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Abstract

Azithromycin is an antibiotic with anti-inflammatory properties used as an adjunct in the
treatment of periodontitis, a common inflammatory mediated condition featuring pathologic
alveolar bone resorption. The aim of this study was to determine the effect of azithromycin on
human osteoclast formation and resorptive activity in vitro. Osteoclasts were generated from
peripheral blood mononuclear cells stimulated with macrophage colony stimulating factor
(M-CSF) and receptor activator of nuclear factor kappa B (RANK) ligand. The effects of
azithromycin at concentrations ranging from 0.5 ug/mL to 40 ug/mL were tested. Osteoclast
formation and activity, acidification, actin ring formation and expression of mRNA and
protein encoding for key osteoclast genes were assessed. The results demonstrated that
azithromycin reduced osteoclast resorptive activity at all concentrations tested with osteoclast
formation being significantly reduced at the higher concentrations (20png/mL and 40ug/mL).
MRNA and protein expression of the key osteoclast transcription factor Nuclear Factor of
Activated T cells (NFATcl) was significantly reduced by azithromycin at later stages of
osteoclast development (day 17). Azithromycin also reduced tumour necrosis factor receptor
associated factor-6 (TRAF6) mMRNA expression at day 14, and cathepsin K mRNA expression
at day 14 and 17. Integrin B3 and MMP-9 mRNA expression was reduced by azithromycin at
day 17 in osteoclasts cultured on dentine. The osteoclast proton pump did not appear to be
affected by azithromycin, however formation of the actin ring cytoskeleton was inhibited.
This study demonstrates that azithromycin inhibits human osteoclast function in vitro, which
may account for at least some of the beneficial clinical effects observed with azithromycin

treatment in periodontitis.
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Chapter 1. Literature review of the pathogenesis of bone loss in
periodontitis and the use of azithromycin in periodontal treatment

1.1 Introduction

Periodontitis is a complex bacterially induced chronic inflammatory condition that features
a host immune-inflammatory mediated destruction of the alveolar bone. Considering that
severe forms of periodontitis affect 5 to 15% of the population (Brown and Loe, 1993),
periodontitis is arguably the most common bone pathology to affect mankind. Although there
is an emerging case for anti-resorptive agents to be used in the management of periodontitis
(Bartold et al., 2010), current treatment strategies are mostly directed towards reducing
bacterial infection or controlling damaging aspects of the host immunoinflammatory
response.

Of these strategies, the use of antibiotics as adjuncts to periodontal treatment is a
controversial issue. Although the literature suggests that there are benefits to the use of
systemic antibiotics, especially for patients with severe or aggressive disease (Herrera et al.,
2002, Haffajee et al., 2003, Herrera et al., 2008), there is no consensus as to the ideal
antibiotic, let alone the dose, duration or timing of antibiotics (Heitz-Mayfield, 2009).

Azithromycin is an antibiotic of the macrolide class that has been used in the management
of periodontal diseases during the last decade. In addition to antimicrobial properties, it also
has proven anti-inflammatory and immune-modulating actions, with initial reports of anti-
inflammatory actions in the periodontal tissues (Ho et al., 2010, Matsumura et al., 2011).

Although there is emerging evidence suggesting that azithromycin may exert a
combination of anti-inflammatory and antimicrobial effects in the treatment of periodontitis,
the action of azithromycin on osteoclast formation or activity has not been previously
investigated. If azithromycin has an effect on osteoclast function, this could provide further
information relating to the potential for it to be used as an adjunct in periodontal treatment.
What follows in this chapter is a summary of the pathogenesis of bone resorption in
periodontitis and a review of the current literature relating to the properties of azithromycin

and its use in periodontal treatment.

1.2 Bone Resorption in Periodontitis

In periodontitis, interactions between a pathogenic subgingival biofilm and environmental
and host related modifying factors induce a destructive host immune-inflammatory response

(Page et al., 1997, Kornman, 2008). This host response is understood to include expression of



a wide range of inflammatory cytokines and activation of cell signalling pathways, with
subsequent alterations to normal bone and connective tissue homeostasis.

Normal bone homeostasis in which a stable skeletal mass is maintained requires a dynamic
balance between bone resorption by osteoclasts and bone formation by osteoblasts. However,
in periodontitis, the host immunoinflammatory response leads to the unchecked formation,
activation and activity of osteoclasts, with resorption of the alveolar bone occurring as a
consequence (Bartold et al., 2010).

A number of bacteria have been identified as etiologic factors in periodontal disease. It is
generally accepted that a shift in the subgingival microbial composition towards an obligately
anaerobic, proteolytic gram-negative biofilm is associated with the initiation and progression
of destruction of the periodontal tissues (Socransky et al., 1998, Marsh and Devine, 2011). In
particular, Aggregatibacter actinomycetemcomitans (A.a), Porphyromonas gingivalis and
Tannerella forsythia are recognised to be periodontal pathogens (Genco et al., 1996), due to
their association with disease, the effect of eliminations/suppression of these species on
disease progression, the production of virulence factors, the production of an antibody
response, and the effect of the microorganisms in experimental animal models. Other putative
periodontal pathogens such as Prevotella intermedia, Fusobacterium nucleatum, and
spirochaetes, including Treponema denticola have also been proposed to be involved in the
pathogenesis of periodontitis (Genco et al., 1996).

However, although the presence of microorganisms is essential for periodontitis to occur,
they alone are not sufficient (Socransky and Haffajee, 1992). It is now understood that it is
the inflammatory response of the host to these bacteria that drives the majority of tissue
destruction. In the case of bone resorption, a complex interplay between the
immunoinflammatory system and osteoclasts induces local alterations to the normal
homeostatic mechanisms that maintain bone volume (Takayanagi, 2007a).

The importance of osteoclasts in the bone destruction seen in chronic inflammatory
pathologies has been demonstrated in animals. Studies have shown that mice lacking
osteoclasts fail to undergo inflammatory mediated bone resorption (Pettit et al., 2001), and
models of destructive periodontitis have demonstrated that the progression of the
inflammatory front towards the alveolar bone is associated with osteoclast formation and

bone resorption (Graves et al., 1998).

1.3 Osteoclast Formation and Activation

Osteoclasts are multinucleated, terminally differentiated cells derived from haematopoietic

mononuclear precursors of the monocyte/macrophage lineage, which differentiate at or near



the bone surface (Boyle et al., 2003). Two important cytokines, Macrophage Colony
Stimulating Factor (M-CSF) and Receptor activator of nuclear factor kappa B (NF-xB) ligand
(RANKL), are required to induce expression of genes that cause differentiation along the
osteoclast lineage and formation of a mature osteoclast (Lacey et al., 1998).

