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Abstract

Eosinophils are known to be the important effector cells in asthmatic airway inflammation. The purpose of this study was to investigate the

effects of nobiletin, a polymethoxyflavonoid, on eosinophilic airway inflammation of asthmatic rats, and explore its possible mechanisms.

Animals were actively sensitized by subcutaneous injection of ovalbumin (OVA). The inflammation in lung tissues of asthmatic rats was observed

by hematoxylin and eosin (HE) staining. The eosinophils in blood and BALF were separated by Percoll density gradient centrifugation and

counted under microscope. The level of Eotaxin was detected by enzyme-linked immunosorbent assay (ELISA). In addition, the apoptosis of

eosinophils was labeled by TdT-mediated dUTP nick end labeling (TUNEL) technique, the semi-quantitative detection for Fas mRNA expression

of eosinophils was performed by reverse transcription-polymerase chain reaction (RT-PCR). The airway inflammation of asthmatic rats pretreated

with nobiletin was obviously alleviated. Nobiletin (1.5 and 5.0 mg/kg given intraperitoneally) significantly reduced OVA-induced increases in

eosinophils, remarkably lowered the level of Eotaxin in blood and broncho-alveolar lavage fluid (BALF) of asthmatic rats. On the other hand,

semi-quantitative RT-PCR analysis for Fas of eosinophils from OVA aerosol-challenged sensitized rats showed that Fas mRNA expression of

eosinophils was obviously enhanced by nobiletin. Meanwhile, the apoptosis index of cultured eosinophils was significantly elevated after

treatment with different doses of nobiletin. These results indicated that nobiletin could inhibit the eosinophilic airway inflammation. Lowering the

levels of Eotaxin, relieving airway infiltration of eosinophils and promoting apoptosis of eosinophils by enhancing expression of Fas mRNA may

be important mechanisms for nobiletin to antagonize eosinophilic airway inflammation of asthmatic rats.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

Bronchial asthma is defined as a chronic airway inflamma-

tory disease characterized by recurrent reversible acute

bronchoconstriction and airway hyperresponsiveness (Busse

and Lemanske, 2001; Maddox and Schwartz, 2002). The

pathophysiology of airway inflammation encompasses eosin-

ophilic infiltration, epithelial denudation, mucus hypersecre-

tion, and airway remodeling. It is attributed to sustained

activation of many inflammatory cells, including eosinophils,

mast cells, lymphocytes, basophils and macrophages, and

synthesis of a variety of proinflammatory mediators and

cytokines (Amin et al., 2000). Acute bronchoconstriction is
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triggered by release of bronchoconstrictors, including hista-

mine, cysteinyl-leukotrienes, and platelet-activating factor from

mast cells upon allergen-induced cross-linking of immunoglo-

bulinE. Airway eosinophilia is induced by a combination of

cytokines and chemokines such as interleukin (IL)-5 and

Eotaxin. Pulmonary eosinophilia together with airway remo-

deling, altered neural control of airway tone, and airway

epithelial desquamation may contribute to airway hyperrespon-

siveness in asthma (Wills-Karp, 1999; Kumar, 2001).

Flavonoids are low molecular weight compounds rich in

seeds, citrus fruits, olive oil, tea and red wine. As we know, the

flavonoids have profound effects on the function of immune and

inflammatory cells as determined by a large number and variety

of in vitro and some in vivo observations. These ubiquitous

dietary chemicals may have significant in vivo effects on

homeostasis within the immune system and on the behavior of
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Fig. 1. Chemical structure of nobiletin.
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secondary cell systems comprising the inflammatory response.

Ample evidence indicates that selected flavonoids, depending

on structure, can inhibit secretory processes, mitogenesis, and

cell–cell interactions including their possible effects on adhe-

sion molecule expression and function. Moreover, certain

flavonoids may affect gene expression and effects of proin-

flammatory cytokines and cytokine receptors. Some flavonoid

effects can certainly be attributed to their recognized antioxidant

and radical scavenging properties (Middleton and Kandaswami,

1992). Recent studies demonstrate flavonoids can inhibit

degranulation of mast cells, reduce histamine, tryptase, IL-6

and IL-8 release from cultured mast cells, as well as from

macrophages (Theoharides et al., 2001; Middleton et al., 2000;

Shichijo et al., 2003). In addition, flavonoids are inhibitors of

histamine, IL-4 and IL-13 production by activated human

basophils (Hirano et al., 2004; Ogasawara et al., 1986). Several

flavonoids were found to inhibit the release of histamine,

leukotrienes, prostaglandin D2, and granulocyte macrophage-

colony stimulating factor (GM-CSF) from mast cells in a

concentration-dependent manner (Chang et al., 2000; Kimata

et al., 2000). All the results above suggest that flavonoids may

have potent anti-inflammatory and anti-allergic activities espe-

cially for mast cell related allergic inflammatory diseases

including asthma.

