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Acidic mammalian chitinase is upregulated in response to allergen exposure in the lung. We investigated
the effects of chitinase inhibitors, allosamidin (Allo) and demethylallosamidin (Dma), on asthmatic
responses. Mice were subjected to IL-13 instillation into the airways or to ovalbumin sensitization plus
exposure with or without treatment of Allo or Dma. Airway hyperresponsiveness (AHR) and inflamma-
tion were evaluated. Allo and Dma attenuated airway eosinophilia and the upregulation of eotaxin after
IL-13 instillation, while Dma, but not Allo, suppressed AHR in IL-13-induced asthma. Allo or Dma sup-
pressed the elevated chitinase activity in BAL fluids after IL-13 to similar levels. The bronchoprotective
PGE2 levels in BAL fluids were elevated after IL-13 instillation. Allo, but not Dma, suppressed the overpro-
duction of PGE2 and the expression of COX-2 and PGE synthase-1 induced by IL-13. In ovalbumin-induced
asthma, Dma suppressed AHR more strongly than Allo. These findings suggest that Dma attenuates asth-
matic responses induced by IL-13 without affecting PGE2 synthesis. Dma may have potential as therapeu-
tic agents for asthma.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Bronchial asthma is a chronic inflammatory disease character-
ized by eosinophilic infiltration, airway hyperresponsiveness
(AHR) to non-specific stimuli, and remodeling of the airways
[1,2]. T-helper-2 (Th2) cytokines, including interleukin (IL)-4, IL-
5, and IL-13, are essential for generating these abnormalities. The
in vivo blockade of IL-13 markedly inhibits allergen-induced AHR,
eosinophilia, and mucus overproduction [3,4]. Furthermore, local
administration of recombinant IL-13 to non-immunized mice in-
duces the asthma phenotype [4,5]. Among Th2 cytokines, IL-13 is
now considered particularly critical.

Chitinases are enzymes that cleave chitin, an abundant polysac-
charide present in fungal walls, the cuticles of helminths, and the
exoskeletons of arthropods. Although chitin is not present in mam-
mals, two chitinases, chitotriosidase and acidic mammalian chiti-
nase (AMCase), are present in human and mouse [6]. The
physiological roles of the chitinases are not clear enough. AMCase
ll rights reserved.
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is upregulated in response to allergen exposure or IL-13-induced
inflammation in the lung [7,8]. Inhibition of AMCase with anti-AM-
Case sera led to lower eosinophil counts as well as to the reduction
of AHR without affecting Th2 cytokine expression in a mouse mod-
el of asthma [8]. Recent studies demonstrated that AMCase stimu-
lates chemokine production from pulmonary epithelial cells and
regulates epithelial cell apoptosis [9,10]. Although it has been re-
ported that transgenic mice overexpressing AMCase showed no
signs of allergic inflammation [11], it is possible that AMCase
may act as a proinflammatory mediator in IL-13 effector responses.

Allosamidin (Allo), a metabolite of Streptomyces, inhibits all
family 18 chitinases [12]. Allo has been used to investigate the
physiological role of chitinases involved in a variety of organisms.
It has been reported that Allo can suppress allergen-induced air-
way eosinophilia [8], whereas its effects on AHR after allergen
challenge or on IL-13-induced asthmatic responses are not known.
Compared to Allo, demethylallosamidin (Dma), an allosamidin
congener, showed much stronger inhibitory activity toward yeast
chitinases [13] and human chitotriosidase, which has 52% amino
acid sequence similarity to AMCase [14]. These facts prompted us
to investigate the effects of Allo and Dma on asthmatic responses
as well as their inhibitory activity toward AMCase.

http://dx.doi.org/10.1016/j.bbrc.2009.09.075
mailto:inoue@kokyu.med.kyushu-u.ac.jp
mailto:asakuda@mail.ecc.u-tokyo.ac.jp
mailto:asakuda@mail.ecc.u-tokyo.ac.jp
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


104 T. Matsumoto et al. / Biochemical and Biophysical Research Communications 390 (2009) 103–108
In the present study, we demonstrate much stronger activities
of Dma than of Allo on attenuating asthmatic responses, especially
AHR, in both IL-13-induced and allergen challenge mouse models
and the AMCase inhibitory activity of Allo and Dma.