The mature multinucleated osteoclast is capable of forming a ruffled border under which
bone resorption occurs. This process begins with polarisation of the cell, internal structural
changes with the formation of an actin ring composed of F-actin podosomes (Kanehisa et al.,
1990, Nakamura et al., 1996), and the development of a specialised area of the cell
membrane, the ruffled border, which attaches to the bone mineral surface (Boyle et al., 2003).
This creates an acidic resorptive microenvironment into which the osteoclast transports
hydrogen and chloride ions, which dissolve the inorganic components of bone (Teitelbaum,
2011). Subsequently, the organic matrix of bone is degraded by cathepsin K and other
proteolytic enzymes (Chambers and Fuller, 2011).

Protons are generated by osteoclast carbonic anhydrase type-Il enzyme, and are
transported out across the membrane of the ruffled border by an ATPase/proton pump, which
lowers the pH and results in local dissolution of bone (Baker, 2000). These protons are
probably necessary for the demineralisation of bone, and also provide an optimal environment

for lysosomal enzymes to exert their enzymatic activity.

1.4 Regulation of Bone Resorption

At a molecular level, osteoclast function and bone resorption are regulated by the
coordinated actions of RANKL and the decoy receptor osteoprotegerin (OPG), which control
both the differentiation and activity of osteoclasts (Arron and Choi, 2000, Lacey et al., 1998,
Kong et al., 1999b).

1.4.1 RANKL/RANK

RANKL is a cytokine of the tumour necrosis factor (TNF) superfamily that induces
osteoclast differentiation and activity upon binding to the pre-osteoclast and osteoclast cell
surface receptor RANK,

RANKL is expressed in three distinct forms. These are a cell bound peptide of 317 amino
acids, a truncated ectodomain created from the cell bound form by enzymatic cleavage and a
primary secreted form (Hofbauer and Heufelder, 2001). The cell bound form is the most
common, and is expressed by many cell types, including stromal cells, osteoblasts,
osteoclasts, mesenchymal periosteal cells, chondrocytes and endothelial cells. The primary
secreted form is secreted only by activated T cells (Hofbauer and Heufelder, 2001).

3



The specific cellular receptor that transduces the actions of RANKL was named RANK
after one of its intracellular targets, nuclear factor-kappa B, or NF-kB. When RANKL binds
to RANK, it activates RANK, and osteoclast maturation, fusion and activation ensues (Arron
and Choi, 2000). The importance of both RANK and RANKL in bone resorption has been
demonstrated in experiments performed on knockout mice. Mice deficient in RANKL exhibit
defects in the early differentiation of T and B lymphocytes, lack all lymph nodes, and exhibit
severe osteopetrosis (Kong et al., 1999b). Deletion of RANK in mice results in a similar
phenotype to that of RANKL deficient mice, with osteopetrosis, impaired dental eruption, and

absent lymph nodes observed (Dougall et al., 1999).

1.4.2 Osteoprotegerin (OPG)

OPG is a decoy receptor that is expressed ubiquitously and abundantly by many tissues
and cell types. It inhibits the action of RANKL by preventing the binding of RANKL to
RANK, which subsequently impairs the differentiation, survival and function of osteoclastic
precursor cells, suppresses osteoclast activation and promotes osteoclast apoptosis (Hofbauer
and Heufelder, 2001). In the periodontal tissues, OPG is produced by both mesenchymal and
epithelial cells (Sakata et al., 1999, Kanzaki et al., 2001).

1.4.3 Macrophage colony-stimulating factor

M-CSF is constitutively expressed by osteoblasts and stromal cells, and is required for pre-
osteoclast and osteoclast proliferation, survival and differentiation (Suda et al., 1993, Tanaka
etal., 1993, Kodama et al., 1991).

1.4.4 Osteoclast Intracellular Signalling

The signalling cascade of RANK which leads to osteoclast formation and activation is
complex and not completely understood. The binding of RANKL to RANK triggers a number
of intracellular signalling pathways involved in osteoclast differentiation and activation
resulting in the expression of osteoclast specific genes, such as tartrate-resistant acid
phosphatase (TRAP), cathepsin K, calcitonin receptor and the B3 integrin (Boyle et al., 2003).
A number of distinct signalling cascades downstream of RANK have been identified,
including the TNF receptor associated factors, NF-kB, activator protein-1, and nuclear factor

of activated T cells.



1.4.4.1 TNF receptor associated factors

TNF receptor associated factors (TRAFs) are proteins that function as adapter molecules
for cytokine receptors including the TNF receptor superfamily (Takayanagi, 2007b).

RANK has several TRAF binding sites. RANKL-RANK interactions lead to the
recruitment of TRAFs to the intracellular domain of RANK, which signals downstream to the
c-Jun N-terminal kinase pathway and the NF-xB pathway, both of which are essential for
osteoclast formation and activation (Hofbauer and Heufelder, 2001). The protein TRAF6
appears to be of particular important in osteoclast function (Reid and Holen, 2009), with
researchers demonstrating that TRAF6 mutations in mice lead to severe osteopetrosis and
defective osteoclast formation (Naito et al., 1999).

1.4.4.2 Nuclear factor kappa light chain enhancer of activated B cells

NF-kB is an important transcription factor that is required for RANK signalling. Knockout
mice deficient in NF-kB p50 and p52 subunits have been shown to develop an osteopetrotic
phenotype, demonstrating the pivotal role of this factor in osteoclast formation (lotsova et al.,
1997, Franzoso et al., 1997).

1.4.4.3 Activator protein-1

The Activator protein-1 (AP-1) transcription factor complex is composed of the Fos, Jun
and activating transcription factor proteins (Takayanagi, 2007b). Of these factors, the c-Fos
component of AP-1 has been established to play an important role in osteoclast development
(Grigoriadis et al., 1994). RANKL induces c-Fos expression, and the binding of c-Fos to the
NFATc1 promoter region leads to expression of NATcl (Boyle et al., 2003).

1.4.4.4 Nuclear factor of activated T cells

Following stimulation of osteoclasts by RANKL, a transcription factor called NFATc1 is
the most strongly induced transcription factor gene (Takayanagi, 2005). NFATcl has been
identified as one of the key target genes of NF-kB in the early phases of osteoclastogenesis
(Yamashita et al., 2007, Asagiri and Takayanagi, 2007)

NFATc1 activation occurs in response to upstream signalling from TRAF6, NF-xB and c-
Fos following RANKL activation of these transcription factors. The crucial role of NFATcl
in osteoclast development was demonstrated by researchers who showed that embryonic stem
cells deficient in NFATcL1 are unable to differentiate into osteoclasts, and that the expression

of NFATc1 induced these cells to undergo differentiation to osteoclasts, even in the absence



of RANKL (Takayanagi et al., 2002). The importance of RANKL stimulated NFATcl
signalling in osteoclast differentiation is also evident in studies showing that whilst IL-1 and
other cytokines are capable of inducing NF-xB and AP-1 activation, they are unable to induce
osteoclast differentiation (Takayanagi, 2007b).

