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  The flavonoid quercetin is a low molecular weight compound generally found in apple, gingko, tomato, 
onion and other red-colored fruits and vegetables. Like other flavonoids, quercetin has diverse 
pharmacological actions. However, relatively little is known about the influence of quercetin effects 
in the regulation of ligand-gated ion channels. Previously, we reported that quercetin regulates subsets 
of nicotinic acetylcholine receptors such as α3β4, α7 and α9α10. Presently, we investigated the 
effects of quercetin on muscle-type of nicotinic acetylcholine receptor channel activity expressed in 
Xenopus oocytes after injection of cRNA encoding human fetal or adult muscle-type of nicotinic 
acetylcholine receptor subunits. Acetylcholine treatment elicited an inward peak current (IACh) in 
oocytes expressing both muscle-type of nicotinic acetylcholine receptors and co-treatment of quercetin 
with acetylcholine inhibited IACh. Pre-treatment of quercetin further inhibited IACh in oocytes expressing 
adult and fetal muscle-type nicotinic acetylcholine receptors. The inhibition of IACh by quercetin was 
reversible and concentration-dependent. The IC50 of quercetin was 18.9±1.2μM in oocytes expressing 
adult muscle-type nicotinic acetylcholine receptor. The inhibition of IACh by quercetin was voltage- 
independent and non-competitive. These results indicate that quercetin might regulate human muscle- 
type nicotinic acetylcholine receptor channel activity and that quercetin-mediated regulation of 
muscle-type nicotinic acetylcholine receptor might be coupled to regulation of neuromuscular junction 
activity.
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INTRODUCTION

  Nicotinic acetylcholine receptors are members of the 
Cys-loop family of ligand-gated ion channels, which also con-
tains 5-hydroxytryptamine 3 (5-HT3), glycine receptors and 
γ-aminobutyric acid receptors [1]. Seventeen different nic-
otinic acetylcholine receptor subunits are known to date and 
various subunits of nicotinic acetylcholine receptors are α 
(α1∼10), β (β1∼4), γ, δ and ε have been identified [2]. 
The α2-6 neuronal nicotinic acetylcholine receptors are usu-
ally expressed as a heteropentamer in combination with β2-4 
subunits and their activations are mainly involved in rapid 
synaptic transmissions in the central and peripheral nervous 
systems [3-6]. For example, the α3 and β4 subunits can 
form heteromeric receptors [7] and the α7 and α9 subunits 
can express homopentameric receptors [5,8-10]. The mus-

cle-type nicotinic acetylcholine receptor consists of α1β1δ
γ in fetal tissue, while, in adult tissue, the γ subunit is 
replaced by ε [11]. Although many nicotinic acetylcholine 
receptor subunits are expressed in the central and peripheral 
nervous systems, the distributions of muscle-type of nicotinic 
acetylcholine receptor are mainly restricted to the neuro-
muscular junction and activation of muscle-type nicotinic 
acetylcholine receptor initiates contraction of skeletal muscle 
fibers by triggering endplate potentials at neuromuscular 
junctions. In the muscle-type nicotinic acetylcholine receptor, 
two molecules of acetylcholine bind at interfaces between the 
α1 and δ or γ subunits [12]. 
  The flavonoid quercetin is a low molecular weight com-
pound generally found in apple, gingko, tomato, onion and 
other red-colored fruits and vegetables [13] (Fig. 1). 
Flavonoids derived from plants or tea extracts affect ace-
tylcholine release, muscle contraction or neuromuscular 
junction activity [14-18]. Especially, quercetin inhibits 
end-plate currents at the mouse neuromuscular junction 
[19]. However, the underlying mechanisms of flavonoids in 
general and quercetin in particular on the regulation of 
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Fig. 1. Chemical structure of quercetin (A) and its effect in oocytes 
expressing α1β1δε nicotinic acetylcholine receptors (B). Quercetin 
had no effect on IACh in oocytes expressing α1β1δε nicotinic 
acetylcholine receptors.

