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ABSTRACT: The mechanisms underlying the therapeutic efficacy of erythromycin
(EM) in diffuse panbronchiolitis (DPB) was investigated. For this purpose, an
experimental rabbit model of DPB induced by Pseudomonas aeruginosa inoculation was
employed. Daily administration of EM (3 mg.kg.day-1) led to an increase in the number
of macrophages in bronchoalveolar lavage fluid (BALF) at an early phase, while
reducing the size of granulomatous lesions at the late phase without affecting the number
of viable bacteria recovered from the infected lung.

Reverse transcriptase polymerase chain reaction (RT-PCR), enzyme-linked immu-
nosorbent assay (ELISA) and immunohistochemical studies showed that monocyte
chemoattractant protein (MCP)-1 was produced in both BALF and infected lung. EM
treatment resulted in a significant increase in the level of MCP-1 in BALF, while
reducing that of tumour necrosis factor (TNF)-a, interleukin (IL)-1b and IL-8. EM also
increased MCP-1 messenger ribonucleic acid (mRNA) and protein expression in the
infected lung. MCP-1 blockade abolished the protective effect of EM, as neutralization
of MCP-1 with anti-MCP-1 antibodies reduced the EM-induced increase in the number
of macrophages in BALF, and augmented size of the granulomatous lesions, as
compared to control.

The results of the present study suggest that erythromycin attenuates the pulmonary
granuloma formation, at least in part, by increasing the production of monocyte
chemoattractant protein-1.
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Diffuse panbronchiolitis (DPB) is a chronic infectious
airway disease with high morbidity and mortality [1, 2].
However, the prognosis for DPB has dramatically
improved over the past decade with the use of
erythromycin (EM) [3, 4]. The efficacy of EM in the
treatment of DPB does not appear to depend on its
original antimicrobial activity, as levels of EM in the
serum and sputum after EM treatment are lower than
the minimum inhibitory concentrations for Haemophilus
influenzae and Pseudomonas aeruginosa, which can be
isolated from the sputum of patients with DPB [5]. The
viable bacteria is frequently recovered from the sputum
in EM responsive patients [5].

Recent studies have suggested that the beneficial
effect of EM is due to its anti-inflammatory pro-
perties [4 – 6]. In vitro, EM inhibited the production of
pro-inflammatory cytokines such as tumour necrosis
factor (TNF)-a, interleukin (IL)-1b and IL-8 [7 – 9], all
of which were found in bronchoalveolar lavage fluid
(BALF) of DPB patients and are regarded as being key
mediators in the pathogenesis of DPB [10, 11]. EM
treatment significantly reduced the levels of IL-1b and

IL-8 in BALF of DPB patients, which was accom-
panied by a decreased number of neutrophils in BALF
[10, 11]. Thus, it appears that EM inhibits neutrophil
influx, a prominent feature in BALF of DPB patients,
by suppressing pro-inflammatory cytokines.

Another distinctive pathologic feature of DPB is the
accumulation of foamy alveolar macrophages in the
lung [1, 2], suggesting that mediators known to attract
monocytes may be involved in the progression of DPB.
Recently, a family of proteins with specific chemo-
tactic activity for monocytes, CC chemokines, has
been identified. Monocyte chemoattractant protein
(MCP)-1 is a prototype of CC chemokines, and has
been detected in clinical diseases characterized by a
massive macrophage influx [12, 13]. However, little is
known about the role of MCP-1 in the development of
either clinical DPB or experimental models. It is
possible that MCP-1 is involved in DPB, and EM
may have a role in regulating the production/function
of MCP-1.

In the present study, attempts to elucidate the effects
of EM on the recruitment of macrophages and
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production of MCP-1 in DPB were made. For this
purpose, an experimental model of chronic bronchio-
litis induced by P. aeruginosa inoculation was employed
[14]. The results show that EM treatment ameliorates
granuloma formation via up-regulating MCP-1. This
novel activity of EM may be one of the mechanisms
underlying the therapeutic efficacy of EM in the
treatment of DPB.