Thus NFATcL is thought to be a master switch regulating terminal differentiation of
osteoclasts, with NFATc1 induction being a crucial event in osteoclast formation (Takayanagi
et al., 2002, Takayanagi, 2007b). NFATc1 plays an important role in osteoclast activation via
upregulation of genes responsible for osteoclast adhesion, migration, acidification, and
degradation of the organic and inorganic components of bone (Song et al., 2009). Once
activated, NFATc1 directly regulates several osteoclast specific genes including integrin 3,
(Crotti et al., 2005) cathepsin K, (Matsumoto et al., 2004) OSCAR, (Kim et al., 2005) TRAP
and the calcitonin receptor (Takayanagi et al., 2002).

Interestingly, increased gene expression of NFATcL in diseased periodontal tissues has
also been reported, suggesting a possible role for this transcription factor in the pathogenesis
of periodontitis (Belibasakis et al., 2011).

1.5 The Host Response and Bone Resorption in Periodontitis

Under physiologic conditions of bone remodelling, both bone formation and resorption are
tightly controlled, with bone formation coupled to bone resorption via RANKL production by
osteoblasts. However, in periodontitis, bone resorption occurs as a consequence of the
immune-inflammatory response to subgingival periodontal pathogens. The essential role of
immune cells in the course of bone resorption is evidenced by experiments demonstrating that
severely immunodeficient mice with no T or B-lymphocytes lose little or no bone after oral
infection, with the response being most significant in mice lacking CD4" T cells (Baker et al.,
2001).

Inflammatory mediators such as prostaglandin E; and cytokines such as interleukin-1 (IL-
1), IL-6, IL-11, IL-17 and tumour necrosis factor-alpha (TNF-a), which are produced in
response to subgingival infection indirectly regulate osteoclast formation and activity
(Cochran, 2008, Han et al., 2007). This is demonstrated by studies showing the ability of I1L-1
and TNF-a to stimulate the formation of osteoclast like cells from bone marrow cultures in
vitro (Devlin et al., 1998). The role of these cytokines in periodontitis is evident in animal
models in which inhibitors of IL-1 and TNF-a inhibited alveolar bone loss (Assuma et al.,
1998, Delima et al., 2001). More direct regulation of osteoclast formation and activity is
mediated by the actions of RANKL and OPG, and a disturbance in the ratio of these cytokines



in the periodontal tissues is believed to be the principal mechanism underlying alveolar bone

loss.

1.5.1 RANKL and OPG in Periodontitis

Put simply, an increase in RANKL or decrease in OPG can induce bone resorption, whilst
a decrease in RANKL or increase in OPG can increase bone formation. In subjects with
periodontitis, an elevation of RANKL and a reduction of OPG has been demonstrated in the
granulation tissue adjacent to sites of alveolar bone loss (Crotti et al., 2003). An increase in
the levels of RANKL in the gingival crevicular fluid (GCF) of untreated chronic periodontitis
patients has also been reported (Vernal et al., 2004). In addition, the ratio of RANKL to OPG
is increased in the GCF of subjects with chronic and aggressive periodontitis, compared to
those with gingivitis or healthy tissues (Bostanci et al., 2007a). The relative RANKL/OPG
ratio has also been found to be significantly correlated with probing depth, clinical attachment
loss and bleeding on probing (Bostanci et al., 2007Db).

Environmental factors such as smoking may also influence RANKL and OPG. Higher
salivary concentrations of RANKL and lower concentrations of OPG have been demonstrated
in smokers with periodontitis (Buduneli et al., 2008), and an increased RANKL to OPG ratio
has been demonstrated in the GCF of smokers with periodontitis, with an increased lifetime
exposure to smoking being associated with suppression of OPG production (Tang et al.,
2009).

The expression of RANKL by osteoblasts and periodontal ligament (PDL) cells under
healthy conditions allows for normal homeostasis of the alveolar bone as well as
physiological tooth movement (Kanzaki et al., 2001, Hasegawa et al., 2002, Uchiyama et al.,
2009). It has also been shown that RANKL mRNA is also expressed in osteoclast cell
membranes, which indicates that osteoclasts may produce RANKL, and therefore there might
be an autocrine mechanism regulating osteoclast function (Ogasawara et al., 2004). However,
in periodontitis, inflammatory cytokines and periodontopathic bacteria control the regulation
of relative expression of RANKL and OPG by host cells. Of particular significance is the
expression of RANKL by immune cells (Kong et al., 1999a).

In periodontitis, although resident periodontal cells increase RANKL production, the
primary source of RANKL is activated T and B cells (Kawai et al., 2006, Vernal et al., 2006).
Inflammatory cytokines such as IL-1a and IL-1p have been shown to stimulate upregulation
of RANKL expression and downregulation of OPG expression in human periodontal ligament
cells, suggesting that production of these cytokines may lead to the induction of
osteoclastogenesis and progression of alveolar bone destruction (Fukushima et al., 2005,



Nukaga et al., 2004). Increased expression of RANKL and IL-1B in tissues affected by
periodontitis has been associated with increased expression of Heat-shock Protein 60
(HSP60), indicating that the autoimmune response to HSP60 as well as RANKL expression
may predict disease expression (Honda et al., 2006).

In the host periodontal tissues, studies have suggested that periodontal pathogens like P.
gingivalis and A.a have unique pathways to stimulate RANKL expression in fibroblasts and
osteoblasts (Nagasawa et al., 2007). A direct association has been shown between the number
of P. gingivalis bacteria and RANKL mRNA levels (Wara-Aswapati et al., 2007), and P.
gingivalis has also been shown to induce RANKL and reduce OPG gene expression in human
gingival fibroblasts and PDL cells (Belibasakis et al., 2007). The net result of this is an
increase in the RANKL/OPG ratio.

Lipopolysaccharide (LPS), a component of the outer cell membrane of gram-negative
bacteria, is also thought to be an important contributor to alveolar bone resorption in
periodontitis via several mechanisms. P. gingivalis LPS has multiple inflammatory actions,
and can stimulate the differentiation and activity of osteoclastic cells by mediating the
expression of inflammatory cytokines and factors such as IL-1, TNF-a, and PGE; (Kadono et
al., 1999).

LPS from gram-negative bacteria has been demonstrated to more directly stimulate the
expression of OPG and RANKL in PDL fibroblasts, through early upregulation of RANKL
MRNA expression, as well as the induction of IL-1p and TNF-o. expression (Wada et al.,
2004). In this study, as an increase in RANKL and OPG production by human periodontal
ligament fibroblasts was only observed 48 hours after addition of LPS, it is thought to be
mostly an indirect effect, due to the induction of IL-1f and TNF-a production (Wada et al.,
2004). TNF-a has been established to stimulate high production of RANKL by PDL cells,
leading to osteoclastogenesis and bone destruction (Yongchaitrakul et al., 2006).