muscle contraction or neuromuscular junction activity are 
unclear, especially concerning the regulation of muscle-type 
nicotinic acetylcholine receptor channel activity involved in 
neuromuscular junctions.
  In previous reports, we have shown that quercetin regu-
lates the Cys-loop family of ligand-gated ion channels, such 
as 5-HT3A, human glycine α1, α7, α9α10 and α3β4 nic-
otine acetylcholine receptors [20-24]. However, relatively 
little is known about the effects of quercetin on the mus-
cle-type nicotinic acetylcholine receptor channel activity. In 
this study, we investigated the effects of quercetin on the 
muscle-type nicotinic acetylcholine receptor channel acti-
vity. We expressed human muscle-type nicotinic acetylcho-
line receptor cRNAs in Xenopus oocytes and studied the ef-
fect of quercetin on acetylcholine-elicited inward currents 
(IACh). Co- or pre-treatment of quercetin with acetylcholine 
reduced IACh. Inhibition of IACh by quercetin was concen-
tration-dependent, reversible and voltage-independent. 
Moreover, the inhibition of quercetin on IACh was non-com-
petitive with acetylcholine. The results indicate the poten-
tial of quercetin as a novel agent for the regulation of mus-
cle-type of nicotinic acetylcholine receptor and further in-
dicate that quercetin might play an important role for the 
regulation of neuromuscular junction activity.

METHODS

Materials 

  Human α1, β1, δ, γ and ε muscle nicotine acetylcho-
line receptor subunit cDNAs were kindly provided by Dr. 
Jon Lindstrom (University of Pennsylvania Medical School, 
Philadelphia, USA). Quercetin (Fig. 1A) and all other re-
agents were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Quercetin was dissolved in dimethyl sulfoxide 
(DMSO) as a stock solution and was diluted with bath me-

dium before use.

Preparation of Xenopus laevis oocytes and microin-
jection 

  X. laevis frogs were purchased from Xenopus I (Ann 
Arbour, MI, USA). Animal care and handling were in ac-
cordance with the highest standards of Konkuk University 
guidelines. To isolate oocytes, frogs were anesthetised with 
an aerated solution of 3-amino benzoic acid ethyl ester, and 
the ovarian follicles were removed. The oocytes were sepa-
rated with collagenase followed by agitation for 2 h in a 
Ca2＋-free medium containing 82.5 mM NaCl, 2 mM KCl, 
1 mM MgCl2, 5 mM HEPES, 2.5 mM sodium pyruvate, 100 
units/ml penicillin, and 100μg/ml streptomycin. Stage V-VI 
oocytes were collected and stored in a ND96 medium (96 
mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 
5 mM HEPES, pH 7.5) supplemented with 50μg/ml 
gentamicin. The solution containing the oocytes was main-
tained at 18oC with continuous gentle shaking and was re-
placed daily. Electrophysiological experiments were per-
formed 3∼5 days after oocyte isolation. For muscle nicotine 
acetylcholine receptor experiments, α1, β1, δ, γ and ε 
nicotine acetylcholine receptor subunit encoding cRNAs (40 
nl) were co-injected into the animal or vegetal pole of each 
oocyte 1 day after isolation using a 10 μl microdispenser 
(VWR Scientific, West Chester, PA, USA) fitted with a 15∼
20μm-diameter tapered glass pipette tip [20].

cRNA preparation of α1β1δγ and α1β1δε nico-
tinic acetylcholine receptors 

  The cDNA constructs were linearized at the 3' ends by 
digestion with NotI and run-off transcripts were prepared 
using the methylated cap analogue m7G(5')ppp(5')G. The 
cRNAs were prepared using a mMessage mMachine tran-
scription kit (Ambion, Austin, TX, USA) with T7 RNA 
polymerase. The absence of degraded RNA was confirmed 
by denaturing agarose gel electrophoresis followed by ethi-
dium bromide staining. The final cRNA products were 
re-suspended at a concentration of 1μg/μl in RNase-free 
water and stored at −80oC [20]. 

