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Abstract
The Na+/Ca2+ exchanger plays an important role in regulation of airway
smooth muscle contraction by regulating intracellular calcium, and is a potential target for treatment of asthma. To test modulation of exchanger activity,
we used Xenopus oocytes as model system. Na+/Ca2+ exchanger was expressed
in the cells by microinjection of cRNA of the exchanger isoform NCX1. The
activity of NCX1 was determined as Ni2+-sensitive current under voltage clamp
in low Cl− medium and in the presence of the Cl−-channel inhibitor niflumic
acid. Only this composition of solution allowed determining NCX1-mediated
current with sufficient accuracy. Among a few tested Chinese herbal drugs,
glycyrrhizic acid turned out to be a potent inhibitor of NCX1 with an apparent
IC50 value of 40 μM. Previous work had revealed elevated cyclophylin A concentration in serum of asthmatic rats after receiving acupuncture treatment.
Extracellular incubation of the oocytes in cyclophylin A for one day led to significant inhibition with an apparent IC50 value of about 1 μM. We suggest that
effects of acupuncture and application of glycyrrhizic acid as an active constituent of Chinese medicine for treatment of asthma symptoms may partially
be attributed to inhibition of the reversed mode of NCX1 and that these compounds may stimulate the search for new anti-asthmatic drugs.
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1. Introduction
Asthma is a disease characterised by reversible contraction of airway smooth
muscle (ASM). Several signalling pathways are now known to be related to the
process of ASM contraction, and almost all of them involve Ca2+ handling [1].
Cytoplasmic Ca2+ activity ( Ca i2 + ) homeostasis is controlled by several ionic signalling mechanisms, one of which is the reversed mode of the Na+/Ca2+ exchanger (NCX) of the plasma membrane [2] [3]. Although little is currently
known about NCX in the airways and its involvement in asthma, some investigators have shown that expression and function of the isoform 1 of the exchanger (named NCX1) in ASM is up-regulated in asthmatic animals and inhibition of NCX may ameliorate the symptoms of asthma. This observation makes
NCX a potential target for asthma treatment [2] [4]. The aim of the present
study was to examine effects of various chemicals that might act as inhibitors of
NCX.
In traditional medicine, herbal extracts are often applied in treatment of
asthma, and the search for natural components has become promising to discover new anti-asthmatic drugs. Extracts of roots of licorice (Glycyrrhiza glabra)
have been applied in treatment of a large variety of diseases (see e.g. [5]). The
triterpene glycoside glycyrrhizic acid (GA) is one of the major active constituents of licorice:

GA has been used as a hepatoprotective drug [5], and recent studies also revealed its anti-asthmatic effects [6] [7]. Though modulation of various pathways
has been discussed (see [8] [9]), it is unclear whether GA can interfere with
NCX1, and hence exert its anti-asthmatic effects.
In a recent investigation on rats, we found significantly elevated cyclophilin A
(CyPA) level in the serum of acupuncture-treated asthmatic rats compare to that
of untreated rats [10]. CyPA is a member of the cyclophilin (CyP) family, which
possesses peptidyl-prolyl isomerase (PPIase) activity. CyPs are involved in diverse cellular processes including cell-cycle regulation, receptor signalling, protein folding, and they form cellular targets for immune-suppressant drugs such
129

J. Laudenbach et al.

as cyclosporine A (CsA) [11]. CyPA has multiple intracellular functions (see e.g.
[12] [13]), but can also be secreted [14] and act extracellularly as an inflammatory mediator that may be involved in inflammatory diseases such as atherosclerosis [15] [16] and rheumatoid arthritis [17]. In our investigation we consider extracellular CyPA as a drug for treatment of asthma by inhibiting NCX,
which might be a molecular mechanism of asthma therapy by acupuncture. In
this study, we choose the human cyclophilin A (hCyPA), one of 7 major cyclophilins in humans [18].
To monitor changes of transport activity of the exchanger, we used the Xenopus oocyte for heterologous expression of NCX1. NCX operates at a 3:1 or 4:1
Na+:Ca2+ stoichiometry [19] [20], the transporter is electrogenic, therefore, the
activities can be monitored by measuring current using two-electrode voltage
clamp (TEVC). Since the oocytes have functionally expressed only a limited
number of endogenous membrane proteins, the application of this model system
allows investigating effects on NCX with low background signals and restricted
functional interference from other membrane proteins.

