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Azithromycin has an antiproliferative and
autophagic effect on airway smooth
muscle cells

R. Stamatiou*, E. Paraskeva*, K. Boukas”, K.I. Gourgoulianis',
P-A. Molyvdas* and A.A. Hatziefthimiou*

ABSTRACT: Azithromycin is used in long-term, low-dose treatment of airway diseases where
airway wall remodelling is present. Since it improves total score symptom and respiratory function
of such patients, we hypothesise that azithromycin’s additional clinical benefits are due to an
inhibition of airway smooth muscle cell (SMC) proliferation.

Rabbit tracheal SMCs were treated with azithromycin (10° to 10® M) in the presence or
absence of 10% fetal bovine serum (FBS). The proliferation was estimated using the Cell Titer 96«
AQueous One Solution Assay (Promega, Madison, WI, USA). Cell viability was assessed with
Trypan blue staining and flow cytometry after 7-aminoactinomycin D (7-AAD) staining. Induction
of autophagy was studied by indirect immmunofluorescence and/or Western blotting with
antibodies against human smooth muscle a-actin, beclin 1, light chain 3 and caspase 3. The
involvement of the phosphoinositide 3-kinase pathway was investigated with the inhibitors
LY294002 and wortmannin.

Incubation with azithromycin for 72 h in the presence of FBS reduced SMC proliferation and
viability in a dose-dependent manner. Azithromycin treatment was accompanied by the formation
of cytoplasmic vacuoles, characteristic of autophagy. All these effects were reversible after
azithromycin removal and prevented by the autophagy inhibitor, 3-methyladenine, or LY294002,

but not by wortmannin.

In conclusion, azithromycin reduces proliferation and causes autophagy of airway SMCs.

KEYWORDS: Airway smooth muscle cells, autophagy, azithromycin, proliferation

acrolide antibiotics are widely used for
M the treatment of airway diseases. Low-

dose, long-term macrolide therapy has
been reported to be very effective in patients with
chronic airway diseases, such as diffuse pan-
bronchiolitis, chronic bronchitis and bronchial
asthma [1-5]. In many of these diseases, airway
wall remodelling is present. Airway wall remo-
delling includes thickening of the reticular
membrane, proliferation of the smooth muscle
cells (SMCs) and increase in both number and
size of vessels [6, 7].

The improvement of pulmonary function, total
score symptom and quality of life with macrolides
is mainly attributed to their antimicrobial and
anti-inflammatory activity. However, data avail-
able from studies on airway smooth muscle show
an effect of macrolides on the contractility of
airway smooth muscle. Specifically, erythromycin
inhibits cholinergic neuroeffector transmission in
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the airways [8, 9] and azithromycin has a direct
relaxant effect on precontracted rabbit airway
smooth muscle [10].

It is possible that azithromycin has an additional
effect in airway SMC proliferation. As has been
shown previously, erythromycin inhibits hyper-
trophic and metaplastic changes of goblet cells in
rat nasal epithelium [11], roxithromycin inhibits
proliferation of human coronary artery SMCs
[12], and rapamycin and its analogue SAR943
inhibit proliferation of human epithelial and
SMCs [13], while clarithromycin and azithromy-
cin induce apoptosis of activated lymphocytes
[14]. In order to investigate whether azithromycin
exerts a similar effect on airways, we studied the
effect of azithromycin on airway SMC prolifera-
tion and the pathways involved. In this study, we
present evidence that azithromycin causes auto-
phagy and a reversible reduction of SMC prolif-
eration isolated from trachea of adult rabbits.
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CELL AND ANIMAL STUDIES

MATERIALS AND METHODS

Animals

Adult rabbits were maintained in individual cages in a
controlled environment and were provided with food and
water before use for the study. Animals were treated in
compliance with ethical and institutional guidelines. Rabbits
were euthanised by an overdose of intravenously admini-
strated pentothal (Abbott, Abbott Park, IL, USA).

Study design

Isolated tracheal SMCs were serum starved for 72 h and
treated with azithromycin 10 to 10® M (Pfizer Inc., New York,
NY, USA) dissolved in Dulbecco’s modified Eagle’s medium/
Ham/F12 (DMEM-F12) for 24, 48 and 72 h. The cell prolifera-
tion was estimated using the Cell Titer 96® AQueous One
Solution Assay (Promega, Madison, WI, USA), while the cell
morphology was observed using immunofluorescence with
anti-human smooth muscle o-actin antibody or optical micro-
scopy. Cell viability was assessed using Trypan blue staining
and flow cytometry after 7-aminoactinomycin D (7-AAD)
staining.