Data recording 

  A custom-made Plexiglas net chamber was used for 
two-electrode voltage-clamp recordings, as previously re-
ported [20]. A single oocyte was constantly superfused with 
a recording solution (96 mM NaCl, 2 mM KCl, 1.8 mM 
CaCl2, and 10 mM HEPES, pH 7.5) in the absence or pres-
ence of glutamate or quercetin during recording. The micro-
electrodes were filled with 3 M KCl and had a resistance 
of 0.2∼0.7 MΩ. Two-electrode voltage-clamp recordings 
were obtained at room temperature using a model OC-725C 
Oocyte Clamp (Warner Instruments, Hamden, CT, USA) 
and were digitised using a Digidata 1200A apparatus 
(Molecular Devices, Sunnyvale, CA, USA). Stimulation and 
data acquisition were controlled using pClamp 8 software 
(Molecular Devices). For most electrophysiological data, the 
oocytes were clamped at a holding potential of −80 mV. 
For current and voltage (I-V) relationship, voltage ramps 
were applied from −100 to ＋60 mV for 300 ms. In the 
different membrane-holding potential experiments, the oo-
cytes were clamped at the indicated holding potentials. 
Linear leak and capacitance currents were corrected by 
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Fig. 2. Effect of quercetin (Que) on IACh in oocytes expressing α1β1
δγ and α1β1δε muscle-type nicotinic acetylcholine receptors. 
(A) Acetylcholine (100μM) was first applied and then acetylcholine 
was co- or pre-treated with quercetin (100μM). Thus, co-treatment 
of quercetin with acetylcholine and pre-treatment of quercetin be-
fore acetylcholine application inhibited IACh in oocytes expressing 
α1β1δγ nicotinic acetylcholine receptors. (B) Acetylcholine (100
μM) was first applied and then acetylcholine was co- or pre-treated 
with quercetin (100μM). Thus, co-treatment of quercetin with 
acetylcholine and pre-treatment of quercetin before acetylcholine 
application inhibited IACh in oocytes expressing α1β1δε nicotinic 
acetylcholine receptors. The resting membrane potential of oocytes 
was about −35 mV and oocytes were voltage-clamped at a holding 
potential of −80 mV prior to drug application. Traces are represen-
tative of six separate oocytes from three different frogs. (C) 
Summary of % inhibition by quercetin of IACh was calculated from 
the average of the peak inward current elicited by acetylcholine 
alone before quercetin and the peak inward current elicited by 
acetylcholine alone after co- and pre-treatment of quercetin with 
acetylcholine. Each point represents the mean±S.E.M. (n=9∼12 
from three different frogs).

means of the leak subtraction procedure.

Data analysis 

  To obtain the concentration-response curve for the effect of 

quercetin on the inward peak IACh mediated by the α1β1δγ 
and α1β1δε nicotinic acetylcholine receptors, the IACh peak 
was plotted at different concentrations of quercetin. Origin 
software (OriginLab, Northampton, MA, USA) was used to fit 
the plot to the Hill equation: I/Imax=1/[1＋(IC50/[A])nH], where 
Imax is maximal current obtained from each ED50 value of ace-
tylcholine in wild-type receptors, IC50 is the concentration of 
quercetin required to decrease the response by 50%, [A] is 
the concentration of quercetin, and nH is the Hill coefficient. 
All values represent the mean±S.E.M. The differences be-
tween the means of control and treatment data were de-
termined using the unpaired Student’s t-test. A value of p
＜0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Effect of quercetin on IACh in oocytes expressing fetal 
α1β1δγ and adult α1β1δε nicotinic acety-
lcholine receptors 

