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Abstract

Reactive oxygen species (ROS) may induce hypersensitivity of vagal lung C-fibers (VLCFs) through  
the interaction of transient receptor potential ankyirn 1 (TRPA1) and P2X receptors.  Genistein is  
a soy-derived isoflavone that exerts antioxidant effects by binding to estrogen receptors (ERs), ERα  
and ERβ.  We investigated whether ER activation by genistein can suppress H2O2-mediated VLCF  
hypersensitivity and identified the types of ERs involved.  Results revealed that subcutaneous injection  
of genistein or 4,4',4"-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT, a selective ERα agonist) can  
attenuate H2O2-induced VLCF hypersensitivity.  The suppressive effects of genistein and PPT were 
inhibited by an additional treatment with ICI182780 (a nonselective ER antagonist) or 1,3-bis(4-
hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride (MPP, 
a selective ERα antagonist).  Treatment with a combination of PPT, HC030031 (a TRPA1 receptor 
antagonist), and iso-pyridoxalphosphate-6-azophenyl-2',5'-disulphonate (iso-PPADS, a P2X receptor 
antagonist) did not further inhibit H2O2-induced VLCF hypersensitivity as compared with combined 
HC030031 and iso-PPADS treatment.  In conclusion, ERα activation by genistein can suppress H2O2-
induced VLCF hypersensitivity through its functional interaction with TRPA1 and P2X receptors.
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Introduction

Asthma is characterized by airway hyperreac-
tivity to inhaled irritants and chemical mediators,  
including reactive oxygen species (ROS) (9, 20, 22,  
23, 31).  Vagal lung C-fibers (VLCFs) play an essential  
role in the pathogenesis of lower airway hyper-
reactivity (15, 30, 32).  Sensitization to VLCFs by 
inflammatory mediators could induce airway hyper-

sensitivity (13, 14, 38, 41).  The detection of ROS 
by pulmonary C-fibers is mediated through sensi-
tization of transient receptor potential ankyirn 1  
(TRPA1) and P2X receptors at the terminals of VLCFs  
(1).  Recent studies have suggested that ROS can 
induce hypersensitivity of airway C-fibers (28, 33).  
Thus, therapies that suppress ROS-mediated VLCF 
hypersensitivity may benefit the treatment of hyper-
reactive airway disorders.
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Estrogen receptors (ERs), which comprise 
subtypes ERα and ERβ, are expressed in different 
tissues, including the nervous system (7, 16).  ERs 
are activated by the hormone estrogen 17β-estradiol  
and exert multiple biological functions.  Genistein is  
a soy-derived isoflavone present in a number of plants  
and food sources.  It is a phytoestrogen that exerts  
anti-inflammatory and antioxidant effects through its  
selective ER-modulating properties (3, 10, 35).  Liu 
et al. (16) reported that estrogen exhibits neuro-
protective effects on individuals with spinal cord 
injury by improving micro-circulation, enhancing  
Bcl-2 protein expression, and removing free radicals.   
The effects of estrogen on neurons are mediated by 
intracellular nuclear ERα and ERβ that control gene 
transcription (11).  Estrogen also participates in the  
nociception and hypersensitivity of C-fiber afferents  
(11).  Activation of ERs may be beneficial in treating  
inflammatory diseases (5).  Such activation by 17β- 
estradiol exerts protective effects on inflammatory  
injuries of the lungs (36).  Estrogen also imposes a  
positive influence on acute lung injury (5, 36).   
Therefore, therapies targeting ERs show potential for  
airway hyperreactivity (36).  However, the beneficial  
effect of genistein on ROS-induced VLCF hyper-
sensitivity remains unclear to date.

In animal studies, genistein is usually delivered  
through systemic application.  The route of genistein  
application may also activate ERs located in various  
tissues, including the airway smooth muscles, which  
might interfere with C-fiber-mediated airway responses.   
Perivagal antagonist treatment selectively blocks the  
stimulatory effect of corresponding agonists on VLCF  
terminals (17).  By utilizing perivagal treatment, the  
mechanisms of action of genistein in VLCF hyper-
reactivity could be further studied.

