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Macrolide antibiotics, a class of potent antimicrobials, also possess immunomodulatory/anti-inflammatory
properties. These properties are considered fundamental for the efficacy of macrolide antibiotics in the
treatment of diffuse panbronchiolitis and cystic fibrosis. In patients with asthma, macrolide antibiotics have
been reported to reduce airway hyperresponsiveness and improve pulmonary function. However, their
beneficial actions in asthmatics possibly could be attributed to antimicrobial activity against atypical

f:?fx:;ﬁ',pe”esponsiveneSS pathogens (e.g. Chlamydiq pneumoniae), corticosteroid-sparing effect (inhibition of exogenous corticosteroid
Asthma metabolism), and/or their anti-inflammatory/immunomodulatory effects. In order to investigate whether
Clarithromycin efficacy of macrolide antibiotics in asthma results from their immunomodulatory/anti-inflammatory activity,
Inflammation the influence of clarithromycin pretreatment (2 h before challenge) was examined on ovalbumin-induced
(Mouse) airway hyperresponsiveness and airway inflammation in the mouse. Clarithromycin treatment (200 mg/kg

intraperitoneally) decreased IL-4, IL-5, IL-13, CXCL2 and CCL2 concentrations in bronchoalveolar lavage fluid
and markedly reduced inflammatory cell accumulation in bronchoalveolar lavage fluid and into the lungs, as
revealed by histopathological examination. Furthermore, clarithromycin-induced reduction in inflammation
was accompanied by normalization of airway hyperresponsiveness. In summary, in ovalbumin-induced
mouse models, clarithromycin efficiently inhibited two important pathological characteristics of asthma,
airway hyperresponsiveness and inflammation. These data suggest that the efficacy of clarithromycin, as well
as of other macrolide antibiotics, in asthmatic patients could be attributed to their anti-inflammatory/
immunomodulatory properties, and not only to their antimicrobial activity or exogenous corticosteroid-

sparing effects.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Macrolide antibiotics with a 14- and 15-member lactone ring
(erythromycin, clarithromycin and azithromycin) are a class of potent
and well established antimicrobials that also possess anti-inflammatory
and/or immunomodulatory properties (Culi¢ et al., 2001;L6pez-Boado
and Rubin, 2008; Shinkai et al., 2008). Anti-inflammatory/immunomo-
dulatory activities of macrolide antibiotics include inhibition of
inflammatory cytokine and chemokine production (Khan et al., 1999;
Abe et al,, 2000; Cigana et al., 2007), adhesion molecule expression
(Miyanohara et al.,, 2000; Enomoto et al., 2002; Sanz et al., 2005),
inflammatory cell accumulation and mucus hypersecretion (Kadota
et al,, 1993; Sanz et al., 2005; Iveti¢ TkalCevic et al., 2006 Leiva et al.,
2008; Ou et al., 2008).