  The addition of acetylcholine to the bathing solution in-
duced a large inward current in oocytes injected with fetal 
α1β1δγ and adult α1β1δε nicotinic acetylcholine re-
ceptors, indicating the expression of these nicotinic ace-
tylcholine receptors in this system (Fig. 1B). Quercetin it-
self had no effect in oocytes expressing the α1β1δγ and 
α1β1δε nicotinic acetylcholine receptors at a holding po-
tential of −80 mV (Fig. 1B). However, the co-treatment of 
quercetin (100μM) with acetylcholine (100μM) for 30 s 
slightly inhibited IACh by 13.4±3.5 and 12.1±2.1% in oocytes 
expressing the α1β1δγ and α1β1δε nicotinic ace-
tylcholine receptors, respectively (Fig. 2, n=10∼13 from 
three different frogs). Interestingly, the pre-treatment of 
quercetin (100μM) induced a much larger inhibition of IACh. 
Thus, quercetin inhibited IACh by 83.3±5.0 and 80.1±5.3% 
for the α1β1δγ and α1β1δε nicotinic acetylcholine re-
ceptors, respectively (Fig. 2, *p＜0.005, compared to co- 
treatment of quercetin). Since pre-treatment of quercetin 
induced further inhibition of IACh, we first treated quercetin 
for 30 s and followed by 30 s of acetylcholine alone for next 
30 s to make sure whether there are any inhibitory effects 
of quercetin by this protocol. We found that quercetin alone 
treatment did not show any effects on the followed IACh (da-
ta not shown). The inhibition of IACh by quercetin in oocytes 
expressing the α1β1δγ and α1β1δε nicotinic ace-
tylcholine receptors was reversible with a negligible de-
sensitization (Fig. 2A, B). Thus, these results showed that 
quercetin could also regulate heteromeric as well as homo-
meric nicotinic acetylcholine receptor channel activities. In 
addition, we did not observe any difference in querce-
tin-mediated regulations of fetal and adult form of mus-
cle-type of nicotinic acetylcholine receptor channel activity.

Concentration-dependent effect of quercetin on IACh in 
oocytes expressing the α1β1δε nicotinic acetylcho-
line receptor 

  Since pre-treatment of quercetin induced further in-
hibition on IACh in oocytes expressing the muscle-type of nic-
otinic acetylcholine receptor, compared to co-treatment, in 
the next experiments we examined the effects of quercetin 
on IACh after pre-treatment of quercetin in the adult form 
of the receptor. In concentration-response experiments, 
pre-treatment of quercetin for 30s inhibited IACh in a con-
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Fig. 3. Dose-dependent effect of quercetin on IACh in oocytes 
expressing α1β1δε nicotinic acetylcholine receptors. (A) Acety-
lcholine (100μM) was first applied and then acetylcholine was 
pre-treated with different concentration of quercetin. Thus, 
co-treatment of quercetin with acetylcholine and pre-treatment of 
quercetin before acetylcholine application inhibited IACh. The 
resting membrane potential of oocytes was about −35 mV and 
oocytes were voltage-clamped at a holding potential of −80 mV 
prior to drug application. Traces are representative of six separate 
oocytes from three different frogs. (A) IACh in oocytes expressing 
α1β1δε nicotinic acetylcholine receptors was elicited at −80 mV 
holding potential with indicated time in the presence of 100μM 
acetylcholine and then the indicated concentration of quercetin was 
pre-treated for 30 s before acetylcholine. Traces are representative 
of 6∼9 separate oocytes from three different frogs. (B) Percent 
inhibition by quercetin of IACh was calculated from the average of 
the peak inward current elicited by acetylcholine alone before 
quercetin and the peak inward current elicited by acetylcholine 
alone after co-treatment of quercetin with acetylcholine and 
pre-treatment of quercetin before acetylcholine application. The 
continuous line shows the curve fitted according to the equation. 
y/ymax=[Quercetin]/[Quercetin]＋K1/2), where ymax, the maximum 
inhibition (89.1±2.2% and 19.3±1.3 from pre-treatment and co- 
treatment, respectively, mean±S.E.M.) and K1/2 is the concen-
tration for half-maximum inhibition (18.9±1.3 and 44.3±1.1μM 
from pre-treatment and co-treatment, respectively, mean±S.E.M.),
and [Quercetin] is the concentration of quercetin. Each point 
represents the mean±S.E.M. (n=9∼12 from three different frogs).