Nobiletin (Shenzhou Jiamei Pharmaceutic Research Corpo-

ration, China) is a polymethoxy-flavonoid (Fig. 1) occurring

exclusively in citrus fruits, and has been reported to be a

promising anti-inflammatory and chemopreventive agent

(Chen et al., 1997). We predicted that nobiletin may possess

anti-asthmatic airway inflammation effects and may be a new

class anti-asthma agent. In this study, we observed the effects

of nobiletin on eosinophilic airway inflammation, which plays

an important role in the pathogenesis of bronchial asthma.

Furthermore, we explored possible mechanisms of nobiletin for

anti-airway inflammation induced by eosinophils infiltration.

Methods

Animals

Healthy male Sprague-Dawley (SD) rats 6 to 8 weeks of age

and weighing 250 to 300 g were provided by Experimental

Animal Center of Nanjing Medical University. Rats were

maintained in animal facilities with filtered air. These studies
were carried out in agreement with the official recommenda-

tions of The Chinese Community guidelines.

Sensitization and study protocol

Forty animals were randomly divided into five groups (eight

in each group): normal control, asthma model and nobiletin (0.5,

1.5, 5.0 mg/kg) groups. Active sensitization was performed by

subcutaneous injection of 1ml saline containing 1mg of chicken

egg OVA (Sigma, USA) and 3.5 mg of aluminum hydroxide gel

(PIERCE Co., USA). Rats in normal control were treated with

1 ml of saline only containing 3.5 mg aluminum hydroxide gel

instead. In addition, 0.5 ml of Bordetella pertussis vaccine

containing 2�1010 heat-killed organisms was administered

intraperitoneally as an adjuvant (Allakhverdi et al., 2000). Two

weeks after sensitization, the rats were challenged. Rats in

testing groups were injected intraperitoneally with nobiletin 0.5,

1.5, 5.0 mg/kg, respectively daily 1 h before OVA aerosol

challenge. Rats in normal control and model group were treated

with saline instead. The administration lasts for a week.

Preparations for anticoagulated blood and serum

24 h after the last exposure to OVA aerosol, rats were

anesthetized by intraperitoneal injection with sodium pento-

barbital (30 mg/kg). The anticoagulated blood was collected

using a heparin-coated tube through a cannula inserted into the

carotid artery. The other tube untreated with heparin was used

to collect blood for serum preparation.

Histopathological observation

The lower lobes of the right lungs were removed, fixed in 10%

neutral buffered formalin for at least 24 h, processed routinely.

After being embedded in paraffin, the tissues were cut into 5-Am
thick sections and stained with hematoxylin and eosin (HE)

before examination under a light microscope (Duan et al., 2003).

Bronchoalveolar lavage

Bronchoalveolar lavage (Duan et al., 2003) was performed

24 h after the last OVA challenge. Rats were anaesthetized by

an intraperitoneal injection of pentobarbital sodium (30 mg/

kg). Tracheotomy was performed, and a cannula was inserted

into the trachea. Phosphate-buffered saline was instilled into

the lungs, and BALF was collected. The recovered BALF were

pooled and centrifuged, generating a BALF cell pellet and a

cell-free supernatant. Cell-free lavage fluid was frozen and

stored at �70 -C until use.

Eosinophils purification and count

Eosinophils were isolated from the anticoagulated blood and

BALF of asthmatic rats after removal of mononuclear cells by

Percoll (Pharmacia Co., Sweden) density-gradient centrifugation

(Gartner, 1980; Jawien et al., 2004). Then the depletion of

neutrophils by immunomagnetic negative selection as previously
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described (Masu et al., 2002) was performed. The purity of

eosinophils as determined by light microscopic examination of

cytospin preparations stained with Diff-Quik (International

Chemical Ltd., Osaka, Japan) was higher than 99%. The viability

assessed by trypan blue dye exclusion was higher than 99%. The

purified eosinophils were counted under the light microscope.

Eosinophils culture

Freshly purified eosinophils were resuspended at a density

of 1�106/ml in RPMI 1640 supplemented with 10% fetal

bovine serum (FBS) (Cansers International Inc., Toronto,

Canada), penicillin G 100 U/ml, and streptomycin (Meiji Seika

Co. Ltd, Tokyo, Japan) 100 mg/ml (Way et al., 2005).

