; ***pP < 0.001, vs. OVA). (BLA: Bulleyaconitine A, OVA: ovalbumin, Tio: tiotropium bromide, PAS:

periodic acid-Schiff.).

secretion and the proportion of goblet cells (PAS"
cells) in OV A group were significantly increased com-
pared with control group (P < 0.001), but noticeably
reduced in OVA+Tio and OVA+BLA group com-
pared with OVA group (P < 0.001, respectively).
Similarly, in Figure 3(b), the area of peribronchial
Masson staining (collagen deposition) in the OVA
group was greatly promoted compared with control
group (P < 0.001), but significantly reduced in OVA
+Tio and OVA+BLA groups compared with OVA
group (P < 0.001, respectively). The data further
revealed that BLA could inhibit the airway remodeling
in chronic OVA-induced asthma.

BLA inhibits the levels of Th2, Th17, and icnreases
Th1 cytokines in BALF and serum

To determine the possible effect of BLA on T cell
response in chronic OVA-induced asthma, the levels of
Thl, Th2, and Th17 type cytokines in BALF and serum
were detected. As shown in Figure 4, the levels of Th2-
type cytokines (eotaxin, IL-4, IL-5, IL-13, and IL-33) and
IL-17A were significantly increased in OVA group com-
pared with the control group (P < 0.001), but noticeably
reduced in OVA+Tio and OVA+BLA groups compared
with OVA group (P < 0.001 or P < 0.01). In addition, the
levels of Thl-type cytokines (IL-12 and IFN-y) were
significantly reduced in OVA group compared with con-
trol group (P < 0.001), but greatly increased in OVA+Tio
and OVA+BLA groups compared with OVA group

(P < 0.01). As shown in Figure 5, the secretion levels of
these cytokines in the serums of the mice were consistent
with that in BALF, indicating that the inhibitory effect of
BLA on chronic OVA-induced asthma might be
mediated through restoring Th1/Th2 cytokines balance.

Discussion

The current study aimed to explore the effects and
mechanisms of BLA on asthma. After the model mice
have been successfully established by OVA stimulation,
the mice were treated by BLA. We found that BLA
attenuated the OVA-induced lung and airway resis-
tances, inhibited inflammatory cell recruitment in
BALF, and also suppressed airway inflammation and
airway remodeling, moreover, BLA inhibited the secre-
tion of Th2-type and Th17 cytokines, but enhanced the
secretion of Thl-type cytokines. These results revealed
that BLA could suppress the AHR, inflammatory,
and airway remodeling though restoring Th1/Th2 bal-
ance, indicating that BLA has the potential to be used in
asthma treatment. Tio was used as a positive drug, and its
efficacy on airway inflammation and programmed cell
death 5 was evaluated in the model mice with ovalbumin-
induced allergic asthma [17]. Ti attenuates virus-induced
pulmonary inflammation in cigarette smoke-exposed
mice [18]. Apart from functioning as a bronchodilator,
Tio also affected airway inflammation. We found that Tio
inhibited IgE production and Th2-type responses, and
induced Thl-type responses.
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Figure 4. BLA inhibits the levels of Th2, Th17, and increases Th1 cytokines in BALF.

The secretion levels of Th2-type cytokines (eotaxin, IL-4, IL-5, IL-13, and IL-33), IL-17A, and Th1-type cytokines (IL-12 and IFN-y) in mice BALF were detected
by ELISA. All experiments were conducted in triplicate (***P < 0.001, vs. Control; &&p <« 0.01, %4&p < 0.001, vs. OVA). (BLA: Bulleyaconitine A, OVA:
ovalbumin, Tio: tiotropium bromide, ELISA: enzyme-linked immunosorbent assay).

BLA has could enhance dynorphin secretion of the
microglia and has an anti-hypersensitive effect [13]. In
addition, research reported that BLA could inhibit
lung inflammation in allergic asthma [14]. However,
the effects of BLA on asthma and the underlying
mechanism should be further explored and confirmed.