The most convincing demonstration of the anti-inflammatory/
immunomodulatory effects of macrolide antibiotics has been in the
treatment of diffuse panbronchiolitis (Kudoh et al., 1998) and cystic
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fibrosis (Jaffe et al., 1998; Clement et al., 2006). In addition, macrolide
antibiotics are also being evaluated for the therapy of other chronic
inflammatory disorders of the lungs, including chronic obstructive
pulmonary disease (Basyigit et al, 2004; Parnham et al., 2005),
chronic sinusitis (Hatipoglu and Rubinstein, 2005) and asthma
(Kostadima et al., 2004; Piacentini et al., 2007; Simpson et al., 2008).
Asthma is an inflammatory disease of the airways whose common
characteristics include reversible airway obstruction, airway hyperre-
sponsiveness, airway and lung inflammation and increased mucus
production (Bousquet et al., 2000). It is one of the most common
chronic inflammatory diseases, affecting approximately 4% to 10% of
the population (Arif et al., 2003; Pearce et al., 2000 ). Although asthma
is generally well controlled with existing therapies (such as inhaled
corticosteroids and (32-agonists), there are several reasons why a
research for novel treatment modalities for asthma is still ongoing:
(a) the disease is still poorly controlled in patients with severe,
corticosteroid-insensitive asthma; (b) there is a constant need for
improvement of existing therapies in terms of more favorable side
effect profile or oral formulation; and (c) the current asthma therapies
are not cures and symptoms return soon after the treatment is
stopped, even after long-term therapy (Adcock et al., 2008).
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Beneficial effects of macrolide antibiotics in asthma have been known
for almost 50 years: in the 1950s, concomitant therapy with troleando-
mycin, a 14-member lactone ring macrolide antibiotic, improved clinical
symptoms of the disease and reduced corticosteroid dosage in patients
with corticosteroid-dependent asthma (Kaplan and Goldin, 1959). Since
then, troleandomycin, as well as newer macrolide antibiotics such as
clarithromycin, erythromycin or roxithromycin have been shown to
reduce corticosteroid use by >50% in corticosteroid-dependent asthmatic
patients (Zeiger et al., 1980; Ball et al., 1990; Garey et al., 2000), decrease
airway hyperresponsiveness (Miyatake et al., 1991; Shimizu et al., 1994;
Amayasu et al,, 2000; Kostadima et al.,, 2004), as well as eosinophil and
neutrophil number in sputum (Shoji et al., 1999; Amayasu et al., 2000;
Simpson et al., 2008).

In the past, the reported therapeutic benefit of macrolide antibiotic
treatment in patients with asthma was not attributed to their anti-
inflammatory/immunomodulatory properties. Pharmacokinetic stu-
dies suggested that the beneficial effects of troleandomycin therapy, at
least in part, may be due to the inhibition of metabolism of exogenous
steroid, through the inactivation of hepatic cytochrome P450 by
forming inactive P450-metabolite complexes (Szefler et al., 1980;
Szefler et al., 1982; Periti et al., 1992; Fost et al., 1999). In addition to
the effect on metabolism of exogenous steroids, macrolide antibiotics
possess antimicrobial activity against atypical intracellular pathogens
such as Chlamydia pneumoniae and Mycoplasma pneumoniae (Critch-
ley et al, 2002) and according to some publications, macrolide
antibiotic therapy improves lung function only in those patients
whose asthma is associated with the presence of these pathogens
(Black et al., 2001; Kraft et al., 2002). On the other hand, a low-dose of
troleandomycin was shown to directly attenuate bronchial hyperre-
sponsiveness in children with severe asthma and this effect was
independent of its action on metabolism of exogenous glucocorticoids
(Ball et al. 1990; Kamada et al., 1993). Additionally, the doses of
macrolide antibiotics used for the treatment of respiratory diseases
are lower than those used in standard antibiotic therapy and thus
below the minimum inhibitory concentration for the most common
respiratory pathogens (Nagai et al., 1991).

Therefore, we hypothesized that the efficacy of macrolide antibiotics
in asthma results not only from possible exogenous corticosteroid-
sparing or antimicrobial effects, but also from their immunomodula-
tory/anti-inflammatory activities. In order to test this hypothesis, we
have investigated the influence of a 14-member ring macrolide anti-
biotic clarithromycin on ovalbumin-induced airway hyperresponsive-
ness and airway inflammation in a mouse model of asthma. The
beneficial effects of the macrolide antibiotic in this model could be
attributed exclusively to its anti-inflammatory/immunomodulatory
properties, as all experiments were conducted on pathogen-free labo-
ratory mice (thereby excluding antimicrobial effects) and no corticos-
teroid treatment was employed (thereby excluding exogenous
corticosteroid-sparing effects).

2. Materials and methods

2.1. Mice

Studies were performed on 6-12 weeks old specific pathogen-free
(SPF) male BALB/c (Charles River, Germany) or BALB/¢cJ (Charles River,
France), maintained under standard laboratory conditions. Pelleted food
(VRF-1, Altromin, Charels River, Hungary) and tap water were provided
ad libitum. All procedures on animals were approved by the Ethics
committee of GlaxoSmithKline Research Centre Zagreb Limited, and
performed in accordance with (a) guidelines outlined by the NIH Guide
for the Care and Use of Laboratory Animals; and (b) regional legislative
equivalent, Animal protection law, published December 13th, 2006 in
Official gazette No. 135.

