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Erythromycin exerts in vivo anti-inflammatory activity
downregulating cell adhesion molecule expression
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1 Macrolides have long been used as anti-bacterial agents; however, there is some evidence that may
exert anti-inflammatory activity. Therefore, erythromycin was used to characterize the mechanisms
involved in their in vivo anti-inflammatory activity.

2 Erythromycin pretreatment (30mgkg~'day~' for 1 week) reduced the lipopolysaccharide (LPS;
intratracheal, 0.4mgkg ")-induced increase in neutrophil count and elastase activity in the
bronchoalveolar lavage fluid (BALF) and lung tissue myeloperoxidase activity, but failed to decrease
tumor necrosis factor-o and macrophage-inflammatory protein-2 augmented levels in BALF.
Erythromycin pretreatment also prevented lung P-selectin, E-selectin, intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) mRNA upregulation in
response to airway challenge with LPS.

3 Mesentery superfusion with LPS (1 ugml~") induced a significant increase in leukocyte-endothelial
cell interactions at 60 min. Erythromycin pretreatment abolished the increases in these parameters.
4 LPS exposure of the mesentery for 4h caused a significant increase in leukocyte rolling flux,
adhesion and emigration, which were inhibited by erythromycin by 100, 93 and 95%, respectively.
5 Immunohistochemical analysis showed that LPS exposure of the mesentery for 4h caused a
significant enhancement in P-selectin, E-selectin, ICAM-1 and VCAM-1 expression that was
downregulated by erythromycin pretreatment.

6 Flow cytometry analysis indicated that erythromycin pretreatment inhibited LPS-induced CD11b
augmented expression in rat neutrophils.

7 In conclusion, erythromycin inhibits leukocyte recruitment in the lung and this effect appears
mediated through downregulation of CAM expression. Therefore, macrolides may be useful in the
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control of neutrophilic pulmonary diseases.
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Introduction

A common feature in septic patients and in animal models of
sepsis is that, regardless of the organ in which the sepsis
originates, the lungs are generally the first to fail (Welbourn &
Young, 1992). The sequestration of neutrophils in the
pulmonary microcirculation and their activation appears to
be a key event in the development of the acute lung injury.
Neutrophils, when activated, are a source of proteases, reactive
oxygen species and inflammatory mediators, which can
contribute to endothelial cell and alveolar epithelial cell
damage (Worthen & Downey, 1996). Indeed, depletion of
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neutrophils in animal models preserves the lung during
endotoxemia (Sheridan et al., 1997).

A major factor contributing to the neutrophil infiltration
into the lungs is the shedding of the lipopolysaccharide (LPS)
from Gram-negative bacteria into the circulation. This
proinflammatory molecule interacts with a variety of cell types
including neutrophils, monocytes and endothelial cells. A
number of studies have demonstrated that LPS increases
microvascular permeability, neutrophil chemotaxis and its
accumulation into the airway wall, cell adhesion molecule
(CAM) expression and, hence, neutrophilic airway inflamma-
tion (Libby et al., 1986; Pober et al., 1986; Schleimer &
Rutledge, 1986; Osborn et al., 1989; Johnston et al., 1997,
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Ridger et al., 2001). The LPS model is widely used to assess the
effects of drugs on acute lung injury (Miotla et al., 1998).

Leukocyte recruitment has generally been described as
a multistep cascade involving endothelial selectins (E- and
P-selectin) and leukocyte selectins (L-selectin), which permit
the initial phase of leukocyte recruitment, that is, its transient
attachment to the endothelial surface followed by leukocyte
rolling along the vessel wall. The second phase of leukocyte
recruitment involves the activation of integrins that mediate
firm adhesion, which precedes the subsequent transmigration
through the vascular endothelium (Butcher, 1991; Springer,
1994).

Macrolide antibiotics have long been used as anti-microbial
agents in bacterial exacerbations of chronic bronchitis and
community-acquired pneumonia. These antibiotics are sup-
posed to have various biological effects apart from their anti-
bacterial activity. In this context, Kudoh ez al. (1998) observed
that administration of erythromycin to patients with diffuse
panbronchiolitis improved their survival and indicated that the
efficacy might be derived from their anti-inflammatory and
immunomodulatory activities. Indeed, it has been suggested
that macrolides exert their anti-inflammatory activity by acting
at different levels, including inhibition of inflammatory cell
chemotaxis, cytokine synthesis, adhesion molecule expression
and reactive oxygen species production (Wales & Woodhead,
1999; Culic et al., 2001; Tamaoki, 2004).

Despite these findings, most of the studies carried out with
regard to the mechanism of the anti-inflammatory activity
displayed by macrolides have been performed using in vitro
models, particularly in isolated neutrophils, with variable
results. Therefore, the present study was undertaken to
evaluate the possible inhibition by erythromycin pretreatment
of neutrophil accumulation in the bronchoalveolar lavage fluid
(BALF) after intratracheal (i.t.) administration of LPS and the
inhibitory mechanisms involved in this response. The effects
on elastase and myeloperoxidase (MPO) activities, and two
proinflammatory cytokines released in BALF, tumor necrosis
factor-o (TNF-0) and macrophage-inflammatory protein-2
(MIP-2), as well as on lung CAMs expression were also
determined. In addition, intravital microscopy within the rat
mesenteric microcirculation was used to examine the effect of
erythromycin pretreatment on CAMs mediating leukocyte—
endothelial cell interactions during acute (1h) and subacute
(4h) inflammation using an LPS-induced model. Finally,
immunohistochemical studies of the mesenteric vascular bed
and flow cytometry analysis in neutrophils were carried out to
characterize the effect of erythromycin on constitutive,
preformed and inducible CAMs expression.

