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rythromycin Suppresses Nuclear Factor-kB
nd Activator Protein-1 Activation

n Human Bronchial Epithelial Cells
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(DPB), bronchial asthma, and chronic sinusitis (1–3).
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Erythromycin (EM), and related 14-member macro-
ide antibiotics, has attracted attention for its effec-
iveness in airway diseases including diffuse panbron-
hiolitis and sinobronchial syndrome. However, its
olecular mechanisms remain unknown. We evalu-

ted the effects of EM on activation of several tran-
cription factors, including nuclear factor-kB (NF-kB)
nd activator protein-1 (AP-1) in human bronchial ep-
thelial cell line BET-1A, which are known to regulate
he expression of many proinflammatory cytokines
nd chemokines such as interleukin-8 (IL-8). BET-1A
ells were cultured with hormonally defined Ham’s
12 medium, and were stimulated by phorbol myris-

ate acetate (PMA). EM suppressed mRNA expression
s well as the release of IL-8 at therapeutic and non-
ytotoxic concentrations (% inhibition of IL-8 protein
elease: 42.2 6 5.5%, at 1026 M). Furthermore, electro-
horetic mobility shift assays revealed that EM inhib-

ted the activations of NF-kB and AP-1 induced by
MA in BET-1A cells. These data indicate that EM has

nhibitory effects not only on the mRNA expression
nd release of IL-8, but also on the activation of tran-
cription factors NF-kB and AP-1. Our findings sup-
ort the concept that the recruitment of neutrophils in
irway diseases may be regulated by NF-kB and
P-1. © 1999 Academic Press

Key Words: IL-8; NF-kB; erythromycin/AP-1.

Erythromycin (EM), a macrolide antibiotic, has been
eported to be effective for the treatment of chronic
irway diseases such as diffuse panbronchiolitis
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owever, its molecular mechanism remains unknown.
PB, which is prevalent in Japan and is also charac-

erized by chronic airway inflammation with infiltra-
ion of neutrophils in respiratory bronchioles, has been
uccessfully treated with low-dose, long-term adminis-
ration of EM (4). At this dosage, EM cannot be ex-
ected to act as an antibacterial agent, which suggests
hat EM has some anti-inflammatory actions. Kadota
nd associates showed a significant reduction of neu-
rophils as well as a neutrophil chemotactic activity in
ronchoalveolar lavage fluid after EM was adminis-
ered to the patients with DPB (2). It is possible that
M modulates airway inflammatory responses by de-
reasing the local chemokine release and thus reducing
he recruitment of inflammatory cells such as neutro-
hils.
Interleukin-8 (IL-8), a neutrophil chemoattractant

eptide, is one of the CXC chemokines which is known
o be released by monocytes (5), macrophages (6), fibro-
lasts (7) and epithelial cells (8). Previous studies in
ur laboratory have demonstrated that the release of
L-8 from bronchial epithelial cells was increased after
he stimulus of IL-1a, which was inhibited by macro-
ide antibiotics (9). Although several studies demon-
trated that IL-8 plays a pivotal role in neutrophilic
irway inflammations (10–12), the molecular regula-
ory mechanisms involved in the induction of the che-
okine and the recruitment of neutrophils are not well

nderstood. Expression of several genes, including
L-6, IL-8 and tumor necrosis factor (TNFa), is con-
rolled by a number of DNA-binding proteins which
nteract with specific sequence motifs in the promoter
egion of the gene (13). IL-8 expression is elicited by
timuli that cause translocation of the nuclear tran-
cription factor NF-kB to the nucleus (14).
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mined how EM has an inhibitory effect on the neu-
rophilic inflammation in airway diseases like DPB by
tudying the activation of transcription factors such as
F-kB and AP-1 in relation to the production of IL-8.
ince EM is effective for the patients with DPB in a

ong-term treatment (4), we studied the effect of EM on
he activation of transcription factors not only for 24 h
ut also for 72 h preincubation with bronchial epithe-
ial cells.

