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ABSTRACT

Aims: Benidipine is a dihydropyridine (DHP) derived Ca?* antagonist, can block triple
Ca?" channels (L, N, and T). It has been used as an safety anti-hypertensive drug
because of its long-acting relaxant effect on vascular smooth muscle (VSM). However,
whether benidipine has similar pharmacological actions in airway smooth muscle
(ASM) is unknown. This research aims to reveal the relaxant property and Ca?*

antagonistic effect of benidipine on ASM.

Main methods: The relaxant property of mouse ASM was investigated by tissue
tension tests, and Ca?" antagonistic effect was evaluated through patch-clamp
techniques.

Key findings: Benidipine caused dose-dependent relaxations on high K* (80 mM)
induced precontraction in mouse ASM, which relied on inhibition of extracellular
Ca?" influx, and 1 pM benidipine totally blocked L-type voltage-dependent Ca?*
channels (LVDCCs) currents in airway smooth muscle cells (ASMCs). Benidipine
also showed dose-dependent inhibition of ACh-induced precontraction with or
without the LVDCCs blocker nifedipine, and 100 pM benidipine blocked
ACh-stimulated Ca?* influx through not only LVDCCs but also non-selective cation
channels (NSCCs).

Significance: Benidipine blocked LVDCCs and NSCCs to abolish these
channels-mediated Ca?* influx, which relaxed precontracted ASM. This study
represented benidipine with a new potential medicinal value for ASM
hypercontractility.

Keywords: benidipine; airway smooth muscle; relaxation; L-type voltage-dependent
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Ca?* channels; non-selective cation channels; Ca?* influx.

1. Introduction

Asthma is a common chronic inflammatory disease of airways, affects over 300
million people globally and causes about 300 thousand deaths per year [1-3]. It is
characterized by airway obstruction, airway hyperresponsiveness (AHR) and airway
remodeling [4]. Dysfunction of airway smooth muscle (ASM) plays a critical role in
asthma pathogenesis and especially contributes to contractility alteration and airway
narrowing [5]. At present, inhaled B2-agonists combined with glucocorticoids are
commonly used for the relief of asthmatic symptoms. However, the adverse effects of
[2-agonists are obvious, such as palpitation, tremor, headache, cardiovascular death,
and cardiac failure [6]. It is urgent to find effective and safety drugs for the treatment
of ASM dysfunction. All contractile stimulations of ASM (such as depolarization or
receptor-mediated) will finally result in increased intracellular Ca?* concentration
or/and Ca?" sensitivity of contraction [7-9]. So looking for drugs which block Ca?*
channel or sensitization pathways may be a good solution to relieve ASM dysfunction.

Benidipine (or benidipine hydrochloride, KW-3049), is one of the
second-generation dihydropyridine (DHP) Ca?* antagonists and developed in Japan. It
blocks L-, N-, and T-type triple Ca?* channels through a membrane approach [10, 11].
Benidipine exerts potent, long-lasting antihypertensive activity because of its high
affinity for the DHP binding site on vascular L-type Ca?* channels, inhibition of
tachycardia through T-type Ca®" channels and suppressing the release of
catecholamines from sympathetic nerve through N-type Ca?" channels [12]. The
toxicity studies and clinical reports suggest that benidipine is a highly safe drug at a

wide range of dose levels and with long-acting pharmacological effects [13, 14].
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Besides, benidipine has high vascular selectivity and suppresses VSM proliferation
[15, 16]. However, until now the pharmacological actions of benidipine in ASM is
unknown.

In this study, we investigated benidipine relaxation effects on mouse ASM by
tissue tension tests and single cell ion channel currents recording. The results show
that benidipine could both relax high K* and ACh induced precontraction in a

dose-dependent manner through LVDCCs- and NSCCs-mediated Ca?* influx.