2.2. Materials: chemicals, antibodies and drugs

Ovalbumin (grade VI) was from Sigma Chemical Co. (St Louis, MO, US).
Luminex kits and antibodies for enzyme-linked immunosorbent assay
(ELISA) were purchased from R&D Systems (MN, US). Dexamethasone
was from Sigma Chemical Co. (St Louis, MO, US) and clarithromycin was
from Spectrum Chemical Mfg. Corp. (Gardena, CA, US). All other
reagents, if not indicated otherwise, were from Sigma Chemical Co.
(St Louis, MO, US).

2.3. Sensitization and airway challenge

The experimental protocol for airway hyperresponsiveness and
airway inflammation assessment was done according to literature data
(Tomkinson et al, 2001) with slight modifications established in
preliminary experiments. Briefly, for airway hyperresponsiveness
assessment on experimental days 0 and 14 BALB/ ¢J mice were sensitized
to ovalbumin by intraperitoneal administration of 20 pg of ovalbumin
dissolved in 1.96 mg of aluminum hydroxide (Alu-Gel-S, SERVA
Electrophoresis Gmbh, Heidelberg, Germany) in a total volume of
0.1 ml On experimental day 20, mice, under light anesthesia (combina-
tion of ketamine hydrochloride [2 mg/mouse; Narketan® Vetoquinol,
Bern, Switzerland) and xylazinehydrochloride (0.07 mg/mouse; Rom-
pun®, Bayer, Leverkusen, Germany)], were intranasally challenged with
50 ul of saline (controls) or 100 pg of ovalbumin in 50 ul of saline.
Twenty-four hours after challenge airway hyperresponsiveness was
assessed. From the same mice bronchoalveolar lavage samples were
collected at 48 h after challenge as described later.

In order to examine allergic airway inflammation in mice in more
detail, a second experimental scheme was employed as described earlier
(Hrvacic et al, 2006). Briefly, BALB/c, mice were sensitized with
ovalbumin on experimental days 0 and 14. Sensitization was achieved
by intraperitoneal application of 10 pg of ovalbumin dissolved in 2% Alu-
Gel-S (SERVA Electrophoresis GmbH, Heidelberg, Germany) in a total
volume of 0.2 ml/mouse. On experimental day 20, mice, under light
anesthesia, were instilled intranasally with 25 pg of ovalbumin dissolved
in PBS in a total volume of 50 pl. Bronchoalveolar lavage samples and
lungs were collected at time points indicated as described later.

2.4. Treatment of mice

Standard steroid, dexamethasone, was administered intraperitoneally
on experimental days 18-21, once daily at the dose of 1 mg/kg (b.w.).
Clarithromycin was administered once on experimental day 20, 2 h before
intranasal challenge, at the dose of 200 mg/kg intraperitoneally. The
treatment regimen was chosen according to the previously described
clarithromycin efficacy in other inflammatory in vivo models (Ivetic
TkalCevic et al, 2006); in rodents intraperitoneal administration of
macrolide antibiotics is usually more effective than oral administration.

For administration, dexamethasone was first dissolved in dimethyl
sufoxide (DMSO) and then diluted with saline, while clarithromycin was
first dissolved in DMSO and then diluted with 0.5% (w/v) methyl-
cellulose (final concentration of DMSO was up to 5% (v/v)). Ovalbumin-
challenged control mice received vehicle alone [5% (v/v) DMSO in 0.5%
(w/v) methyl-cellulose] 2 h prior to challenge. The suspensions
obtained were given intraperitoneally in a volume of 10 ml/kg (b.w.;
for dexamtehasone) or 20 ml/kg (b.w.; for vehicle and clarithromycin).