2. Materials and Methods
2.1. NCX1-cRNA and hCyPA Preparation
The construct with NCX1 of dog was kindly provided by Dr. Luis Beauge (Laboratorio de Biophisica, Cordoba, Argentina) and linearised with XbaI, then transcribed into cRNA in vitro using mMESSAGEmMACHINESP6 kit (Ambion,
USA). The final concentration of cRNA was adjusted to 0.2 ng/nL.
The plasmid pQE30-CyPA was kindly provided by Dr. Xu Sheng (Drug Discovery and Design Center and State Key Laboratory of Drug Research, Shanghai
Institute of Materia Medica, Chinese Academy of Sciences). Expression and purification of the hCyPA protein was performed as described elsewhere [21] [22].
Gels and buffers used for native PAGE were made according to the standard
Laemmli SDS protocol omitting the SDS. Native gels (12% polyacrylamide) were
run at 12 mA and 45 min and stained with Coomassie Brilliant Blue R-250. The
molecular weight of hCyPA was slightly less than 20 kDa (compare Figure 1) in
line with the reported weight of 18 kDa. Unstained protein-molecular-weight
marker was from Fermentas Life Science (USA).

2.2. Xenopus Oocytes Preparation and Microinjection
Xenopus oocytes were used as expression for NCX1 and as a model system to test
the effects of herbal extracts and CyPA. This expression system is particularly
suited because endogenous ion channels and transporters are functionally expressed only to a low extend, and hence, exogenous current components can
easily be extracted. Females of the clawed toad Xenopus laevis (purchased from
Maosheng Bio-Technology Com., Shanghai, China) were anaesthetised in a bath
medium containing 1 g/L tricaine (Sandoz, Basel, Switzerland) and kept on ice.
Parts of ovary were removed and treated with 0.5 or 0.25 mg/mL collagenase
(Sigma) for 2 - 4 h, or overnight, respectively. Full-grown prophase-arrested
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Figure 1. SDS-PAGE analysis of hCyPA. Lane 1: hCyPAantibody marked band at slightly less than 20 kDa.
Lane 2: marker.

oocytes of Dumont stages V and VI [23] were selected for cRNA injection, and
cultured with daily changed G-ORi solution or C-ORi solution (ORi plus 0.07
μg/mL gentamycin (Sigma) or ciprofloxacin hydrochloride (Sigma), respectively) at 20˚C. For expression of NCX1 about 1.5 ng NCX1-cRNA was microinjected into an ooctye at a flow-rate of 8 nL/s. Uninjected oocytes served as controls.
For investigating the effect of intracellular hCyPA, oocytes were first microinjected with NCX1-cRNA and divided into 4 groups. The cells of each group were
additionally microinjected with hCyPA (5, 10, 20 or 40 nl per oocytes, respectively, at a concentration of 4.27 µg/µL). For investigating extracellular effect of
hCyPA, oocytes were first microinjected with NCX1-cRNA and divided into 4
groups. The cells of each group were then incubated with different amounts of
hCyPA; 200 µL of incubation medium contained 1, 2, 4 or 8 µL of hCyPA, respectively (4.27 µg/µL). Thereafter, oocytes were cultured in G-ORi or C-ORi at
20˚C for up to 2 days.

2.3. Electrophysiological Recording
Since NCX is electrogenic, NCX-mediated current is a measure for transporter
activities. To investigate the function of NCX1, membrane currents were measured by conventional two-electrode voltage clamp (TEVC) using Turbo TEC-03
with Cell Works software (NPI electronic, Tamm, Germany). Glass microelectrodes were filled with 3 M KCl, and balanced in ORi solution for at least 30 min
before recording. Before measurements, oocytes were loaded with Na+ by incubating the cells in Na+-loading solution for 30 min [24]. Thereafter, cells were
kept for at least 30 min in post-loading solution (see solutions). Steady-state
current-voltage dependencies were determined by averaging membrane currents
during the last 20 ms of 200-ms rectangular voltage pulses from −150 to +30 mV
in 10 mV increments that were applied from a holding potential of −60 mV.
NCX-dependent current was determined as the difference of total membrane
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current in the absence and presence of 2 mM NiCl2 as a specific inhibitor of
NCX. The data were collected after analogue filtering at 300 kHz and analysed
by Origin software (OriginLab Corp., USA). All experiments were performed at
room temperature (about 25˚C).