Materials and methods

Additional details regarding the methods are provided in Sup-
plementary material.

Animals. Male A/J mice and male Balb/C mice of 8–10 weeks of
age were used. All procedures and protocols were approved by
the Kyushu University Animal Care and Use Committee.

Allosamidin and demethylallosamidin. Allo and Dma were pre-
pared according to the method described previously [15].

IL-13 treatment in vivo. A/J mice received an intratracheal instil-
lation of 0.5 lg recombinant mouse IL-13 solution or PBS on Days
1, 3, and 5. Allo (10 mg/kg), Dma (1 mg/kg), or vehicle acetic acid
was administered intraperitoneally 24 h before the first instillation
of IL-13 and 1 h before each instillation of IL-13 on 5 consecutive
days (Day 0–5). Measurements of the airway responsiveness and
bronchoalveolar lavage (BAL) were performed 24 h after the last
instillation. A selective cyclooxygenase-2 (COX-2) inhibitor, NS-
398 (1 mg/kg) [16], or vehicle was administered intraperitoneally
24 h before the first instillation of IL-13 and 2 h before each instil-
lation of IL-13 on 5 consecutive days.

OVA sensitization and challenge. Balb/C mice were sensitized
with intraperitoneal injections of 20 lg OVA (Grade V) plus
2.25 mg aluminum hydroxide on days 1 and 14. On days 26–28,
mice received an aerosol challenge containing either saline or 1%
OVA for 20 min per day. On day 30, 36 h after the last aerosol chal-
lenge, mice were ventilated to measure AHR [17].

Measurement of airway responsiveness. Mice were anesthetized,
and their tracheas were cannulated via tracheostomy. The animals
were ventilated to measure AHR to acetylcholine aerosol as de-
scribed previously [5].

BAL and cell counting. Mice were given a lethal dose of pentobar-
bital, and lungs were gently lavaged one time with 1.0 ml saline via
the tracheal cannula. Total cell counts and differential counts were
performed [5].

Measurement of eotaxin and lipid mediators. Mouse eotaxin and
PGE2 in the supernatant of BAL fluids were measured using ELISA
kits. The concentration of lipoxin A4 was measured using commer-
cially available Abs and according to the procedures supplied by
the manufacturer (Neogen, Lexington, KY). The concentration of
LTB4, LTC4, PGF2a, PGD2, 6-ketoPGF1a, or 11-HETE was measured
by a multiplex quantitation method using column-switching re-
versed-phase liquid chromatography–tandem mass spectrometry
[18].

Expression of recombinant mouse AMCase. Primers flanking the
coding region of mouse AMCase and incorporating EcoRI and XhoI
sites were synthesized as the following: sense, 50-
ATCAGAATTCGCCGCCACCATGGCCAAGCTAC-30; and anti-sense, 50-
TTTCTCTCGAGATGGCATTAGGTTCATGGC-30. Using these primers
and the lung cDNA from mice as the template, a cDNA fragment
was obtained by PCR and cloned into the pcDNA 3.1 vector with
the CMV immediate-early enhancer/promoter for expression in
mammalian cells. AMCase was isolated after transfection to COS-
7 cells. The expression of AMCase was confirmed by the activity
staining analysis and the presence of two values of optimum pH
characteristic of AMCase [6].

Chitinase assay. A chitinase assay was performed using 4-meth-
ylumbelliferyl-N,N0,N00-triacetyl chitotrioside as a substrate [19].
The liberated 4-methylumbelliferone was measured with a fluo-
rescence spectrometer. The value of the fluorescence strength
was used for the calibration of the relative chitinase activity.
Chitinase activity staining. After SDS–polyacrylamide gel electro-
phoresis, the gel was transferred to a polyacrylamide gel contain-
ing glycolchitin. The chitinase lytic bands on the gel were
detected using a UV transilluminator.