In the cell proliferation assay, the optical density (OD) of cells
incubated in serum-free medium (24 h) was used as control
(set at 100%). Results are presented as percentage of OD of the
control cells. In the experiments investigating the reversible
effect of azithromycin, OD values were presented as percen-
tage of relative OD values at the time of azithromycin removal,
which were set as 100%.

The effect of azithromycin on lysosomes was observed by
Lysotracker Red staining. The autophagy pattern was studied
using immunofluoerescence and Western blot analysis with
anti-beclin 1 and anti-light chain 3 (anti-LC3) antibodies. The
caspase activation was studied performing Western blotting
with anti-caspase 3 antibody.

Methods

Isolation and culture of airmay SMCs

Isolation of airway SMCs from adult rabbit trachea was carried
out as previously described [15]. Cells were grown in DMEM-F12
containing 10% fetal bovine serum (FBS), 100 U-mL™ penicillin
and 100 ug~mL'1 streptomycin (Gibco BRL, Invitrogen Corp.,
Eugene, OR, USA) at 37°C in a humified incubator under 5% CO,.
SMCs were characterised by immunofluorescence using an anti-
human smooth muscle a-actin monoclonal antibody. All experi-
ments were performed with cells on passages three to six and
cells were cultured in serum-free medium for 72 h before further
treatment to achieve quiescence.

Treatment of cells

Serum-starved cells were exposed to azithromycin (107 to
10° M; Pfizer) in serum-free medium or medium containing
10% FBS for 24-72 h, as indicated. Control cells remained in
serum-free medium. In the experiments regarding the reversible
effect of azithromycin, cells were cultured in serum-free
medium for 72h and further incubated in azithromycin
(10 M) for 48 h. Subsequently, azithromycin was washed out
with PBS, and DMEM-F12 containing 10% FBS was added to the
culture. The phosphoinositide 3-kinase (PI3K) pathway inhibi-
tors LY294002 (5 pM) or wortmannin (500 nM; Sigma-Aldrich
Chemie, Steinheim, Germany) were added to the medium
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15 min prior to the addition of 10°M azithromyecin for 24, 48 or
72 h. The solvent for LY294002 and wortmannin was dimethyl-
sulphoxide, which in the used concentrations does not affect
SMCs.

The autophagy inhibitor 3-methyladenine (3-MA; Sigma-
Aldrich Chemie; 10 mM) was added to the medium 3 h prior
to the addition of azithromycin. 3-MA was dissolved in water.

The cells were observed under a Nikon Diaphot 300 (Nikon
Inc., Melville, NY, USA) inverted microscope using a Leica
DFC 480 camera (Leica Cameras, Solms, Germany).

Cell proliferation and viability

Cells were seeded into 96-well Elisa plates at a density of
2,000 cells-well?, allowed to adhere overnight, washed twice
with PBS and incubated in serum-free medium for 72 h before
further treatment. Replicates of three were used for each point.
Cell proliferation was assessed using the Cell Titer 96@ AQyeous
One Solution Assay. Briefly, MTS, a tetrazolium reagent, was
added directly to each well and incubated for 2 h at 37°C. The
MTS tetrazolium compound is converted to formazan by living
cells [16, 17]. Absorbance was measured at 490 nm with a
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FIGURE 1. The effect of 10° to 10° M azithromycin on the proliferation of
airway smooth muscle cells incubated in a) 10% fetal bovine serum (FBS)-
containing medium or b) serum-free medium. Data are presented as mean + Sem.
Data are taken from five independent experiments. [J: control; W: 10% FBS;
10% FBS and azithromycin 10° M: m: 10% FBS and azithromycin 3x 10° M; N:
10% FBS and azithromycin 6 x 10 M; %: 10% FBS and azithromycin 10° M; H:
azithromycin 10° M. OD: optical density. **: p<0.01; and ***: p<0.001 compared
with control or 10% FBS.
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reference at 630 nm in an ELISA plate reader. There was a
linear response between cell number and absorbance at 490 nm
(data not shown).