Methods
LPS-induced lung inflammation

Pathogen-free male Sprague—Dawley rats weighing 225-250 g
were used for these experiments. The experimental protocol
complies with regulations established for use of laboratory
animals by European Community and by the Spanish and
Regional Governments and has been approved by local Ethics
Committee. Animals received water and commercial chow
ad libitum. Rats were treated with an oral dose of erythromycin
(30mgkg™") once a day for 1 week, with the last dose

administered 1h before LPS exposure. This schedule of
treatment and dose level were chosen from previous reports
(Kohno et al., 1989; Tamaoki et al., 1995; Miyajima et al.,
1999; lanaro et al., 2000), and also based on the negative
results obtained in pilot experiments with the oral administra-
tion of a single dose of erythromycin (30mgkg™', 1h before
LPS challenge), which failed to decrease neutrophil counts in
BALF (data not shown). The plasma and lung tissue levels
obtained in the rat from this dose of oral erythromycin are
around 3 ugml~' (Kohno et al., 1989), which is close to the
therapeutic range in the clinical setting (Anderson et al., 1984).
Control rats received drug vehicle (0.5% carboxymethylcellu-
lose and 1% Tween 80). Freshly prepared erythromycin was
administered in a volume of 10 mlkg~' (~2.5mlrat™") by oral
gavage with a 21-gauge feeding tube fitted to a 5.0 ml syringe.
Rats received endotracheally, by the transoral route, a single
dose of 0.4mgkg~' of LPS administered as 250 ul of a solution
of LPS of 0.4mgml™" in saline, that is, ~100pugrat™.
Tracheal instillation was carried out under halothane anesthe-
sia. The animals were killed by an overdose of urethane at
the indicated time intervals after endotracheal LPS or saline
administration. A group of control animals was also studied.
These naive rats received i.t. saline instead of LPS and were
not treated with drugs. An additional group of animals were
pretreated with erythromycin and challenged with saline.
Lungs from animals were lavaged with four aliquots of 5ml
each of saline with heparin 10 IUml™". Cell suspensions were
concentrated by low speed centrifugation, and the cell pellet
suspended. Total cell counts were made in a hemocytometer.
Differential counts were obtained from cytospin preparations
stained with May—Griinwald—Giemsa. Neutrophil counts in
BALF were determined at 10h post-LPS challenge, since
previous experiments showed that peak values were observed
around this time point (Spond er al., 2001). The elastase
activity in BALF, used as an indicator of neutrophil
activation, was measured by means of a spectrofluorometric
method as previously described (Cortijo er al., 1999). The
elastase activity was determined at 10h post-LPS, since peak
changes are observed at this time point (Pauwels ez al., 1990).
In separate experimental groups, LPS-challenged rats were
killed at 4h and TNF-¢ and MIP-2 concentrations in BALF
were measured with an enzyme-linked immunoabsorbent assay
(ELISA) kit as indicated by the manufacturer. The lung tissue
MPO activity was measured spectrophotometrically using
3,3,5,5-tetramethylbenzidine as substrate as reported pre-
viously (Serrano-Mollar et al., 2003). The MPO activity was
determined at 4h and used as an indicator of neutrophil
infiltration in the lung tissue. The time point for determination
of TNF-o, MIP-2 and MPO was selected from previous
reports (Schmal er al., 1996; Yi et al., 1996; Blackwell et al.,
1999; Spond et al., 2001). Protein quantitation in lung tissue
homogenates (4 h post-LPS) and in BALF supernatants (10h
post-LPS) was performed using the Bradford assay (1976).
Protein concentration in BALF was used as a marker of
microvascular leakage in the lung (Ortiz et al., 1996).

Lung P-selectin, E-selectin, intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) gene expression (RT-PCR)

The P-selectin, E-selectin, ICAM-1 and VCAM-1 mRNA
transcripts were measured by real-time quantitative reverse
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transcriptase—polymerase chain reaction (RT-PCR). The
method used for obtaining quantitative data of relative gene
expression was the comparative C; method (AAC; method) as
described by the manufacturer (PE-ABI PRISM 7700 Se-
quence Detection System; Perkin-Elmer Applied Biosystems;
Foster City, CA, U.S.A.) and as reported previously (Blesa
et al., 2003). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was chosen as the endogenous control gene. The
lung tissue samples were obtained at 4h postchallenge. This
time point for measurements of CAM’s mRNA was selected
from previous reports (Sanders et al., 1992; Fries et al., 1993;
Beck-Schimmer ez al., 1997). Total RNA was extracted from
lung tissue homogenates by using TriPure Isolation Reagent
(Roche Applied Science, Indianapolis, IN, U.S.A.). Reverse
transcription of RNA to generate cDNA was carried out
by using TagMan Reverse Transcription Reagents (Applied
Biosystems), and PCR was performed by using TaqMan
Universal PCR Master Mix (Applied Biosystems) as indicated
by the manufacturer. TagMan primer-probe sets for the
following genes were obtained from Applied Biosystems
(TagMan Assay-on-Demand™ Gene Expression Products):
P-selectin  (Rn00565416_m1), E-selectin (Rn00568021 ml),
ICAM-1 (Rn00564227_m1) and VCAM-1 (Rn00563627_m1).
The PCR primer for rat GAPDH was designed using the
Primer Express software (PE Biosystems, Morrisville, NC,
U.S.A.) according to the published rat GAPDH cDNA
sequence (GenBank NM17008) as reported previously (Blesa
et al., 2003).

