
Abstract. Background/Aim: Adiponectin is accepted as
playing pivotal roles in the development of allergic rhinitis
(AR) through modulation of production of inflammatory
mediators. Although it is also well known that neuropeptides,
especially substance P (SP), function in the development and
persistence of clinical conditions of AR, the influence of
adiponectin on neuropeptide production is not well understood.
The present study was designed to examine the influence of
adiponectin on the production of SP both in vivo and in vitro.
Materials and Methods: PC-12 cells (1×104 cells) were
stimulated with 10.0 ng/ml nerve growth factor (NGF) for 2 h
and then with 10.0 ng/ml capsaicin in the presence of different
concentrations of adiponectin. After 72 h, culture supernatants
were obtained, and SP levels were measured with enzyme-
linked immunosorbent assay (ELISA). The influence of
adiponectin on the total number of neurites developed per PC-
12 cell and on the percentage of PC-12 cells with outgrowing
neurites was also examined 24 and 72 h after the start of
culture, respectively. In the second part of the study, BALB/c
mice were sensitized intraperitoneally with 1.0 μg of ovalbumin
and then challenged with intranasal ovalbumin. At 7 days
following sensitization, these mice were treated with different
doses of adiponectin intranasally in a volume of 5.0 μl. Nasal
allergy-like symptoms, which were induced by bilateral
application of 0.1 % OVA (5.0 μl), were assessed by counting
sneezing and nasal rubbing behavior for 10 min immediately
after nasal ovalbumin challenge. SP levels in nasal lavage fluid
obtained 6 h after nasal ovalbumin challenge were examined

by ELISA. Results: Treatment of NGF-stimulated PC-12 cells
with adiponectin suppressed SP production, which was induced
by capsaicin stimulation. The minimum concentration of
adiponectin that caused significant suppression was 7.5 ng/ml.
On the other hand, adiponectin did not affect the total number
of neurites and the percentage of PC-12 cells with outgrowing
neurites, even at 1,000 ng/ml. Intranasal instillation of
adiponectin into ovalbumin-sensitized mice at more than 10.0
ng/ml, but not 5.0 ng/ml, significantly inhibited the appearance
of SP in nasal secretions, which was increased by intranasal
challenge with ovalbumin. Adiponectin also suppressed the
development of nasal allergic-like symptoms, sneezing and
rubbing behavior, when ovalbumin-sensitized mice were treated
intranasally with adiponectin at more than 10.0 ng/ml. The
present results strongly suggested that adiponectin suppresses
the production of SP and results in improvement of the clinical
conditions of AR. 

Allergic rhinitis (AR) is a chronic inflammatory response in
nasal mucosa to several types of aeroallergens, with multiple
symptoms of nasal obstruction, sneezing and rhinorrhea,
among others. The mechanisms of chronic inflammation in
AR is considered dependent on intense infiltration and
activation of inflammatory cells such as mast cells and
eosinophils, followed by secretion of a wide variety of
chemical mediators and cytokines (1). Furthermore, although
AR is not a life-threatening disease, clinical symptoms lead
to inconvenience in daily life, sleep disorders, and low
productivity, resulting in increased socioeconomical costs
and lower quality of life (1, 2). The clinical conditions are
primarily induced by chemical mediators secreted by
polymorphonuclear cells, such as mast cells, basophils and
eosinophils (1). In addition to the secretion of chemical
mediators, these cells also release several types of cytokines
and chemokines, which are responsible for the amplification
and persistence of chronic inflammatory responses in nasal
mucosa (1-3). There is also much evidence that nasal mucosa
is innervated by sensory and autonomic nerves. After
stimulation with aeroallergen, sensory nerves transmit
signals generating sensations such as itching and motor
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reflexes, including sneezing (3-5). Antigenic stimulation of
sensory nerves also causes an axonal reflex producing
neuropeptides, especially substance P (SP), which are
responsible for vasodilation, edema and activation of
inflammatory cells in nasal mucosa (3-5). 