In order to assess cell viability, we used the vital dye Trypan
blue (Sigma-Aldrich Chemie). This chromophore is negatively
charged and interacts with cells when the cytoplasmic
membrane is damaged. Therefore, all the cells which exclude
the dye are viable. 0.4% Trypan blue solution was added in the
cell suspension at a concentration of 20% and the cells were
counted on a haemocytometer under a microscope (Nikon
YS2T; Nikon Inc.).

Flow cytometry

The viability of SMC after treatment with azithromycin, was
assessed by staining with 7-AAD (Beckman Coulter, Fullerton,
CA, USA), a dye that intercalates with the DNA bases cytosine
and guanine, and allows a clear discrimination of viable and
nonviable cells [18, 19]. In brief, cells after culture with
azithromycin for 24-72 h, were collected, washed with 1%
FBS-PBS, and 20 pL of 7-AAD was added for 20 min at
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ambient temperature in the dark. Excess 7-AAD was washed
out and cells were fixed in 1% formaldehyde-PBS. Cells were
analysed using a FC500 flow cytometer (Beckman Coulter) on
the basis of their forward and side scatter characteristics (FSC
and SSC) and light emission on the FL3 channel which
discriminated viable from nonviable cells. To accommodate
alterations of the cell scattering characteristics due to treatment
with azithromycin, all analyses were undertaken using
~10,000 events gated on similar FSC and SSC profiles.

Immunofluorescence

Airway SMCs were plated onto glass coverslips and were
incubated for 72 h in serum-free medium. Then SMCs were
treated as described above. After incubation, the cells were
fixed with PBS-3% formaldehyde, rinsed with PBS and
permeabilised with PBS-1% Triton X-100. Following blocking
with PBS-0.1% Tween 20-3% bovine serum albumin, the cells
were incubated with an anti-human smooth muscle a-actin
(A104) mouse monoclonal antibody (1:400; Sigma-Aldrich
Chemie), as well as anti-human beclin 1 rabbit polyclonal
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FIGURE 2. The effect of azithromycin (10° M) on the viability of smooth muscle cells. a-f) Cells were stained with 7-aminoactinomycin D (7-AAD) and analysed using a
FC500 flow cytometer (Beckman Coulter, Fullerton, CA, USA). 10,000 events (y-axis) were collected on the basis of their forward and side scatter characteristics (>95% for
each sample) and discriminated with respect to 7-AAD fluorescence (x-axis). Histogram plots represent cells treated or not with azithromycin in the presence or absence of
10% fetal bovine serum (FBS). Each experiment was repeated at least twice. g and h) Smooth muscle cells viability in the absence or presence of 10% FBS was assessed by
Trypan blue staining 24 h or 72 h after cell treatment with 10° M azithromycin. Data are presented as mean + sem from four independent experiments. *: p<0.05 compared
with 10% FBS.
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FIGURE 3. 3-Methyladenine (3-MA; 10 mM) prevents the effect of azithromycin (10° M) on a) the formation of autophagic vacuoles in airway smooth muscle cells
cultured in serum free or 10% fetal bovine serum (FBS)-containing medium, observed by indirect immunofluorescence with smooth muscle (SM) a-actin antibody, b) the
suppression of smooth muscle cell proliferation estimated with Cell Titer 96w AQueous One Solution Assay (Promega, Madison, WI, USA) and c) the decrease of cell viability

assessed by Trypan blue staining. Data are presented as mean + sem from three or four independent experiments. [J: controls; B: 10% FBS;

:10% FBS and 3-MA; m: 10%

FBS and azithromycin 10° M; #: 10% FBS, 3-MA and azithromycin 10° M. DAPI: 4’ 6-diamidino-2-phenylindole; OD: optical density. **: p<0.01; and ***: p<0.001

compared with control, 10% FBS alone or in the presence of azithromycin (10° M).

antibody (1:200; Cell Signaling Technology Inc., Danvers, MA,
USA) and anti-human LC3 rabbit polyclonal antibody (1:200;
Cell Signalling). The cells were then incubated with an anti-
mouse immunoglobulin (Ig)G antibody coupled to fluorescein
isothiocyanate or an anti-rabbit IgG antibody coupled to Cy3.

