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Tânia Silvia Fröde, Brazil
Julio Galvez, Spain
Christoph Garlichs, Germany
Ronald Gladue, USA
Hermann Gram, Switzerland
Oreste Gualillo, Spain
Elaine Hatanaka, Brazil

Nina Ivanovska, Bulgaria
Yona Keisari, Israel
Alex Kleinjan, The Netherlands
Magdalena Klink, Poland
Elzbieta Kolaczkowska, Poland
Dmitri V. Krysko, Belgium
Joan Kwakkel, The Netherlands
Philipp M. Lepper, Germany
Changlin Li, USA
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Sinobronchial syndrome is well accepted to involve the
coexistence of chronic rhinosinusitis (CS) and chronic
lower airway inflammation such as chronic bronchitis and
diffuse panbronchiolitis (DPB). Although these diseases are
resistant to several types of treatment, after discovery of
the effectiveness of erythromycin on DPB, low-dose and
long-term administration of macrolide antibiotics such as
erythromycin, roxithromycin, and clarithromycin, are used
frequently in the treatment of these diseases with remarkable
success [1]. It has also reported that long-term use of
azithromycin, a 16-membered macrolide antibiotic, can
improve the lung functions in patients with cystic fibrosis
(CF) [2]. These reports clearly indicate that the prognosis
of these life-threatening airway diseases, especially DPB and
CF, may improve dramatically, but the mode of action of
this macrolide therapy is not fully understood. Furthermore,
there is little information about the kind of diseases, which
can be treated with the macrolide therapy.

This special issue focuses mainly on 9 distinct papers
to deal with the therapeutic mechanisms of macrolide on
inflammatory diseases, the influence of macrolide antibi-
otics on respiratory viral infection, and the usefulness of
macrolide therapy on inflammatory skin disease.

Therapeutic Mechanisms of Macrolide Antibiotics. Macrolides
are a group of antibiotics with a macrocyclic lactone ring,
which are classified into 14, 15, and 16 members, combined
with sugar. These compounds are also accepted to be active
against many species of Gram-positive and some Gram-
negative bacteria and used frequently for the treatment
of infectious diseases in respiratory tract. Besides their

bacteriostatic and bactericidal effects, macrolides are used for
the treatment of chronic airway inflammatory disease with
remarkable success. However, the precise mechanisms by
which macrolides could favorably modify the clinical status
of chronic inflammatory diseases are not fully understood.
B. Kwiatkowska and M. Maślińska and H. C. Steel review
the therapeutic mode of action of macrolides on chronic
inflammatory diseases. T. Shimizu and S. Shimizu examine
the influence of azithromycin (AZ) on mucus hypersecretion
in vitro and in vivo. They reveal the suppressive effects of
AZ, but not josamycin and ampicillin on mucus secretion
induced by inflammatory stimulation and propose that AZ
will be a useful agent for the treatment of inflammatory
diseases characterized by mucus hypersecretion. J. Bai et al.
examine the influence of macrolide antibiotics on regulatory
T-cell (Treg) functions through the choice of erythromycin
and a rat model of smoke-induced lung inflammation
(emphysema) and revel that oral administration of the agent
into rat enhances Treg functions along with inhibition of
lung inflammation. This novel data are very worthy to
understand the therapeutic mode of action of macrolide
antibiotics on airway inflammatory diseases.

Respiratory Viral Infections. The respiratory viral infections
such as rhinovirus, respiratory syncytial virus, and influenza
virus, among others, cause the high mortality rate through
an overactive inflammatory response. Severity of airway viral
infection is also accepted to be closely related with virus-
induced hyperproduction of both inflammatory cytokines
and chemokines, which are responsible for the development
of fatal clinical symptoms such as massive pulmonary edema,
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acute bronchopneumonia, and acute respiratory distress
syndrome. Since there is much evidence showing the sup-
pressive effects of macrolide antibiotics on hyperproduction
of inflammatory cytokines, macrolide antibiotics may be
considered as promising treatment option in the treatment
of airway viral infections. In this regard, J.-Y. Min and Y. J.
Jang review the usefulness of macrolides in the treatment
of airway viral infections. Furthermore, S. Yokota et al.
also show the efficacy of macrolide antibiotics, especially
clarithromycin, in the prevention of immunological disor-
ders and secondary bacterial infections during airway viral
infections.

Skin Disorders and Bronchiectasis. Long-term therapy with
macrolide antibiotics is shown to be effective in the treatment
of chronic airway inflammatory diseases such as CF, CS,
and DPB. A. A. Alzolibani and K. Zedan and C. Rodrigues-
Cerdeira et al. show the potential benefits of macrolide
antibiotics in the treatment of cutaneous disorders such
as atopic dermatitis, neutrophilic dermatitis, rosacea, and
alopecia areata, among others. R. Masekala and R. J. Green
also show the efficacy of macrolide antibiotics in the
treatment of noncystic fibrosis-related bronchiectasis, an
orphan lung disease, which results in impaired quality of life
and mortality in paediatrics if it left untreated.
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[2] A. Jaffé, J. Francis, M. Rosenthal, and A. Bush, “Long-term
azithromycin may improve lung function in children with cystic
fibrosis,” The Lancet, vol. 351, no. 9100, p. 420, 1998.



Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2012, Article ID 563709, 16 pages
doi:10.1155/2012/563709

Review Article

Clinical Application of Development of
Nonantibiotic Macrolides That Correct Inflammation-Driven
Immune Dysfunction in Inflammatory Skin Diseases

Carmen Rodriguez-Cerdeira,1 Elena Sanchez-Blanco,2 and Alberto Molares-Vila3

1 Dermatology Department, CHUVI and University of Vigo, Vigo, Spain
2 University of Vigo, Vigo, Spain
3 Analytical Chemistry Department, University of Vigo, Vigo, Spain

Correspondence should be addressed to Carmen Rodriguez-Cerdeira, crodcer@uvigo.es

Received 18 February 2012; Revised 20 July 2012; Accepted 22 July 2012

Academic Editor: Kazuhito Asano

Copyright © 2012 Carmen Rodriguez-Cerdeira et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Background. Inflammation-driven immune dysfunction supports the development of several chronic human disorders including
skin diseases. Nonantibiotic macrolides have anti-inflammatory and/or immunomodulatory activity that suggests the exploitation
of these in the treatment of skin diseases characterized by inflammatory disorders. Materials and Methods. We performed an
extensive review of the nonantibiotic macrolide literature published between 2005 and 2012, including cross-references of any
retrieved articles. We also included some data from our own experience. Results. Calcineurin antagonists such as tacrolimus and
ascomycins (e.g., pimecrolimus) act by inhibiting the activation of the nuclear factor for activated T cells (NFAT). There are new
applications for these macrolides that have been available for several years and have been applied to skin and hair disorders such
as atopic dermatitis, oral lichen planus, vitiligo, chronic autoimmune urticaria, rosacea, alopecia areata, pyoderma gangrenosum,
Behcet’s disease, neutrophilic dermatosis, and lupus erythematosus. We also reviewed new macrolides, like rapamycin, everolimus,
and temsirolimus. In addition to the literature review, we report a novel class of nonantibiotic 14-member macrocycle with anti-
inflammatory and immunomodulatory effects. Conclusions. This paper summarizes the most important clinical studies and case
reports dealing with the potential benefits of nonantibiotic macrolides which have opened new avenues in the development of
anti-inflammatory strategies in the treatment of cutaneous disorders.

1. Introduction

The term “macrolide” encompasses a diverse family of unre-
lated compounds with large macrolactam rings. The activity
of these compounds stems from the presence of a macrolide
ring. Macrolide rings are comprised of a large macrocycle
lactone ring to which one or more deoxy sugars, usually
cladinose and desosamine, may be attached. In addition to
their antibacterial activity, macrolides have diverse biological
effects, including modulation of inflammatory and immune
responses without affecting homeostatic immunity [1, 2].

Macrolides are effective antibiotics that have immuno-
modulatory effects and inhibit the production of many
proinflammatory cytokines such as interleukin 6 (IL-6), IL-8,
and tumor necrosis factor alpha (TNFα). Macrolides are used

in inflammatory skin and hair disorders. Many studies have
been performed to assess their effectiveness in the treatment
of rosacea, psoriasis, pityriasis rosea, alopecia areata, bullous
pemphigoid, and pityriasis lichenoides [3].

However, new strategies for the treatment of cutaneous
pathologies are directed towards the development of new
nonantibiotic macrolides with anti-inflammatory, antipro-
liferative, and antiangiogenesis properties. The most known
and used are inhibitors of the phosphatase calcineurin
(pimecrolimus and tacrolimus), which under normal cir-
cumstances induce the transcription of IL-2. In addition,
these drugs inhibit lymphokine production and interleukin
release, which lead to a reduced function of effector T-cells
[4].
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Nowadays, novel chemical structures with improved
therapeutic anticancer and anti-inflammatory properties by
affecting skin disease targets have arose from mammalian
rapamycin inhibitors. These agents inhibit the response to
IL-2 and thus block the activation of T and B lymphocytes
[5, 6].

Recently, new synthetic derivatives of the macrolide
azithromycin, namely, CSY0073, (8R,9S)-8,9-dihydro-6,9-
anhydropseudoerythromycin A (EM900), and (8R,9S)-
4′′,13-O-diacetyl-8,9-dihydro-6,9-epoxy-8,9-anhydropseu-
doerythromycin A (EM911) having potent anti-inflam-
matory properties have been developed [6]. Currently,
ridaforolimus has been developed but has only been used
in vitro thus far. More studies are required to uncover the
possible applications of these promising molecules although
one of the first possible applications of these compounds is
as an antitumor agent [7].

In this paper, we review the clinical use of nonantibiotic
macrolides that have become available clinically for chronic
inflammatory skin diseases with immune dysfunction.

2. Methodology

We searched the Cochrane Central Register of Controlled
Trials (Central), Med-Line (PubMed), and Embase (2005 to
January 2012). We also examined references from selected
articles. We included case series with 5 or more patients,
cohort trials, and randomised controlled trials. Search
terms used were: “tacrolimus”, “pimecrolimus”, “calcineurin
inhibitors”, “new macrolides”, “rapamycin”, and so forth
and “atopic dermatitis”, “psoriasis”, and other common
dermatitises that have been treated using macrolides. We also
include some data from our own experience.

3. Results and Discussion

We have divided the paper into 2 sections.

3.1. Innovative Use of Calcineurin Inhibitors

3.1.1. Pimecrolimus. Pimecrolimus (SDZ ASM 981, Novar-
tis) is one of the new classes of novel ascomycin immuno-
modulating macrolactams and was developed for the treat-
ment of inflammatory skin diseases (Figure 1) [8]. Asco-
mycin, first isolated as a fermentation product of Strepto-
myces hygroscopicus var. ascomycetes, in the early 1960s, was
initially researched for its antifungal properties. However,
more than 20 years later, ascomycin was investigated for
its structural and immunomodulatory properties. Pime-
crolimus is a colourless, solid compound with a molecular
weight of 810.48 Daltons. Interest in pimecrolimus has been
intense because it has significant anti-inflammatory and
immunomodulatory activity and because it has low potential
for systemic immunosuppression [4]. The mechanism of
action of pimecrolimus involves the blockage of T cell acti-
vation. Ascomycin macrolactams are immunophilin ligands
that bind to a specific cytosolic receptor. Pimecrolimus
binds to FKBP-12 and immunophilin macrophilin-12, also
known as FK506 binding protein. Like tacrolimus and
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Figure 1: Molecular structure of pimecrolimus extracted from
Kyoto Encyclopedia of Genes and Genomes (KEGG) database [8].

cyclosporin A, pimecrolimus acts by binding to macrophilin-
12. The pimecrolimus-macrophilin complex then binds to
the cytosolic enzyme calcineurin phosphatase. Calcineurin
is a Ca2+/calmodulin-dependent protein phosphatase that
regulates the translocation of the cytosolic components of
NFATs. NFATs, in turn, regulate the promoter activities of
several mediators during mRNA transcription. By inhibiting
the action of calcineurin, the pimecrolimus-macrophilin
complex prevents the dephosphorylation of the cytoplasmic
component of NFATs. NFATs regulate the mRNA transcrip-
tion of a number of inflammatory cytokines. Therefore,
pimecrolimus blocks the transcription of these cytokines,
especially T-helper Th1 (IL-2-, IFN-γ-) and Th2 (IL-4-, IL-
10-) type cytokines (Figure 2) [8]. Pimecrolimus decreases
the production of other cytokines, including interleukins IL-
5, IL-10, and TNFα, in a dose-dependent manner [4]. Pime-
crolimus also targets mast cells, which play an important
role in anti-inflammatory activities. Pimecrolimus inhibits
not only the transcription and synthesis of cytokines from
mast cells, but also inhibits the release of the preformed
mediators serotonin and β-hexosaminidase. Additionally,
pimecrolimus inhibits Fc Epsilon RI-mediated degranulation
and secretion (Figure 3) [9]. It is important to note that all
of these inhibitory processes occur only when pimecrolimus
is bound to macrophilin-12. In a study of murine mast cell
line CPII, pimecrolimus did not inhibit the transcription
of a reporter gene that was under the control of human
TNFα promoter in the murine dendritic cell line and had
no effect on IL-8 release from keratinocytes, fibroblasts, and
endothelial cells. This is an indication of the specificity of the
pharmacologic activity of pimecrolimus.

Atopic dermatitis (AD) is a pruritic disease of unknown
origin that usually develops in early infancy (an adult-
onset variant is recognized); it is characterized by pruritus,
eczematous lesions, xerosis (dry skin), and lichenification
(thickening of the skin and an increase in skin markings).
AD may be associated with other atopic (immunoglobulin-
E-(IgE-) associated) diseases (e.g., acute allergic reaction
to foods, asthma, urticaria, and allergic rhinitis) [10].
Treatment of AD is one of the best known applications
for pimecrolimus. Pimecrolimus inhibited cytokines, IL-2
and interferon gamma IFNγ, and Th2-type cytokines, IL-4
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and IL-10. In addition, pimecrolimus prevents the release
of inflammatory cytokines and mediators from mast cells
in vitro after stimulation by antigen/IgE. References are still
emerging in the literature for AD treatment with these drugs.
Pimecrolimus cream 1% is a good option for treatment
of mild to moderate AD in adults and children aged ≥2
years [4, 10]. No novel systemic applications have appeared
since 2005. In 2005, however, there was a study of oral
pimecrolimus for use in the treatment of moderate to severe
AD. This study demonstrated the efficacy and short-term
safety of oral pimecrolimus in adults in a double-blind study
with a 12-week treatment and 12-week post-treatment phase.
Longer-term studies in larger cohorts are now required [11].

Psoriasis is considered a chronic skin condition. How-
ever, its exact cause remains unknown. Psoriasis may develop
because of a combination of factors, including genetic
predisposition and environmental factors. Psoriasis may be
commonly observed among members of the same family.
The immune system is thought to play a major role in
the development of this condition. Psoriasis has a variable
course, which periodically improves and worsens. Many
people note a worsening of their symptoms in the colder
winter months. Psoriasis produces red, dry plaques of
thickened skin. The dry flakes and skin scales are thought
to result from the rapid proliferation of skin cells that is
triggered by abnormal lymphocytes in the blood. Psoriasis
commonly affects the skin of the elbows, knees, and scalp
[12]. Another important application for pimecrolimus is
psoriasis treatment, where it acts through blockage of T-
cell activation and signal transduction pathways in T cells
and through inhibition of the synthesis of inflammatory
cytokines, which play a key role in the pathogenesis of
psoriasis [13]. Oral pimecrolimus was tested in healthy adult
outpatients with moderate to severe chronic plaque-type
psoriasis (n = 143) who received either an oral placebo or
pimecrolimus for 12 weeks. Oral pimecrolimus was well
tolerated and produced a dose-dependent reduction in
psoriasis severity. Doses of 20 mg and 30 mg b.d. were the
most effective [14, 15].

Oral lichen planus (OLP) is an inflammatory condition
that affects the mucous membranes of the mouth. OLP
may appear as white lacy patches, red swollen tissues, or
open sores. These lesions may cause burning, pain, or other
discomfort. OLP is a T-cell-mediated chronic inflamma-
tory oral mucosal disease of unknown cause, and lesions
contain few B cells or plasma cells and minimal deposits
of immunoglobulin or complement. Therefore, OLP is
ideal for studying human T-cell-mediated inflammation and
autoimmunity. Antigen-specific mechanisms in OLP include
antigen presentation by basal keratinocytes and antigen-
specific lysis of keratinocytes by CD8+ cytotoxic T cells.
Nonspecific mechanisms include mast cell degranulation
and matrix metalloproteinase activation in OLP lesions. A
combination of these mechanisms may cause T cell accumu-
lation in the superficial lamina propria, basement membrane
disruption, intraepithelial T cell migration, and apoptosis
of keratinocytes in OLP (Figure 4) [9, 16]. Pimecrolimus,
as described above, inhibits dephosphorylation of nuclear
factor of activated T cells by calcineurin, thus, reducing T-cell

cytokine production and inhibiting T-cell activation. Pime-
crolimus significantly reduces the symptoms of OLP [17, 18].

Vitiligo is a common depigmenting disorder affecting
about 1-2% of the world population. Approximately half of
the affected individuals develop the disease before adulthood.
Etiologic hypotheses for vitiligo include biochemical, neural,
and autoimmune mechanisms. The most compelling of
these suggests a combination of genetic and immunologic
factors that results in autoimmune melanocyte destruction.
Pimecrolimus have comparable efficacy and a better safety
profile compared with topical corticosteroids. It was effective
in their treatment better than topic corticoids [19, 20].

Patients in whom the cause of urticaria is unknown are
said to have chronic idiopathic urticaria; however, findings
suggest that in 25–45% of patients, chronic idiopathic
urticaria is not idiopathic but is an autoimmune disease
termed as chronic autoimmune urticaria [21]. Chronic
autoimmune urticaria is dependent not only on the cross-
linking of IgE receptors (by anti-Fc Epsilon RIa or anti-
IgE), but also on the activation of complement. Cross-
linking of IgE receptors leads to histamine release via a
calcineurin-dependent signal transduction pathway, whereas
complement C5a receptors act through G-proteins. His-
tamine release by patient sera or isolated IgG can be inhibited
by ascomycin but not the C5a. The failure of pimecrolimus
to satisfactorily treat chronic autoimmune urticaria may at
least in partly result from this [22].

Rosacea is a common cutaneous disorder, which occurs
most frequently in light-skinned middle-aged individuals.
Cutaneous signs are flushing, erythema, telangiectasia, and
papules and pustules. An important reference we found to
the use of pimecrolimus for the treatment of rosacea was
a study “by Kim” in 26 patients with mild to moderate
inflammatory rosacea [23].

Alopecia areata (AA) is an autoimmune disease of the
hair follicle caused by a T-lymphocytic infiltrate, although
its pathogenesis is not yet completely clear. AA results in
hair loss and baldness, and may frequently remit and relapse.
Histologically, the peribulbar infiltration consists mainly
of activated CD4+ and CD8+ T-cells. Type 1 cytokines,
including IL-2, IFN-c, and TNFα, mediate initiation of the
immune response in AA. Pimecrolimus prevents calcineurin-
mediated dephosphorylation of the NFATs, which inhibits
the synthesis of Th1 and Th2 cytokines in T lymphocytes.
Topical pimecrolimus treatment is as effective as topical
corticosteroids for the treatment of AA and frontal fibrosing
alopecia, and has fewer side effects than topical corticos-
teroids [24, 25].

Pyoderma gangrenosum (PG) is an uncommon ulcera-
tive cutaneous condition of uncertain cause. PG is associated
with systemic diseases in at least 50% of the patients.
This condition is diagnosed by excluding other causes of
similar-appearing cutaneous ulcerations, including infec-
tion, malignancy, vasculitis, collagen vascular diseases, dia-
betes, and trauma. Pathergy involves development of new
ulcerations after trauma or injury to the skin in 30% of
patients with existing PG. The pathogenesis of PG is not
entirely understood, but defects in cell-mediated immunity,
humeral immunity, neutrophil chemotaxis, and monocyte
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phagocytosis along with diminished lymphokine production
have been observed in patients with PG [26]. Positive
clinical results from treatment of PG with pimecrolimus
and tacrolimus are probably due, in part, to a decrease
in the release of TFNα. TFNα release is considered to be
very important in the development of the neutrophilic
dermatoses. Pimecrolimus does not affect the differentiation,
maturation, and functions of Langerhans cells and does not
induce their apoptosis [27].

Discoid lupus erythematosus (DLE) is a chronic skin
condition of sores with inflammation and scarring on the
face, ears, and scalp, and at times, on other areas of the body.
These lesions develop as a red inflamed patch with a scaling
and crusty appearance. Localized DLE typically manifests as
skin lesions localized above the neck and mainly involves
sites such as the scalp, bridge of nose, cheeks, lower lip, and
ears [28]. Lesions have elevated levels of IL-2, IFNγ, and
TNFα mRNA, as compared to normal skin. Elevated type
I IFN (IFN-α/β) has also been found in these skin lesions.
Type 1 IFN is correlated with Th1-associated inflammation.
In addition, unlike cyclosporine and tacrolimus, the action
of pimecrolimus is more selective for T-cells and mast cells,
thus reducing the likelihood of systemic immunosuppression
[29].

Behçet’s disease (BD) was named in 1937 after the
Turkish dermatologist Hulusi Behçet who first described the
triple-symptom complex of recurrent oral aphthous ulcers,
genital ulcers, and uveitis. Painful genital ulcerations usually
develop around the anus, vulva, or scrotum and cause
scarring in 75% of the patients. The cause is not well defined,
but it is primarily characterized by autoinflammation of the
blood vessels. The primary mechanism of the damage is an

overactive immune system that seems to target the patient’s
own body. The primary cause is not well known. In fact, as of
now, no one knows why the immune system starts to behave
this way in Behçet’s disease. There does however seem to be a
genetic component involved, as first degree relatives of the
affected patients are often affected in more than expected
proportion for the general population [30]. Pimecrolimus is
safe and effective for the treatment of BD genital ulcers and
accelerates the healing process [31].

Graft-versus-host disease (GVHD) is a common compli-
cation of an allogeneic tissue transplant. GVHD is commonly
associated with stem cell or bone marrow transplant, but
the term also applies to other forms of tissue graft. Immune
cells (white blood cells) in the tissue (the graft) recognize
the recipient (the host) as “foreign.” Subsequently, the
transplanted immune cells attack the cells of the host’s
body. GVHD can also occur after a blood transfusion if
irradiated blood products are not used. In the classical sense,
acute GVHD is characterized by selective damage to the
liver, skin (rash), mucosa, and the gastrointestinal tract.
New research indicates that target organs of GVHD other
than those mentioned above include the immune system
(the hematopoietic system, e.g., the bone marrow and the
thymus) itself, and the lungs in the form of idiopathic
pneumonitis. Further, chronic GVHD involves the above
organs but can also cause damage to the connective tissue
and exocrine glands over a long term. T cells present in the
graft, either as contaminants or intentionally introduced
into the host, attack the tissues of the transplant recipient
after perceiving host tissues as antigenically foreign. The T
cells produce an excess of cytokines, including TNF-α and
interferon-gamma (IFNγ). A wide range of host antigens
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can initiate GVHD, such as the human leukocyte antigens
(HLAs). The only study in which the treatment of GVHD was
reported was that by Schmook. Further research is required
to address this issue [32].

3.1.2. Tacrolimus. Tacrolimus (Figure 5) [9] was first isolated
in 1984 from a Japanese soil fungus. Tacrolimus is struc-
turally dissimilar to cyclosporine, but has similar immuno-
suppressive properties. The macrolide antibiotic tacrolimus
(FK 506) was discovered as a naturally occurring metabolite
of the fungus Streptomyces tsukubaensis. Tacrolimus is a
“prodrug” that becomes active after forming complexes
with intracytoplasmic proteins called immunophilins. Once
activated, tacrolimus binds to FKBP. At least 4 FKBP are
described: 12, 13, 25, and 59. The main effect of tacrolimus
appears to result from the inhibition of T-cell function.
Following the binding of an antigen-presenting cell to a T
cell via the T cell receptor, intracytoplasmic levels of calcium
rise, leading to calmodulin activation of the phosphorylase
enzyme, calcineurin phosphatase. Calcineurin phosphatase
is the main target of this drug. The activation of calcineurin
phosphatase leads to the dephosphorylation of a cytoplasmic
protein-NFAT. Once dephosphorylated, NFAT translocates
into the nucleus where it combines with a nuclear subunit
(NFATn). The resulting nuclear complex binds to the pro-
moter units of several genes. The binding of NFATn enables
transcription of proinflammatory cytokines, including IL-2,
IL-4, IFNγ, and TGF-β and upregulation of receptors, such
as IL-2R (CD25). Transcription of these cytokines initiates
T-cell activation (Figure 2) [9, 33]. Activated tacrolimus
inhibits the action of calcineurin, thus preventing the
dephosphorylation of nuclear factors and blocking this path
to gene transcription. In stimulated T cells, tacrolimus
inhibits activation principally by suppressing IL-2 produc-
tion and IL-2R expression. Inhibition of IL-2 production
blocks the activation of T-helper cells, T-regulatory cells
(autocrine loop), natural killer cells, and monocytes. In
addition to inhibiting IL-2 transcription, other calcium-
dependent events, including nitric oxide synthase activation
(Figure 6) [9], cell degranulation, and apoptosis (Figure 7)
[9] are also inhibited. In stimulated mast cells, tacrolimus
decreases histamine release, impairs Langerhans’ cell func-
tion, and downregulates high-affinity IgE receptors. It also
decreases the production of chemotactic protein-1 and IL-
8 in monocytes and affects other cell types, including
neutrophils, eosinophils, and endothelial cells. Inhibition of
calcineurin interferes with superantigen stimulation of T
cells and may decrease the production of vascular endothelial
growth factor. Tacrolimus also inhibits the function of B
cells and the production of other cytokines such as IL-3, IL-
4, IL-5, IFNγ, TNFα, and granulocyte-macrophage colony
stimulating factor (GM-CSF) [34].

When used to treat AD, tacrolimus inhibits the T
lymphocytes, which release the cytokines that trigger the
inflammation underlying AD. Tacrolimus also affects other
cells including Langerhans and mast cells. By downregulating
T cells, the symptoms of AD begin to fade within a few
days of applying a topical ointment that contains tacrolimus.
Such ointments penetrate the skin sufficiently to allow local
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Figure 5: Molecular structure of tacrolimus extracted from KEGG
database [9].

immunomodulation. However, the skin does not act as a
reservoir for this drug, as discussed by Kim and Kono
[35]. Oral tacrolimus is an additional therapeutic option for
management of severe and extensive AD [36].

Tacrolimus inhibits the production of many proinflam-
matory cytokines, such as IL-6, IL-8, and TNFα, perhaps
by suppressing the transcription factors NF-κB or activator
protein-1. It also reduces neutrophil activity. Studies of
topical tacrolimus as a treatment for psoriasis have yielded
disappointing results. However, topical tacrolimus that was
applied under occlusion to descaled psoriatic plaques is
an effective treatment. There is good evidence that topical
tacrolimus is a highly effective treatment for psoriasis of the
face and flexures [37–39].

In our clinical practice, treatment with 0.15 mg/kg b.d.
oral tacrolimus for 1 week resulted in a marked reduction
in the erythema and scaling of severe psoriasis patients.
Complete remission occurred after 4 weeks of treatment.
Administration of tacrolimus at a dose of 0.3 mg/kg per day
to 7 patients with recalcitrant psoriasis resulted in remission
with minor metabolic effects, including minimal elevation of
urea, creatinine, and glucose in the blood [40].

More recently, tacrolimus has been used to treat genital
lichen sclerosus, a condition in which patches of the skin
become thin and wrinkled. Thus, the skin tears easily, and
bright red or purple bruises are common. Sometimes, the
skin becomes scarred. Tacrolimus blocks the proliferation of
T lymphocytes and the release of inflammatory cytokines
from these cells. The skin on the patches becomes thin
and crinkled. Then the skin tears easily, and bright red
or purple bruises are common [41]. Sometimes, the skin
becomes scarred. If the disease is a mild case, there may be no
symptoms. Tacrolimus ointment 0.1% may also be effective
and well tolerated for the treatment of anogenital lichen
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sclerosus, both in adults and in prepubertal girls. Active
lesions cleared in 43% of patients after 24 weeks of treatment.
Partial resolution was reached in 34% of patients [42]. Recent
reports describe the use of 0.1% tacrolimus in a topical
formulation for the management of OLP [43]. Therefore,

there is a need for more effective and safer therapies for
symptomatic OLP. The activation of IL-2 production occurs
after antigen, with a major histocompatibility complex type
II antigen, is presented to the T-cell receptor-CD3 complex.
Antigen presentation results in the release of calmodulin,



8 Mediators of Inflammation

which binds and activates the protein calcineurin that is
involved in the dephosphorylation of NFAT. The activated
NFAT induces the transcription of the IL-2 gene. Tacrolimus
and the intracellular immunophilin protein known as the
FK-binding protein form a complex that binds to and inacti-
vates the protein calcineurin. As a result, the T-cell receptor-
mediated induction of IL-2 production is inhibited, resulting
in suppression of T-cell-dependent immune functions [43,
44].

Contact dermatitis is a condition in which the skin
becomes red, sore, or inflamed after direct contact with a
substance. There are 2 types of contact dermatitis: irritant
and allergic. Treatment of contact dermatitis is often pal-
liative and directed against cutaneous inflammation itself.
Tacrolimus has good anti-inflammatory effects and pene-
trates well through inflamed skin. In a human study, topical
tacrolimus (at concentrations of 0%, 0.01%, 0.1%, and 1%)
in ethanol were applied to the skin of 5 volunteers and left for
48 hours. 1-Chloro-2,4-dinitrobenzene (DNCB) was then
applied to the skin. Biopsies of the test patches showed no
inflammation on the DNCB-challenged skin sites that were
pretreated with FK 506, while there was intense dermatitis
ethanol-only. The ability to suppress reactions in previously
sensitized patients is important because contact dermatitis
patients do not present until after primary sensitization. The
ability to treat such sensitized individuals is crucial because
many antigens, such as nickel, are ubiquitous and complete
avoidance is often impossible. Topical tacrolimus also sup-
presses irritant reactions in animal models, suggesting that
topical tacrolimus may also be useful for primary irritant
contact dermatitis. This may be applicable to the treatment of
chronic hand dermatitis and occupational irritant dermatitis
(in which allergic contact often coexists) [45].

The efficacy and safety of 0.1% tacrolimus ointment
in vitiligo were compared favourably to that of 0.05%
fluticasone propionate cream for the treatment of segmental
vitiligo in a randomized controlled trial [46].

Even diseases that are not considered to be classic T-
cell-mediated inflammatory processes have been considered
as targets for tacrolimus therapy. Goldman noted that
the anti-inflammatory properties of topical tacrolimus that
unlike steroids, tacrolimus may not have intrinsic rosacea-
promoting properties. He treated the patients who had
steroid-induced rosacea and were previously unable to taper
off and discontinue the use of steroid therapy. The eruptions
were controlled in all 3 patients, and they were able to
successfully taper off tacrolimus therapy and switch to a long-
term regimen of topical antibiotics [47, 48].