Eosinophils were cultured at 37 -C in 5% CO2 in the presence

or absence of nobiletin in 96-well flat-bottomed tissue culture

plates. After 24 h, the cultured cells were collected. TdT-

mediated dUTP nick end labeling (TUNEL) technique was
Fig. 2. Histologic examination of inflammatory cell infiltration in the lung tissues from

asthma model), OVA aerosol plus 5 mg/kg nobiletin (E nobiletin 5.0 mg/kg). In trache

localized in the lamina propria beneath the pseudostratified respiratory epithelium and

the intrapulmonary peribronchiolar tissues. In panel C, OVA-induced eosinophilia

magnification �200).
used to detect apoptosis of eosinophils. 2�106 cells were

collected to detect the expression of Fas mRNA through

reverse transcription-polymerase chain reaction (RT-PCR). The

culture was performed in duplicate for each culture condition

and all results represent the mean of four experiments.

Measurement of Eotaxin by enzyme-linked immunosorbent

assay (ELISA)

The concentrations of Eotaxin in serum and BALF were

measured using a ELISA kit (Pharmingen, USA) according to

the manufacturer’s guideline for users.

TdT-mediated dUTP nick end labeling (TUNEL) of eosinophils

The TUNEL method is based on the specific binding of

terminal deoxynucleotide transferase (TdT) to the 3V-OH ends

of DNA and the ensuing synthesis of a polydeoxynucleotide
rats after inhalation of saline aerosol (A normal control), OVA aerosol (B, C, D

a from rats that had inhaled OVA aerosol, abundant cell infiltration was primarily

mucus hypersecretion was evident. Inflammatory exudates were also observed in

in trachea was observed (HE staining. A, B, E magnification �100; C, D
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Table 1

Effects of nobiletin (0.5, 1.5, 5.0 mg/kg given i.p. 1 h before OVA) on the

number of eosinophils in blood and BALF of asthmatic rats induced by OVA

challenge

Group Dose/mg kg�1 The number of Eos/�106/ml

Blood BALF

Normal control – 1.62T0.68 1.17T0.31
Asthma model – 12.06T2.35** 11.18T2.40**

NBL low dose 0.5 10.52T2.03 9.65T1.84

NBL medium dose 1.5 8.28T1.06# 7.25T0.98#

NBL high dose 5.0 2.88T0.66## 2.35T0.78##

Data are expressed as meanTS.D., n =8. **P <0.01, vs. normal control;
#P <0.05, ##P <0.01, vs. asthma model.
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Fig. 4. Effects of nobiletin (1�10�7, 1�10�6, 1�10�5 mol/L) on Fas mRNA

expression of eosinophils from sensitized rats cultured for 24 h. Ratio of Fas/h-
actin denotes expression of Fas mRNA by semi-quantitative measure. Data are

expressed as meanTS.D., n =8. *P <0.05, **P <0.01 vs. control.
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polymer. The TUNEL method was applied to eosinophil smear

sections with Apoptosis Detection Kit (Sino–American Bio-

technology Company). Eosinophil smear sections were pre-

pared, fixed in 10% neutral buffered Formalin for 10 min at

room temperature, rinsed in PBS, and then incubated in 2%

H2O2 for 15 min to quench endogenous peroxidases. To

quantitate the incidence of apoptosis, TUNEL-positive cells

were counted. The data were represented as the percentage of

TUNEL-positive cells to the total number of eosinophils.

Semi-quantitative RT-PCR for Fas mRNA of eosinophils

Total RNA was extracted from 2�106 eosinophils with

Trizol reagents (Promega, USA) according to the manufac-
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Fig. 3. Effects of nobiletin (0.5, 1.5, 5.0 mg/kg given i.p. 1 h before OVA) on

the level of Eotaxin in serum (A) and BALF (B) induced by OVA challenge in

sensitized rats. Data are expressed as meanTS.D., n =8. **P <0.01 vs. normal

control, #P <0.05, ##P <0.01 vs. model.
turer’s guidelines. Chemicals for RT-PCR (Bio Basic Inc,

Canada) were used as follows. For cDNA synthesis, 20

Al reverse transcription mixture containing total RNA 1 Ag,
dNTP 1 mmol/L, random primer 0.2 Ag, RNasin 20 U, M-

MuLV reverse transcriptase 200 U was well mixed and

incubated at 42 -C for 60 min, and then the reverse

transcriptase was inactivated by heating the mixture at 70 -C
for 10 min. Specific primers for rat Fas and h-actin (an internal

standard) were synthesized according to published sequences

(Roughton et al., 1999; Wang et al., 2004). Fas primers,

upstream sequence: 5VCTG CAG ATATGC TGT GGATCA 3V,
downstream sequence: 5VTTT GGT GTT GCT GGT TGG T 3V;
h-actin primers, upstream sequence: 5V-CCA ACC GTG AAA

AGA TGA CC-3V, downstream sequence: 5V-CAG GAG GAG

CAATGATCT TG-3V. All primers were synthesized by Takara

Co. with the product size of 491bp and 660bp, respectively.