724 VOLUME 34 NUMBER 3

Vectrashield solution containing 4’,6-diamidino-2-phenylin-
dole (DAPI) for DNA staining was used for mounting of
coverslips. The cells were observed under a Zeiss Axioskop 40
microscope (Carl Zeiss Inc., New York, NY, USA), using a
Leica DFC 480 camera.
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FIGURE 4. a) Beclin 1 protein is detected by indirect immunofluorescence with anti-beclin 1 antibody in smooth muscle cells treated with azithromycin (10° M).
b) Western blot analysis with anti-beclin 1 and anti-p-actin (loading control) antibodies did not reveal activation of beclin 1 in azithromycin-treated smooth muscle cells, since
the ratio of beclin 1 to B-actin does not change compared with the controls (c). Data are taken from three independent experiments. d) Light chain 3 (LC3) autophagic protein
is detected by indirect immunofluorescence with anti-LC3 antibody in smooth muscle cells treated with azithromycin (10° M) and e) by Western blot analysis. ) The ratio of
LC3 to B-actin, in cells treated with azithromycin (10°° M), is significantly greater. DAPI: 4,6-diamidino-2-phenylindole. ***: p<0.001 compared to the controls. Data are taken
from three independent experiments. [I: controls; M: 10% fetal bovine serum (FBS); © : 10% FBS and azithromycin 10° M.

Lysotracker Red staining Western blot analysis

Cells were stained with Lysotracker Red (Molecular Probes, Cells were lysed in 20 mM Tris-Cl pH 8.0, 150 mM NaCl, 1%
Invitrogen Corp.) [20]. Briefly, cells were incubated in 75 nM Triton X-100, 1 mM dithiothreitol, and 100 p.g-mL’1 phenyl-
Lysotracker Red for 30 min in 37°C, 5% CO,, mounted in a methylsulphonyl fluoride. Total cell extracts were cleared by
drop of PBS and observed under a Zeiss Axioskop 40 centrifugation (10,000 x g for 20 min at 4°C). 40 pg of protein
microscope, using a Leica DFC 480 camera. were analysed in 10% sodium dodecyl sulphate—polyacrylamide
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FIGURE 5. The phosphoinositide 3-kinase (PI3K) pathway may be involved in the effect of azithromycin (10°° M). The PI3K pathway inhibitor wortmannin (500 nM) does
not affect the decrease of smooth muscle cell viability caused by azithromycin, while azithromycin has no additive effect on the decrease of cell viability caused by LY294002
(5 pM), estimated by Trypan blue staining after 24 h (a) or 72 h (b). ¢) Optical microscopy shows that LY294002 or wortmannin do not affect the formation of vacuoles caused

by azithromycin. Data are presented as mean + sem from four or ten independent experiments. 0J: controls (n=10); M: wortmannin 500 nM (n=4);

- LY294002 5 pM (n=4);

W azithromycin 10° M (n=4); &: 10% fetal bovine serum (FBS; n=10); %: 10% FBS and wortmannin 500 nM (n=4); N: 10% FBS and LY294002 5 uM (n=4); &: 10% FBS
and azithromycin 10° M (n=10); &: 10% FBS, azithromycin 10° M and wortmannin 500 nM (n=4); Z1: 10% FBS, azithromycin 10° M and LY294002 5 uM (n=4). ***:

p<0.001 compared with control or 10% FBS.

electrophoresis gel and transferred to a nitrocellulose mem-
brane. Western blot analysis was performed with anti-human
smooth muscle B-actin mouse monoclonal antibody (1:5,000; Cell
Signalling), anti-human beclin 1 rabbit polyclonal antibody
(1:1,000), anti-human LC3 rabbit polyclonal antibody (1:1,000)
and anti-human caspase 3 rabbit polyclonal antibody (1:1,000;
Cell Signalling). Membranes were then incubated with horse-
radish peroxidase conjugated anti-rabbit IgG (1:3,000) or anti-
mouse IgG (1:3,000), then signals visualised by enhanced
luminosity.

726 VOLUME 34 NUMBER 3

Analysis

In cell proliferation experiments, each point was performed in
triplicate and the values presented are the mean of indepen-
dent experiments. All data are expressed as means +SEM and n
refers to the number of experiments. Differences between
means were analysed by ANOVA with statistically significant
differences between groups being determined by Bonferroni’s
post hoc test. A comparison was considered significant when
p<0.05. The statistical analysis was performed using SPSS
version 11 (SPSS Inc., Chicago, IL, USA). Image analysis of the

EUROPEAN RESPIRATORY JOURNAL
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images obtained from the Western blotting and the Lysotracker
Red staining was conducted with the use of MacBiotronics
Image ] programme for Light Microscopy (National Institutes
of Health, Bethesda, MD, USA) and results were expressed as
intensity values.