In the present study, we investigated whether ER  
activation by genistein can suppress ROS-induced 
VLCF hypersensitivity in anesthetized rats and  
identified the types of ERs involved.  To achieve these  
aims, apneic responses to capsaicin were measured  
as airway reflex.  Aerosolized H2O2 was inhaled into  
the airways to sensitize VLCFs.  Genistein and ER  
agonists were subcutaneously applied to activate ERs,  
whereas ER antagonists were subcutaneously applied  
to block ERs.  Perivagal pretreatments with various 
antagonists were administered to block receptors at 
the terminals of VLCFs.

Materials and Methods

Animal Preparation

Eight-week-old female Sprague-Dawley rats were  
kept in an environment with a constant temperature 
of 24 ± 1°C and maintained on a 12 h day-night 

cycle with access to food and water.  The animals 
were observed throughout the experiments.  If any 
signs of distress were observed, they were removed 
from the study and humanely killed by intravenous 
injection of KCl.  The procedures described below 
are in accordance with the recommendations of the 
Guide for the Care and Use of Laboratory Animals  
published by the National Institutes of Health, USA, and  
were approved by Chung Shan Medical University, 
Taichung, Taiwan (Permit Number: 2009-774).  The  
rats received bilateral ovariectomy and were randomly  
allocated to experimental groups 3 weeks later.  A 
total of 248 rats (weight: 280-320 g) were divided 
into 31 groups (n = 8) for the experiments.  Eight 
hours before the experiments, food was withdrawn, 
but water was provided.  On the day of the experi-
ments, the rats were anesthetized through intraperi-
toneal injection of chloralose (100 mg/kg; Sigma-
Aldrich, St. Louis, MO, USA) and urethane (500 
mg/kg; Sigma) dissolved in 2% borax (Sigma) 
solution.  The jugular vein was cannulated for ad-
ministration of pharmacological agents, the femoral  
artery for monitoring arterial blood pressure, and the  
femoral vein for administration of drugs.  Tracheostomy  
was performed first, followed by neck incision, and  
then dissection of the bilateral cervical vagus nerves  
from the connective tissue.  The animals breathed 
spontaneously through the tracheal cannula.  Respi-
ratory flow was measured using a pneumotachograph  
(Fleisch, 4/0, Richmond, VA) coupled with a differential  
pressure transducer (MP45-14, Validyne, Northridge,  
CA).  The flow signal was integrated to indicate the  
tidal volume (VT).  All physiological signals were  
recorded on a chart recorder (TA11, Gould, Cleveland,  
OH) and a tape recorder (Neurocorder DR-890, Neuro- 
Data Instruments, New York, NY).  The depth of 
anesthesia was monitored hourly, and supplemental 
doses of chloralose (20 mg/kg/h) and urethane (100 
mg/kg/h) were administered to prevent withdrawal 
reflexes induced by pinching the rat’s tail.  Body 
temperature was maintained at 37 ± 1°C throughout 
the experiments.  At the end of the experiments, the 
animals were deeply anesthetized with isoflurane 
and sacrificed through intravenous injection of KCl.

Preparation of Pharmacological Agents

The names, functions, doses, routes of admin-
istration, and vehicles of the drugs used in this study  
are summarized in Table 1.  Most drug solutions were  
prepared daily.  The effective doses and treatment times  
for the drugs were adopted from previous studies (25).

Generation and Delivery of Aerosolized H2O2

H2O2 solution was prepared prior to each ex-
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periment by mixing 35% H2O2 (Shimakyu, Osaka,  
Japan) with phosphate buffered saline to a concen-
tration of 0.05%.  Aerosolized H2O2 was generated  
by delivering an airstream (3 mL/s) through a micro-
pump nebulizer (Aeroneb® Lab Nebulizer System,  
Aerogen, Galway, Ireland) containing the H2O2  
solution and then delivered at a constant flow rate of  
3 mL/s.  The aerosol was spontaneously inhaled into  
the lungs for 90 s through a side arm of the tube 
connected to the outlet of the nebulizer.

Experimental Treatments of Vagus Nerves

Perivagal treatment was performed as previ-
ously described (25).  A segment (about 3 mm) of 
each cervical vagus nerve was wrapped in cotton 
strips presoaked in a solution of various agents (Table 
1) for 30 min prior to the intravenous bolus injec-
tion with capsaicin (0.75 µg/kg, 0.1 mL).  Perivagal 
capsaicin treatment (PCT) would nonselectively 
block the neural conduction of C fibers, abolishing 
the reflex apneic response to all agonists.  Perivagal 
treatments with various antagonists were employed  
to selectively block the corresponding pharmacological  
receptors.  For perivagal sham treatment (PST), the 
cervical vagus nerve was wrapped in a cotton strip 
presoaked in a vehicle of pharmacological agents 

for 30 min prior to the intravenous injection.  For 
vagotomy, the vagus nerves were sectioned at the 
cervical level.

