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Background: Vandetanib is a small-molecule tyrosine kinase inhibitor. It exerts its
therapeutic effects primarily in a range of lung cancers by inhibiting the vascular
endothelial growth factor receptor 2. However, it remains unclear whether
vandetanib has therapeutic benefits in other lung diseases, particularly asthma.
The present study investigated the pioneering use of vandetanib in the treatment
of asthma.

Methods: In vivo experiments including establishment of an asthma model,
measurement of airway resistance measurement and histological analysis
were used primarily to confirm the anticontractile and anti-inflammatory
effects of vandetanib, while in vitro experiments, including measurement of
muscle tension and whole-cell patch-clamp recording, were used to explore
the underlying molecular mechanism.

Results: In vivo experiments in an asthmatic mouse model showed that vandetanib
could significantly alleviate systemic inflammation and a range of airway pathological
changes including hypersensitivity, hypersecretion and remodeling. Subsequent
in vitro experiments showed that vandetanib was able to relax the precontracted
rings of the mouse trachea via calciummobilization which was regulated by specific
ion channels including VDLCC, NSCC, NCX and K+ channels.

Conclusions: Taken together, our study demonstrated that vandetanib has both
anticontractile and anti-inflammatory properties in the treatment of asthma,
which also suggests the feasibility of using vandetanib in the treatment of
asthma by reducing abnormal airway contraction and systemic inflammation.
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Introduction

Several tyrosine kinases, including receptor tyrosine kinase (RTK), Bruton’s tyrosine kinase
(BTK) and spleen tyrosine kinase (SYK), are key mediators that play critical roles in multiple
human diseases (Mocsai et al., 2010; Du and Lovly, 2018; Liang et al., 2018). For decades, tyrosine
kinases have been identified as emerging therapeutic targets and inhibitors have been identified
and used to treat many diseases (Wu et al., 2016; Argyropoulos and Palomba, 2018; Kim and Ko,
2020), especially lung disease (Wollin et al., 2014; Yoneda et al., 2019; Murugesan et al., 2021).

In the development of asthma, several studies have shown that tyrosine kinases play a critical
role in orchestrating the systemic inflammation and other structural changes that are the defining
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characteristics of asthma (Wong and Leong, 2004; Wong, 2005; Guntur
and Reinero, 2012). A possiblemechanismmight be that tyrosine kinases
activate or block certain cell membrane ion channels and then regulate
downstream signaling, leading to abnormal airway contraction and
excessive secretion of inflammatory mediators, including chemokines,
cytokines and growth factors. (Braido et al., 2005; Wong, 2005; Guntur
and Reinero, 2012; Barnes, 2016). In light of these findings, the anti-
inflammatory and anticontractile use of tyrosine kinase inhibitors in
asthma has become an enlightened strategy. For example, treatment with
a SYK inhibitor called imatinib could significantly reduce the symptomof
severe airflow limitation in asthma patients (Baek et al., 2021).

Vandetanib is an oral tyrosine kinase inhibitor that has been widely
used in the treatment of medullary thyroid cancer (Grande et al., 2013;
Cabanillas et al., 2019; Al-Jundi et al., 2020). Other studies have
demonstrated vandetanib’s potential therapeutic role in breast cancer
(Spanheimer et al., 2021) and lung cancer (Morabito et al., 2010).
Recently, several studies have investigated the role of vascular
endothelial growth factor receptor-2 (VEGFR2) in asthma (Kim
et al., 2019; Kim et al., 2020; Bolandi et al., 2021). Aberrant
expression of VEGFR2 is involved in mucus hypersecretion and
airway hyperresponsiveness, two common features of asthma.
Therefore, we hypothesized that vandetanib, as a VEGFR2 inhibitor,
is likely to have potential therapeutic effect in asthma.

The aim of the present study was to investigate the potential
therapeutic properties of vandetanib in asthma. First, an asthmatic
mouse model treated with vandetanib was successfully established. We
found that vandetanib could significantly relieve asthmatic symptoms,
including abnormal airway contraction, airway resistance, inflammatory
secretions and more. Meanwhile, airway samples were isolated and
analyzed. To further confirm the anti-inflammatory properties of
vandetanib in airway remodelling, inflammatory mediators were
detected. Further muscle tension measurements and patch-clamp
recordings with specific ion channel inhibitors were applied to
investigate the molecular mechanism of the relaxant efficacy of
vandetanib. Compared to asthmatic mice, we found that vandetanib
was able to downregulate the expressions of IL-4, IL-13, VEGFR2, VEGF
and Tumor necrosis factor (TNF). Vandetanib was also able to relax
precontracted mouse tracheal rings (mTRs) by altering the intercellular
calcium concentration, which was regulated by certain ion channels
including large-conductance Ca2+-activated K+ channels (BK channels),
voltage-dependent L-type Ca2+ channels (VDLCCs), Na+/Ca2+ exchangers
(NCXs) andnonselective cation channels (NSCCs). Together, these results
clarified that vandetanib has both anticontractile and anti-inflammatory
properties in asthma treatment. Our research provides an indication of the
potential therapeutic value of vandetanib, which may eventually prove
useful in the treatment of asthma.

Materials and methods

Reagents and chemicals

Vandetanib was bought from Selleckchem, Inc. (Houston, TX,
United States) and dissolved in dimethyl sulfoxide (DMSO).
Dexamethasone was purchased from Meilunbio (Dalian, China).
SYBR Green qPCR Mix was purchased from Biosharp (Hefei,
China). Acetylcholine chloride (ACh), ovalbumin (OVA) and KB-
R7943 were obtained from Yuanye Bio-Technology Co., Ltd.

(Shanghai, China). Bovine serum albumin (BSA), papain, collagenase
H, tetraethylammonium chloride (TEA), dithiothreitol (DTT), cesium
chloride (CsCl), MgATP, nifedipine, pyrazole 3 (Pyr3), paxilline (PAX),
gadolinium andniflumic acid (NA)were obtained fromSigma (St. Louis,
MO, United States). Phosphate-buffered saline (PBS) solution was
bought from HyClone (Logan, UT, United States). Paraformaldehyde
(PFA) fix solution was purchased from Servicebio (Wuhan, China). The
total RNA extraction kit, cDNA synthesis kit and ribonuclease inhibitor
were bought from TaKaRa (Otsu, Japan). Diethyl pyrocarbonate
(DEPC)-treated H2O was purchased from Beyotime (Shanghai,
China). TRIzol® was purchased from Invitrogen (Carlsbad, CA,
United States). All other chemicals haven’t been mentioned were
purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).

Establishment of an asthmatic mouse model

Male BALB/cmice (sexuallymature) were obtained from theHubei
Provincial Center for Disease Control and Prevention (Wuhan, China).
All animal experiments were designed and conducted in a specific
pathogen-free (SPF)-grade laboratory as previously described with
minor revision (Shi et al., 2020; Li et al., 2023; Peng et al., 2023).
First, we established acute asthmatic mouse models as previously
described (Li et al., 2023; Peng et al., 2023). 6-week-old mice were
randomly divided into the following four groups: (1) control group, (2)
asthma group, (3) vandetanib group, and 4) dexamethasone group. The
asthma group, dexamethasone group and vandetanib group were
exposed to OVA by injections of 3 mg/mL OVA (10 mL/kg)
intraperitoneally (IP) on Days 0, 7, and 14. From Day 15, the mice
were consequentially intranasal instilled with 3 mg/mL OVA (1 mL/kg,
once per day). Moreover, the dexamethasone group and vandetanib
group were gavaged daily with dexamethasone (1 mg/kg and 10 mg/kg,
respectively) or vandetanib (12.5 mg/kg, 25 mg/kg, and 50 mg/kg). The
control group was treated in parallel with PBS. Nine days after
sensitization, the trachea and lungs were isolated from the
euthanized mice for further experiments.