Cell culture and reagents. A mouse tracheal epithelial cell line,
TGMBE-02–3 cells, was cultured in a D-MEM/F-12 medium supple-
mented with 10% FCS, 1% ITES (2 lg/ml insulin, 2 lg/ml transferrin,
122 ng/ml ethanolamine, and 9.14 ng/ml sodium selenite), and
10 ng/ml mouse EGF.

Quantitative real-time PCR for COX-2, PGE synthase-1,15-PGDH.
PGE2 pathway-related mRNA expression in mouse lung was deter-
mined by means of reverse transcription followed by real-time
quantitative PCR. The primers and probes of PGE2-related pathway
(COX-2, Mm00478374_m1; microsomal PGE synthase-1,
Mm00452105_m1; 15-hydroxyprostaglandin dehydrogenase, 15-
PGDH, Mm00515122_m1) and mouse b-actin (4352341E) were
purchased from Applied Biosystems (Foster City, CA).

Data analysis. Values are expressed as means ± SEM. Differences
between groups were analyzed by analysis of variance, and the sig-
nificance of differences between values was assessed by Bonferroni
correction. Values of p < 0.05 were considered significant.

Results

Effect of chitinase inhibitors on IL-13-induced asthma

To examine the effects of chitinase inhibitors on IL-13-induced
asthmatic responses and allergen-induced responses, the dose of
Allo or Dma that abolished eosinophilia induced by IL-13 was
determined. Allo or Dma decreased the eosinophil counts in BAL
fluid dose-dependently, and 10 mg/kg Allo or 1.0 mg/kg Dma al-
most completely inhibited IL-13-induced eosinophilia (Fig. 1A).
Treatment with Allo or Dma did not change the number of macro-
phages, neutrophils, or lymphocytes in BAL fluid after IL-13 instil-
lation (data not shown). We used 10 mg/kg Allo or 1.0 mg/kg Dma
for subsequent studies.

Intratracheal administrations of IL-13 increased the concentra-
tion of eotaxin in BAL fluid significantly more than those of the
control. Treatment with Allo or Dma attenuated eotaxin produc-
tion in BAL fluids after IL-13 instillation in addition to inhibiting
eosinophilia (Fig. 1B).

IL-13 also induced AHR to inhaled acetylcholine in A/J mice.
Surprisingly, Dma, but not Allo, suppressed IL-13-induced AHR
(Fig. 1C). There were no significant differences in the baseline val-
ues of airway pressure among the control, IL-13 instillation alone,
IL-13 plus Allo, and IL-13 plus Dma.

Chitinase activity in BAL fluids

BAL fluids were prepared from vehicle-treated, IL-13-treated,
IL-13 plus Allo-treated, and IL-13 plus Dma-treated mice, and the
chitinase activity in the BAL samples was measured. IL-13 instilla-
tion increased the chitinase activity in the BAL fluids. The inhibi-
tory effect on the enhanced chitinase activity in BAL fluids after
IL-13 instillation was similar in the treatments with Allo and with
Dma (Fig. 2A). This indicated that the decreased levels of chitinase
activity in BAL fluids did not coincide with the inhibitory activity
on AHR of the two compounds mentioned above.

Proteins with chitinase activity in the BAL fluids were also ana-
lyzed by activity staining (Fig. 2B). It is known that Allo or Dma is
released from the Allo- or Dma-chitinase complex during activity
staining. Therefore, the density of a band on the gel detected by
staining shows the amount of chitinase protein in the BAL fluids.
IL-13 instillation clearly enhanced the expression of a chitinase
that had the same molecular mass (50 kDa) as AMCase. A band at



Fig. 1. Effect of chitinase inhibitors on eosinophilia, eotaxin expression, and airway responsiveness following IL-13 treatment. (A) Effect of treatment with Allo or with Dma
on eosinophil counts in BAL fluid after intratracheal instillation of IL-13 in vivo. The values are means ± SEM. n = 5–6. *p < 0.05. (B) Eotaxin levels in BAL fluids obtained from
vehicle-treated (Cont), IL-13 instillation alone (IL-13), IL-13 plus 10 mg/kg Allo (IL-13 + Allo), or IL-13 plus 1 mg/kg Dma (IL-13 + Dma) mice. The values are means ± SEM.
n = 5–6. *p < 0.05. (C) Airway responsiveness was determined by the acetylcholine-dependent change in airway pressure (left panel), and the provocative concentration 200
(PC200-ACh), at which airway pressure was 200% of its baseline value, is expressed as log (PC200-ACh � 100, right panel). n = 8–10. *p < 0.05. NS, not significant.