While AA is another candidate disease for tacrolimus
therapy, some authors have expressed reservations regarding
its use for this purpose, as AA generally responds poorly
to treatment. Thiers published a report of the failure of
0.3% tacrolimus ointment to treat AA in a 9-year-old [49].
We found no other descriptions of AA tacrolimus therapy
published after 2000. Steroid intralesionals in combination
with topically applied tacrolimus yield better results than
topical tacrolimus alone [50, 51]. In 50–75% of patients, PG
is associated with inflammatory bowel disease, rheumatoid
arthritis, chronic autoimmune hepatitis, or haematological

solid tumours. Some reports have indicated that topical
tacrolimus is an effective treatment for PG. Immunosuppres-
sive agents have also been used for the management of PG
[50–53].

Tacrolimus ointment (0.1%) was applied to DLE lesions
twice daily and the erythematous plaques readily diminished
after 4–8 weeks. Adverse effects, such as burning sensation
or irritations, were not observed. Cutaneous LE is a broad
term, which includes a variety of lesions that may appear in
the absence of the systemic manifestations of systemic lupus
erythematosus [52, 53]. In an open-label study of tacrolimus
(0.1 mg/kg) administered for 1 year with dosage adjustment
showed that serum C3 level, and anti-ds DNA antibody titre
improved with tacrolimus treatment. The mean titre of anti-
ds DNA antibodies provides a representative indicator of
immunological parameters reflecting disease activity. There-
fore, a T cell blockade is considered a reasonable therapeutic
target for cutaneous and systemic LE [54, 55]. Dosages differ
between reports (1.5–6 mg/day). Tacrolimus can therefore
be considered both effective and safe for treating mild
manifestations of LE, including skin dermatosis, in systemic
LE patients. However, for severe active conditions, its efficacy
is limited at current dose settings and usage [56].

Crohn’s disease (CD), also known as regional enteritis,
is a type of inflammatory bowel disease that may affect any
part of the gastrointestinal tract from the mouth to anus and
causes a wide variety of symptoms. CD is caused by interac-
tions between environmental, immunological, and bacterial
factors in genetically susceptible individuals. This results
in a chronic inflammatory disorder, in which the immune
system of the body attacks the gastrointestinal tract possibly
directed at microbial antigens. In addition, CD may involve
the skin, blood, and endocrine system. One type of skin
manifestation, erythema nodosum, presents as red nodules
usually appearing on the shins. Erythema nodosum is due
to inflammation of the underlying subcutaneous tissue and
is characterized by septal panniculitis. Another skin lesion,
pyoderma gangrenosum, is typically a painful ulcerating
nodule. A new view is that CD results from an impaired
innate immunity, in that impaired cytokine secretion by
macrophages contributes to impaired innate immunity
and leads to a sustained microbial-induced inflammatory
response in the colon, where the bacterial load is high
[57]. Despite the poor quality of the majority of trials
examining the role of tacrolimus in CD, there is some
evidence suggesting that tacrolimus may be of some benefit
in this disease. Although systemic immunosuppressants are
generally believed to increase the rate of cancer development,
one study has shown that in female CD-1 mice there was a
dose-related inhibition of 7,12-dimethylbenz[a]anthracene-
(DMBA-) initiated and 12-tetradecanoylphorbol-13-acetate-
(TPA-) promoted skin papillomas when 0.1 μmol tacrolimus
was applied topically. The application of this formula-
tion to mouse skin almost completely inhibited tumour
formation. This antineoplastic effect may be unrelated to
the suppression of T-cell functions and might occur after
endogenous protein phosphorylation by TPA. This study was
contradicted by a later study of the occurrence of de novo
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neoplasms in organ transplant recipients. This later study
indicated that tacrolimus is as an inducer of skin cancer [58].

Cutaneous T cell lymphoma (CTCL) is a class of non-
Hodgkin’s lymphoma, which is a type of cancer of the
immune system. The malignant T cells in the body initially
migrate to the skin, which result in the development of
various lesions. These lesions change shape as the disease
progresses, typically beginning as what appears to be a rash,
which can be very itchy, and eventually forming plaques
and tumors before metastasizing to other parts of the body.
CTCLs are a heterogeneous group of lymphoproliferative
disorders caused by clonally derived skin-invasive T cells.
Few studies have reported the efficacy of topical tacrolimus
for the treatment of CTCLs [59–61].

Topical application of 0.3% tacrolimus in isotonic
solution or cream is a promising treatment modality for
pathology ocular in BD [62]. Pulmonary and intestinal
lesions evanesced and skin lesions improved after the oral
administration of FK506 at a dose of 0.1-0.2 mg/kg for 8
weeks [63, 64].

In a case of refractory GVHD, the patient responded to a
combination of oral tacrolimus, psoralen, and UV-A therapy.
This suggests that systemic tacrolimus may benefit recipients
of solid organ or bone marrow transplants with GVHD that
is refractory to cyclosporine, high-dose systemic steroids, and
antithymocyte globulin [65]. Tacrolimus is effective in the
prevention of acute GVHD. The initial intravenous FK506
dose of 0.04 mg/kg per day and should be maintained for 7
days post-transplant. After day 7, intravenous FK506 doses
should be decreased if serum creatinine is elevated to approx-
imately 0.03 mg/kg per day [66]. Sabry et al. suggested that
tacrolimus and mycophenolate mofetil is a good option for
prophylaxis in HLA-matched nonmyeloablative transplants
[67].

Sarcoidosis is a systemic inflammatory disease that can
affect any organ. Sarcoidosis involves the skin in about
25% of patients. The most common lesions are erythema
nodosum, plaques, maculopapular eruptions, and subcuta-
neous nodules. The exact cause of sarcoidosis is unknown.
The current working hypothesis is that in genetically sus-
ceptible individuals, sarcoidosis is caused through an alter-
ation in immune response after exposure to environmental,
occupational, or infectious agents [68]. Granulomatous
inflammation is characterized primarily by accumulation
of monocytes, macrophages, and activated T lymphocytes
with increased production of key inflammatory mediators,
TNF-α, IFNγ, and IL-12, characteristic of a Th1-polarized
response (T-helper lymphocyte-1 response). Sarcoidosis has
contrasting effects on inflammatory processes; it is chara-
cterized by increased macrophage and CD4 helper T-
cell activation, which results in accelerated inflammation;
however, immune response to antigen challenges such as
tuberculin is suppressed. Regulatory T lymphocytes in the
periphery of sarcoid granulomas appear to suppress IL-
2 secretion, which is hypothesized to cause a state of
anergy, by preventing antigen-specific memory responses.
Topical tacrolimus has proved effective for the treatment of
cutaneous sarcoidosis [69].
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Figure 8: Molecular structure of sirolimus extracted from KEGG
database [9].

In the recent years, tacrolimus has been used to suppress
the inflammation associated with diverse autoimmune or
granulomatous diseases. “As described by Alijotas-Reig,” 7
patients with severe and refractory late-onset inflammatory
reactions, including large panniculitis, which complicate
silicone gel injections were evaluated. After an average of
18 months after tacrolimus administration (in increasing
doses, up to 0.08 to 0.1 mg/kg of body weight, 2 times per
day), 5 patients experienced mild, sparse bouts of inflam-
matory processes, including nodules, plaques, and panni-
culitis. The symptoms were rapidly reversed, and 2 patients
showed remission. No side effects related to tacrolimus were
observed. The ability of silicone to initiate immunologic
processes remains to be clarified. An exhaustive federally
sponsored review failed to find evidence to support immuno-
logical effects [70].

Long-lasting implants of any type that interact with com-
mensal or infectious microorganisms, trauma, or localized
or generalized inflammatory processes could theoretically
induce autoimmune disorders or granulomata. These events
may occur because of epigenetic alterations in DNA expres-
sion in genetically susceptible hosts. An excellent candidate
for pathologic mischief on the face is Propionibacterium acnes
that under certain circumstances can act as an opportunistic
pathogen, which stimulates the production of TNF-α and
polysaccharides [71, 72].

3.2. Rapamycin and Future Directions in the Development of

Mammalian Rapamycin Inhibitor Development

3.2.1. Rapamycin. Another widely used macrolide is rapa-
mycin, also known as sirolimus (Figure 8) [9]. Rapamycin
acts through the inhibition of mammalian target of rapa-
mycin (mTOR), a molecule that is activated via phospho-
inositide 3-kinase (PI3K) and controls downstream proteins
involved in the cell cycle. After binding with tacrolimus
binding protein (FK-BP) immunophilin, the rapamycin
complex inhibits the stimulatory effect of mTOR on cell cycle
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protein translation, arresting the G1 to S transition (Figure 9)
[8, 73]. This inhibitory effect can be partly explained because
of a reduction of the phosphorylation of eIF-4e binding
protein 1 (4E-BP1), a repressor of cap-mediated translation
in mammalian cells [74]. Since 1999, rapamycin has been
broadly used in human skin transplantation because it
carries a low risk of renal dysfunction and reduces the risk
of allograft rejection in comparison with other [75–77].

Rapamycin may potentially be used as an antiangiogenic
agent to inhibit, for example, growth of pathological blood
vessels in combination with laser treatment [78]. The appli-
cation of a laser to an area of skin provokes the shutdown
of major capillary vessels and results in the induction of a
severely hypoxic microenvironment. This can cause overex-
pression of hypoxia-inducible factor-1 alpha (HIF1α) and
promote the secretion of angiogenesis-stimulating factors
like platelet-derived growth factor (PDGF) [79] and vascular
endothelial growth factor (VEGF) [80]. Rapamycin may
prevent vascular reperfusion by acting as an inhibitor of this
mTOR-HIF1α-VEGF pathway and through the inhibition
of the PI3K-p70S6 kinase pathway in endothelial cells
stimulated by VEGF [81, 82].

There are some side effects to take into account, such
as mild cholangitis [75] and delays in wound closure [75,
83]. These side effects may result from the multiple effects
rapamycin may exert upon mTOR inhibition in the epithelial
and stromal tissues of the wound area. This includes the
important role of mTOR in the wound healing process
downstream from phosphatidylinositol 3 kinase (PI3K) and
phosphatase and tensin homolog (PTEN) [84].

A randomized, double blind, left-right comparative,
dose-ranging clinical trial was carried out to determine

the efficacy and safety of rapamycin applied to skin for
the treatment of psoriasis [85]. The trial showed that
rapamycin was able to penetrate human skin and exerted
beneficial effects. A few subjects, however, developed contact
sensitization to rapamycin [85].

3.2.2. Everolimus. Everolimus (RAD001) is a rapamycin
derivative (Figure 10) [9] with potent immunosuppressive
effects, antiproliferative properties, and anticancer effects
in many preclinical and clinical studies [86]. In addition,
everolimus has shown in vivo antitumor activity with a
significant cytostatic activity in a variety of preclinical
models of haematological and solid tumours.

It has been reported that everolimus, while and effective
treatment for psoriasis [87], became ineffective in 2 cases
of severe atopic dermatitis when it was combined with
prednisone or cyclosporine A [88]. More studies are needed
to confirm this result.

3.2.3. Temsirolimus. Temsirolimus (CCI-779, Torisel,
Wyeth) is another rapamycin derivative (Figure 11) [9] and
has properties that are similar to everolimus [86]. It has been
used for the treatment of metastatic renal cell carcinoma and
mantle cell lymphoma.

Rapamycin, everolimus, and temsirolimus all prevent
tumour cell proliferation and angiogenesis through inhibi-
tion of the HIF1α/VEGF pathway [89–91].

3.2.4. New Macrolides and Their Applications. A new syn-
thetic azythromycin-derivative-macrolide, called CSY0073
[92], has anti-inflammatory and immune-modulatory
effects, but no antibiotic effects. CSY0073 exerts
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Figure 11: Molecular structure of temsirolimus extracted from
KEGG database [9].

counterregulatory activity on nuclear factor kappa B
(NF-κB), activator protein-1 (AP-1) and extracellular
signal-regulated kinase 1/2 (ERK1/2) signalling. The anti-
inflammatory activity of CSY0073 was demonstrated in
rodent models of intestinal inflammation and hold potential
as a treatment of inflammation-driven immune dysfunction.
CSY0073 may reduce the colonic expression of cytokines
involved in the development and maintenance of colon
inflammation, such as tumour necrosis factor α (TNFα),
interleukin 2 (IL-2), and interferon γ (IFNγ) [93]. In
addition, CSY0073 effectively attenuated the immune
response of mucosal macrophages. This is consistent
with studies of other macrolides that indicate that these
compounds penetrate the cell membrane of macrophages
and accumulate in subcellular compartments [94]. CSY0073
is also being developed as a therapeutic drug for rheumatoid
arthritis. Initial results indicate that treatment with CSY0073
attenuates the development of several signs of arthritis [92].
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Recently, 2 new potential macrolides with anti-
inflammatory and immunomodulatory characteristics were
discovered. These compounds, (8R,9S)-8,9-dihydro-6,9-an-
hydropseudoerythromycin A (EM900) and (8R,9S)-4′′,13-
O-diacetyl-8,9-dihydro-6,9-epoxy-8,9-anhydropseudoery-
thromycin A (EM911), are derivatives of erythromycin A
[95]. EM900 and EM911 have so far only been used in vitro.
More studies are needed to uncover the possible applications
of these promising molecules.

Another newly developed molecule is ridaforolimus
(also known as deforolimus, AP23473, MK-8669, Merck),
a rapamycin analogue (Figure 12) [9], which has broad
inhibitory effects on the cell growth, proliferation, division,
metabolism, and angiogenesis of a broad panel of cell lines
[96]. In vitro and in vivo studies show that ridaforolimus
inhibits mTOR function in a selective and potent manner.
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Table 1: Main advantages and drawbacks of different nonantibiotic macrolides in skin diseases.

Macrolide Advantages Drawbacks

Pimecrolimus

(i) Plays an important role in the anti-inflammatory activities.
(ii) Applied for the treatment of atopic dermatitis (AD)
[4, 9, 10].
(iii) Inhibits the synthesis of inflammatory cytokines in
psoriasis [13, 14].
(iv) Produces a dose-dependent reduction in the severity of
psoriasis [15].
(v) Significantly reduces the symptoms in oral lichen planus
(OLP) [16, 17].
(vi) Applied for the treatment of rosacea [23].
(vii) Shows positive clinical results in pyoderma
gangrenosum (PG) [27].
(viii) Acts more selectively on T cells and mast cells in lupus
dermatosis and thus has a lower possibility of systemic
immunosuppression [28, 29].
(ix) Is safe and efficient for the treatment of Behçet’s disease
genital ulcers, by accelerating the healing process [31].

(i) Tacrolimus is used more often for vitiligo
[19, 20, 46].
(ii) Failure in treatment of chronic autoimmune
urticaria [22].
(iii) Topical 1% is not a therapeutic option in alopecia
areata (AA), especially for patients unresponsive to
other treatments [24].
(iv) In PG, the pharmacologic activity is more selective
than tacrolimus, and the rate of cutaneous permeation
is 9 times lower than that of tacrolimus and, therefore,
has a lower risk of systemic immune suppression [27].

Tacrolimus

(i) Oral formulation offers an additional therapeutic option
for management of severe and extensive AD [36].
(ii) Topical formulation is a highly effective treatment for
psoriasis of the face and flexures [39] and is proposed as an
alternative treatment for inflammatory skin diseases in thin
skin areas, as well as, pruritus ani [42]. In addition, it is
effective in PG [51–53] and in cutaneous T cell lymphomas
[60].
(iii) Topical formulation (0.1%) has been used for the
management of OLP and may be effective and well tolerated
in the treatment of anogenital lichen sclerosus [41].
(iv) Treatment of contact dermatitis is often palliative and
directed against the cutaneous inflammation itself.
(v) It has been shown to reduce the incidence of lupus
dermatosis in the autoimmune-prone MRL/Mp-lpr/lpr
(MRL/lpr) mouse.
(vi) Better results in AA treatment are achieved in
combination with intralesional steroids [50].
(vii) It can be considered both effective and safe for treating
skin dermatosis in systemic lupus erythematosus (LE)
patients [56].

(i) For severe active LE, its efficacy is considered limited
at current dose settings and usage [55, 56].
(ii) There are contradictory results of tacrolimus as an
inducer of skin cancer.

Sirolimus
(rapamycin)

(i) A clinical trial has shown that macrolides, in a suitable
formulation, can penetrate the human skin and exert
beneficial effects for the treatment of psoriasis [75, 85].

(i) Contact sensitization to rapamycin could be
developed [85].

Everolimus
(i) Potent immunosuppressive effects, antiproliferative
properties, and anticancer effects have been observed.
(ii) Effective in psoriasis treatment [87].

(i) It was ineffective in combination with prednisone or
cyclosporine A in 2 patients with severe AD [88].

Temsirolimus
(i) Potent immunosuppressive effects, antiproliferative
properties, and anticancer effects.

(i) Applications for different types of dermatitis are not
yet known.

CSY0073
(i) Anti-inflammatory and immunomodulatory effects have
been observed [93].

(i) Applications for different types of dermatitis are not
yet known.

EM900
EM911

(i) Anti-inflammatory and immunomodulatory
characteristics observed.

(i) Applications for different types of dermatitis are not
yet known.

Ridaforolimus
(i) One of the first possible applications as an antitumor
agent.

(i) Applications for different types of dermatitis are not
yet known.

Inhibitory effects on VEGF, endothelial cell growth (EGF),
HIF-1α, and glucose metabolism were also observed. In
particular, ridaforolimus was found to arrest cell growth
without evidence of cell death or apoptosis, accumulating

cells in the G1 phase of the cell cycle. This was due, in part,
to a blockade of 4E-BP1/eIF4E signalling [97, 98]. One of
the first possible applications for this compound is as an
antitumour agent.
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4. Conclusions

New uses are being developed for older macrolides, such
as pimecrolimus and tacrolimus, due to their interesting
anti-inflammatory properties. These drugs work through the
inhibition of the calcineurin promotion of several cytokines,
such as interleukins, interferons, and TNFα. This approach
is opening a broad field of skin disease treatments that have
minimal side effects (Table 1).

On the other hand, newer macrolides (rapamycin,
everolimus, and temsirolimus) work through the downregu-
lation of the mTOR pathway. The mTOR pathway controls
downstream proteins that are involved in the cell cycle.
These newer macrolides arrest the G1 to S transition, an
important early event in the control of mammalian cell
growth and proliferation. These macrolides also demonstrate
antiproliferative, cytostatic, and antiangiogenic properties.
There are many examples of successful applications for these
compounds in cancer diseases and organ transplantation.
These compounds have also been used in the treatment of
skin diseases. There were a variety of responses to these
compounds, and some of them were not at all positive.
Further research in this field is required to determine
potential applications for these macrolides.
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Macrolides are a group of antibiotics with a distinctive macrocyclic lactone ring combined with sugars (cladinose, desosamine).
The action of macrolides is to block protein synthesis by binding to the subunit of 50S ribosome of bacteria. Prototype macrolide
was erythromycin, which came into clinical practice in the 50s of the 20th century. Its antimicrobial spectrum covers the scope
of the penicillins but is extended to the impact of atypical bacteria. In the 90s more drugs of this group were synthesized—
they have less severe side effects than erythromycin, extended spectrum of Gram-negative bacteria. Macrolides are effective in
treating mycobacterial infections especially in patients infected with HIV. It is now known that in addition to antibacterial abilities,
macrolides have immunomodulatory effects—they inhibit the production of proinflammatory cytokines (TNF, IL1, 6, and 8) affect
transcription factors (NF-κB) as well as costimulaton (CD 80) and adhesion molecules (ICAM). This review article focused not
only on the their antimicrobial abilities but also on efficacy in the treatment of several inflammatory disorders independent of the
infectious agent. Their wider use as immunomodulators requires further study, which can lead to an extension of indications for
their administration.

1. Introduction

The name “macrolide” covers a family of different antibiotics
produced by fungi of the genus Streptomyces and some bac-
teria such as Arthrobacter spp. Construction of macrolides
is based on the large macrocyclic lacton ring, the activity of
which is due to the presence of macrolide ring containing one
or more deoxy sugar (usually cladinose-neutral sugar and
desosamine-amino sugar). Lactone rings usually consist of
14, 15 or 16 members.

Erythromycin is a macrolide prototype—it contains 14-
membered lactone rings, (Figure 1). Its first clinical use in
the upper respiratory tract infections occurred in the 50s
of the 20th century. Other macrolides with 14-membered
ring include clarithromycin, dirithromycin, oleandomycin,
roxithromycin, and 16-membered ring: josamycin, mide-
camycin, mikamycin, and spiramycin. Also stands out
azalide—15-membered ring macrolide—azithromycin, and,
we can also distinguish ketolides with 14-membered ring
such as telithromycin and cethromycin. Tacrolimus isolated
from Streptomyces tsukubaensis and sirolimus isolated from

Streptomyces hygroscopicus also belong to this group of
antibiotics (Figure 3).

2. The Mechanism of Antibacterial
Action of Macrolides

Macrolide antibiotics have been used for many years to treat
infectious diseases. Macrolides antibacterial mechanism of
action involves binding to the 50S ribosomal subunit, which
causes inhibition of the biosynthesis on ribosomal protein
level [1, 2]. Both macrolides and ketolides bind domain V of
23S ribosomal RNA (rRNA), contained in the 50S subunit
of bacterial ribosomes. However, ketolides have from 10 to
100 greater affinity for the ribosome than erythromycin.
Ketolides also, unlike the macrolides, have a greater affinity
for binding to the 23S rRNA domain II, which allows them
to maintain activity against bacterial strains that are resistant
to macrolides due to changes in domain V of 23S [3].

The Spectrum of Antibacterial Activity. Macrolides have
become an alternative for people allergic to penicillin.
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Figure 1: 14 member lactone rings of erythromycin.

The first macrolide erythromycin included in its scope
spectrum like penicillins, but also demonstrated the effec-
tiveness of intracellular microorganisms such as Legionella
pneumophila, Chlamydia spp,and Mycoplasma. Further dis-
covery and subsequent synthesis of macrolides increased
their scope of activity of Helicobacter pylori and Mycobac-
terium. The scope of macrolides effect includes also Bacillus
anthracis, Bordetella reccurentis, Corynebacterium diphthe-
riae, Listeria monocytogenes, Streptococci (S. pneumoniae),
and methicillin-sensitive Staphilococcus. They act also on the
Treponema pallidum, Toxoplasma gondii, Plasmodium spp,
and Cryptosporidium [4].

3. Immunoregulation and Anti-Inflammatory
Action of Macrolides

In recent years, it has been shown that macrolides beyond
the bacteriostatic and bactericidal effect have also anti-
inflammatory effect, which was used in chronic inflamma-
tory diseases such as atopic dermatitis, nonspecific inflam-
matory bowel disease, psoriasis, and arthritis. The effect of
macrolides on the inflammatory cell activity by influencing
the production and release of proinflammatory cytokines
has been demonstrated in many studies. Cytokines and
chemokines play a key role in regulating both the proinflam-
matory immune response—tumour necrosis factor (TNF-),
granulocyte—macrophage colony-stimulating factor (GM-
CSF), interleukin-L IL-1, IL-6, IL-8, and interferon gamma
(IFN-) and anti-inflammatory (e.g., IL-10).

It was shown that macrolides inhibit the production and
secretion of IL-1SS and TNF-. in monocytes [5] and IL-1SS,
IL-6, TNF-., and GM-CSF in mast cells [6], and IL-8 pro-
tein epithelial neutrophil-activating (ENA-78) macrophage

inflammatory protein (MIP-1) in macrophages and leuko-
cytes [7]. It was also shown that clarithromycin suppresses
the production of IL-6 and IL-1SS by fibroblast-like cells of
the synovial membrane [8]. Therapeutic concentrations of
erythromycin and clarithromycin reduce the expression of
IL-8 mRNA level in bronchial epithelial cells of patients with
chronic inflammatory airway disease [9].

Erythromycin also affects the neutrophils migration [10],
proliferation of lymphocytes [11], and differentiation of
monocytes [12]. Expression of genes involved in immune
response and inflammation (e.g., iNOS, COX-2, TNF-alpha,
IL-1, and IL-6) at the level of transcription is regulated
by nuclear factor-kappa B (NF-κB) [13]. Erythromycin and
roxithromycin exhibit antioxidant properties and prevent
activation of (NF-κB) [14].

Erythromycin and clarithromycin also show a concen-
tration-dependent inhibition of IL-8 release by eosinophils
isolated from people with atopic dermatitis [15]. Macrolides
inhibit as well the secretion of eosinophilic chemotactins,
cytokines RANTES, and eotaxin in lung fibroblasts [16]. It
was also found that macrolides may alter the ratio of IFN-./
IL-4 (Th1/Th2) [17]. Macrolides also affect dendritic cells
(from mouse bone marrow) by the increase in the expression
of CD80, a molecule co-stimulatory T-cell activation [18].
Azithromycin causes increased production of IL-10, while
clarithromycin inhibits the production of IL-6 by dendritic
cells. All these studies show different effects of macrolides
on cytokine production and release of pro- and anti-inflam-
matory cytokines. Such effects apply only to 14- and 15-
membered macrolides [19].

Impact on Other Immunomodulating Mechanisms. Macro-
lides may influence the metabolism of arachidonic acid by
lipoxygenase—modulation cycle of lipoxygenase modula-
tion. Erythromycin and roxitromycin reduce the number and
activity of chemotactic neutrophills through the reduction of
leukotriene B4 (LBT4) [20].

Several recent studies show the impact of macrolides on
the phenomenon of apoptotic epithelial cells and macro-
phages [21, 22]. In addition, they inhibit angiogenesis by
inhibiting the production of vascular endothelial growth
factor (VEGF) stimulated by TNF-alpha [23]. The effect of
macrolides on the transduction pathways of many different
external signals MAPK (mitogen-activated protein kinase) is
not limited to the production of cytokines. Erythromycin
inhibits IL-1 inducing phosphorylation of p38 MAPK in
rheumatoid synovial cells in vitro [24]. Inflammatory cells
can produce isoforms of NO using the induced synthesis of
nitric oxide (iNOS), which increases the inflammation and
causes the destruction of cells. It has been shown in vitro that
the macrolides inhibit the production of NO [25, 26].

4. Clinical Practice—Macrolides Use

4.1. Airway Diseases. The most widely from beginning of the
introduction into clinical practice, macrolides are used in the
treatment of airway diseases. Because of their antibacterial
and immunomodulatory abilities, a good tissue penetration
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Figure 2: Macrolides influence on inflammatory airway diseases.

and capability for intracellular action are of great importance
as well as wide-broad efficacy against many organisms
affecting lungs. It was demonstrated that in patients suffering
from steroid-dependentasthma the concomitant use of the
clarithromycin caused (through theinfluence of cytochrome
P450 function) the increase in GKS concentrations, allowing
for steroid dose reduction [27, 28]. Until now there is no
sufficient evidence and recommendation to treat asthma,
by macrolides for long-term therapy, however, it is obvi-
ous that atypical bacterial infection in asthma patients
is the indication for macrolides therapy [27] (Figures 2
and 4). Several other macrolide properties, such as anti-
inflammatory action and production of cytokines (e.g.,
IL8-a neutrophil chemoattractant), influence on neutrophil
migration, antibacterial effect on colonization, and infection
by Pseudomonas aeruginosa, Chlamydia pneumonia, and
Mycoplasma pneumonie, may prove beneficial in other var-
ious airway diseases. These include diffuse panbronchiolitis
(DPB) [29, 30], chronic obstructive lung disease, cystic
fibrosis (CF), and bronchiolitis obliterans syndrome (BOS),
the latter occurring as a lung transplant complication [31].

4.2. The Use of Macrolides in the Treatment of Skin Diseases.
Immunosuppressive macrolides are a new class of anti-
inflammatory substances used in the treatment of skin dis-
eases. Tacrolimus (FK506) and pimecrolimus when applied
topically penetrate the skin and act locally immunoregula-
tory [32].

Pimecrolimus and tacrolimus are associated in the cyto-
plasm of target cells with a specific receptor protein called
macrophyllin-12, known as tacrolimus binding protein
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Figure 3: Selected macrolides.

Rhinosinusitis

Pharyngitis

Otitis media

Exacerbation of chronic bronchitis

Asthma

Diffuse panbronchiolitis (DPB)

Chronic obstructive pulmonary disease (COPD)

Community acquired pneumonia (CAP)

Mycobacterium avium complex (HIV-infected patients) (MAC)

Cystic fibrosis (CF)

Figure 4: Airway diseases in which macrolides are indicated.

FKBP (FK506-binding protein). Tacrolimus/pimecrolimus-
macrophyllin-12 blocks calcineurin complex. The inhibition
of calcineurin results in a lack of gene expression of many
mediators of inflammation [33, 34].

Tacrolimus has immunosuppressive activity similar to
cyclosporine A, pimecrolimus has a stronger effect. Both
drugs were used in the treatment of atopic dermatitis (AD),
psoriasis, and contact dermatitis.

Sirolimus (rapamycin) is also a macrolide, but with a dif-
ferent site of action than tacrolimus and pimecrolimus. In
the complex with the cytosolic protein FKBP-12, it causes the
inhibition of TOR (target of rapamycin) and thereby inhibits
intracellular signals pathway conduction. Sirolimus, that acts
on T cells, has an effect on angiogenesis by reducing the
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production of vascular endothelial growth factor (VEGF).
Sirolimus was used in the treatment of psoriasis. The
advantage of the use of macrolides for the treatment of skin
diseases, both locally and topically, is that they have no effect
on collagen synthesis and thus they do not cause skin atrophy
in contrast to the glucocorticoids.

Clinical studies have confirmed the effectiveness of oral
therapy with macrolide group antibiotics of psoriasis vulgaris
[35]. It was shown that 4 weeks of treatment of patients
with skin psoriasis with oral macrolides combined with
topical treatment with corticosteroids significantly reduced
the Psoriasis Area and Severity Index (PASI) and has an
impact on the abolition of itching [36].

4.3. Macrolides in Treatment of Nonspecific Inflammatory
Bowel Diseases. Due to the immunomodulating effect of
macrolides, antibiotics are increasingly used in nonspecific
inflammatory bowel diseases, especially Crohn’s disease. 2-
year observation of patients with Crohn’s disease treated with
following combination therapy: rifabutin with a macrolide
(azithromycin or clarithromycin) for a period of 6 to 35
months showed significant improvement in the assessment
of disease activity (Harvey-Bradshaw Crohn’s activity index)
effect after 6 months of therapy and continuing for the next
24 months [37]. Another study using clarithromycin as
immunomodulating drug for 24 weeks and longer showed
that 42.9% of patients with active Crohn’s disease had
remission in the assessment of CDAI (Crohn’s Disease
Activity Index) after 12 weeks of treatment [38].