Measurement of respiratory system
resistance in asthmatic mice

Experimental mice (control group, asthma group, vandetanib group
and dexamethasone group) were anesthetized by IP administration of
1% sodiumpentobarbital (10 mg/kg), and tracheostomized as previously
described (Shi et al., 2020; Li et al., 2023; Peng et al., 2023). The
anesthetized mice were ventilated with a flexiVent system (SCIREQ,
Montreal, PQ, Canada). Then the measurements of the resistance of the
respiratory system (Rrs) were conducted. Aerosolized ACh at 3.125,
6.25, 12.5, 25, and 50 mg/mL concentration were gradually added and
the dose-response curves of different experimental groups (control,
asthma, dexamethasone and vandetanib) were charted. The Rrs
results were collected and analyzed in Flexiware 8 software.

Histological analysis

Histological experiments were conceived and carried out as
previously described (Shi et al., 2020; Li et al., 2023; Peng et al.,
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2023). Briefly, tracheal and left lung samples were isolated from
experimental groups (control, asthma, dexamethasone and
vandetanib). Then the isolated specimens were fixed in 4%
paraformaldehyde (PFA) for 12 h at room temperature. Standard
histological protocols were employed by Servicebio (Wuhan, China)
to perform routine staining experiments such as hematoxylin and eosin
(H&E) staining and periodic acid-Schiff (PAS) staining. The bright-field
photographs of stained sections were labeled and analyzed. The PAS-
positive cells in lung were counted and analyzed by using Fuji ImageJ.

Reverse transcription and quantitative real-
time PCR

After the homogenization of the right lungs of mice, total RNAwas
extracted, and cDNA was synthesized. Real-time PCR was then run
using SYBR Green qPCR Mix on an Applied Biosystems 7500 Fast
Real-Time PCR System (Foster City, CA, United States) in standard
mode as described previously (Shi et al., 2020; Li et al., 2023; Peng et al.,
2023). The mRNA expressions of related genes were normalized with
2−ΔΔCt method. The primers were as follows: IL-13-F, 5′- CACACA
AGACCAGACTCCCC -3′; IL-13-R, 5′- CCAGGGATGGTCTCT
CCTCA -3′; IL-4-F, 5′- AACGAAGAACACCACAGAGAGTG -3′;
IL-4-R, 5′- CGATGAATCCAGGCATCGAAAAG -3′; TNF-F, 5′-
TGGAAGACTCCTCCCAGGTA -3′; TNF-R, 5′- ACGGCATGG
ATCTCAAAGAC -3′; VEGF-F, 5′- ATGGATGTCTACCAGCGA
AGCTACTG -3′; VEGF-R, 5′- GGTTTGATCCGCATGATCTGCA
-3′; VEGF2-F, 5′- CACCTGCCAGGCCTGCAA -3′; VEGF2-R, 5′-
GCTTGGTGCAGGCGCCTA -3′. Actin was used as an internal
control in the experiment, with the primers Actin-F (5′- AGAGGG
AAATCGTGCGTGAC -3′) and Actin-R (5′- CAATAGTGATGA
CCTGGCCGT -3′).

Tension measurement on isolated mouse
tracheal rings

As described in our previous publication (Shi et al., 2020; Li et al.,
2023; Peng et al., 2023), physiological salt solution (PSS)was prepared for
tension measurement. Trachea and lung tissue were removed from
euthanized mice and quickly transferred to ice-cold PSS. Then 6mm
mTRs were excised and suspended in a 6mL organ bath filled with PSS
at 37°C. After a 60 min equilibration (fresh PSS was refilled every
15 min), high K+ (80 mM) or ACh (100 μM) was employed to evoke
a successive precontraction on each mTR. Then, tension measurements
were conducted. According to the experiments, vandetanib or certain ion
channel inhibitors were added to the organ bath. In the study of NCX,
135mM NaCl was replaced with 135mM LiCl.

Measurement of channel currents on
isolated mouse airway smooth muscle cells

Mouse airway muscles were isolated into single mouse airway
smooth muscle cells (mASMCs) with mASMC dissociation buffer as
previous description (Li et al., 2023; Peng et al., 2023). In brief, the
isolated smoothmuscles were digested in digest solution I at 37°C for
21–23 min and then in digest solution II at 37°C for 4–5 min. Then

dissociated tissues were rinsed and carefully resuspended with 1 mg/
mL BSA to harvest single mASMCs for whole-cell recording of
channel currents as described previously (Shi et al., 2020; Wen et al.,
2020; Li et al., 2023; Peng et al., 2023).

For the measurement of certain channel currents, isolated
mASMCs were patched and immersed in bath solution. Then the
VDLCC, NSCC or BK currents were recorded as described
previously (Li et al., 2023; Peng et al., 2023).

Statistical analysis

All statistical evaluations were calculated in Origin 8.0 software
(OriginLab, Northampton, MA, United States). In detail, all of the
data were displayed as means ± standard errors of the means (SEM).
Student’s t-test was used. p < 0.05 was considered to be significant.

FIGURE 1
Histomorphological analysis of lungs in the control, asthma,
dexamethasone and vandetanib groups. (A) Representative pictures of
isolated lungs from the control, asthma and dexamethasone groups
(1 mg/kg, 10 mg/kg). (B) Representative pictures of isolated lungs
from the control, asthma and vandetanib groups (12.5 mg/kg,
25 mg/kg, 50 mg/kg).
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Results

Vandetanib relieved pathological changes
and airway hyperresponsiveness in
asthmatic mice model

In order to investigate the feasibility of vandetanib in the
treatment of asthma, we established an asthmatic mouse model
with vandetanib treatment (12.5 mg/kg, 25 mg/kg, 50 mg/kg).
Dexamethasone treatment (Keeney et al., 2014; Wei et al., 2019)
was employed as a positive control (1 mg/kg, 10 mg/kg). The trachea
and lung derived from the asthma group (Figures 1A,B, middle
panel) showed a series of visual changes, including enlarged trachea

and lung, compared with those of the control group. To compare
with the asthma group, both the dexamethasone group (Figure 1A,
right panel) and the vandetanib group (Figure 1B, right panel)
showed relieved enlargement of the trachea and lung. According to
the results, the 12.5 mg/kg vandetanib group and 1 mg/kg
dexamethasone group were chosen for further studies.

To detect airway hyperresponsiveness, mTRs were were
obtained from the control, asthma, vandetanib and
dexamethasone groups (Figures 2A–D). ACh, which is a receptor
agonist (Wang et al., 2019) was applied to induce airway contraction.
The results showed that the 100 μM ACh-evoked contraction of
mTRs in the asthma group (Figure 2B), was much higher than that
in the control (Figure 2A), dexamethasone (Figure 2C) and

FIGURE 2
ACh-induced precontraction in asthmatic mTRs. (A–D) ACh (100 μM) induced stable contractions in mTRs isolated from the control, asthma,
dexamethasone and vandetanib groups. (E) The bar graph shows the comparison of contractile forces among the control, asthma, dexamethasone and
vandetanib groups (n = 4/4 mice). (F) Gradually added ACh induced an increase in Rrs in the control, asthma, dexamethasone and vandetanib groups.
ACh-induced increases in Rrs were significantly inhibited in the vandetanib and dexamethasone groups compared with the asthma group (n = 6/
6 mice). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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vandetanib (Figure 2D) groups. Statistical data were calculated and
analyzed in Figure 2E. Taken together, we successfully established
asthmatic mice model. And application of vandetanib could
effectively relieve airway hyperresponsiveness.

To further investigate the relaxant feature of vandetanib in vivo,
we detected Rrs using forced oscillation technique (Figure 2F).
When the aerosolized ACh was gradually administered (0, 3.125,

6.25, 12.5, 25, and 50 μg/μL), the Rrs was incrementally strengthened
by ACh in a concentration-dependent way. The concentration-Rrs
curve of the control group was significantly lower compared with
asthma group. Moreover, the concentration-Rrs curve was
significantly inhibited by 12.5 mg/kg vandetanib and 1 mg/kg
dexamethasone. These results are an indication that vandetanib
treatment may attenuate airway hyperresponsiveness in vivo.