Fig. 2. Effect of treatment with Allo or Dma on chitinase activity in BAL fluid. (A) BAL fluids were obtained from vehicle (Cont), IL-13 instillation alone (IL-13), IL-13 plus
10 mg/kg Allo (IL-13 + Allo), or IL-13 plus 1 mg/kg Dma (IL-13 + Dma)-treated mice. The chitinase activity of each BAL fluid containing 0.5 lg of proteins was measured with
4MU-(GlcNAc)3 as a substrate. The values of the relative chitinase activity were calibrated based on the activity of the control. The values are means ± SEM. n = 5. *p < 0.05. (B)
The chitinase in each BAL fluid containing 5 lg of proteins was analyzed by activity staining. The arrow indicates the band of the 50 kDa protein.
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50 kDa was also detected in the samples of Allo or Dma, indicating
that the elevation of the chitinase expression by IL-13 was not
inhibited by treatment with Allo or Dma.

Inhibitory activity of Allo and Dma toward a recombinant AMCase

To determine the inhibitory activity of Allo and Dma toward
AMCase, mouse AMCase was expressed with COS-7 cells. The IC50
values of Allo and Dma against chitinase showed that their inhib-
itory activities were not so different at a pH range of 2–7.5 (Table
1).

Effect of COX-2 inhibitor on IL-13-induced AHR

IL-13 has been shown to regulate the generation of arachidonic
acid metabolites [20,21], and the interaction of chitinase inhibitors



Table 1
Inhibitory activity of Allo and Dma toward recombinant mouse AMCase at various pH
values.

pH IC50 (nM)

Allo Dma

2.0 5900 9900
3.0 3000 4700
4.0 300 500
5.0 50 80
5.5 6.9 10
6.0 2.3 3.3
6.5 1.0 1.0
7.0 1.0 1.0
7.5 0.9 0.9
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with lipid mediators may contribute to the differential regulation
of IL-13 responses by Allo and Dma. We first studied the effect of
a selective COX-2 inhibitor NS-398 on IL-13-induced AHR.
Although treatment with NS-398 did not affect airway responsive-
ness in control mice with vehicle instillation, NS-398 enhanced IL-
13-induced AHR (Supplementary Fig. S1A), suggesting that COX-2
product(s) predominantly exert a bronchoprotective function in
IL-13 inflammation.

Effects of chitinase inhibitors on PGE2 synthesis

Among lipid mediators in the COX-2 pathway, PGE2 is broncho-
protective [22]. COX-2-derived mediators can modulate lipoxin
Fig. 3. Effects of chitinase inhibitors on lipid mediator synthesis. (A) Effect of Allo or Dma
alone (IL-13), IL-13 plus 10 mg/kg Allo (IL-13 + Allo) and IL-13 plus 1 mg/kg Dma (IL
means ± SEM. n = 5. *p < 0.05. (B) Effect of Allo or Dma on mCOX-2 or mPGE syntase-1 ex
alone (IL-13), IL-13 plus 10 mg/kg Allo (IL-13 + Allo), or IL-13 plus 1 mg/kg Dma (IL-13 + D
encoding COX-2 and microsomal PGE synthase-1 (PGES). The mRNA levels encoding CO
presented as the fold increase over the values of vehicle-treated control mice. n = 5. *p <
in vitro. TGMBE-02-3 cells were incubated with IL-13 (10 ng/ml) plus Allo or Dma, as indi
were normalized to b-actin and are presented as the fold increase over the control valu
biosynthesis, and lipoxin A4 also inhibits AHR [23]. We next mea-
sured the levels of PGE2 and lipoxin A4 in BAL fluids using ELISA.
Although there was no significant difference in the lipoxin A4 levels
among the groups (data not shown), IL-13 increased the PGE2 con-
centration (Fig. 3A). Treatment with Allo significantly attenuated
PGE2 production induced by IL-13, whereas Dma did not affect
the PGE2 levels in BAL fluids compared with IL-13 alone (Fig. 3A).
The levels of other eicosanoids in BAL fluids from mice with IL-
13 plus Allo treatment were compared with those from IL-13 plus
Dma-treated mice using a multiplex quantitation method [18]. The
levels of LTB4, LTC4, PGF2a, PGD2, 6-ketoPGF1a, and 11-HETE were
comparable in IL-13 plus Allo-treated and IL-13 plus Dma-treated
mice (data not shown).