P. gingivalis LPS has also been shown to directly induce the release of soluble RANKL in
PDL cells, which is likely to exert an effect on the RANKL/OPG balance (Krajewski et al.,
2009). LPS of A. actinomycetemcomitans has been shown to upregulate RANKL, but not
OPG mRNA and protein expression, in human periodontal ligament cells (Tiranathanagul et
al., 2004). In addition, in a murine study it was found that T cells produced RANKL after
stimulation with LPS (Yamaguchi et al., 2008). A recently proposed mechanism for this is the
binding of LPS to Toll-like receptors, which can induce the activation of Cot/Tp12 in cells
such as T cells, macrophages and osteoblasts. Cot/TP12 regulates the expression of TNF-a,

and promotes osteoclastogenesis in combination with RANKL (Ohnishi et al., 2010).



However, there is conflicting evidence relating to the role of LPS in osteoclastogenesis. It
has been reported that LPS is also able to upregulate the expression of OPG as well as
RANKL in human periodontal ligament fibroblasts, with the fibroblasts producing more
effective OPG than RANKL, thereby inhibiting osteoclastogenesis. It has been hypothesised
that this mechanism is a defensive one, in order to inhibit bone resorption caused by bacterial
challenge (Kanzaki et al., 2001). It has been found that LPS promotes osteoclastogenesis in
cells that have been pre-treated with LPS, however inhibits osteoclastogenesis on fresh
osteoclasts precursors that have not been treated with RANKL (Liu et al., 2009). Therefore
host production of RANKL at different levels and different times determines the outcome of
LPS action on osteoclast precursor cells.

1.5.2 Summary

In periodontitis, both bacteria and inflammatory cytokines activate lymphocytes and
periodontal ligament cells to induce the expression and release of RANKL, which triggers the
fusion of osteoclast precursors into multinucleated osteoclasts, thereby uncoupling the
normally tightly regulated bone homeostatic mechanisms. A disturbance in the ratio of
RANKL to OPG in the periodontal tissues appears to be the fundamental mechanism leading
to the bone resorption that is observed in periodontitis. The subsequent osteoclast
differentiation, activation and bone destruction involves a complex cascade of intracellular
signalling in which a multinuclear polarised cell that secretes hydrogen ions and proteolytic

enzymes is created.

1.6 The Use of Antibiotics in Periodontal Treatment

Treatment of periodontitis is aimed at eliminating infection and controlling inflammation.
The standard means by which this is achieved is nonsurgical or surgical mechanical
debridement of the root surfaces and disruption of the subgingival biofilm, which is
established to be successful in controlling periodontal destruction in most patients (Hirschfeld
and Wasserman, 1978, Ramfjord et al., 1987).

However, bacterial pathogens may escape the effect of mechanical debridement because of
their ability to invade periodontal tissues (Christersson et al., 1987), or as a result of poor host
defence (Slots, 2004). Bacteria can also reside in anatomical structures inaccessible to
periodontal instrumentation, and the root surface dentinal tubules and lacunae of
periodontally diseased teeth can potentially act as bacterial reservoirs from which the
recolonisation of mechanically debrided root surfaces by bacteria can occur (Adriaens et al.,
1988a, Adriaens et al., 1988b). Accordingly, the use of either systemic or local antibiotic
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therapy as an adjunct to debridement can be indicated on occasion, in order to further reduce
the bacterial load, enabling the resolution of inflammation in the periodontal pocket (Heitz-
Mayfield, 2009).

The use of systemic antimicrobials in conjunction with mechanical periodontal treatment
has been established to lead to clinical benefits in terms of attachment level gain and probing
depths reduction, especially in patients with deep pockets or aggressive periodontitis (Herrera
et al., 2002, Haffajee et al., 2003). However, although beneficial clinical results have been
observed with the use of antibiotics, there is some controversy over their use in the treatment
of periodontitis. Specifically, concerns related to adverse effects to antibiotics and the
development of antimicrobial resistance should limit the arbitrary or indiscriminate use of
antibiotics in periodontal therapy (Herrera et al., 2008).

A range of systemic antibiotics, including Augmentin® (Winkel et al., 1999), clindamycin
(Gordon et al., 1990), tetracycline (Lindhe et al., 1983, Novak et al., 1988), spiramycin (Al-
Joburi et al., 1989), metronidazole (Loesche et al., 1991), and amoxicillin and metronidazole
(Rooney et al., 2002) have been used as adjuncts to nonsurgical and surgical periodontal
therapy. During the last 10 years the use of azithromycin as an adjunct to periodontal

treatment has been reported in the literature (Hirsch, 2010, Hirsch et al., 2012).

1.6.1 What is Azithromycin?

Azithromycin is a semi-synthetic antimicrobial compound derived from erythromycin,
which falls into the macrolide class of drugs. Macrolide antibiotics such as erythromycin,
clarithromycin and roxithromycin were named after the presence of a macrocylic lactone ring
in their structure, and were originally isolated from cultures of Streptomyces erythraea in
1952.

Azithromycin was first synthesised in 1980, and was initially developed for the treatment
of bacterial infections of the upper and lower respiratory tracts, skin infections, and treatment
of uncomplicated Chlamydial infections (Hopkins, 1991). It is now a widely used antibiotic,
and in Australia is available in 500 mg immediate release tablets as Zithromax® (Pfizer),
Zedd® (Spirit Pharmaceuticals Ltd.) and Azithromycin Sandoz® (Sandoz).

1.6.1.1 Structure

Azithromycin (9-deoxo-9a-aza-9a-methyl-9a-homoerythromycin) consists of a 15
membered macrolide ring with 2 basic amine groups (Figure 1.1), and can also be described
as an azalide antibiotic. It differs structurally from the other macrolide antibiotics by a

methyl-substituted nitrogen in the macrolide ring, resulting in two basic amine groups, rather
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than the one in erythromycin (Retsema et al., 1987). The unique structure of this ring prevents
degradation in acidic environments and improves the antibacterial spectrum and

pharmacokinetics (Piscitelli et al., 1992).

HyC,
HO,  ,N—CH,

Figure 1.1. Structure of Azithromycin (Image from (Culic et al., 2001))

1.6.2 Uses

Due to its activity against a large and varied range of bacteria, the clinical uses of
azithromycin include treatment of upper respiratory tract infections such as sinusitis and otitis
media, lower respiratory tract infections, Helicobacter pylori infections, and sexually
transmitted diseases including trachoma, gonorrhoea and early syphilis and urinary tract
infections (Zuckerman et al., 2011).

Additionally, recognition of the immunomodulatory effects of azithromycin have led to its
application in the treatment of diseases with an inflammatory aetiology, such as asthma,
diffuse panbronchiolitis, rosacea, chronic obstructive pulmonary disease, bronchiectasis and
cystic fibrosis (Li et al., 2011, Southern et al., 2011, Giamarellos-Bourboulis, 2008, Akhyani
et al., 2008).