FIGURE 3
H&E and PAS staining analysis of asthmatic mouse tracheal and lung sections. (A) Representative tracheal images from the control, asthma,
dexamethasone and vandetanib groups. (B)Representative lung imageswere obtained from the control, asthma, dexamethasone and vandetanib groups.
(C) Representative tracheal images were obtained from the control, asthma, dexamethasone and vandetanib groups. (D) Representative lung images
were obtained from the control, asthma, dexamethasone and vandetanib groups.
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Vandetanib relieved airway inflammation
and mucous hypersecretion in vivo

The effect of vandetanib on the asthmatic mouse model was
further investigated on sliced sections of tracheal and lungs with
histochemistry staining. H&E staining was applied to observe the
structure of tracheal and lung specimens. In the asthma group, we
observed abnormal hypertrophy of the tracheal ring with partial loss
of ciliated epithelium (Figure 3A, asthma group) compared with
those of the control group (Figure 3A, control group). Nevertheless,

vandetanib treatment significantly reversed the thickening of the
trachea and restored the loss of ciliated epithelium (Figure 3A,
vandetanib group). Meanwhile, abnormal cell proliferation,
infiltration of inflammatory cells and narrowing of the bronchi
were observed in sections of the lungs (Figure 3B, asthma group). In
contrast, inflammatory cell infiltration and bronchial narrowing
were significantly reduced in the vandetanib group, suggesting that
treatment with vandetanib may be able to reduce inflammation and
repair damaged airways (Figure 3B, vandetanib group).
Dexamethasone was used as a positive control (Figures 3A,B,

FIGURE 4
The expression levels of inflammatory cytokines and multiple tyrosine kinases in lung tissues. (A–E) The bar graph shows the different expression
levels of IL-4, TNF, IL-13, VEGFR2 and VEGF in the control, asthma, dexamethasone and vandetanib groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****,
p < 0.0001.
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dexamethasone group). Taken together, vandetanib treatment could
attenuate airway structural changes in vivo.

PAS staining was employed to detect mucin hypersecretion in
the airways. As shown in Figures 3C,D, PAS-labelled mucins were
increased in lung samples from the asthma group compared to the
control group. In addition, PAS-labelled mucins were significantly
reduced in the vandetanib group, suggesting that vandetanib may
alleviate mucus hypersecretion in the asthma
group. Dexamethasone was employed as a positive control. In
summary, the percentage of PAS-positive cells in the bronchus
was significantly higher in the asthma group than in the control,
vandetanib and dexamethasone groups (Supplementary Figure S1).
Taken together, the application of vandetanib could relieve typical
symptoms of asthma including airway remodeling and mucus
secretion in vivo.

As an anti-tumor agent, vandetanib could selectively block
VEGFR2 (Watanabe et al., 2021). And recent research has

proven that VEGFR2 is involved in airway hypersensitivity
(Bolandi et al., 2021). Given these findings, RT-PCR was applied
to detect VEGF, VEGFR2, and interleukins. We found that the
mRNA expression of IL-13, TNF, IL-4, VEGFR2 and VEGF, were
downregulated in the control, dexamethasone and vandetanib
groups compared with the asthma group (Figure 4).

Vandetanib relaxed high K+-Induced
precontraction in a dose-
dependent manner

To further investigate the mechanistic basis of vandetanib-
induced relaxation, precontracted mTRs were isolated to measure
the relaxant properties of vandetanib. Our previous work showed
that high K+ could evoke a steady precontraction of mTRs (Wen
et al., 2020). Firstly, 80 mM K+ was applied to trigger a

FIGURE 5
Vandetanib relaxed 80 mM K+-precontracted mTRs in a dose-dependent manner and blocked 80 mM K+-induced Ca2+ influx. (A–C)
Precontraction induced by 80 mMK+ could be inhibited by vandetanib in a dose-dependentmanner (B), while DMSO could not induce relaxation (A). The
dose-relaxation curve is presented in (C) (n = 7/7 mice). (D) The 80 mM K+-induced precontraction was completely blocked by the VDLCC-specific
blocker 10 μMnifedipine (n = 7/7 mice). (E) Treatment with 50.7 µM vandetanib had no effect on the basal tone of mTRs (n = 7/7 mice). (F)While the
calcium concentration was switched from 0 to 2 mM, 80 mM K+-induced a steady precontraction on mTRs (n = 6/6 mice). (G) The 80 mM K+-induced
precontraction of mTRswas almost completely erased by 50.7 µM vandetanib (n = 6/6mice). (H) In the presence of 50.7 µM vandetanib, 80 mMK+ could
not induce precontraction on mTRs during 0–2 mM Ca2+ restoration (n = 6/6 mice).
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precontraction on mTRs. To exclude the potential effect of DMSO
on precontracted mTRs, we applied DMSO to the precontracted
mTRs. No relaxation was observed (Figure 5A). Compared with the
results shown in Figure 5A, vandetanib gradually inhibited 80 mM
K+-evoked contraction of mTRs in a concentration-dependent way
(Figure 5B). The relevant concentration-response curve is recorded
in Figure 5C. The maximal relaxation was 99.97% ± 1.8%. The half-
maximal inhibitory concentration (IC50) was 36.24 ± 0.15 µM. The
IC75 was 50.68 ± 0.04 µM. VDLCCs are the key ion channel during
the process of high K+-triggered depolarization and the elevation in
intracellular Ca2+ levels (Yaguchi and Nishizaki, 2010; Sai et al.,
2014). To further explore the underlying mechanism of high K+-
evoked precontraction, we applied a selective inhibitor of VDLCCs,
nifedipine (Earl and Grivell, 2021), to the precontracted mTRs. We
found that 10 µM nifedipine was able to totally relax 80 mM K+-
induced precontraction (Figure 5D), which suggested that
vandetanib-induced relaxation on mTRs might be associated with
the blockage of VDLCCs. As shown in Figure 5E, no effect was

observed on resting mTRs at 50.7 µM vandetanib. These results
indicated that vandetanib could inhibit 80 mM K+-evoked
contraction in a concentration-dependent way. Further usage of
nifedipine implied that VDLCCs might be involved in this process.

Vandetanib inhibited high K+-Induced
extracellular calcium influx

Previous studies showed that intracellular and extracellular
calcium mobilization participated in airway smooth muscle
contraction and relaxation (Huang et al., 2020; Garriz et al.,
2021). Previous study showed that VDLCCs could facilitate the
influx of extracellular Ca2+ (Jain et al., 2020). To explore the relaxing
effect of vandetanib on mTRs, muscle tension was measured to
investigate the participation of Ca2+ in vandetanib-caused relaxation
on mTRs with high K+-induced precontraction. It turned out that
80 mM K+ could not induce a contraction in 0 Ca2+conditions.
When 2 mM Ca2+ was added, 80 mM K+ swiftly induced a constant
contraction on mTRs (Figure 5F), which indicated that Ca2+ was
necessary for 80 mM K+-induced precontraction. The addition of
50.7 µM vandetanib could relax 80 mM K+-evoked contraction
under 2 mM Ca2+ conditions (Figure 5G). Furthermore, 80 mM
K+ could not evoke contractions onmTRs in the presence of 50.7 µM
vandetanib in Ca2+-free conditions or subsequent 2 mM Ca2+

addition (Figure 5H). These results further confirmed that
VDLCC-induced extracellular calcium influx might be essential
for vandetanib-induced relaxation.

Vandetanib inhibited VDLCC currents

For further identification of the participation of VDLCCs, we
measured VDLCC currents on a single mASMC (Figure 6). First of
all, VDLCC currents were recorded in the range of −70 to +40 mV
(Figure 6A). Then nifedipine, which is a specific VDLCC inhibitor,
was applied to confirm the recording of VDLCC currents (Figure 6B,
top). VDLCC currents could also be eliminated by 50.7 µM
vandetanib, which was similar to the effect of nifedipine
(Figure 6B, bottom). The current-voltage (I-V) curves of
VDLCCs in the addition of nifedipine or vandetanib was present
in Figure 6C. It was turned out that vandetanib could completely
erase VDLCC currents. These above results indicated that
vandetanib might relieve contraction by blocking VDLCCs.