Materials and methods

Animals

Male Japanese white rabbits (2.0 – 2.5 kg; Inoue
Laboratory Animals, Kumamoto, Japan) were housed
under standard care. Guidelines and permission for
performance of all the animal experiments was provided
by the Animal Care Committee of Kumamoto Univer-
sity Medical School.

Pseudomonas aeruginosa

EM resistant mucoid P. aeruginosa was isolated from
human otorrhoea cultures, and enmeshed in agar
beads, as described [14]. An aliquot of the agar beads
containing P. aeruginosa was homogenized, serially
diluted with sterile saline, loaded on agar plates (NAC,
Nissui Pharmaceutical, Tokyo, Japan), and the colony
forming units (CFU) were determined.

In vivo experiments

Rabbits were anesthetized with pentobarbital sodium
(30 mg.kg-1, i.v.), and 2 mL of agar beads suspension
containing 16107 CFU of P. aeruginosa was intra-
tracheally inoculated. Erythromycin lactobionate
(Dainippon Pharmaceutical, Osaka, Japan) or saline
was administered i.v. immediately and every 24 h after
the inoculation until sacrifice (3 mg.kg.day-1), accord-
ing to the previous report [15]. The dosage was
determined by preliminary studies, showing that
3 mg.kg.day-1 of EM was most effective for the
treatment of the present model. To neutralize MCP-1
activity, 1 mL of anti-MCP-1 antiserum was adminis-
tered i.v. immediately and every 2 days after the
inoculation. The neutralizing antirabbit MCP-1 anti-
bodies were raised by immunizing a goat with rabbit
MCP-1, as described [16]. The volume of antiserum was
considered to be sufficient, because the half-life of the
antibodies in the circulation was 48 h and a larger
volume (3 mL) did not induce further effects. As a
control, pre-immune goat serum was used. The endo-
toxin content in the sera was below the detection level
(v0.05 EU.mL-1, Pyrogent; BioWhittaker, Walkersville,
MD, USA).

At appropriate time intervals after P. aeruginosa
inoculation, the rabbits were anaesthetized, bled,
euthanized, and both lungs were resected. The right
lung was lavaged with 3625 mL sterile saline, cen-
trifuged at 5006g for 10 min at 4uC, and the super-
natants (BALF) were stored at -30uC for later assay.

The cell pellets were resuspended in 1 mL saline, and
the number of leukocytes counted using a haemocyt-
ometer. Differential cell analyses were performed by
Diff-Quik stained cytospin preparations [17]. The lower
lobe of the left lung was weighed and frozen in liquid
nitrogen to determine the cytokine levels. The upper
lobe of the left lung was fixed with 4% paraformalde-
hyde, and used for histological examinations. For the
bacteriological analysis, both lungs were homogenized
using a polytron AG homogenizer (Kinematica Instru-
ments, Lucern, Switzerland). The homogenates were
serially diluted, plated on NAC agar plates, cultured
overnight at 37uC, and the CFU were determined.
Preliminary studies showed that the pulmonary lesions
equally distributed in the lung after the intratracheal
inoculation of P. aeruginosa, as histological analyses
and cytokine levels between different parts of the lung
were similar.

Study design

In order to determine the natural course in this
model, P. aeruginosa was inoculated in the lung, and the
infected lungs were examined histologically on day 0, 1,
3, 14 (six rabbits each, total of 24 rabbits). An additional
six rabbits were killed at 18 h after the inoculation, and
messenger ribonucleic acid (mRNA) expression for
MCP-1 was determined by the leukocytes harvested
from the BALF. Control cells were harvested from the
BALF of normal rabbits (six rabbits). To assess the
effects of EM on the recruitment of leukocytes and
cytokine levels in the BALF, either EM or vehicle was
i.v. administered after the inoculation of P. aeruginosa,
and the samples were harvested on day 0, 1, 3, 7 and 14
(six rabbits in both groups at each time-point, total of 60
rabbits). The different sets of rabbits were used for
histological analyses, which were harvested on day 1, 3,
7 and 14 (six rabbits in both groups, total of 48 rabbits).
In order to examine the involvement of MCP-1 in this
model, rabbits infected with P. aeruginosa were treated
with erythromycin plus either anti-MCP-1 or control
serum, and the BALF samples were harvested on day 3
and 14 (six rabbits in both groups at each time-point,
total 24 rabbits). The different sets of 24 rabbits were
used for histological analyses. The total number of
rabbits used in this study was 192.