The effects of chitinase inhibitors on PGE2 pathway elements in
lung tissue were evaluated. IL-13 enhanced the mRNA expression
of COX-2 but not that of microsomal PGE synthase-1. Treatment
with Allo, but not with Dma, significantly inhibited the expression
of COX-2 and PGE synthase-1 in response to IL-13 (Fig. 3B). Allo or
Dma alone had no effects on COX-2 or PGE synthase-1 expression
in lung tissue. In the lipoxygenase pathway elements, neither Allo
nor Dma affected mRNA expressions of 5-lipoxygenase (5-LO) or 5-
LO-activating protein (FLAP) in lung tissue after IL-13 instillation
(data not shown).

Airway epithelial cells predominantly express COX-2 in asth-
matic airways [24], and we confirmed the effect of chitinase inhib-
itors on COX-2 mRNA expression in mouse airway epithelial cells
in vitro. In TGMBE-02-3 cells, IL-13 induced the overexpression of
on the production of PGE2. BAL fluids obtained from vehicle (Cont), IL-13 instillation
-13 + Dma)-treated mice. The level of PGE2 was evaluated by ELISA. Values are
pression in lung tissue. Whole lung RNA of vehicle-treated (Cont), IL-13 instillation
ma) mice was analyzed by real-time RT-PCR and primers specially targeting mRNAs
X-2 and PGES are normalized to b-actin, and the relative levels of transcripts are

0.05. (C) Effect of Allo or Dma on COX-2 expression in mouse airway epithelial cells
cated. COX-2 expression was analyzed with real-time RT-PCR. Relative mRNA levels
es. n = 5. *p < 0.05.



Fig. 4. Effect of Allo or Dma on allergen-induced asthma. (A) OVA sensitization and challenges resulted in airway hyperresponsiveness to inhaled acetylcholine. Treatment
with Dma, but not Allo, significantly suppressed the decrease in PC200 values in an OVA asthma model. n = 5–6. *p < 0.05. (B) OVA sensitization and challenges induced marked
eosinophilia. Allo or Dma decreased eosinophil counts in BAL fluids after OVA sensitization and challenges. n = 5–6. *p < 0.05.
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COX-2 mRNA. Treatment with Allo, but not Dma, significantly sup-
pressed COX-2 expression induced by IL-13 (Fig. 3C).

Effect of COX-2 inhibitor and chitinase inhibitor on IL-13-induced AHR

To assess the function of COX-2-derived bronchoprotective
prostanoids following Dma treatment, we studied the effect of
Dma on AHR under the NS-398-treated condition. After treatment
with NS-398, Dma failed to inhibit IL-13-induced AHR (Supple-
mentary Fig. S1B). These data suggest that Dma and Allo differen-
tially regulate AHR induced by IL-13 through modulating COX-2-
derived mediators, especially PGE2.

Effects of chitinase inhibitors on allergen-induced responses

Finally, we examined the effect of Allo or Dma on allergic asth-
ma. OVA sensitization and challenges resulted in AHR to acetylcho-
line and an increased number of eosinophils in BAL fluids.
Treatment with Allo attenuated airway eosinophil accumulation
but did not affect AHR after OVA sensitization and challenges. On
the other hand, Dma suppressed both AHR and eosinophilia in
allergic asthma (Fig. 4A and B).