Vandetanib relaxed ACh-Induced
contraction in a concentration-
dependent way

In addition to VDLCC, a number of other ion channels are
involved in the complex development of hypertension in smooth
muscle (Joseph et al., 2013). Therefore, we sought to identify ion
channels other than VDLCC involved in vandetanib-induced
relaxation. NSCCs and VDLCCs were involved in ACh-induced
smoothmuscle contraction (Wang et al., 2019). Given that, ACh was
employed to precontract mTRs. First of all, we identified that DMSO
solution could not relax 100 µM ACh-induced precontration

FIGURE 6
Vandetanib blocked VDLCC currents on a single mASMC. (A)
VDLCC currents were recorded under a stepped voltage ranging
from −70 to +40 mV in 10 mV increments every 50 ms. (B,C) VDLCC
currents could be abolished by the VDLCC-specific blocker
10 μM nifedipine or 50.7 µM vandetanib. The current-voltage curve is
presented in (C) (n = 6/6 mice).
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FIGURE 7
Vandetanib relaxed mTRs precontracted with 100 µM ACh in a dose-dependent manner and blocked 100 µM ACh-induced Ca2+ influx. (A–C)
100 µM ACh-induced precontraction could be inhibited by vandetanib in a dose-dependent manner (B), while DMSO could not induce a relaxation (A).
The dose-relaxation curve is presented in (C) (n = 7/7 mice). The representative tension records are separately presented in (A,B,D) The 100 µM ACh-
induced precontraction was partly erased by the VDLCC-specific blocker 10 μM nifedipine, and the remaining contraction was almost completely
inhibited by 61.9 μM vandetanib (n = 6/6mice). (E) In the presence of 10 μMnifedipine, ACh-induced precontraction was almost completely inhibited by
61.9 μM vandetanib (n = 6/6mice). The representative tension records are separately presented in (A,E,F) 10 μMnifedipine has no effect on restingmTRs.
(G)While the calcium concentrationwas switched from0 to 2 mM, 100 μMACh induced a steady precontraction onmTRs (n=6/6mice). (H) The 100 μM
ACh-induced precontraction of mTRs was almost completely erased by 61.9 µM vandetanib (n = 6/6 mice). (I) In the presence of 61.9 µM vandetanib,
100 μM ACh could not induce precontraction on mTRs during 0–2 mM Ca2+ restoration (n = 6/6 mice). (J) In the presence of 10 μM nifedipine, ACh-
induced precontraction was almost completely inhibited by 61.9 μM vandetanib during 0–2 mM Ca2+ restoration (n = 6/6 mice). (K) In the presence of

(Continued )
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(Figure 7A), which is similar to Figure 5A. Moreover, vandetanib
reversed the precontraction induced by 100 μM ACh in a
concentration-dependent way (Figure 7B). The IC50 and IC75

were calculated as 53.67 ± 1.72 µM and 61.9 ± 2.34 µM,
respectively (Figure 7C). The maximal relaxation was 98.91% ±
1.57%. For further identification of NSCCs, nifedipine was applied
to exclude VDLCCs (Figure 7D). 100 μM ACh-evoked contraction
could be partly erased by 10 μM nifedipine. Then addition of
61.9 µM vandetanib eliminated the rest tension. In the presence
of nifedipine, 61.9 µM vandetanib could relax 100 μMACh-induced
precontraction completely (Figure 7E). 10 μM nifedipine had no
effect on resting mTRs (Figure 7F). These data identified that besides
VDLCCs, NSCCs also played an important role in relaxation
induced by vandetanib.

Vandetanib blocked ACh-Evoked calcium
mobilization

In addition to VDLCCs, Ca2+ can be transported into the cell
from the extracellular solution through NSCCs (So and Kim, 2003).
To investigate the involvement of calcium in vandetanib-induced
relaxation, we examined extracellular calcium influx through NSCCs
during ACh-evoked contraction. We found that ACh triggered a
tiny and sharp contraction, which indicated that ACh released
internally stored Ca2+ under Ca2+-free conditions (Figure 7G).
Then the presence of 2 mM Ca2+ evoked a constant contraction
in the presence of 100 µM ACh. Further experiments found that
100 µM ACh-evoked precontraction could be abolished by 61.9 µM
vandetanib under 2 Ca2+ restoration (Figure 7H). However, in the
addition of 61.9 µM vandetanib, ACh could not induce
precontraction (Figure 7I). These results suggest that vandetanib
may block VDLCCs and NSCCs, leading to the failure of ACh-
induced calcium mobilization. Then the similar experiments were
conducted in the addition of nifedipine (Figure 7J). In addition of
100 μM ACh, intracellularly stored Ca2+ was transiently released
under 0 Ca2+ condition. The addition of 2 mM Ca2+ induced a
constant contraction, which was abolished by 61.9 µM vandetanib.
Transient receptor potential channels (TRPCs) play an important
role in the release of intracellular Ca2+ as a major component of
NSCCs (Gonzalez-Cobos and Trebak, 2010). To investigate the
participation of TRPCs in vandetanib-induced relaxation, two
specific blockers of TRPCs (Pyr3 and gadolinium) were applied
(Wen et al., 2018; Lu et al., 2020) before the addition of vandetanib.
In the presence of nifedipine, 30 µM Pyr3, 30 µM gadolinium and
61.9 µM vandetanib eliminated 100 µM ACh-evoked contraction
under 2 Ca2+ restoration (Figure 7K). The average relaxant
percentages were 23.87% ± 1.69%, 14.94% ± 2.28% and 48.73% ±
3.18% (Figure 7L). Taken together, these results suggest that
vandetanib may reverse ACh-induced contraction by inhibiting

NSCCs and VDLCCs. In particular, TRPCs were involved in the
vandetanib-induced relaxation.

Vandetanib inhibited NSCC currents

Then we investigated the efficacy of vandetanib on NSCC
currents. A ramp voltage from −80 mV to +60 mV was used to
record whole-cell currents (Figure 8A). VDLCC, Cl− and K+ currents
were blocked by 10 M nifedipine, 10 M NA and 10 mM TEA,
respectively, to isolate NSCC currents. The plots of the current
at −70 mV are shown in Figure 8B. We found 61.9 µM vandetanib
could completely inhibit NSCC currents. Figure 8C shows three
representative ramp current curves at times a, b and c. This result
demonstrated that besides VDLCC currents, NSCC currents could
also be inhibited by 61.9 µM vandetanib.

Vandetanib-switched NCX

Besides conventional Ca2+-permeable channels, VDLCCs and
NSCCs, we sought to explore other specialized Ca2+ handling
proteins that might also participate in the process of vandetanib-
induced relaxation. NCX, a ubiquitous plasma membrane
transporter that can drive calcium in and out by exploiting
sodium, might also be a potential method for Ca2+ mobilization
(Rose et al., 2020; Ottolia et al., 2021). To identify the involvement of
NCX in vandetanib-induced relaxation, a specific inhibitor names
KB-R7943 (Brustovetsky et al., 2011) was employed. As shown in
Supplementary Figure S2, 5.7 μM kB-R7943 could partially 100 µM
ACh-induced contraction, which preliminary indicated that NCX
was also participated in vandetanib-induced relaxation. To further
confirm the involvement of NCX in vandetanib-induced
relaxation, Li-PSS was used to create a sodium-free condition.
In addition of sodium, ACh evoked a sustained contraction
(Figure 9A). Meanwhile, in the absence of sodium, the basal
tone of the force was much higher (Figure 9B) compared with
Figure 9A. The results suggested that NCX was switched in the
absence of sodium. Then intracellular sodium was pumped out and
extracellular calcium was pumped in. As a result, the intracellular
Ca2+ increased, and the net contractile force in Li-PSS was
noticeably lower than that in PSS. By adding 61.9 µM
vandetanib, the contraction induced by 100 µM ACh was able
to be relaxed to an even lower level than the basal tone under Li-
PSS conditions. The results suggested that NCX, in the presence of
vandetanib, could release intracellular Ca2+. Figure 9C shows the
baseline, net contraction and relaxation forces. It was found that
the relaxant value under PSS condition or Li-PSS condition was
not significantly different. These results suggest that NCXmay also
be involved in vandetanib-induced relaxation.