2.4. Solutions and Drugs
The composition of ORi was (in mM): 90 NaCl, 2 KCl, 2 CaCl2 and 5 MOPS
(adjusted to pH 7.4 with Tris). To elevate intracellular Na+, cells were incubated
for 30 min in “Na-loading solution” consisting of (in mM): 110 NaCl, 2.5 Nacitrate, 5 MOPS (adjusted to pH 7.4 with Tris) and stored thereafter for at least
another 30 min in “Post-loading solution” consisting of (in mM): 100 NaCl, 5
BaCl2, 20 TEA, 5 MOPS (adjusted to pH 7.4 with Tris). Standard test solutions
contained (in mM): 100 Na-gluconate, 2 CaCl2, 0.1 niflumic acid, 5 MOPS, and 0
or 2 mM NiCl2 (adjusted to pH 7.4 with Tris).
Herbal extracts were kindly provided from Shanghai Institute Materia Medica
(CAS) by Drs. CG Huang and CH Ma (supercritical fluid extraction of root of

Acorus tatainowii Schott) and by Dr. LJ Xuan (dried ethanol extracts of Ilex pubescence and Gossampinus malabarica), and were dissolved in DMSO. Final
concentration of the herbal extracts in test solution was 40 mg/L.
GA (CAS 1405-86-3, purity ≥95%) and α-asarone (CAS 2883-98-9, purity
98%) were purchased from SIGMA. Stock solutions of 1 or 100 mM were prepared in DMSO and diluted to the final concentration in the test solution.
DMSO concentrations in all test solutions were below 1%, which was without
effect on the membrane currents.

2.5. Data Analysis
Analysed data were represented as means (±SEM) from N experiments. Means
were considered as significantly different by Student’s t test on the basis of p <
0.05.

3. Results
The Na+/Ca2+ exchanger is considered to transport 3 or 4 Na+ against 1 Ca2+, and
hence generating in its forward mode (Ca2+ extrusion) an inward-directed current, and in its reversed mode (Ca2+ uptake) an outward-directed current (for a
review see [25]). To determine this current, we used 2 mM Ni2+ as an inhibitor of
NCX-dependent current. Total membrane current was measured under voltage
clamp, and the difference of steady-state current in the absence and presence of
Ni2+ was taken as a measure for NCX-dependent current.

3.1. Ni2+-Sensitive Currents Represent only in Part NCX1-Mediated
Current
In control oocytes not injected with cRNA of NCX1 Ni2+-sensitive could never be
detected (Figure 2(a)), confirming that the cells do not express significant endogenous Na+/Ca2+ exchanger on the plasma membrane [26]. On the contrary,
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Figure 2. Ni2+-sensitive current in un-injected and NCX1cRNA-injected oocytes. (a) Only injected oocytes show Ni2+sensitive current. (b) Addition of 100 nM niflumic acid strongly
blocked the outward-directed current component, while inward current became enhanced. (c) Reduction of external Cl−
from 100 to 6 mM strongly blocked the outward-directed component. The data represent averages of N = 5 to 7 oocytes
(±SEM).
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oocytes being injected with cRNA of NCX1 exhibited huge currents, in particular
at positive potentials in outward direction. Interestingly, the NCX-dependent
current could even exceed 10 µA, which can hardly be mediated by a carrier
protein even at high density in the cell membrane. Nevertheless, such large currents had been considered to be mediated by NCX (see e.g. [27]). On the other
hand, Xenopus oocytes exhibit Ca2+-activated Cl− current (see [28]). Therefore,
an alternative interpretation would be that the transporter operates at these potentials in reversed mode accumulating Ca2+ at the intracellular membrane surface. This accumulated Ca2+ would activate the Cl− channels. After blocking
NCX1 by Ni2+ also the Cl− channels will no longer be activated.
To reduce this Ca2+-dependent background current, we used as an inhibitor of
the Cl− channels 100 nM niflumic acid [29] in the test solutions, which indeed
led to a considerable reduction of the Ni2+-sensitive outward-directed current
(Figure 2(b)); in addition the inward-directed current was enhanced. Figure
2(c) illustrates that reduction of external Cl− from 100 mM to 6 mM, also led to
strong inhibition of the outward-directed current. Therefore, in most experiments, if not state otherwise, we used niflumic acid and the Cl−-reduced test solution as given in the Materials & Methods Section. The still remaining Ni2+sensitive current in this standard test solution was considered to be mediated by
NCX1. In the following we will differentiate between “NCX1-dependent” (or total
Ni2+-sensitive) and “NCX1-mediated” current.