Discussion

Upregulation of AMCase in the lung in mouse asthma models
and results of experiments with anti-AMCase sera have suggested
that AMCase plays an important role in mouse asthma [8]. How-
ever, it was unknown if the blocking of chitinase activity by a chi-
tinase inhibitor is consistent with its anti-asthma activity. In this
study, we focused on a chitinase inhibitor, Dma, because Dma
has been reported to inhibit human chitotriosidase 20-fold more
strongly than Allo. We demonstrated that treatment with Allo or
Dma inhibited airway eosinophilic inflammation induced by IL-
13 or an allergen. Although Allo did not affect AHR induced by
exogenous IL-13, Dma attenuated IL-13-induced AHR even at a
lower dose than that of Allo. Dma, but not Allo, also suppressed
allergen-induced AHR. These findings suggest that Dma is a more
effective inhibitor of asthmatic responses than Allo.

The expression of AMCase in BAL fluids was enhanced by IL-13
instillation. The chitinase activity and eosinophilia in BAL fluids
were inhibited by treatment with Allo or Dma. A recent study dem-
onstrated that chitinase stimulates chemokine production from
pulmonary epithelial cells [9]. The inhibition of eosinophilia by
these chitinase inhibitors may be due to a chitinolytic-dependent
mechanism. In contrast, the decreased levels of chitinase activity
did not coincide with the inhibitory activity of these two com-
pounds on AHR. In this experiment, no difference between the
metabolisms of Allo and Dma in the mouse was observed by LC–
MS quantification of Allo and Dma in BAL fluids (data not shown).
We tested the inhibitory activity of Dma toward a recombinant
AMCase at a pH range of 2–7.5 because AMCase has two optimum
pH values. Dma did not show stronger inhibitory activity than Allo
at any of the pH values tested. These results suggested that the
effective anti-asthma activity of Dma can not be explained by its
inhibition of the chitinase activity of AMCase alone.

Cytokines may interact with arachidonic acid metabolites. In
the present study, the PGE2 levels in BAL fluids increased after
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IL-13 instillation. Our findings regarding the PGE2 upregulation by
IL-13 are consistent with previous studies, in which PGE2 levels
were increased in BAL fluids from IL-13 Tg mice [21] and IL-13 en-
hanced COX-2 expression and the production of PGE2 in brain
microglia [25]. Allo, but not Dma, suppressed the overproduction
of PGE2 and the expression of COX-2 and PGE synthase-1 induced
by IL-13. A COX-2 inhibitor, NS-398, enhanced IL-13-induced AHR,
suggesting a bronchoprotective role of COX-2 product(s) in Th2
inflammation. Dma did not inhibit IL-13-induced AHR after treat-
ment with the COX-2 inhibitor. These data suggest that the differ-
ential effect of Allo and Dma on AHR is linked to prostanoids,
especially PGE2.

In patients with asthma, it has been suggested that PGE2 has a
bronchoprotective effect [26]. PGE2 prevents not only allergen-in-
duced airway inflammation but also Th2 cytokine production in
an OVA-induced animal model [27]. Additionally, excessive airway
eosinophilia, IgE production, and AHR were found in both COX-1-
and COX-2-deficient mice [28]. Therefore, PGE2 production may
be a negative-feedback regulator in asthmatic reactions [29], espe-
cially in AHR, and the present data suggest that Allo, but not Dma,
failed to suppress AHR at least by limiting this feedback loop with
PGE2.

In conclusion, we provide evidence that Allo modulates bron-
choprotective PGE2 production in addition to chitinase inhibition
and does not affect IL-13-induced AHR. Dma attenuates AHR in-
duced by allergens or by IL-13 without affecting PGE2 synthesis.
A recent study reported that the inhibition of AMCase using a
RNA-interference approach suppresses AHR in an OVA-induced
animal model [30]. Because AHR in patients with asthma is less
susceptible to inhaled steroids, further understanding of the regu-
latory mechanisms of IL-13-induced responses by Dma may have
potential therapeutic implications for asthma.
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