Experimental Design and Protocols

Each rat received two or four inhalations of 
H2O2 with at least 60 min interval between inhala-
tions.  Reflex apneic responses to the intravenous 
injection of capsaicin (0.75 µg/kg) were measured 
30 min before or 1 min after the termination of  
each H2O2 inhalation.  In Study Series 1, to evaluate  
the role of VLCF afferents in H2O2-induced airway  
sensitization, PCT was performed on Group 1, PST  
on Group 2, and vagotomy on Group 3, 30 min before  
the third injection of capsaicin.  In Study Series 2, 
to investigate the effective dosage of genistein in 
inhibiting H2O2-induced enhanced airway reflex 
reactivity, subcutaneous pretreatment with 10, 20, 
or 30 mg/kg genistein (Groups 4 to 7) was adminis-
tered 6 h before the third injection of capsaicin.  In 
Study Series 3, to examine the time course of the 
effect of genistein on H2O2-induced airway sensi-
tization, capsaicin-induced apneic responses were 
tested prior to and following H2O2 sensitization 
after 2, 4, 6, and 8 h of subcutaneous pretreatment  
with sesame oil or genistein.  Sesame oil, a vegetable  

Table 1.  Pharmacological agents used in this study.

Drug Drug function Dose, Route Vehicle

Capsaicin* TRPV1 receptor agonist 0.75 or 1 µg/kg, i.v.
250 µg/mL, perivagal treatment Tween 80, ethanol, saline

Genistein* Isoflavone 10, 20, 30 mg/kg, s.c. DMSO, sesame oil

ICI182780 Nonselective ER antagonist 5 mg/kg, s.c. DMSO, sesame oil

MPP Selective ERα antagonist 2.5 mg/kg, s.c. DMSO, sesame oil

PHTPP Selective ERβ antagonist 2.5 mg/kg, s.c. DMSO, sesame oil

PPT Selective ERα agonist 10 µg/kg, s.c. DMSO, sesame oil

DPN Selective ERβ agonist 10 µg/kg, s.c. DMSO, sesame oil

HC030031 TRPA1 receptor antagonist 3 mg/kg, perivagal treatment DMSO, Tween 80, ethanol, saline

iso-PPADS P2X purinoceptor antagonist 10 mg/kg, perivagal treatment Saline

Polygodial TRPA1 receptor agonist 100 µg/kg, i.v. Tween 80, ethanol, saline

α,β-meATP* P2X purinoceptor agonist 15 µg/kg, i.v. Saline

i.v., intravenous injection; s.c., subcutaneous injection; DMSO, dimethyl sulfoxide; MPP, 1,3-bis(4-hydroxyphenyl)-4-
methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride; PHTPP, 4-[2-phenyl-5,7-bis(trifluoromethyl)
pyrazolo[1,5-a]-pyrimidin-3-yl]phenol; PPT, 4,4′,4″-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol; DPN, 2,3-bis(4-
hydroxy-phenyl)-propionitrile; iso-PPADS, iso-pyridoxalphosphate-6-azophenyl-2′,5′-disulphonate; α,β-meATP, α,β-
methylene-ATP.
*Capsaicin, genistein, and α,β-methylene-ATP were purchased from Sigma, and the other drugs were purchased from 
Tocris Cookson (Ellisville, MO, USA).
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oil derived from sesame seeds, is composed of lino-
leic acid (41% of total), oleic acid (39%), palmitic 
acid (8%), stearic acid (5%), and others in small 
amounts.  It is used as a solvent in injected drugs 
or intravenous drip solutions (Groups 8 and 9).  In 
Study Series 4, to investigate the possible pathways 
involved in the action of genistein in H2O2-induced  
airway sensitization, subcutaneous pretreatment  
with genistein (Group 10), a combination of genistein  
and ICI182780 (Group 11), a combination of genistein  
and MPP (Group 12), a combination of genistein 
and PHTPP (Group 13), PPT (Group 14), DPN (Group 
15), or sesame oil (Group 16) was performed 6 h  
before the third injection of capsaicin.  In Study Series  
5, to examine the selectivity of genistein, HC030031,  
or iso-PPADS treatment, apneic responses to the 
intravenous injection of capsaicin, polygodial, or 
α,β-methylene-ATP (α,β-meATP) were investigated 
before and after subcutaneous pretreatment with  
genistein (Groups 17 to 19), perivagal treatment with  
HC030031 (Groups 20 and 21), or iso-PPADS treat-
ment (Groups 22 and 23).  In Study Series 6, to study  
the interactions of ERα, TRPA1, and P2X receptors  
in H2O2-induced airway sensitization, subcutaneous  
pretreatment with PPT (Group 24); perivagal treatment  
with HC030031 (Group 25); perivagal treatment with  
iso-PPADS (Group 26); a combination of PPT and  
HC030031 (Group 27); a combination of PPT and  