Eradication of H. pylori—a Permanent Place for the Use of
Macrolides. A lot of studies demonstrate the effectiveness of
clarithromycin in the eradication of H. pylori infection in
combination with another antibiotic and antisecretory agent
(proton pump inhibitor-PPI) as standard triple therapy.
However, the increasing resistance to the clarithromycin can
be observed [39].

5. Prokinetic Effect of Macrolides

It has been demonstrated that 14-membered lacton ring
macrolides stimulate gastrointestinal motility, while there is
no such effect of the 15- and 16-membered lactone ring
macrolides use. It is known that erythromycin acts on the
intestinal and gallbladder motility through motilin receptor
which causes stimulation of enteric nerves and smooth mus-
cle [40, 41]. Erythromyicin activity, in particular on gastric
antral motility, has been also demonstrated to be mediated
via cholinergic pathway and activation of a neuromuscular
receptor [41]. The attention paid to the prokinetic properties
of macrolides is associated with the ongoing search for
the effective treatment of gastrointestinal disorders such
as gastroparesis in diabetic patients, slow emptying and
gastroparesis in intensive care patients undergoing mechan-
ical ventilation, and gastroesophageal reflux and bacterial
overgrowth in intensive care patients during enteral nutri-
tion. The prokinetic qualities of macrolides may also be
considered in the use of these antibiotics in lung transplant
patients, where the risk of graft dysfunction is increased

by gastroesophageal reflux (GERD). It is suggested in the
literature that erythromycin prokinetic efficacy is dependent
on the dose, as it decreases in the days following application.
The use of macrolides is associated with risk of inducing and
increasing bacterial resistance to macrolides and other side
effects, such as arrythmias with prolonged QT interval (ven-
tricular tachycardia—“torsades de pointes”). There is no
strong recommendation for macrolide use as a first-line
prokinetic treatment. We should consider their use in
cases of failure of all other gastrointestinal hyipomotility
treatments (e.g., metoclopramide) and of complications of
gastrointestinal motility disorders [42, 43].

6. The Use of Macrolides in Rheumatoid
Arthritis and Other Rheumatic Diseases

The immunosuppressive effect of tacrolimus is well known
in patients with rheumatoid arthritis (RA) for whom metho-
trexate was ineffective [44] as well as the immunosuppressive
effects of sirolimus on the growth of synovial fibroblasts
in patients with rheumatoid arthritis [45]. The results of
a recent study have demonstrated the effectiveness of roxi-
tromycin as disease-modifying drug in the early forms of
rheumatoid arthritis [46]. Clarithromycin showed similar
efficacy [47], but it is not a standard therapeutic procedure
in the treatment of RA. The application of roxitromycin
both in early and late periods of rheumatoid arthritis can
be an effective form of therapy that modifies the course
of the disease, but requires further studies [48]. In this
paper, Matsuoka et al. demonstrated the inhibitory effect
of erythromycin costimulating molecule and production of
proinflammatory cytokines by synovial fibroblast-like cell.
The authors suggested the possibility of further studies in
patients with RA [8].

Reactive Arthritis (ReA). In this group of patients particular-
ly chlamydia-induced ReA is an indication for antibiotic
therapy. Good effects of treatment Ch– and ReA are
described in the application of tetracycline, ciprofloxacin,
and doxycycline with rifampicin [49]. Greater efficiency was
obtained when using azithromycin and rifampicin [50]—
this treatment is particularly effective in the treatment of
Chlamydia pneumoniae infection [51].

6.1. Conjunctivitis. The studies have shown that the use of
azithromycin in the form of eye drops for bacterial conjunc-
tivitis can remove most microorganisms that can cause the
inflammation [52].

6.2. Trachoma. Chronic inflammation of the cornea and
conjunctiva caused by serotypes A, B, Ba, and C Chlamydia
trachomatis, which is the most common cause of blindness
in developing countries. In the case of the disease, the
drug of choice is azithromycin administered orally (single
dose efficacy adults 1 g, children 20 mg per kg) and topical
tetracycline [53].

6.3. The Effect of Macrolides on Viral Upper Respiratory Tract.
The studies in recent years have shown that macrolides can
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inhibit the development of viral infection of upper respira-
tory tract. Clarithromycin, by inhibiting the production of
intracellular adhesion molecule ICAM-1 and secretion of IL-
6 and IL-8, significantly influences the pathophysiological
changes associated with infection caused by rhinovirus (RV).
Clarithromycin inhibits protein and mRNA expression of
ICAM induced by infection with the virus and increased
levels of proinflammatory cytokines such as IL-1SS, IL-6,
and IL-8. This effect is the greatest 3 days after the infection
[54] and similar to the effects demonstrated by erythromycin
[55]. Similar effects were demonstrated in the case of azith-
romycin and paramyxovirus infections, particularly respi-
ratory syncytia virus (RSV) [56] and clarithromycin and
its effect on infection with influenza virus type A [57].
Macrolides may have future use in the inhibition of chronic
inflammation induced by upper respiratory viral infections,
such as RV, RSV, or influenza A.

7. New Possibilities of Macrolides

Drugs to build a macrolide such as sirolimus or its derivative
everolimus both inhibit the TOR kinases and the prolifera-
tion and clonal expansion, therefore, they were applied in
transplant rejection reactions as well as in interventional
cardiology for coating stents (drug eluting stents), which
lowers the risk of restenosis [58]. Further studies are
underway on the macrolides, in which no evidence of
antibacterial activity was found—only immunomodulat-
ing/immunoregulating functions. One of these is a macrolide
CSY0073—azithromycin structure showing immumoregu-
lating action in experimental models of inflammatory bowel
disease and arthritis [59].

In recent years, it was also revealed that the impact of rap-
amycin on the inhibition of cell aging which can be impor-
tant in treating progeria and other age-related diseases [60].

8. Antibacterial Action and Resistance
Mechanisms for Macrolides-Clinical Problem

Antibiotic resistance can be the result of adenine methylation
associated with the domain V of 23S rRNA, which causes the
insensitivity of such a ribosome to macrolides [3]. The resis-
tance to esterase production may also occur. This enzyme,
which hydrolyses macrolide, is produced by Enterobacteri-
aceae. The cause of resistance of bacteria (mainly G) can
constitute negative disturbances and abnormal permeability
of outer membrane flow hydrophobic molecules.

Cross-resistance to erythromycin and other macrolides
can occur as well as cross-resistance to macrolides and
clindamycin and streptogramin B—which bind to the same
place on the ribosome.

9. Interaction of Macrolides with Other Drugs
and the Resulting Toxicity of Drugs

Macrolides inhibit the activity of cytochrome P-450 and
its isoform as CYP 3A4 [61]. Macrolides can be divided
into 3 groups according to the inhibition of CYP 3A4. Ery-
thromycin and troleandomycin are the strongest inhibitors of

cytochrome CYP 3A4. Clarithromycin shows weak inhibition
of CYP 3A4, whereas in vitro studies of azithromycin and
diritromycyna show almost no inhibition of the cytochrome
[62]. Inhibition of CYP3A4 changed metabolism of many
drugs, increasing their concentration in serum and exceeding
therapeutic levels and thus is the cause of their toxic effects.
Special attention should be paid to the potential toxic effects
of benzodiazepines, oral anticoagulants (warfarin), theo-
phylline, neuroleptics, statins, and class IA antiarrhythmic
drugs such as quinidine and digoxin toxicity risk [63, 64].
Macrolide drugs may also prolong the QT interval and cause
torsade pointes.

The most common side effects of this drug class are
disorders of the gastrointestinal tract (vomiting, diarrhoea,
increased peristalsis). Allergic reactions with eosinophilia,
pruritic skin, and urticaria are less common but also observ-
ed. In the course of their use, vasculitis (after i.v. administra-
tion), elevated transaminases, and hepatitis with cholestasis
may occur.

10. Conclusion

Since the discovery of erythromycin and its clinical use
as an alternative to penicillin for the introduction of new
macrolides such as azithromycin, clarithromycin, telithro-
mycin, which are characterized by greater bioavailability,
longer half-life, and extended-antibacterial spectrum and less
severe adverse reactions, new abilities of macrolides were
discovered. A new class of drugs that have no antibacterial
abilities and have been applied not only to treat bacterial
infections caused by common G+ bacteria and to a lesser
extent G− but also demonstrated their effectiveness in
treating atypical infections with bacteria, some protozoa
(e.g., T. Gondii, Leishzmania donovani). They are used in
mycobacterial infection (Mycobacterium avium). It has been
shown that their antibacterial effectiveness involves not
only the direct effect on the inhibition of bacterial protein
biosynthesis but also their effects on the immune system.
Thanks to the influence of co-stimulating particles (CD 80),
proinflammatory cytokines production (TNFa, IL1, 6, and 8)
and anti-inflammatory cytokines (IL-10), adhesion proteins
(ICAM 1), the influence on intracellular signalling pathways,
and functions of T cells, their wider use is possible in the
treatment of inflammatory conditions beyond the control
of infection. Further studies aim to find new indications for
macrolides already used in clinical practice and to invent new
macrolides of the main immunomodulating action.
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Macrolide antibiotics possess several, beneficial, secondary properties which complement their primary antimicrobial activity. In
addition to high levels of tissue penetration, which may counteract seemingly macrolide-resistant bacterial pathogens, these agents
also possess anti-inflammatory properties, unrelated to their primary antimicrobial activity. Macrolides target cells of both the
innate and adaptive immune systems, as well as structural cells, and are beneficial in controlling harmful inflammatory responses
during acute and chronic bacterial infection. These secondary anti-inflammatory activities of macrolides appear to be particularly
effective in attenuating neutrophil-mediated inflammation. This, in turn, may contribute to the usefulness of these agents in the
treatment of acute and chronic inflammatory disorders of both microbial and nonmicrobial origin, predominantly of the airways.
This paper is focused on the various mechanisms of macrolide-mediated anti-inflammatory activity which target both microbial
pathogens and the cells of the innate and adaptive immune systems, with emphasis on their clinical relevance.

1. Introduction

Macrolides, which are primarily antibiotics, belong to the
polyketide group of natural products [1]. They derive
their name from their characteristic structural features, a
macrocyclic lactone ring to which various deoxy sugars,
most commonly cladinose and desosamine, are attached
[1]. The most important macrolide antibiotics are 14-, 15-,
and 16-membered compounds. The molecular structure of
the 14-membered erythromycin, the prototype macrolide, is
shown in Figure 1. Drug delivery problems resulting from
acid instability prompted the design of newer macrolides.
These compounds include (i) clarithromycin, roxithromycin,
dirithromycin, and the ketolides and fluoroketolides, all
of which have a 14-membered ring structure; (ii) the 15-
membered azithromycin; and (iii) the 16-membered agents
spiramycin, rokitamycin, and josamycin.

Macrolide antibiotics are generally used to treat respi-
ratory and soft tissue infections caused by Gram-positive

bacteria. They are also active against rickettsiae, chlamydiae,
and Mycoplasma pneumoniae, as well as some Gram-negative
bacterial pathogens, including Bacteroides fragilis, Borde-
tella pertussis, Campylobacter species, Haemophilus influen-
zae, Helicobacter pylori, Legionella pneumophila, Moxarella
catarrhalis, and Neisseria species. The more advanced
macrolides, azithromycin, and clarithromycin, as well as
the ketolides/fluoroketolides, have several distinct advan-
tages over erythromycin. These include extended spectrum
of activity, improved pharmacokinetics, pharmacodynam-
ics and tolerability, and once-daily administration [2].
Azithromycin and to a lesser extent clarithromycin are noted
for their high and prolonged concentrations at sites of
infection, reaching tissue levels of 10–100-fold and 2–20-
fold greater than serum concentrations, respectively [3–5].
Both agents are also concentrated intracellularly by alveolar
macrophages, attaining levels of approximately 400-fold
(clarithromycin) and 800-fold (azithromycin) above serum
concentrations [3]. The ketolide, telithromycin, also has
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Figure 1: The molecular structure of erythromycin, the 14-
membered prototype macrolide [1].

excellent penetration into bronchopulmonary tissues and
macrophages, while macrolides and macrolide-like agents
are also accumulated by polymorphonuclear leukocytes
(PMNL), which, in turn, effect the active delivery of these
agents to sites of bacterial infection [3, 6].

With respect to their mechanism of antimicrobial action,
macrolides are inhibitors of bacterial protein synthesis. This
is achieved by reversible binding of these agents to the
P site of the 50S subunit of the bacterial ribosome [1].
The macrolide/ribosome interaction has several apparent
consequences, all of which result in inhibition of bacterial
protein synthesis. These are (i) interference with peptidyl-
transferase, preventing polypeptide chain elongation; (ii)
inhibition of ribosomal translocation; and (iii) untimely
detachment of peptidyl-tRNA from the ribosome [1, 7, 8].
Macrolides, ketolides, and fluoroketolides possess 1, 2, and 3
ribosomal binding, sites respectively [1]. Although predomi-
nantly bacteriostatic, the high tissue and macrophage/PMNL
concentrations attained by macrolides and macrolide-like
agents may favour bactericidal activity in vivo.

Notwithstanding their primary antimicrobial activity,
macrolides, unlike most other classes of antibiotic, also
possess beneficial anti-inflammatory properties. These latter
effects are achieved by two distinct mechanisms. Firstly, as
a consequence of their primary ribosomal-targeted mech-
anism of antimicrobial action, they inhibit the production
of proinflammatory microbial toxins and other virulence
factors. Surprisingly, this pathogen-directed mechanism of
anti-inflammatory activity has also been described for a
number of ostensibly macrolide-resistant bacterial pathogens
as described hereinafter. Secondly, macrolides have been
reported to possess secondary anti-inflammatory activities
which target cells of the innate and adaptive immune systems
as well as structural cells.

The remainder of this paper is devoted to a consideration
of the anti-inflammatory activities of macrolides and their
therapeutic relevance.

2. Pathogen-Targeted Anti-Inflammatory
Activities of Macrolides

Antibiotics cooperate with host defences to eradicate
microbial pathogens. In this setting, the antibiotic-exposed
pathogens are weakened, increasing their vulnerability to
the cellular and humoral defences of the host. While these
antibiotic/host defence interactions are clearly beneficial,
some antibiotics may trigger over-exuberant inflammatory
responses with potentially harmful consequences for the
infected host. These include cell-wall-targeted, bacterici-
dal antibiotics, especially, beta-lactams, as well as fluoro-
quinolones, which initiate the release of proinflammatory
intracellular toxins and cell-wall components from damaged,
disintegrating bacteria. Examples of these are the pneu-
mococcal toxin, pneumolysin, as well as cell-wall-derived
lipopolysaccharides and lipoteichoic acids. These initiate
exaggerated inflammatory responses by several mechanisms,
including (i) interactions with Toll-like receptors and
nucleotide- oligomerization- (NOD-) like receptors on/in
immune and inflammatory cells, as well as epithelial cells;
and (ii) activation of complement cascades [9–11]. The
harmful, proinflammatory activities of beta-lactams and
fluoroquinolones have been demonstrated in a number of
studies, either by measuring the release of intracellular
toxins following exposure of susceptible bacteria to these
antimicrobial agents in vitro [12–18], or in animal models
of experimental infection in which survival is correlated
with the antimicrobial and proinflammatory potencies of
antibiotics [19–22].

In contrast to beta-lactams and fluoroquinolones, antibi-
otics which inhibit bacterial protein synthesis, particularly
macrolides and macrolide-like agents, prevent the release of
proinflammatory protein toxins from both Gram-positive
and Gram-negative bacteria, as well as the production of
other virulence factors such as bacterial adhesins and biofilm.
Consequently, the pathogen-targeted actions of macrolides
have a much lesser propensity to trigger harmful inflam-
matory reactions than is the case with abruptly bactericidal
agents, a contention which is supported by a considerable
body of experimental evidence. This includes a number of in
vitro studies which have demonstrated the inhibitory effects
of macrolides and macrolide-like agents, often at subminimal
inhibitory concentrations (MICs), on the production of
proinflammatory/cytocidal bacterial toxins such as (i) pneu-
molysin by Streptococcus pneumoniae [23, 24], (ii) Panton-
Valentine leukocidin and α-haemolysin by Staphylococcus
aureus [12, 13], and (iii) shiga-like toxins by enterohaem-
orrhagic strains of Escherichia coli [14–18]. In contrast,
exaggerated release of these toxins was observed when the
bacteria were exposed to beta-lactams or fluoroquinolones
[12–18, 25].

These findings have been confirmed in animal models of
experimental infection. Spreer et al. in several studies using
a rabbit model of experimental meningitis have reported
that administration of the macrolide-like agent, clindamycin,
as well as rifampicin, but not the beta-lactam, ceftriaxone,
significantly reduced concentrations of pneumolysin in
cerebrospinal fluid [19–21]. This was associated with an
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attenuated inflammatory response and decreased neuronal
injury. More recently, others have investigated the effects
of treatment with (i) ampicillin only, (ii) azithromycin or
clindamycin only, or (iii) ampicillin in combination with
either azithromycin or clindamycin on survival using a
murine model of secondary, influenza-associated pneumo-
coccal pneumonia [22]. The lowest survival rate in the
antibiotic-treated animals was observed in mice treated
with ampicillin only, while the highest rates were noted in
those treated with azithromycin or clindamycin individually
or in combination with ampicillin. Improved survival in
the azithromycin/clindamycin-treated groups was associated
with an attenuated inflammatory response in the airways
characterized by decreases in both the numbers of inflamma-
tory cells and concentrations of proinflammatory cytokines,
as well as less severe histopathological changes [22].

In addition to the aforementioned effects of macrolides
on dampening potentially harmful responses in the setting
of acute bacterial infections caused by macrolide-susceptible
pathogens, it is noteworthy that these agents have also
been reported to inhibit the production of proinflammatory
toxins by ostensibly macrolide-resistant pathogens. Notwith-
standing the inhibitory effects of macrolides on the produc-
tion of shiga toxins by E. coli mentioned previously, these
agents have also been reported to inhibit the production of
pneumolysin by macrolide-resistant strains of the pneumo-
coccus both in vitro and in vivo. In an earlier study, Lagrou
et al. reported that exposure of an ermAM-expressing, ribo-
somal methylase-producing, macrolide-resistant (MIC ≥
256μg/mL) strain of Streptococcus pneumoniae to a sub-
MIC concentration of erythromycin prevented the adherence
of the bacteria to human nasal respiratory epithelial cells
[26]. Although the growth of the bacteria was unaffected,
exposure to erythromycin almost completely attenuated
the production of pneumolysin, which was the probable
cause of interference with bacterial adherence [26]. These
findings were confirmed in a later study in which Fukuda
et al. reported that both azithromycin and clarithromycin
at concentrations of 1–4 μg/mL inhibited the production of
pneumolysin by ermB and mefE/A coexpressing, macrolide-
resistant (MIC ≥ 256μg/mL) strains of the pneumococcus
in vitro [27]. Administration of these agents to mice (40–
200 mg/kg) experimentally infected with macrolide-resistant
pneumococci was found to result in prolonged survival,
which was associated with decreased concentrations of pneu-
molysin in the airways. Similar findings have been described
by Anderson et al., who reported that exposure of an
ermB-expressing, macrolide-resistant strain of S. pneumoniae
(MIC ≥ 256μg/mL) to a range of macrolides and macrolide-
like agents (0.5μg · mL) resulted in significant attenuation
of the production of pneumolysin, while amoxicillin, cef-
triaxone, ciprofloxacin, doxycycline, and tobramycin were
ineffective [23, 24].

More recently, Cockeran et al. have attempted to iden-
tify the molecular basis of the inhibitory effects of macrolides
on the production of pneumolysin by macrolide-resistant
strains of the pneumococcus [28]. They observed that
exposure of 8 different ermB-expressing, macrolide-resistant
strains (each with an MIC value of >256 μg/mL) to

clarithromycin resulted in significant prolongation of the lag
phase of bacterial growth (4.9–12.2 hours in comparison
with 1.2–4.9 hours for non-exposed bacteria). Although
rapid induction of the ermB gene was evident, according to
a 4-fold increase in mRNA within 15 minutes of exposure to
the antibiotic, synthesis of ribosomal methylase is probably
hindered because of binding of clarithromycin to the peptide
exit tunnel of the large ribosomal subunit, blocking peptide
chain elongation [28]. The consequence is transient suscepti-
bility due to slow acquisition of the full resistance phenotype.

Additional mechanisms which have been reported to
underpin the efficacy of macrolides in murine models of
experimental infection include high levels of intracellular
accumulation of these agents by phagocytes and epithelial
cells as well as their beneficial, secondary anti-inflammatory
properties described hereinafter [29, 30].

2.1. Macrolides and Pseudomonas aeruginosa. Pseudomonas
aeruginosa is a persistent opportunistic pathogen which
colonizes the airways of immunocompromised individuals
causing a chronic, ineffectual inflammatory response. This
in turn results in inflammation-mediated tissue damage and
pulmonary dysfunction and is particularly serious in patients
with cystic fibrosis. Although macrolides do not affect the
growth of P. aeruginosa, they are nevertheless protective
by inhibiting the production of persistence-promoting and
proinflammatory virulence factors. These include (i) proad-
hesive type IV pili, (ii) tissue-damaging pseudomonal elas-
tase, (iii) proinflammatory rhamnolipid, and (iv) alginate
and biofilm [31–34]. Alginate is an exopolysaccharide which
functions as an antiphagocytic capsule, while biofilm is a
self-generated, extracellular polymer matrix in which the
pathogen is insulated against both antibiotics and the cellular
and humoral defences of the host.

These P. aeruginosa-directed anti-infective, anti-inflam-
matory activities of macrolides, including erythromycin,
clarithromycin, and azithromycin, appear to target quorum
sensing in P. aeruginosa. Quorum sensing is a mechanism
of microbial intercellular communication, utilising diffusible
signalling molecules known as autoinducers, which enable
bacteria to detect and regulate their population density
and to upregulate virulence [35]. Gram-negative bacteria
most commonly utilize type I family autoinducers known
as N-acylated-L-homoserine lactones as their primary medi-
ators of quorum sensing [35]. Both azithromycin and
clarithromycin have been reported to inhibit the production
of this class of autoinducers by P. aeruginosa [31, 36,
37]. Importantly, these effects were evident at sub-MIC
concentrations of both macrolides, which in the case of
azithromycin was 2 μg/mL [36]. In the case of biofilm forma-
tion, the quality of biofilm, as opposed to initiation of syn-
thesis, appeared to be impaired by the macrolides, resulting
in altered architecture, structure, and density, favouring the
penetration of antibiotics [36, 37]. The pathogen-directed
anti-inflammatory activities of macrolides are summarised
in Table 1.

As a strategy to counter P. aeruginosa in particular, the
aforementioned antimicrobial/anti-inflammatory activities
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Table 1: Targets of the pathogen-directed anti-inflammatory
activities of macrolide antibiotics.

(i) Synthesis and release of proinflammatory toxins and virulence
factors

(ii) Quorum sensing

(iii) Biofilm formation

of macrolides are of proven benefit in the long-term therapy
of cystic fibrosis [38], as well as the other chronic inflamma-
tory disorders of the airways described hereinafter. However,
the benefits of long-term administration of macrolides
must be balanced against the potential risks, which include
development of macrolide resistance, and, of particular
concern, increased susceptibility to infection with nontuber-
culosus mycobacteria as a consequence of interference with
lysosomal acidification [39].

3. Effects of Macrolides on Innate and
Adaptive Immune Mechanisms

In addition to pathogen-directed anti-inflammatory activity,
macrolides have also been reported to inhibit the proinflam-
matory activities of cells of both the innate and adaptive
immune systems.

3.1. Innate Immunity. In the setting of innate immunity,
the predominant anti-inflammatory activity of macrolides
appears to be achieved via the modulation of the proin-
flammatory activities of neutrophils, in particular, inhibition
of the production of the potent neutrophil activator and
chemoattractant, IL-8 [40, 41]. Increased IL-8 in sputum
and bronchoalveolar lavage is associated with severity of
chronic inflammatory diseases such as cystic fibrosis (CF)
and diffuse panbronchiolitis (DPB) [41–44]. Azithromycin,
erythromycin, and clarithromycin have been shown to atten-
uate the production and secretion of IL-8 by airway smooth
muscle cells, alveolar macrophages, and human gingival
fibroblasts [40, 45, 46], as well as other cytokines such as
(i) IL-1α and IL-2 by murine macrophages and splenocytes,
respectively; (ii) IL-1β, GM-CSF, TNF-α, and MCP-1 by
macrophages; and (iii) IL-1β, IL-6 and TNF-α from periph-
eral blood monocytes [47–53]. This is thought to result
from the suppression of nuclear translocation of several tran-
scription factors [54] by the macrolides, specifically nuclear
factor- (NF-) κB, activator-protein- (AP-) 1, and specificity
protein 1 in various types of inflammatory and structural
cells [40, 54–60]. Inhibition of intracellular signalling via
the extracellular signal-regulated kinase 1 and 2 (ERK 1/2)
and p38 mitogen-activated protein kinase (MAPK) pathways
are thought to mediate the downregulation of NF-κ-B, AP-
1, and specificity protein 1 in response to clarithromycin
[56, 57, 61–64]. In addition, azithromycin has been shown
to attenuate the LPS/IFN-γ-mediated induction of IL-12p40,
probably by the inhibition of the binding of AP-1, nuclear
factor of activated T cells (NFAT), and interferon consensus
sequence binding protein (ICSBP) to the DNA binding site
of the IL-12p40 promoter [65]. This may also prove to be an

important mechanism for regulating the anti-inflammatory
effects of azithromycin in macrophages.

Interestingly, the ability of macrolide antibiotics to
modulate cytokine expression by human neutrophils and
their ability to decrease or increase cytokines is thought to
depend on the presence or absence of bacteria [66, 67].
Clarithromycin was shown to inhibit the production of IL-
6 and TNF-α by neutrophils primed with lipopolysaccharide
(LPS), while increasing their expression when bacteria were
present [67]. Shinkai et al. reported that clarithromycin
initially increased IL-8 secretion by bronchial epithelial cells
via ERK signalling but later inhibited ERK signalling leading
to reduction (normalisation) in secretion of the chemokine.
It is suggested that immunomodulation occurs, in part, by
sequential cycles of ERK 1/2 inhibition and activation [60,
63]. This modulation of ERK 1/2 and transcription factors
is consistent and unrelated to the antimicrobial properties of
macrolides.

Notwithstanding interference with the production of IL-
8 by monocytes/macrophages and various types of structural
cells, several other mechanisms have been described by which
macrolides inhibit neutrophil migration. These include
(i) decreased synthesis and expression of the endothelial
adhesion molecules ICAM-1 and VCAM-1, possibly as a
consequence of decreased synthesis of IL-1β and TNF-α
by tissue macrophages and other cell types [68, 69], (ii)
interference with the expression of β2-integrins on activated
neutrophils [69], (iii) decreased synthesis of leukotriene B4,
a potent neutrophil chemoattractant, possibly as a secondary
consequence of inhibitory effects on cytokines/chemokines
[70], and (iv) interference with the synthesis and release of
the matrix- metalloproteinases- (MMP-), 2, 7, and 9 from
nasal polyp fibroblasts, as well as neutrophils, via antagonism
of activation of NF-κB and AP-1 [71–73]. MMPs facilitate
neutrophil migration.

In addition, macrolides may also interfere with signalling
mechanisms initiated by activation of Toll-like receptors
(TLRs). TLRs play a key role in innate host defence against
viral and microbial pathogens by promoting the release of
the neutrophil-mobilizing cytokines, IL-8, and TNF-α, from
tissue macrophages and epithelial cells in particular. Treat-
ment of monocyte-derived dendritic cells with erythromycin
resulted in up-regulation of TLR2, down-regulation of TLR3,
and no effect on expression of TLR4 [74]. However, clar-
ithromycin has been reported to downregulate the expression
of TLR4 on monocytes infected with Helicobacter pylori
[75]. These results indicate that macrolides may selectively
downregulate inflammatory responses which result from the
interaction of viruses and Gram-negative bacteria with TLR3
and TLR4, respectively, while maintaining the interaction of
Gram-positive bacteria with TLR2 [75].

Other anti-inflammatory interactions of macrolides with
neutrophils include interference with the generation of
reactive oxygen species (ROS) by these cells [76]. Although
several mechanisms may exist, membrane-stabilizing activity
has been proposed to underpin these effects by neu-
tralizing the sensitizing actions of bioactive phospho-
lipids such as lysophosphatidylcholine, platelet-activating
factor (PAF), and lysoPAF on the membrane-associated,
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superoxide-generating complex of neutrophils, NADPH oxi-
dase [77]. Macrolides have also been reported to induce
phospholipidosis in eukaryotic cells, the magnitude of which
appears to correlate with anti-inflammatory activity [78,
79]. Macrolides have also been reported to suppress the
production of another type of ROS, nitric oxide, by activated
macrophages, presumably by interfering with the induction
of inducible nitric oxide synthase via antagonism of NF-κB
[80, 81]. The anti-inflammatory interactions of macrolides
with the cells of the innate immune system are summarised
in Table 2.

In addition to their effects on neutrophils and macro-
phages, macrolides, as alluded to what is mentioned before,
can also downregulate the proinflammatory activities of
structural cells, especially epithelial cells. Airway epithelial
cells not only provide a mechanical barrier to inhaled micro-
organisms but are also involved in the direct killing of
microbial pathogens, as well as in activating other cells
of the innate immune system [63]. The upper and lower
respiratory tracts are lined by a highly specialised ciliated
columnar epithelium which, together with the mucous layer
covering these cells, constitute the mucociliary escalator
which functions to keep the lower respiratory tract pathogen-
free [82]. Macrolides have been shown to stimulate ciliary
beat frequency and improve mucociliary clearance [83, 84].
Moreover, erythromycin, azithromycin, clarithromycin, and
roxithromycin have been shown to inhibit chemotaxis and
infiltration of neutrophils into the airways and subsequently
suppress the synthesis and release of mucus by inhibiting
muc5ac gene expression [68, 85–87]. Clarithromycin inhibits
muc5ac gene expression, while azithromycin has been shown
to inhibit muc5ac production in an ERK 1/2-dependent
manner [68, 88]. Macrolides may also decrease sputum
production by inhibiting chloride secretion [68]. In addition
to these anti-inflammatory effects of macrolides on epithelial
cells, these agents have also been reported to protect ciliated
respiratory epithelium against the damaging effects of host-
derived bioactive phospholipids [89].

3.2. Adaptive Immunity. Although lymphocytes are essential
for adaptive immune responses to pathogens, they may
also play a harmful role in inflammatory conditions such
as autoimmunity and bronchial asthma. Several studies
have described the anti-inflammatory effects of macrolides
on lymphocytes, particularly T-lymphocytes. These include
inhibition of proliferation of (i) Jurkat T cells treated with
erythromycin and its non-antibacterial derivatives [90]; (ii)
CD4 T cells, when clarithromycin- and roxithromycin-
treated and untreated dendritic cells were used as antigen
presenting cells [91]; (iii) peripheral blood mononuclear
cells treated with azithromycin, clarithromycin, and rox-
ithromycin and activated with concanavalin-A or toxic shock
syndrome toxin-1 [92]; and (iv) T cells from house dust
mite allergen-sensitive bronchial asthma patients treated
with roxithromycin and stimulated with mite antigen [93].
In contrast, cystic fibrosis patients who were treated with
clarithromycin (250 mg/day) and followed for a year showed
a sustained increase in the ex vivo proliferative responses

of peripheral blood lymphocytes activated with the T-
cell mitogen, phytohemagglutinin [94], possibly reflecting
transient inhibitory effects of the macrolides.