Assessment of granulomatous lesions in the lung

The lung sections were stained with haematoxylin and
eosin. The granulomatous lesions (a minimum of 10
lesions) were randomly chosen, and captured with an
NIH image (a public domain image processing and
analysis programme by the National Institutes of Health
image). The area was converted from pixels2 to mm2 by
measuring a known area on a haemocytometer grid.

Preparation of tissue extracts

Freshly isolated lung tissues (1 g) were placed in
5 mL of homogenization buffer (50 mM phosphate
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buffer (PBS) pH 6.0, containing 0.5% hexadecyl-
trimethylammonium bromide (Sigma Chemical, St.
Louis, MO, USA), 1 mM phenyl methyl sulphonil
fluoride (Sigma), 20 mM EP 475 (Taisho Pharmaceu-
tical, Ohmiya, Japan), and 0.1 mg.mL-1 bestatin
(Sigma)) and homogenized. The homogenates were
then sonicated, centrifuged at 15,0006g for 30 min,
and the resultant cleared supernatants were dialyzed
against phosphate-buffered saline (PBS) and used for
cytokine measurements.

Measurement of cytokines

Protein concentrations of MCP-1, IL-1b and IL-8
were measured, as previously described [16, 18, 19].
TNF-a activity was determined by L929 cell cytotoxic
assay [19, 20]. Detection limits were 3 pg.mL-1 for
MCP-1, 10 pg.mL-1 for IL-1b, 30 pg.mL-1 for IL-8 and
TNF-a, respectively. Each detection system did not
cross-react with other cytokines.

Immunohistochemistry

After blocking of endogenous peroxidase with 0.3%
H2O2 in methanol, the tissue sections were treated with
0.05% trypsin for 10 min at room temperature, and
then incubated overnight with 5 mg.mL-1 of polyclonal
anti-MCP-1 goat immunoglobulin Ig-G at 4uC. Pre-
immune goat IgG was used as a control. The sections
were then rinsed and incubated for 30 min with
5 mg.mL-1 of biotinylated rabbit antigoat IgG (Vector
Laboratories, Burlingame, CA, USA). After wash-
ing, the sections were incubated with avidin-biotin-
peroxidase complex (Vector) for 30 min at room
temperature. As a chromogen, 3,39-diaminobenzidine
(Sigma) was used. Haematoxylin was used for counter
staining.

Reverse transcriptase polymerise chain reaction

RNA was isolated from samples using a MicroFast-
TrackTM Kit (Invitrogen, San Diego, CA, USA), and
reverse-transcribed to complementary deoxyribose
nucleic acid (cDNA) with Oligo (dT) as primers
(Gibco-BRL, Rockville, MD, USA). First-strand
cDNAs were then amplified in the presence of Taq
polymerase (Takara Shuzo, Shiga, Japan) and specific
primers. The primers were designed to amplify rabbit
MCP-1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). MCP-1, sense primer: 59-ATGAAGGTC-
TCTGCAACGCTTCTG-39; antisense primer: 59-TT-
ACAATGAAGTAGTAGTAGAGGGTGT-39. GAP-
DH: sense primer; 59-GATCCATTCATTGACC
TCC-39; antisense primer: 59-GATCTCGCTCCTG-
GAAGATG-39. The polymerase chain reaction (PCR)
was carried out at 35 cycles of 94uC for 1 min, 55uC
for 1 min, 72uC for 2 min. Ten microlitres of PCR
products were subjected to electrophoresis on a 2%
agarose gel in the presence of ethidium bromide.

Statistical analysis

Statistical significance of the data was determined by
analysis of variance (ANOVA). A p-valuev0.05 was
considered to be statistically significant. All data are
expressed as mean¡SEM.