iso-PPADS (Group 28); a combination of HC030031 
and iso-PPADS (Group 29); a combination of PPT,  
HC030031, and iso-PPADS (Group 30); or their vehicles  
(Group 31) were applied before the third injection 
of capsaicin.

Analysis

Respiratory frequency, VT, and expiratory 
duration (TE) were analyzed using a computer with 
an analog-to-digital converter (DASA 4600, Gould) 
and BioCybernatics v1.0 software (BioCybernatics;  
Taipei, Taiwan).  Data were compared using Student’s  
t-test or two-way repeated-measure analysis of vari-
ance (ANOVA) followed by Fisher’s Least Significant  
Difference (LSD) test.  Statistical significance was 
considered at P < 0.05.  All data are presented as 
the mean ± standard errors (SEs).

Results

Role of VLCFs in the Sensitization Effect of H2O2 on 
Apneic Responses to Capsaicin

Three vagus nerve treatments were performed 
to evaluate the role of VLCF afferents in H2O2-
induced airway sensitization.  In the control group, 
intravenous injection of capsaicin rapidly evoked 
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Fig. 1. Effects of (A) PCT and (B) PST on the reflex apneic response to the intravenous injection of capsaicin before and after air-
way sensitization by H2O2 in two ovariectomized rats. In each rat, four injections of capsaicin (0.75 μg/kg, i.v.) were given 
before and 1 min after H2O2 sensitization.  PCT or PST was performed 30 min before the third capsaicin injection.  The in-
terval between the two H2O2 inhalations is 60 min.  PCT (250 μg/mL) could block the neural conduction of VLCFs, whereas 
PST exerted no effect on either the apneic responses to capsaicin or the sensitization effect of H2O2.  VR, respiratory flow; 
VT, tidal volume; ABP, arterial blood pressure.
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an apneic response (Fig. 1A, Row 1), and the ap-
neic response was augmented after H2O2 inhalation  
(Fig. 1A, Row 2).  Either the capsaicin-induced apneic  
responses or H2O2-induced enhanced apneic responses  
were completely blocked during the PCT (Fig. 1A, 

Rows 3 and 4, and Fig. 2B) or after bilateral cervi-
cal vagotomy (Fig. 2C).  The apneic responses were 
unaffected by the PST (Figs. 1B and 2A).  These 
results indicated that inhalation of aerosolized H2O2 
could sensitize VLCFs.
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Fig. 2. Effects of (A) PST and (B) PCT and (C) bilateral cervical vagotomy on the reflex apneic response to the intravenous injec-
tion of capsaicin before and after airway sensitization by H2O2 in three groups of ovariectomized rats.  In each rat, four 
injections of capsaicin (0.75 µg/kg, i.v.) were given before (open bars) and 1 min after H2O2 sensitization (close bars).  PST, 
PCT, or bilateral cervical vagotomy was performed 30 min before the third capsaicin injection.  The interval between the 
two H2O2 inhalations was 60 min.  The longest expiratory duration (TE) during the first 10 s after capsaicin injection was 
divided by the baseline TE to obtain the apneic ratio.  The horizontal dashed lines demonstrated an apneic ratio of 1 (no 
response).  Data were compared using two-way repeated-measure ANOVA followed by Fisher’s LSD test.  *P < 0.05 vs. re-
sponse before H2O2 sensitization; a P < 0.05 vs. response before PST, PCT, or vagotomy.  Data in each group are the mean ± 
SE of eight rats.  PCT or vagotomy totally blocked the apneic responses to capsaicin, whereas PST did not exert any effect.
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Fig. 3. Effects of subcutaneous pretreatment with genistein (A) and sesame oil (B) on the reflex apneic response to the intravenous 
injection of capsaicin before and after airway sensitization by H2O2 in two ovariectomized rats.  In each rat, four injections 
of capsaicin (0.75 µg/kg, i.v.) were given before and 1 min after H2O2 sensitization, as shown by the arrows.  The interval 
between the two H2O2 inhalations was 60 min.  Genistein attenuated the H2O2-enhanced apneic responses to capsaicin, 
whereas sesame oil did not have any effect.
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Suppressive Effect of Genistein in the H2O2-Induced 
Sensitization of VLCFs