2.5. Determination of airway hyperresponsiveness

Airway hyperresponsiveness to methacholine in conscious, spon-
taneously breathing animals was measured by barometric plethysmo-
graphy (Buxco Electronics Inc., Troy, NY, USA) as described earlier
(Hamelmann et al., 1997). Briefly, plethysmography measures pres-
sure differences between the main chamber of the system containing
the mouse and a reference chamber. Mice were exposed to aerosolized
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Fig. 1. (A) Airway hyperresponsiveness assessed as Penh using unrestricted barometric
plethysmography in vehicle- and dexamethasone-treated mice 24 h after challenge
with 100 pg of ovalbumin; control mice were challenged with saline. At 48 h after
challenge of the same mice, total cell (B) and eosinophil number (C) was assessed.
Dexamethasone was administered intraperitoneally at the dose of 1 mg/kg, 2 h before
ovalbumin challenge. All data represent means 4 S.E.M. (n = 6-8 mice per group). The
asterisk (*) indicates significant difference (P<0.05) between saline and ovalbumin-
challenged groups, and the ladder (#) indicates significant difference (P<0.05)
between the ovalbumin-challenged group and clarithromycin-treated group.

PBS (for the baseline measurement) or methacholine (3.125 to 50 mg/
ml) for 3 min and readings were taken and averaged for 3 min after
each nebulization. Data obtained were presented as the enhanced
pause (Penh, dimensionless parameter) vs. the methacholine con-
centration (mg/ml) used to generate the aerosol.

2.6. Bronchoalveolar lavage and accumulation of inflammatory cells

At the time points indicated, mice were killed by an intraperitoneal
overdose of Thiopental® (Nycomed, Germany). Tracheostomy was
performed and a plastic catheter was clamped into the trachea. The
lungs were washed 3 times with PBS in a total volume of 1 ml (0.4, 0.3
and 0.3 ml). The bronchoalveolar lavage samples were centrifuged for
5 min at 10,000 g and 4°C to collect whole cells in the pellet. The
supernatant was carefully removed and stored at —80°C for
subsequent analyses. The pellet of cells that remains after centrifuga-
tion of the bronchoalveolar lavage samples was resuspended in an

equal volume of fresh PBS and used for total and differential cell
counts. The total number of cells in bronchoalveolar lavage fluid was
counted in a haematology counter (Sysmex SF 3000, Sysmex Co.,
Kobe, Japan). The percentage of inflammatory cells was determined by
morphological examination of at least 200 cells in cytocentrifuged
preparations (Cytospin-3, Shandon Instruments, UK), stained with the
Kwik-Diff staining set (Thermo Fisher Scientific Inc., Pittsburgh, PA,
USA), according to standard morphologic criteria.

2.7. Measurement of bronchoalveolar lavage fluid cytokines

Samples were analyzed using XMAP technology, which enables simul-
taneous measurement of multiple biomarkers. Concentrations of GM-CSF,
IL-1B, IL-2, IL-4, IL-5, IL-13,IL-17, CCL2 (JE), CXCL1 (KC), CXCL2 (MIP-2) and
TNF-oc were determined using Fluorokine MAP multiplex kit (R&D
Systems, MN, US) according to the manufacturer's protocol. Briefly, 50 pl of
samples were incubated with antibody-coated microparticles for 3 h at
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Fig. 2. (A) Airway hyperresponsiveness assessed as Penh using unrestricted barometric
plethysmography in vehicle- and clarithromycin-treated mice 24 h after challenge with
100 pg of ovalbumin; control mice were challenged with saline. At 48 h after challenge
of the same mice, total cell (B) and eosinophil number (C) were assessed.
Clarithromycin was administered intraperitoneally at the dose of 200 mg/kg, 2 h
before ovalbumin challenge. All data represent means+S.EM. (n=>5-6 mice per
group). The asterisk (*) indicates significant difference (P<0.05) between saline and
ovalbumin-challenged groups, and the ladder (#) indicates significant difference
(P<0.05) between ovalbumin-challenged group and clarithromycin-treated group.