Intravital microscopy

Male Sprague—Dawley rats (200-250 g) were fasted for 2024 h
prior to experiments with free access to water. The animals
were anesthetized with sodium pentobarbital (65mgkg™!, i.p.).
A tracheotomy was performed to facilitate breathing and the
right jugular vein was cannulated for intravenous administra-
tion of additional anesthetic as required. The right carotid
artery was cannulated to monitor systemic arterial blood
pressure through a pressure transducer (Spectramed Stathan
P-23XL) connected to a recorder (GRASS RPS7C8B, Quincy,
MA, U.S.A).

A midline abdominal incision was made and a segment of
the mid-jejunal mesentery exteriorized and carefully placed on
an optically clear viewing pedestal to allow transillumination
of a 3cm ™2 segment of the mesenteric microvasculature. The
temperature of the pedestal was maintained at 37°C. The
exposed intestine was continuously superfused with a bicarbo-
nate buffer saline (BBS, pH 7.4, 2mlmin~"', 37°C) and covered
with a BBS-soaked gauze to prevent evaporation. Mesenteric
microcirculation was observed through an orthostatic micro-
scope (Nikon Optiphot-2, SMZ1, Badhoevedorp, The Nether-
lands) with a x 20 objective lens (Nikon SLDW) and a x10
eyepiece as described previously (Sanz et al., 2002). A video
camera (Sony SSC-C350P, Koeln, Germany) mounted on the
microscope projected the image onto a color monitor (Sony
Trinitron PVM-14N2E) and the images were captured on
videotape (Sony SVT-S3000P) with superimposed time and
date for subsequent playback analysis. The final magnification
of the image on the monitor was x 1300.

Single unbranched mesenteric venules with diameters ran-
ging between 25 and 40 um were studied. Venular diameter
(D,) was measured on-line using a video caliper (Microcircula-

tion Research Institute, Texas A&M University, College
Station, TX, U.S.A.). Centerline red blood cell velocity (V)
was also measured on-line with an optical Doppler velocimeter
(Microcirculation Research Institute, Texas A&M University).
Venular blood flow was calculated from the product of mean
red blood cell velocity (Vmean = Vv 1.67") and microvascular
cross-sectional area, assuming cylindrical geometry. Venular
wall shear rate (y) was calculated based on the Newtonian
definition: y =28 X (Viean/Dy)s~', in which D, is venular
diameter (House & Lipowsky, 1987).
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Figure 1 Effect of erythromycin on LPS-induced leukocyte recruit-
ment in rat lung. Neutrophil counts (a) and elastase activity (b) in
the BALF and lung tissue MPO activity (c) in the following
experimental groups: untreated rats challenged with saline (negative
control); untreated rats exposed to LPS (0.4mgkg™, i.t;
~ 100 ugrat™") (positive control); and saline- or LPS-exposed rats
pretreated with erythromycin (30 mgkg™"day™" for 1 week before
challenge). BALF for counting of neutrophils and determination of
elastase activity was obtained at 10 h postexposure to saline or LPS.
The lung tissue samples for determination of MPO activity were
obtained at 4 h postsaline or LPS exposure. Data are mean +s.e.m.
of 10 (negative control, that is, vehicle + saline), 14 (positive control,
that is, vehicle + LPS), 5 (erythromycin + saline) and 15 (erythro-
mycin + LPS) animals in each group; *P<0.05 compared to
negative control; * P<0.05 compared to positive control.
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Figure 2 Effect of erythromycin on LPS-induced release of TNF-o
(a) and MIP-2 (b) in BALF. TNF-o and MIP-2 levels in BALF of
rats in the following experimental groups: untreated rats challenged
with saline (negative control); untreated rats exposed to LPS
(0.4mgkg™"', i.t.; ~100ugrat™") (positive control); and saline- or
LPS-exposed rats pretreated with erythromycin (30mgkg 'day™!
for 1 week before challenge). BALF was obtained at 4h
postexposure to saline or LPS. Data are meants.e.m. of 10
(negative control, that is, vehicle + saline), 14 (positive control, that
is, vehicle + LPS), 5 (erythromycin + saline) and 15 (erythromycin)
rats per group; *P<0.05 compared to negative control.

The number of rolling, adherent and emigrated leukocytes
was determined off-line during playback analysis of video-
taped images. Rolling leukocyte flux was determined by
counting the number of leukocytes rolling passing a fixed
reference point in the microvessel per min. The same reference
point was used throughout the experiment as leukocytes may
roll for only a section of the vessel before rejoining the blood
flow or becoming firmly adherent. Leukocyte rolling velocity
(Vupe) Was determined by measuring the time required for a
leukocyte to traverse a distance of 100 um along the length of

>

Figure 3 Effect of erythromycin on LPS-induced upregulation of
cell adhesion molecule expression in the lung tissue. Relative
quantification of the mRNA levels of P-selectin (a), E-selectin (b),
ICAM-1 (c), VCAM-1 (d) and GAPDH by real-time quantitative
RT-PCR using the comparative C, method (AAC, method). Data
from five independent experiments are shown for the following
experimental groups: vehicle + saline, vehicle + LPS, erythromy-
cin +saline and erythromycin + LPS. Measurements are made at
4h after challenge with LPS or saline. The C, values for GAPDH
were similar in the different samples, thus confirming the value of
this housekeeping gene as endogenous control. Columns show the
fold-increase in the expression of the cell adhesion molecules relative
to control GAPDH values as mean+s.e.m. of five experiments in
each group; *P<0.05 compared to vehicle + saline; * P<0.05 from
vehicle 4+ LPS.