2. Materials and methods
2.1 Reagents

Nifedipine, acetylcholine (ACh), bovine serum albumin (BSA), papain,
collagenase H, dithiothreitol (DTT), cesium hydroxide (CsOH), cesium chloride
(CsClI), niflumic acid (NA), pyrazole 3 (Pyr3), gadolinium, adenosine 5’-triphosphate
magnesium salt (Mg-ATP), and tetraethylammonium chloride (TEA-CI) were
purchased from Sigma-Aldrich Chemical Co. (Shanghai, China). Benidipine and
histamine were purchased from Selleckchem (Houston, TX, USA). All other chemicals
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Nifedipine, histamine and benidipine were dissolved in dimethyl sulfoxide (DMSO)

and others in corresponding solutions used in the experiments.

2.2 Animals

Six-week male BALB/c mice were purchased from the Hubei Provincial Center for
Disease Control and Prevention (Wuhan, China) and were housed in SPF grade
laboratory rooms under a 12 h light-12 h dark cycle. The animal studies were

performed according to the guidelines of the Institutional Animal Care and Use
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Committee of the South-Central University for Nationalities, and the corresponding
protocol were approved by the Animal Care and Ethics Committee of the South-Central

University for Nationalities (2017-SCUECAEC- 0268).

2.3 Measurement of ASM contraction

Mouse ASM contraction was measured in trachea rings (TRs) as previously
described [17]. Briefly, the mice were sacrificed by cervical dislocation and the
tracheas were isolated and quickly transferred to ice-cold PSS. TRs were cut and
mounted in organ baths containing PSS bubbled with O at 37°C. The resting tension
was set to 300 mg. The experiments were initiated after the TRs were equilibrated for
60 min. Then, the TRs were stimulated with either 80 mM K" or 100 uM ACh,
washed and then rested, repeated for 3 times. Following an additional 30 min rest, the
ASM tension was measured under high K*, ACh, benidipine, or particular channel
inhibitors including nifedipine (10 uM), Pyr3 (30 uM), and gadolinium (30 uM). The

high K* solutions contained KCI 80 mM.

2.4 Isolution of single ASMCs

Single mouse ASM cells were isolated as previously described [18]. Briefly,
tracheas were isolated as described above in ASM dissociation buffer. The isolated
tracheas were then incubated in ASM dissociation buffer containing papain,
dithioerythritol and BSA at 35°C for 22 min. Then the tissues were transferred to ASM
dissociation buffer containing collagenase H, dithioerythritol and BSA, incubated at
35°C for 8 min. At last the tissues were washed and gently triturated with 1mg/ml BSA

to yield single ASMCs for use in subsequent patch-clamp experiments.

2.5 Recording of LVDCCs Currents



Whole-cell Ca?* currents through LVDCCs were recorded using an EPC-10
patch-clamp amplifier (HEKA, Lambrecht, Germany). Ba?* was used as a charge
carrier. The pipette solution and external solution composition refer to previous report
[19]. ASMCs were held at -70 mV. The currents were elicited following step

depolarization for 500 ms from -70 to +40 mV with 10 mV increments every 1 s.

2.6 Recording of NSCCs currents

For the measurement of ACh-induced NSCCs currents, LVDCCs, CI" and K*
currents were blocked by 10 puM nifedipine, 100 uM NA, and 10 mM TEA,
respectively. The pipette solution and external solution composition refer to previous
report [20]. ASMCs were patched in the classical whole-cell configuration with a
holding potential of -60 mV. ACh-induced NSCCs currents were measured using a 500

ms ramp from -80 to +60 mV.

2.7 Statistical Analysis

Statistical analysis and significance were measured with Student’s t-test using
Origin 9.0 software. Data are expressed as the means + SEM. Differences with p <0.05

were defined significant.