The effects of macrolides on cytokine production by
T-lymphocytes have also been described in a number of
studies. In their study, Pukhalsky et al. reported reversal
of the serum IFN-γ/IL-4 ratio in cystic fibrosis patients
treated with clarithromycin, compatible with a potentially
beneficial elevation in the Th1/Th2 ratio [94]. Others also
reported that roxithromycin and clarithromycin increased
the Th1/Th2 ratio by decreasing production of IL-4 and
IL-5, without affecting IL-2 and IFN-γ levels in several
experimental systems, including (i) T cells isolated from the
blood of healthy and allergic rhinitis subjects [95], (ii) house
dust mite antigen-induced responses of peripheral blood
lymphocytes of mite-sensitive bronchial asthma patients
[93], and (iii) mononuclear leucocytes, isolated from the
blood of healthy donors and stimulated with phorbol 12-
myristate 13-acetate (PMA) and ionomycin [96]. In contrast
to these findings, Park et al. reported that patients with
diffuse panbronchiolitis, receiving long-term treatment with
erythromycin, showed decreased levels of IL-2 and IFN-γ,
in the setting of increased levels of IL-4, IL-5, and IL-13
in the bronchoalveolar lavage fluid, suggesting a shift from
Th1 to Th2 cytokine production following treatment with
the macrolide [97]. Inhibition of the production of cytokines
by T-lymphocytes by macrolides was also demonstrated in
various other studies [91, 92, 98].

T-cell chemotaxis and apoptosis are also affected by
treatment with macrolides. Th1, Th2, but not T regulatory
cells, treated with roxithromycin, elicited reduced chemo-
tactic responses to the chemokines IP10 (IFN-γ-inducible
protein 10) and TARC (thymus- and activation-regulated
chemokine) [99]. In addition, erythromycin, clarithromycin,
azithromycin, and josamycin have been reported to induce
apoptosis in lymphocytes, potentially reducing the number
of lymphocytes in the lungs of patients with chronic
respiratory tract diseases [90, 100–102].

Apart from effects on T cells, macrolides also appear
to affect B-lymphocytes, specifically the expression of co-
stimulatory molecules. Asano et al. reported that treatment
of B-lymphocytes isolated from BALB/c mice spleens with
roxithromycin (5.0 μg/mL) resulted in significant suppres-
sion of the expression of the costimulatory molecules, CD40,
CD80, and CD86, induced by antigenic stimulation in vitro
[103]. The anti-inflammatory interactions of macrolides
with cells of the adaptive immune system are shown in
Table 3.

From a mechanistic perspective, these immunomod-
ulatory activities of macrolides appear to be polymodal.
Nonetheless, the weight of evidence favours inhibition of
extracellular signal-regulated kinase 1/2 (ERK 1/2) phospho-
rylation and NF-κB activation as being the predominant
mechanisms [104, 105].

4. Immunolides

The clinical efficacy of macrolides in the therapy of appar-
ently nonmicrobial chronic inflammatory diseases of the
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Table 2: Anti-inflammatory effects of macrolides on phagocytes and structural cells.

Cellular target Altered function Mechanisms

Neutrophils
↓Migration

Interference with (i) production of IL-8 and TNF-α by macrophages and
structural cells, (ii) decreased expression of adhesion molecules on vascular
endothelium and neutrophils, and (iii)↓ production/release of MMPs by
fibroblasts and neutrophils

↓ production of ROS
Interference with NADPH oxidase, possibly by antagonizing the sensitizing
actions of bioactive phospholipids

Macrophages
↓ cytokine production (IL-1β,
IL-6, IL-8, TNF-α)

Interference with intracellular signalling mechanisms and transcription factor
activation, resulting in suppression of gene expression

↓ decreased NO production As above, resulting in decreased expression of the gene encoding iNOS

Airway epithelial cells,
fibroblasts, smooth
muscle cells

↓ cytokine production (IL-8,
TNF-α)

As above

Table 3: The anti-inflammatory effects of macrolides on T- and B-lymphocytes.

Cellular target Altered function Mechanisms

T-lymphocytes ↓ Proliferation

Interference with (i) expression of NFκB,(ii) cellular
JNK & ERK activity, and (iii) IFN-γ levels
(enhancement may contribute to anti-proliferative
activity)

T-lymphocytes
↓ Cytokines of either Th1 (IL-2, TNF-α,
IFN-γ), Th2 (IL-4, IL-5, IL-10, IL-13) or
both cell types

Interference with cellular JNK and ERK activity

T-lymphocytes ↓ Chemotaxis
Interference with F-actin polymerization and Ca2+

influx

T-lymphocytes ↑ Apoptosis
Interference with (i) NF-κB activity,(ii) Bcl-xL
expression, and (iii) Fas-Fas ligand pathway

B-lymphocytes
↓ Costimulatory molecules (CD40,
CD80, CD86)

—

Abbreviations: NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; JNK: c-Jun N-terminal kinases; ERK: extracellular-signal-regulated
kinases; Bcl-xL: B-cell lymphoma-extra large.

airways has triggered the design and development of a
novel class of macrolides, known as immunolides, which
are attenuated with respect to antimicrobial activity in the
setting of retention of anti-inflammatory properties [56,
106]. These include (i) 9- (S)-dihydroerythromycin deriva-
tives which have been demonstrated to possess impressive
anti-inflammatory activity in a murine model of phorbol
ester-induced ear oedema [107], and (ii) more recently,
the EM900 series of novel 12-membered, erythromycin-A-
derived nonantibiotic macrolides [108]. EM900 was found
to promote monocyte to macrophage differentiation, while
suppressing activation of NF-κB and IL-1β, IL-8, and TNF-
α gene expression in a human airway epithelial cell line
(A549) activated with IL-1β, as well as mucin (muc5ac) gene
expression by HM3-muc5ac cells [58]. Although promising,
the development of immunolides remains in the preclinical
stages. Nonetheless, it is our belief that it is the combination
of antimicrobial and immunomodulatory properties, as
described previously, that is most likely to confer optimum
anti-inflammatory activity on the macrolide/azalide/ketolide
group of antibiotics.

5. Clinical Conditions for Which Macrolides Are
Used Primarily for Their Anti-Inflammatory,
Immunomodulatory Properties

Many of the medical conditions for which macrolides are
used primarily for their alternative properties, rather than
their antimicrobial activity, are chronic disorders of the
airway, of both the upper and lower respiratory tract, in
which inflammation plays a major pathogenic role [109–
112]. While in some of these disorders, such as DPB and
CF, evidence for macrolide use is well accepted so that
these agents have been included internationally as part of
the standard of care, in other conditions, however, the
evidence is somewhat less well established, and here these
agents are used much more selectively, and particularly in
cases that are not responding adequately to more standard
therapy. The alternative mechanisms by which macrolides
appear to have benefit mostly relate to the cytoprotective
effects of these agents on human-ciliated epithelium, their
anti-inflammatory, immunomodulatory activity, and their
inhibitory activity against quorum sensing mechanisms
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Table 4: Conditions for which macrolide use may be beneficial, pri-
marily as a result of their anti-inflammatory, immunomodulatory
activity.

(i) Diffuse panbronchiolitis

(ii) Cystic fibrosis (CF)

(iii) Non-CF bronchiectasis

(iv) Bronchiolitis obliterans

(v) Chronic obstructive pulmonary disease

(vi) Asthma

(vii) Pneumonia

of a number of important respiratory tract pathogens as
mentioned previously [69, 104, 110, 111, 113–116]. Table 4
indicates some of the more common conditions for which
macrolide use has been considered. Hereinafter are brief
summaries of the evidence for the possible benefits and/or
roles of macrolides in various medical conditions, based on
an overview of appropriate scientific studies and reviews.

5.1. Diffuse Panbronchiolitis (DPB). DPB is a chronic inflam-
matory disorder of the airway occurring in many population
groups, but being most common among individuals of
Japanese origin [109–112]. The major presentation is with
cough, sputum production, and progressive shortness of
breath, and patients very frequently become colonised with
pseudomonal isolates. Without any treatment the outcome
of DPB is dismal. Chronic low-dose macrolide therapy is the
treatment of choice and has had a major positive impact on
the natural history of this condition [109–112, 117–130].

5.2. Cystic Fibrosis (CF). CF is an autosomally recessive
inherited disorder occurring predominantly in Caucasian
populations in which abnormalities in epithelial cell ion
transport occur as a consequence of defects in the CF trans-
membrane regulator, resulting in increased sputum viscosity,
stasis of secretions, airway infection and inflammation, and
progressive bronchiectasis. A myriad of studies has been
conducted in the past 10 years evaluating the possible role of
long-term macrolide therapy in this condition [94, 110–112,
131–153]. When evaluating these as a whole there is clear-
cut evidence that long-term macrolide treatment has benefit
with regard to clinically relevant end-points in patients with
CF and macrolide therapy features prominently in guidelines
for its management, particularly in those cases infected with
Pseudomonas aeruginosa who have associated deterioration
in lung function. It is interesting to note that the mechanisms
of action of macrolides in such CF patients appear to relate
not only to their antineutrophil, anti-inflammatory activities
but also to their detrimental effects on the biology of P.
aeruginosa, which have been well characterised [94, 110–
112, 130–153].

5.3. Non-CF Bronchiectasis. Bronchiectasis is a condition
most commonly occurring as a consequence of chronic
airway infection and inflammation. In this disorder, airway
obstruction mainly associated with bacterial infection, and

its associated airway inflammation, leads to a “vicious circle”
of chronic infection and inflammation with progressive
damage to the ciliated epithelium lining the airways and
subsequently its underlying structures. The condition is
associated not only with airway disease punctuated by
recurrent acute infective exacerbations but also with chronic
systemic debility leading to considerable morbidity and even
mortality. Since chronic airway inflammation is central to
its pathogenesis and few other therapies have been shown to
alter the natural course of the condition, it is not surprising
that anti-inflammatory therapies of all sorts have been tried
in this condition, of which the macrolides appear to be the
most promising [36, 154–177]. Interest in macrolide use
for non-CF bronchiectasis was developed following their
successful use in patients with CF. Beneficial effects of long-
term macrolide use for non-CF bronchiectasis have been
found in small clinical trials. In most of these studies there
was clear evidence of a decrease in sputum volume and, in
some, a decrease in exacerbation frequency. Furthermore,
in a small number in which this was tested there was an
improvement in lung function parameters or a decrease in
airway hyperreactivity. The common recommendation for
this condition is to try macrolide therapy in selected cases for
3–6 months and to discontinue treatment if there is no clear
evidence of benefit to the patient in terms of improvement in
quality of life or reduction in exacerbation frequency.

5.4. Bronchiolitis Obliterans (BOs). BO is one of the manifes-
tations of chronic rejection following lung or bone marrow
transplant and is a major cause of limited survival and
death in lung transplant recipients. Although the exact
pathogenesis has still to be unravelled, it appears to result as a
consequence of repeated insults to the airways. More recently
there has been considerable interest in using macrolides
for this serious condition for which other therapies have
been rather disappointing or are associated with considerable
side-effects [178–189]. Studies have been undertaken to
investigate not only the effects of macrolides as therapy
for this condition but also, more recently, its prevention.
In reviewing the various therapeutic studies, it has been
said that there are differences in the clinical spectrum and
macrolide response of patients with BO and that those cases
associated with a predominantly neutrophilic pathogenesis
are macrolide responsive, while those associated with a pre-
dominantly fibroproliferative response (so-called traditional
BO) are not.

5.5. Chronic Obstructive Pulmonary Disease (COPD). In
more recent definitions of COPD, due recognition is given to
the fact that in this condition there is an abnormal inflamma-
tory process in the airways, which, although initially is most
commonly associated with cigarette smoking, at some stage
becomes self-perpetuating and contributes to the progressive
deterioration that may be seen in patients with COPD, even
in those that quit smoking. While macrolides may be used for
the antibiotic management of acute exacerbations of COPD,
studies have also been conducted wherein these agents
are used for their anti-inflammatory, immunomodulatory
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activities and their effects on mucus secretion. In most of
these studies a reduction in sputum production, as well
as improvement in the quality of the sputum, has been
noted, while in some an improvement in quality of life,
various clinical end-points, and occasionally in lung function
parameters has been seen. Importantly, some studies have
suggested that macrolide therapy may alter the course of
COPD by reducing both the number and the duration of
acute exacerbations [68, 109, 190–199].

5.6. Asthma. It has been recognised for a number of years
that asthma is a chronic inflammatory disorder of the
airways, the inflammation being mediated by a variety
of cells and mediators which are responsible for the
manifestations including the symptoms, the lung function
abnormalities, and the airway hyperresponsiveness. Therapy
is therefore primarily with anti-inflammatory agents, par-
ticularly inhaled corticosteroids, but a number of the other
drugs used in asthma treatment have also been recognised to
have anti-inflammatory activity. While much of the airway
inflammation may be driven by allergic/atopic responses,
it has also been suggested that chronic lower respiratory
tract infection with Mycoplasma pneumoniae and Chlamydia
pneumoniae, both microorganisms that are responsive to
macrolide therapy, may initiate airway inflammation and
asthma and is therefore potentially amenable to macrolide
therapy. All of these considerations provide the rationale for
the use of macrolides in asthma, in the hope of achieving
more effective asthma control. Although a number of
studies have been undertaken over more recent years using
different macrolides, with some showing modest benefits,
the overall data suggests that there is no role for long-term
macrolide therapy in asthma, although such treatment may
be of benefit in some subgroups of patients, such as those
described previously [200–214].

5.7. Pneumonia. Antibiotic therapy in patients with pneu-
monia is short course, aimed at treating the infection
and eradicating the microorganism. However, there is still
considerable ongoing debate as to what antibiotic regi-
men constitutes optimal therapy in hospitalised cases with
community-acquired pneumonia (CAP), including those
that require intensive care unit (ICU) admission. A myriad
of studies in more severely ill-hospitalised patients with
CAP has suggested that the outcome is improved by using
combination antibiotic therapy, most commonly with the
addition of a macrolide to standard beta-lactam therapy
[215–226]. This understanding needs to be counterbal-
anced by additional studies suggesting that the outcome is
similar when comparing fluoroquinolone monotherapy to
the beta-lactam/macrolide combination in noncritically ill-
hospitalised patients [227–229]. Thus for cases not in the
ICU, most guidelines recommend either option, whereas in
ICU patients, combination therapy is always recommended
irrespective of which of these agents is used. Interestingly, in
one study in intubated patients in the ICU, the outcome was
better with the use of the macrolide rather than the fluoro-
quinolone combination [226]. The reason that combination

therapy with macrolides is associated with an improved
outcome in patients with CAP is uncertain and may be
multifactorial; however, many believe that it may relate to
the anti-inflammatory immunomodulatory effects of these
agents [229]. Two recent studies appear to support this
contention [230, 231]. In the first study, macrolide use was
associated with decreased mortality in patients with CAP and
severe sepsis even when the infection was due to macrolide-
resistant pathogens. Furthermore, a placebo-controlled, ran-
domised, clinical trial, undertaken to investigate whether
patients with sepsis and ventilator-associated pneumonia
(VAP), predominantly due to Gram-negative pathogens, had
improved outcome when a macrolide was added to stan-
dard antibiotic therapy, demonstrated that clarithromycin
accelerated the resolution of VAP and the weaning from
mechanical ventilation and delayed death in those that
ultimately died of sepsis. In addition, in a very recent review
of the literature, Kovaleva, et al. concluded that macrolides
appear to attenuate the inflammatory response during CAP
[232]. In support of this contention, Walkey and Weiner have
reported, also very recently, that patients with acute lung
injury (ALI), predominantly associated with pneumonia,
who were treated with macrolides, had a significantly lower
180-day mortality and shorter time to successful discontin-
uation of mechanical ventilation relative to those patients
treated with fluoroquinolones or cephalosporins [233].

5.8. Upper Respiratory Tract Disorders. A number of studies
have also been undertaken investigating the use of macrolides
in upper airway conditions, such as chronic rhinosinusitis,
and appear to show promise [234–244]. Such studies clearly
suffer from the methodological issues discussed hereinafter
and need to be repeated in appropriate fashion before
conclusions can be drawn about the value of macrolides
and their use in upper airway diseases, although recom-
mendations for macrolide use do appear in many of the
international guidelines on rhinosinusitis management, in
certain circumstances. As in many of the conditions already
discussed, these potential benefits are thought to relate
to the anti-inflammatory, immunomodulatory activity of
macrolides and their effects on the virulence of and tissue
damage caused by the chronic colonising bacteria [234–244].

6. Conclusions

It is clear from the various studies that macrolides have a
clear-cut role in conditions such as DPB and CF, and possibly
additional beneficial effects on morbidity, and possibly even
mortality, in various other airway disorders. Furthermore,
additional studies have also uncovered potential beneficial
effects in various disorders unrelated to the airway. Many
of these studies suffer from the fact that they are limited
in terms of size, patient numbers, and length of treatment
and follow-up. It is therefore clear that in many of these
conditions further studies are needed in order to clarify such
questions as in which patients these agents should be used,
which macrolide drugs is/are best, what dosing schedules are
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appropriate, for how long should treatment be continued,
and what are the long-term side-effects?

References

[1] Wikipedia, the free encyclopedia, Macrolide, 2011, http://
en.wikipedia.org/wiki/Macrolide.

[2] J. M. Zuckerman, F. Qamar, and B. R. Bono, “Review
of macrolides (azithromycin, clarithromycin), ketolides
(telithromycin) and glycylcyclines (tigecycline),” Medical
Clinics of North America, vol. 95, no. 4, pp. 761–791, 2011.

[3] G. Foulds, R. M. Shepard, and R. B. Johnson, “The phar-
macokinetics of azithromycin in human serum and tissues,”
Journal of Antimicrobial Chemotherapy, vol. 25, supplement,
pp. 73–82, 1990.

[4] F. Fraschini, F. Scaglione, G. Pintucci, G. Maccarinelli,
S. Dugnani, and G. Demartini, “The diffusion of clar-
ithromycin and roxithromycin into nasal mucosa, tonsil and
lung in humans,” Journal of Antimicrobial Chemotherapy, vol.
27, pp. 61–65, 1991.

[5] J. M. Zuckerman, “Macrolides and ketolides: azithromycin,
clarithromycin, telithromycin,” Infectious Disease Clinics of
North America, vol. 18, no. 3, pp. 621–649, 2004.

[6] G. L. Mandell, “Delivery of antibiotics by phagocytes,”
Clinical Infectious Diseases, vol. 19, no. 5, pp. 922–925, 1994.

[7] T. Tenson, M. Lovmar, and M. Ehrenberg, “The mechanism
of action of macrolides, lincosamides and streptogramin B
reveals the nascent peptide exit path in the ribosome,” Journal
of Molecular Biology, vol. 330, no. 5, pp. 1005–1014, 2003.

[8] G. Kaiser, “Protein synthesis inhibitors: macrolides
mechanism of action animation. Classification of agents
Pharmamotion,” The Community College of Baltimore
County, 2011, http://en.wikipedia.org/wiki/Protein synthe-
sis inhibitor.

[9] H. M. Marriott, T. J. Mitchell, and D. H. Dockrell, “Pneu-
molysin: a double-edged sword during the host-pathogen
interaction,” Current Molecular Medicine, vol. 8, no. 6, pp.
497–509, 2008.

[10] H. Tsujimoto, S. Ono, P. A. Efron, P. O. Scumpia, L. L.
Moldawer, and H. Mochizuki, “Role of toll-like receptors in
the development of sepsis,” Shock, vol. 29, no. 3, pp. 315–321,
2008.

[11] O. Takeuchi and S. Akira, “Pattern recognition receptors and
inflammation,” Cell, vol. 140, no. 6, pp. 805–820, 2010.

[12] P. T. Kimmitt, C. R. Harwood, and M. R. Barer, “Induction
of type 2 Shiga toxin synthesis in Escherichia coli 0157 by 4-
quinolones,” The Lancet, vol. 353, no. 9164, pp. 1588–1589,
1999.

[13] J. Murakami, K. Kishi, K. Hirai, K. Hiramatsu, T. Yamasaki,
and M. Nasu, “Macrolides and clindamycin suppress the
release of Shiga-like toxins from Escherichia coli O157:H7 in
vitro,” International Journal of Antimicrobial Agents, vol. 15,
no. 2, pp. 103–109, 2000.

[14] C. S. Wong, S. Jelacic, R. L. Habeeb, S. L. Watkins, and P.
I. Tarr, “The risk of the hemolytic-uremic syndrome after
antibiotic treatment of Escherichia coli O157:H7 infections,”
New England Journal of Medicine, vol. 342, no. 26, pp. 1930–
1936, 2000.

[15] D. L. Stevens, Y. Ma, D. B. Salmi, E. McIndoo, R. J. Wallace,
and A. E. Bryant, “Impact of antibiotics on expression of
virulence-associated exotoxin genes in methicillin-sensitive
and methicillin-resistant Staphylococcus aureus,” Journal of
Infectious Diseases, vol. 195, no. 2, pp. 202–211, 2007.

[16] O. Dumitrescu, C. Badiou, M. Bes et al., “Effect of antibiotics,
alone and in combination, on Panton-Valentine leukocidin
production by a Staphylococcus aureus reference strain,”
Clinical Microbiology and Infection, vol. 14, no. 4, pp. 384–
388, 2008.

[17] A. Serna IV and E. C. Boedeker, “Pathogenesis and treatment
of Shiga toxin-producing Escherichia coli infections,” Current
Opinion in Gastroenterology, vol. 24, no. 1, pp. 38–47, 2008.

[18] C. M. McGannon, C. A. Fuller, and A. A. Weiss, “Different
classes of antibiotics differentially influence shiga toxin
production,” Antimicrobial Agents and Chemotherapy, vol. 54,
no. 9, pp. 3790–3798, 2010.

[19] A. Spreer, H. Kerstan, T. Böttcher et al., “Reduced release
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Human respiratory syncytial virus (RSV) sometimes causes acute and severe lower respiratory tract illness in infants and young
children. RSV strongly upregulates proinflammatory cytokines and the platelet-activating factor (PAF) receptor, which is a receptor
for Streptococcus pneumoniae, in the pulmonary epithelial cell line A549. Clarithromycin (CAM), which is an antimicrobial agent
and is also known as an immunomodulator, significantly suppressed RSV-induced production of interleukin-6, interleukin-8, and
regulated on activation, normal T-cell expressed and secreted (RANTES). CAM also suppressed RSV-induced PAF receptor expres-
sion and adhesion of fluorescein-labeled S. pneumoniae cells to A549 cells. The RSV-induced S. pneumoniae adhesion was thought
to be mediated by the host cell’s PAF receptor. CAM, which exhibits antimicrobial and immunomodulatory activities, was found in
this study to suppress the RSV-induced adhesion of respiratory disease-causing bacteria, S. pneumoniae, to host cells. Thus, CAM
might suppress immunological disorders and prevent secondary bacterial infections during RSV infection.

1. Introduction

Human respiratory syncytial virus (RSV) is one of the most
important infectious agents causing acute lower respiratory
tract illness, such as bronchiolitis and pneumonia, in infants
and young children [1, 2]. Viral RNA generated during
RSV replication is recognized by host pattern recognition
molecules, such as Toll-like receptor 3 (TLR3) and retinoic
acid inducible gene-I (RIG-I), and it induces type I and type
III interferon [3, 4]. Transcriptional induction of proinflam-
matory cytokines, chemokines, and interferons is mediated
by NF-κB and interferon regulatory factors (IRFs) [5, 6].
These mediators are believed to contribute to the patho-
physiology of RSV infection, such as mucous hypersecretion,
swelling of submucous, and infiltration of lymphocytes,
neutrophils, eosinophils, and macrophages [7].

Frequently, there are coinfections with respiratory
viruses, including RSV, and bacteria that cause community-
acquired respiratory diseases, such as Streptococcus pneumo-
niae and Haemophilus influenzae. There is evidence for a
positive correlation between infections with S. pneumoniae
and RSV in the pathogenesis of otitis media, pneumonia,
and meningitis [8–11]. S. pneumoniae and H. influenzae
colonize to the host respiratory epithelium via host cell
surface receptors, such as the platelet-activating factor (PAF)
receptor [12–14]. These bacteria interact with the PAF
receptor via phosphorylcholine, which is a component of the
bacterial cell surface. Both live and heat-killed S. pneumoniae
cells show an increased adhesion to human epithelial cells
infected with RSV [15]. The upregulation of PAF receptor
expression that is induced by respiratory virus infections,
including those caused by RSV, results in the enhanced
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adhesion of S. pneumoniae and H. influenzae to respira-
tory epithelial cells [15–17]. PAF receptor expression and
S. pneumoniae cell adhesion are also upregulated by exposure
to acid, which causes tissue injury and an inflammatory
response [18].

Clarithromycin (CAM) is 14-membered ring macrolide
antibiotic that also acts as a biological reaction modifier with
anti-inflammatory properties. In Japan, CAM is applied to
diffuse panbronchiolitis, chronic bronchiolitis, otitis media,
and chronic sinusitis as an immunomodulator [19–21]. The
anti-inflammatory mechanism of CAM has not yet been
completely clarified, but one of the important mechanisms
for its anti-inflammatory action is considered to be the
suppression of NF-κB [22–24].

Recently, we reported that fosfomycin, which is an
antibiotic, suppressed RSV-induced interleukin (IL)-8, reg-
ulated on activation, normal T-cell expressed and secreted
(RANTES), and the PAF receptor by suppressing NF-κB
activity [25, 26]. On the other hand, Wang et al. report that
CAM suppressed rhinovirus-induced Staphylococcus aureus
and H. influenzae adhesions to nasal epithelial cells [27]. So
we anticipate that CAM suppresses RSV-induced bacterial
adhesion to epithelial cells, because expression of PAF
receptor is controlled by NF-κB [28, 29]

In the present study, we examined the effect of CAM
on cytokine production, PAF receptor expression, and RSV
infection-induced S. pneumoniae adhesion to respiratory
epithelial cells.

2. Materials and Methods

2.1. Viruses, Cell Lines, Bacteria, and Reagents. RSV strain
Long, human type II pulmonary epithelial cell line A549 and
S. pneumoniae strain R6 were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). RSV was
grown in HEp-2 cells. The virus titer of RSV was determined
using a plaque-forming assay with HEp-2 cells as the indi-
cator cells [25]. RSV infection to A549 cells was performed
at multiplicity of infection (MOI) of 1. CAM was donated
by Abbott Japan (Tokyo, Japan). A PAF receptor antago-
nist, 1-O-hexadecyl-2-acetyl-sn-glycero-3-phospho(N,N,N,-
trimethyl)-hexanolamine, was purchased from Calbiochem-
Merck (Darmstadt, Germany). An NF-κB inhibitor, pyrroli-
dine dithiocarbamate (PDTC), was purchased from Sigma-
Aldrich (St. Louis, MO).

2.2. Measurement of Cytokine Production. A549 cells were
infected with RSV at MOI of 1. After 24-hour infection, cul-
ture supernatants of RSV-infected and -uninfected cells were
collected. The amounts of IL-6, IL-8, and RANTES in the
culture supernatants were determined by enzyme-linked
immunosorbent assay (ELISA) (DuoSet ELISA development
kit, R&D systems, Minneapolis, MN).

2.3. Reverse Transcription-Polymerase Chain Reaction
(RT-PCR). Semiquantitative RT-PCR was carried out as
described previously [4, 30].

2.4. Flow Cytometry. The cell surface expression of the PAF
receptor was examined by flow cytometry as previously
described [26]. The cells were harvested from culture flasks
using a cell scraper and then incubated with 2.5 μg/mL
of mouse anti-PAF receptor monoclonal antibody (11A4
(clone 21); Cayman Chemical, Ann Arbor, MI) or mouse
IgG2a, κ isotype control antibody (eBioscience, San Diego,
CA). After incubation at 4◦C for 30 min, cells were col-
lected by centrifugation and washed once with Dulbecco’s
phosphate-buffered saline (PBS (−)). Cell suspensions were
incubated with a phycoerythrin-conjugated goat anti-mouse
IgG F(ab)2 fragment antibody (1 : 100 dilution) (Abcam,
Cambridge, UK) at 4◦C for 30 min, and the stained cells were
assessed with FACSCalibur (BD Bioscience, San Jose, CA).

2.5. Bacterial Adhesion Assay. S. pneumoniae adhesion was
assayed using fluorescein-isothiocyanate- (FITC-) labeled
S. pneumoniae as previously described [26]. Briefly, a bac-
terial suspension in 0.1 M NaCl-50 mM sodium carbonate
buffer (pH9.5) at 1 × 108 CFU/mL was prepared. FITC
isomer-I (Dojindo Laboratories, Kumamoto, Japan) was
added at a concentration of 1 mg/mL, and the mixture was
incubated at 4◦C for 1 h. The cells were washed three times
with PBS (−).

CAM was added to monolayers of A549 cells 1 h prior to
RSV infection. The A549 cells infected with RSV at an MOI
of 1 for 24 h and uninfected A549 cells were incubated with
FITC-labeled S. pneumoniae cells at MOI of 10 for 30 min
at 37◦C. For the control experiments, either 20 μg/mL of the
PAF receptor antagonist or 10 μg/mL of the mouse anti-PAF
receptor monoclonal antibody (11A4(clone 21)) was added
to the A549 cells 1 h prior to the addition of the FITC-labeled
bacteria. The cell monolayer was gently washed three times
with PBS (−) and observed by fluorescence microscopy.
Alternatively, the cells were harvested with cell scraper and
then assessed by flow cytometry as previously described [26].

3. Results

First, we examined the effect of CAM on RSV replication
in A549 cells. RSV infection to A549 cells was performed
at MOI of 1. After 24 and 36 h of infection, significant
alterations of the RSV titers or expression levels of G mRNA
were not observed by the addition of CAM even at a
concentration of 100 μg/mL (Figure 1).

When A549 cells were infected with RSV at MOI of
1, RANTES, IL-8, and IL-6 were markedly induced. These
cytokine inductions were significantly suppressed in the
presence of CAM in a dose-dependent manner (Figure 2).
The degree of suppression by CAM was less than that by an
NF-κB inhibitor, PDTC.