Adipose tissue is considered an inert tissue mainly devoted
to energy storage but is emerging as an active participant in
regulating pathophysiologic processes, such as immunity and
inflammation via the secretion of adipokines, including leptin,
adiponectin and resistin, as well as cytokines and chemokines,
such as tumor necrosis factor (TNF) α, interleukin 6 and others
(6, 7). Although the primary physiological function of adipokine
is the regulation of metabolism, there is much evidence that
adipokine plays essential roles in the development of allergic
inflammation (6, 7). Leptin is reported to increase the
proliferation of regulatory T-cells, and prevents the apoptosis of
both T-cells and mature eosinophils (7, 8). Leptin is also able
to stimulate the chemokinesis of eosinophils and increase the
release of many types of inflammatory cytokines (8). On the
other hand, adiponectin, the most prevalent adipokine secreted
by adipose tissue, is considered an anti-inflammatory adipokine
because it reduces the production of inflammatory cytokines
and chemokines, including TNFα and IL6 (6). It is also reported
that adiponectin inhibits the expression of endothelial adhesion
molecules intercellular adhesion molecule 1 (ICAM1) and
promotes the production of the anti-inflammatory cytokines
IL10 and IL1 receptor antagonist (6, 7). In regard to the
development of allergic diseases, exogenous administration of
adiponectin attenuated the development of ovalbumin-induced
airway hyper-responsiveness and airway inflammation by
reducing inflammatory cells, especially eosinophils, infiltration
and Th2 type cytokine appearance, which were increased by
aerosolized ovalbumin challenge in mice (9). In human cases,
the serum adiponectin levels in patients with AR was found to
be much lower than that of healthy controls and positively
correlated with the severity of AR (10). Although these reports
strongly suggest that adiponectin plays essential roles in the
development of AR, the precise mechanisms by which
adiponectin favorably modifies the clinical conditions of AR are
not well understood. The present study, therefore, was
undertaken to examine the influence of adiponectin on the
production of the neuropeptide, SP, which is an important
mediator responsible for the development of clinical conditions
of AR in vitro and in vivo. 

Materials and Methods

Reagents. Recombinant mouse adiponectin was purchased from
BioVender Laboratory Medicine Inc. (Modrice, Czech Republic) as
a preservative-free pure powder. Ovalbumin, aluminum hydroxide
and capsaicin were obtained from Wako Pure Chemicals Co., Ltd.
(Osaka, Japan). Recombinant mouse nerve growth factor (NGF) was
purchased from R & D Systems Inc. ((Minneapolis, MN, USA) as
a preservative-free pure powder.  

Animals. Specific pathogen-free, male BALB/c mice, 6 weeks of
age, were purchased from CLEA JAPAN Co., Ltd. (Tokyo, Japan).
These animals were maintained in our animal facilities at 25±2˚C
with 55±10% humidity under a 12-h light/dark cycle and were
allowed free access to tap water and standard laboratory rodent chow
(Oriental Yeast Co., Ltd., Tokyo, Japan) throughout the experiments.
Each control and each experimental group consisted of five mice.
All animal experiments were approved by the Ethics Committee for
Animal Experiments of Showa University (Approval No. 05112). 

Sensitization and challenge procedures. Mice were sensitized with
ovalbumin according to a method described previously (11). Briefly,
1.0 μg of ovalbumin with 1.0 mg aluminum hydroxide was injected
intraperitoneally into mice in a total volume of 1.0 ml on 0, 7, and
14 days, followed by intranasal challenge with 25.0 mg/ml ovalbumin
in a volume of 20.0 μl on days 21, 23 and 25. After 7 days, different
doses (7.5 to 200.0 ng/ml) of adiponectin (5.0 μl) were instilled
bilaterally into the nasal vestibule 30 min before intranasal challenge
with 0.1% ovalbumin in a volume of 5.0 μl. Control mice were
treated by the same procedure with normal saline only. 

Assessment for nasal symptoms. Nasal allergy-like symptoms were
assessed by counting the numbers of sneezing and nasal rubbing
movements for 10 min immediately after ovalbumin nasal challenge
according to the methods described previously (12). The
experimental mice were placed into a plastic animal cage
(35×20×30 cm) for about 10 min for acclimation. After nasal
instillation of 0.1% ovalbumin in a volume of 5.0 μl, mice were
replaced in the plastic cage (one animal/cage) and the number of
sneezes and nasal rubbing movements for 10 min were counted.

Preparation of nasal lavage fluids. Mice were killed by
intraperitoneal injection with 100 mg/kg sodium pentobarbital
(Kyoritsu Seiyaku Co., Ltd., Tokyo, Japan) 6 h after ovalbumin
nasal challenge. The trachea was exposed and cannulated to
introduce 1.0 ml phosphate-buffered saline. The lavage fluid exiting
the nares was collected and centrifuged at 1,000 × g for 15 min at
4˚C. After measuring IgA by enzyme-linked immunosorbent assay
(ELISA) (Bethyl Lab., Inc., Montgomery, TX, USA), the fluids
were stored at −40˚C until use.