the venule and was expressed as ums~'. A leukocyte was

considered to be adherent to venular endothelium if it
remained stationary for a period equal to or exceeding 30s.
Adherent cells were expressed as the number per 100 um length
of venule. Leukocyte emigration was expressed as the number
of white blood cells per microscopic field.
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Experimental protocol

In these experiments, to determine the effect of erythromycin
on leukocyte infiltration elicited by LPS, erythromycin was
given at an oral dose of 30 mgkg™" once a day for 1 week, with
the last dose administered 1h before LPS exposure. In the
control groups, rats received the same volume of vehicle for the
same period of time. After a 30min stabilization period,
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baseline measurements (time 0) of mean arterial blood pressure
(MABP), V., vessel diameter, shear rate, leukocyte rolling
flux and velocity and leukocyte adhesion and emigration were
made. The superfusion buffer was then supplemented with
LPS (1 ugml~") and recordings were performed for 5min at
15 min intervals over a 60 min period and the aforementioned
leukocyte and hemodynamic parameters measured. In a
separate group of experiments, the effect of buffer superfusion
on leukocyte responses was evaluated for the same time period
after vehicle or erythromycin pretreatment.

In another set of experiments, animals were similarly
pretreated with erythromycin or vehicle and 1h later Sml of
LPS (0.2 ugml™") was i.p. injected. Leukocyte and hemody-
namic parameters were evaluated 4 h after LPS administration.
Similarly, a group of rats were pretreated with vehicle or
erythromycin and then i.p. injected with saline and responses
determined 4 h later.

Immunohistochemistry

Immunohistochemistry was used to examine the expression
of P-selectin, E-selectin, ICAM-1 and VCAM-1. Once the
experiment using intravital microscopy was completed, the
portion superfused with buffer and LPS for 60 min or that
exposed to saline and LPS for 4h, with or without
erythromycin treatment, was then isolated and further fixed
in 4% paraformaldehyde for 90min at 4°C as described
previously (Sanz et al., 2002). After fixation, the tissue was
dehydrated using graded acetone washes at 4°C, embedded in
paraffin wax and 4-um-thick sections were cut.

Immunohistochemical localization of P-selectin, E-selectin,
ICAM-1 and VCAM-1 was accomplished using a modified
avidin and biotin immunoperoxidase technique as described
previously (Sanz et al., 2002). Tissue sections were incubated
with anti-rat-P-selectin monoclonal antibody (mAb) (RMP-1),
anti-rat-E-selectin ¥ mAb (RME-1), anti-rat-ICAM-1mAb
(1A29) or anti-rat-VCAM-1mAb (5F10) for 24h at
200 ugml~'. Control preparations consisted in the incubation
with the isotype-matched murine antibody MOPC 21 (IgG,) or
UPC 10 (IgG,,) as primary antibodies for the same period of
time at 200 ug ml™'. Positive staining was defined as a venule
displaying brown reaction product.

Determination of surface expression of CDI11b/CDI18
integrins by flow cytometry

The expression of CD11b/CDI18 (o\fl>) integrins was deter-
mined in leukocytes from peripheral blood from rats. As

«

Figure 4 Effect of erythromycin on acute LPS-induced leukocyte
rolling flux (a), leukocyte rolling velocity (b), leukocyte adhesion (c)
and leukocyte emigration (d) in rat mesenteric postcapillary venules.
Parameters were measured 0, 15, 30 and 60 min after superfusion with
buffer or with LPS (1 ugml™") in the following experimental groups:
untreated rats exposed to buffer (negative control); untreated rats
exposed to LPS (positive control); and saline- or LPS-exposed rats
pretreated with erythromycin (30mgkg~'day™' for 1 week before
superfusion). Data are mean+s.e.m. of 5 (negative control, that is,
vehicle + buffer), 9 (positive control, that is, vehicle+ LPS), 5
(erythromycin + buffer) and 8 (erythromycin + LPS) rats per group;
*P<0.05 or **P<0.01 compared to negative control; ©P<0.05 or
+*+P<0.01 compared to positive control.
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Table 1 Hemodynamic parameters in vehicle and erythromycin-treated animals before (0 min) and after (60 min) LPS

(1 ugml™") superfusion

MABP (mm Hg)

Treatment (min) 0
Buffer (vehicle) 95.148.3
Buffer (erythromycin) 103.0+11.6
LPS (vehicle) 105.1+7.3
LPS (erythromycin) 94.1+10.1

Shear rate (s™")

60 0 60
103.24+9.8 577.1+68.4 588.1+74.1
109.8+£7.4 502.8 +£160.7 565.74+135.4

99.8+4.5 538.7+113.7 537.7+107.5
98.8+11.2 590.1+74.0 624.9+84.4

Values are mean +s.e.m. No significant changes among the different groups were observed.