ATERIALS AND METHODS

Culture of bronchial epithelial cells. Human bronchial epithelial
ell line BET-1A (a kind gift from Drs. J. F. Lechner and C. C. Harris,
ational Cancer Institute, Bethesda, MD) was cultured by the
ethod reported previously (15). Briefly, the cells were plated onto

ollagen-coated 24-well flat-bottom tissue culture plates (Koken, To-
yo, Japan) at the density of 5 3 104 cells/well in hormonally defined
am’s F12 medium (HD-F12) as reported. HD-F12 contained 1%
enicillin-streptomycin, 5 mg/ml insulin (Life Technologies, Grand
sland, NY), 5 mg/ml transferrin (Life Technologies), 25 ng/ml epi-
ermal growth factor (Collaborative Research, Lexington, MA), 15
g/ml endothelial cell growth supplement (Collaborative Research),
3 10210 M triiodothyronin (Life Technologies), and 1027 M hydro-

ortisone (Life Technologies). The cells were incubated in a humidi-
ed atmosphere at 37°C and 5% CO2. The medium was changed at
ay 1 and subsequently every 2 days. For the evaluation of effects of
M (a kind gift from Dr. S. Omura, Kitasato Institute, Tokyo), the
ells were incubated with various concentrations of EM before the
timulation by phorbol myristate acetate (PMA). The number of the
ells was counted by a standard hemacytometer, and cell viability
as assessed by trypan blue dye exclusion method.

Northern blot analysis for IL-8 mRNA expression in BET-1A.
orthern blot analysis was performed by the method described
reviously (16). Briefly, total cellular RNA was extracted by the
ethod of Chomczynski and Sacchi (17) and electrophoresed on

ormaldehyde-denatured agarose gel (15 mg/lane) followed by capil-
ary transfer onto Biodyne nylon membrane (Pall Corporation, East
ills, NY). RNA integrity and equivalency of loading were routinely

valuated by ethidium bromide fluorescence. Blots were baked, pre-
ybridized and hybridized with a 32P-59-end-labeled oligonucleotide
robe specific for human IL-8 and b-actin. The probes used in this
tudy were reported previously (18, 19). Blots were stringently
ashed after hybridization and exposed to X-ray film (Kodak, Roch-
ster, NY).

Electrophoretic mobility shift assay. After the cells were washed
ith PBS, the nuclear proteins were isolated by the method reported
reviously (20) with modifications. In brief, 2 to 3 3 106 cells were
arvested with the addition of trypsin-EDTA solution (Life Technolo-
ies), rinsed in Tris-buffered saline, resuspended in lysis buffer (10 mM
epes, 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT), 0.5 mM
MSF and incubated on ice for 15 min. Nonidet P-40 (10%) was added
o lyse the cells, and then the cells were centrifuged for 6 min at 4°C at
00g. The nuclear pellet was resuspended in extraction buffer (20 mM
epes, 50 mM KCl, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
TT, 1 mM PMSF) and vortexed for 15 min at 12,000 rpm at 4°C. The

upernatant was collected, divided into aliquots, and stored at 270°C.
rotein concentration was determined by the Bradford dye-binding
rocedure(Bio-Rad Protein Assay, Richmond, CA), standardized with
SA. For the detection of NF-kB DNA binding, Gel Shift Assay System
btained from Promega (Madison, WI) was used. The sequence of the
ligonucleotides containing a tandem repeat of the consensus sequence
or NF-kB DNA binding site was as follows: 59-AGTTGAGGGGACT-
TCCCAGGC-39, 39-TCAACTCCCCTGAAAGGGTCCG-59. The specific
125
9-GCGAACTACTCAGTCGGCCTT-59. The specific dsDNA for CREB
as as follows; 59-AGAGATTGCCTGACGTCAGAGAGCTAG-39, 39-TCT-
TAACGGACTGCAGTCTCTCGATC-59. Synthetic double stranded
ligonucleotides were labeled with [g-32P]ATP using T4 polynucleotide
inase as recommended by the manufacturer. The DNA binding reac-
ion was conducted at room temperature for 20 min in a volume of 25 ml.
he reaction mixture contained 10 mg nuclear extract, 10 mM Tris (pH
.5), 1 mM EDTA, 100 mM NaCl, 1 mM DTT, 1 mM EGTA, 4% (v/v)
lycerol, 0.08 mg/ml sonicated salmon sperm DNA, and 32P-labeled
ouble-stranded oligonucleotides at 0.7 fmol/mg nuclear extract. After
ncubation, the samples were loaded onto a 4% polyacrylamide gel
polyacrylamide:bis (30%:0.8% w/v), 2.5% glycerol in 0.53 Tris-borate-
DTA) and run at 120 V for 2 h. Each gel was then dried and subjected