FIGURE 7 (Continued)

10 μM nifedipine, ACh-induced precontraction in 2 mM Ca2+ solution was almost completely inhibited by 30 μM Pyr3, 30 μM gadolinium, and
61.9 μMvandetanib, sequentially (n= 6/6mice). (L) The average relaxant percentages of Pyr3, gadolinium, and vandetanib are shown in the bar graph. NS,
not significant; ***, p < 0.001.
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FIGURE 8
Vandetanib blocked NSCC currents on a single mASMC. (A) NSCC currents were recorded with a 500 ms ramp from −80 to +60 mV in 500 ms. (B)
For isolation of NSCC currents, VDLCC currents were inhibited by 10 μM nifedipine. Cl− currents were inhibited by 10 μMNA. K+ currents were inhibited
by 10 mM TEA. Then, 100 μM ACh-induced NSCC currents were inhibited by 61.9 μM vandetanib (n = 6/6 mice). The data at −70 mV were used to plot
current-time traces. (C) The net ramp currents at times a, b, and c from −80 to +60 mV.

FIGURE 9
Vandetanib switched NCX. (A) In PSS solution, 61.9 μM vandetanib inhibited 100 μM ACh-induced precontraction (n = 6/6 mice). (B) In the Li-PSS
solution, 61.9 μM vandetanib inhibited 100 μM ACh-induced precontraction. (C) The bar graph shows the net forces of the baseline, contraction, and
relaxation (n = 6/6 mice). NS, not significant; **, p < 0.01.
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Vandetanib-activated K+ channels

Recent studies revealed that potassium channels played a pivotal
role in cellular ion homeostasis, especially Ca2+ (Jackson, 2018; Gao
et al., 2021). In view of this, the participation of K+ channels in
vandetanib-induced relaxation was investigated in the presence of
specific K+ channel antagonists (Figure 10). As shown in Figure 10A,
the K+ channel antagonist TEA (Hill and Jacques, 1999) could
significantly strengthen 100 μM ACh-evoked contraction,
indicating that the contraction was enhanced by K+ channel
blockade. Subsequently, the strengthened contraction was
reversed by 61.9 µM vandetanib. Paxillin, a specific inhibitor of
BK channels (Duncan et al., 2021), was applied to further test the
involvement of BK channels, a typical potassium channel (Rothberg,
2012), in vandetanib-induced relaxation, as shown in Figure 10B. It

was found that 1 μM paxilline could enhance 100 μM ACh-evoked
contraction. Addition of 61.9 µM vandetanib then reversed the
contraction. Taken together, K+ channels, especially BK channels,
might be participated in vandetanib-evoked relaxation.

Vandetanib enhanced BK currents

BK currents were measured by patch-clamp recording at
voltages ranging from −80 mV to +80 mV to further investigate
the involvement of BK channels in vandetanib-evoked relaxation
(Figure 10C). BK currents were detected successfully (upper) in
Figure 10D.When 61.9 µM vandetanib was added, BK currents were
significantly increased (Figure 10D, middle). The current was
completely abolished (Figure 10D, bottom) by the addition of

FIGURE 10
Vandetanib activated K+ channels and BK channels. (A) TEA at 10 mM significantly enhanced 100 μM ACh-evoked precontraction. The addition of
61.9 μM vandetanib almost completely relaxed the contractile mTRs (n = 6/6 mice). (B) Treatment with 1 μM paxilline significantly enhanced 100 μM
ACh-evoked contraction. The addition of 61.9 μM vandetanib almost completely relaxed the contractile mTRs (n = 6/6 mice). (C) BK currents were
recorded under a ramp voltage ranging from −80 to +80 mV at 10 mV increments. (D) Recording of K+ currents under the conditions of control
(upper), 61.9 μMvandetanib (middle), and 1 μMpaxilline (lower) from −80 to +80 mV. (E) A current-voltage curve was constructed based on the results of
5 cells from 5 mice. **, p < 0.01; ***, p < 0.001.
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1 µM paxillin. The current-voltage curve was present in Figure 10E.
These results supported the hypothesis that vandetanib could
enhance BK currents in mASMCs.

Discussion

Asthma is one of the most common respiratory diseases in the
world, raising public concern about increased morbidity and healthcare
costs (Carr and Kraft, 2017). Current asthma medications including β-
agonists and inhaled corticosteroids have limitations and severe side
effects. Therefore, there is an urgent need for innovation in new drugs
and therapies, as approved drugs have not been effective in reducing the
symptoms of asthma (Colas et al., 2020).

Vandetanib is a tyrosine kinase inhibitor that can selectively
target VEGFR2, a key mediator of airway hypersecretion and
hypersensitivity. Although vandetanib has been widely used in
several therapeutic areas, including NSCLC, it is not yet available
for the treatment of other lung diseases, particularly asthma.

In this study, we investigated the efficacy of vandetanib in the
treatment of asthma. Airway hyperresponsiveness and systemic
inflammation are key symptoms of asthma. The therapeutic
effects of vandetanib were primarily investigated in a mouse
model of asthma. We found that mice treated with vandetanib
had much less swollen and congested lungs. The ability of
vandetanib to reduce airway hyperresponsiveness was then
further confirmed by measurements of muscle tension and Rrs.
Furthermore, histological analysis showed that vandetanib-treated
asthmatic mice significantly reduced typical asthmatic symptoms
including loss of ciliated epithelium, inflammatory cell infiltration,
mucus hypersecretion and airway hyperresponsiveness. All of these
in vivo results confirmed that vandetanib could alleviate key
symptoms in asthmatic mice.

VEGF and VEGFR2 are validated key mediators for targeted
therapy in lung disease (Pajares et al., 2012). TNF, IL-4 and IL-13
were also involved in the inflammation of the asthmatic lung (Oh
et al., 2010; Lechner et al., 2021). To investigate the possible
underlying mechanism, we measured the mRNA expression
levels of VEGF, VEGFR2, TNF, IL-4 and IL-13. Real-time PCR
results showed that the expression levels of VEGF, VEGFR2, TNF,
IL-4 and IL-13 were increased in asthmatic mice, yet statistically
decreased after vandetanib-treatment. The results show that
vandetanib effectively reduces airway inflammation. And the
possible explanation is that vandetanib inhibits the expression of
VEGFR2, blocks the binding of VEGF and VEGFR2, and then
further reduces the expression of downstream inflammatory factors
TNF, IL-4 and IL-13.

Subsequently, the anti-contractile activity of vandetanib was
evaluated in isolated mTRs. It was found that K+ or ACh-induced
precontraction ofmTRs could be significantly reversed by vandetanib in
a dose-dependent manner, confirming the anti-contractile property of
vandetanib. Airway muscle contraction and relaxation is a complex
electrophysiological process involving calcium mobilization via ion
channel regulation. The pathogenesis of asthma is activated by
abnormal ion channel blockade and imbalance in calcium
homeostasis. Muscle tension measurements and calcium restoration
experiments with specific ion channel blockers showed that vandetanib
could block VDLCC and NSCC, switch NCX and activate K+ channels,

then relax the airways by inhibiting the influx of extracellular Ca2+.
Further patch clamp recordings showed that vandetanib could inhibit
VDLCC currents and NSCC currents, and enhance BK channel
currents during the process of vandetanib-induced relaxation. In
vitro experiments suggested that vandetanib-induced changes in
VDLCCs, NSCCs, NCX and BK channels could block Ca2+ influx
and subsequently cause airway relaxation.

Our study of vandetanib investigated the therapeutic properties
of vandetanib on asthmatic mice in terms of anticontractile and anti-
inflammatory activities. In summary, vandetanib could be developed
as a drug candidate to alleviate asthmatic symptoms including
mucus hypersecretion and airway hyperresponsiveness.