B. Hrvacic et al. / European Journal of Pharmacology 616 (2009) 236-243 239

room temperature. Afterwards, washed beads were incubated with
biotinylated detection antibody cocktail for 1 h at room temperature,
washed and incubated for 30 min with streptavidin—-phycoerythrin
conjugate. After the final wash the microparticles were resuspended in
buffer and analyzed with the Luminex 200™ (Luminex, Austin, TX, US) and
STarStation software v2.3 (Applied Cytometry Systems, Sacramento, CA,
US) using a five-parameter-logistic-curve fitting.

2.8. Histopathological analysis of the lungs

After bronchoalveolar lavage, lungs were fixed by immersion in 10%
formalin, trimmed and paraplast embedded. For scoring of eosinophil
and mononuclear cell infiltration, four 3 pm sections containing main
stem bronchi from each lung specimen were cut and stained routinely
with hematoxylin and eosin. Eosinophil and mononuclear cell infiltra-
tion into peribronchial/peribronchiolar areas were evaluated observer-
blind and graded according to the following criteria:

0 no inflammatory cells (granulocytes or mononuclear cells);
1 few scattered inflammatory cells;

2 larger aggregates of inflammatory cells;

3 marked accumulation of inflammatory cells.

In borderline cases, an intermediate grade was used (0-1, 1-2, 2-3),
extending the scoring to a total of seven grades.

2.9. Statistical analysis

Values are presented as means + S.E.M. For statistical comparison of
airway hyperresponsiveness on the graph of Penh (y axis) vs. the
methacholine concentration (mg/ml; x axis), area under curve was
calculated for each experimental animal using GraphPad Prism version
5.00 for Windows (GraphPad Software, San Diego, CA, USA). To define
statistically significant differences among groups, the data were
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subjected to ANOVA using GraphPad Prism. P values <0.05 were
considered to be significant.

3. Results

3.1. Effect of clarithromycin on airway hyperresponsiveness and airway
inflammation

The ability of clarithromycin to suppress two asthma hallmarks,
airway hyperresponsiveness and eosinophil accumulation in bronch-
oalveolar lavage fluid, was firstly evaluated in comparison to standard
steroid, dexamethasone. For this purpose, an experimental model of
acute asthma in which ovalbumin-sensitized mice are intranasally
challenged with 100 pg of ovalbumin was employed. In this model
airway hyperresponsiveness can be detected using unrestrained
plethysmography 24h after challenge, whereas marked accumulation
of eosinophils is present in bronchoalveolar lavage fluid at 48 h after
challenge (Tomkinson et al,, 2001).

As expected, single intranasal challenge with 100 pg of ovalbumin
induced airway hyperresponsiveness to methacholine, as well as
eosinophil accumulation in vehicle-pretreated mice (Figs. 1 and 2).
Intraperitoneal administration of dexamethasone at the dose of 1 mg/kg
2 h before ovalbumin challenge completely abolished airway hyperre-
sponsiveness and eosinophil accumulation in bronchoalveolar lavage
fluid induced by ovalbumin challenge (Fig. 1). Intraperitoneal adminis-
tration of macrolide antibiotic clarithromycin also significantly
decreased airway hyperresponsiveness as well as a number of
eosinophils, while total cells in bronchoalveolar lavage fluid also tended
to be reduced, but failed to achieve statistical significance (Fig. 2).