PAF receptor expression on the cell surface is upregulated
during RSV infection in A549 cells [26]. The RSV-induced
upregulation of the PAF receptor was significantly suppressed
by CAM and PDTC in a dose-dependent manner (Figure 3).
The degree of suppression by CAM was slightly less than that
by PDTC. Suppression of the PAF receptor expression was
also observed when A549 cells were posttreated with CAM
(4 or 12 h after RSV infection) (data not shown).
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Figure 1: Effects of CAM on RSV G mRNA expression (a) and production of infectious virus particles (b) in A549 cells infected with RSV.
One hour before RSV infection, CAM was added to A549 cell culture at the indicated concentration. A549 cells were infected with the RSV
at MOI of 1. (a) RT-PCR. After 24 h of infection, total RNAs were extracted from the cells. The mRNA levels of RSV G were determined
by RT-PCR. The mRNA levels of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were carried out as a control. (b) Plaque-
forming assay. After 24 h and 36 h infection, the culture supernatants were corrected. Virus titers in the supernatants were determined by
plaque-forming assay using Hep-2 cells as the indicator cell. Each experiment was performed in quadruplicate. The mean value and standard
deviation are shown.

We examined the adhesion of FITC-labeled S. pneumo-
niae cells to A549 cells by fluorescence microscopy (Figure 4)
and flow cytometry (Figure 5). RSV infection significantly
enhanced the adhesion of S. pneumoniae to A549 cells,
and this enhancement was suppressed by adding a PAF
receptor antagonist (Figures 4 and 5) or anti-PAF receptor
monoclonal antibody (data not shown). This result indicated
that the RSV-induced S. pneumoniae adhesion occurs via
the PAF receptor on A549 cells. The bacterial adhesion was
significantly suppressed by CAM, as well as PDTC.

These lines of evidence confirmed that the expression of
the PAF receptor was induced by RSV infection and indicated
that this induction, and subsequent RSV-induced S. pneumo-
niae adhesion, can be suppressed by CAM treatment.

4. Discussion

Macrolides, with the exception of the 16-membered ring
type, have both anti-inflammatory and antibacterial func-
tions [20, 21]. One of the important mechanisms of anti-
inflammatory action is the suppression of NF-κB activation
[22–24]. Our recent studies show that RSV upregulates
proinflammatory cytokines, such as IL-6, and chemokines,
such as IL-8 and RANTES, in the respiratory epithelial cell
line A549. Furthermore, the induction of chemokines by
RSV is significantly suppressed by an antibiotic, fosfomycin,
via suppression of NF-κB activation [25]. In the present
study, CAM was shown to suppress IL-6, IL-8, and RANTES,
which are induced by RSV infection, at concentrations of 10
and 100 μg/mL. Patel et al. reported that the concentration of
CAM in fluid of the bronchopulmonary epithelial lining was
34.2±5.16μg/mL at 4 h, 23.01±11.9μg/mL at 12 h in healthy
adults orally administered CAM 500 mg [31]. We observed
that CAM did not affect RSV replication even at a concen-
tration of 100 μg/mL. However, it is reported that respiratory
virus, such as RSV [32], rhinovirus [33, 34], and influenza

virus [35], replication is suppressed by 14-membered ring
macrolides, including CAM. The reasons of contradictory
results between the report of Asada et al. [32] and our
present study have been unclear. These two studies used
different types of epithelial cells and different experimental
conditions of RSV infection. Asada et al. used primary
human tracheal epithelial cells, and in contrast we used A549
cell line. Asada et al. carry out infection at a lower titer of
RSV (10−3 TCID50/cell) and measuring virus titer at a longer
period (3–5 days) after infection. Our results indicated that
suppression of the RSV-induced cytokines by CAM was not
caused by the amount of replicated RSV. In other words,
CAM was suggested to have suppressive activity of cytokine
production independent of viral replication. Both IL-8
and RANTES, which are strongly upregulated during RSV
infection, play important roles in pathogenesis [36, 37].
IL-8 primarily activates neutrophils and promotes their
migration. RANTES is secreted from respiratory epithelial
cells and promotes migration of eosinophils, basophils,
monocytes, and neutrophils. In particular, RANTES is an
efficient eosinophil chemoattractant involved in the patho-
genesis of asthma [38]. CAM has been suggested to suppress
the inflammatory disorders induced by RSV.

In the present study, we also observed that CAM sup-
pressed enhanced S. pneumoniae adhesion by RSV infection
in A549 cells. The RSV-induced S. pneumoniae adhesion
was mainly mediated by host PAF receptor, as indicated by
that suppressed by the PAF receptor antagonist and anti-
PAF receptor monoclonal antibody. The PAF receptor acts
as a receptor for S. pneumoniae and H. influenzae [12–
14]. Transcription of the PAF receptor gene is controlled by
NF-κB [28, 29]. We confirmed it by that the RSV-induced
PAF receptor expression and S. pneumoniae adhesion were
suppressed by an NF-κB inhibitor, PDTC. We revealed that
CAM also suppressed PAF receptor expression induced by
RSV infection and S. pneumoniae adhesion to RSV-infected
A549 cells. It should be caused by the suppression of
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Figure 2: Effects of CAM and PDTC on RSV-induced RANTES (a),
IL-8 (b), and IL-6 (c) production in A549 cells. One hour before
RSV infection, CAM or PDTC is added to A549 cell culture at the
indicated concentration. A549 cells were infected with the RSV at
MOI of 1. After 24 h of infection, the culture supernatants were
collected, and each cytokine in the supernatants was determined
by ELISA. The experiments were performed in triplicate. The mean
value and standard deviation were calculated. Statistical difference
was examined by Student’s t-test. ∗P < 0.01 compared to cytokine
production without any reagent treatment in uninfected cells and
RSV-infected cells, respectively.

NF-κB activated by RSV infection. Recently, Wang et al.
[27] reported that CAM suppressed rhinovirus-induced
S. aureus and H. influenzae adhesions to nasal epithelial
cells. They show that the expressions of fibronectin and
carcinoembryonic antigen-related cell adhesion molecule
(CEACAM), which act as receptors for S. aureus and
H. influenza, respectively, are induced by rhinovirus and
suppressed by CAM. The present study indicated that CAM
suppressed the PAF receptor-phosphorylcholine (host-
bacteria) interaction, which is enhanced by RSV infection,
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Figure 3: Effect of CAM and PDTC on RSV-induced PAF receptor
expression in A549 cells. One hour before RSV infection, CAM or
PDTC is added to A549 cell culture at the indicated concentration.
The cells were infected with the RSV at MOI of 1. After 24 h of
infection, the cells were collected and then stained with an anti-
PAF receptor antibody and phycoerythrin-labeled anti-mouse IgG
antibody (thick lines). The stained cells were analyzed by flow
cytometry. Thin lines indicate the cells stained with an unrelated
isotype control antibody instead of the anti-PAF receptor antibody.

by inhibiting PAF receptor expression. CAM showed more
potent suppression of RSV-induced S. pneumoniae adhe-
sion and production of proinflammatory cytokines and
chemokines than fosfomycin, as we reported previously [25,
26]. Notably, CAM significantly suppressed RSV-induced IL-
6 production, whereas fosfomycin did not significantly [25].
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Figure 4: Suppression by CAM of RSV-induced adhesion of FITC-labeled S. pneumoniae to A549 cells, as observed by fluorescence
microscopy. One hour before RSV infection, CAM (10 or 100 μg/mL) or PDTC (50 μM) was added to A549 cell monolayer. The cells were
infected with RSV at MOI of 1. After 24 h of infection, FITC-labeled bacterial cells were added to the cell monolayer at MOI of 10, and
incubation was continued at 37◦C for 30 min. A PAF receptor antagonist (20 μg/mL) was added to the cell monolayer 1 h before the addition
of labeled bacterial cells. The bacteria adhering to the A549 cell monolayer were visualized by fluorescence microscopy.
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Figure 5: Suppression by CAM of RSV-induced adhesion of
FITC-labeled S. pneumoniae to A549 cells, as observed by flow
cytometry. Experiments were performed as in Figure 5. The A549
cell monolayer incubated with FITC-labeled S. pneumoniae cells
was harvested by cell scraper and then applied to flow cytometry.
Each experiment was performed in triplicate. The data present as
mean value ± standard deviation of the mean relative fluorescence
intensity. ∗P < 0.01 compared to RSV-infected cells without any
reagent treatment.

This finding may be caused by that CAM is more potent
than fosfomycin; however, the actual reason for this disparity
is not clear. The upregulation of PAF receptor expression
and the enhanced adhesion of pathogenic bacteria, such as
S. pneumoniae, to respiratory epithelial cells are considered to
be a major risk factor for secondary bacterial infections after
primary respiratory viral infections. CAM may suppress both
secondary bacterial infections and immunological disorders
induced by RSV, without suppressing viral replication. Infec-
tion with other respiratory viruses, such as human parain-
fluenza virus 3 [16] and rhinovirus [17], also upregulates
known receptors for the pathogenic bacteria, including PAF
receptor and S. pneumoniae adhesion. On the other hand,
influenza virus does not upregulate the known receptors for
bacteria, whereas bacterial adhesion is increased by the infec-
tion [16]. McCullers [39] reported that influenza-induced
bacterial adhesion to A549 cells was not inhibited by PAF
receptor antagonist, and the PAF receptor knock-out mice
did not show lower susceptibility to experimental secondary
pneumonia caused by S. pneunimoae following influenza
infection compared to the parent mice. Lines of evidence



6 Mediators of Inflammation

suggest that adherent inducing mechanisms of S. pneumoniae
to host respiratory epithelial cells are varied among viruses.
So CAM may not always suppress virus-induced pathogenic
bacteria adhesion.

5. Conclusions

We proposed that clarithromycin efficiently suppressed PAF
receptor-mediated Streptococcus pneumoniae adhesion to
respiratory epithelial cells as well as RSV-induced proinflam-
matory cytokine and chemokine production. Clarithromycin
may suppress secondary bacterial infections and immuno-
logical disorders during RSV infection.
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Background. Macrolides have received considerable attention for their anti-inflammatory and immunomodulatory actions beyond
the antibacterial effect. These two properties may ensure some efficacy in a wide spectrum of respiratory viral infections. We
aimed to summarize the properties of macrolides and their efficacy in a range of respiratory viral infection. Methods. A search of
electronic journal articles through PubMed was performed using combinations of the following keywords including macrolides
and respiratory viral infection. Results. Both in vitro and in vivo studies have provided evidence of their efficacy in respiratory viral
infections including rhinovirus (RV), respiratory syncytial virus (RSV), and influenza virus. Much data showed that macrolides
reduced viral titers of RV ICAM-1, which is the receptor for RV, and RV infection-induced cytokines including IL-1β, IL-6, IL-8,
and TNF-α. Macrolides also reduced the release of proinflammatory cytokines which were induced by RSV infection, viral titers,
RNA of RSV replication, and the susceptibility to RSV infection partly through the reduced expression of activated RhoA which is
an RSV receptor. Similar effects of macrolides on the influenza virus infection and augmentation of the IL-12 by macrolides which
is essential in reducing virus yield were revealed. Conclusion. This paper provides an overview on the properties of macrolides and
their efficacy in various respiratory diseases.

1. Introduction

Macrolides are a group of antibiotics whose activity stems
from the presence of the macrolide ring to which one
or more deoxy sugars, usually cladinose and desosamine,
may be attached. Lactone rings are usually 14, 15 or 16
membered. Macrolides which tend to accumulate within
leukocytes and are transported into the site of infection are
used to treat respiratory and soft-tissue infections caused by
Gram-positive bacteria such as Streptococcus pneumoniae and
Haemophilus influenzae. In addition to the typical antibiotic
effect, two properties including the anti-inflammatory and
the immunomodulatory actions are inherent in this group
of drugs. These anti-inflammatory and immunomodulatory
actions of macrolides encouraged a number of researchers
to explore a potential application of macrolides even for
respiratory viral infection [1–5].

The purpose of this paper is to summarize the properties
of macrolides and their efficacy in a range of respiratory viral
infection.

2. Search Strategy

We performed an electronic article search through
PubMed using combinations of the following keywords:
macrolides (azithromycin, clarithromycin, dirithromycin,
erythromycin, roxithromycin, and telithromycin) and
respiratory viral infection (respiratory syncytial virus,
rhinovirus, adenovirus, metapneumovirus, influenza virus,
and parainfluenza virus). All types of articles such as
randomized controlled trials, clinical observational cohort
studies, review articles, and case reports were included.

3. Anti-Inflammatory and Immune Modulation
Effects of Macrolides

At present, macrolides are known to possess anti-inflam-
matory and immunomodulatory actions extending beyond
their antibacterial activity in pulmonary inflammatory dis-
orders such as diffuse panbronchiolitis (DPB), asthma, and
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cystic fibrosis. Both in vitro and in vivo data show macrolides
to downregulate prolonged inflammatory response, reduce
airway mucus secretion, inhibit the bacterial adhesion
biofilm, reduce the production of reactive oxygen species,
inhibit neutrophil activation and mobilization with an accel-
eration of the apoptotic process, and also block the activation
of nuclear transcription factors [6–11]. After macrolides
accumulating within cells, they may interact with receptors
or second messengers responsible for the regulation of cell
cycle and cellular immunity.

However, the anti-inflammatory effects observed with
macrolides are modest if compared to the anti-inflammatory
effects of corticosteroids and require much higher doses,
questioning their real use as an anti-inflammatory agent.
Further studies are needed.

4. Macrolides and Respiratory Viral Infections

As macrolides have anti-inflammatory and immunomod-
ulatory effect, the scenario thus depicted is sufficiently
suggestive to consider the possible use of these drugs
in respiratory viral infection presenting an inflammatory
basis. The common causes of respiratory viral infection
include rhinovirus (RV), respiratory syncytial virus (RSV),
adenovirus, metapneumovirus, influenza virus, and parain-
fluenza virus. Recent studies have shown that the high
mortality rate of respiratory virus infections is a result
of an overactive inflammatory response. Respiratory viral
infections are characterized by the appearance of cytokine
storms which is extreme production and secretion of
numerous proinflammatory cytokines. Severity of infection
is closely related with virus-induced cytokine dysregulation
which is responsible for the development of fatal clinical
symptoms, such as massive pulmonary edema, acute bron-
chopneumonia, alveolar hemorrhage, reactive hemophago-
cytosis, and acute respiratory distress syndrome. Numer-
ous in vitro, in vivo, and clinical studies have established
that viruses are potent inducers of various cytokines and
chemokines including TNF-α, interferon (IFN)-γ, IFN-
α/β, IL-6, IL-1, MIP (macrophage inflammatory protein)-1,
MIG (monokine induced by IFN-γ), IP (interferon-gamma-
inducible protein)-10, MCP (monocyte chemoattractant
protein)-1, RANTES, and IL-8 [12–17].

It is known that macrolides downregulate the inflamma-
tory cascade, they attenuate excessive cytokine production
in viral infections, and they may reduce virus-related exac-
erbation. Furthermore, macrolides may influence phago-
cyte activity by modifying their miscellaneous functions
including chemotaxis, phagocytosis, oxidative burst, bacte-
rial killing, and cytokine production [18]. It has also been
reported that macrolides could interfere with the influenza
virus replication cycle, resulting in the inhibition of virus
production from infected cells, mainly by inhibiting intra-
cellular hemagglutinin HA0 proteolysis [19, 20]. There are
still controversies in the effects of macrolides in respiratory
viral infections. The following review will introduce recent
research findings regarding the effectiveness of macrolides
antibiotic on different forms of respiratory viral infections
(Table 1).

4.1. Cell Culture Studies. Among in vitro, in vivo, and
clinical studies, in vitro studies, especially cell culture studies,
were most frequently performed to evaluate the effect of
macrolides on respiratory viral infection. Numerous in
vitro studies with various respiratory virus revealed that
macrolides are effective on respiratory viral infections.

RV is the most common cause of viral upper respiratory
tract infections (URIs) and is responsible for about one half
of all cases of the common cold. Although RV does not cause
necrosis of epithelial cells or substantial histological changes
in nasal mucosa, RV infection induces the hypersecretion
of mucus, as well as the increased expression and secretion
of various cytokines, including interleukin (IL)-6, IL-8, IL-
9, IL-1b, IL-11, and TNF-α, and the influx of neutrophils,
which correlate with the severity of cold symptoms [35, 36].
It is well known that approximately 90% of more than 100
different RV serotypes bind to ICAM-1, and RV infection
upregulates ICAM-1 expression on airway epithelial cells,
thus facilitating further viral attachment and entry [36, 37].
As ICAM-1 is the receptor for the major RV and since IL-1b,
IL-6, and IL-8 play significant roles in the pathophysiology
of RV infection, macrolides which are known to have
inhibitory effect on those cytokines may be able to modulate
inflammatory processes during RV infection. Studies have
been done to determine anti-inflammatory properties of
macrolide antibiotics against RV infection.

Among these macrolides, erythromycin is the first drug
which was studied about their efficacy on RV. Erythromycin
is a macrolide antibiotic with potent anti-inflammatory
effects that is used for treating chronic lower respiratory tract
infections. Suzuki et al. examined the effects of erythromycin
on RV (RV2 and RV14) infection in airway epithelium [23].
In their study, erythromycin reduced the supernatant RV14
titers, RV14 RNA, the susceptibility to RV14 infection, and
the production of ICAM-1 and cytokines which was upregu-
lated by RV14. Erythromycin also reduced the supernatant
RV2 titers, RV2 RNA, the susceptibility to RV2 infection,
and cytokine production, although the inhibitory effects of
erythromycin on the expression of the low-density lipopro-
tein receptor, the minor RV receptor, were small. In addition,
erythromycin may also modulate airway inflammation by
reducing the production of proinflammatory cytokines and
ICAM-1 induced by RV infection. Erythromycin reduced
the NF-κB activation by RV14 and decreased the number of
acidic endosomes in the epithelial cells.

Another type of macrolide antibiotics, bafilomycin A1
also inhibits infection of RV, in human airway epithelial cells
by the reduction of ICAM-1 and by affecting the acidification
of endosomes, where RV RNA enters into the cytoplasm of
infected cells [22]. Bafilomycin A1 and erythromycin could
reduce proinflammatory cytokines including IL-6 after RV
infection in airway epithelial cells [22, 38].

Jang et al. investigated the effect of clarithromycin on RV
infection in A549 cells [24]. In their study, clarithromycin
treatment inhibited the RV-induced increase in ICAM-1
mRNA and protein, as well as the RV induced secretion
of IL-1β, IL-6, and IL-8. These effects were greater in cells
treated with 10 μM than in those treated with 100 μM CM,
and the maximum effect was observed 3 days after viral
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infection. In contrast, secretion of IL-8 was not inhibited
significantly when clarithromycin was added at the time of
viral infection. In their study, RV titer, as measured by culture
on MRC-5 cells, was reduced by clarithromycin, with the
degree of reduction being greater when clarithromycin was
added 3 days before infection than it was added at the time
of infection. Through these findings, they suggested that, in
A549 cells, clarithromycin inhibits the induction of ICAM-1
expression, cytokine elaboration, and viral infection.

Secondary bacterial infection by respiratory viral infec-
tion is important pathogenic mechanism in rhinosinusitis.
Wang et al. investigated the inhibitory effects of clar-
ithromycin on secondary bacterial infection after RV infec-
tion [26]. RV-induced URIs may enhance secondary bacterial
infections via upregulation of cell adhesion molecules in
the nasal mucosa, leading to acute bacterial rhinosinusitis.
Staphylococcus aureus binds to human fibronectin (Fn) and
Haemophilus influenza adheres to the carcinoembryonic
antigen-related cell adhesion molecules (CEACAMs) of
epithelial cells. In their study, clarithromycin treatment alone
had no effect on the baseline levels of mRNA and protein
expression of Fn and CEACAM, but significantly reduced the
RV-induced increases in the mRNA and protein levels of Fn
and CEACAM to the levels found in noninfected controls.
They also demonstrated clarithromycin treatment-induced
reduction of bacterial adhesion to RV-infected human nasal
epithelial cells. Thus, they suggested that clarithromycin
may be effective at preventing secondary acute bacterial RS
following RV infection.

Several macrolide antibiotics are reported to inhibit
airway mucus hypersecretion induced by several stimuli.
The main component of mucus is mucin. MUC5AC and
MUC5B are reported to constitute 95–98% of secreted mucin
in airways. Mucus with a high concentration of MUC5AC
or MUC5B has a high viscosity and is likely to cause
airway narrowing. Erythromycin attenuated RV14-induced
MUC5AC production and secretion in cultured human tra-
cheal epithelial cells [25]. MUC5AC mRNA expression was
also attenuated by erythromycin treatment, suggesting that
erythromycin affects pretranscriptional mechanisms. Fur-
thermore, erythromycin attenuated RV14-induced p44/42
MAPK activation.

Gielen et al. investigated the anti-RV (RV 1B and
RV16) potential of macrolides including azithromycin, ery-
thromycin, and telithromycin, through the induction of
antiviral gene mRNA and protein [27]. Azithromycin, but
not erythromycin or telithromycin, significantly increased
RV 1B- and RV 16-induced IFNs and IFN-stimulated
gene mRNA expression and protein production. Fur-
thermore, azithromycin significantly reduced RV repli-
cation and release. RV-induced IL-6 and IL-8 protein
and mRNA expressions were not significantly reduced by
azithromycin before treatment. These results demonstrated
that azithromycin has antirhinoviral activity in bronchial
epithelial cells by increasing the production of IFN-
stimulated genes.

In addition, the duration of macrolide therapy could
affect the immune response. Ex-vivo studies seem to indicate
that short-term administration of macrolides may enhance

the immune response, whereas long-term administration
results in immunosuppression [39].

RSV bronchiolitis is the most common lower respiratory
tract infection in infancy, occurring in 90% of children of
2 yrs or under. Development of an effective therapy against
the short-term morbidity by RSV bronchiolitis could be
important in reducing subsequent morbidity. RSV causes
widespread damage to bronchial epithelium and stimulates
epithelial cells to secrete a wide range of pro-inflammatory
cytokines and chemokines. IL-8 is a key chemokine produced
by RSV-infected airway cells and is involved in the activation
and recruitment of neutrophils. Neutrophils play a major
role in the pathophysiology of RSV bronchiolitis.

Several reports showed that macrolide antibiotics may
also modulate airway inflammation induced by RSV infec-
tion [28–30]. Suppressive effects of macrolides on the plasma
IL-4, IL-8, and eotaxin levels may have a role in suppression
of airway hyperresponsiveness or may inhibit cholinergic
neuroeffector transmission in human airway smooth muscle,
thereby influencing bronchial tone [31, 39–43]. Macrolides
attenuate the release of eotaxin, granulocyte-macrophage
colony-stimulating factor (GMCSF), and RANTES. It may
also protect epithelial cells at inflamed sites by inhibiting the
release of reactive oxygen species from eosinophils [32, 44].

In the RSV infection, RhoA, isoform A of the Ras-
homologus (Rho) family, has various functions including
stimulus-evoked cell adhesion and motility, enhancement
of contractile response, and cytokine production. The
activated form of RhoA moves to the cell membrane and
is implicated in the RSV infection [30, 45, 46]. Asada et al.
reported that bafilomycin A1 and clarithromycin inhibit
infection by RSV and decrease the susceptibility of cultured
human tracheal epithelial cells to RSV infection, partly
through the reduced expression of activated RhoA which
is an RSV F protein receptor [30]. Because activated RhoA
interacts with the RSV F protein, these findings suggest that
clarithromycin may inhibit RSV infection, partly through
the reduction of activated RhoA in the cells. Clarithromycin
also reduced baseline and RSV infection-induced release of
proinflammatory cytokines in supernatant fluids including
IL-1β, IL-6, and IL-8 [30]. It has been shown that viral
titers in supernatant fluids and RNA of RSV in the
human tracheal epithelial cells increased with time, and
clarithromycin reduced viral titers of RSV in supernatant
fluids concentration-dependently, RNA of RSV replication,
and the susceptibility to RSV infection.

Influenza virus is another common cause of respiratory
viral infection. Human influenza virus infection causes rapid
onset constitutional symptoms, including fever and lower
respiratory tract symptoms, and also induces exacerbations
of bronchial asthma and chronic obstructive pulmonary
disease (COPD) in the winter. Human influenza viruses
attach to sialic acid with an α2,6linkage (SAα2,6Gal) on
the airway epithelial cells. The viruses are then deliv-
ered into the cytoplasm, and ribonucleoproteins (RNPs)
of viruses, which include viral RNA, are released from
acidic endosomes into the cytoplasm of the cells. There
are several reports which showed the efficacy of macrolide
antibiotics on influenza virus infection. Miyamoto et al.
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showed the ability of clarithromycin in inhibition of human
influenza A virus production in vitro at a middle-to-late stage
of viral replication cycle [20]. They found that treatment
with clarithromycin at a final concentration of 25 μg/mL
had a strong inhibitory effect on plaque reduction of the
tested human influenza A viruses. In addition to decrease of
progeny virus production, clarithromycin decreased apop-
totic cell numbers of infected host cells. These findings
suggested that clarithromycin acts directly on virus-infected
cells and contributes to the prevention of virus production
by inhibiting viral replication in infected host cells. The
influenza virus replication cycle can be divided into 5 steps:
(1) binding of viral hemagglutinin to sialic acid receptor
on host cell surface (adsorption step), (2) internalization
of virus by receptor-mediated endocytosis and fusion of
viral HA2 with endosomal membranes triggered by influx of
protons through M2 channel (endocytosis and fusion step),
(3) release of viral genes into the cytoplasm (uncoating step),
(4) packaging of viral proteins with viral genes after viral
RNA replication, transcription and translation, and budding
of new viruses (packaging and budding step), and (5) release
of new viruses by sialidase cleaving sialic acid receptors
(release step) [20]. Clarithromycin had no or little inhibitory
effect on hemagglutination, hemolysis activity (membrane
fusion), and sialidase activity. These results suggest that
decrease of progeny virus production is not due to inhibition
of viral hemagglutinin and sialidase activities, which play
an important role at the beginning and the end of viral
replication, respectively. After clarithromycin was incubated
with virus-infected cells at different times, it has been found
that clarithromycin predominantly inhibited viral replication
after viral adsorption to host cells at about the 4–7th hour
[20]. Clarithromycin therefore might act on middle-to-late
stage of viral replication cycle, presumably via blockage of
producing viral protein. These findings strongly encourage
the potential use of clarithromycin as an anti-influenza virus
chemotherapeutic agent.

4.2. Animal Studies. Compare to in vitro studies, in vivo
studies were relatively rare. Further in vivo animal studies are
needed with various respiratory viruses.

There were several reports which evaluated the effects
of macrolide on influenza-virus-induced respiratory
infection. Sato et al. evaluated the effects of erythromycin
on influenza-virus-induced pneumonia in mice infected
with a lethal dose of influenza virus A/Kumamoto/Y5/67
(H2N2) [31]. In their report, erythromycin may have
substantial therapeutic value for various acute inflammatory
disorders such as influenza-virus-induced pneumonia. The
effects were by inhibiting inflammatory cell responses and
suppressing nitric oxide (NO) which plays critical role in
the pathologic events of various inflammatory diseases,
overproduced in the lung. Regarding the NO, erythromycin
treatment resulted in a dose-dependent decrease in the level
of nitrite/nitrate (metabolites of NO) in the serum and
the NO-synthase-(NOS-) inducting potential in the lungs
of the virus-infected mice. As a result, administration of
erythromycin significantly improved the survival rate of mice
infected with influenza virus, and the survival rate of the

virus-infected mice increased in a dose-dependent fashion.
It has also been found in their study that the induction of
IFN-γ in the mouse lung was inhibited and the number
of inflammatory cells after virus infection was significantly
reduced by erythromycin treatment on day 6 after infection.

In addition to being an antibiotic able to prevent com-
plications and aggravation of symptoms, clarithromycin has
been reported to alleviate pneumonia secondary to influenza
virus infection in mice [32]. In their study, clarithromycin
has been shown to suppress the inflammatory cytokines
such as TNF-α, but augment IL-12 production, resulting in
alleviation of influenza infection itself in infected mice [32].
These studies indicated that clarithromycin may play a role in
vivo as an immunomodulator for influenza virus infection.

The protective role of IL-12 against influenza infection
was assessed by analyzing the efficacies of orally administered
clarithromycin as an immunomodulator and intranasal
administration of recombinant IL-12 in influenza-virus-
infected mice. Tsurita et al. reported that, in infected mice,
clarithromycin at 20 mg/mouse/day significantly elevated the
levels of IL-12 and IFN-γ in the bronchoalveolar lavage on
days 2 and 3, respectively, but the levels in the sera were
not affected [32]. In accordance with the locally elevated
level of f IL-12, clarithromycin reduced virus yield and the
number of infiltrated cells, the severity of pneumonia, and
mortality of the treated mice. Thus, the augmentation of
IL-12 production in the respiratory tract was essential in
reducing virus yield in the early phase of influenza and may
be crucial for recovery from influenza infection [32].

There is another report which revealed the effect of
macrolides on reducing the receptor for virus on the airway
epithelial cells and reducing entry of virus into the cyto-
plasm. Human seasonal influenza viruses and classical H1N1
swine influenza viruses bind to SAα2,6Gal, and most avian
and equine viruses bind to SAα2,3Gal [47]. Clarithromycin
reduced the expression of SAα2,6Gal, a receptor for human
influenza, on the mucosal surface of human tracheae, and
reduced the number of acidic endosomes from which viral
RNPs enter into the cytoplasm. These findings suggest that
a clinically used clarithromycin may inhibit type A seasonal
human influenza virus infection via reducing its receptor
on the airway epithelial cells and reducing entry of viral
RNPs, into the cytoplasm. Although the mechanisms for
the reduction of SAα2,6Gal expression by clarithromycin are
uncertain, these effects are similar to those of clarithromycin
on the reduced expression of activated RhoA, one of
receptors for RSV, and on inhibition of RSV infection [30].
These effects are also similar to those of erythromycin on the
reduced expression of ICAM-1, a receptor for RV, and on
inhibition of the RV infection.

Recently, Yamaya et al. demonstrated that clarithromycin
reduces FluA viral titers and cytokines secretion in super-
natant fluids and susceptibility of the cells to infection by the
virus [34].

4.3. Clinical Studies. Although numerous in vivo studies
have established that macrolides have inhibitory effects on
respiratory viral infections, the outcomes of clinical studies
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are controversial and the clinical benefits of macrolides in
respiratory virus infection are still uncertain.

In in vitro study, Jang et al. reported that clarithromycin
inhibits the RV-induced induction of ICAM-1 expression,
cytokine elaboration, and viral infection in A549 cells [24].
However, there is a controversial report performed in a
double-blinded clinical trial showing that clarithromycin
treatment had little or no effect on the severity of
cold symptoms or the intensity of neutrophilic nasal
inflammation [21]. The discrepancy between the results
of in vitro study by Jang et al. and those of the in vivo
clinical trial may be due to differences in dosage or mode of
treatment. For example, in the clinical trial, 1,000 mg·day−1

of clarithromycin, a higher dose than the 250 mg·day−1

usually used for low-dose, long-term treatment [48], was
started 24 h before inoculation of RV. However, it was found
that clarithromycin started 3 days before RV infection was
more effective than clarithromycin started at the time of
infection and that 10 μM clarithromycin, the usual blood
level in clinical use, was more effective than 100 μM in
reducing viral titer and cytokine secretion.