RESULTS

Azithromycin decreased, in a dose-dependent manner, the
proliferation of rabbit airway SMCs incubated in FBS-containing
medium for 48 h or 72 h. The estimated cell proliferation in 10%
FBS was 206.5% and 248.5% of control at 48 h and 72 h,
respectively (p<<0.01 compared with control; fig. 1a). Treatment
with 10° M azithromycin did not affect significantly their
proliferation. Conversely, the proliferation of SMCs treated for
48 h with 10° M azithromycin was suppressed to 114.1% of
control (p<<0.01 compared with 10% FBS; fig. 1a). Treatment, for
72 h, with 6x10°M or 10° M azithromycin reduced the
proliferation to 130.9% and 99.5% of control, respectively
(p<<0.001 compared with 10% FBS; fig. 1a).

Incubation of quiescent SMC in serum-free medium in the
presence of 10° M azithromycin for 24-72 h did not signifi-
cantly affect SMC number (fig. 1b).

The effect of 10° M azithromycin on cell viability was assessed
by Trypan blue staining and flow cytometry after 7-AAD
staining. Azithromycin did not alter the percentage of dead
cells 24 h after its addition in serum-free or FBS-containing
medium (fig. 2). As evident by 7-AAD uptake, SMCs treated

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 6. a) Lysotracker Red staining observed by immunofluorescence
microscopy reveals b) an increased luminosity intensity level in azithromycin
(10® M)-treated cells (n=47; n=28 and n=22 for control and 10% fetal bovine
serum (FBS) groups, respectively). Data are presented as mean+SEM. ***:
p<0.001 compared with control or 10% FBS.

for 72 h with 10° M azithromycin, displayed a higher number
of nonviable cells, as compared to 10% FBS or FBS-depleted
cultures (fig. 2a—f). To this end, it must be noted that an
increased side and forward scatter profile was observed in the
azithromycin-treated cells. Similarly, as shown after Trypan
blue staining, the percentage of dead cells in FBS-containing,
but not FBS-depleted medium, increased after treatment with
azithromycin for 72 h (p<<0.001 compared with 10% FBS;
fig. 2g and h).

The effect of azithromycin on cell morphology was examined
by indirect immunofluorescence with an antibody against
smooth muscle o-actin. Treatment of SMCs for 24 h with
10° M azithromycin in medium with or without FBS (fig. 3a),
resulted in the vacuolisation of the cytoplasm and shrinkage of
the cell nuclei. The vacuoles observed in the cytoplasm of
SMCs after the treatment with azithromycin are reminiscent of
autophagy. To assess whether azithromycin-induced vacuoles
were autophagic, we tested the effect of 3-MA (10 mM), an
inhibitor of class-IIl PI3K that blocks autophagy [21, 22].
Treatment of rabbit tracheal SMCs with 3-MA prevented the
formation of vacuoles by azithromycin. The inhibition of
vacuolisation was evident both in FBS-deprived (fig. 3a, upper
panels) and FBS-fed cells (fig. 3a, lower panels). Treatment
with 3-MA, however, led to the appearance of a punctate actin
staining and partially reversed the shrinkage of SMC nuclei as
shown by DAPI staining (fig. 3a). Furthermore, incubation
with 3-MA reversed the reduction of the proliferation induced
by azithromycin (p<<0.01 compared with 10% FBS and

VOLUME 34 NUMBER 3 727
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azithromycin 10 M; fig. 3b) and decreased the percentage of
dead cells (p<<0.001 compared with 10% FBS and azithromycin
10° M; fig. 3c).

In order to further study the azithromycin-induced autophagy,
we performed indirect immunofluorescence and Western blot,
using anti-beclin 1 and anti-LC3 rabbit polyclonal antibodies.
Although the azithromycin treated cells appear to have a more
intense anti-beclin 1 signal (fig. 4a), no detectable difference of
beclin 1 expression was observed by Western blot analysis in
total extracts prepared from azithromycin treated cells (fig. 4b
and c). Conversely, LC3 was mainly detected, both by
immunofluorescence (fig. 4d) and Western blotting (fig. 4e
and f), in cells treated with azithromycin. The presented
quantitive data from the ratio of beclin 1 or LC3 to B-actin
confirm the above results.