3.2. Effect of clarithromycin on cell numbers in bronchoalveolar lavage fluid

The results presented so far indicated that clarithromycin efficiently
suppresses the monitored asthma characteristics in the described mouse
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Fig. 3. Total number of cells (A), number of neutrophils (B), eosinophils (C) and macrophages (D) in bronchoalveolar lavage fluid in vehicle- and clarithromycin-treated mice
challenged with 25 pg of ovalbumin. Clarithromycin was administered intraperitoneally at the dose of 200 mg/kg, 2 h before ovalbumin challenge. Control mice were challenged
with saline. Data are shown as means 4 S.E.M. (n = 8-15 mice per group). The asterisk (*) indicates significant difference (P<0.05) between saline and ovalbumin-challenged groups,
and the ladder (#) indicates significant difference (P<0.05) between ovalbumin-challenged group and clarithromycin-treated group.
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asthma model. In order to further dissect anti-inflammatory activity of
clarithromycin, a second mouse model of asthma was employed, using
lower sensitizing and challenging doses of ovalbumin. In saline-
challenged mice, total cell number in bronchoalveolar lavage fluid
(0.23 £0.03 x 10°cells/ml; mean+S.EM.), as well as its composition
(96 & 2% macrophages and 44 1% neutrophils; mean4S.E.M.)
remained unchanged (Fig. 3). In contrast, intranasal challenge with
25 ng of ovalbumin induced a significant increase in total cell number in
bronchoalveolar lavage fluid at 24 h and 48 h (Fig. 3A). The number of
neutrophils in bronchoalveolar lavage fluid started to increase already
at 6 h, and maximal numbers were detected at 24 h after challenge
(Fig. 3B). The number of eosinophils progressively increased from 6 h
until 48 h (Fig. 3C), whereas macrophages were significantly increased at
48 h after ovalbumin challenge (Fig. 3D). Single intraperitoneal admin-
istration of clarithromycin at the dose of 200 mg/kg, 2h before
ovalbumin challenge, markedly inhibited total cell and neutrophil
number in bronchoalveolar lavage fluid at 24h after challenge. The
decrease induced by clarithromycin was even more pronounced at 48 h
after challenge, when total cell, eosinophil and macrophage number
were significantly decreased in comparison to ovalbumin-challenged
mice (Fig. 3).

3.3. Effect of clarithromycin on inflammatory cell accumulation into the
lungs

Inflammatory cells were not detected in peribronchial/peri-
bronchiolar lung areas of control mice (Figs. 4 and 5A). In contrast,
ovalbumin challenge induced marked accumulation of eosinophils
and mononuclear cells 24 and 48 h after challenge (Figs. 4 and 5B).
Inflammatory cell accumulation in peribronchial/peribronchiolar lung
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Fig. 4. Median histological scores of eosinophil (A) and mononuclear cell (B) infiltration
in peribronchial/peribronchiolar lung areas of vehicle- and clarithromycin-treated mice
challenged with 25 pg of ovalbumin (n=10-12). Clarithromycin was administered
intraperitoneally at the dose of 200 mg/kg, 2 h before ovalbumin challenge. Control
mice (n=4) were challenged with saline. The asterisk (*) indicates significant
difference (P<0.05) between saline and ovalbumin-challenged groups, and the ladder
(#) indicates significant difference (P<0.05) between the ovalbumin-challenged group
and clarithromycin-treated group.

Fig. 5. Representative photomicrographs of lung tissue (hematoxylin and eosin, x200)
at 24 h after challenge with saline (A) or ovalbumin (B and C). The saline-challenged
group showed normal lung physiology (A). Ovalbumin challenge induced marked
accumulation of eosinophils (filled arrows) and mononuclear cells (empty arrows) in
vehicle-treated mice (B). Only rare inflammatory cells were detected in group
intraperitoneally treated with clarithromycin (at the dose of 200 mg/kg) 2 h before
ovalbumin challenge (C).

areas induced by ovalbumin challenge was significantly decreased in
mice that received clarithromycin treatment (Figs. 4 and 5C).