In addition, there are controversies about the effective
duration of macrolide therapy. Ex vivo studies seem to
indicate that short-term administration of macrolides may
enhance the immune response, whereas long-term admin-
istration results in immunosuppression [39]. However,
other study described that short-term administration of a
macrolide is not beneficial for acute uncomplicated colds
caused by RV infection [21].

Severe RSV infections during early infancy are associated
with the excessive production of Th2 cytokines, which has
been suggested as a risk factor for the later development
of asthma and allergic sensitization [49]. Macrolides may
normalize the Th1/Th2 lymphocyte balance [50]. They
regulate immunologic activities by enhancing production
of IFN-γ and by reducing production of IL-4 and IL-5.
Treatment that restores the Th1/Th2 cytokine balance to
the relative type 1 predominance may ameliorate short-
and long-term effects of RSV disease. Tahan et al. studied
the use of 3 weeks of macrolide therapy in the treatment
of RSV bronchiolitis in a double-blind, randomized,
placebo-controlled trial [28]. In their study, treatment with
clarithromycin daily for 3 weeks was associated with a
statistically significant reduction in the length of hospital
stay, the duration of need for supplemental oxygen, the need
for β2-agonist treatment, and readmission to the hospital
within 6 months after discharge. Furthermore, there were
significant decreases in plasma IL-4, IL-8, and eotaxin levels
after 3 weeks of treatment with clarithromycin. As previously
described, RSV is the leading cause of viral lower respiratory
tract disease (LRTD) in infants and young children. Nearly
half of all hospitalized infants with RSV LRTD are treated
with antibiotics. In contrast to favorable effects of macrolides
on RSV infection reported in number of papers, Kneyber et
al., however, reported that the use of macrolide antibiotics
would not lead to a reduced duration of hospitalization
in mild-to-moderate RSV LRTD [29]. In their study,
azithromycin was not associated with a stronger resolution
of clinical symptoms represented by the RSV symptom score.

Various inflammatory mediators are suggested to be
associated with the pathogenesis and severity of influenza
virus infection [42]. Increases in proinflammatory cytokines
and monokines, including interleukin IL-1, IL-6, and IL-8,
are observed in the serum in the patients and in the lung
of mice infected with influenza virus [41, 42]. Although the
clinical benefits of macrolides in influenza virus infection
are still uncertain, reduction of proinflammatory cytokines
by clarithromycin may modulate influenza-virus-induced
inflammation and severity of the disease and may prevent
COPD exacerbations. Clarithromycin inhibits the activation
of NF-κB, migration of neutrophils, and the production of
proinflammatory cytokines by interfering with extracellular
signal-regulated kinases [39]. It also promotes the induction
of sIgA and IgG in the airway fluids of mice infected
with influenza A virus [51]. Sawabuchi et al. investi-
gated the immunomodulatory effects of clarithromycin on
mucosal immune responses in the nasopharyngeal aspi-
ration of pediatric patients with influenza [33]. In their
study, low induction of antiviral sIgA which represents
the first immunological barrier to pathogens was observed
in the oseltamivir, an antiviral neuraminidase inhibitor,
treatment group. However, the addition of clarithromycin to
oseltamivir augmented sIgA production and restored local
mucosal sIgA levels, indicating that clarithromycin boosted
the nasopharyngeal mucosal immune response in children
presenting with influenza A, even in those treated with
oseltamivir who had low production of mucosal anti-viral
sIgA [33].

5. Conclusions

Macrolides possess anti-inflammatory and immunomodula-
tory properties extending beyond their antibacterial activity.
They downregulate the inflammatory cascade, attenuate
excessive cytokine production in viral infections, and they
may reduce virus-related exacerbations. Based on existing
evidence, macrolides may be considered as promising treat-
ment option in treatment of respiratory viral infections.
However, confirmation in larger series, as well as identifi-
cation of their precise mechanism affecting virus-induced
inflammation or viral replicationn, is still awaited.
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Heavy smoking can induce airway inflammation and emphysema. Macrolides can modulate inflammation and effector T-cell res-
ponse in the lungs. However, there is no information on whether erythromycin can modulate regulatory T-cell (Treg) response.
This study is aimed at examining the impact of erythromycin on Treg response in the lungs in a rat model of smoking-induced
emphysema. Male Wistar rats were exposed to normal air or cigarette smoking daily for 12 weeks and treated by gavage with
100 mg/kg of erythromycin or saline daily beginning at the forth week for nine weeks. The lung inflammation and the numbers of
inflammatory infiltrates in bronchoalveolar lavage fluid (BALF) were characterized. The frequency, the number of Tregs, and
the levels of Foxp3 expression in the lungs and IL-8, IL-35, and TNF-α in BALF were determined by flow cytometry, RT-PCR and
ELISA, respectively. Treatment with erythromycin reduced smoking-induced inflammatory infiltrates, the levels of IL-8 and TNF-α
in the BALF and lung damages but increased the numbers of CD4+Foxp3+ Tregs and the levels of Foxp3 transcription in the lungs,
accompanied by increased levels of IL-35 in the BALF of rats. Our novel data indicated that erythromycin enhanced Treg responses,
associated with the inhibition of smoking-induced inflammation in the lungs of rats.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is one of the
most prevalent illnesses worldwide and is estimated as the
third leading cause of mortality in 2020 [1]. COPD is charac-
terised by airflow limitation that is poorly reversible. The
pathogenesis of COPD is usually progressive and associated
with an abnormal inflammatory response in the lungs, par-
ticularly in response to noxious particles or gases, such as
cigarette smoke [2]. Recently, COPD-associated inflamma-
tion is thought to be an autoimmune response induced
by smoking or pathogenic microbials that activate lympho-
cytes and antigen-presenting cells [3]. Previous studies have
shown that Th1 cells are predominantly associated with the
development of emphysematous lungs, leading to the prog-
ression of COPD although the mechanisms by which tobacco
smoke is associated with Th1 immunity remain unclear [4–
7].

CD4+CD25+Foxp3+ regulatory T cells (Tregs) are crucial
regulators of the maintenance of peripheral immunologic

tolerance, and Tregs can suppress effectors Th1, Th2, and
Th17 responses, inflammation, and autoimmune responses
[8, 9]. Tregs can secrete IL-35, which inhibits inflammatory
responses [10]. A deficiency in Treg regulation has been asso-
ciated with the development of many Th1-mediated chronic
inflammation and autoimmune disorders, including type 1
diabetes, multiple sclerosis, atherosclerosis, and rheumatoid
arthritis [11–14]. Interestingly, decreased numbers of Tregs
were detected in the lungs of subjects with emphysema
[15], suggesting that Tregs participate in the regulation of
emphysema-related inflammation in the lungs. However,
little is known on what therapeutic strategies could increase
the number of Tregs and IL-35 responses in the lungs of
subjects with emphysema-related inflammation. Currently,
anti-inflammatory steroids have been often used for the
treatment of COPD patients with acute exacerbation, but the
therapeutic efficacy of steroids is limited [16, 17]. Therefore,
discovery of new therapeutic reagents will be of great sig-
nificance in the management of patients with COPD.
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Erythromycin is a 14-membered ring macrolide antibi-
otic and has been prescribed for the treatment of various
respiratory infections. Erythromycin can inhibit mitogen-
stimulated human T-cell proliferation and cytokine produc-
tion, which are associated with inhibition of the MAPK and
NF-κB activation [18, 19]. Furthermore, erythromycin can
ameliorate chronic inflammation in various animal models
[20, 21]. In addition, long-term treatment with low doses
of a 14-membered ring macrolide is beneficial for patients
with airway inflammatory diseases, such as diffuse panbron-
chiolitis (DPB) [22], cystic fibrosis [23, 24], bronchiectasis
[25], and bronchial asthma [26, 27]. Our previous study has
reported that treatment with erythromycin reduces the num-
ber of smoking-induced airway inflammatory infiltrates and
airway remodelling in the lungs of rodents [28]. However,
little is known on whether treatment with erythromycin
could modulate Treg and IL-35 responses in the lungs.

In this study, we evaluated the impact of treatment with
erythromycin for nine weeks on cigarette smoking-induced
inflammation in a rat model of emphysema. Our findings
indicated that treatment with erythromycin not only reduced
smoking-induced airway inflammation and emphysema but
also increased Treg infiltrates and IL-35 production in the
lungs of rats.

2. Materials and Methods

2.1. Animals and Treatments. Male Wistar rats at 12 weeks of
age were obtained from the Animal Research Center of
Guangxi Medical University. The animals were housed indi-
vidually in standard laboratory cages with free access to
standard food and tap water ad libitum. The experimental
protocols were established, according to the guidelines of
NIH Animal Research Care and were approved by the Animal
Research Care Committee of Guangxi Medical University.

Individual rats (n = 40) were exposed either to room
air (control) or to cigarette smoke, as described previously
[28]. Briefly, groups of rats (n = 20 per group) were exposed
to tobacco smoke with 20 cigarettes (Nanning Jiatianxia
unfiltered cigarettes: 12 mg of tar and 0.9 mg of nicotine) in a
closed 0.54 m3 space for 2 hours daily for six consecutive days
per week for 12 consecutive weeks. As a result, an optimal
ratio of smoking to air at 1 : 6 was obtained and the levels of
oxygen exposed by the rats were kept at a 21 ± 1%, which is
similar to atmospheric oxygen concentrations. The rats tol-
erated the cigarette smoke without evidence of toxicity (the
levels of serum carboxyhemoglobin in rats were at ∼10%,
and no weight loss in the rats was observed). The levels
of serum carboxyhemoglobin in the smoking rats (n = 20)
were 8.3± 1.4%, as compared with 1.0± 0.2% in the control
rats (n = 20), which were similar to the concentrations of
blood carboxyhemoglobin of human smokers [29].

Three weeks after exposure to cigarette smoke, the rats
were randomized and treated by gavage with 100 mg/kg/d of
erythromycin (Meichuang Pharmaceuticals, Dailian, China)
in saline (1 mL) or saline alone daily for nine weeks, respec-
tively. We used this dose based on our previous findings
to show that treatment with 100 mg/kg/d of erythromycin

inhibits smoke-related lung inflammation without obvious
adverse effect [28]. The rats that exposed to regular air were
randomized and treated with erythromycin or saline in the
same manner. Accordingly, there were four groups of rats
(n = 10 per group). The normal group of rats were exposed
to regular air and treated with saline (group N); the smoking
group of rats were exposed to smoking air for 12 weeks and
treated with saline (group S); the erythromycin group of
rats were exposed to smoking air for 12 weeks and treated
with erythromycin (group E); the control group of rats were
exposed to regular air and treated with erythromycin (group
C).

One day after the last smoking, animals were injected
intraperitoneally with 20 mg/kg pentobarbital and subjected
to a thoracotomy. Their left lungs were lavaged through an
intratracheal cannula three times with 2 mL of cold saline,
and the bronchoalveolar lavage fluid (BALF) samples were
collected. The left lungs were used for the preparation of
single cell suspension. The lower lobes of their right lungs
were fixed in 10% formalin for pathological examination.

2.2. Histology. The fixed lower lobes of the right lungs were
embedded in paraffin, and the midsagittal sections of the
lungs were stained with hematoxylin and eosin (H&E), fol-
lowed by examining under a light microscope. Three non-
consecutive lung sections from each animal and three non-
overlapping random fields from each section were examined
for the quantification of lung damages. Alveolar airspace
enlargement was assessed by the mean linear intercept (MLI)
by two independent individuals in a blinded manner, as des-
cribed previously [30]. Briefly, multiple digital images of
histological sections were systematically captured at 100 ×
magnification. Images were overlaid with a 10 × 10 grid
(1 mm2), and the MLI was established from every second
image (i.e., in a checkerboard fashion, averaging six images
for each rat). The distribution of the MLI values of all the
digital photographs was assessed using frequency distribu-
tion analysis and characterized using a Gaussian model.

2.3. Characterization of Inflammatory Cells in BALF. The col-
lected BALF samples from the left lung tissues were cen-
trifuged, and their supernatants were stored at −80◦C for
ELISA analysis. The pelleted cells were resuspended in PBS
and a portion of the cells (1 × 105 cells) was subjected to
cytospin centrifugation on glass slides and fixed with me-
thanol, followed by staining with May-Grünwald-Giemsa
solution, and a differential cell count was performed under a
light microscope, according to morphological characteristics.

2.4. Measurement of IL-8, IL-35, and TNF-α in BALF. The
concentrations of IL-8, IL-35, and TNF-α in BALF were
measured with a multiplex-enzyme-linked immunosorbent
assay (ELISA) system, according to the manufacturers’ ins-
tructions (Lincoplex Systems, St Charles, MO, USA).

2.5. Lung Cell Preparation. A single-cell suspension of whole
left lung tissue was prepared by combined procedures of
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mechanical fragmentation, enzymatic digestion, and centri-
fugation, as described in previous studies [5, 15]. The pre-
pared lung cells were used for flow cytometry analyses.
Briefly, lungs were flushed via the right ventricle with 10 mL
of warm (37◦C) HBSS (calcium and magnesium free) con-
taining 5% fetal bovine serum (FBS, Sigma, Beijing, China),
100 U/mL of penicillin, and 100 μg/mL of streptomycin
(Gibco BRL). The lungs were then cut into small pieces
(∼2 mm in diameter) and digested with 150 U/mL of colla-
genase (Worthington Biochemical, Freehold, NJ, USA) in
HBSS with being shaken at 37◦C for 1 h. Using a plunger
from a 5-mL syringe, the lung pieces were triturated
through a mess of 100 μM into HBSS, and the resulting cell
suspension was filtered through nylon mesh. The cells were
washed twice, and mononuclear cells were isolated using
density centrifugation in 30% percoll (Pharmacia, Uppsala,
Sweden). The total numbers of cells were counted. The col-
lected leukocytes (1×106 cells) were used for flow cytometry
analysis and the remaining cells were used for the extraction
of total RNA for RT-PCR analysis.

2.6. Flow Cytometry. The collected cells (1× 106) from indi-
vidual rats were stained with PE-Cy5-conjugated anti-CD4
(clone: OX-35) or its isotype control (BD Pharmingen, San
Diego, CA, USA) at 4◦C for 45 minutes, fixed, permeabilized,
and stained with PE-conjugated anti-Foxp3 (clone: FJK16s)
or its isotype control (eBioscience, Wembley, UK) at 4◦C for
another 40 minutes. The frequency and the number of Tregs
were determined by flow cytometry on a FACSCalibur (BD
PharMingen) and analysed by FCS Express software.

2.7. RNA Isolation and RT-PCR. Total RNA was extracted
from the lung cells of individual rats with TRIzol reagent,
according to the manufacturers’ instructions (Invitrogen,
Carlsbad, CA, USA). The quality and quantity of total RNA
were analysed by a spectrophotometer. The RNA samples
were reversely transcribed into cDNA using a reverse trans-
cription kit (Finn-zymes, Espoo, Finland) and oligo (dT)
primers. The relative levels of Foxp3 mRNA transcripts to
control β-actin in individual samples were characterized by
quantitative RT-PCR using SYBR Green on a LightCycler
(iCycler IQ, BioRad, USA) and the specific primers. The
sequences of primers were forward 5′-GGAGATTAC-
TGCCCTGGCTCCTA-3′, and reverse 5′-GACTCATCG-
TACTCCTGCTTGCTG-3′ for β-actin and forward 5′-TGA-
GCTGGCTGCAATTCTGG-3′ and reverse 5′-ATCTAGCTG-
CTCTGCATGAGGTGA-3′ for Foxp3. The PCR amplifica-
tions were performed in triplicate at 95◦C for 30 sec and
subjected to 40 cycles of 95◦C for 5 sec and 60◦C for 30 sec.
The values of Foxp3 mRNA transcripts in each sample were
normalized to that of β-actin and the relative levels of Foxp3
mRNA transcripts were calculated.

2.8. Statistical Analysis. Data are expressed as means ± SD.
Differences among groups were analysed using the analysis
of variance (ANOVA) and post hoc Student’s t-test, the
Kruskal-Wallis test, and the Mann-Whitney U-test where ap-
plicable using statistical package SPSS 11.0 (SPSS, Chicago,

IL, USA). The association between two variants was analyzed
using Spearman’s rank method. A P value of <0.05 was con-
sidered statistically significant.

3. Results

3.1. Treatment with Erythromycin Reduces the Smoking-In-
duced Lung Damages in Rats. Following smoking for 12
weeks and treatment with erythromycin for 9 weeks, the
lung tissue sections of the different groups of rats were
stained with H&E and subjected to quantitative analysis of
the lung airspace (Figure 1). We observed the enlargement
of air spaces and many inflammatory infiltrates in the lungs
of the smoking rats. Quantitative analysis indicated that there
was no significant difference in the MLI values between the
N and C groups of rats. In contrast, the MLI values in the S
and E group of rats were significantly greater than that in
the N and C groups of rats (P < 0.05), demonstrating that
long-term heavy smoking-induced lung emphysema in rats.
Interestingly, the MLI values in the E groups of rats were
significantly less than that in the S group of rats although
they remained greater than that in controls. In addition,
treatment with erythromycin mitigated smoke-induced his-
tological damage in the lungs of rats, consistent with our pre-
vious observation [28]. These data indicated that treatment
with erythromycin significantly diminished smoking-related
emphysema in the lungs of rats.

3.2. Treatment with Erythromycin Modulates the Smoking-
Induced Inflammatory Infiltrates in BALF. To quantify the
airway inflammation response, we evaluated the numbers
of inflammatory infiltrates in BALF and found significantly
increased numbers of total infiltrates, particularly macro-
phages, lymphocytes, and neutrophils in the BALF from the
smoking rats, as compared with that in the N and C groups
of rats (P < 0.05, Figure 2). In contrast, the total numbers
of inflammatory infiltrates, macrophages, lymphocytes, and
neutrophils in the BALF from the erythromycin-treated
smoking rats were reduced significantly, as compared with
those in the smoking rats without erythromycin treatment.
In addition, treatment with erythromycin did not cause
obvious adverse effect in rats, consistent with our previous
findings [28]. These data demonstrated that treatment
with erythromycin significantly mitigated smoking-induced
inflammatory cell infiltration in the lungs of rats.

3.3. Treatment with Erythromycin Alters the Levels of TNF-α
and IL-8 in BALF. Analysis of the concentrations of TNF-
α and IL-8 in the BALF indicated that significantly higher
levels of TNF-α and IL-8 were detected in BLAF from the
smoking rats, as compared with that in the N and C groups
of rats (Figure 3). Furthermore, the levels of TNF-α and IL-
8 in BALF from the smoking rats that had been treated
with erythromycin were significantly lower than that in the
smoking rats without erythromycin treatment. Apparently,
treatment with erythromycin inhibited the smoking-induced
proinflammatory cytokine production in the lungs.
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Figure 1: Treatment with erythromycin protects against the smoking-induced emphysema in rats. The lung tissue sections from different
groups of rats were subjected to H&E staining, and the alveolar airspace enlargement was assessed using MLI by two independent individuals
in a blinded manner. Data are representative images or expressed as mean value ± SD of each group of rats (n = 10) from five separate
experiments. (a) Morphological changes in the lungs of rats (magnification × 100). (b) Quantitative analysis of alveolar airspace. Group N:
rats exposed to regular air without any special treatment; Group C: rats exposed to regular air and were treated with erythromycin; Group S:
rats exposed to smoking air and were treated with saline; Group E: rats exposed to smoking air and were treated with erythromycin daily for
nine weeks beginning at the forth weeks smoking. ∗P < 0.05.

3.4. Treatment with Erythromycin Alters the Numbers of Tregs
in the Lungs of Rats. Flow cytometry analysis revealed that
the frequency and the number of Tregs in the lung paren-
chyma of smoking rats were significantly lower than that of
the N and C groups of control rats (P < 0.01, Figure 4), while
the frequency and the number of Tregs in the erythromycin-
treated group of rats were higher than that of the S group
of rats (P < 0.05). A similar pattern of the relative levels of
Foxp3 mRNA transcripts was detected in the different groups
of rats. Apparently, treatment with erythromycin mitigated
heavy smoking-induced reduction in the numbers of Tregs
in the lungs of rats.

3.5. Treatment with Erythromycin Alters the Levels of IL-35 in
BALF. IL-35 is an inhibitory cytokine and is predominantly
secreted by Tregs. Next, we determined the levels of IL-35 in
BALF from different groups of rats. The concentrations of
IL-35 in the BALF from the S group of rats were significantly
lower than that in the N and C groups of control rats
(Figure 5). Interestingly, the levels of IL-35 in the BALF from
E group of rats were similar to that in the N and C groups of
rats and were significantly higher than that in the S group of

rats. Apparently, treatment with erythromycin increased the
levels of IL-35 responses in the lungs of rats.

4. Discussion

COPD and emphysema are common destructive inflamma-
tory diseases that are leading causes of mortality worldwide.
The smoking-induced emphysema is thought to be an auto-
immune disease and is mediated predominantly by Th1 res-
ponses in the lung [15]. In this study, we employed a rat
model of smoking-related airway inflammation and emphy-
sema to test the therapeutic effect of treatment with ery-
thromycin and the potential mechanisms. Our data showed
that treatment with erythromycin significantly reduced
smoking-induced lung inflammation and damages, consis-
tent with our previous findings [28]. Furthermore, treatment
with erythromycin increased the numbers of Tregs, accom-
panied by increased levels of inhibitory IL-35 in the lungs of
rats. The increased levels of IL-35 may contribute to the inhi-
bition of erythromycin on smoking-related inflammation.
Our novel findings extend previous observations and suggest
that erythromycin may be valuable for the intervention of
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Figure 2: Treatment with erythromycin reduces the numbers of inflammatory infiltrates in the lungs of rats. BALF samples were collected
from individual rats and the cells were stained with May-Grünwald-Giemsa. The numbers of total inflammatory infiltrates, macrophages,
lymphocytes, and neutrophils were analyzed, according to their morphological characters. Data are expressed as mean numbers of individual
samples and mean values (lines) for each group (n = 10). Group N: rats exposed to regular air without any special treatment; Group C: rats
exposed to regular air and were treated with erythromycin; Group S: rats exposed to smoking air and were treated with saline; Group E: rats
exposed to smoking air and were treated with erythromycin daily for nine weeks beginning at the forth weeks smoking. ∗P < 0.05.

airway inflammation by upregulating Treg responses in pa-
tients with COPD in the clinic.

Macrolide antibiotics have been used for the treatment of
lung inflammation in patients with COPD in the clinic [31].
Previous studies have shown that macrolides, especially for
erythromycin, can modulate immune responses and inhibit
inflammation in patients with DB and CF [32]. Indeed, long-
term treatment with a low dose of macrolide benefits patients
with COPD by its anti-inflammatory activities. In this study,
we employed a well-known cigarette-smoking-inuced rat
emphysema model and examined the effect of treatment with
erythromycin on the airway inflammation and lung dam-
ages. We detected high values of MLI, great numbers of
inflammatory infiltrates, and high levels of TNF-α and IL-8
in the lungs of smoking rats, demonstrating that heavy
smoking-inuced emphysema and airway inflammation in the
lungs of rats. Furthermore, we found that treatment with

erythromycin mitigated the smoking-induced emphysema
and reduced the numbers of inflammatory infiltrates and
levels of TNF-α and IL-8 in the lungs of rats. Our data were
consistent with a previous report that treatment with clar-
ithromycin for six months decreases airspace enlargement in
the smoke-induced emphysema in mice [33]. Our findings
support the notion that erythromycin inhibits airway inflam-
mation [28].

Heavy smoking can modulate the function of antigen-
presenting cells, which may induce T-cell autoimmunity
against the lungs and Th1 immunity has been thought to be
related to the pathogenic process of COPD [15, 34]. Micro-
bials, such as erythromycin, can modulate T-cell responses
and inhibit airway inflammation [23, 27, 35]. Notably, Tregs
are potent regulators of T-cell autoimmunity and inflam-
mation and IL-35 is predominantly produced by Tregs and
contributes to regulatory T-cell function [8, 9]. We found
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Figure 3: Treatment with erythromycin decreases the levels of TNF-α, IL-8 in the lungs of rats. The levels of TNF-α and IL-8 in BALF of
individual rats were analyzed by ELISA. Data shown are mean values of individual samples from three separate experiments and mean values
for each group of rats (n = 10). Group N: rats exposed to regular air without any special treatment; Group C: rats exposed to regular air and
were treated with erythromycin; Group S: rats exposed to smoking air and were treated with saline; and Group E: rats exposed to smoking
air and were treated with erythromycin daily for nine weeks beginning at the forth weeks smoking. ∗P < 0.05, ∗∗P < 0.01.

that treatment with erythromycin enhanced Treg responses,
which may contribute to the inhibition of airway inflamma-
tion. Evidentially, in comparison with that in the smoking
rats, treatment with erythromycin significantly increased the
frequency and the numbers of Treg infiltrates in the lungs.
Furthermore, treatment with erythromycin upregulated the
levels of Foxp3 mRNA transcripts in the lungs. In addition,
treatment with erythromycin increased the levels of IL-35
in the BALF, given that Tregs can inhibit pathogenic T-cell
responses and IL-35 is crucial for the function of Tregs [10].
Although the increased Treg responses in the lungs by treat-
ment with erythromycin were moderate the significantly
reduced inflammation suggests that marginal effect of ery-
thromycin on increasing Treg response in the lung may be
sufficient in suppressing smoking-related inflammation. We
understand that our data did not demonstrate that the in-
creased Treg responses were responsible for the inhibition of
smoke-related lung inflammation. We are interested in fur-
ther investigation of whether adoptive transfer of Tregs or
inactivation of Tregs could modulate smoke-induced inflam-
mation and examining whether neutralization of IL-35 could
change the effect of treatment with erythromycin on smoke-
induced lung damage in rats.

While there is clear evidence that treatment with macro-
lide antibiotics inhibits effector T-cell proliferation and cyto-
kine production there currently is little information on
how macrolide antibiotics modulate T-cell immunity. Ery-
thromycin may modulate the components of gut microbiota
and promote the development of Tregs. Indeed, the compo-
nents of gut microbiota are crucial for the development of
Tregs in rodents. Furthermore, a previous study has shown
that Roxithromycin inhibits chemokine-induced chemotaxis

of Th1 and Th2 cells but does not affect regulatory T-cell
migration [36]. Erythromycin may act, like Roxithromycin,
and inhibit the migration of effector T cells, but not Tregs,
leading to relative increase in the numbers of Tregs in the
lungs of rats. In addition, erythromycin has been shown
to downregulate dendritic cell function and cytokine pro-
duction, particularly for LPS-stimulated dendritic cell mat-
uration and activation [37]. However, treatment with ery-
thromycin does not affect peptidoglycan-induced dendritic
cell activation [37]. It is possible that erythromycin may
modulate dendritic cell function toward to promoting Treg
development. Indeed, we found that treatment with ery-
thromycin upregulated Foxp3 transcription and IL-35 pro-
duction. Given that IL-35 has been shown to promote Treg
proliferation the increased levels of IL-35 may feedback en-
hance Treg responses in the lungs of rats. We are interested in
further investigating the mechanisms underlying the role of
erythromycin in regulating Treg responses.

5. Conclusions

In summary, treatment of COPD currently remains a sig-
nificant challenge, and pharmacological understanding of
drugs for the treatment of COPD is crucial for the control
of disease progression. Our data indicated that treatment
with erythromycin significantly reduced smoking-related
lung inflammation and damages and modulated Treg and IL-
35 responses in the lungs of rats. Therefore, our findings may
provide new insights into understanding the pharmacologi-
cal action of erythromycin in the management of COPD in
the clinic.
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Figure 4: Treatment with erythromycin modulates the frequency and the number of Treg and Foxp3 transcription in the lungs of rats. The
frequency of Tregs, the number of Tregs (b), and the relative levels of Foxp3 mRNA transcripts to β-actin in the lungs (c) were analyzed by
flow cytometry (a) and RT-PCR, respectively. The isolated lung cells were stained with anti-CD4 and anti-Foxp3 and subjected to flow cyto-
metry analysis. Data are expressed as mean numbers of individual samples and mean values (lines) of each group or the mean ± SD of the
relative levels of Foxp3 mRNA transcripts of each group (n = 10 per group) of rats from three separate experiments. Group N: rats exposed
to regular air without any special treatment; Group C: rats exposed to regular air and were treated with erythromycin; Group S: rats exposed
to smoking air and were treated with saline; and Group E: rats exposed to smoking air and were treated with erythromycin daily for nine
weeks beginning at the forth weeks smoking. ∗P < 0.05, ∗∗P < 0.01.
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Figure 5: Treatment with erythromycin increases the levels of IL-35
in the lungs of rats. The levels of IL-35 in BALF of individual rats
were analyzed by ELISA. Data shown are mean values of individual
samples from three separate experiments and mean values (lines)
of each group of rats (n = 10). Group N: rats exposed to regular
air without any special treatment; Group C: rats exposed to regular
air and were treated with erythromycin; Group S: rats exposed to
smoking air and were treated with saline; and Group E: rats exposed
to smoking air and were treated with erythromycin daily for nine
weeks beginning at the forth weeks smoking. ∗P < 0.05, ∗∗P < 0.01.
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Long-term therapy with the macrolide antibiotic erythromycin was shown to alter the clinical course of diffuse panbronchiolitis in
the late 1980s. Since that time, macrolides have been found to have a large number of anti-inflammatory properties in addition to
being antimicrobials. These observations provided the rationale for many studies performed to assess the usefulness of macrolides
in other inflammatory diseases including skin and hair disorders, such as rosacea, psoriasis, pityriasis rosea, alopecia areata,
bullous pemphigoid, and pityriasis lichenoides. This paper summarizes a collection of clinical studies and case reports dealing
with the potential benefits of macrolides antibiotics in the treatment of selected dermatoses which have primarily been classified
as noninfectious and demonstrating their potential for being disease-modifying agents.

1. Introduction

The term “macrolide” encompasses a diverse family of
unrelated compounds with large macrolactam rings. The
macrolide antibiotics consist of 14-, 15-, and 16-member
macrolactam ring antimicrobials. Erythromycin A, the pro-
totype macrolide antibiotic was isolated from a Philippine
soil sample in the 1940s and was first marketed in 1952
as an alternative therapy to beta lactam agents for the
treatment of infections with Gram-positive cocci. During the
1990s clarithromycin, roxithromycin, and azithromycin were
introduced. Macrolide antibiotics inhibit RNA-dependent
protein synthesis by reversibly binding to the 50S ribosomal
subunit of a susceptible microorganism [1].

Macrolides are widely used to treat infections of soft
tissues and of the respiratory tract due to their efficacy
against Gram-negative and Gram-positive bacteria, includ-
ing intracellular germs such as Chlamydia and Legionella [2–
4]. They are considered safe and easily tolerable. Their main
side effects are nausea, vomiting, diarrhea, and abdominal
pain, which become more evident when erythromycin
is used in place of the other macrolides [5]. Mounting
evidence suggests that macrolide antibiotics have both anti-
inflammatory and immune-modulatory properties and are

thus beneficial to chronic pulmonary diseases such as diffuse
panbronchiolitis, cystic fibrosis, asthma, and bronchiecta-
sis. These properties were suspected upon the realization
that erythromycin decreased the need for corticosteroids
in asthma treatment [6]. It must be pointed out that
immune modulation is the suppression of inflammation and
immune hyperactivation without causing immune depres-
sion (immunosuppression) [7].