3.2. Drug Effects on NCX1-Dependent Current
For a first rough screening we looked for drug effects on total Ni2+-sensitive current. To determine this current, we used standard external oocyte-Ringer’s-like
solution (ORi) in the absence of niflumic acid without and with 2 mM NiCl2.
The extracts of Ilex and Gossampinus showed slight, but statistically significant
inhibition at 40 mg/L by about 15% or 25%, respectively; the Acorus extract
showed slight stimulation by about 15% of the Ni2+-sensitive outwardly directed
current at +10 mV (Table 1). We also tested several pure compounds in addition to the Acorus extract α-asarone, which showed slight inhibition by 10%
(Table 1). Out of several tested drugs only the GA from Glycyrrhiza galabra exhibited significant and clear inhibition by about 60% at 40 mg/L (Table 1). In
the following, therefore, our focus was on the effect of GA. Since the scatter of
current measurements under voltage clamp to positive potentials in general is
pretty large, we will concentrate on the analysis at negative potentials.

3.3. GA Inhibits NCX1-Mediated Current
In the standard experiment, membrane currents were measured in different solutions with low Cl− and 100 nM niflumic acid that were applied usually in the
sequence:

0Ni 2 + → 2Ni 2 + → 0Ni 2 + → 0Ni 2 + + drug
→ 2Ni 2 + + drug → 0Ni 2 + + drug → 0Ni 2 + → 2Ni 2 + → 0Ni 2 +
The currents measured in the respective 0Ni2+ solution before and after the
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Table 1. Effect of selected drugs on Ni2+-sensitve current measured under voltage clamp
at +10 mV. Data represent averages of N measurements (±SEM). p values refer to difference to 1 (one-sample t-test).
Drug

Relative change in current at +10 mV

Significance p

0.83 ± 0.04 (N = 5)

0.01

0.74 ± 0.05 (N = 4)

0.007

1.15 ± 0.01 (N = 8)

<0.001

α-asarone
(~40 mg/L ≈ 200 μM)

0.90 ± 0.03 (N = 4)

0.04

Glycyrrhic acid (GA)
(~40 mg/L ≈ 85 µM)

0.39 ± 0.13 (N = 5)

0.04

Ilex pubescens

extract (40 mg/L)

Gossampinusmalabrica
extract (40 mg/L)

Acorustatarinowii
extract (40 mg/L)

application of 2 mM Ni2+ were averaged to partially compensate for small drift
with time. The currents in 2 mM Ni2+ were then subtracted to obtain the NCX1mediated current. In stable experiments, the 0Ni 2 + → 2Ni 2 + → 0Ni 2 + sequence
could be repeated with another drug concentration. In some experiments an abbreviated protocol was applied with the solution sequence

0Ni 2 + → 2Ni 2 + → 0Ni 2 + → 0Ni 2 + + drug → 0Ni 2 + → 2Ni 2 + → 0Ni 2 +
The result of the effect of 20 μM GA on the current-voltage dependence of
NCX-mediated current is illustrated in Figure 3(a) showing a significant inhibition of the activity of the exchanger over the entire potential range. A more detailed analysis of the concentration dependency yielded an IC50 value of about 40
μM at −100 mV (Figure 3(b)). The inhibition did not significantly depend on
membrane potential.

3.4. The Effect of hCyPA on NCX-Mediated Current
Microinjection of hCyPA up to 86 ng/µL (corresponding to 4.8 µM within the
cytoplasm, calculated by assuming an oocyte volume of 1 µL) hardly affected the
NCX1-mediated current (Figure 4(a)). Interestingly, extremely high concentration (9.6 µM) obviously stimulated the current by about 30%. Despite the large
error bars, the current increase is statistically significant.
Incubation of NCX1-expressing oocytes in 1.2 µM hCyTA resulted in significant inhibition of NCX-mediated current (p < 0.05 compared to untreated cells);
higher concentration 4.8 µM produced only insignificantly more inhibition
(Figure 4(b)). Despite the considerable scatter of data an IC50 value for 50% inhibition of less than 1 µM could be estimated (see inset of Figure 4(b)). For the
experiments described above, the oocytes were incubated in the respective
hCyPA solution for 2 days. One hour of incubation already showed some tendency of inhibition (about 10%), but only after one day maximum inhibition
could be detected. From 2 batches of oocytes we found that the current at −100
mV was after 1 h of incubation reduced to 0.87 ± 0.16 and after one day to 0.34 ±
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Figure 3. Inhibition of NCX-mediated current by GA. (a) Effect of
20 μM GA on current-voltage denendency. The data are normalised
to the current at −60 mV in the absence of drug, and represent averages of N = 12 oocytes (±SEM). (b) Dependence of NCX-mediated current at −100 mV on GA concentration. Data represent averages of N = 5 to 12 oocytes (±SEM). The solid line is a fit of
I NCX = −

IC50n

IC + [GA]
n
50

n

to the data with IC50 = 40 μM (n = 0.5). INCX

is the normalised current at the respective drug concentration [GA].