3.4. Effect of clarithromycin on inflammatory mediators in bronchoalveolar
lavage fluid

In addition to its effect on accumulation of inflammatory cells, the
effect of clarithromycin on inflammatory mediators was also evaluated.
Using Luminex XMAP technology, the presence of CCL2 (MCP-1), CXCL1
(KC), CXCL2 (MIP-2), IL-4, IL-5 and IL-13 in bronchoalveolar lavage fluid
was observed after ovalbumin challenge, while concentrations of TNF-c,
GM-CSF, IL-1p and IL-2 were below the limit of detection (data not
shown). At 24 h after challenge with ovalbumin in vehicle-treated mice,
significant increase in IL-4, IL-5, IL-13, CCL2 and CXCL2 concentrations
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was detected in comparison to saline-challenged mice. At the same time
point, in clarithromycin-treated mice concentrations of all these
inflammatory mediators were significantly decreased in comparison
to vehicle-treated mice. (Fig. 6). At 48 h after challenge only concentra-
tions of IL-4 and IL-13 remained significantly increased in vehicle-
treated mice, and the significant difference between vehicle- and
clarithromycin-treated mice was no longer detectable (Fig. 6).

4. Discussion

There is extensive in vitro and growing in vivo evidence that
macrolide antibiotics possess anti-inflammatory/immunomodulatory
properties which are separate and distinct from their antibiotic
actions (Culi¢ et al., 2001; Lépez-Boado and Rubin, 2008; Shinkai
et al.,, 2008). These anti-inflammatory/immunomodulatory proper-
ties of macrolide antibiotics are becoming widely acknowledged and
used or tested in the treatment of various inflammatory disorders
of the respiratory tract, including asthma. In order to test whether
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beneficial effects of macrolide antibiotics in asthma could be attri-
buted to their anti-inflammatory/immunomodulatory properties, we
have investigated the ability of clarithromycin to suppress inflamma-
tion and airway hyperresponsiveness in models of acute experimental
asthma.

In the first model employed in our study, the standard steroid dexa-
methasone at a dose of 1 mg/kg significantly decreased airway hyper-
responsiveness as well as eosinophil number in bronchoalveolar lavage
fluid. Interestingly, single intraperitoneal administration of clarithro-
mycin at a dose of 200 mg/kg, 2 h before ovalbumin challenge, also
almost completely inhibited accumulation of inflammatory cells in
airway lumen (number in bronchoalveolar lavage fluid) and into the
lungs. In addition to the effect on inflammatory cells, clarithromycin
treatment completely abolished another important pathological char-
acteristic of asthma, airway hyperresponsiveness to methacholine.

The effects of clarithromycin on inflammatory cell accumulation
and airway hyperresponsiveness could be attributed to the decreased
concentration of inflammatory mediators in bronchoalveolar lavage
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Fig. 6. Concentrations of IL-4 (A), IL-13 (B), IL-5 (C), CCL2 (D), CXCL1 (E) and CXCL2 (F) in bronchoalveolar lavage fluid in vehicle- and clarithromycin-treated mice challenged with
25 pg of ovalbumin (n=7-8 mice per group). Clarithromycin was administered intraperitoneally at the dose of 200 mg/kg, 2 h before ovalbumin challenge. Control mice were
challenged with saline (n =3 per group). Data are presented as means =+ S.E.M. The asterisk (*) indicates significant difference (P<0.05) between saline and ovalbumin-challenged
groups, and the ladder (#) indicates significant difference (P<0.05) between the ovalbumin-challenged group and clarithromycin-treated group.



242 B. Hrvacic et al. / European Journal of Pharmacology 616 (2009) 236-243

fluid. Clarithromycin significantly decreased concentrations of CXCL2,
IL-5 and CCL2, mediators which are crucial for accumulation and/or
survival of neutrophils (Lee et al., 1995), eosinophils (Sanderson et al.,
1988) and macrophages (Boring et al., 1997), respectively. Moreover,
clarithromycin treatment also significantly decreased concentrations
of IL-4 and IL-13, two cytokines which have been shown to be crucial
for the development of airway hyperresponsiveness (Wills-Karp et al.,
1998; Venkayya et al., 2002).

Expression of all these inflammatory mediators is, at least in part,
under the regulation of the transcription factors nuclear factor kappa B
(NF-kB) and activator protein 1 (AP-1), which are known to be involved
in allergic inflammation (Lorentz et al., 2003; Blease et al., 2003).
Macrolide antibiotics, on the other hand, have been reported to exert
anti-inflammatory/immunomodulatory actions through inhibition of
these two transcription factors (Kikuchi et al., 2002). The inhibition of
NF-B and AP-1 seems, therefore, to be a likely mechanism by which
clarithromycin could decrease the concentration of inflammatory
mediators and exert its beneficial actions in the described model. This
hypothesis should be investigated further in additional experiments.