1.6.3 Pharmacokinetic and Pharmacodynamic Properties

Azithromycin has a long half life of between 32 to 60 hours (Foulds et al., 1990), and
improved oral bioavailability compared to erythromycin, at 37% (Piscitelli et al., 1992). This
allows for a short dosage regime, with administration of the drug once a day for three
consecutive days only, which may improve patient compliance compared to other antibiotics
(Haffajee et al., 2007). Azithromycin elimination occurs primarily in the faeces as the
unchanged drug, with minimal urinary excretion (Ballow and Amsden, 1992).

A single oral dose of azithromycin produces a peak serum concentration of 0.4 mg/mL,
although tissue concentrations far exceed this value (Foulds et al., 1990). Tissue
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concentrations have been reported to be between 10 to 100 times higher than serum
concentrations and to persist for a long time following the decline of the serum concentration
(Foulds et al., 1990). This is due to rapid and extensive movement of the drug into
intracellular compartments (Schentag and Ballow, 1991), as well as active uptake of the drug
by phagocytic cells and fibroblasts (Bonnet and Van der Auwera, 1992, McDonald and Pruul,
1991, Lode et al., 1996, Gladue et al., 1989, Gladue and Snider, 1990).

These pharmacokinetic properties are attributed to the presence of the two basic amine
groups in the structure of azithromycin, which results in greater tissue penetration than other
antibiotics, high tissue concentrations, greater acid stability and a longer tissue half-life.

As a result of this passive diffusion and active transport of azithromycin to the tissues, high
concentrations are achieved in the periodontal tissues and GCF. Following systemic
administration, azithromycin accumulates in the periodontal tissues, with drug concentrations
reported to reach 6.30 mg/kg (Malizia et al., 1997) to 6.47 mg/kg (Blandizzi et al., 1999) in
uninflamed tissue. Concentrations of up to 11.6 mg/kg have been measured in inflamed tissue
(Blandizzi et al., 1999). A possible explanation for the higher concentration in inflamed
tissues is that the greater vascularisation of inflammatory tissues might allow a more
consistent penetration of azithromycin into chronic periodontal lesions, or that the high
density of macrophages and fibroblasts may also account for enhanced distribution (Blandizzi
et al., 1999). Azithromycin is also retained in the gingival tissues for an extended period, with
one study reporting that concentrations of 3.30 mg/kg were detected after 6.5 days (Malizia et
al., 1997), and another finding that gingival tissue concentrations of 0.54 ug/g persisted 14
days following administration of the drug (Gomi et al., 2007a).

In the GCF, a peak concentration of 8.82 ug/mL has been reported for orally administered
azithromycin (Lai et al., 2011) and 2,041 pug/mL for locally administered azithromycin
(Pradeep et al., 2008). Interestingly, azithromycin concentrations in GCF are similar for
gingivitis and healthy sites, suggesting that the processes that regulate GCF azithromycin
concentration can compensate for local inflammatory changes (Jain et al., 2012).

High tissue concentrations of azithromycin as well as targeted delivery to sites of infection
by neutrophils are novel pharmacokinetic properties with therapeutic implications for a range
of diseases. In periodontics, this transportation and distribution within the gingival tissues
ensures high concentrations of the drug at the site of inflammation for a prolonged period of
time, during which the drug may exert antimicrobial and anti-inflammatory effects.
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1.6.4 Safety and Adverse Effects

Azithromycin has been reported to have fewer adverse effects than other comparable
antibiotics, with side effects occurring in 12% of patients and mostly consisting of diarrhoea,
abdominal pain and other gastrointestinal symptoms (Hopkins, 1991). Data from paediatric
patients is similar, with gastrointestinal symptoms reported in 5.6% of patients, and overall
side effects being significantly lower than similar antibiotics (Hopkins, 1993).

Food increases the bioavailability of azithromycin; therefore the drug should be given one
hour before, or 2 hours after food intake (Slots and Ting, 2002). Patients should also be
warned to take the drug with sufficient amounts of water, as azithromycin induced
oesophageal ulceration has also recently been reported (Akyuz et al., 2010).

Not withstanding the above, in more rare cases azithromycin may have significant adverse
effects. Long term use of azithromycin has been associated with temporary hearing loss (Lo et
al., 1999, Tseng et al., 1997). Other rare side effects including azithromycin induced hiccups
(Surendiran et al., 2008, Jover et al., 2005), nephritis (Soni et al., 2004), neuropsychiatric
manifestations (Schiff et al., 2010), delirium (Baranowski, 2009), and QT interval
prolongation (Russo et al., 2006) have also been reported.

Of recent significance, an observational study in the New England Journal of Medicine
reported that the use of a 5 day course of azithromycin was associated with a small but
absolute increase in cardiovascular deaths, in a cohort study of a United States medical
insurance database (Ray et al., 2012). Relative to amoxicillin, azithromycin was associated
with a 2.49 times increased risk of cardiovascular death, with an estimated 47 additional
cardiovascular deaths per 1 million course of azithromycin. This risk was more pronounced
amongst patients with a high baseline risk of cardiovascular disease. In light of this study, in
patients with more complex medical profiles or in the presence of cardiovascular disease,
avoidance of azithromycin or consultation with the patient’s physician may be prudent prior
to prescription.

There are few absolute contraindications to the prescription of azithromycin. It should be
avoided during pregnancy (Slots, 2004), and in patients with a history of hypersensitivity to
the drug or to other macrolide antibiotics. Interactions have been reported with ergot
alkaloids, and hence azithromycin should not be administered in these patients as it has been
reported to precipitate ergotism (Hopkins, 1991). Azithromycin has also been reported to
increase the plasma concentrations of digoxin (through alterations in gastrointestinal flora),
cyclosporine and carbemazepine (through inhibition of their metabolism). The possibility of
increased plasma concentrations of these medications should be taken into consideration

when administering azithromycin (Hopkins, 1991).
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1.7 Antimicrobial Properties of Azithromycin

Macrolide antibiotics are generally bacteriostatic antibiotics (Zuckerman et al., 2011).
Azithromycin has good activity against Gram-positive organisms, and compared to
erythromycin has an increased spectrum of activity against Gram-negative organisms
(Retsema et al., 1987). A wide range of common pathogenic bacteria have demonstrated
susceptibility to azithromycin in vitro, including enteric pathogens, Streptococcus species,
Haemophilus influenzae, Moraxella catarrhalis, Legionella pneumophilia, Neisseria
gonorrhoeae, Clamydophilia pneumoniae and Mycoplasma species (Zuckerman et al., 2011).

Azithromycin inhibits RNA dependent protein synthesis by reversibly binding to the 23S
ribosomal RNA in the 50S subunit of prokaryotic ribosomes. The mechanism of action is
thought to involve inhibition of protein elongation by interference with peptidyl transfer
reactions (Retsema et al., 1987, Jain and Danziger, 2004). An additional bactericidal
mechanism of action whereby azithromycin displaces divalent cations from binding sites on
the outer cell membrane and LPS of Pseudomonas aeruginosa has also been described
(Imamura et al., 2005).