3. Results
3.1 Benidipine relaxed high K*-induced precontraction on mouse ASM

The high K*-induced precontraction is widely used to assess the relaxant effects on
different types of smooth muscle due to membrane depolarization and opening of
LVDCCs [21-23]. In this study, we used high K* (80 mM)-induced precontraction as a
standard contraction to test benidipine relaxant effect on mouse ASM. The results show

that benidipine could totally relax high K*-induced precontraction in a dose-dependent
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manner compared with vehicle (Fig. 1A and C); when 100 uM benidipine was added,
the maximal relaxation reached to 99.61 = 1.13%, and the half-maximal inhibitory
(I1Cs0) concentration was 0.16 + 0.02 uM by calculation (Fig. 1B). For convenience, we
chose IC7s of approximately 1 uM to do the next high K* associated experiments. 10
uM nifedipine, a selective inhibitor of LVDCCs, as a positive control also performed a
similar relaxation as benidipine (Fig. 1D). In addition, benidipine showed no effect on
resting tension of ASM (Fig. 1E).
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Fig. 1. Benidipine relaxed high K*-induced precontraction on mouse ASM. (A) Benidipine caused
dose-dependent relaxations on high K*-induced precontraction; (B) Relaxation effect curve of
benidipine (n = 8); (C) Vehicle (DMSO) had no relaxant effect on high K*-induced precontraction;
(D) Nifedipine performed a similar relaxtion as benidipine (n = 6); (E) Benidipine had no effect on

resting tension (n = 6).
3.2 Benidipine blocked LVVDCCs currents and high K*-induced Ca?* influx

High K*-induced smooth muscle contraction is triggered by LVVDCCs-mediated

Ca?" influx [21, 24]. To clarify whether benidipine relaxation effect was via blocking
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LVDCCs-mediated Ca2* influx, firstly we used whole-cell patch-clamp technology to
test its effect on LVDCCs. The currents were recorded when ASMCs were depolarized
from -70 mV to +40 mV without benidipine or nifedipine (positive control) (Fig. 2B
left). While the currents were blocked in presence of benidipine or nifedipine (Fig. 2B
right). Then we tested benidipine effect on Ca?* influx activated by high K*. Under
Ca?*-free condition, high K* could not induce ASM contraction, because Ca?* influx
didn’t happen. But when the extracellular Ca?* concentration restored to 2mM, ASM
contracted immediately within high K*, because Ca?* influx occur (Fig. 3A). Following
benidipine addition, high K*-induced contraction was inhibited (Fig. 3A). In addition,
high K* lost the ability to stimulate contraction on benidipine-preincubated ASM no
matter whether extracellular Ca?* concentration was 0 or 2 mM (Fig. 3B). Taken

together, benidipine relaxation effect may be through blocking LVDCCs-mediated Ca?*

influx.
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Fig. 2. Benidipine blocked LVDCCs currents on ASMCs. (A) LVDCCs currents record protocol;
(B) LVDCC:s currents record according to the protocol as figure A, both benidipine and nifedipine
could block LVDCCs currents (n = 7); (C) I-V curve based on figure B.
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Fig. 3. Benidipine blocked high K*-induced Ca?* influx. (A) High K*-induced contraction
depended on extracellular Ca?* influx (n = 7); (B) High K* lost the ability to stimulate contraction

on benidipine-preincubated ASM with extracellular Ca?* (n = 6).

3.3 Benidipine relaxed ACh-induced precontraction on mouse ASM

ACh is a kind of neurotransmitter, which is released by nerve cells in the body of
human and many kinds of animals, functions as a signal to mediate other cells
behaviors (such as muscle cells contraction and relaxation) [25, 26]. Here we used
ACh-induced ASM contraction in vitro to imitate ASM contraction in vivo, and
evaluated probable roles of benidipine on ASM under physiological conditions. As
shown in Fig. 4, benidipine completely relaxed ACh-induced precontraction in a
dose-dependent manner vs. vehicle, its maximal relaxation rate was 99.23 + 1.21% and

ICso was 44.94 + 1.62 UM based on the dose-effect curve.
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Fig. 4. Benidipine relaxed ACh-induced precontraction on mouse ASM. (A) Benidipine caused

dose-dependent relaxations on high ACh-induced precontraction; (B) Relaxation effect curve of
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benidipine (n = 8); (C) Vehicle (DMSO) had no relaxant effect on ACh-induced precontraction (n
=6).