In clinical investigations, macrolide antibiotics have been reported to
decrease eosinophil and neutrophil number in sputum (Shoji et al.,
1999; Amayasu et al., 2000; Simpson et al., 2008), as well as reducing
airway hyperresponsiveness (Miyatake et al,, 1991; Shimizu et al., 1994;
Amayasu et al., 2000; Kostadima et al., 2004) in asthmatic patients. The
results of our study suggest that the beneficial effects of macrolide
antibiotics in asthmatic patients could be related, at least in part, to their
distinct anti-inflammatory/immunomodulatroy properties.

In contrast to this study, in which anti-inflammatory/immunomo-
dulatory actions of clarithromycin were recorded after single intraper-
itoneal administration at a relatively high dose (200 mg/kg), macrolide
antibiotics in clinical studies on asthmatic patients seem to require long
oral treatment periods of at least 8 weeks (Shoji et al., 1999; Amayasu et
al., 2000; Simpson et al., 2008; Miyatake et al., 1991; Shimizu et al., 1994;
Kostadima et al., 2004). Similarly, in patients with diffuse panbronch-
iolitis, clinical effectiveness of macrolide antibiotic treatment was also
shown after at least 2 to 3 months of use (reviewed in Yanagihara et al.,
2001). Nevertheless we have previously shown that single intraper-
itoneal administration of azithromycin at a dose of 150 mg/kg, 2 h
before lipopolysaccharide (LPS) challenge significantly suppresses
pulmonary neutrophilia (Iveti¢ TkalCevic et al., 2006). Thus, single
intraperitoneal administration of macrolide antibiotics at relatively high
doses is able to suppress inflammation in animal models of lung
inflammation induced by a single inflammatory stimulus. Interestingly,
it has been shown previously that in patients with moderate to severe
COPD only three doses of azithromycin were able to induce a number of
anti-inflammatory actions, including decreases in blood leukocyte and
platelet counts, serum acute phase protein (including C reactive protein)
and soluble E-selectin concentrations and a transient decrease in serum
IL-8 (Parnham et al., 2005). According to clinical findings that macrolide
antibiotics require a low-dose, long-term treatment regimen in chronic
inflammatory lung disorders, it would be interesting to test this
treatment regimen in animal models of chronic diseases, such as
chronic asthma (Jungsuwadee et al., 2004).

It was recently reported that 14-day oral erythromycin treatment was
unable to prevent bronchial hyperreactivity and inflammatory response in
ovalbumin-sensitized rats (Lin et al., 2008). These results could be
explained by different treatment regimens (14-days of low-dose
erythromycin vs. single high dose of clarithromycin), different pharma-
cokinetic characteristics, as well as differences in animal asthma models.
Anti-inflammatory/immunomodulatory properties of macrolide antibio-
tics have been shown to depend on the experimental system used (Tsai
and Standiford 2004), and it would be interesting to further investigate the
causes of the differences between the results of these two studies.

In conclusion, in the mouse models of acute asthma used,
clarithromycin effectively inhibited two important pathological char-
acteristics of asthma, airway hyperresponsiveness and airway inflam-

mation, as well as decreasing the concentration of a number of
inflammatory mediators, including IL-4, IL-5 and IL-13 in bronchoalveo-
lar lavage fluid. These results indicate that the efficacy of clarithromycin,
as well as of other macrolide antibiotics, in asthmatic patients could be
attributed to their anti-inflammatory/immunomodulatory properties
and not only to their antimicrobial activity or exogenous corticosteroid-
sparing effects. Altogether, these findings support the hypothesis that
macrolide antibiotic therapy represents a promising addition to the anti-
asthma drug armamentarium (Hatipoglu and Rubinstein, 2004).
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