1.7.1 Activity Against Periodontal Pathogens

For an antibiotic to be effective it must have activity against the target organisms and be
present in an appropriate inhibitory concentration at the correct site of action. The inherent
activity of the antibiotic and various pharmacokinetic parameters of the drug thus determine
the success of the antimicrobial therapy in the treatment of periodontitis (Pallasch, 1996). In
periodontitis, the drug must be present in the gingival sulcus and tissues at a level that is
active against putative periodontal pathogens.

In vitro studies of the antimicrobial activity of azithromycin against periodontopathogens
have shown that it is inhibitory for P. gingivalis (Carrasco et al., 1999, Pajukanta, 1993, van
Winkelhoff et al., 2005), and has moderate activity against A.a (Muller et al., 2002, Pajukanta
et al., 1992, van Winkelhoff et al., 2005). A subinhibitory concentration of azithromycin has
been demonstrated to inhibit the expression of fimbriae in various strains of P. gingivalis
isolates in vitro (Lo Bue et al., 1997).

Minimal inhibitory concentration (MIC) values for azithromycin have been reported to be
2.0 ug/mL (Pajukanta et al., 1992) and 3.0 ug/mL (Muller et al., 2002, van Winkelhoff et al.,
2005) for A.a., 0.094 png/mL (Carrasco et al., 1999), 0.38 ug/mL (Japoni et al., 2011) and 1.0
ug/mL (Pajukanta, 1993) for P. gingivalis, 2.0 pg/mL for F. nucleatum (van Winkelhoff et
al., 2005), and 1.5 pug/mL for P. intermedia (van Winkelhoff et al., 2005).
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As concentrations of azithromycin in GCF reach 8.82ug/mL (Lai et al., 2011) and gingival
tissue concentrations reach 11.6ug/mL in inflamed tissue (Blandizzi et al., 1999), persisting at
levels of 3.3ug/mL for up to 6.5 days following administration (Malizia et al., 1997),
azithromycin appears to be present in an appropriate concentration in the periodontal tissues

for activity against periodontal pathogens.

1.7.2 Effect on Biofilms

A significant problem relating to the use of antibiotics in the treatment of periodontitis is
the biofilm structure of dental plaque. Dental plaque is a complex polymicrobial community
embedded in copious amounts of extracellular polymers. It shares the properties of other
biofilms, including altered physiochemical growth properties which are not observed in
planktonic bacteria (Socransky and Haffajee, 2002). Microorganisms present in dental
biofilms are protected from antibiotics due to the limited physical diffusion of antimicrobial
agents through the biofilm structure, reduced metabolic rate of bacteria within the biofilm,
transfer of antimicrobial resistance between microorganisms, and the effects of bacterial
products such as beta lactamase (Marsh, 2005). Hence the subgingival biofilm is a difficult
therapeutic target.

This is apparent in numerous studies which have demonstrated that the MIC of an
organism grown in a biofilm can range from 2 to 1000 times greater than the MIC of the same
cells grown in a planktonic form (Stewart and Costerton, 2001, Sedlacek and Walker, 2007).
This is evident even in mixed cultures. In one study that examined the effect of azithromycin
on periodontal pathogens (A.a, Capnocytophaga ochracea and Parvimonas micra) grown in
co-culture, these bacteria were less susceptible to azithromycin compared to those in pure
culture by an order of approximately 100 times (MIC 256 ug/mL) (Mouratidou et al., 2011).

However, it has been established that macrolide antibiotics may have the ability to affect
biofilm formation. Azithromycin has been shown to modulate host pathogen interactions in
Pseudomonas aeruginosa, Haemophilus influenzae and Staphlococcus epidermis biofilms, in
addition to its activity against these planktonic bacteria (Starner et al., 2008, Ichimiya et al.,
1994, Ichimiya et al., 1996). Sub-antimicrobial concentrations of azithromycin have been
demonstrated to inhibit the production of quorum sensing signals and biofilm formation in
vitro in a P. aueroginosa biofilm model (Bala et al., 2011). Inhibition of quorum sensing
circuitry of P. aeruginosa via interference of the synthesis of autoinducers has been reported,
which leads to the reduction of virulence factor production (Tateda et al., 2001).

In relation to periodontitis, azithromycin has been shown to decrease the size and penetrate
the biofilm more deeply than other antibiotics such as jocosamycin and minocycline in a
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biofilm model of Streptococcus gordonii and P. gingivalis (Tamura et al., 2008). Recently, an
in vitro study demonstrated that sub-minimal inhibitory concentrations of azithromycin had
anti-biofilm effects on a P. gingivalis biofilm, with a decrease in the biofilm density
(Maezono et al., 2011). Although it appears that azithromycin has an increased efficacy
compared to other antibiotics against a biofilm consisting of endodontic pathogens, it does not
appear to be effective in completely eliminating the biofilm (Norrington et al., 2008).

Some evidence suggests that azithromycin may have an “anti-biofilm” effect leading to
increased efficacy against biofilm microorganisms. This may have clinical relevance in the

management of periodontitis, given the structure of subgingival plague.

1.7.3 Antibiotic Resistance

Antibiotic resistance, where a microorganism is able to survive exposure to an
antimicrobial agent, is a growing global health problem. There is evidence to suggest that the
widespread use, and sometimes misuse, of azithromycin has increased the rates of macrolide
resistance in many important pathogens (McKenna and Evans, 2001). The popularity of
azithromycin for treating a variety of infectious and non-infectious conditions is likely due to
the short dosage regime, improved pharmacokinetics and gastrointestinal tolerability
compared to other antibiotics like erythromycin.

Resistance to macrolide antibiotics can be either intrinsic or acquired in nature, and occurs
by two mechanisms: active drug reflux, which is encoded by mef genes, or ribosomal target
modifications by erm a-b genes, which reduce macrolide affinity to its ribosomal target site
(Zarogoulidis et al., 2012).

Resistance to macrolides has increased considerably during recent times. Studies have
demonstrated that increasing azithromycin usage is associated with increased macrolide
resistance in Streptococcus pneumoniae (Bergman et al., 2006). An increase in macrolide
resistance to 19% in Streptococcus pneumoniae in Canada has been attributed to rising
prescription of azithromycin and clarithromycin during the last decade (Karlowsky et al.,
2009). Recently a high proportion of azithromycin resistance (22.5%) in the respiratory
pathogen Moraxella catarrhallis was reported in healthy children in China (Liu et al., 2012).
The long-term use of azithromycin in cystic fibrosis patients has also been shown to lead to
an increase in macrolide resistance in S. aureus and Haemophilus species (Phaff et al., 2006,
Tramper-Stranders et al., 2007). It is believed that in the future, extensively drug-resistant
Neisseria gonorrhoeae strains are likely to become widespread, leading to treatment failures
and a major public health problem (Whiley et al., 2012). Recently N. gonorrhoeae with a high
level resistance to azithromycin was reported in the United States (Katz et al., 2012).
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Importantly, this link between macrolide use and the development of resistance has been
demonstrated to be causal. In a study that examined the direct effect of antibiotic exposure on
resistance on the oral streptococcal flora of healthy volunteers, it was found that macrolide
use directly drove the emergence of resistance in vivo (Malhotra-Kumar et al., 2007).