o autoradiography.
For supershift studies, 2 ml of anti-p65, anti-p50 (Santa Cruz

iotech., Inc., Santa Cruz, CA), or control antisera was added to the
eaction mixture containing the NF-kB oligonucleotide. Binding of
he antibody to the appropriate transcription factor was indicated by
supershift in the EMSA.

Cytokine assay. Specific immunoreactivity for IL-8 in culture su-
ernatants was measured by ELISA kits (R&D Systems, Minneap-
lis, MN). Each sample was assayed in duplicates as recommended
y the manufacturer.

Statistical analysis. The results were analyzed by Student’s t test
or comparison between the two groups and by nonparametric equiv-
lents of ANOVA for multiple comparison as reported (9, 21).

ESULTS

IL-8 production by PMA and its inhibition by EM.
ET-1A cells spontaneously released IL-8 protein into

he extracellular medium as assessed by ELISA. Addi-
ion of exogenous PMA (1027) to these cells for 24 h
nduced a significant release of IL-8 (P , 0.01,
NOVA). PMA was administered for 24 h after the
ells were incubated with different concentrations of
M, and IL-8 proteins in the supernatants were mea-
ured by ELISA. EM inhibited the release of IL-8 pro-
ein in a dose-dependent fashion (Fig. 1, % inhibition:
0.5 6 4.5% with EM 1027, 42.2 6 5.5% with EM 1026,
9.1 6 4.8% with EM 1025, P , 0.01 compared to PMA
lone, ANOVA). EM at these concentrations for 24 h
ncubation had no significant cytotoxicity to BET-1A
ells as assessed by trypan blue dye exclusion.

Changes in IL-8 mRNA levels of BET-1A cells by EM.
otal cellular RNA was extracted after BET-1A cells
ere incubated with different concentrations of EM

ollowed by the stimulation of PMA. As shown in Fig. 2,
L-8 mRNA was increased by the addition of PMA,
hich was inhibited by the preincubation with EM in a
ose-dependent fashion.

Electrophoretic mobility shift assay (EMSA) for the
etection of transcription factors. BET-1A cells were
reated with EM at the concentration of 1026 M for 24
or 72 h before the addition of 1027 M of PMA and the
uclear extracts were isolated 4 h after PMA treatment
or EMSA as described under Materials and Methods.
he specificity of the NF-kB binding was ascertained
y the supershift of the bands with the antibody to p50
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s well as the reduced intensity of the signals with
xcess amounts of cold DNA NF-kB probe (Fig. 3). The
ctivation of NF-kB induced by PMA was inhibited by
he preincubation with EM, especially at 72 h. The
ctivation of AP-1 was also inhibited by the preincuba-
ion with EM at 24 h and 72 h, while cyclic AMP-
esponse element binding protein (CREB) activation in
ET-1A was not changed by the addition of EM (Fig.
). None of the transcription factors were affected by
M when added simultaneously with PMA (data not
hown).

ISCUSSION

EM has been shown to be effective in patients with
PB below the concentration at which EM acts as an
ntibiotics (4). This fact suggests that EM may be
ffective for patients with DPB by a mechanism other
han anti-bacterial activity. One of the possible mech-
nisms is an anti-inflammatory action. We previously
eported that EM and clarithromycin as well as dexa-
ethasone inhibited mRNA expression of IL-6 by nor-
al bronchial epithelial cells (22). Moreover, we dem-

nstrated that those macrolide antibiotics uniquely
uppressed mRNA expression and release of IL-8 in
irway epithelium, while other antibiotics including
minobenzyl penicillin, cefazolin, tetracycline and
osamycin did not change IL-8 mRNA (9). These obser-