PCR reaction constituents were as follows: 2 Al of cDNA

mixture was subjected to amplification in 50 Al of final volume

with MgCl2 1.5 mmol/L, dNTPs 0.2 mmol/L, 20 pmol of each

primer, and 2 U of Taq DNA polymerase in the reaction buffer.
Fig. 5. Effects of nobiletin on Fas mRNA expression of eosinophils from

sensitized rats cultured for 24 h. The expression of Fas (B) and h-actin (A

was determined by semi-quantitative RT-PCR. h-actin was used as an

internal standard. PCR products of 10 Al were separated by 1.5% agarose

gel electrophoresis and visualized by ethidium bromide staining. The density

of each band was measured by UVP gel analysis system. M represents

marker; 1 represents control; 2 represents 1�10�7 mol/L nobiletin, 3

represents 1�10�6 mol/L nobiletin, 4 represents 1�10�5 mol/L nobiletin
)

.
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Fig. 6. Effects of nobiletin (1�10�7, 1�10�6, 1�10�5 mol/L) on apoptosis

of eosinophils from sensitized rats cultured for 24 h. Apoptosis index (TUNEL-

positive cells/total cells�100%) was presented. Data are expressed as

meanTS.D., n =8, *P <0.05, **P <0.01 vs. control.
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PCR reaction conditions were as follows: 94 -C, 5 min; then 94

-C, 1 min; 65 -C for Fas, 67 -C for h-actin, 1 min; 72 -C, 45 s,

for 35 cycles; and 72 -C 10 min to end the reaction. PCR

products of 10 Al were separated by 1.5% agarose gel

electrophoresis and visualized using ethidium bromide stain-

ing. The density of each band was measured by UVP gel

analysis system. This semi-quantitative measure for Fas was

expressed as ratios to h-actin.

Statistics analysis

All values were expressed as meanTS.D. The significance

for the difference between the groups was analyzed with SPSS

10.0 by one-way ANOVA. Differences were considered

significant when P <0.05. The correlation was analyzed by

SPSS Pearson analysis method.
Fig. 7. Apoptosis of eosinophils cultured for 24 h by TUNEL (A, B, C, D magnificati

D 1�10�5 mol/L). In figure A, a few apoptotic cells were observed. The apoptotic ce

(B, C, D).
Results

Effects of nobiletin on histopathological changes in lung tissues

As demonstrated in Fig. 2A, rats in normal control showed

normal bronchial and alveolar architecture. Rats in model group

exhibited marked lung histopathologic abnormalities, charac-

terized by bronchostenosis, epithelium hyperplasia, leakage of

microvessel, bronchial wall edema, mucous plugging and

infiltration of inflammatory cells including a number of

eosinophils in bronchial and alveolar regions (Fig. 2B, C, D).

After treatment with nobiletin at different doses, lung tissues

appeared relatively better, with a prominent decrease in

inflammation response compared to model group (Fig. 2E).

Effects of nobiletin on the number of eosinophils in asthmatic

rats

The results showed that the number of eosinophils in blood

and BALF of asthma model rats increased apparently. There

was significant difference between model group and normal

control (n =8, P <0.01). Compared to model group, nobiletin at

1.5 and 5.0 mg/kg can decrease the number of eosinophils in

asthmatic rats significantly (n =8, P <0.05 and P <0.01,

respectively; Table 1).

Effects of nobiletin on Eotaxin level in serum and BALF of

asthmatic rats

Compared to normal control, the level of Eotaxin in blood

and BALF of asthma model rats increased prominently
on �400) in the absence (A) and presence of nobiletin (B 1�10�7, C 1�10�6,

lls increased obviously after treatment with different concentrations of nobiletin
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(308.34 T66.0 vs. 186.02 T52.75; 284.28 T72.40 vs.

173.98T56.93 pg/ml; n =8, P <0.01). Except for low dose of

nobiletin, there was significant decrease in level of Eotaxin in

serum (212.51 T69.06 vs. 308.34 T66.0 , P < 0.05;

202.49T56.75 vs. 308.34T66.0, P <0.01, n =8) and BALF

(201.16T72.3 vs. 284.28T72.40, P <0.05; 184.85T59.74 vs.

284.28T72.40, P <0.01, n =8) after treatment with nobiletin at

higher doses compared to model group (Fig. 3).

Effects of nobiletin on Fas mRNA expression in eosinophils

In this study, the expression of h-actin mRNAwas detected

as an internal standard. The values of this semi-quantitative

measure were expressed as ratios of Fas to h-actin. Fas mRNA

of eosinophils were expressed in the presence or absence of

nobiletin (Figs. 4 and 5). Semi-quantitative RT-PCR data

indicated that Fas mRNA expression of eosinophils from

sensitized rats was slight. After treatment with different

concentrations of nobiletin, a significant increase in expression

of Fas mRNA was observed.

Effects of nobiletin on apoptosis index of eosinophils

Eosinophil apoptosis was examined by TUNEL technique.