Table 2 Hemodynamic parameters in vehicle and erythromycin-treated animals after 4h buffer and Sml of LPS

(0.2 ugml~") exposure

Leukocyte counts (cells pl™")

Treatment (h) 4

Saline 3544.24443.3
Saline (erythromycin) 4100.0+655.7
LPS (vehicle) 5275.54+605.1
LPS (erythromycin) 4788.9+893.2

MABP (mmHg) Shear rate (s™")

4 4
104.2+8.9 677.2470.8
115.7411.6 577.9+116.1
109.5+9.7 500.8+36.9
133.2425.7 631.2.482.4

Values are mean+s.e.m. No significant changes among the different groups were observed.

described previously, erythromycin was given at an oral dose
of 30mgkg! once a day for 1 week, with the last dose
administered 1 h before blood sample collection. In the control
groups, rats received the same volume of vehicle for the same
period of time. After 1h of vehicle or erythromycin adminis-
tration, animals were sedated with ether and blood samples
were obtained by cardiac puncture. Duplicate samples (100 yul)
of citrated whole blood were then incubated with saturating
amounts (10 ul) of the conjugated mAb anti-rat-CD11b-FITC
for 20min on ice in the dark to determine the effect of
erythromycin pretreatment on basal expression of CDI11b/
CD18 integrins. In another set of experiments, 100 ul samples
of citrated whole blood were incubated for 4h at 37°C with
either vehicle (control sample) or LPS (I1ngml~!) before
labeling with conjugated antibodies. For the removal of red
blood cells and for fixing leukocytes, an automated lysing
procedure was performed with an EPICS Q-PREP system
(Coulter Electronics, Hialeah, FL, U.S.A.).

Flow cytometric analyses were performed with an EPICS
XL-MCL Flow Cytometer (Beckman-Coulter, Hialeah, FL,
U.S.A.)) with a 15mW argon laser tuned at 488 nm. The
instrument was set up to measure forward-angle light scatter
(FS), side-angle light scatter (SS) and FITC-fluorescence
(FL1). FL1 was collected through a 488 nm blocking filter, a
550 nm long-pass dichroic plus a 525 nm band pass. Measure-
ments were amplified linearly (FS and SS) or logarithmically
(FL1). The expression of surface antigens (FL1) was analyzed
separately in granulocytes by their specific features of size (FS)
and granularity (SS) in the flow cytometer.

Statistical analysis

Data are presented as mean+s.e.m. of n experiments.
Statistical analysis of data was carried out by analysis of
variance followed by Bonferroni test or by Student’s t-test
as appropriate (GraphPad Software Inc., San Diego, CA,
U.S.A.). Significance was accepted when P<0.05.

Materials

Erythromycin, pentobarbital, LPS (Escherichia coli serotype
0127:B8), MOPC 21, UPC 10 were purchased from Sigma
Chemical Co., St Louis, MO, U.S.A. Antibodies anti-rat-P-
selectin (RMP-1), anti-rat-E-selectin (RME-1) and anti-rat-
VCAM-1 (5F10) were acquired as stated previously (Sanz
et al., 1997; Walter et al., 1997a,b). Anti-rat-VCAM-1 (5F10)
was kindly donated by Biogen Inc., Cambridge, MA, U.S.A.
Anti-rat-ICAM-1 (1A29) was supplied by LabClinics S.A.,
Barcelona, Spain. Anti-rat-CD11b-FITC and stuf-Mark anti-
gen unmasking fluid were from Serotec, Spain. Rat TNF-o and
MIP-2 ELISA kits were from Chemicon International
(Temecula, CA, U.S.A.) and Cytoscreen™ Biosource Int.
(Camarillo, CA, U.S.A.).

Results
LPS-induced inflammation in rat lung

Compared to naive untreated rats, animals instilled with LPS
(0.4mgkg~!, i.t.) showed, at 10h postexposure, an increased
number of total cells (from 0.36+0.13 in controls to
1.62+40.09 x 10° cellsml~! BALF; n=10 in control and 14 in
LPS group; P<0.05). This augmentation in total cells was
mainly due to the increase in neutrophils (from 8.6+1.9 to
60.943.0% in control and LPS groups, respectively; P<0.05).
The neutrophil counts in BALF are shown in Figure la.
Pretreatment with erythromycin did not alter cell counts in
saline-challenged rats but reduced total cell and neutrophil
numbers at 10h post-LPS challenge by 47 and 59%,
respectively (Figure la). No relevant changes were observed
in other cells types in BALF (eosinophils and mononuclear
cells) nor did erythromycin have any significant effect on these
cells types.

Naive rats have almost undetectable levels of elastase
activity in BALF, but this activity was notably increased at
10h after LPS challenge. Erythromycin significantly reduced
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elastase activity in this fluid by 68% (Figure 1b). The LPS-
induced augmentation of lung MPO activity measured at 4h
postexposure indicates tissue infiltration with neutrophils
preceding their pass into BALF. Consistent with the findings
in BALF, the augmented lung tissue MPO was also
significantly reduced in erythromycin-treated rats (Figure Ic).
Erythromycin pretreatment did not affect the elastase and
MPO activities in saline-challenged rats.
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In order to investigate whether the reduction in LPS-induced
neutrophil accumulation by erythromycin is due to inhibition
of the release of proinflammatory cytokines, TNF-o and MIP-
2 levels were measured in the BALF fluid of untreated and
treated animals after 4h exposure to LPS. The BALF
concentration of TNF-o and MIP-2 was augmented at 4h
post-LPS challenge compared to levels in naive rats, but
erythromycin failed to decrease the LPS-induced augmenta-
tion of TNF-a and MIP-2 content in BALF (Figure 2).
Erythromycin pretreatment did not affect TNF-o and MIP-2
levels in saline-challenged rats.

Protein levels in BALF were not significantly increased at
10h post-LPS, and erythromycin had no effect on BALF
proteins (protein concentrations in BALF supernatants were
0.2240.02, 0.30+0.03 and 0.2340.02mgml™" in naive,
untreated LPS and erythromycin-treated rats exposed to LPS
for n=10, 14 and 15 rats in each group, respectively). These
results indicate that the dose level of LPS used in these
experiments is not sufficient to elicit the microvascular leakage
of proteins in the rat airways.