AHR is the final and a more direct symptom
resulted from inflammation and airway remodeling
[19]. Therefore, the changes in lung and airway resis-
tances after BLA treatment were detected, and we
found that lung and airway resistances of the asthma
model mice stimulated by OVA were inhibited by
BLA, indicating that BLA could inhibit AHR of the
asthma mice. Airway inflammation plays an impor-
tant role in the pathogenesis of asthma, and could lead
to airflow obstruction [20]. Although it still remains
controverisal whether airway inflammation is the only
cause of AHR, it is clear that inflammatory deposition
is closely related to AHR and will lead to AHR [21]. In
this study, we also found that BLA inhibited the
recruitment of inflammatory cells and inflammation.
In addition, chronic airway inflammation can further

contribute to the changes in airway structure leading
to airway remodeling [22,23], the process of which
consists of collagen deposition, sub-epithelial fibrosis,
smooth muscle mass, wall thickening, goblet cell pro-
liferation and angiogenesis [3,24]. Therefore, we
further conducted related experiments, and further
observed that BLA inhibited mucous secretion,
reduced proportion of goblet cells, and collagen
deposition in the lung tissues of asthma mice, suggest-
ing that BLA also could inhibit the airway remodeling
in the asthma mice. These results revealed that BLA
could inhibit AHR, inflammatory cell recruitment,
and airway remodeling.

Although inflammation plays an important role in
the pathogenesis of asthma, its development is depen-
dent on the release of various cytokines [25]. In addi-
tion, some clinical and genetic researches proved that
allergen-specific Th2-type cytokines could drive the
immunopathological characteristics of asthma [26].
Antigen-specific IgE is synthesized through some
types of Th2 cytokines such as eotaxin, IL-4, IL-5, IL-
13, and IL-33 [27]. For verifying whether BLA inhibited
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Figure 5. BLA inhibits the levels of Th2, Th17, and icnreases Th1 cytokines in serum.

The secretion levels of Th2-type cytokines (eotaxin, IL-4, IL-5, IL-13, and IL-33), IL-17A, and Th1-type cytokines (IL-12 and IFN-y) in mice serum were
detected by ELISA. All experiments were conducted in triplicate (**P < 0.01, ***P < 0.001, vs. Control; *P < 0.01, &P < 0.001, vs. OVA). (BLA:
Bulleyaconitine A, OVA: ovalbumin, Tio: tiotropium bromide, ELISA: enzyme-linked immunosorbent assay).

the IgE level occurred before antigen inhalation or by
the antigen inhalation, it is a limitation not detecting the
IgE levels at day 14. Moreover, Th2-type cytokines,
especially on eosinophils, also have a direct effect on
the airway by chemotaxis of inflammatory cells to the
inflammatory region [22,27,28]. Researches found that
the activation of Th2 cytokines was associated with the
severity of airway stenosis and AHR [20,29]. In addi-
tion, with the increased Th2 response, the level of IL-17,
which belongs to Th17 cytokines, will be increased
under asthmatic condition [30,31]. Therefore, in order
to further confirm the current findings, we further
detected the levels of cytokines of Th2 and Thl7.
Consistent with previous reports, we also found that
Th2 and Th17 type of cytokines were high-expressed in
OVA-induced mice, while BLA inhibited the secretion
of these cytokines. It has been previously reported that
the imbalance of Th1/Th2 cytokines is the main cause
of asthma [32,33]. Therefore, Thl cytokines als play
important roles in the pathogenesis of asthma. Mice
lack the cytokines of IFN-yand IL-12, which belongs
to Thl cytokines, will exhibit the characteristics of
allergic airway diseases [34]. Similarly, our result also

confirmed that Th1 type of cytokines was low-expressed
in OVA-induced mice, while BLA promoted the secre-
tion of these cytokines. Based on the current results, we
concluded that BLA could restoreTh1/Th2 balance in
the model mice with asthma. At the same time, possible
mechanisms, such as BLA blocking TTX-sensitive
sodium channels, especially Navl, also could be the
mechanism underlying the anti-asthmatic effects of
BLA. Moreover, there were possible relationship
between inflammatory cell recruitment and changes in
Th1 and Th2 cytokines.

In conclusion, the current study discovered that
BLA inhibited AHR, lung inflammation, and airway
remodeling via restoring Th1/Th2 balance in the mur-
ine asthmatic model. Whether BLA functions as
a painkiller is dependent on or related to its anti-
inflammatory effect should be evaluated in the future.
Moreover, it would be interesting to continue the
investigation on whether BLA shares a mutual
mechanism with Tio in treating asthma, or BLA has
anti-pain or bronchodilation activity. In addition, it
would be inspring to further study the effect of BLA on
asthmatic patients.
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