Cell culture. PC-12 cells (ATCC, Rockville, MD, USA),
differentiate into sympathetic neuron-like cells, when they are
stimulated with NGF. Cells at 1×104 cells/ml (in a final volume of
2.0 ml) were added to 12-well culture plates that contained different
concentrations of adiponectin. After 2 h, the cells were stimulated
with 10.0 ng/ml NGF (13). The cells were then examined under a
phase-contrast microscope (model no. 1X70; Olympus Co., Ltd.,
Tokyo, Japan). The number of cells that had extended neurites was
counted in 300 cells 24 h after culture (13). The number of neurites
per cell was also recorded by actual counting 72 h after the start of
culture. To prepare culture supernatants, PC-12 cells (1×105
cells/ml) were cultured with 10.0 ng/ml NGF for 72 h in the
presence of different concentrations of adiponectin and stimulated
with 100.0 ng/ml capsaicin for 6 h (13). The culture supernatants
were then collected, treated with 5% protease inhibitor to prevent
spontaneous degradation of SP and stored at −40˚C until use. 

Assay for SP. SP in nasal lavage fluids and culture supernatants were
examined by commercially available ELISA test kits according to
the manufacturer’s recommendations. SP ELISA test kits were
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obtained from ENZO Life Science Inc. (Farmingdale, NY, USA),
and the minimum detectable levels of this kit was 8.04 pg/ml. 

Statistical analysis. Statistical analyses were performed with
analysis of variance followed by Bonferroni correction. Values of
p<0.05 were considered statistically significant.

Results

Influence of adiponectin on the function of PC-12 cells. The
first set of experiments was undertaken to examine the
influence of adiponectin on the function of PC-12 cells by
assessment of the ability of cells to produce SP and neuron
growth. We firstly examined the influence of adiponectin on
capsaicin-induced SP production by PC-12 cells. As shown in
Figure 1, although treatment of cells with adiponectin at 
5.0 ng/ml did not affect the production of SP by PC-12 cells
compared with cells pretreated with NGF alone, adiponectin
at 7.5 ng/ml and more significantly inhibited the ability of
cells to produce SP, which was increased by capsaicin
stimulation. We then examined the influence of adiponectin
on neuron growth from PC-12 cells. As shown in Figure 2,
adiponectin did not exert significant effects on neuron growth
from PC-12 cells induced by NGF stimulation: the number of
cells with neurites and neurites per cells were nearly identical
to those observed in control cultures (NGF alone). 

Influence of adiponectin on the development of ovalbumin-
induced nasal allergy-like symptoms. The second set of
experiments was undertaken to examine whether intranasal

administration of adiponectin into ovalbumin-sensitized mice
affected the development of nasal allergy-like symptoms
induced by nasal antigenic challenge. Nasal symptoms were
assessed by counting the numbers of sneezes and nasal rubbing
movements for 10 min immediately after ovalbumin nasal
challenge. As shown in Figure 3A, treatment of ovalbumin-
sensitized mice with adiponectin at 5.0 μg did not suppress the
development of sneezing induced by ovalbumin provocation.
However, intranasal administration of adiponectin at 10.0 μg
and more inhibited the development of sneezing (Figure 3A).
We then examined the influence of adiponectin on nasal
rubbing movements induced by ovalbumin nasal challenge. As
shown in Figure 3B, intranasal administration of adiponectin
at 10.0 μg and more significantly suppressed the development
of nasal rubbing movements and the number of movements
were much lower than that observed in ovalbumin-sensitized,
non-treated mice (p<0.05).

Influence of adiponectin on SP appearance in nasal lavage
fluids obtained from ovalbumin-sensitized rats. The third set
of experiments was undertaken to examine the influence of
adiponectin on the appearance of SP in nasal lavage fluids
obtained from sensitized mice after ovalbumin nasal
challenge. To do this, ovalbumin-sensitized mice were
intranasally administered various doses of adiponectin before
ovalbumin challenge. Nasal lavage fluids were obtained from
rats 6 h after challenge and SP levels were examined by
ELISA. As shown in Figure 4, intranasal administration of
adiponectin at 10.0 μg and more significantly inhibited
increase in SP levels in nasal lavage fluids, which was
increased by intranasal challenge with ovalbumin. 

Discussion

Adiponectin, a protein produced by adipose tissue and
classified into the adipokine family, is reported to play a
pivotal role in the development of allergic diseases,
including AR, through modulation of inflammatory cytokine
production and the expression of some adhesion molecules
(6-10). Although there is much evidence that neuropeptides,
such as SP, calcitonin gene-related peptides and vasoactive
intestinal peptide, are implicated as active participants in the
development of allergic inflammatory responses (3-5), the
influence of adiponectin on neuropeptide production is not
well defined. The present study, therefore, was undertaken
to examine the influence of adiponectin on the production of
neuropeptide through the choice of SP in vitro and in vivo.