Results

Effects of erythromycin on the recruitment of leuko-
cyte populations in bronchoalveolar lavage fluid

Inoculation of P. aeruginosa induced a massive
leukocyte infiltration in BALF. Most of the leukocytes
in BALF were macrophages, which peaked on day 1
(fig. 1). Once they decreased on day 3, the number of
macrophages increased again with time for up to 14
days. The recruitment of neutrophils peaked on day 1
and then decreased gradually (fig. 1). EM treatment
dramatically increased the number of macrophages in
BALF on day 3, while inhibiting on day 14 (fig. 1). EM
inhibited the recruitment of neutrophils throughout the
observation periods after day 3 (fig. 1). A small number
of lymphocytes was seen in the BALF, which was
unchanged by EM treatment (data not shown). Agar
beads alone did not cause infiltration of a significant
number of leukocytes. Thus, EM altered the recruit-
ment of macrophages as well as neutrophils in BALF.
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Fig. 1. – Effects of erythromycin on the recruitment of leuko-
cytes in bronchoalveolar lavage fluid after the inoculation of
P. aeruginosa. The number of macrophages (.) and neutrophils
(&) after treatment with erythromycin, and the number of
macrophages (#) and neutrophils (%) after saline treatment are
shown. Data represent the mean¡SEM. *: pv0.05; **: pv0.01;
when compared to the saline control.
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Effects of erythromycin on granuloma formation

The histological findings in the infected lung are
shown in figure 2. The neutrophil infiltration was
evident in peripheral bronchial walls and air spaces
on day 1 (figs. 2a and b), which significantly increased
on day 3 and formed granulomatous lesions (figs. 2c
and d). Leukocyte populations changed thereafter, and
macrophages and lymphocytes were predominant in the
granulomatous lesions. On day 14, the granulomatous
lesions became fully matured granulomas consisting of
foamy macrophages and lymphocytes (figs. 2e and f).
These findings resembled those seen in the lung of DPB
patients. Lungs inoculated with agar beads alone
showed little inflammatory reactions (data not
shown). The area of the granulomatous lesions in the
lung is shown in figure 3, which demonstrated that it
peaked on day 3 and decreased gradually thereafter.
Administration of EM resulted in a decrease in the size
of granulomatous lesions by 50% on day 14, as
compared to the control, although no difference was
found for the first 7 days (fig. 3). Thus, a chronic
bronchiolitis, resembling clinical DPB, was induced in
this model, and the granuloma formation was inhibited
by EM treatment.

Effects of erythromycin on the bacterial load

P. aeruginosa used in this study was resistant to EM
in vitro. The bacterial load in this model was also

examined, which showed that EM did not affect the
viable bacteria recovered from the lungs (EM versus
control: day 3: 3.3¡2.1 versus 1.4¡0.26104 CFU; day
7: 7.5¡2.3 versus 5.6¡0.76104 CFU; day 14: 1.8¡0.9
versus 1.3¡0.56104 CFU; each group contained six
rabbits; all the data was not significant). Thus, EM
failed to clear bacteria from the infected lung.

(a)

(d) (e) (f)

(b) (c)

Fig. 2. – Histology of the lung after inoculation of P. aeruginosa. The representative photographs from six rabbits in the lung section
are shown. a) and b) Day 1; c) and d) day 3; e) and f) day 14. Original magnification: a, c, e 620; b, d, f 6200.
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Fig. 3. – Effects of erythromycin on the area of granulomatous
lesions after inoculation of P. aeruginosa. Rabbits were treated
with: u: erythromycin; or %: saline; and the granuloma size in
the lungs was assessed. Data represent the mean¡SEM. **:
pv0.01 when compared to saline control.
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Effects of erythromycin on cytokine production

Since macrophages were the major cells found in
BALF and EM treatment altered the recruitment of
macrophages, experiments were conducted next to
measure the level of MCP-1, a potent monocyte
chemoattractant. The levels of MCP-1 in both BALF
and lung increased rapidly after P. aeruginosa inocula-
tion, which peaked on day 1, and then decreased
gradually and returned to a basal level by day 7 (figs. 4a
and b). Immunohistochemistry revealed that MCP-1
was expressed in macrophages and neutrophils (fig. 4d).
Interestingly, peak levels of MCP-1 in both BALF and
lung were significantly increased by EM treatment
(figs. 4a and b). Likewise, MCP-1 mRNA expression in
the leukocytes recovered from BALF was up-regulated
by the treatment (fig. 4c).