Lung P-selectin, E-selectin, ICAM-1 and VCAM-1 gene
expression (RT-PCR)

Since erythromycin did not affect the release of MIP-2 and
TNF-o, it is likely that this macrolide exert its anti-
inflammatory activity by modulating the expression of both
leukocyte and endothelial CAMs. To investigate such possi-
bility, RT-PCR was used to determine the expression of
P-selectin, E-selectin, ICAM-1 and VCAM-1 mRNA in the
lung. LPS challenge significantly upregulated the expression of
these CAMs, and this augmentation in their transcripts was
blocked in rats pretreated with erythromycin (Figure 3).
Erythromycin pretreatment did not affect the CAMs mRNA
levels in saline-challenged rats.

Intravital microscopy in rat mesentery

To investigate further the influence of erythromycin pretreat-
ment on the expression of CAMs, intravital microscopy was
used to examine leukocyte trafficking in the mesentery as
leukocyte—endothelial cell interactions would be expected
to precede the tissue accumulation of leukocytes. Figure 4
illustrates acute LPS-induced leukocyte responses. Leukocyte
rolling flux and adhesion were significantly increased within
15min of 1 ugml~' LPS superfusion. After 60 min superfusion
with LPS, increases in leukocyte rolling flux and concomitant
significant decreases in the leukocyte rolling velocity were
observed vs buffer (Figures 4a and b). Similarly, at the same

<

Figure 5 Effect of erythromycin on subacute LPS-induced leuko-
cyte rolling flux (a), leukocyte rolling velocity (b), leukocyte
adhesion (c) and leukocyte emigration (d) in rat mesenteric
postcapillary venules. Parameters were measured 4h after i.p.
injection of Sml of saline or 5ml of LPS (0.2ugml™") in the
following experimental groups: untreated rats exposed to buffer
(negative control); untreated rats exposed to LPS (positive control);
and saline- or LPS-exposed rats pretreated with erythromycin
(30mgkg'day~' for 1 week before LPS injection). Data are
mean+s.e.m. of 7 (negative control, that is, vehicle + saline), 7
(positive control, that is, vehicle + LPS), 5 (erythromycin + saline)
and 9 (erythromycin + LPS) rats per group; **P<0.01 compared to
negative control; * " P<0.01 compared to positive control.
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Figure 6 Representative photomicrographs of rat mesenteric venules showing immunolocalization of P-selectin and ICAM-1
expression in animals untreated and pretreated with erythromycin after acute LPS superfusion. P-selectin expression after buffer (a)
and LPS 60 min superfusion in the untreated group (b) and erythromycin-pretreated group (c). ICAM-1 expression after buffer (d)
and LPS 60 min superfusion in the untreated group (e) and erythromycin-pretreated group (f). Brown reaction product indicates
positive immunoperoxidase localization for both CAMs on the vascular endothelium. All six panels are lightly counterstained with
hematoxylin and have the same magnification ( x 400). Results are representative of n=5-6 experiments with each treatment.

time point, LPS induced increases in leukocyte adhesion and
emigration as shown in Figures 4c and d. Pretreatment with
erythromycin abolished LPS-induced increase in leukocyte
rolling flux, adhesion and emigration (Figure 4). In addition,
the decrease in leukocyte rolling velocity induced by LPS at
60 min was reversed by the administration of this macrolide
(Figure 4). Erythromycin pretreatment did not affect these
parameters in rats not exposed to LPS. LPS superfusion for
60 min neither affected MABP nor venular shear rate (Table 1).
Similarly, erythromycin pretreatment had no effect in these
responses.

Figure 5 shows the effect of erythromycin on subacute LPS-
induced leukocyte—endothelial cell interactions. After 4h i.p.
injection of 5ml of 0.2 ugml~! LPS, significant increases in
leukocyte rolling flux, adhesion and emigration, and signifi-
cant decreases in the leukocyte rolling velocity were detected
compared to values obtained in the saline-treated group.
Erythromycin pretreatment significantly reduced LPS-induced
leukocyte rolling flux, adhesion and emigration by 100, 93 and
95%, respectively, after 4h exposure to LPS (Figure 5), and
significantly increased the reduction in the leukocyte rolling
velocity elicited by LPS. Erythromycin pretreatment did not
affect these parameters in rats not exposed to LPS. None of
these treatments had significant effects on circulating leuko-
cyte counts, MABP and shear rate (Table 2).

Immunohistochemical and flow cytometry analysis
of CAM expression

Immunohistochemical experiments revealed that when the
mesenteric tissue was subjected to 60 min buffer superfusion or
4 h saline exposure, only the ICAM-1 constitutive expression
was detected (Figures 6 and 7). Interestingly, while erythro-

mycin decreased P-selectin expression in animals suffused with
LPS for 60min, constitutive ICAM-1 expression was un-
affected by this treatment (Figure 6). Furthermore, after 4h
LPS exposure significant increases in P-selectin, E-selectin,
ICAM-1 and VCAM-1 expression were detected (Figure 7).
Erythromycin pretreatment resulted in the downregulation of
all of these endothelial CAMs (Figure 7).