The present results clearly showed that adiponectin at 
7.5 ng/ml and more exerted suppressive effects on SP
production from PC-12 cells induced by capsaicin stimulation
without lethal effects on neurons. SP is widely distributed in
the central and peripheral nervous systems. In the central
nervous system, SP is thought to participate in various
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Figure 1. Influence of adiponectin (adp) on substance P (SP) production
from nerve growth factor (NGF)-treated PC-12 cells after capsaicin
stimulation. PC-12 cells (1×104 cells/ml) were treated with 10.0 ng/ml
NGF for 2 h and then stimulated with capsaicin in the presence of
different concentrations of adp for 6 h. SP levels in culture supernatants
were examined by enzyme-linked immunosorbent assay. Data are
expressed as the mean±standard error of the means of triplicate
cultures. Med. alone: Medium alone.
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Figure 2. Influence of adiponectin (adp) on neurite outgrowth (A) and the number of neurites (B) produced by PC-12 cells in vitro. PC-12 cells
(1×104 cells/ml) were treated with 10.0 ng/ml nerve growth factor (NGF) in the presence or absence of different concentrations of adp. The number
of cells extended neurites was counted 24 h after culture. The number of neurites per cell was also recorded 72 h after the start of culture. The
data are expressed as the mean±standard error of the means of triplicate cultures. Med. alone: Medium alone.

Figure 3. Influence of adiponectin (adp) on the development of nasal allergy-like symptoms induced by nasal ovalbumin instillation in sensitized
mice. Ovalbumin-sensitized mice were treated intranasally with different concentrations of adp. The number of sneezes (A) and nasal rubs (B) were
counted for 10 min immediately after ovalbumin nasal challenge. Data are expressed as the mean±standard errors of the mean of five mice. NC:
Non-sensitized control; P. alone: primary sensitization alone.



behavioral responses and neurotransmission of pain and
noxious stimuli, and modulates autonomic reflexes in the
spinal cord (14). In the peripheral nervous system, SP is
localized in the sensory nerves and released after axonal
reflex, leading to vasodilation, plasma extravasation and mast
cell degranulation (3-5, 14). SP is also reported to increase
inflammatory cell activation and the production of
inflammatory cytokines and chemical mediators, including
histamine (14). Intranasal application of SP induces nasal
symptoms, such as nasal itching and sneezing in healthy
humans (15). Administration of SP into the nasal cavity of AR
model animals has been reported to increase both mRNA
expression of chemokine (C-C motif) ligand 5 (RANTES) in
the nasal mucosa and the number of eosinophils in nasal
lavage fluids (16). Taken together with these reports, the
present results may be interpreted to show that adiponectin
inhibits the development of nasal allergic inflammation
through suppression of SP production by neurons and results
in attenuation of the development of clinical conditions of AR. 

The second set of experiments was undertaken to examine
whether intranasal application of adiponectin could inhibit
allergen-induced SP production and result in attenuation of
the development of nasal allergy-like symptoms using a
mouse model of AR. The present results clearly showed that
intranasal application of adiponectin at 10.0 ng/ml and more
into ovalbumin-sensitized mice inhibited the development of
nasal allergy-like symptoms, such as sneezes and nasal
rubbing movements, through the suppression of SP in the

nasal cavity, which are increased by nasal antigenic
stimulation. SP increases mast cell degranulation to produce
chemical mediators responsible for development of the early-
phase allergic response characterized by sneezing and nasal
itching (5, 17). SP also activates macrophages to produce
pro-inflammatory cytokines, including IL1β, IL6 and TNFα,
which function as additional stimuli of allergic inflammation
(18, 19). Furthermore, SP increases the ability of sensory
nerves and nasal epithelial cells to produce NGF (20, 21),
which contributes to amplifying the early-phase allergic
response through the promotion of both survival and
degranulation of mast cells (5, 21). 

Although the present results strongly suggest that
adiponectin attenuates nasal allergy-like symptoms through
the suppression of SP release after antigenic challenge, the
precise mechanisms by which adiponectin inhibits SP
production from sensory nerves after antigenic challenge are
unknown. Activation of the extracellular signal-regulated
kinase 1/2 (ERK1/2) pathway is reported to be essential for
the production of both SP in dorsal root ganglions and
peripheral nerve fibers (22). Activation of ERK1/2 and
nuclear factor-ĸB (NF-ĸB) pathways is also reported to
increase SP production and is responsible for the
development of neurogenic inflammation (22, 23).
Adiponectin exerted the suppressive effects on the
phosphorylation of ERK1/2 and IĸB degradation and
subsequent NF-ĸB activation (24, 25). Together with these
reports, there is a possibility that adiponectin inhibits the
phosphorylation of ERK1/2 and IĸB activation, and results
in suppression of both SP production and the development
of nasal allergic symptoms induced by antigenic stimulation. 
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