FIG. 1. Dose-dependent effect of EM on IL-8 release. BET-1A
ells stimulated by PMA were preincubated with different concen-
rations of EM, and the supernatants were harvested after 24 h for
L-8 measurements. *P value , 0.01 (ANOVA). The data were shown
s mean 6 SEM.
126
ations led us to study the effects of EM on transcrip-
ion factors such as NF-kB and AP-1, which may influ-
nce the expression of IL-8 mRNA by interacting the
romoter region of the gene.
In the present report, we for the first time found that
M inhibited the activation of both NF-kB and AP-1

FIG. 2. Effect of EM on IL-8 mRNA levels in BET-1A cells in
itro. BET-1A cells were pretreated with different concentrations of
M before the stimulation of PMA. Total cellular RNA was extracted
nd Northern blot analysis was performed to evaluate the changes in
L-8 mRNA levels. (A) IL-8 mRNA level increased after the stimu-
ation of PMA, which was inhibited by the preincubation with EM in

dose-dependent fashion. (B) Measurements of densitometric sig-
als of IL-8 corrected by b-actin transcripts were shown.

FIG. 3. EMSA analysis for NF-kB binding in BET-1A cells in
itro. The cells were pretreated with 1026 M of EM for 24 h before
he stimulation of PMA and the nuclear extracts were isolated for
MSA assays as described under Materials and Methods. NF-kB
as activated by the addition of PMA. The specificity of the binding
as ascertained by the supershift of the band with the antibody to
50 (lane 2), as well as the reduced intensity of the signals with
xcess amount of cold NF-kB probe (lane 4) compared with control
ntisera (lane 3). Addition of excess cold AP-1 probe (lane 5) showed
o effect.
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hen EM was pretreated. EM did not inhibit the acti-
ations of NF-kB and AP-1 when added simulta-
eously with PMA, but it did suppress AP-1 binding
ctivity when the cells were treated 24 and 72 h before
MA. Interestingly, NF-kB activation was suppressed
hen EM was added 72 h before PMA, whereas the
ctivation of CREB was not affected at both time
oints. It took longer time for EM to inhibit the acti-
ation of NF-kB than to inhibit that of AP-1. We do not
now the exact reason for this. However, these findings
ay have relevance to the clinical effectiveness of EM,
hich is used at a low-dose and for a long-term period

o the patients with DPB or other chronic airway
nflammations.

The genes that are regulated by NF-kB include sev-
ral cytokines which participate in leukocyte recruit-
ent and activation, including IL-6, IL-8, TNFa and
onocyte-chemotactic protein-1 (MCP-1) (13). IL-8

ene contains binding sites for several transcription
actors including AP-1, NF-kB and NF-IL-6 (14). Mu-
aida and associates reported that the transcription of
L-8 gene requires the coordinated activation of these
ranscription factors, depending on the cell type and
timulating agents (23, 24). NF-kB is the most crucial
actor for IL-8 gene transcription although NF-IL-6
nd AP-1 are required for the maximal expression. Our
tudies with EMSA showed that EM at a therapeutic
oncentration suppressed the activation of both NF-kB

FIG. 4. Effects of EM on the activation of transcription factors in
ET-1A cells as assessed by EMSA. The cells were pretreated with
026 M EM for 24 and 72 h before the stimulation of PMA and the
uclear extracts were isolated for EMSA assays as described under
aterials and Methods. The activation of NF-kB induced by PMA
as inhibited by the preincubation with EM, especially at 72 h. The
ctivation of AP-1 was also inhibited by the preincubation with EM
t 24 and 72 h, while CREB activation in BET-1A was not changed
y the addition of EM.
127
L-8 may be regulated by these transcription factors.
EM also has a motilin-like stimulating activity on

astrointestinal smooth muscles (25). Therefore, anti-
nflammatory activity of EM via inhibiting the tran-
cription factors reported here may be the third bioac-
ivity of this macrolide antibiotic. Characterization of
he chemical structure responsible for its potential
ould be important to pursue, and further investiga-

ion for the molecular mechanism would be necessary
or a possible new type of an anti-inflammatory agent.
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