Finally, since there is some evidence that erythromycin
treatment might affect CD11b/CD18-integrin expression on
human neutrophils (Lin et al., 2000), we next investigated the
expression of this CAM in rat peripheral blood granulocytes
after 1h of the last dose of vehicle or erythromycin.
Erythromycin treatment did not affect the basal expression
of CD11b/CD18 integrins. As expected, when samples were
stimulated with LPS for 4h, a significant increase in CD11b/
CD18-integrin expression was observed (Figure 8). Erythro-
mycin pretreatment significantly reduced LPS-induced
CD11b/CD18-integrin upregulation (Figure 8).

Discussion

In the first part of the present study, we have used an LPS
model of lung inflammation to evaluate the anti-inflammatory
activity displayed by erythromycin. In this model, increases of
neutrophil numbers in BALF were accompanied by augmen-
tation of the BALF elastase activity and lung MPO, as well as
TNF-0 and MIP-2 levels in BALF, but without significant
extravasation as measured by BALF protein levels. The dose
of LPS (~100 ugrat™') used in the present study was within
the range of those used by other researchers in rats to
investigate the anti-inflammatory effects of different com-
pounds in this model of acute lung injury (O’Leary et al., 1996;
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Figure 7 Representative photomicrographs of rat mesenteric venules showing immunolocalization of P-selectin, E-selectin, ICAM-
1 and VCAM-1 expression in animals untreated and pretreated with erythromycin after subacute LPS exposure. P-selectin
expression after 4h saline (a) or LPS exposure in the untreated group (b) and erythromycin-pretreated group (c). E-selectin
expression after 4 h saline (d) or LPS exposure in the untreated group (e) and erythromycin-pretreated group (f). ICAM-1 expression
after 4 h saline (g) or LPS exposure in the untreated group (h) and erythromycin-pretreated group (i). VCAM-1 expression after 4 h
saline (j) or LPS exposure in the untreated group (k) and erythromycin-pretreated group (1). Brown reaction product indicates
positive immunoperoxidase localization for all CAMs on the vascular endothelium. All panels are lightly counterstained with
hematoxylin and have the same magnification ( x 400). Results are representative of n=6-7 experiments with each treatment.

Yi et al., 1996; O’Leary & Zuckerman, 1997; Spond et al.,
2001).

As expected, neutrophil infiltration in the lung tissue,
assessed by the lung MPO, and in the BALF was significantly
diminished by pretreatment of the animals with erythromyecin.
This finding is in agreement with the beneficial effect reported
by Tamaoki et al. (1995) for erythromycin (10mgkg ™' per day
p.o. for 1 week). In addition, elastase activity in BALF, which
is considered as a marker of neutrophil activation, since this
enzyme is released almost exclusively from these cells, was also
increased at 10h post-LPS exposure, and this augmentation
was significantly decreased in erythromycin-treated rats. In
agreement with our results, a reduction in neutrophil-derived
elastolytic activity was reported in BALF and sputum from
erythromycin-treated patients with chronic airway disease
(Mikami 1991; Ichikawa et al., 1992; Oishi et al., 1994). The
observed decrease of elastase activity in BALF supernatants
may just reflect the reduced entry of neutrophils in the lung
tissue and BALF, but the contribution of a direct effect of
erythromycin on neutrophils inhibiting degranulation cannot
be excluded by these experiments. In this regard, we reported

that erythromycin (25-100 ugml™') inhibited elastase release
from human isolated neutrophils up to ~30% (Villagrasa
et al., 1997).

Erythromycin did not show activity on TNF-a and MIP-2
levels in BALF. The levels of MIP-2 and TNF-« found in this
study are similar to values published by others (O’Leary et al.,
1996; Schmal et al., 1996; Yi et al., 1996). We are not aware
of previous references in the literature for the effects of
macrolides on TNF-« and MIP-2 levels in the LPS model, but
Miyajima et al. (1999) reported that erythromycin failed to
modify TNF-a, MIP-2 and other chemotactic activities in a
neutrophilic model of immunologically mediated pulmonary
inflammation in rats. Erythromycin (100 ug ml~") also failed to
inhibit the production of leukotriene B, by human neutrophils
activated with the chemotactic peptide N-formylmethionyl-
leucyl-phenylalanine (Villagrasa et al., 1997). In addition, we
did not observe any significant increase of protein levels in
BALF after LPS (~ 100 ugrat™") challenge. This finding is not
contradicting the reports of others since higher doses of LPS
are required to elicit airway microvascular leakage (Tamaoki
et al., 1995).
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Figure 8 Effect of erythromycin on surface expression of onfi>-
integrins (CD11b/CD18) on peripheral rat neutrophils. Rats were
untreated or pretreated with erythromycin (30 mgkg ™' day~' for 1
week) and 1h later blood samples were collected. Samples were
incubated for 4h with either vehicle (saline) or 1 ngml~' LPS, and
then stained for 20 min with conjugated mAb and analyzed by flow
cytometry. FITC fluorescence values are expressed as the percentage
of mean fluorescence intensity of basal values (dotted line). Data are
mean +s.e.m. of n =4 experiments. * P <0.05 compared to the mean
fluorescence intensity in the vehicle-treated group.

Further research is therefore required to ascertain the
mechanisms underlying the effect of erythromycin on LPS-
induced pulmonary inflammation. A possibility is the action of
macrolides on the sequential expression of CAMs, which are
decisive for modulating the entry of neutrophils into the
airways, since it is expected that they precede leukocyte
accumulation in the lung and BALF. Certainly, another
mechanism by which LPS promotes acute lung inflammation
is by upregulating the expression of CAMs. Thus, the
transcript levels of P-selectin, E-selectin, ICAM-1 and
VCAM-1 are augmented in the lung, with peaks observed at
3-6h after exposure to LPS (Sanders et al., 1992; Fries et al.,
1993; Beck-Schimmer et al., 1997; Panes et al., 1999). In
keeping with these studies, we found that i.t. LPS augmented
the P-selectin, E-selectin, ICAM-1 and VCAM-1 mRNA in the
lung from rats i.t. challenged with LPS. Erythromycin
pretreatment abrogated the expression of these CAMs.