Macrolides antibiotics have been shown to modify host
functions apart from the antimicrobial potency. They may
directly influence phagocyte and lymphocyte function as
well as chemotaxis. Effects on the generation and release of
various cytokines involved in the inflammatory process have
been studied both in vivo and in vitro [8].

Interest in the immunomodulatory effects of macrolides
began in the 1960s with the observation that the 14-member
antibiotic, troleandomycin, was an effective “steroid-
sparing” agent when used to treat patients with severe
asthma [9]. It has been more than 20 years since the
immunomodulatory effects of macrolides were accepted as a
standard of care for the treatment of diffuse panbronchiolitis
(DPB) in Japan [10]. Erythromycin and clarithromycin are
also widely used in Japan for the therapy of sinusitis and
chronic obstructive pulmonary disease (COPD) [11]. In
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more recent years, azithromycin has been widely adopted
as immunomodulatory agents for the treatment of cystic
fibrosis (CF) and bronchiectasis.

The anti-inflammatory effects of macrolides are sig-
nificant. The historical change in the natural course of
diffuse panbronchiolitis (DPB), a fatal disorder of the
airways, following the introduction of erythromycin in its
treatment has focused attention of researchers on the anti-
inflammatory properties of macrolides. The clinical impact
on diffuse panbronchiolitis (DPB) has improved 10-year
survival from 12% to more than 90% for these patients [12].
The immunomodulatory activity of macrolides has been a
source of mechanistic research as well as clinical research in
non-DPB inflammatory airway disease. Suppression of neu-
trophilic inflammation of the airways has been demonstrated
as the most robust immunomodulatory response from 14-
and 15-membered ring macrolides [13].

Macrolide antibiotics are known for their efficacy in
treating acute airway infections, but just as importantly,
they are also effective anti-inflammatory agents. Their anti-
inflammatory properties have been studied most thoroughly
in chronic inflammatory airway diseases, particularly dif-
fuse panbronchiolitis (DPB). Erythromycin, azithromycin,
clarithromycin, and roxithromycin inhibit chemotaxis and
infiltration of neutrophils into the airway and, subsequently,
decrease mucus secretion. Mucus formation, a significant
cause of morbidity and mortality in patients with chronic
airway inflammation, is directly inhibited by macrolides and
suppressed by decreased inflammation in the airway. The
mechanisms of action for the anti-inflammatory properties
of the macrolides are clearly multifactorial. Macrolides
inhibit the production of many proinflammatory cytokines,
such as interleukin (IL)-1, IL-6, IL-8, and tumor necrosis
factor-alpha, perhaps by suppressing the transcription factor
nuclear factor-kappa B or activator protein-1. Inhibition
of cytokine production has been seen in vitro and also
in bronchoalveolar lavage fluid, which contains less IL-
8 and fewer neutrophils after treatment with macrolides.
Macrolides also inhibit formation of leukotriene B4, which
attracts neutrophils, and inhibit the release of superoxide
anion by neutrophils that may be present in the airway.
An important aspect of inflammation is extravasation of
neutrophils into the tissues. Macrolides block formation
of adhesion molecules necessary for neutrophil migration.
Together, these anti-inflammatory effects result in improved
pulmonary functions and fewer airway infections. In patients
with DPB, the anti-inflammatory effects lead to a significant
increase in survival. These effects might be pharmacological
functions of the macrolide itself, independent of antibiotic
effects. Apart from antibacterial effects, macrolides have
effects on neutrophil function (decreased oxidant produc-
tion, apoptosis) and on the production of cytokines involved
in the inflammation cascade (decreased production of IL-1,
IL-6, IL-8, and TNF and increased production of IL-10 and,
possibly, IL-4). With regard to T lymphocytes, erythromycin
(EM) and its derivatives inhibit T-lymphocyte proliferation
and induce T-lymphocyte apoptosis [14, 15].

In this paper, we present a collection of clinical studies
and case reports dealing with the potential benefits of

macrolides antibiotics in the treatment of selected der-
matoses which have primarily been classified as noninfec-
tious. A comprehensive search in the PubMed/MEDLINE
and Embase databases was performed. We examined the
eligible literature. Studies that dealt with the effects of
macrolides as anti-inflammatory and immune-modulator in
skin and hair disorders were included.

(A) Macrolides and Intractable Rosacea. Rosacea is a com-
mon cutaneous disorder which occurs most frequently
in light-skinned, middle-aged women. There are variable
cutaneous signs of rosacea such as flushing, erythema,
telangiectasia, edema, papules, and pustules [16].

Conventional treatment of rosacea is based on a combi-
nation of systemic and topical antibiotics. Since the 1950s,
tetracycline and erythromycin are the most commonly used
oral antibiotics [17]. The therapeutic activity of commonly
used antimicrobials including tetracycline, doxycycline has
been mainly attributed to their anti-inflammatory activ-
ities [18]. However, long-term treatment with antibiotics
is not well tolerated due to requiring frequent adminis-
tration, poor compliances and side effects including gas-
trointestinal intolerance, photosensitivity, and candidiasis
[19].

Azithromycin is effective in treating rosacea. Facial skin
biopsies were taken from 17 subjects with papulopustular
rosacea and 25 healthy controls. Rosacea patients had
greater skin reactive oxygen species levels than healthy
controls (P < 0.001). Rosacea subjects then received oral
azithromycin 500 mg on three days each week for 4 weeks.
A statistically significant decrease in chemiluminescence,
a measurement of the generation of reactive oxygen
species, was demonstrated after treatment with azithromycin
[19].

The utility of oral azithromycin was confirmed by several
other clinical studies. Fernandez-Obregon [20] reported that
all of ten patients who were not tolerated or controlled by
conventional treatment of rosacea demonstrated a significant
improvement with the oral use of azithromycin. In addition,
Modi et al. [21] treated a 67-year-old man who had photo-
sensitivity to the doxycycline and hyperpigmented dyschro-
mia to the minocycline with an oral use of azithromycin in a
dose of 250 mg 3 times weekly. Bakar et al. [19] reported that
treatment with oral azithromycin led to 75% decreases in the
total number of lesions and an 89% decrease in inflammatory
lesions compared with basal status. Another open-label study
showed that azithromycin is as effective as standard dose of
doxycycline and has a positive impact on the quality of life
of patients compared with conventional treatment regimens
[22].

Kim et al. [23] treated a 52-year-old woman who had
intractable rosacea not responding to various conventional
treatments including topical benzoyl peroxide and metron-
idazole as well as oral metronidazole, isotretinoin, and
doxycycline, by using oral azithromycin 500 mg per day
for 2 weeks. The authors reported that the lesions had
mostly disappeared, and no specific side effects related to the
azithromycin were noted.
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(B) Macrolides and Adult-Onset Still’s Disease (AOSD).
Adult-onset Still’s disease (AOSD), an autoinflammatory
syndrome of unknown etiology, typically manifests with
spiking fevers, polyarthritis, and characteristic evanescent
rash. Thanou-Stavraki et al. [24] described a young woman
with AOSD complicated by calf fasciitis that serendipi-
tously responded to clarithromycin administered for another
indication. Remarkable improvement followed rechallenges
with clarithromycin for subsequent AOSD flares. Although
AOSD pathogenesis remains unclear, a role for dysregulation
of innate immunity is suggested. Based on this possible
innate immune mechanism, the investigators suspected that
macrolides may have induced a therapeutic response in this
patient with AOSD.

Saviola et al. [25] treated six cases of AOSD with
clarithromycin (CM) in combination with low-mild dose
of glucocorticoids (GC), and methotrexate (MTX). Four of
them were not responsive to high-dose GC added to disease-
modifying antirheumatic drugs (DMARDs), while two of
them were treated with low-mild dose of GC added to CM
from the beginning. CM, 500 mg b.i.d., was added to a
mild-low dose of GC and to MTX. The dose of the drugs
was reduced (and stopped where possible) following clinical
and laboratory parameters. ACR criteria were used to assess
clinical improvement. At 6 months, 5 patients reached ACR
70% and could stop any therapy in 6–18 months; 1 continued
chronic therapy with low-dose GC added to CM and MTX to
maintain ACR 50%. The authors reported that CM can be a
useful drug for the treatment of AOSD, even in patients not
responsive to high-dose GC and DMARDs.

(C) Macrolides and SAPHO Syndrome. In 1987, synovitis,
acne, pustulosis, hyperostosis, and osteitis (SAPHO) syn-
drome was proposed as an umbrella term for a group
of diseases with similar musculoskeletal manifestations, in
particular hyperostosis of anterior chest wall, synovitis, and
multifocal aseptic osteomyelitis, observed in association with
dermatologic conditions such as palmo-plantar pustulosis,
severe acne, and hidradenitis suppurativa [26]. Despite
recent advances in the understanding of the epidemiologic,
pathophysiologic, and immunogenetic mechanisms involved
in SAPHO syndrome, etiopathogenesis remains poorly
understood. Propionibacterium acnes, the microorganism
associated with acne, has been recovered on bone biopsy
in some patients, but the possible pathogenetic role of
an infectious agent in a genetically predisposed individual,
resulting in exaggerated inflammatory response as “reactive
osteitis,” is a largely unproven hypothesis [27].

Schaeverbeke and colleagues reported one case of suc-
cessful treatment of a SAPHO patient with azithromycin
[28]. Kirchhoff and colleagues presented data for seven
patients being treated successfully with azithromycin over
5 months [29]. Assmann et al. [30] reported successful
control of the disease with azithromycin over 16 weeks.
After antibiotic discontinuation, however, disease relapse was
observed.

Matzaroglou et al. [31] reported five patients with
SAPHO syndrome (3 women; 2 men), ages 27 to 44 years,

showed remarkable response to treatment with macrolide
antibiotic (clindamycin) and nonsteroid anti-inflammatory
drugs (lornoxicam). All patients did well and remained
symptom-free for up to four years, after a 3–8-month
course of treatment. The authors concluded that appropriate
therapy with antibiotics and NSAIDs can produce rapid
symptom resolution, while avoiding unnecessary procedures
and long-term antibiotic therapy.

(D) Macrolides and Psoriasis. Psoriasis is a well-known
clinical description of an inflammatory skin disorder with
other manifestations of what, until now, has been considered
as a single disease entity. The characteristic skin lesion
is persistent, erythematous, indurated and scaly, reflecting
infiltration of inflammatory cells and increased proliferation
and turnover of keratinocytes. The infiltrates in the dermis
and the deeper layer of the epidermis mostly comprise
of macrophages and T cells. Stimulation of dendritic cells
and macrophages, which are called antigen-presenting cells,
results in the activation of T-helper (Th) cells. These
differentiate into IFN-gamma, producing Th 1 cells, and
IL-17, producing Th 17 cells. Interaction of these cells
with macrophages, mast cells, and neutrophils results in
cytokine release and inflammation, leading to keratinocyte
proliferation [32].

Psoriasis is characterized by the presence of neutrophil
overactivation and overproduction of interleukin (IL)-6
and IL-8 from keratinocytes [33]. Macrolide antibiotics are
widely used as antimicrobial agents. It is now clear that
macrolide antibiotics inhibit the production of many proin-
flammatory cytokines, such as IL-6, IL-8, and tumor necrosis
factor (TNF)-α, perhaps by suppressing the transcription
factors nuclear factor (NF)-κB or activator protein-1, and
reduce neutrophil activity [34]. There are conflicting views
in the literature regarding the efficacy of macrolides on
psoriasis. Although in some studies it has been reported that
intervention by antibiotics is not beneficial [35, 36], other
studies have shown efficacy of macrolides in psoriasis [33].

A high incidence of streptococcal throat infection as the
main trigger for psoriasis exacerbations favors streptococcal
antigens as a causative agent, which may induce cross-
reactive T-cell responses against skin components [37, 38].
Staphylococcal superantigens have also been associated with
psoriatic disease [31].

Ohshima et al. [39] deserves special attention, where
ten patients with chronic plaque psoriasis were enrolled
and advised to take 150 mg Roxithromycin (a macrolide)
orally twice daily for 1 to 7 weeks. Six out of the ten
patients exhibited a decrease in psoriasis area and severity
index (PASI) score. The mechanism by which macrolides
downregulates the host inflammatory response was unclear
but certainly multifactorial.

Macrolides, as a class, and azithromycin in particu-
lar, have a characteristic immunomodulatory and anti-
inflammatory potential, in addition to their main antibac-
terial action against streptococci. Suppression of secre-
tions of the cytokine-interleukin (IL)-8 may be important.
This macrolide probably also suppresses immunological
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events in interferon gamma-treated keratinocytes, including
expression of MHC class II, secretion of IL-1 alpha, and
superantigen presenting ability [40, 41].

Saxena and Dogra [42] tried oral azithromycin in
a single blind randomized case-control trial. 50 patients
with moderate-to-severe chronic plaque psoriasis were
enrolled. Of these, 30 randomly selected patients received
azithromycin for 48 weeks as a single oral 500 mg daily
dose for 4 days with a gap of 10 days (total 24 such
courses). The remaining 20 patients received a vitamin
C tablet (nonchewable) in the same dosage schedule. A
significant improvement in PASI score was noted from
12 weeks in the majority of patients in the azithromycin
group. At the end of 48 weeks, 18 patients (60%) showed
excellent improvement, while 6 patients (20%) showed
good improvement, and 4 patients (13.33%) showed mild
improvement. A significant improvement in the skin lesions
was noted at 12 weeks of azithromycin therapy. Based on this
study, the authors reported that the results substantiated the
hypothesis that chronic ongoing stimulus by the streptococci
or its superantigen was indispensable in maintaining the
disease.

17 subjects participated in an open trial of macrolides
for treatment of psoriasis. Mean PASI scores dropped sig-
nificantly, and itch was reduced in 11 subjects after therapy.
This study showed that macrolide antibiotics may be effective
for treatment of psoriatic skin lesion, and that they may have
antipruritic effects [33].

Tamaki investigated the antipruritic effects of macrolide
antibiotics in several pruritic skin diseases. They found that
in most of the patients, the drug was very effective. The
reason for the antipruritic effect is not known; however,
it is suggested possibly that macrolide antibiotics inhibit
production of cytokines or neuropeptides that cause pruritus
[43].

Polat et al. [44] studied patients with psoriasis. The
patients were divided into two treatment groups: one to
receive erythromycin and topical steroids and the other
only topical steroids: the first group were treated with
erythromycin 1000 mg/day and topical corticosteroids for 4
weeks, while the control group were treated only with topical
corticosteroids. The study group comprised 36 patients;
the control group comprised 24 patients. There was no
significant difference between the baseline mean Psoriasis
Area and Severity Index (PASI) of the two groups. They
reported that the treatment used for the study group was
more effective against pruritus than that used for the control
group. Six patients with severe pruritus and six patients
with moderate pruritus in the study group found that itch
disappeared completely after the treatment. In the control
group, none of the patients with severe or moderate pruritus
found that itch disappeared completely.

(E) Macrolides and Alopecia Areata, Associated with H. pylori
Infection. Campuzano-Maya [45] described a case of a 43-
year-old man with patchy alopecia areata and H. pylori infec-
tion; the patient had hair regrowth after bacterial eradication.
The patient was prescribed first-line H. pylori eradication

with proton pump inhibitor (omeprazole) 20 mg twice daily,
amoxicillin 1000 mg twice daily, and clarithromycin 500 mg
twice daily for 14 days and was followed photographically
every 2 wks. He was instructed not to take or apply any
medications for alopecia areata. The patient’s condition
started to improve within 4 wks of completing H. pylori
eradication. By week 16, the patient had completely reversed
the hair loss, and by week 44, he remained H. pylori-
negative and completely cured of alopecia areata. The author
reported that this is the first documented case of reversed
hair loss after H. pylori eradication and, if such an association
is confirmed by epidemiological studies designed for this
purpose, new therapeutic options could be available for these
patients, especially in areas where infection with H. pylori is
highly prevalent.

(F) Macrolides and Chronic Urticaria, Associated with H.
pylori Infection. Chronic urticaria is one of the most fre-
quent skin diseases in medical practice. Urticaria is defined
as acute if the whealing persists for less than six weeks and
as chronic if it persists for longer. Chronic urticaria that
lasts from several years to decades significantly impairs the
quality of life. There is evidence that Helicobacter pylori has a
critical role in different extragastric diseases such as chronic
urticaria. Ben Mahmoud et al. [46] presented a case of
chronic urticaria in an adult patient with H. pylori infection
and disease regression after triple anti-H. pylori therapy. In
contrast to the autoimmune mechanisms involved in chronic
urticaria against which no specific treatment strategy has
been developed, infections with H. pylori could be treated
with triple therapy. The authors suggested that laboratory
tests for the detection of this pathogen should be performed
in patients with chronic urticaria.

(G) Macrolides and Pityriasis Rosea. Sharma et al. [47]
performed a clinical study to evaluate the efficacy of
erythromycin in patients with pityriasis rosea (PR). Ninety
patients over a period of 2 years were alternatively assigned to
treatment group or placebo group. Patients in the treatment
group received erythromycin in divided doses for 14 days.
The response was categorized as complete response, partial
response, or no response. Complete response was observed
in 33 patients (73.33%) in the treatment group and none
in the placebo group. The authors concluded that oral
erythromycin was effective in treating patients with pityriasis
rosea, and that the effect of erythromycin may be related to
its anti-inflammatory properties.

Rasi et al. [48] conducted a placebo-controlled study on
184 patients with pityriasis rosea attending the outpatient
dermatology department clinic. Adult patients were treated
with 200 mg of erythromycin 4 times daily, and children were
treated with 20 to 40 mg/kg daily in 4 divided doses. Controls
were given a placebo (an emollient cream) that was not
identical in appearance. Subjects were seen at follow-up visits
2, 4, 6, and 8 weeks after starting treatment. Both groups
were comparable with regard to sex, age, and mean duration
of disease at the time of attending the clinic. They found
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no significant difference between the 2 treatment groups at
weeks 4, 6, and 8 after beginning of treatment.

Other authors believe that the use of macrolides is best
considered experimental and should not be adopted into
routine clinical practice until further studies are conducted
and results are published. Even if macrolides are finally
proven to be effective in modifying the course of PR, this
does not substantiate that PR is caused by a bacterial rather
than a viral infection. Macrolides have anti-inflammatory
and immunomodulating effects that might affect the course
of PR or other cutaneous eruptions independent of their
antibacterial properties [49].

(H) Macrolides and Pityriasis Lichenoides. Pityriasis liche-
noides is an uncommon reactive papulosquamous erup-
tion of unknown origin. Truhan et al. [50] performed a
study to determine the effects of erythromycin in pityriasis
lichenoides. Fifteen of twenty-two children with pityriasis
lichenoides were treated with oral erythromycin. Eleven
(73%) had a remission, usually within 2 months. Two others
showed partial improvement, and two were unimproved.
Seven of the children who experienced a remission were
off erythromycin and free of lesions after 2 to 5 months of
therapy. The authors concluded that a trial of erythromycin
should be considered in children with pityriasis lichenoides
before other, possibly more toxic, measures are instituted.

Skinner and Levy [51] reported two cases of persis-
tent pityriasis lichenoides et varioliformis acuta (PLEVA)
unresponsive to tetracycline and erythromycin that rapidly
resolved with bimonthly treatment with azithromycin for
5 days. The first case was a 51-year-old female started on
azithromycin 500 mg on day 1 and 250 mg on days 2 through
5, to be taken on the first and third weeks of the month.
One week after starting the first course, she reported that no
new lesions had formed, and that the current lesions were
resolving. After 3 weeks and two courses of azithromycin,
the patient was clear of all lesions. She has remained clear
for 6 months. The second case was a 5-year-old boy in whom
erythromycin taken for 3 months did not improve the rash.
He was then started on the same azithromycin regimen stated
above. Eight weeks later, the patient had completed four
courses of azithromycin. He had marked improvement, with
only a few remaining smooth papules. He was continued on
azithromycin for one more course and was clear of all lesions
on 1-month followup and again 2 months later.

(I) Macrolides and Bullous Pemphigoid. Bullous pemphigoid
is the most common autoimmune-mediated bullous disease
in men. Mensing and Krausse [52] tested erythromycin
combined with a low-dose methylprednisolone in eleven
patients in a prospective study. A historical collective of the
last 33 patients treated before this study was started served
as the control group. The duration of hospitalization as
an expression of therapeutic response, but also of lowered
side effects dropped down from 43 to 33 days in the
erythromycin treated group. Altomare et al. [53] reported
that the macrolide antibiotic erythromycin has been effective
in bullous pemphigoid in their studied patients. Fox et al.

[54] reported two patients with bullous pemphigoid treated
with erythromycin demonstrated improvement.

(J) Successful Treatment of Idiopathic Thrombocytopenic Pur-
pura with Macrolides. Ohe and Hashino [55] reported 3
cases of primary immune thrombocytopenia (ITP) patients
who were successfully treated with macrolides, irrespective of
Helicobacter pylori (H. pylori) infection status. Case 1, an 88-
year-old woman who was an H. pylori-positive ITP patient,
was treated with clarithromycin (CAM). CAM was effective
temporarily. As an alternative to CAM, she was successfully
treated with erythromycin (EM) for more than 7 months.
Case 2, a 61-year-old man who was an H. pylori-negative
ITP patient, was unsuccessfully treated with CAM but
successfully treated with EM. Case 3, a 75-year-old woman
who was a H. pylori-negative ITP patient, was treated with
CAM. CAM was effective temporarily. After approximately 6
months, she was treated with EM for a common cold, and
her platelet count increased rapidly. The authors concluded,
based on these findings, that macrolide treatment was
effective for ITP. The effectiveness of macrolides might
suggest immunomodulatory effects as well as antibacterial
effects for H. pylori.

In a previous work, the authors have already reported
3 cases of idiopathic thrombocytopenic purpura (ITP), also
known as primary immune thrombocytopenia, which show
increased platelet counts following clarithromycin treatment,
irrespective of H. pylori infection status [56].

The authors attributed this therapeutic success of
macrolides in treating cases of ITP to the immunomodula-
tory effects of macrolides. Immunomodulatory effects from
macrolide antibiotics might be obtained by the eradication of
bacteria or by modulation of the immune system involving
the mucosa on which commensal bacteria reside [57].

2. Conclusion

Despite the small number of studies shedding light on the
anti-inflammatory and immunomodulatory mechanisms of
the macrolides, there is strong evidence providing support
to the benefit of using this type of drug for the long
term and in low doses to treat some chronic inflammatory
skin disorders. The macrolides have some potentially useful
immunomodulatory effects. Although additional studies are
needed, macrolide therapy in some of chronic dermatoses
has the potential of modifying the morbidity and possibly
ameliorating the severity of some, but not all, of these
conditions. Further well-designed, adequately powered ran-
domized controlled trials are required.
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To examine the in vivo effects of the 15-member macrolide, azithromycin (AZM), on mucus hypersecretion, we induced
hypertrophic and metaplastic changes of goblet cells in rat nasal epithelium by intranasal instillation of ovalbumin (OVA) in OVA-
sensitized rats, or by intranasal lipopolysaccharides (LPS) instillation. Oral administration of AZM (5–10 mg/kg) or clarithromycin
(CAM, 5–10 mg/kg) significantly inhibited OVA- and LPS-induced mucus production, whereas josamycin (JM) or ampicillin
(ABPC) showed no effect. In vitro effects of AZM on airway epithelial cells were examined using NCI-H292 cells and human nasal
epithelial cells cultured in air-liquid interface. Mucus secretion was evaluated by enzyme-linked immunosorbent assay using an
anti-MUC5AC monoclonal antibody. AZM or CAM significantly inhibited tumor necrosis factor-α (TNF-α) (20 ng/mL)-induced
MUC5AC secretion from NCI-H292 cells at 10−6–10−7 M, whereas JM or ABPC showed no effect. AZM significantly inhibited
TNF-α (20 ng/mL)-induced MUC5AC secretion from human nasal epithelial cells at 10−4 M. MUC5AC mRNA expression was
also significantly inhibited. These results indicate that the 15-member macrolide, AZM, exerts direct inhibitory effects on mucus
secretion from airway epithelial cells and that it may be useful for the treatment of mucus hypersecretion caused by allergic
inflammation and LPS stimulation.

1. Introduction

The 14-member macrolides, clarithromycin (CAM) and
erythromycin (EM), and the 15-member macrolide, azith-
romycin (AZM), are widely used for the treatment of airway
inflammation. Low-dose, long-term macrolide therapy has
been reported to be very effective for patients with chronic
airway diseases, such as diffuse panbronchiolitis [1], chronic
bronchitis [2, 3], and chronic rhinosinusitis [4, 5]. It has been
suggested that these effects depend on anti-inflammatory
and immunomodulatory actions of 14- and 15-member
macrolides rather than antibacterial one.

Hypersecretion of mucus is an important characteristic
of these airway inflammations. The clinical effectiveness of
macrolide therapy was represented by a significant reduction
in the amount of secreted mucus. In our previous study,
oral administration of CAM or EM significantly inhibited
lipopolysaccharides- (LPS-) induced and antigen-induced

mucus production in rat nasal epithelium, whereas 16-
member macrolide, josamycin (JM), showed no effect. CAM
and EM also inhibited mucus secretion from cultured airway
epithelial cells, NCI-H292 cells, and human nasal epithelial
cells cultured in air-liquid interface [6, 7]. These results
indicate that the 14-member macrolides, CAM and EM, exert
direct inhibitory effects on mucus secretion from airway
epithelial cells. However, the inhibitory effect of 15-member
macrolide, AZM, on mucus secretion is less well studied
compared with CAM and EM.

In the present study, to demonstrate the effects of AZM
on mucus secretion from airway epithelial cells, we evaluated
(1) the in vivo effects of AZM on antigen-induced and
LPS-induced mucus production in rat nasal epithelium,
and (2) the in vitro effects on tumor necrosis factor-α-
(TNF-α-) induced mucus secretion from human mucoepi-
dermoid carcinoma cells (NCI-H292 cells) and from human
nasal epithelial cells cultured in air-liquid interface. Mucus
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secretion was evaluated by enzyme-linked immunosorbent
assay (ELISA) using an anti-MUC5AC monoclonal antibody
that recognizes peptide backbones of mucin. The effect on
mRNA expression of MUC5AC gene was also examined.

2. Methods

2.1. Mucus Hypersecretion in Rat Nasal Epithelium. All
experiments were approved by the Committee for the Care
and Use of Laboratory Animals of Mie University School of
Medicine. Sensitization and challenge of rats were performed
as previously reported [8]. Male Fisher 344 rats (6 weeks
old) were immunized with intraperitoneal injection of 200 μg
ovalbumin (OVA, grade V; Sigma Chemical Co., St. Louis,
MO) and 10 mg of Al(OH)3 at days 1, 2, 3, and 11. At day
19, 0.1 mL saline containing 10 mg of OVA was instilled into
nasal cavity for 3 days. For LPS stimulation, rats (9 weeks
old) were intranasally instilled with 0.1 mL saline containing
0.1 mg LPS from Escherichia coli 0111:B4 (Sigma) for 3 days
[9].

AZM (5–10 mg/kg, Pfizer Pharmaceutical, Tokyo), CAM
(5–10 mg/kg, Taisho Pharmaceutical, Tokyo), JM (10 mg/kg,
Yamanouchi Pharmaceutical, Tokyo), or ampicillin (ABPC,
30 mg/kg, Sigma) in 0.5% carboxymethyl cellulose sodium
salt was given orally 1 hour before the intranasal instillation
of OVA or LPS for 3 days. Twenty-four hours after the last
intranasal instillation of OVA or LPS, rats were sacrificed,
and the nasal cavity was transversely sectioned at the level
of incisive papilla. Paraffin sections were stained with alcian
blue-periodic acid-Schiff and hematoxylin (AB-PAS-H).

2.2. Morphometry. The percentage area of AB-PAS-stained
mucosubstance in the surface epithelium was determined
with the image analyzer (SP 500, Olympus, Tokyo) [9].
The area of nasal epithelium was outlined, and the image
analyzer determined the area of AB-PAS-stained mucosub-
stance within this reference area. The percentage area of
mucosubstance per epithelial area was calculated over 2 mm
(1 mm of each side of nasal septum ×2) of the basal lamina
at the center of septal cartilage. Since the measured area of
mucosubstance changes in the oblique section, the percent
area of mucosubstance was used as a parameter of intraepi-
thelial mucus production.

2.3. Cell Cultures. A human mucoepidermoid carcinoma cell
line, NCI-H292, was grown on plastic dish in RPMI 1640
medium containing 10% fetal bovine serum, penicillin strep-
tomycin (50 U/mL-50 μg/mL), and Hepes (25 mM).

Human nasal epithelial cells were obtained from nasal
polyps from patients with chronic sinusitis. The dissociated
epithelial cells were cultured in a serum-free hormone sup-
plement medium according to a technique described previ-
ously [10]. An air-liquid interface was created when the cells
became confluent, and the cultures were supplemented with
medium containing 5 × 10−8 M retinoic acid.

When the NCI-H292 cells become confluent, or at the
14-day culture in the air-liquid interface of nasal epithelial

cells, tumor necrosis factor-α (TNF-α), and AZM, CAM,
JM, or ABPC was added to the culture medium (pH7.2)
for 24 hours, then the culture medium and total RNA were
collected.

2.4. ELISA. The culture medium were incubated at 40◦C
in a 96-well plate, until dry. Plates were blocked with 2%
BSA for 1 hour, and then incubated with 50 μL of mouse
monoclonal MUC5AC antibody (1 : 100) for 1 hour. The
wells were incubated with 100 μL of horseradish peroxidase-
goat anti-mouse IgG conjugate (1 : 10,000) for 1 hour. Color
reaction was developed using 3,3′,5,5′-tetramethylbenzidine
peroxidase solution. Absorbance was read at 450 nm.

2.5. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNA was extracted from cultured cells, reverse
transcribed, then the cDNA was amplified by PCR using
the Superscript preamplification system kit (Gibco, Grand
Island, NY). The MUC5AC cDNA was amplified using
the sense primer 5′-CACCAAATACGCCAACAAGAC-3′ and
the antisense primer 5′-CAGGGCCACGCAGCCAGAGAA-
3′. The GAPDH cDNA was amplified using the sense
primer 5′-CCACCCATGGCAAATTCCATGGCA-3′ and the
antisense primer 5′-TCTAGACGGCAGGTCAGGTCCACC-
3′.

2.6. Statistics. All data are expressed as mean ± SD. The
difference between variables was analyzed by the Mann-
Whitney U test. Probability values of P < 0.05 were consid-
ered significant.