Fig. 4. Current-voltage relationship and voltage-independent 
inhibition by quercetin. (A) Current-voltage relationships of IACh
inhibition by quercetin in α1β1δε nicotinic acetylcholine rece-
ptors. Representative current-voltage relationships were obtained 
using voltage ramps of −100 to ＋60 mV for 300 ms at a holding 
potential of −80 mV. Voltage steps were applied before and after 
application of 100μM acetylcholine in the absence or presence of 
20μM quercetin. (B) Voltage-independent inhibition of IACh in the 
α1β1δε nicotinic acetylcholine receptors by quercetin. The 
values were obtained from the receptors in the absence or presence 
of 20μM quercetin at the indicated membrane holding potentials.

centration-dependent manner in oocytes expressing the α1
β1δε nicotinic acetylcholine receptor (Fig. 3). Pre-treat-
ment of quercetin inhibited IACh by 5.3±2.4, 20.1±4.8, 
163.1±6.5, 83.3±4.9 and 89.6±3.1% at 3, 10, 30, 100 and 300
μM, respectively, in oocytes expressing the α1β1δε nic-
otinic acetylcholine receptor. The IC50 of IACh was 18.9±1.2 
μM for pre-treatment in oocytes expressing the α1β1δε 

nicotinic acetylcholine receptor (n=10 or 11, from three dif-
ferent frogs).

Current-voltage relationship and voltage-independent 
inhibition in oocytes expressing α1β1δε nicotinic 
acetylcholine receptors by quercetin 

  In experiments exploring the current-voltage (I-V) relation-
ship, the membrane potential was held at −80 mV, and a 
voltage ramp was applied from −100 to ＋60 mV for 300 ms. 
Leakage correction was executed by subtraction of the I-V 
curve obtained by the same voltage protocol before the appli-
cation of acetylcholine. The application of acetylcholine to the 
bathing medium induced a mainly inward current at negative 
voltages and an outward current at positive voltages (Fig. 
4A). Pre-treatment of quercetin before acetylcholine de-
creased both inward and outward currents. The reversal po-
tentials were −8.8±1.3 mV and −7.5±2.3 mV with applica-
tion of acetylcholine alone and pre-treatment of quercetin 
with acetylcholine in oocytes expressing the α1β1δε nic-
otinic acetylcholine receptor. The pre- treatment of quercetin 
with acetylcholine did not affect α1β1δε nicotinic ace-
tylcholine receptor channel properties; quercetin did not alter 
the reversal potential of the α1β1δε nicotinic acetylcho-
line receptor (Fig. 4A). In addition, the inhibitory effect of 
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Fig. 5. Concentration-dependent effects of acetylcholine on 
quercetin-mediated inhibition of IACh. (A) The representative traces 
were obtained from α1β1δε nicotinic acetylcholine receptors 
expressed in oocytes. IACh of the upper and lower panels were 
elicited from concentration of 10μM and 300μM acetylcholine at 
a holding potential of −80 mV, respectively. (B) Concentration- 
response relationships for acetylcholine in the α1β1δε nicotinic 
acetylcholine receptors applied with acetylcholine (1∼300μM) 
alone or with acetylcholine plus pre-application of 20μM quercetin. 
The IACh of oocytes expressing the α1β1δε nicotinic acetyl-
choline receptors was measured using the indicated concentration 
of acetylcholine in the absence (□) or presence (○) of 20μM 
quercetin. Oocytes were exposed to ACh alone or to ACh with 
quercetin. Oocytes were voltage-clamped at a holding potential of 
−80 mV. Each point represents the mean±S.E.M. (n=8∼12/group). 