To investigate further the influence of erythromycin
pretreatment on the expression of CAMs, intravital micro-
scopy was used to examine leukocyte—endothelial cell interac-
tions in rat mesentery vasculature. Under acute stimulation of
the mesentery with LPS, pretreatment with erythromycin
resulted in the total abolition of these interactions. Concordant
with these results, immunohistochemical studies revealed that
there was scarce P-selectin expression in the endothelium of the
rats pretreated with the macrolide. To our knowledge, this is
the first report that demonstrates that macrolides inhibit
endothelial P-selectin expression. Additionally, it has been
suggested that macrolides can also inhibit syalil-Lewis*, a well-
known selectin ligand (Azuma et al., 1998). Therefore, the
dramatic effect elicited by erythromycin on LPS-induced
increase on leukocyte rolling could be due to P-selectin
downregulation and blockade of syalil-Lewis* function.

In order to evaluate the effect of erythromycin pretreatment
on the expression of inducible CAMs, a subacute model (4 h)
of LPS-induced leukocyte recruitment in mesentery was used.

After 4h LPS exposure, a significant increase in leukocyte—
endothelial cell interaction in postcapillary venules was
observed. Immunohistochemistry showed a clear enhancement
of P-selectin, E-selectin, ICAM-1 and VCAM-1 endothelial
expression. Erythromycin downregulated the expression of all
the endothelial CAMs investigated. These results are in
agreement with previous findings in which the anti-inflamma-
tory effects exerted by macrolides are primarily mediated
through nuclear transcriptional regulation (Aoki & Kao,
1999). Nuclear factor-«B (NF-xB) is a protein that is essential
for the transcription of genes that encode a number of
proinflammatory molecules such as E-selectin, ICAM-1
and VCAM-1 (Collins et al., 1995). In addition, in rodents,
P-selectin upregulation requires NF-xB activation (Manning
et al., 1995). Thus, the P-selectin downregulation elicited by
erythromycin pretreatment may be due to inhibition of NF-xB
activation. Although this effect was not described previously,
there are some evidences that indirectly associate macrolides
with E-selectin downregulation. In this context, treatment with
azithromycin improved the endothelial function in patients
with coronary artery disease, resulting in a significant decrease
of E-selectin plasma levels (Parchure et al., 2002), and, in vitro,
incubation with roxithromycin was found to inhibit TNF-a-
induced E-selectin expression in endothelial cells from the
dermal microvasculature (Akamatsu et al., 2001).

In the sequential adhesive cascade that mediates the
trafficking of leukocytes from blood to sites of inflammation,
leukocytes need to adhere firmly to the endothelium before
transmigrating. Activation of leukocytes precedes firm adhe-
sion and is mediated by their previous interaction with
selectins and chemoattractants (Butcher 1991; Springer
1994). Two types of integrins are involved in this process
p»- and og4-integrins, which interact with their counter-
receptors on endothelial cells. The main endothelial ligand
for f,-integrins is ICAM-1. In this study, we have found that,
while the basal expression of oyff>-integrin and ICAM-1 was
not affected by erythromycin pretreatment, LPS-induced
ICAM-1 upregulation after 4h exposure to the stimulus was
clearly diminished. In agreement with our observations, there
are several reports indicating that macrolide antibiotics reduce
ICAM-1 expression. In vitro, Kawasaki et al. (1998) demon-
strated that roxithromycin reduced interferon-y (IFN-y)-
induced ICAM-1 expression albeit in a human bronchial
epithelial cell line, and Akamatsu et al. (2001) demonstrated
the same effect but in endothelial cells from the dermal
microvasculature stimulated with TNF-o. In vivo, erythromy-
cin has been shown to decrease the expression of ICAM-1 in
different animal models of lung inflammation (Miyajima et al.,
1999; Li et al., 2002). Furthermore, as found by Lin ez al.
(2000) in isolated human neutrophils, we have encountered a
small but significant decrease in LPS-induced CD11b-integrin
expression in rat neutrophils pretreated with erythromycin.

Another interaction that contributes to leukocyte adhesion
is the ay-integrins/VCAM-1 pathway. We have found a clear
decrease in LPS-induced VCAM-1 upregulation by erythro-
mycin. Despite neutrophils are the primary cells recruited in
this model, it is well established that, as opposed to humans,
rat neutrophils do express functional o4, and f,-integrins
(Davenpeck et al., 1998). In this regard, in a model of
bleomycin challenged mice, macrolides were found to inhibit
the induction of VCAM-1 mRNA in the lung tissue (Azuma
et al., 2001; Li et al., 2002). Finally, the inhibition of leukocyte
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transmigration displayed by treatment with the macrolide
would be the result of the sequential inhibition of the CAMs
investigated.

In conclusion, in the present study, we have provided
evidence that erythromycin is an in vivo inhibitor of neutrophil
recruitment in the lung. This effect is not mediated through
inhibition of TNF-o¢ and MIP-2 release. Conversely, it has a
powerful effect modulating endothelial CAM expression. In
this context, the effects observed are likely mediated through
P- and E-selectin, ICAM-1 and VCAM-1 downregulation.
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