The apoptosis incidence was evaluated by apoptosis index

(TUNEL-positive cells/total cells 100%). A small number of

cells labeled by the TUNEL method were detected in the

control group (7.79T3.55%). The incidence of eosinophil

apoptosis increased 24 h after low concentration of nobiletin

exposure (11.91T3.52%, n =8, P <0.05 vs. control). A

significant increase in the incidence of TUNEL-positive cells

was observed in sections from eosinophils 24 h after higher

concentrations of nobiletin exposure (18.21T5.38%; 20.01T
5.18%, n =8, P <0.01 vs. control; Figs. 6 and 7).

Correlation between expression of Fas mRNA and apoptosis of

eosinophils

As described above, nobiletin enhanced both the expression

of Fas mRNA and the apoptosis index of eosinophils in a

concentration-dependent way. By Pearson correlative analysis

a significantly positive correlation between the expression of

Fas mRNA and the apoptosis index of eosinophils was found

(r=0.824, P <0.01).

Discussion

Allergic asthma is the most common cause of significant

respiratory morbidity in the world. It is a chronic disorder

characterized by chronic airway inflammation, airway hyper-

responsiveness, reversible airway obstruction, airway remodel-

ing and mucus hypersecretion. It has been widely recognized

that the infiltration of eosinophils is a hallmark of this disease

(Cain, 2001). Eosinophils at the site of inflammation release

preformed and newly synthesized mediators, including eosin-

ophil cationic protein, major basic protein, leukotriene C4, and

reactive oxygen. These mediators contribute to the formation of
the pathological features of asthmatic airways such as

bronchoconstriction, mucus hypersecretion, microvascular

leakage, submucosal edema, and epithelial shedding, which

lead to the clinical features of asthma: hyperresponsiveness and

airway narrowing. Attenuating accumulation and activation of

eosinophils in airway contributes to the relief of airway

inflammation (Bousquet et al., 2000).

It has been demonstrated that many flavonoids exert potent

antiallergic and anti-inflammatory effects. Previous studies

have shown that the flavonoids alleviated bronchoconstriction

and airway hyperreactivity in ovalbumin sensitized mice (Das

et al., 2003). Flavonoids were also reported to influence

monocytic guanosine triphosphatase activity and play protec-

tive roles in experimental allergic encephalitis (Hendriks et al.,

2004). Moreover, they could inhibit the development of

dermatitis and IgE elevation in the allergic mouse model

(Kotani et al., 2000). In addition, they could repress TH2-type

cytokines production by activated human basophils (Hirano et

al., 2004; Higa et al., 2003). In the present study, we firstly

report that nobiletin, a polymethoxyflavonoid occurring exclu-

sively in citrus fruits, possesses obvious anti-eosinophilic

airway inflammation effects in asthmatic rats. Pretreatment

with nobiletin before challenge significantly decreased the

number of eosinophils in blood and BALF of asthmatic rats.

Meanwhile, the severity of inflammation in asthmatic lung

tissues was markedly relieved. Furthermore, we investigated

the mechanisms of nobiletin for anti-eosinophilic airway

inflammation effects in asthmatic rats.

Eotaxins are a family of CC chemokines that can recruit the

inflammatory cells bearing the CCR3 receptor to the sites of

allergic inflammation (Rankin et al., 2000). CCR3 is highly

expressed on eosinophils (Daugherty et al., 1996; Ponath et al.,

1996). The expression of Eotaxin mRNA and protein was

found to be increased in the bronchial epithelium and

submucosal layer of the airways of chronic asthma (Ying,

2000). Furthermore, the elevation of Eotaxin levels was

proportional to eosinophil infiltration and bronchial hyperre-

activity (Ying et al., 1997; Lamkhioued et al., 1997). Eotaxin is

an important factor for eosinophil recruitment to the asthmatic

airway which leads to eosinophilic airway inflammation. Our

result that nobiletin could significantly decrease the level of

Eotaxin in serum and BALF of asthmatic rats highly implies

that nobiletin may exert anti-inflammation effect by lowering

the level of Eotaxin.

Apoptosis of eosinophils in asthmatic airway is delayed,

which aggravates the infiltration of eosinophils in inflamma-

tory airway. Apoptosis is the course of physiologic cell death

characterized by morphologic changes such as membrane

blebbing and nuclear condensation, and by the degradation of

DNA into oligonucleosomesized fragments showing a ‘‘lad-

der’’ pattern on agarose gel (Tai et al., 1991; Yamaguchi et al.,

1991; Stern et al., 1992). Apoptotic eosinophils have been

shown to be removed from the tissue without releasing

inflammatory mediators after ingestion by macrophages, which

is believed to be one of the important mechanisms in the

resolution of inflammation (Haslett, 1992). Therefore, the

induction of apoptosis in eosinophils would be beneficial in the
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treatment of asthma. Our result showed that nobiletin enhances

the apoptosis index of eosinophils from asthmatic rats, which

may be another pathway for nobiletin to exert anti-eosinophilic

airway inflammation effect in asthmatic rats.