The levels of TNF-a, IL-1b and IL-8 were also
measured in this model. EM treatment significantly
inhibited the levels of TNF-a and IL-8 in BALF, when
compared to the control (figs. 5a and c). Although
IL-1b in BALF was unchanged by EM at the peak

(day 1), no IL-1b was detected on day 3 after EM
treatment whereas an appreciable level of IL-1b was
present in control BALF (fig. 5b). The data indicate
that MCP-1 was temporally produced in this model,
and EM augmented the production of MCP-1 while
reducing the production of TNF-a, IL-1b and IL-8.

Effects of erythromycin are abolished by monocyte
chemoattractant protein-1 blockade

To assess the involvement of MCP-1 in the
therapeutic effects of EM in this model, rabbits were
treated with EM plus either anti-MCP-1 antiserum or
control serum after P. aeruginosa inoculation. As
shown in figure 6a, anti-MCP-1 antibodies significantly
decreased the number of macrophages, but not
neutrophils and lymphocytes, in BALF on day 3 as
compared to the control. At this time point, the size of
the pulmonary granulomatous lesions was unchanged
(data not shown). However, anti-MCP-1 treatment
significantly augmented the size of the lesions on day 14
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as compared to control (fig. 6b), without affecting the
number of leukocyte populations in BALF (data not
shown). The levels of TNF-a, IL-1b and IL-8 in BALF
were not altered by anti-MCP-1 antibodies, at any time
examined (data not shown). The bacterial load in the
lung on day 7 was unchanged by anti-MCP-1 treatment
(EM plus anti-MCP-1 antiserum versus EM plus
control serum: 5.6¡5.7 versus 4.6¡2.26104 CFU,
each group contained six rabbits and the data was
not significant). Thus, MCP-1 blockade abolished the
protective effects of EM in the regulation of granuloma
formation in this model, which was accompanied by a
decreased number of macrophages in the BALF.

Discussion

An animal model of chronic respiratory infection
was previously established by instilling agar beads
containing P. aeruginosa into the rat trachea, where
P. aeruginosa was slowly released out of the agar beads
that remained in the trachea for a long period of time
[14]. In the present study, rabbits were used as
experimental animals. Unlike rats, rabbits have IL-8,
which plays a key role in the evolution of many types of
clinical diseases including lung [21]. The histological
features of the rabbit model in the present study
resembled clinical DPB; the recruitment of neutrophils
was observed in the BALF. There were massive
infiltrates of foamy alveolar macrophages and lympho-
cytes around the respiratory bronchioles, and these cells
formed granulomatous lesions. It thus appears that the
rabbit model can be used as a model of clinical DPB.

The therapeutic efficacy of EM for the treatment of
clinical DPB has been ascribed to its anti-inflammatory
properties, which include decreased production of
inflammatory cytokines and the inhibition of neutro-
phil infiltration in BALF [7 – 11]. Correspondingly, the
data showed that EM treatment inhibited the produc-
tion of TNF-a, IL-1b and IL-8, and the recruitment of
neutrophils. More interestingly, it was found that
administration of EM increased the recruitment of
macrophages in BALF at an early phase (day 3), while
decreasing it at a late phase (day 14). When the
production of MCP-1 after P. aeruginosa inoculation
was measured, MCP-1 levels in both BALF and lung
were markedly increased after treatment with EM at the
peak (day 1), at a time before the increased number of
macrophages by EM (day 3). EM increased MCP-
1 mRNA expression in leukocytes recovered from
BALF. These results suggest that increased production
of MCP-1 on day 1 by EM is responsible for the
increased number of macrophages in BALF on day 3.
As expected, MCP-1 blockade decreased the recruit-
ment of macrophages in BALF.