It is known that both LVDCCs and NSCCs participate in ACh-induced ASM
contractions [27, 28]. Benidipine blockage effect on LVDCCs had already been
confirmed (Fig. 2), so we wondered what effects did benidipine have on non-LVDCCs
(such as NSCCs). Nifedipine was used to excluding LVDCCs effect from ACh-induced
precontraction. As shown in Fig. 5, 10 uM nifedipine partly inhibited ACh-induced
precontraction, the relaxation rate was about 28%, the rest precontraction was fully
inhibited by 316 uM benidipine (Fig. 5A), and vehicle had no effect on the rest
precontraction (Fig. 5B). When ASM preincubated with nifedipine, ACh could also
cause a dramatic contraction, which was suppressed by benidipine in a dose-dependent
manner (Fig. 5C), the maximal relaxation rate was 93.43 £ 0.57% and I1Cso was 3.10 +
0.07 puM based on the dose-effect curve (Fig. 5D). These results indicated that
benidipine could completely relax ACh-induced precontraction, both LVDCCs and
non-LVDCCs participated in the process. Considering that high concentration of
benidipine may be poisonous to ASM tissues, we chose 100 uM for the following ACh

associated experiments.
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Fig. 5. Benidipine relaxed ACh-induced precontraction without LVDCCs effect. (A) Nifedipine
partly inhibited ACh-induced precontraction, the rest precontraction was fully inhibited by 316 uM
benidipine (n=6); (B) Vehicle (DMSO) had no relaxant effect under same conditions as figure A
(n=26); (C) Removal effect of LVDCCs by adding nifedipine, benidipine also caused
dose-dependent relaxations on high ACh-induced precontraction; (D) Dose-effect curve based on
figure C (n=7).

3.4 Benidipine blocked ACh-activated NSCCs currents and Ca?* influx

Both LVDCCs- and NSCCs-mediated Ca?* influxes contribute to ACh-induced
ASM contraction. So it's interesting to elucidate whether benidipine relaxation effect
was via blocking NSCCs-mediated Ca?* influx. Whole-cell patch-clamp recordings
were performed under ramp protocol from -80 mV to +60 mV (Fig. 6A). LVDCCs, CI
and K* currents were blocked by 10 uM nifedipine, 100 uM NA and 10 mM TEA
respectively. ACh-activated NSCCs currents were obviously shown at -70 mV, while

dramatically blocked by 100 uM benidipine (Fig. 6B).
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Fig. 6. Benidipine blocked ACh-activated NSCCs currents on ASMCs. (A) NSCCs currents record
protocol; (B) I-t relationship was plotted at -70 mV; (C) The slope currents at times a, b, and ¢ in

figure B.

The effects of benidipine on ACh-activated Ca?* influx were explored. Under
Ca?*-free condition, ACh could induce a sharp instantaneous contraction, probably
because of intracellular Ca?* transient release from sarcoplasmic reticulum. Subsequent
addition of 2 mM Ca?*, a bigger sharp contraction followed by a sustained contraction
were shown in Fig. 7A. Benidipine inhibited the sustained contraction (Fig. 7B).
Preincubation with benidipine and without Ca?*, similar but smaller sharp
instantaneous contractions occurred when ACh and 2 mM Ca?" added, while the
sustained contraction did not happen (Fig. 7C). In presence of nifedipine, benidipine
also showed inhibition effects on ACh-induced contraction, probably through

inhibition of NSCCs-mediated Ca?" influx (Fig. 7D).