Subcutaneous pretreatment with genistein was 
administered to investigate whether it can modulate 
the potentiating effect of H2O2 on VLCFs.  Before  
treatment with genistein, the VLCFs were sensitized by  
H2O2, which augmented the capsaicin-induced apneic  
responses (Fig. 3A, Rows 1 and 2).  The apneic 
response to the intravenous injection of capsaicin 
was not influenced by subcutaneous application 

of genistein (Fig. 3A, Rows 1 and 3), whereas the 
augmentation of the capsaicin-induced apneic re-
sponses caused by H2O2 was abated by genistein 
treatment (Fig. 3A, Rows 2 and 4).  Analysis of the 
group data revealed that genistein treatment dose-
dependently attenuated H2O2-mediated VLCF hy-
persensitivity, whereas sesame oil failed to achieve 
this suppressive effect (Fig. 4).  As shown in Fig. 
5, the most effective inhibition of genistein (30 
mg/kg) on H2O2-induced airway sensitization was  
achieved 6 h after genistein treatment.  The sup-

Fig. 5. Time course of the suppressive effect of genistein on the H2O2-enhanced apneic response to the intravenous injection of 
capsaicin in two groups of ovariectomized rats.  In each rat, four injections of capsaicin (0.75 µg/kg, i.v.) were given before 
(open bars) and 1 min after H2O2 sensitization (close bars).  The longest TE during the first 10 s after capsaicin injection 
was divided by the baseline TE to obtain the apneic ratio.  The horizontal dashed lines indicated an apneic ratio of 1 (no re-
sponse).  Data were compared using two-way repeated-measure ANOVA followed by Fisher’s LSD test.  Data in each group 
are the mean ± SE of eight rats.  *P < 0.05 vs. response before H2O2 sensitization; a, b, P < 0.05 vs. response of 2 h genistein 
pretreatment; c, P < 0.05 vs. response of 4 h genistein pretreatment.  The data showed that the most effective inhibition of 
genistein (30 mg/kg) on H2O2-induced airway sensitization was achieved 6 h after the genistein treatment.
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Fig. 4. Dose effects of subcutaneous pretreatment with genistein on the H2O2-enhanced apneic response to the intravenous injection 
of capsaicin in four groups of ovariectomized rats.  In each rat, four injections of capsaicin (0.75 µg/kg, i.v.) were given be-
fore (open bars) and 1 min after H2O2 sensitization (close bars).  The interval between the two H2O2 inhalations was 60 min.  
The longest TE during the first 10 s after capsaicin injection was divided by the baseline TE to obtain the apneic ratio.  The 
horizontal dashed lines indicated an apneic ratio of 1 (no response).  Data were compared using two-way repeated-measure 
ANOVA followed by Fisher’s LSD test.  Data in each group are the mean ± SE of eight rats.  *P < 0.05 vs. response before 
H2O2 sensitization; a P < 0.05 vs. response before various concentrations of genistein pretreatment.  Genistein dose-depend-
ently inhibited the augmented apneic response after H2O2 sensitization, whereas sesame oil did not influence the sensitizing 
effect of H2O2.
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pressive effects of genistein were prevented when it  
was combined with ICI182780 (a nonselective ER 
antagonist) (Fig. 6B) or MPP (a selective ERα an-
tagonist) (Fig. 6C) but not when combined with 
PHTPP (a selective ERβ antagonist) (Fig. 6D).  The 
application of subcutaneous PPT (a selective ERα 
agonist) (Fig. 6E), but not DPN (a selective ERβ 
agonist) (Fig. 6F), attenuated the augmented apneic 
response after H2O2 sensitization.  These results in-
dicated that activating ERα receptors could attenu-
ate H2O2-mediated VLCF hypersensitivity.