quercetin (20μM) on IACh was independent of the mem-
brane-holding potential (Fig. 4B). Quercetin inhibited ace-
tylcholine (100μM)-mediated inward current by 58.6±3.2, 
64.6±6.2, 56.5±4.9 and 58.8±5.4% at membrane-holding po-
tentials of −120, −90, −60 and −30 mV, respectively, in 
oocytes expressing the α1β1δε nicotinic acetylcholine re-
ceptor (n=8∼11, from three different frogs). We also exam-
ined quercetin effects on different concentration of acetylcho-
line (10 or 30μM)-mediated inward current at various mem-
brane-holding potentials. We found that the inhibitory effects 
of quercetin on IACh were not significantly changed in these 
concentrations of acetylcholine (data not shown).

Non-competitive inhibition of α1β1δε nicotinic 
acetylcholine receptor channel currents by quercetin 

  To study further the mechanism by which quercetin in-
hibits IACh in oocytes expressing α1β1δε nicotinic ace-
tylcholine receptors, we analyzed the effect of 20μM quer-
cetin on IACh evoked by different acetylcholine concentra-
tions in oocytes expressing α1β1δε nicotinic acetylcho-
line receptors (Fig. 5). Pre-treatment of quercetin with dif-
ferent concentrations of acetylcholine did not shift the 
dose-response curve of acetylcholine to the right (ED50, from 
14.4±1.7 to 12.1±2.5μM and Hill coefficient, from 1.34 to 
1.36) in oocytes expressing α1β1δε nicotinic acetylcho-
line receptors, indicating that quercetin regulates α1β1δ
ε nicotinic acetylcholine receptor channel activity in a 
non-competitive manner (n=8∼12 from three different 
frogs) (Fig. 5).
  The axon terminus of motor neurons of the spinal cord 
forms a kind of synapse with motor end plate, which is 
called a neuromuscular junction. The neuromuscular junc-
tion is a highly-excitable region of muscle fiber plasma 
membrane responsible for initiation of action potential 
across the muscle's surface, resulting in the muscle contrac-
tion. In vertebrates, acetylcholine released from the axon 
terminus of a motor neuron binds to the muscle-type nic-
otinic acetylcholine receptors in the motor end plate to ini-
tiate fast signals for muscle contraction. Thus, since mus-
cle-type nicotinic acetylcholine receptors play an important 
role for skeletal and respiration-related muscle contraction 
and relaxation, these receptors are one of main targets of 
drugs and toxins. In previous reports, flavonoids derived 
from plants or tea extracts were demonstrated to affect ace-
tylcholine release, muscle contraction and neuromuscular 
junction activity [14-18]. However, relatively little is known 
how flavonoids including quercetin regulate muscle-type 
nicotinic acetylcholine receptor channel activity.
  In the present study, we investigated the effects of quer-
cetin on fetal and adult muscle-type of nicotinic acetylcho-
line receptor channel activity. Four major findings are 
reported. First, pre-treatment rather than co-treatment of 
quercetin induced much larger inhibitions of IACh in both 
receptors. Second, there was no difference between fetal 
and adult muscle-type of nicotinic acetylcholine receptors 
in quercetin-mediated inhibition of IACh. Third, pre-treat-
ment of quercetin inhibited IACh in oocytes expressing mus-
cle nicotinic acetylcholine receptor in reversible and concen-
tration-dependent manner. Fourth, the inhibition of IACh by 
pre-treatment of quercetin occurred in a voltage-indepen-
dent and non-competitive manner in oocytes expressing α1
β1δε nicotinic acetylcholine receptors, indicating that 
quercetin could also regulate the muscle-type nicotinic ace-
tylcholine receptor channel activity.
  In previous studies, we demonstrated that quercetin reg-
ulates α3β4, α7 or α9α10 nicotinic acetylcholine re-
ceptor-gated ion currents [22-24]. For example, quercetin 
inhibited heteromeric α3β4 and α9α10 nicotinic ace-
tylcholine receptor channel activities, whereas quercetin 