Conclusion

In vivo experiments showed that vandetanib can significantly
reduce a number of typical asthma symptoms, such as loss of ciliated
epithelium, airway inflammation and mucus hypersecretion, by
reducing receptor tyrosine kinases and inflammatory factors. In
vitro experiments showed that vandetanib relaxes precontracted
mTRs through VDLCCs, NSCCs, NCX and BK channel-regulated
intercellular calcium changes. By combining the anticontractile and
anti-inflammatory properties of vandetanib, our research
investigated the feasibility of using vandetanib in the treatment
of asthma. However, there are still some limitations to our study.
The anti-inflammatory effects of vandetanib and the molecular
signaling pathways involved need to be further investigated. In
addition to the TRPCs, there may be other NSCCs that are
related to the anticontractile properties of vandetanib, which also
deserves further investigation. Further confirmation of vandetanib’s
efficacy and safety as a potential inhaled drug is needed, as well as
more experiments and clinical trials before it can be used in patients.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the Animal Care and Ethics
Committee of South-Central Minzu University. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

XZ: Methodology, Writing–original draft. LX: Writing–original
draft. WL: Formal Analysis, Supervision, Visualization,
Writing–original draft. PZ: Formal Analysis, Validation,
Visualization, Writing–original draft. WC: Formal Analysis,
Visualization, Writing–original draft. WW: Data curation,
Validation, Visualization, Writing–original draft. JS:

Frontiers in Pharmacology frontiersin.org13

Zeng et al. 10.3389/fphar.2024.1345070

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1345070


Conceptualization, Data curation, Formal Analysis, Visualization,
Writing–review and editing.

Funding

The author(s) declarefinancial support was received for the research,
authorship, and/or publication of this article. This project was supported
by the National Natural Science Foundation of China (Grant No.
31771274) to JS, the Fund for Key Laboratory Construction of Hubei
Province (Grant No. 2018BFC360), and “The Fundamental Research
Funds for the Central Universities,” South-Central Minzu University
(Grant Number: CZQ22013). During the period of revision, the project
was supported by Hubei Medical Biology International Science and
Technology Cooperation Base (Grant Number: PTZ24018).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1345070/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Vandetanib treatment reduced PAS-positive cells. Statistical diagram of the
PAS-positive cells in control, asthma, dexamethasone and vandetanib
groups respectively.

SUPPLEMENTARY FIGURE S2
NCX was involved in ACh-induced precontraction of mTRs 100 µM ACh-
induced precontraction could be inhibited by 5.7 µM KB-R7943.

References

Al-Jundi, M., Thakur, S., Gubbi, S., and Klubo-Gwiezdzinska, J. (2020). Novel
targeted therapies for metastatic thyroid cancer-A comprehensive review. Cancers
(Basel) 12 (8), 2104. doi:10.3390/cancers12082104

Argyropoulos, K. V., and Palomba, M. L. (2018). First-Generation and second-
generation Bruton tyrosine kinase inhibitors in waldenstrom macroglobulinemia.
Hematol. Oncol. Clin. North Am. 32 (5), 853–864. doi:10.1016/j.hoc.2018.05.012

Baek, S. H., Foer, D., Cahill, K. N., Israel, E., Maiorino, E., Rohl, A., et al. (2021).
Systems approaches to treatment response to imatinib in severe asthma: a pilot study.
J. Pers. Med. 11 (4), 240. doi:10.3390/jpm11040240

Barnes, P. J. (2016). Kinases as novel therapeutic targets in asthma and chronic
obstructive pulmonary disease. Pharmacol. Rev. 68 (3), 788–815. doi:10.1124/pr.116.
012518

Bolandi, S. M., Abdolmaleki, Z., and Assarehzadegan, M. A. (2021). Bevacizumab
regulates inflammatory cytokines and inhibits VEGFR2 signaling pathway in an
ovalbumin-induced rat model of airway hypersensitivity. Inflammopharmacology 29
(3), 683–694. doi:10.1007/s10787-021-00798-8

Braido, F., Brandi, S., Cauglia, S., and Canonica, G. W. (2005). Overview of novel
therapeutic targets for asthma and chronic obstructive pulmonary disease. Expert Rev.
Clin. Immunol. 1 (2), 263–275. doi:10.1586/1744666X.1.2.263

Brustovetsky, T., Brittain, M. K., Sheets, P. L., Cummins, T. R., Pinelis, V., and
Brustovetsky, N. (2011). KB-R7943, an inhibitor of the reverse Na+/Ca2+ exchanger,
blocks N-methyl-D-aspartate receptor and inhibits mitochondrial complex I. Br.
J. Pharmacol. 162 (1), 255–270. doi:10.1111/j.1476-5381.2010.01054.x

Cabanillas, M. E., Ryder, M., and Jimenez, C. (2019). Targeted therapy for advanced
thyroid cancer: kinase inhibitors and beyond. Endocr. Rev. 40 (6), 1573–1604. doi:10.
1210/er.2019-00007

Carr, T. F., and Kraft, M. (2017). Management of severe asthma before referral to the
severe asthma specialist. J. Allergy Clin. Immunol. Pract. 5 (4), 877–886. doi:10.1016/j.
jaip.2017.04.027

Colas, L., Hassoun, D., and Magnan, A. (2020). Needs for systems approaches to
better treat individuals with severe asthma: predicting phenotypes and responses to
treatments. Front. Med. (Lausanne) 7, 98. doi:10.3389/fmed.2020.00098

Du, Z., and Lovly, C. M. (2018). Mechanisms of receptor tyrosine kinase activation in
cancer. Mol. Cancer 17 (1), 58. doi:10.1186/s12943-018-0782-4

Duncan, P. J., Fazli, M., Romano, N., Le Tissier, P., Bertram, R., and Shipston, M. J.
(2021). Chronic stress facilitates bursting electrical activity in pituitary corticotrophs.
J. Physiol. 600, 313–332. doi:10.1113/JP282367

Earl, R. A., and Grivell, R. M. (2021). Nifedipine for primary dysmenorrhoea.
Cochrane Database Syst. Rev. 12, CD012912. doi:10.1002/14651858.CD012912.pub2

Gao, T., Li, K., Liang, F., Yu, J., Liu, A., Ni, Y., et al. (2021). KCNQ1 potassium channel
expressed in human sperm is involved in sperm motility, acrosome reaction, protein

tyrosine phosphorylation, and ion homeostasis during capacitation. Front. Physiol. 12,
761910. doi:10.3389/fphys.2021.761910

Garriz, A., Aubry, S., Wattiaux, Q., Bair, J., Mariano, M., Hatzipetrou, G., et al. (2021).
Role of the phospholipase C pathway and calcium mobilization in oxytocin-induced
contraction of lacrimal gland myoepithelial cells. Invest. Ophthalmol. Vis. Sci. 62 (14),
25. doi:10.1167/iovs.62.14.25

Gonzalez-Cobos, J. C., and Trebak, M. (2010). TRPC channels in smoothmuscle cells.
Front. Biosci. Landmark Ed. 15, 1023–1039. doi:10.2741/3660

Grande, E., Kreissl, M. C., Filetti, S., Newbold, K., Reinisch, W., Robert, C., et al.
(2013). Vandetanib in advanced medullary thyroid cancer: review of adverse
event management strategies. Adv. Ther. 30 (11), 945–966. doi:10.1007/s12325-
013-0069-5

Guntur, V. P., and Reinero, C. R. (2012). The potential use of tyrosine kinase
inhibitors in severe asthma. Curr. Opin. Allergy Clin. Immunol. 12 (1), 68–75.
doi:10.1097/ACI.0b013e32834ecb4f

Hill, C. E., and Jacques, J. E. (1999). Cholestatic effects of the K+ channel blockers
Ba2+ and TEA occur through different pathways in the rat liver. Am. J. Physiol. 276 (1),
G43–G48. doi:10.1152/ajpgi.1999.276.1.G43