3. Results

3.1. In Vivo Effects on Mucus Production. Intranasal instil-
lation of OVA for 3 consecutive days induced hypertrophic
and metaplastic changes of goblet cells in nasal septal
epithelium of OVA-sensitized rats. Similar changes of goblet
cells occurred after 3 days of LPS instillation. Only a few
goblet cells were observed in control groups (untreated
control, saline-instilled, and sham-sensitized rats challenged
with saline or OVA, and OVA-sensitized rats challenged with
saline).

Oral administration of AZM (5–10 mg/kg) or CAM (5–
10 mg/kg) significantly inhibited OVA-induced mucus pro-
duction, whereas treatment with JM (16-member macrolide)
or ABPC showed no significant effect (Figure 1). OVA-
sensitized rats, challenged with OVA, showed significant
infiltration of eosinophils in nasal septal mucosa, however,
AZM had no effect on OVA-induced eosinophil infiltration.
The number of eosinophils in nasal septal mucosa/8 mm
(4 mm in each side ×2) was 2.6 ± 1.8 (saline control), 47.2 ±
17.7 (OVA-induced control), 51.4 ± 18.3 (AZM 5 mg/kg),
and 44.4 ± 26,2 (AZM 10 mg/kg). LPS-induced mucus pro-
duction was also significantly inhibited by the treatment with
AZM (10 mg/kg) or CAM (10 mg/kg), whereas JM or ABPC
showed no effect (Figure 2).
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Figure 1: Effects of azithromycin (AZM, 5–10 mg/kg), clarithromy-
cin (CAM, 5–10 mg/kg), josamycin (JM, 10 mg/kg), or ampicillin
(ABPC, 30 mg/kg) on OVA-induced mucus production in OVA-
sensitized rats (n = 6). Significant increase in intraepithelial muco-
substance occurred 24 hours after 3 days of OVA instillation. Oral
administration of AZM or CAM significantly inhibited antigen-
induced mucus production, whereas JM and ABPC had no effect.
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Figure 2: Effects of azithromycin (AZM, 10 mg/kg), clarithromycin
(CAM, 10 mg/kg), josamycin (JM, 10 mg/kg), or ampicillin (ABPC,
30 mg/kg) on LPS-induced mucus production in rat nasal epithe-
lium (n = 6). Significant increase in intraepithelial mucosubstance
occurred 24 hours after 3 days of LPS instillation. Oral administra-
tion of AZM or CAM significantly inhibited LPS-induced mucus
production, whereas JM and ABPC had no effect.

3.2. In Vitro Effects on Mucin Secretion

3.2.1. NCI-H292 Cells. TNF-α significantly stimulated mu-
cin secretion from NCI-H292 cells. The percentage stim-
ulation of MUC5AC secretion was 44.0% ± 8.6%. AZM
showed an inhibitory effect on TNF-α-induced MUC5AC
secretion at 10−6–10−8 M. CAM (10−6–10−7 M) also signif-
icantly inhibited TNF-α-induced mucin secretion, whereas
JM (16-member macrolide) and ABPC showed no effects
(Figure 3).

3.2.2. Human Nasal Epithelial Cells. At the 14-day culture in
air-liquid interface condition, secretory cell differentiation
was induced in about 25% of cultured cells [10]. The
medium in the lower compartment did not react with
MUC5AC. Only the samples collected from the apical side
contained MUC5AC-reactive mucin, indicating that there
was a polarity in mucin secretion. TNF-α (20 ng/mL) sig-
nificantly stimulated MUC5AC secretion, and AZM signifi-
cantly inhibited TNF-α-induced mucin secretion at 10−4 M
from cultured human nasal epithelial cells, whereas ABPC
showed no effect. Changes of MUC5AC gene expression
were evaluated by RT-PCR, and AZM (10−4 M) significantly
inhibited MUC5AC mRNA expression of cultured human
nasal epithelial cells (Figure 4).

4. Discussion

In the present study, hypertrophic and metaplastic changes
of goblet cells were induced in rat nasal epithelium by
intranasal challenge with OVA in OVA-sensitized rats or by
intranasal LPS instillation. A similar increase of epithelial
mucosubstance occurred 24 hours after three days of OVA or
LPS instillation. Oral administration of AZM (15-member
macrolide) significantly inhibited antigen- or LPS-induced
mucus production. These inhibitory effects are similar with
CAM (14-member macrolide), whereas JM (16-member
macrolide) or ABPC showed no effect. This is the first report
showing the in vivo effects of AZM on mucus production in
upper airways.

Mucus hypersecretion associated with hypertrophy and
metaplasia of epithelial secretory cells is a major characteris-
tic of chronic airway diseases, and the clinical effectiveness
of low-dose and long-term treatment with 14-member
macrolides, CAM and EM, is represented by the significant
reduction of the amount of secreted mucus, sputum, and
rhinorrhea. Tamaoki and coworkers [11] have reported that
erythromycin (EM) significantly inhibited mucus secretion
in guinea pig trachea in vivo. In our previous studies [6, 7],
CAM and EM inhibited antigen- and LPS-induced mucus
production in rat nasal epithelium. CAM and EM showed
the direct inhibitory effect on mucin secretion from cultured
airway epithelial cells [6].

The 15-member macrolide, AZM, also has an anti-
inflammatory action, and AZM has been widely used for
the treatment of patients with chronic airway inflammation,
such as cystic fibrosis [12], chronic obstructive pulmonary
disease [13], and bronchiolitis obliterans syndrome [14]. The
meta-analysis study revealed that long-term use of AZM in
cystic fibrosis patients improved the lung function, especially
for Pseudomonas aeruginosa-colonized patients [12]. A large
randomized placebo-controlled study revealed that long-
term use of AZM decreased the risk of acute exacerbations
of patients with chronic obstructive pulmonary diseases
[13].

Several animal studies demonstrated that AZM atten-
uated many types of experimental airway inflammation
caused by the allergic inflammation [15], by the inhalation
of irritant gas, ozone [16], by the lung ischemia reperfusion
injury [17], or by bacterial and viral infections [18, 19]
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MUC5AC secretion, whereas JM and ABPC had no effect.

∗

M
U

C
5A

C
 s

ec
re

ti
on

 (
%

)

∗
P < 0.05

TNF-αTNF-αTNF-α
AZM ABPC

Control

−10 4 M 10−4 M

140

120

100

80

60

40

20

0

(a)

Control

GAPDH

MUC5AC

∗
∗

P < 0.05

M
U

C
5A

C
/G

A
P

D
H

 m
R

N
A

 r
at

io

0.2

0.1

0
AZM

10−4 M

(b)

Figure 4: Effects of azithromycin (AZM) and ampicillin (ABPC) on TNF-α (20 ng/mL)-induced mucin secretion (a) and MUC5AC mRNA
expression (b) from human nasal epithelial cells cultured at air-liquid interface (n = 5). (a) TNF-α stimulated MUC5AC secretion, and AZM
significantly inhibited TNF-α-induced mucin secretion at 10−4 M, whereas ABPC showed no effect. (b) Total RNA was isolated and analyzed
for MUC5AC and GAPDH mRNA expression by RT-PCR (n = 5). AZM significantly inhibited MUC5AC mRNA expression at 10−4 M as
demonstrated by the MUC5AC/GAPDH ratio.

in lower airways. In the present study, AZM also atten-
uated antigen- or LPS-induced mucus production in rat
nasal epithelium. Many investigators demonstrated the anti-
inflammatory action of AZM, which includes the immun-
omodulatory effects on inflammatory cells [19, 20], the
modulation of cytokine production [21], and the inhibition
of bacterial function and biofilm formation [22].

Recently, several in vitro studies have demonstrated
the inhibitory effects of AZM on mucus secretion from
airway epithelium. AZM inhibited MUC5AC expression and
secretion from NCI-H292 cells, induced by human neu-
trophil peptide-1 and LPS [23], by Pseudomonas aeruginosa-
derived N-(3-Oxododecanoyl) homoserine lactone [24], or
by nontypable Haemophilus influenza and Chlamydophilia
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pneumoniae [25, 26]. AZM inhibited acetylcholine-induced
MUC5AC release from swine airway submucosal gland cells
[27]. In the present study, we examined the TNF-α-induced
MUC5AC secretion from airway epithelial cells. TNF-α
has been implicated in LPS-induced airway inflammation.
LPS stimulation enhanced the TNF-α/β generation in rat
lung [28], and TNF-α antagonist inhibited the LPS-induced
mucus hypersecretion in rat nasal epithelium [29]. We
found that AZM and CAM significantly inhibited TNF-α-
induced MUC5AC secretion from NCI-H292 cells. AZM
also inhibited mucin secretion from human nasal epithelial
cells cultured in air-liquid interface, and MUC5AC mRNA
expression was significantly inhibited. This is the first
report showing the inhibitory effects of AZM on mucus
secretion from normal human airway epithelial cells. These
inhibitory actions appeared to be unique for 14- and
15-member macrolides because other antibiotics, JM (16-
member macrolide) and ABPC, did not show any effect.

In our previous study, the active concentrations of CAM
and EM for the inhibition of mucin secretion are 10−6

to 10−7 M for NCI-H292 cells and 10−4 to 10−5 M for
human nasal epithelial cells [6]. The different results may be
caused by the different responses between mucoepidermoid
carcinoma cells and normal nasal epithelial cells. In the
present study, AZM showed the similar inhibitory effect on
MUC5AC secretion from NCI-H292 cells and from human
nasal epithelial cells. It is well known that the macrolide
antibiotics achieve higher concentration in airway tissues,
and the therapeutic concentrations are 10−5 to 10−6 M in
tissues. In our in vivo study, oral administration of 5–
10 mg/kg AZM or CAM significantly inhibited epithelial
mucus production, and a previous study demonstrated that
this is comparable with tissue concentration of 10−5 to
10−6 M in rats [30]. These results indicate that the in vivo
effect of AZM or CAM is caused in some parts by the direct
inhibitory effect on mucus secretion from the epithelial cells.

5. Conclusion

We have induced hypertrophic and metaplastic changes of
goblet cells in rat nasal epithelium by intranasal challenge
with OVA in OVA-sensitized rat and by LPS instillation,
and we have demonstrated in this model that AZM inhibits
epithelial mucus production produced by allergic inflamma-
tion and by LPS stimulation. We have also demonstrated that
AZM directly inhibits MUC5AC secretion from NCI-H292
cells and human nasal epithelial cells. These novel findings
may explain the clinical efficacy of AZM in patients with
chronic airway inflammation.
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Non-cystic fibrosis-related bronchiectasis is a chronic inflammatory lung disease, which is regarded as an “orphan” lung disease,
with little research devoted to the study of this condition. Bronchiectasis results in impaired quality of life and mortality if left
untreated. The tools available in the armamentarium for the management of bronchiectasis entail antibiotic therapy traditionally
used to treat exacerbations, stratagems to improve mucociliary clearance, and avoidance of toxins. Macrolides have been known
for the last two decades to have not only anti-bacterial effects but immunomodulatory properties as well. In cystic fibrosis, the use
of macrolides is well documented in subjects colonized with Pseudomonas aeruginosa, to improve quality of life and lung function.
There is currently emerging evidence to suggest the benefit of macrolides in subjects not colonized with Pseudomonas aeruginosa.
This beneficial effect has been less explored in the context of bronchiectasis from other causes. The purpose of this paper is to
review the current literature on the use of macrolides in non-cystic fibrosis related bronchiectasis in paediatrics.

1. Bronchiectasis

The term bronchiectasis is derived from the Greek words
bronkia (bronchial tubes), ek (out), and tasis (stretching).
The earliest description of bronchiectasis was by Laennac
in 1819 [1]. There are two anatomical classification systems
used for the diagnosis of bronchiectasis, namely, the Reid
and Whitwell classifications [2, 3]. In the past few years, the
diagnostic criteria for bronchiectasis have changed, with the
diagnosis being based on the less invasive high-resolution
computerized tomography (HRCT). HRCT scanning has led
to easier diagnosis and follow up of bronchiectasis [4].

The exact pathophysiological mechanisms for bronchiec-
tasis are unknown, with the currently accepted concept
being the “vicious cycle” theory proposed by Cole in the
mid-eighties (Figure 1) [5]. Cole’s theory evolves around an
initial “hit” or trigger that results in airway inflammation.
The inflammatory process is established such that, with
subsequent lung infections, persistent airway inflammation
occurs. This is associated with release of proinflammatory
cytokines interleukin-(IL-) 6, IL-8, and neutrophil elastases

[6–8]. These cytokines recruit inflammatory mediators,
whose end-product is mucous gland hypertrophy and mucus
hyperproduction. Excess mucus compromises the mucocil-
iary escalator, which further perpetuates microbial invasion
of the airway. Mucus performs an innate immune function
property in the lungs by acting as the first barrier in
the airways. Mucus is made up of mucin proteins, water,
surfactant phospholipids, peptides, and defence proteins.
There are many changes that occur to the mucus prop-
erties of patients with chronic inflammatory lung disease
[9]. There is goblet cell hyperplasia, which contributes to
excessive mucus production. In the presence of infection
epithelial cells modulate the recruitment of inflammatory
cells by the production of chemokines, cytokines, adhesion
molecules, and modulation of expression of receptors. The
presence of persistent infection, impairment of the protective
mucociliary escalator, and the presence of enzymes such as
elastases cause damage to the airway and lung tissue [10].

Risk factors associated with bronchiectasis are over-
crowding, poverty, damp housing, macro- and micro-
malnutrition, indoor pollution with biomass fuels, and
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Figure 1: The pathophysiology of bronchiectasis the inflammatory
cycle as proposed by Cole.

environmental tobacco smoke. These risks factors have been
largely diminished in developing countries with rates of
bronchiectasis as low as 0.49 per 100 000 population in
Finnish children [11–13]. Certain groups in developed coun-
tries, such as the Alaskan natives of the Yokun Kuskokwim
Delta, the New Zealand Maori, and the Aborigines of Aus-
tralia, have inordinately high bronchiectasis rates, ranging
from 3.5 to 16 per 10 000 [14–16]. This is in contradistinc-
tion to developing countries where there is a high infectious
disease burden and consequently high bronchiectasis rates
[17]. There is, however, no accurate prevalence data available
to quantify the problem in developing countries.

2. Immunology of Bronchiectasis

The innate immune system is activated by pathogen-asso-
ciated molecular patterns (PAMPs), which are recognized
by pattern recognition receptors such as toll-like receptors
(TLRs) [18, 19]. TLR activation triggers a cascade resulting
in the activation and nuclear translocation of nuclear factor
κβ (NFκβ) with subsequent release of proinflammatory
cytokines IL-1β, IL-8, and TNF-α [20]. IL-8 is a potent
chemoattractant for neutrophils [21]. Neutrophils are inte-
gral to the innate immune mechanisms in the lung, with
neutrophillic inflammation being central in the pathogenesis
of bronchiectasis. Elevated levels of neutrophil derived prod-
ucts IL-6, IL-8 and TNF-α have been found in the sputum of
adults with stable bronchiectasis [22]. Transepithelial migra-
tion of neutrophils from the intravascular compartment
occurs in a coordinated fashion with interplay of various
adhesion molecules. Three families of adhesion molecules
mediate this; the selectins, the integrins CD11/CD18, and the
immunoglobulin superfamily that is, intravascular adhesion
molecule 1 (ICAM-1) and vascular adhesion molecule 1
(VCAM-1) [23]. These adhesion molecules are upregulated
in the presence of IL-1, TNF-α, and IL-8. Both VCAM-1
and ICAM-1 have been found to be elevated in bronchiec-
tasis subjects [10]. Adherent neutrophils migrate to the
inflammatory site under the direction of the neutrophil
chemoattractant IL-8. Once activated, neutrophils produce
neutrophil elastase (NE) and matrix metalloproteinases:

MMP-8 and MMP-9. NE has three main mechanisms of
action. Firstly, it has proteolytic effects from toxic products
that digest the airway elastin, basement membrane collagen,
and proteoglycan [23]. Secondly, it induces the release of
cytokines IL-6, IL-8, and GM-CSF [23]. Finally, it is a
powerful secretagogue inducing expression of mucin gene
MUC5AC via the generation of reactive oxygen species
[23]. In CF, the free elastase is associated with reduced
opsonization of pathogens, thus acting as a potent stimulator
for IL-8 production [24].

Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is a potent chemokine that allows prolonged
survival of neutrophils in the airway. The intensity of
the proinflammatory cytokines was also found to be
elevated in subjects with colonization of the airways by
microorganisms. This elevation in the cytokines, coupled
with the elevated proteases released from neutrophils,
namely, neutrophil elastase, MMP-2, MMP-6, and MMP-9,
overwhelms the antiprotease defence mechanisms rendering
the lung vulnerable to destruction [25–27]. The use of
antibiotics has been shown to result in a reduction of these
proinflammatory cytokines [28].

3. Management of Bronchiectasis

Interventions in the management of bronchiectasis include
medical as well as adjunctive therapies. The therapeutic goals
of management include the following: treatment of the
underlying disease, aggressive treatment of infections, pro-
motion of mucociliary clearance, promotion of normal
growth, avoidance of toxins, identification and management
of complications, and treatment of the chronic inflammation
to retard disease progression [29].

Although airway clearance with chest physiotherapy is
universally recommended the evidence for benefit is limited.
A Cochrane review demonstrated no improvement in lung
function in patients who had regular multimodality airway
clearance techniques [30]. The benefit to individuals seems
to lie in the reduction of cough frequency and improvement
in quality of life. The technique used does not appear
to have any impact on the outcome, although in patients
with gastroesophageal reflux, care should be taken when
instituting techniques that use the head down position. This
is particularly important in young children. There have
been no favourable outcomes, in terms of lung function
parameters, with the use of physiotherapy [31].

In bronchiectasis, the rheological properties of mucus
are abnormal with variation in the rheology depending
on the cause of bronchiectasis. In childhood, postinfective
bronchiectasis mucus is less viscous and more transportable
than that of children with CF [32]. The agents used for
airway clearance are either airway hydrators or mucolytics.
Mucolytic agents reduce mucus viscosity and promote
clearance of secretions. They do this via several mecha-
nisms, which include disruption of disulphide bonds and
liquefying proteins that degrade DNA filaments and actin.
This modality of treatment is an attractive option in a con-
dition where increased mucus tenacity and viscosity is
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a problem. Recombinant DNAse (rhDNAse) has been used
with excellent results in CF. However, in non-CF bronchiec-
tasis such results are not obtained. In a large multicentre trial
by O’Donnell et al., rhDNAse was found to have detrimental
effects in participants with worsening decline in lung func-
tion [33]. Forced vital capacity (FVC) was reduced by 3.1%
compared to placebo. Patients also suffered an increase in
the number of exacerbations in the intervention group. This
finding is in contradistinction to the benefits documented
in CF. This may have several explanations: firstly, there are
differences in rheological properties of mucus in the CF
airway when compared to the non-CF bronchiectatic airway
[32]. Secondly, in CF, the pathology is mostly in the upper
lobes, and the use of mucolytics may facilitate clearance with
gravity, whilst in non-CF bronchiectasis the lower lobes are
affected and this may hamper their effective clearance of
thin secretions against gravity [33, 34]. Due to the harm
demonstrated in this study, there have been no paediatric
studies conducted in the use of rhDNAse. Therefore, the use
of this drug is strongly discouraged in patients with non-CF
bronchiectasis. The use of mucus hydrators like hypertonic
saline and mannitol have been studied. Hypertonic saline
has shown benefit in one small adult study when used
in conjunction with chest physiotherapy [35]. A Cochrane
review and a recent trial of the use of mannitol also have
shown benefit in changing the physical properties of mucus
in fourteen adults with bronchiectasis [36, 37].

Antibiotic therapy forms the cornerstone of bronchiec-
tasis treatment. The use of antibiotics can prevent airway
damage by treating infections, maintain and improve lung
functions, and improve quality of life. Pseudomonas infec-
tion is rare in children with non-CF bronchiectasis [38].
Inhaled antibiotics have been extensively studied in the
context of CF. The use of this strategy has the benefit of
targeted drug delivery, limitation of systemic drug absorp-
tion, and reduction of side effects. The drug doses required
for oral and intravenous antibiotics, to achieve bactericidal
levels in airway secretions, need to be between 10 and
25 times above the mean inhibitory concentration. This,
therefore, renders inhaled therapies a more attractive option
in bronchiectasis. In order to have optimal use of inhaled
drugs, they need to be at a pH above 4.0 and have an
osmolarity between 100–1100 mOsmol. Several antibiotics,
including tobramycin, ceftazidime, and gentamycin, have
been studied especially in the context of CF in subjects
colonized with Pseudomonas aeruginosa [39–41]. There is
currently insufficient evidence for the recommendation of
the use of inhaled antibiotics, especially since pseudomonas
colonization is a rare event in non-CF bronchiectasis in
children, although small studies with inhaled tobramycin,
colistin, and aztreonam have suggested benefit [39].

Anti-inflammatory drugs like corticosteroids are a nat-
ural candidate in the management of bronchiectasis as they
can play a pivotal role in breaking the cycle of inflammation.
The anti-inflammatory effects are mediated by a reduction
of inflammatory cytokines, inhibition of prostaglandins,
reduction in adhesion molecules, and the inhibition of nitric
oxide in the airway. Regrettably, systemic corticosteroids

Table 1: Types of macrolide antibiotics.

14-member ring macrolides

Erythromycin
Troleandomycin
Clarithromycin
Roxithromycin

15-member ring macrolides Azithromycin

16-member ring macrolides
Josamycin
Spiramycin
Midecamycin

cannot be used long term due to their unfavourable side-
effect profile. Inhaled corticosteroids have been shown in
randomized trials to reduce the number of exacerbations,
reduce sputum volume, and improve quality of life in
bronchiectasis [22, 42, 43]. One randomized trial of eighty-
six adults showed that subjects colonized with Pseudomonas
aeruginosa derived the most benefit from the use of inhaled
corticosteroids [22].

4. Macrolides and Bronchiectasis

Macrolide antibiotics are a group of antibiotics that contain
a macrocytic lactone ring with a number of sugar moieties
attached to these rings. Macrolides are further subclassified
according to the number of lactone rings into the 14-,
15-, and 16-member ring macrolides (Table 1). The oldest
of these drugs is erythromycin. Erythromycin is a 14-
member macrolide, which was first isolated by McGiure
and colleagues in 1952 from Streptomyces erythreus found
in soil samples in the Philippines. The other macrolides are
semisynthetic agents.

Azithromycin is an azalides with an added methyl-
substituted nitrogen atom onto the lactone ring to form
the 15-member ring. Clarithromycin is formed by the
methylation of the hydroxyl group at position 6 of the lactone
ring. These structural modifications confer azithromycin
and clarithromycin a slightly better side effect profile when
compared to erythromycin. These modifications reduce
the interaction of these drugs with drugs metabolized by
the cytochrome P450 system. There are also significantly
fewer gastrointestinal side effects. Azithromycin and clar-
ithromycin also have a far superior tissue penetration in vitro
and a longer elimination half life and, thus, need once daily
dosing. The drawback of the use of these agents is their
significantly higher cost when compared to erythromycin,
which is a relatively cheap and effective drug. Macrolide
concentrations are at least 10-fold higher in epithelial lung
fluid than in serum [44].

The mode of action of macrolides is by reversible binding
to the 50 s subunit of the ribosome in prokaryocytes. This
results in prevention of ribosomal translation and thus pre-
vention of bacterial replication. Macrolides are bacteriostatic
for Staphylococci, Streptococci, and Haemophilus, but they
may exert bactericidal effects at very high concentrations.
Macrolides do not have bactericidal effects against Pseu-
domonas aeruginosa but do result in inhibition of biofilm
formation and also inhibit the organism’s ability to produce
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toxins [45]. Macrolides are commonly used as a first-line
therapy for treatment of acute bacterial infections such as
community-acquired pneumonia in adults. The potential use
of macrolides for their immune modifying effects was first
discovered in patients with severe steroid dependent asthma
[46]. The concomitant use of troleandomycin was found
to result in significant improvement in asthma control in
patients and also led to dose reduction of steroids without
loss of asthma control. These immunomodulatory effects of
macrolides are limited to the 14- and 15-membered ring
macrolides.

The use of low-dose macrolides in the management
of chronic inflammatory lung disease was initially found
in Japanese patients with diffuse panbronchiolitis (DPB)
[47–50]. DPB, a common condition in Japan and South
East Asia, is a progressive inflammatory disorder whose
sufferers present with chronic productive cough, wheezing,
exertional dyspnoea, chronic sinusitis, mucoid Pseudomonas
aeruginosa colonization, mixed restrictive and obstructive
pulmonary functions, and diffuse chronic inflammation
involving the bronchiolar and centrilobular regions of the
airway. Untreated, DPB has a very poor prognosis; in 1984,
the five-year survival rate was 26%. With the use of low
dose erythromycin, the mortality of these patients was
dramatically reduced with 10-year survival rates increasing
to 92% [50]. This was coupled with an improvement
in lung function and quality of life of sufferers. The
immunomodulatory effects of macrolides are thought to
result in reduction in sputum volume, inhibition of virulence
factor production by bacteria, diminished neutrophil influx
and downregulation of IL-8 production, inhibition of NF-κβ
production, and reduction in both ICAM-1 and neutrophil
elastase [51–54]. These immunomodulatory effects result
in a reduction in pulmonary exacerbations, improved lung
function, and improved quality of life [28, 55–61]. The
clinical improvement of subjects may take up to three
months to show an effect.

The use of macrolides is not only limited to DPB. In
the late 1990s, there was rekindled interest in the use of
macrolides in the treatment of other chronic inflammatory
lung disorder including CF. CF is a genetic disorder caused
by a defect on chromosome 7, resulting in an abnormal CF
transmembrane regulator gene, which results in an abnormal
chloride secretion by the apical epithelial cells. The accu-
mulation of aberrant CFTR in the endoplasmic reticulum is
thought to result in calcium release and stimulation of NFκβ.
NFκβ causes the release of IL-8 and inflammation of the
airway. As the inflammatory process becomes chronic, there
is histotoxic inflammation with an increase of lymphocytes
and monocytes; this process occurs in the CF airway
with continued predominance of neutrophils [62, 63]. It
is thought that the chronic infections that occur in CF
cause an increase in granulocyte colony stimulating factor
(GCSF) and GM-CSF with signalling of reduction in cellular
apoptosis causing this persistence of neutrophillic airway
inflammation. In the setting of CF, azithromycin has been
consistently found to result in a reduction in the number
of pulmonary exacerbations, time to first exacerbation, and
improvement in nutritional parameters [64–67]. In CF,

macrolides form part of the cornerstone of therapy in sub-
jects colonized with Pseudomonas aeruginosa, with emerging
evidence of their benefit in CF subjects without Pseudomonas
aeruginosa [68]. With initiation of macrolides, there is a
modest initial improvement in lung functions.

There are a few studies looking at the immunomodula-
tory role of macrolides in the management of patients with
non-CF bronchiectasis (Table 2). One adult study by Tsang
et al. studied the effect of erythromycin in patients with
severe idiopathic bronchiectasis. They found a significant
improvement in FEV1, FVC, and sputum volume over
a period of 8 weeks in 11 patients when compared to
10 controls [58]. In this study, there was no change in
the proinflammatory mediators (IL-8, TNF-α, IL-1αβ, and
leukotriene B4). Only one study in children showed an
improvement on the small airways (maximal mid-expiratory
flow) and a reduction in IL-8 [59]. The trials conducted on
macrolides in bronchiectasis are limited in patient numbers
and length of treatment but universally all have shown
a consistent reduction in the frequency of exacerbations and
sputum volumes [28, 57, 59, 60].

5. Macrolide Resistance and Safety

Long-term use of macrolides results in resistance particularly
to Streptococci, Haemophilus, and Staphylococci. There are
three mechanisms by which resistance occurs [69]. Firstly,
this may be due to ribosomal target modification mediated
by methylases encoded by the erm(B) gene. The second
mechanism is due to mutation of the 23S rRNA or ribosomal
proteins L4 and L22. This leads to conformational changes
in the binding site of macrolides. Finally, active drug efflux
occurs due to the membrane bound efflux protein mef (A)
gene. Phaff et al. found increasing resistance of S. aureus
to macrolides in CF patients, with an in resistance of
17.2% in those on macrolides versus 3.6% in CF subjects
not on macrolides [70]. Tramper-Stranders et al. also
found an exponential increase in Staphylococcal resistance
to macrolides with increases from 83% in the first year of
therapy to 100% in the third year of macrolide use [71].

There are safety concerns on the long-term use of
macrolides. There is concern of cardiac side-effects (tor-
sades de pointes) when using macrolides, particularly ery-
thromycin, in conjunction with drugs that inhibit the CYP3A
pathway. Postmarketing surveillance of the long-term use
of erythromycin in Japan indicate this to be extremely rare
[69]. The biggest concern with the use of macrolides is the
development of resistant organisms, particularly the non-
tuberculous mycobacteria (NTM), which are commonly
found in bronchiectasis patients. The newer macrolides
azithromycin and clarithromycin form the backbone therapy
for NTM management. It is known that carriage of NTM
is high in bronchiectasis patients. A multicentre trial of CF
subjects recovered NTM in 13% of over 900 subjects studied
[72]. There is, therefore, a need for the development of
novel macrolides that have no antimicrobial activity and only
immunomodulatory properties.
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Table 2: A summary of clinical trials of the use of macrolide therapy in bronchiectasis.

Author Year Study drug Study design Age group Benefit

Tsang et al. [58] 1999 Erythromycin RDBPCT Adult
↑ FEV1, ↑ FVC
↓ sputum volume

Yalcin et al. [28] 2006 Clarithromycin RPCT Paediatric
↓ sputum volume,
↓ sputum cytokines

Koh et al. [59] 1997 Roxithromycin RDBPCT Adult
↓ airway reactivity to
methacholine

Davies and Wilson [60] 2004 Azithromycin Prospective open-label Adult
↓ symptoms and
↑ DLCO

Cymbala et al. [57] 2005 Clarithromycin
Randomised open-label,

crossover
Adult ↓ sputum volume

Serisier and Martin [55] 2011 Erythromycin Retrospective RCT Adult
↓ exacerbations
↓ antibiotic use

Coeman et al. [61] 2011 Erythromycin Retrospective observational Adult
Improved symptom
score

Anwar et al. [56] 2008 Azithromycin Retrospective observational Adult
↑ FEV1
↓ exacerbations

Abbreviations: ↑, increased, ↓, decreased; DLCO, pulmonary diffusion capacity for carbon monoxide; FVC, forced vital capacity; FEV1, forced expiratory
volume in one second; RCT, randomised controlled trial; RDBCT, randomised double-blind controlled trial; RDBPCT, randomised double-blind placebo-
controlled trial.

6. Conclusion

Macrolides have immunomodulatory properties in addition
to their anti-bacterial effects. The use of macrolides in
non-CF-related bronchiectasis holds great promise as a
therapeutic intervention that will not only affect the quality
of life of sufferers but also act on the pathopysiological
mechanism of bronchiectasis. More studies on the use of
macrolides in this condition are needed to further ascertain
their efficacy.
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