enhanced homomeric α7 nicotinic acetylcholine receptors, 
indicating a differential effect of quercetin on nicotinic ace-
tylcholine receptor regulations. In the present study, we 
found that quercetin inhibited IACh in Xenopus oocytes ex-
pressing fetal and adult muscle-type nicotinic acetylcholine 
receptors. Interestingly, we found that quercetin exhibited 
a distinguishing action in the inhibition muscle-type of nic-
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otinic acetylcholine receptors. Quercetin showed much larg-
er inhibition of IACh after pre-treatment of quercetin in fetal 
and adult nicotinic acetylcholine receptors compared to oth-
er subtypes of nicotinic acetylcholine receptors examined 
(Fig. 2, 3), indicating that quercetin-mediated regulation of 
muscle-type nicotinic acetylcholine receptor might be in-
directly achieved through phosphorylation or dephosphor-
ylation of the muscle-type nicotinic acetylcholine receptor. 
Since quercetin did not show any significant differences in 
the inhibition of IACh between the adult and fetal type re-
ceptors, quercetin does not interact with the γ or ε sub-
units to inhibit IACh.
  From the present results, however, it is unclear exactly 
how quercetin acts to inhibit IACh in oocytes expressing mus-
cle-type nicotinic acetylcholine receptors. One possible mech-
anism is that quercetin may act as open channel blocker of 
muscle type nicotinic acetylcholine receptors. However, the 
inhibitory effect of quercetin on IACh in oocytes expressing 
α1β1δε nicotinic acetylcholine receptors was not volt-
age-dependent (Fig. 4). These results suggest that quercetin 
may be not an open channel blocker because common open 
channel blockers are strongly voltage dependent [25-27]. 
  Another possibility is that quercetin may act as a com-
petitive inhibitor by inhibiting acetylcholine binding to its 
binding site(s) in muscle-type nicotinic acetylcholine rece-
ptors. In competition experiments, we observed that the in-
hibitory effect of quercetin on IACh was not affected by in-
creasing concentrations of acetylcholine in oocytes express-
ing adult α1β1δε nicotinic acetylcholine receptors with-
out changing the Hill coefficient (Fig. 5). Thus, these results 
indicate that quercetin interaction site(s) with adult α1β1
δε nicotinic acetylcholine receptor might not be related 
to acetylcholine binding sites and γ or ε subunit as a 
non-competitive inhibitor, which is similar to results ob-
tained from α3β4 and α9α10 nicotinic acetylcholine re-
ceptors [23,24].
  The flavonoid genistein inhibits α7 nicotinic acetylcho-
line receptor channel activity in oocytes expressing α7 nic-
otinic acetylcholine receptor [28]. The flavone nobiletin in-
hibits catecholamine release by acetylcholine, but stim-
ulates catecholamine release via activation of Ca2＋ chan-
nels or Na＋/Ca2＋ exchangers [29]. In addition, another 
study reported the quercetin-mediated inhibition of end- 
plate currents at the mouse neuromuscular junction [19]. 
Presently, we also found that quercetin inhibited mus-
cle-type nicotinic acetylcholine receptor channel currents. 
Taken together, the data are consistent with the idea that 
flavonoids including quercetin might have regulatory ef-
fects on subsets of nicotinic acetylcholine receptors, which 
are in central or peripheral nervous systems.
  In summary, we found that quercetin inhibited IACh in 
oocytes expressing human muscle-type of nicotinic ace-
tylcholine receptors. Since muscle-type of nicotinic ace-
tylcholine receptors are closely related with functions of 
neuromuscular junction such as muscle contraction, the in-
hibitory effects of quercetin on IACh in oocytes expressing 
human muscle-type of nicotinic acetylcholine receptor 
might provide a molecular basis for explanation of the neu-
ropharmacological effects of quercetin.
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