Subcutaneous Application of Genistein Does not Affect 
the Response of VLCFs to Stimulants

Pretreatment with genistein, HC030031 (a 
TRPA1 antagonist), or iso-PPADS (a P2X antagonist)  
was performed to examine whether genistein can affect  
the function of VLCFs in response to stimulants.  As  
shown in Table 2, genistein pretreatment did not affect  
the apneic response to the intravenous injection of  
capsaicin (1 µg/kg), polygodial (100 µg/kg; a TRPA1  
agonist and VLCF stimulant), or α,β-meATP (15 µg/kg;  
a P2X agonist and VLCF stimulant).  However, 

pretreatment with HC030031 and iso-PPADS se-
lectively blocked the apneic responses to intra-
venous injections of polygodial and α,β-meATP, 
respectively (Table 2).  The selective effects of 
HC030031 and iso-PPADS were also confirmed by  
drugs not affecting the apneic response to intravenous  
capsaicin injections (Table 2).  These results indicated  
that genistein does not affect the sensitivity of VLCF  
to stimulants such as TRPA1 and P2X agonists.

Functional Interaction of ERα Receptors with TRPA1 or 
P2X Receptors in the Modulation of the H2O2-Induced 
Sensitization of VLCFs

Pretreatment with PPT, HC030031, or iso-PPADS  
alone partially attenuated the H2O2-mediated augmented  
apneic responses to 47.2% ± 4.4%, 46.7% ± 5.5%, 
and 45.3% ± 4.8% of the control response (before  
treatment), respectively (Fig. 7).  The reduction in  
H2O2-mediated VLCF hypersensitivity caused by PPT  
alone was not significantly different from that pro-
duced by the pretreatment with PPT + HC030031 
(38.0% ± 4.6% of the control) or PPT + iso-PPADS 
(37.7% ± 4.3% of the control) (Fig. 7).  The sup-
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Fig. 6. Effects of subcutaneous pretreatment with genistein and ER antagonists on the H2O2-enhanced apneic response to the in-
travenous injection of capsaicin in seven groups of ovariectomized rats.  In each rat, four injections of capsaicin (0.75 µg/
kg, i.v.) were given before (open bars) and 1 min after H2O2 sensitization (close bars).  Pretreatment interventions com-
prised genistein alone, a combination of genistein and ICI182780, a combination of genistein and MPP, a combination of 
genistein and PHTPP, PPT alone, DPN alone, and sesame oil alone.  The interventions were performed 6 h before the third 
capsaicin injection.  The longest TE during the first 10 s after capsaicin injection was divided by the baseline TE to obtain the 
apneic ratio.  The horizontal dashed lines indicated an apneic ratio of 1 (no response).  Data were compared using two-way 
repeated-measure ANOVA followed by Fisher’s LSD test.  Data in each group are the mean ± SE of eight rats.  *P < 0.05 
vs. response before H2O2 sensitization; a P < 0.05 vs. response during genistein, genistein + PHTPP, or PPT treatment.  The 
suppressive effect of genistein or PPT was reversed by MPP.
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pressive effect of HC030031 + iso-PPADS (26.6% 
± 3.0% of the control) was similar to that of PPT  
+ HC030031 + iso-PPADS treatment (25.7% ± 3.2%  
of the control) (Fig. 7).  The application of subcutaneous  
genistein and PPT (a selective ERα agonist) sup-
pressed VLCF hypersensitivity, suggesting that ERα 
activation could attenuate VLCF hypersensitivity.   
Furthermore, the subcutaneous administration of 
MPP (a selective ERα antagonist) could reverse the 
suppression of VLCF hypersensitivity by genistein 
or PPT.  The inhibitory effect of PPT on H2O2-
induced VLCF hypersensitivity was not further at-
tenuated by additional treatment with HC030031 or 
iso-PPADS.