The possibility that the effect of azithromycin on SMC
proliferation is mediated via the PI3K pathway was assessed
using the inhibitors LY294002 (5 pM) or wortmannin (500 nM).
Wortmannin did not affect the decrease of cell viability (fig. 5a
and b) or the formation of vacuoles (fig. 5c) caused by
azithromycin. Conversely, LY294002 alone caused an increase
in the percentage of dead cells after 72 h of incubation (fig. 5b)
and vacuoles appeared after 24 h of treatment (fig. 5c). When
SMCs treated with azithromycin in the presence of LY294002

728 VOLUME 34 NUMBER 3
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FIGURE 7. The effect of azithromycin (10° M) on the formation of vacuoles
and the proliferation of airway smooth muscle cells is reversible. The formation of
vacuoles is observed by indirect immunofluorescence with smooth muscle (SM) a-
actin antibody (a) and the proliferation is estimated with Cell Titer 96w AQueous ONe
Solution Assay (Promega, Madison, WI, USA) (b). Data are presented as
mean + seM from three independent experiments. O: control; B: 10% fetal bovine
serum (FBS): ' : 10% FBS and azithromycin 10°M; ®m: 10% FBS (10° M
azithromycin washed out). OD: optical density; DAPI: 4’ 6-diamidino-2-phenylin-
dole. **: p<0.01 compared with cells incubated in 10% FBS in the presence of
azithromycin.

are compared with cells treated with LY294002 alone, there
appears to be no additive effect.

In order to study the effect of azithromycin on lysosomes,
Lysotracker Red, a fluorescent acidotropic probe for labelling
and tracking of lysosomes in live cells was used. The treatment
of SMCs with 10° M azithromycin for 24 h increased the
luminosity intensity level (fig. 6).

The effect of azithromycin on cell morphology was reversed
24 h or 48 h after the removal of azithromycin from the culture
medium (fig. 7a). Therefore, we investigated whether the
decrease of cell proliferation caused by azithromycin could
also be reversed after its removal. To this end, SMCs were
incubated for 48 h in serum-free medium containing azithro-
mycin. Then the medium was removed, cells were washed
with PBS and incubated in medium containing 10% FBS. Cell
number was estimated by Cell Titer 96« AQeous One Solution
Assay 24 h, 48 h or 5 days after azithromycin removal and
compared with their relative number just before azithromycin
was washed out. The rate of cell proliferation remained
decreased 24 h or 48 h after azithromycin removal, but after
5 days cell proliferation returned to approximately positive
control levels (fig. 7b). The estimated cell proliferation was
248.56% in tracheal SMC recovering from azithromyecin,
355.53% in 10% FBS-incubated cells and 42.03% in cells
incubated in the presence of azithromyecin.

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 8. Azithromycin (10° M) does not induce activation of the apoptotic
protein caspase 3 detected by Western blot analysis (a), since the ratio of caspase
3 to the B-actin (loading control) of the cell extracts is at the same levels in cells
incubated with or without azithromycin (b). Data are presented as mean +sem from
three independent experiments. [: control; B: 10% fetal bovine serum (FBS); M:
10% FBS and azithromycin 107

Finally, the possible activation of the apoptotic protein caspase
3, by azithromycin was studied with Western blotting.
Treatment of SMCs with azithromycin did not induce any
additional activation of caspase 3 (fig. 8).