TRPCs, especially TRPC3, are important molecular components of native
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NSCCs in ASMCs [29]. TRPC-encoded NSCCs cause Ca?* influx in freshly isolated
ASMCs during muscarinic stimulation [30]. To figure out whether or not benidipine
inhibited ACh-stimulated Ca?* influx through TRPC-encoded NSCCs, Pyr3 (selective
TRPC3 inhibitor) and gadolinium (non-selective TRPC inhibitor) were used. In
presence of nifedipine, the ACh-stimulated contraction was partially suppressed by
Pyr3 (30 pM) and gadolinium (30 pM) due to Ca?* influx inhibition, the relaxation
rate were 22% and 18% respectively (Fig. 7E), and the rest contraction was inhibited
by benidipine (Fig. 7F). Thus, benidipine blocked both TRPC-encoded and

non-TRPC-encoded NSCCs-mediated Ca?* influx.
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Fig. 7. Benidipine blocked ACh-activated Ca?* influx. (A) ACh-activated sustained contraction
depended on extracellular Ca?* influx (n = 7); (B) Effect of benidipine on ACh-activated
contraction under same conditions as figure A (n = 6); (C) Preincubation with benidipine, the
sustained contraction stimulated by ACh did not happen (h = 6); (D) Benidipine blocked
ACh-activated Ca?* influx without L\VDCCs effect (n = 6); (E) In presence of nifedipine, the
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ACh-stimulated contraction was partially suppressed by Pyr3 (30 uM) and gadolinium (30 pM)
respectively; (F) Benidipine inhibited the rest contraction under same conditions as figure E.

3.5 Effects of benidipine on high K*-or ACh-induced precontraction after withdrawal

To investigate the dissociation characteristic of benidipine from Ca?* channels, we
test benidipine relaxation effect on mouse ASM after withdrawal. Fig. 8A showed that
benidipine relaxation effect on high K*-induced precontraction was not reversed after
withdrawal. Same protocol was used in ACh-induced precontraction, a small part of
benidipine relaxation effect was reversed after withdrawal (Fig. 8B). Hence, benidipine
dissociated slowly from Ca?* channels binding site in mouse ASM, its relaxation effect

persisted for at least 40 mins after withdrawal (data not shown).
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Fig. 8. Effects of benidipine on high K*- or ACh-induced precontraction after withdrawal. (A)
Benidipine relaxation effect on high K*-induced precontraction was not reversed after withdrawal.
(B) A small part of benidipine relaxation effect on ACh-induced precontraction was reversed after
withdrawal.

4. Discussion
Airway hyperresponsiveness is one of the typical pathological features of

asthma, which is thought to be caused by hypercontractility of ASM [31, 32]. ASM
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contraction depends on intracellular Ca?* concentration, which is controlled by
multiple Ca?* channels, such as LVDCCs, NSCCs and TRPCs [33]. Therefore,
screening Ca®* channel antagonists and developing drugs to relax ASM will help to

reduce airway hyperresponsiveness and even relieve asthma symptoms.

Benidipine is a long-acting triple Ca?* channels (L, N, and T) blocker, used to
treat hypertensionin in clinic, and shows renoprotective, cardioprotective and vascular
endothelial protective effects [14]. The mainly pharmacological mechanism of
antihypertension effect of benidipine is that it could relax VSM and myocardium
through blocking LVDCCs [34-37]. In current study, Ca®* antagonistic effect of
benidipine in ASM was investigated for the first time, in which the contractile
responses to high K* or ACh were taken as indicators.

First we investigated benidipine effects on high K*-induced precontraction and
LVDCCs currents in ASM. It has previously been reported that benidipine relaxed the
contraction and inhibited “°Ca-uptake induced by high K* (55 mM) in canine coronary
artery [34]. And the relaxation activity of benidipine is of about the same degree as
nifedipine in rabbit mesenteric artery [38]. Both benidipine and nifedipine block Ca?*
current which are activated by depolarization in guinea-pig cardiac ventricular cells
through whole-cell patch clamp technique [35]. In this study, benidipine showed
dose-dependent inhibition of high K* (80 mM) induced precontraction in mouse ASM
(1C50=0.16 uM) (Fig. 1), which relied on inhibition of extracellular Ca?* influx (Fig. 3),
and benidipine totally blocked LVDCCs currents when the holding potential was
stepped from -70 mV to +40 mV at a concentration of 1uM (Fig. 2), while 10 pM
nifedipine was used as control.