Discussion

Both ERs widely exist in various tissues, in-
cluding the central nervous system and the peripheral  
nervous system (6, 16).  In the central nervous system,  
the activation of ERs regulates hippocampal syn-
aptic plasticity and enhances cognitive ability (25).  
The antinociceptive effects of estrogen have also 
been reported in animal models (6, 19, 40).  Ma et 
al. (19) reported that estrogen participates in the 
peripheral pain signal transduction pathway by 
modulating the P2X receptor-mediated mechanism 
in sensory neurons.  ERs are also expressed in tis-
sues and smooth muscle cells from the lungs, with  
ERβ being more abundant than ERα.  However, few  
studies have explored the expression of ERs and the 
mechanisms of their activation in human lungs (4, 
36).  Estrogen exerts anti-inflammatory effects on  
allergic asthma models mediated by ER activation (5,  
36).  Elisabetta et al. (36) showed the protective  

Table 2. Average apneic response to the intravenous injection of receptor agonists before and after various in-
terventions.

Intervention Agonist
Response to agonist (TE, s)

Before treatment After treatment
Baseline Peak response Baseline Peak response

Genistein Capsaicin 0.55 ± 0.03 4.65 ± 0.27* 0.58 ± 0.03 4.96 ± 0.24*
Polygodial 0.64 ± 0.05 3.01 ± 0.36* 0.55 ± 0.02 2.13 ± 0.50*
α,β-meATP 0.56 ± 0.08 5.83 ± 1.05* 0.59 ± 0.11 6.55 ± 1.49*

HC030031 Capsaicin 0.59 ± 0.06 4.74 ± 0.61* 0.60 ± 0.09 4.22 ± 0.75*
Polygodial 0.49 ± 0.02 5.05 ± 0.57* 0.43 ± 0.02 0.53 ± 0.08

iso-PPADS Capsaicin 0.56 ± 0.05 4.42 ± 0.55* 0.53 ± 0.04 4.15 ± 0.55*
α,β-meATP 0.57 ± 0.04 5.58 ± 0.58* 0.58 ± 0.05 0.60 ± 0.06

*P < 0.05 vs. the corresponding baseline response.  Data in each group represent the mean ± SE from eight rats.
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Fig. 7. Effects of pretreatment with ERα agonist, TRPA1 
antagonist, P2X antagonist, or their combination on 
the H2O2-enhanced response to the intravenous injec-
tion of capsaicin in eight groups of rats.  Pretreatment 
interventions comprised vehicles alone, PPT alone, 
HC030031 alone, iso-PPADS alone, and combina-
tions of PPT and HC030031, PPT and iso-PPADS, 
HC030031 and iso-PPADS, and PPT, HC030031, and 
iso-PPADS.  Data in each group are the mean ± SE  
of eight rats.  Data were compared using Student’s t-test.  
The H2O2-mediated augmented apneic response 
was attenuated by the pretreatment of PPT alone, 
HC030031alone, iso-PPADS alone, and combinations 
of PPT and HC030031 and PPT and iso-PPADS. The 
maximal inhibition on H2O2-mediated augmented ap-
neic response was achieved by the combination treat-
ment of HC030031 and iso-PPADS, but the combina-
tion treatment of PPT, HC030031, and iso-PPADS did 
not further attenuate the H2O2-mediated augmented 
apneic response.
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effects of ER activation on inflammatory lung injury  
induced by carrageenan injection.  Carey et al. (4) 
reported that ERα knockout female mice exhibit  
airway hyperresponsiveness to inhaled methacholine  
and serotonin compared with wild-type females.  Yan  
et al. (40) reported that estrogen rapidly triggers a 
vagal afferent-mediated inhibition of visceral no-
ciception through the nongenomic ERβ pathway.   
Genistein is structurally similar to 17β-estradiol and  
has estrogenic effects.  Genistein is anti-inflammatory  
in allergic asthma models mediated by binding to ERs  
(5, 10, 12, 36).  Duan et al. (10) reported that intra-
peritoneal administration of genistein reduces oval-
bumin-induced airway hyperactivity and pulmonary 
eosinophilia in an in vivo guinea pig asthma model.  
Despite the potency of genistein in modulating lung 
inflammation and the role of the inflammatory sys-
tem in lung pathologies, the specific role of the ERs 
in VLCFs remains poorly understood.  To the best  
of our knowledge, the present study is the first to show  
the function of ERs, particularly ERα, in the sup-
pression of VLCF hypersensitivity.