Unlike the early phase, EM treatment decreased the
number of macrophages in BALF in the late phase (day
14). This late phase of macrophage infiltration
appeared to be independent of MCP-1, as anti-MCP-
1 antibodies did not affect the number of macrophages.
The production of MCP-1 in both BALF and lung
peaked on day 1 after P. aeruginosa inoculation, and
decreased to the baseline level by day 7, while the influx
of macrophages still increased after day 7. This suggests
that the late phase of macrophage infiltration is
mediated by factor(s) other than MCP-1. TNF-a and
IL-1b, both of which were detected in this model, can
induce many types of inflammatory mediators, includ-
ing other CC chemokines [21 – 23]. It can be argued that
such mediator(s) may be responsible for the later phase
of macrophage influx and the production may be
modulated by EM. It is further speculated that EM
ameliorated the formation of granulomatous lesions on
day 14 through the modulation of the mediator(s), not
MCP-1. However, MCP-1 blockade abolished the
protective effect of EM on formation of granulomatous
lesions on day 14, without affecting the levels of TNF-a
and IL-1b. The data suggest that the increased
production of MCP-1 by EM in the early phase
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paves the way towards interference in the formation of
granulomatous lesions at the late phase.

The direct role of MCP-1 in regulating formation of
granulomatous lesions in the present model is unclear.
One possibility is that MCP-1 enhanced the phagocytic
and killing activities of macrophages to P. aeruginosa
MCP-1 can activate monocytes and cause lysozomal
enzyme release [24] and H2O2 production [25], both of
which are effector molecules for bacterial killing.
Furthermore, earlier studies have demonstrated that
an intraperitoneal administration of MCP-1 augmented
the killing activity of peritoneal macrophage [26].
However, this is unlikely to be the mechanism at
work in this model, because EM and an anti-MCP-1
antibody did not influence the number of viable
bacteria recovered from the infected lung. Another
possibility is that EM attenuates the granuloma
formation via the modulation of TNF-a, IL-1b and
IL-8. These inflammatory cytokines may directly or
indirectly affect granuloma formation. However, as
discussed earlier, MCP-1 blockade abrogated the
therapeutic effects of EM without altering the levels
of these inflammatory cytokines. Although the function
of MCP-1 has traditionally been viewed as a recruit-
ment factor that regulate the accumulation of cells to
the site of the response [21, 22], recent evidence has
suggested that MCP-1 has broad activities in immune
regulations. MCP-1 altered the cytokine balance,
especially, by increasing the production of anti-inflam-
matory cytokines, as seen in an experimental endo-
toxaemia [27]. Other evidence suggested that MCP-1
could have a regulatory role on the immune system by
altering cytokine production [28, 29]. Transforming
growth factor (TGF)-b can be induced by MCP-1 and
may contribute to the modulation of granuloma
formation in this study [30]. Since the present model
features chronic pathological changes, it is possible that
MCP-1 may influence immune responses in this model.

In conclusion, administration of erythromycin
resulted in an increase in the number of macrophages
in the bronchoalveolar lavage fluid, while decreasing

the formation of pulmonary granulomatous lesions in
the present model of chronic bronchiolitis. These events
were accompanied by an increased production of
monocyte chemoattractant protein-1. Neutralization
studies showed that increased monocyte chemoattrac-
tant protein-1 production by erythromycin appeared to
play a pivotal role in modulating the chronic phase of
formation of granulomatous lesions, suggesting that
erythromycin ameliorates pathological changes partly
by up-regulating monocyte chemoattractant protein-1.
Although the model employed in this study does not
fully represent clinical diffuse panbronchiolitis, this
novel erythromycin activity may be one of the
mechanisms underlying its therapeutic efficacy in the
treatment of clinical diffuse panbronchiolitis.
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matous lesion after treatment of rabbits with erythromycin. After P. aeruginosa inoculation, rabbits were treated with erythromycin
plus either anti-MCP-1 antiserum (u) or control serum (%). a) The number of leukocytes in bronchoalveolar lavage fluid were counted
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