Drug resistance to azithromycin in periodontal pathogens has not been extensively
researched. However, the use of azithromycin as an adjunct to periodontal treatment has been
shown to lead a transient increase in macrolide resistant oral streptococci, albeit with no
associated adverse clinical implications (Sefton, 1999). Additionally, in Latin America, where
resistance to antimicrobials is a growing problem, resistance to azithromycin amongst
frequent antibiotic users was demonstrated in 5 of 11 periodontal bacterial isolates (Serrano et
al., 2009). However, in Spain, where antibiotics are freely available, although significantly
higher levels of resistance of periodontal pathogens towards amoxicillin, penicillin,
metronidazole, clindamycin and tetracycline have been observed, statistically significantly
higher levels of resistance were not found for azithromycin (van Winkelhoff et al., 2005, Van
Winkelhoff et al., 2000).

Although there is no evidence of resistance of periodontal pathogens to azithromycin, the
general risks of antibiotic prescription do include the development of antibiotic resistance in
microorganisms located elsewhere in the body, and this should be considered carefully in the

use of azithromycin for periodontal treatment.

1.8 Immunomodulatory Properties

The immunomodulatory or anti-inflammatory effects of macrolide antibiotics were first
recognised 25 years ago following the observation that the use of erythromycin in patients
with the chronic inflammatory airway disease diffuse panbronchiolitis resulted in dramatic
clinical improvements, in a disease that previously had a very poor prognosis (Kudoh et al.,
1987). Subsequently azithromycin has been shown to have clinical utility in the long-term
management of inflammatory airway diseases and cystic fibrosis. The proposed biologic
mechanisms by which azithromycin exerts these immunomodulatory functions are
modulation of the innate immune reaction and cytokine production, regulation of

inflammation and effects on the adaptive immune system.

1.8.1 Effects on Cytokine Production and Transcription Factor Expression

Cytokines are a diverse family of secreted cell signalling molecules that regulate the
inflammatory and immune process. In periodontitis, complex cytokine networks are at play.

Although they are not fully understood, it has been established that the balance of these
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cytokines plays an important role in tissue and bone destruction. According to the recent
Consensus of the Seventh European Workshop on Periodontology, the strongest evidence for
the role of certain cytokine networks in periodontal destruction exists for the pro-
inflammatory cytokines IL-1p, TNF-a, IL-6 and RANKL, as well as more recent evidence for
the anti-inflammatory role of 1L-10 (Kinane et al., 2011).

Extensive research has shown that macrolide antibiotics, including azithromycin, decrease
the production of pro-inflammatory cytokines in various cell types, with much of the research
having been done in airway cells or models of cystic fibrosis (Culic et al., 2001). In addition,
azithromycin has been shown to affect several transcription factors involved in the
inflammatory response and cytokine secretion, including NF-kB and AP-1.

AP-1 transcription factor regulates gene expression and control of cell proliferation,
neoplastic transformation, cell apoptosis and cytokine production (Schonthaler et al., 2011,
Karin et al., 1997, Shaulian and Karin, 2001). NF-xB is a family of cellular transcription
factors activated in immune cells and most other cell types following a variety of stimuli,
including cytokines such as IL-1, growth factors and cellular stress. It regulates the expression
of a large number of genes associated with inflammation, including cytokine production
(Makarov, 2000, Boyce et al., 2005). As discussed in the preceding section, in osteoclasts,
NF-xB also plays a pivotal role in the regulation of bone resorbing activity (Soysa et al.,
2009), with RANKL/RANK binding triggering NF-xB activation.

Azithromycin has been shown to exert an anti-inflammatory action via inhibition of NF-
kB in several cell types in vitro, including tracheal aspirate cells, dendritic cells, cystic
fibrosis airway epithelial cells, and an oral epithelial cell line (Cheung et al., 2010,
Matsumura et al., 2011, Iwamoto et al., 2011, Cigana et al., 2007, Aghai et al., 2007). The
anti-inflammatory potency of azithromycin was approximately 4 times less than that of
hydrocortisone (Cheung et al., 2010). Many of the studies reporting that azithromycin
decreases pro-inflammatory cytokine secretion have found that it exerts this action through
inhibition of NF-kB.

For example, azithromycin has been shown to suppress activation of NF-xB and the
synthesis of pro-inflammatory cytokines IL-6 and IL-8 in tracheal aspirate cells from
premature infants (Aghai et al., 2007). In another in vitro study of a cystic fibrosis airway
epithelial cell line, azithromycin was shown to lead to a reduction of IL-8 mRNA and protein
expression via reduction in NF-kB and AP-1 DNA binding (Cigana et al., 2006). In cystic
fibrosis airway epithelial cells azithromycin has also been shown to reduce TNF-a levels,
possibly by inhibition of NF-kB and Sp-1 DNA binding (Cigana et al., 2007).
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However, a trend of differential effects of azithromycin on the expression of IL-8 from
airway cells has been reported in several papers. Azithromycin treatment has been shown to
alter gene expression in primary cultures of healthy human airway epithelial cells. Although
azithromycin decreased inflammation, and prevented MMP-9 gene upregulation, it did not
prevent IL-8 gene upregulation. Notably, in this study, protein levels of IL-8 did not reflect
the mRNA levels, with increased IL-8 protein observed with azithromycin treatment (Ribeiro
et al., 2009).

In another recent in vitro study, azithromycin did not have any anti-inflammatory effect on
human cystic fibrosis bronchial epithelial cells, with no effect on IL-1p or TNF-a induced IL-
8 secretion or NF-kB pathway activation (Saint-Criq et al., 2012). In this study a 10 ug/mL
concentration was used, and azithromycin was able to inhibit IL-8 secretion in non cystic
fibrosis cells only, and could not inhibit AP-1 activation in any cells. It was hypothesised that
the lack of effect on NF-kB could be due to the constitutive hyperactivation of this pathway in
cystic fibrosis, which has been previously described (DiMango et al., 1998, Tabary et al.,
2000). Similar findings have been reported in other studies that have failed to find a reduction
in IL-8 secretion by stimulated cystic fibrosis epithelial cells with azithromycin treatment
(Blau et al., 2007, Shinkai et al., 2006).

Treatment with azithromycin for 4 weeks has been shown to suppress production of
plasma nitric oxide and pro-inflammatory cytokines IL-1p and TNF-a in LPS stimulated
mice, although 2 week pre-treatment had no effect (Terao et al., 2003). Azithromycin has
been shown to decrease the release of IL-1B, IL-6, IL-10, TNF-o and chemokines in cells
isolated from human COPD sputum samples (Marjanovic et al., 2011). However, in contrast,
another study, which used a much lower treatment dose of azithromycin, found that mMRNA
cytokine expression was stimulated in murine cystic fibrosis airway epithelial cells (Gavilanes
et al., 2009).