Fas ligand/Fas receptor molecular interactions have been

implicated as having an important function for the regulation of

eosinophil apoptosis (Simon et al., 1998). Fas (CD95, APO-1)

is a cell-surface receptor belonging to the nerve growth factor/

tumor necrosis factor (TNF) receptor family, whereas its ligand,

FasL, belongs to the TNF family (Nagata and Golstein, 1995).

FasL is expressed in activated T-cells and macrophages,

whereas Fas may be expressed in several target cells. Interaction

between FasL and Fas leads to apoptotic death of Fas-

expressing cells (Nagata, 1997). Fas was found to be expressed

in eosinophils. It was thought that Fas actively participated in

the apoptosis of eosinophils, which contributed to the relief of

eosinophilic airway inflammation of asthma. In the present

study, nobiletin was observed to enhance the expression of Fas

mRNA on eosinophils from asthmatic rats. Moreover, the result

showed that the increased expression of Fas mRNA was

accompanied by the increasing of the apoptosis index of

eosinophils. There was a significantly positive correlation

between them, which highly implies that nobiletin may promote

eosinophil apoptosis by enhancing Fas expression.

In conclusion, our study firstly demonstrated that nobiletin

exerted beneficial effects on asthmatic eosinophilic airway

inflammation. Lowering the level of Eotaxin and increasing

the apoptosis index of eosinophils by enhancing the expression

of Fas may be important mechanisms for nobiletin exerting anti-

eosinophilic airway inflammation effect in asthmatic rats.

Glucocorticoid and selective h2 receptor agonist are still the

predominant drugs in therapy for asthma at present. However,

the inevitable side effects of these drugs limited their long-term

and large-dose use. Our findings that nobiletin, a polymethoxy-

flavonoid occurring exclusively in citrus fruits, reduced eosin-

ophilic airway inflammation raise the possibility that nobiletin

may be of high therapeutic value in asthma. It may produce a

synergistic effect on asthma therapy with glucocorticoid or

selective h2 receptor agonist. Therefore, it is reasonable to

expect that nobiletin might be a new promising therapeutic agent

for asthma and other allergic inflammatory diseases.

Acknowledgment

The authors gratefully acknowledge the guidance by Prof.

Hongquan Zhang. We appreciate the technical assistance of

Ms. Jie Chen.

References

Allakhverdi, Z., Lamkhioued, B., Olivenstein, R., Hamid, O., Renzi, P.M., 2000.

CD8 depletion-induced late airway response is characterized by eosinophil-

ia, increased Eotaxin, and decreased IFN-g expression in rats. American

Journal of Respiratory and Critical Care Medicine 162, 1123–1131.

Amin, K., Ludviksdottir, D., Janson, C., 2000. Inflammation and structural

changes in the airways of patients with atopic and nonatopic asthma.

American Journal of Respiratory and Critical Care Medicine 162,

2295–2301.
Bousquet, J., Jeffery, P.K., Busse, W.W., Jhonson, M., Vignola, A.M., 2000.

Asthma: From bronchoconstriction to airways inflammation and remodel-

ing. American Journal of Respiratory and Critical Care Medicine 161,

1720–1745.

Busse, W.W., Lemanske, R.J., 2001. Asthma. The New England Journal of

Medicine 344, 350–362.

Cain, H., 2001. Bronchoprovocation testing. Clinics in Chest Medicine 22,

651–659.

Chang, C.Y., Huang, L.J., Wang, J.P., Teng, C.M., Chen, S.C., Kuo, S.C., 2000.

Synthesis and anti-platelet, anti-inflammatory and anti-allergic activities of

methoxyiso-flavanquinone and related compounds. Chemical and Pharma-

ceutical Bulletin 48, 964–973.

Chen, J., Montanari, A.M., Widmer, W.W., 1997. Two new polymethoxylated

flavonoids, a class of compounds with potential anticancer activity, isolated

from cold pressed Dancy tangerine peel oil solids. Journal of Agricultural

and Food Chemistry 45, 364–368.

Das, M., Ram, A., Ghosh, B., 2003. Luteolin alleviates bronchoconstriction and

airway hyperreactivity in ovalbumin sensitized mice. Inflammation Re-

search 52, 101–106.

Daugherty, B.L., Siciliano, S.J., DeMartino, J.A., Malkowitz, L., Sirotina, A.,

Springer, M.S., 1996. Cloning, expression, and characterization of the

human eosinophil Eotaxin receptor. The Journal of Experimental Medicine

183, 2349–2354.