Huang, J., Lam, H., Koziol-White, C., Limjunyawong, N., Kim, D., Kim, N., et al.
(2020). The odorant receptor OR2W3 on airway smooth muscle evokes
bronchodilation via a cooperative chemosensory tradeoff between TMEM16A and
CFTR. Proc. Natl. Acad. Sci. U. S. A. 117 (45), 28485–28495. doi:10.1073/pnas.
2003111117

Jackson, W. F. (2018). K<sub>V</sub> channels and the regulation of vascular
smooth muscle tone. Microcirculation 25 (1). doi:10.1111/micc.12421

Jain, P. P., Hosokawa, S., Xiong, M., Babicheva, A., Zhao, T., Rodriguez, M., et al.
(2020). Revisiting the mechanism of hypoxic pulmonary vasoconstriction using isolated
perfused/ventilated mouse lung. Pulm. Circ. 10 (4), 2045894020956592. doi:10.1177/
2045894020956592

Joseph, B. K., Thakali, K. M., Moore, C. L., and Rhee, S. W. (2013). Ion channel
remodeling in vascular smooth muscle during hypertension: implications for novel
therapeutic approaches. Pharmacol. Res. 70 (1), 126–138. doi:10.1016/j.phrs.2013.
01.008

Keeney, G. E., Gray, M. P., Morrison, A. K., Levas, M. N., Kessler, E. A., Hill, G. D.,
et al. (2014). Dexamethasone for acute asthma exacerbations in children: a meta-
analysis. Pediatrics 133 (3), 493–499. doi:10.1542/peds.2013-2273

Kim, G., and Ko, Y. T. (2020). Small molecule tyrosine kinase inhibitors in
glioblastoma. Arch. Pharm. Res. 43 (4), 385–394. doi:10.1007/s12272-020-01232-3

Kim, S. H., Pei, Q. M., Jiang, P., Liu, J., Sun, R. F., Qian, X. J., et al. (2019).
Upregulation of MUC5AC by VEGF in human primary bronchial epithelial
cells: implications for asthma. Respir. Res. 20 (1), 282. doi:10.1186/s12931-019-
1245-1

Frontiers in Pharmacology frontiersin.org14

Zeng et al. 10.3389/fphar.2024.1345070

https://www.frontiersin.org/articles/10.3389/fphar.2024.1345070/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1345070/full#supplementary-material
https://doi.org/10.3390/cancers12082104
https://doi.org/10.1016/j.hoc.2018.05.012
https://doi.org/10.3390/jpm11040240
https://doi.org/10.1124/pr.116.012518
https://doi.org/10.1124/pr.116.012518
https://doi.org/10.1007/s10787-021-00798-8
https://doi.org/10.1586/1744666X.1.2.263
https://doi.org/10.1111/j.1476-5381.2010.01054.x
https://doi.org/10.1210/er.2019-00007
https://doi.org/10.1210/er.2019-00007
https://doi.org/10.1016/j.jaip.2017.04.027
https://doi.org/10.1016/j.jaip.2017.04.027
https://doi.org/10.3389/fmed.2020.00098
https://doi.org/10.1186/s12943-018-0782-4
https://doi.org/10.1113/JP282367
https://doi.org/10.1002/14651858.CD012912.pub2
https://doi.org/10.3389/fphys.2021.761910
https://doi.org/10.1167/iovs.62.14.25
https://doi.org/10.2741/3660
https://doi.org/10.1007/s12325-013-0069-5
https://doi.org/10.1007/s12325-013-0069-5
https://doi.org/10.1097/ACI.0b013e32834ecb4f
https://doi.org/10.1152/ajpgi.1999.276.1.G43
https://doi.org/10.1073/pnas.2003111117
https://doi.org/10.1073/pnas.2003111117
https://doi.org/10.1111/micc.12421
https://doi.org/10.1177/2045894020956592
https://doi.org/10.1177/2045894020956592
https://doi.org/10.1016/j.phrs.2013.01.008
https://doi.org/10.1016/j.phrs.2013.01.008
https://doi.org/10.1542/peds.2013-2273
https://doi.org/10.1007/s12272-020-01232-3
https://doi.org/10.1186/s12931-019-1245-1
https://doi.org/10.1186/s12931-019-1245-1
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1345070


Kim, S. H., Pei, Q. M., Jiang, P., Liu, J., Sun, R. F., Qian, X. J., et al. (2020). Effects of
dexamethasone on VEGF-induced MUC5AC expression in human primary bronchial
epithelial cells: implications for asthma. Exp. Cell Res. 389 (2), 111897. doi:10.1016/j.
yexcr.2020.111897

Lechner, A., Henkel, F., Hartung, F., Bohnacker, S., Alessandrini, F., Gubernatorova,
E. O., et al. (2021). Macrophages acquire a TNF-dependent inflammatory memory in
allergic asthma. J. Allergy Clin. Immunol. 149, 2078–2090. doi:10.1016/j.jaci.2021.11.026

Li, W., Xue, L., Peng, C., Zhao, P., Peng, Y., Chen, W., et al. (2023). PP121, a dual
inhibitor of tyrosine and phosphoinositide kinases, relieves airway hyperresponsiveness,
mucus hypersecretion and inflammation in a murine asthma model. Mol. Med. 29 (1),
154. doi:10.1186/s10020-023-00748-w

Liang, C., Tian, D., Ren, X., Ding, S., Jia, M., Xin, M., et al. (2018). The development of
Bruton’s tyrosine kinase (BTK) inhibitors from 2012 to 2017: a mini-review. Eur. J. Med.
Chem. 151, 315–326. doi:10.1016/j.ejmech.2018.03.062

Lu, M., Fang, X. X., Shi, D. D., Liu, R., Ding, Y., Zhang, Q. F., et al. (2020). A selective
TRPC3 inhibitor Pyr3 attenuates myocardial ischemia/reperfusion injury in mice. Curr.
Med. Sci. 40 (6), 1107–1113. doi:10.1007/s11596-020-2293-y

Mocsai, A., Ruland, J., and Tybulewicz, V. L. (2010). The SYK tyrosine kinase: a
crucial player in diverse biological functions. Nat. Rev. Immunol. 10 (6), 387–402.
doi:10.1038/nri2765

Morabito, A., Piccirillo, M. C., Costanzo, R., Sandomenico, C., Carillio, G., Daniele,
G., et al. (2010). Vandetanib: an overview of its clinical development in NSCLC and
other tumors. Drugs Today (Barc) 46 (9), 683–698. doi:10.1358/dot.2010.46.9.1516989

Murugesan, S., Murugesan, J., Palaniappan, S., Palaniappan, S., Murugan, T.,
Siddiqui, S. S., et al. (2021). Tyrosine kinase inhibitors (TKIs) in lung cancer
treatment: a comprehensive analysis. Curr. Cancer Drug Targets 21 (1), 55–69.
doi:10.2174/1568009620666201009130008

Oh, C. K., Geba, G. P., and Molfino, N. (2010). Investigational therapeutics targeting
the IL-4/IL-13/STAT-6 pathway for the treatment of asthma. Eur. Respir. Rev. 19 (115),
46–54. doi:10.1183/09059180.00007609

Ottolia, M., John, S., Hazan, A., and Goldhaber, J. I. (2021). The cardiac Na(+)
-Ca(2+) exchanger: from structure to function. Compr. Physiol. 12 (1), 2681–2717.
doi:10.1002/cphy.c200031

Pajares, M. J., Agorreta, J., Larrayoz, M., Vesin, A., Ezponda, T., Zudaire, I., et al.
(2012). Expression of tumor-derived vascular endothelial growth factor and its
receptors is associated with outcome in early squamous cell carcinoma of the lung.
J. Clin. Oncol. 30 (10), 1129–1136. doi:10.1200/JCO.2011.37.4231

Peng, C., Xue, L., Yue, Y., Chen, W., Wang, W., and Shen, J. (2023). Duloxetine HCl
alleviates asthma symptoms by regulating PI3K/AKT/mTOR and Nrf2/HO-1 signaling
pathways. Inflammation 46 (6), 2449–2469. doi:10.1007/s10753-023-01892-5