The mechanism by which genistein-induced 
ERα activation suppresses ROS-mediated VLCF 
hypersensitivity remains unclear.  The effects of 
genistein are mediated through ER activation (26).   
When genistein binds to ERs, Src, adenylyl cyclase, or  
phospholipase C is triggered, leading to intracellular  
calcium mobilization (21, 37).  Wijetunge et al. (39)  
reported that genistein (50 ± 300 mM) inhibits voltage- 
operated Ca2+ channel currents in a concentration-de-
pendent manner.  Meanwhile, Assem et al. (2) found  
that genistein inhibits NaF-induced contraction  
via a NaF-activated and protein-kinase-C-regulated  
L-type Ca2+ channel.  Genistein also inhibits L-type  
Ca2+ currents in various cells (2, 34, 39).  The activation  
of TRPA1 and P2X receptors is responsible for  
ROS-mediated VLCF hypersensitivity.  TRPA1 and  
P2X receptors are nonselective cation channels that  
are permeable to Ca2+ (13).  Mermelstein and Micevych  
(21) reported that free cytoplasmic calcium [(Ca2+)i]  
flux is blocked by PPADS (P2X receptor antagonist),  
but the calcium response is partially inhibited by  
estrogen, suggesting that the effects of estrogen are  
not mediated by P2X receptors.  In the present study,  
pretreatment with genistein did not affect the apneic  
responses to the intravenous injection of capsaicin,  
polygodial, or α,β-meATP (Table 2), suggesting 
that the protective effects of genistein did not non-
selectively inhibit VLCF excitability.  Genistein can  
suppress ROS-mediated VLCF hypersensitivity but  
cannot affect VLCF sensitivity to stimulants such as  
TRPA1 and P2X agonists under normal physiological  
conditions (Table 2).  After the blockade of TRPA1 and  
P2X receptors by antagonists, PPT (ERα agonist) could  
no longer suppress H2O2-induced VLCF hypersen-

sitivity (Fig. 7).  These findings suggest that the 
suppressive effects of ERα activation on ROS-in-
duced VLCF hypersensitivity are mediated through 
a mechanism involving TRPA1 and P2X receptors  
under oxidative stress.  P2X receptors are modulated  
by ER activation via non-genomic, genomic, or the  
intracellular cyclic adenosine monophosphate 
(cAMP)–protein kinase A (PKA)–extracellular sig-
nal-regulated kinase (ERK)1/2 pathways (18, 19).  
However, the mechanisms of ER activation involv-
ing the TRPA1 and P2X receptor pathway remain 
unclear.

Genistein is usually administered systemically 
to investigate its functional role in airway inflam-
mation and hyperactivity (8, 10, 29).  Activation of  
ERs by genistein could reduce airway hyperreactivity  
(5, 10, 12, 36).  Duan et al. (10) reported that the 
intraperitoneal administration of genistein reduces  
ovalbumin-induced airway hyperreactivity in an in  
vivo guinea pig asthma model.  Smith et al. (29)  
reported that increasing dietary supplementation with  
genistein could improve pulmonary function in 
asthmatic patients.  Day et al. (8) reported that the  
subcutaneous administration of genistein reduces  
radiation-induced mortality and lung damage in female  
mice.  However, systemic application of genistein could  
activate ERs in various tissues, including the lungs.   
The function of ERs in VLCFs is unclear.  Periva-
gal antagonist treatment can selectively block the 
corresponding function of agonists on VLCF ter-
minals (17, 27).  In the present study, subcutaneous 
application of genistein and PPT (an ERα agonist) 
exerted protective effects on H2O2-mediated VLCF 
hypersensitivity, and the positive effects were in-
hibited by subcutaneous MPP (an ERα antagonist) 
treatment.  However, the perivagal treatment of 
TRPA1 and P2X antagonists did not exert addition-
al protective effects on ERα activation in H2O2-me-
diated VLCF hypersensitivity.  This study provides 
direct evidence that ERα affects VLCF hypersensi-
tivity through a mechanism involving TRPA1 and 
P2X receptors.

In conclusion, ERα activation by genistein  
could suppress H2O2-mediated VLCF hypersensitivity,  
and the underlying mechanism might be mediated 
through the TRPA1 and P2X receptor pathway.  
Therefore, genistein may have therapeutic potential 
in treating VLCF-mediated airway hypersensitivity.
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