Duan, W., Chun, K.I., Sathiyamoorthy, S., Kaw, Y.C., Boon, H.B., Fredwong,

W.S., 2003. Antiinflammatory effects of genistein, a tyrosine kinase

inhibitor, on a guinea pig model of asthma. American Journal of

Respiratory and Critical Care Medicine 167, 185–192.

Gartner, I., 1980. Separation of human eosinophils in density gradients

of polyvinylphrro-lidone-coated silica gel (Percoll). Immunology 40,

133–136.

Haslett, C., 1992. Resolution of acute inflammation and the role of apoptosis in

the tissue fate of granulocytes. Clinical Science 83, 639–648.

Hendriks, J.J., Alblas, J., Van der Pol, S.M., Van Tol, E.A., Dijkstra, C.D., De

Vries, H.E., 2004. Flavonoids influence monocytic GTPase activity and are

protective in experimental allergic encephalitis. Journal of Experimental

Medicine 200, 1667–1672.

Higa, S., Hirano, T., Kotani, M., Matsumoto, M., Fujita, A., Suemura, M.,

Kawase, I., Tanaka, T., 2003. Fisetin, a flavonol, inhibits TH2-type cytokine

production by activated human basophils. Journal of Allergy and Clinical

Immunology 111, 1299–1306.

Hirano, T., Higa, S., Arimitsu, J., Naka, T., Shima, Y., Ohshima, S., Fujimoto,

M., Yamadori, T., Kawase, I., Tanaka, T., 2004. Flavonoids such as luteolin,

fisetin and apigenin are inhibitors of interleukin-4 and interleukin-13

production by activated human basophils. International Archives of Allergy

and Immunology 134, 135–140.

Jawien, J., Olszanecki, R., Lorkowska, B., Korbut, R., 2004. Effect of aspirin

on cysteinyl leukotrienes production by eosinophils co-cultured with

epithelial cells. Journal of Physiology and Pharmacology 55, 765–772.

Kimata, M., Shichijo, M., Miura, T., Serizawa, I., Inagaki, N., Nagai, H., 2000.

Effects of luteolin, quercetin and baicalein on immunoglobulin E-mediated

mediator release from human cultured mast cells. Clinical and Experimental

Allergy 30, 501–508.

Kotani, M., Matsumoto, M., Fujita, A., Higa, S., Wang, W., Suemura, M.,

Kishimoto, T., Tanaka, T., 2000. Persimmon leaf extract and astragalin

inhibit development of dermatitis and IgE elevation in NC/Nga mice.

Journal of Allergy and Clinical Immunology 106, 159–166.

Kumar, R.K., 2001. Understanding airway wall remodeling in asthma: a basis

for improvements in therapy? Pharmacology and Therapeutics 91, 93–104.

Lamkhioued, B., Renzi, P.M., Abi-Younes, S., Garcia-Zepada, E.A., Allakh-

verdi, Z., Ghaffar, O., Rothenberg, M.D., Luster, A.D., Hamid, Q., 1997.

Increased expression of Eotaxin in bronchoalveolar lavage and airways of

asthmatics contributes to the chemotaxis of eosinophils to the site of

inflammation. Journal of Immunology 159, 4593–4601.

Maddox, L., Schwartz, D.A., 2002. The pathophysiology of asthma. Annual

Review of Medicine 53, 477–498.

Masu, K., Ohno, I., Suzuki, K., Okada, S., Hattori, T., Shirato, K., 2002.

Proliferative effects of eosinophil lysates on cultured human airway smooth

muscle cells. Clinical and Experimental Allergy 32, 595–601.



ARTICLE IN PRESS
Y.-Q. Wu et al. / Life Sciences xx (2005) xxx–xxx8
Middleton, E.J., Kandaswami, C., 1992. Effects of flavonoids on immune and

inflammatory cell functions. Biochemical Pharmacology 43, 1167–1179.

Middleton, E.J., Kandaswami, C., Theoharides, T.C., 2000. The effects of plant

flavonoids on mammalian cells: implications for inflammation, heart

disease, and cancer. Pharmacological Reviews 52, 673–751.

Nagata, S., 1997. Apoptosis by death factor. Cell 88, 355–365.

Nagata, S., Golstein, P., 1995. The Fas death factor. Science 267, 1449–1456.

Ogasawara, H., Fujitani, T., Drzewiecki, G., Middleton, E.J., 1986. The role of

hydrogen peroxide in basophil histamine release and the effect of selected

flavonoids. The Journal of Allergy and Clinical Immunology 78, 321–328.

Ponath, P.D., Qin, S., Post, T.W., Wang, J., Wu, L., Gerard, N.P., Newman, W.,

Gerard, C., Mackay, C.R., 1996. Molecular cloning and characterization of

a human Eotaxin receptor expressed selectively on eosinophils. The Journal

of Experimental Medicine 183, 2437–2448.