0.06 compared to untreated cells.

4. Discussion
Asthma is a reversible airway restriction based on ASM contraction, which is
governed by intracellular calcium. A key role plays the release of Ca2+ from intracellular stores, and the refilling of the stores involves the reversed mode of
NCX (for a brief review see [3]). The aim of the present study was to examine
effects of various drugs that inhibit the NCX, and hence might act as antiasthmatic drugs. We used Xenopus oocytes with heterologously expressed NCX1 as a
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Figure 4. The effect of hCyPA on NCX1-mediated current. (a)
Effect of intracellular hCyPA. Oocytes injected with NCX1cRNA were additionally microinjected with hCyPA to gain the
respective intracellular concentration. Data represent averages
of N = 5 to 11 oocytes ± SEM; (b) The effect of extracellular
hCyPA. Oocytes were incubated in the respective amounts of
hCyPA for two days. The inset shows the dependence of NCX1mediated normalised current at −100 mV on hCyPA concentration. Data represent averages of N = 7 to 10 oocytes ± SEM.
The inhibition of current at all concentrations is significant on
the basis of p < 0.05.

model system, and Ni2+ as specific inhibitor of the exchanger. Effects on NCX1mediated current could only be investigated as Ni2+-sensitive current in the
presence of niflumic acid to block Ca2+-activated Cl−-currents and at lowered
external Cl− activity. Otherwise the Ni2+-dependent current also included a large
component of Ca2+-activated Cl− current (compare [27]). Since the oocytes have
functionally expressed only a limited number of endogenous membrane proteins, the application of this model system allows investigating effects on NCX
with low background signals and restricted interference with other membrane
proteins.
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Our drug screening revealed that GA is a potent inhibitor of NCX1. GA has
particularly been used in the treatment of liver diseases [5], but also seems to
have anti-asthmatic effects [6] [7]. Since inhibition of NCX1 in ASM will lead to
reduced Ca2+ influx and reduced refilling of the intracellular Ca2+ stores, reduced
muscle tone can be expected [2] [3] [4]. Though our measurements with GA
were performed on the forward mode of NCX1, the screening experiments with
effects on the outward-directed current at +10 mV indicate that also the reversed
mode can be inhibited.
Several lines of evidence implicate that intracellular CyPA plays a critical multifunctional role, and interaction with cyclosporine A (CsA) has been shown to
be an important step [18] [30]. Our functional analysis revealed that intracellular
CyPA also affected the NCX1 protein, and up-regulated NCX1-mediated current
was observed though only at very high concentration of about 10 μM. The dissociation constant of CyPA from CsA is in the submicromolar range [31]. The
much higher concentration in the micromolar range for intracellular stimulation
of NCX1 by CyPA, therefore, makes physiological relevance unlikely. On the
other hand, Ca2+ uptake experiments with HEK cells co-transfected with NCX1
and CyPA suggest involvement of CyPA in the regulation of NCX1 expression
and transport activity [32].
In fact CyPA can be secreted [16] via a vesicular pathway [14]. It had been
demonstrated previously that acupuncture treatment on asthmatic rats can reduce airway restrictions [33], and this was associated with the elevation of CyPA
in the serum [10]. Our results suggest that extracellular hCyPA down-regulates
NCX1-mediated current, which could account for release of the airway restrictions.
The involvement of extracellular CyPA in allergic lung inflammation had been
suggested on the basis of the anti-inflammatory effect of an extracellularly applied membrane-impermeable CsA derivative [34]. Whether the effect of hCyPA
found in our experiments results from direct interaction with the NCX protein
needs further investigation. Our finding that the extracellular inhibition needed
several hours of incubation is in favour of an indirect effect.

5. Conclusion
In conclusion, our data suggest that GA and acupuncture-induced elevation of
hCyPA in the serum may both contribute via inhibition of reversed NCX to reduced refilling of Ca i2 + stores, which can promote reduced contraction of ASM,
reduced airway restriction, and thus relieve the asthmatic symptoms. Such effects need to be verified in future animal experiments. Nevertheless, derivatives
of GA and CyPA may form the basis for development of a new generation of
more potent drugs for asthma therapy.
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