Then we investigated benidipine relaxation effects on ACh-induced precontraction

and explored which Ca?" channels were involved. Although high K* induced
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LVDCCs-mediated Ca?" influx is sufficient to produce a contraction, but this
contraction is generally only a fraction of that activated by physiological agonists [33].
It means that there must be other Ca?* channels which participate in intracellular Ca®*
increase evoked by physiological agonists. Several studies have reported that
muscarinic agonists ACh and MCh activate NSCCs in freshly isolated ASMCs, which
are always accompanied by a sustained intracellular Ca?* increase due to extracellular
Ca?" influx [28, 30, 39]. Based on the molecular biological and electrophysiological
experiments, TRPC family are considered to be the candidate molecules for NSCCs
[40-42]. TRPC3 gene silencing inhibits ACh- and MCh-induced intracellular Ca?*
increase in ASMCs [30, 43]. So TRPC3 may be the major molecular component of
NSCCs to contribute to muscarinic agonists-evoked Ca?* influx in ASMCs.

Our study reveals that ACh-activated precontraction of ASM was partially affected
by the LVDCCs blocker nifedipine (Fig. 5A, B), which is consistent with previous
reports [44-46]. Benidipine caused dose-dependent relaxations on the ACh-induced
precontraction with or without nifedipine (Fig. 4A, 5C), those effects also relied on the
blockage of extracellular Ca?* influx (Fig. 7B, D). These data indicate that benidipine
did not only block LVDCCs but also other ion channels which allow Ca?* influx.
Electrophysiological results suggested that when LVDCC, Cl"and K* currents were
excluded, benidipine could block ACh-stimulated NSCCs currents (Fig. 6B), which
were recorded at -70 mV by the voltage ramp protocol in single ASMCs (Fig. 6C). In
presence of nifedipine, the ACh-stimulated contraction was partially inhibited by Pyr3
and gadolinium in succession for approximately 22% and 18% relaxation respectively
when extracellular Ca®* existed (Fig. 7E), then the rest contraction was mostly
abolished by benidipine (Fig. 7F). So Ca?" influx in ACh-stimulated contraction was

not only mediated by TRPC3- or even other TRPC-encoded NSCCs, but also
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non-TRPC-encoded NSCCs, whatever benidipine could block all of them. However,
the molecular mechanism of benidipine blocking NSCCs needs to be investigated in
the future.

We also investigated benidipine relaxation effects on histamine-induced
precontraction. Histamine, as an inflammatory stimulant, was used in vitro to imitate
physiological conditions of ASM in vivo. In the presence of 31.6 uM histamine,
benidipine partly relaxed the precontraction in a dose-dependent manner, the maximal
relaxation rate was 67.8 + 1.4% (Fig. S1). Histamine induces ASM contraction through
H1 receptor coupling that triggers release of internal Ca?* stores, followed by
extracellular Ca?* influx involving NSCCs, NCXs and LVDCCs activation [47, 48].
Which specific Ca?* channels are affected by benidipine in histamine-induced
contraction still need further investigation.

Usual Ca?* antagonists, such as nifedipine, combine with DHP binding site
directly, thereby inhibiting Ca2* influx. While benidipine combinates with DHP binding
site either directly or indirectly [14]. It is speculated that benidipine may have an
additional interaction with cell lipid membrane or Ca?* channel protein. That's why it
cannot be washed away even after dissociation from DHP binding site in ventricular
cells [35]. Our results also indicate that benidipine relaxation effects on high K*- or

ACh-induced precontraction were hard to reverse after withdrawal (Fig. 8).

5. Conclusion
Our research verified that benidipine, an antihypertension drug, could relax high
K*- or ACh-induced precontraction through blocking LVDCCs and NSCCs (including

TRPCs) mediated Ca?* influx in mouse ASM. This research represented benidipine
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with a new potential medicinal value for airway hyperresponsiveness.
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