Rankin, S.M., Conroy, D.M., Williams, T.J., 2000. Eotaxin and eosinophil

recruitment: implications for human disease. Molecular Medicine 6, 20–27.

Roughton, S.A., Lareu, R.R., Bittles, A.H., Dharmarajan, A.M., 1999. Fas and

Fas ligand messenger ribonucleic acid and protein expression in the rat

corpus luteum during apoptosis-mediated luteolysis. Biology of Reproduc-

tion 60, 797–804.

Shichijo, M., Yamamoto, N., Tsujishita, H., Kimata, M., Nagai, H., Kokubo, T.,

2003. Inhibition of syk activity and degranulation of human mast cells by

flavonoids. Biological and Pharmaceutical Bulletin 26, 1685–1690.

Simon, H.U., Yousefi, S., Dibbert, B., Hebestreit, H., Weber, M., Branch, D.R.,

Blaser, K., Levi-Schaffer, F., Anderson, G.P., 1998. Role for tyrosine

phosphorylation and Lyn tyrosine kinase in fas receptor-mediated apoptosis

in eosinophils. Blood 92, 547–557.

Stern, M., Meagher, L., Savill, J., Haslett, C., 1992. Apoptosis in human

eosinophils. Programmed cell death in the eosinophil leads to phagocytosis

by macrophages and is modulated by IL-5. Journal of Immunology 148,

3543–3549.
Tai, P.C., Sun, L., Spry, C.J., 1991. Effects of IL-5, granulocyte/macrophage

colony-stimulating factor (GM-CSF) and IL-3 on the survival of human

blood eosinophils in vitro. Clinical and Experimental Immunology 85,

312–316.

Theoharides, T.C., Alexandrakis, M., Kempuraj, D., Lytinas, M., 2001. Anti-

inflammatory actions of flavonoids and structural requirements for new

design. International Journal of Immunopathology and Pharmacology 14,

119–127.

Wang, X.Z., Zhang, S.J., Chen, Y.X., Chen, Z.X., Huang, Y.H., Zhang, L.J.,

2004. Effects of platelet-derived growth factor and interleukin-10 on

Fas/Fas-ligand and Bcl-2/Bax mRNA expression in rat hepatic stellate

cells in vitro. World Journal of Gastroenterology 10, 2706–2710.

Way, W., Kazuko, M.A., Gen, T.A., Ko, S.U., Keiko, O.H., Kaori, O.K., Kunio,

S.H., Motoaki, T.A., Isao, O.H., 2005. Inhibition of eosinophil survival by a

selective inhibitor of phosphodiesterase 4 via the induction of apoptosis.

Biological and Pharmaceutical Bulletin 28, 515–519.

Wills-Karp, M., 1999. Immunologic basis of antigen-induced airway hyperre-

sponsiveness. Annual Review of Immunology 17, 255–281.

Yamaguchi, Y., Suda, T., Ohta, S., Tominaga, K., Miura, Y., Kasahara, T., 1991.

Analysis of the survival of mature human eosinophils: interleukin-5

prevents apoptosis in mature human eosinophils. Blood 178, 2542–2547.

Ying, S., 2000. C–C chemokine expression in atopic and nonatopic asthma.

Chemistry and Immunology 78, 178–188.

Ying, S., Robinson, D.S., Meng, Q., Rottman, J., Kennedy, R., Ringler, D.J.,

Mackay, C.R., Daugherty, B.L., Springer, M.S., Durham, S.R., 1997.

Enhanced expression of Eotaxin and CCR3 mRNA and protein in atopic

asthma, association with airway hyperresponsiveness and predominant co-

localization of Eotaxin mRNA to bronchial epithelial and endothelial cells.

European Journal of Immunology 27, 3507–3516.


	Antagonistic effects of nobiletin, a polymethoxyflavonoid, on eosinophilic airway inflammation of asthmatic rats and relevant mechanisms
	Introduction
	Methods
	Animals
	Sensitization and study protocol
	Preparations for anticoagulated blood and serum
	Histopathological observation
	Bronchoalveolar lavage
	Eosinophils purification and count
	Eosinophils culture
	Measurement of Eotaxin by enzyme-linked immunosorbent assay (ELISA)
	TdT-mediated dUTP nick end labeling (TUNEL) of eosinophils
	Semi-quantitative RT-PCR for Fas mRNA of eosinophils
	Statistics analysis

	Results
	Effects of nobiletin on histopathological changes in lung tissues
	Effects of nobiletin on the number of eosinophils in asthmatic rats
	Effects of nobiletin on Eotaxin level in serum and BALF of asthmatic rats
	Effects of nobiletin on Fas mRNA expression in eosinophils
	Effects of nobiletin on apoptosis index of eosinophils
	Correlation between expression of Fas mRNA and apoptosis of eosinophils

	Discussion
	Acknowledgment
	References