DISCUSSION

Clinical data show that macrolide therapy has been effective in
the treatment of patients suffering from airway diseases in
which airway wall remodelling exists, but the anti-inflamma-
tory or antibacterial action of the macrolides is not enough to
explain the patients’ clinical improvement [23, 24]. A few
studies on epithelial cells or SMCs suggest that macrolide
antibiotics, apart from their anti-inflammatory and bacterio-
static properties, may affect cell proliferation [12, 13, 25]. In
clinical studies, azithromycin is administrated in such concen-
trations, which result in a lung concentration of 8.93 mg-L’l,
corresponding to ~10° M azithromycin [26]. Therefore, the
concentrations in which azithromycin were used were 10° to
10° M. The results from the present study demonstrate that
azithromycin affects the proliferation and viability of airway
SMCs. Specifically, azithromycin decreases, in a dose-depen-
dent manner, the proliferation of rabbit tracheal SMCs cultured
in medium containing 10% FBS. These results suggest that
azithromycin has an antiproliferative effect only on actively
proliferating cells. Furthermore, azithromycin increased the
number of dead SMCs incubated in 10% FBS medium.
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Azithromycin treatment also caused the formation of cytoplas-
mic vacuoles and shrinkage of SMC nuclei. Moreover, the
inhibition of the proliferation, the increase of dead cell number
and the formation of vacuoles caused by azithromycin were
prevented by 3-MA, an inhibitor of autophagy. In addition,
inhibition of autophagy by 3-MA partially reversed the
shrinkage of SMC nuclei, as shown by DAPI staining.
However, 3-MA led to the appearance of a punctate actin
staining, possibly due to the accumulation of protein aggregates
that are no longer cleared by autophagy. Autophagy is
considered to be a major mechanism of nonapoptotic pro-
grammed cell death [27, 28]. Apoptosis is characterised by cell
shrinkage, chromatin condensation, DNA degradation and
fragmentation of the cell to apoptotic bodies. Cells undergoing
autophagic cell death, however, are characterised by the
formation of membrane-enclosed vesicles in the cytoplasm,
which engulf proteins and organelles [28]. This process involves
the PI3K pathway [29, 30], as well as beclin 1 and/or LC3
protein activation [28]. These vesicles fuse with lysosomes and
degrade their contents by the action of lysosomal enzymes. In
this study, the involvement of PI3K pathway in the effect of
azithromycin was investigated by treating SMCs with PI3K
pathway inhibitors LY294002 or wortmanin. Wortmannin did
not alter the effect of azithromycin, while azithromycin in the
presence of LY294002 had no additive effect on SMC viability
compared with LY294002 alone. These results suggest that both
LY294002 and azithromycin may be acting through the same
pathways, which may be saturated. The autophagic protein LC3
was induced and Lysotracker Red uptake was increased
pointing out an increase of lysosome number in cells treated
with azithromyecin, as expected for cells undergoing autophagy.

Nuclear changes, such as chromatin condensation, appear later
in autophagic cell death than in apoptosis, and there is no
DNA fragmentation or formation of apoptotic bodies [30].
Although autophagy is a common feature of mammalian cells
undergoing programmed cell death its function in dying cells
is not yet clear [30]. Studies provide evidence that autophagy
and apoptosis are not mutually exclusive, but extended
autophagy can induce apoptosis [31-33]. Interestingly, the
antiproliferative effect of azithromycin was reversible, since
cells treated with azithromycin for 48 h regain their ability to
proliferate after azithromycin removal. The vacuolisation was
dependent on the time of incubation with azithromycin, being
more intense after 48 h of treatment. This effect was reversed
when azithromycin was removed, and the cells were incubated
in FBS medium. Furthermore, the lack of additional activation
of the apoptotic protein caspase 3 shows that azithromycin
does not cause apoptosis of SMC, at least in the experimental
conditions described in this study.

Autophagy operates at basal levels in mammalian cells, but is
induced under stress conditions (e.g. nutrient and growth factor
deprivation) [30]. Autophagy is regulated by a number of cellular
pathways and hence by molecules that in turn regulate these
pathways [30]. Among them, the macrolide rapamycin induces
autophagy by binding to and inactivating mTOR (mammalian
target of ramamycin), a protein kinase that negatively regulates
autophagy, while the macrolide bafilomycin Al inhibits autop-
hagy by the inhibition of the vacuolar ATPase [34]. To our
knowledge, this is the first report of induction of autophagy by
the macrolide azithromycin. A possible mechanism might
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involve the ability of azithromycin to bind to phospholipids and
affect the properties of biological membranes [35], since
sphingolipids are regulators of autophagy [30].

In summary, our results demonstrate that azithromycin
treatment of rabbit SMCs results in a reversible inhibition of
cell proliferation, accompanied by the appearance of autopha-
gic vacuoles. In addition to the anti-inflammatory/antibacter-
ial role of azithromyecin, this antiproliferative and autophagic
effect on the respiratory SCMs might be of clinical significance.
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