Rose, C. R., Ziemens, D., and Verkhratsky, A. (2020). On the special role of NCX in
astrocytes: translating Na(+)-transients into intracellular Ca(2+) signals. Cell Calcium
86, 102154. doi:10.1016/j.ceca.2019.102154

Rothberg, B. S. (2012). The BK channel: a vital link between cellular calcium and
electrical signaling. Protein Cell 3 (12), 883–892. doi:10.1007/s13238-012-2076-8

Sai, W. B., Yu, M. F., Wei, M. Y., Lu, Z., Zheng, Y. M., Wang, Y. X., et al. (2014). Bitter
tastants induce relaxation of rat thoracic aorta precontracted with high K(+). Clin.
Exp. Pharmacol. Physiol. 41 (4), 301–308. doi:10.1111/1440-1681.12217

Shi, S., Xue, L., Han, S., Qiu, H., Peng, Y., Zhao, P., et al. (2020). Anti-contractile and
anti-inflammatory effects of diacerein on isolated mouse airways smooth muscle and
mouse asthma model. Front. Pharmacol. 11, 560361. doi:10.3389/fphar.2020.560361

So, I., and Kim, K. W. (2003). Nonselective cation channels activated by the
stimulation of muscarinic receptors in mammalian gastric smooth muscle. J. Smooth
Muscle Res. 39 (6), 231–247. doi:10.1540/jsmr.39.231

Spanheimer, P. M., Bashir, A., Lorenzen, A. W., Beck, A. C., Liao, J., Lizarraga, I. M.,
et al. (2021). A pilot study of preoperative vandetanib on markers of proliferation and
apoptosis in breast cancer. Am. J. Clin. Oncol. 44 (9), 456–462. doi:10.1097/COC.
0000000000000845

Wang,Q., Yu,M. F., Zhang,W. J., Liu, B. B., Zhao, Q. Y., Luo, X., et al. (2019). Azithromycin
inhibits muscarinic 2 receptor-activated and voltage-activated Ca(2+) permeant ion channels
and Ca(2+) sensitization, relaxing airway smooth muscle contraction. Clin. Exp. Pharmacol.
Physiol. 46 (4), 329–336. doi:10.1111/1440-1681.13062

Watanabe, H., Ichihara, E., Kayatani, H., Makimoto, G., Ninomiya, K., Nishii, K., et al.
(2021). VEGFR2 blockade augments the effects of tyrosine kinase inhibitors by
inhibiting angiogenesis and oncogenic signaling in oncogene-driven non-small-cell
lung cancers. Cancer Sci. 112 (5), 1853–1864. doi:10.1111/cas.14801

Wei, J., Lu, Y., Han, F., Zhang, J., Liu, L., and Chen, Q. (2019). Oral dexamethasone vs.
Oral prednisone for children with acute asthma exacerbations: a systematic review and
meta-analysis. Front. Pediatr. 7, 503. doi:10.3389/fped.2019.00503

Wen, H., Zhao, Z., Fefelova, N., and Xie, L. H. (2018). Potential arrhythmogenic role
of TRPC channels and store-operated calcium entry mechanism in mouse ventricular
myocytes. Front. Physiol. 9, 1785. doi:10.3389/fphys.2018.01785

Wen, N., Xue, L., Yang, Y., Shi, S., Liu, Q. H., Cai, C., et al. (2020). Coptisine, a
protoberberine alkaloid, relaxes mouse airway smooth muscle via blockade of VDLCCs
and NSCCs. Biosci. Rep. 40 (2). doi:10.1042/BSR20190534

Wollin, L., Maillet, I., Quesniaux, V., Holweg, A., and Ryffel, B. (2014). Antifibrotic
and anti-inflammatory activity of the tyrosine kinase inhibitor nintedanib in
experimental models of lung fibrosis. J. Pharmacol. Exp. Ther. 349 (2), 209–220.
doi:10.1124/jpet.113.208223

Wong, W. S. (2005). Inhibitors of the tyrosine kinase signaling cascade for asthma.
Curr. Opin. Pharmacol. 5 (3), 264–271. doi:10.1016/j.coph.2005.01.009

Wong, W. S., and Leong, K. P. (2004). Tyrosine kinase inhibitors: a new approach for
asthma. Biochim. Biophys. Acta 1697 (1-2), 53–69. doi:10.1016/j.bbapap.2003.11.013

Wu, J., Liu, C., Tsui, S. T., and Liu, D. (2016). Second-generation inhibitors of Bruton
tyrosine kinase. J. Hematol. Oncol. 9 (1), 80. doi:10.1186/s13045-016-0313-y

Yaguchi, T., and Nishizaki, T. (2010). Extracellular high K+ stimulates vesicular
glutamate release from astrocytes by activating voltage-dependent calcium channels.
J. Cell Physiol. 225 (2), 512–518. doi:10.1002/jcp.22231

Yoneda, K., Imanishi, N., Ichiki, Y., and Tanaka, F. (2019). Treatment of non-small cell
lung cancer with EGFR-mutations. J. UOEH 41 (2), 153–163. doi:10.7888/juoeh.41.153

Frontiers in Pharmacology frontiersin.org15

Zeng et al. 10.3389/fphar.2024.1345070

https://doi.org/10.1016/j.yexcr.2020.111897
https://doi.org/10.1016/j.yexcr.2020.111897
https://doi.org/10.1016/j.jaci.2021.11.026
https://doi.org/10.1186/s10020-023-00748-w
https://doi.org/10.1016/j.ejmech.2018.03.062
https://doi.org/10.1007/s11596-020-2293-y
https://doi.org/10.1038/nri2765
https://doi.org/10.1358/dot.2010.46.9.1516989
https://doi.org/10.2174/1568009620666201009130008
https://doi.org/10.1183/09059180.00007609
https://doi.org/10.1002/cphy.c200031
https://doi.org/10.1200/JCO.2011.37.4231
https://doi.org/10.1007/s10753-023-01892-5
https://doi.org/10.1016/j.ceca.2019.102154
https://doi.org/10.1007/s13238-012-2076-8
https://doi.org/10.1111/1440-1681.12217
https://doi.org/10.3389/fphar.2020.560361
https://doi.org/10.1540/jsmr.39.231
https://doi.org/10.1097/COC.0000000000000845
https://doi.org/10.1097/COC.0000000000000845
https://doi.org/10.1111/1440-1681.13062
https://doi.org/10.1111/cas.14801
https://doi.org/10.3389/fped.2019.00503
https://doi.org/10.3389/fphys.2018.01785
https://doi.org/10.1042/BSR20190534
https://doi.org/10.1124/jpet.113.208223
https://doi.org/10.1016/j.coph.2005.01.009
https://doi.org/10.1016/j.bbapap.2003.11.013
https://doi.org/10.1186/s13045-016-0313-y
https://doi.org/10.1002/jcp.22231
https://doi.org/10.7888/juoeh.41.153
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1345070

	Vandetanib as a prospective anti-inflammatory and anti-contractile agent in asthma
	Introduction
	Materials and methods
	Reagents and chemicals
	Establishment of an asthmatic mouse model
	Measurement of respiratory system resistance in asthmatic mice
	Histological analysis
	Reverse transcription and quantitative real-time PCR
	Tension measurement on isolated mouse tracheal rings
	Measurement of channel currents on isolated mouse airway smooth muscle cells
	Statistical analysis

	Results
	Vandetanib relieved pathological changes and airway hyperresponsiveness in asthmatic mice model
	Vandetanib relieved airway inflammation and mucous hypersecretion in vivo
	Vandetanib relaxed high K+-Induced precontraction in a dose-dependent manner
	Vandetanib inhibited high K+-Induced extracellular calcium influx
	Vandetanib inhibited VDLCC currents
	Vandetanib relaxed ACh-Induced contraction in a concentration-dependent way
	Vandetanib blocked ACh-Evoked calcium mobilization
	Vandetanib inhibited NSCC currents
	Vandetanib-switched NCX
	Vandetanib-activated K+ channels
	Vandetanib enhanced BK currents

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material 
	References