It thus appears that the effects of azithromycin on pro-inflammatory and anti-inflammatory
cytokines are complex, and are dependent on the dose of the drug and inflammatory status

and type of tissue or cell.

1.8.2 Effects on Innate Immune Cells

Azithromycin has been reported to affect the function of a range of innate immune cells,
including polymorphonuclear leukocytes, monocytes, macrophages and dendritic cells. The
ability of phagocytic cells, in particular polymorphonuclear lymphocytes, to take up
azithromycin is thought to be a very important factor in the drug’s activity. Azithromycin
concentration within leukocytes has been reported to reach 400 times the serum concentration
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6 hours after administration of the drug. (Bonnet and Van der Auwera, 1992) The best
explanation for the uptake of azithromycin into phagocytes is that the two basic amine groups
in its structure allow for greater ionisation and trapping, and thus the drug is concentrated
within lysosymes in phagocytic cells. (McDonald and Pruul, 1991)

1.8.2.1 Polymorphonuclear leukocytes

Polymorphonuclear leukocytes, or neutrophils, are a cell type involved in the inflammatory
response. They are recruited by chemotactic factors released by infectious agents or injury to
the host tissues. Neutrophils protect the host against bacterial infection in the periodontal
tissues, however, in periodontitis are also responsible for much of the tissue destruction
observed. This is attributable to the production of reactive oxygen species and proteolytic
enzymes, such as matrix metalloproteinases, by neutrophils (Ryder, 2010).

Of note, azithromycin is accumulated by neutrophils, allowing delivery and subsequent
release at sites of infection (Hand and Hand, 2001). With this in mind, there is some evidence
that azithromycin may affect neutrophil function, with affects on production of reactive
oxygen species, cell degranulation and apoptosis.

Azithromycin has been shown to have affects on the neutrophil oxidative burst, which may
both enhance the antibacterial activity of these cells and reduce inflammation. In a study of
healthy subjects, a 3 day course of 500 mg of azithromycin was shown to lead to an initial
increase in the oxidative response of neutrophils to particulate stimulus in vitro, and a fall in
serum concentrations of IL-6 and chemokines. Following this, a delayed downregulation of
the neutrophil oxidative burst and increased apoptosis up to 28 days after drug administration
was observed (Culic et al., 2002). This observation seems to suggest that the acute neutrophil
stimulation could facilitate the antibacterial effects of azithromycin, whilst the delayed,
potentially anti-inflammatory activity could help to reduce inflammation.

In addition to these affects on neutrophil function, azithromycin has been shown to
significantly reduce neutrophil counts and serum inflammatory markers in subjects with
cystic fibrosis (Ratjen et al., 2012), post lung transplant (Verleden et al., 2011) and in
bronchiolitis obliterans syndrome (Verleden et al., 2006). However, it should be noted that
these patients received daily azithromycin for up to three months, and thus these findings
cannot be extrapolated to the standard 3 day dosage regime used in periodontitis. The
potential mechanisms leading to this reduction of neutrophilia have been investigated in an
animal model, which also showed that azithromycin reduced the total cell and neutrophil
number in the bronchoalveolar lavage fluid of mice. In this study, the reduction in neutrophils
was likely to be due to decreased release of chemoattractant inflammatory mediators such as
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granulocyte-macrophage colony stimulating factor (GM-CSF), IL-1 and TNF-a by
macrophages. Similar findings of reduction in these chemotactic factors were also

demonstrated in LPS stimulated monocytes and macrophages in vitro (Bosnar et al., 2009).

1.8.2.2 Monocytes

Monocytes are innate immune cells of the haematopoietic lineage that differentiate to
macrophages or dendritic cells, with these cell types being responsible for antigen
presentation, cytokine production and phagocytosis. Azithromycin has been reported to
accumulate in monocytes, with intracellular concentrations of up to 523 times the
extracellular concentration recorded (Wildfeuer et al., 1996). In vivo, drug concentrations in
peripheral blood mononuclear cells have been reported to reach 124 ug/mL (Olsen et al.,
1996).

Effects on the function and differentiation of monocytes, macrophages and dendritic cells
have been observed. Firstly, there is some evidence that macrolide antibiotics promote the
differentiation of monocytes to macrophages (Keicho et al., 1994, Sunazuka et al., 2003,
Yoshida et al., 2005). In addition, azithromycin was found to affect the in vitro production of
cytokines. This dampening of inflammatory cytokine release has been shown in vitro, with
the demonstration that azithromycin decreased TNF-a production by an LPS simulated
human monocytic cell line via reduction in the p38 related signalling pathway (Ikegaya et al.,
2009). In another study, following the stimulation of monocytes from healthy human donors
with LPS, production of IL-1a, IL-1B, TNF-a and IL-6 were decreased (Khan et al., 1999).
Of significance in this study was the observation that some subjects “responded” to
azithromycin, whilst others did not, although the mechanisms responsible for this are not
known.

More recently, azithromycin has also been shown to modulate the classical activation of
human monocytes in vitro, by inhibition of TLR-4 mediated signalling and downregulation of
NF-xB transcription factor (Vrancic et al., 2012). A recent study from the same group also
demonstrated that azithromycin was capable of modulating the differentiation of blood
monocyte cells towards dendritic cells with specific regulatory properties, with decreased LPS
stimulated dendritic cell maturation and increased IL-10 production (Polancec et al., 2012).

1.8.2.3 Macrophages

Macrophages are important for both the phagocytosis of apoptotic cells and in the removal

of bacteria. In periodontitis, macrophages are an important source of pro-inflammatory
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cytokines such as IL-1p and TNF-a, which can contribute to host tissue destruction
(Hernandez et al., 2011).

A study on the function of human alveolar macrophages after a 3 day course of
azithromycin in healthy volunteers found that the pro-inflammatory cytokine profile in blood
or alveolar macrophages was not altered, despite the prolonged tissue impregnation of
azithromycin observed in this study (Aubert et al., 1998). This finding can be interpreted to
mean that azithromycin does not alter macrophage function of inflammation and infection
free subjects.

However, azithromycin has been shown to be capable of alteration of macrophage
phenotype in several ways. Azithromycin has been shown to promote the phagocytosis of
apoptotic cells by macrophages (Hodge et al., 2006). Alteration of macrophage phenotype has
also been reported in a mouse macrophage cell line, with reduced production of pro-
inflammatory cytokines 1L-12 and IL-6 and increased production of the anti-inflammatory
cytokine IL-10 (Murphy et al., 2008). It has been suggested that this anti-inflammatory effect
of azithromycin in macrophages may be due to suppression of 1L-12p40 expression, which
was observed in a macrophage cell line following LPS and INF-y stimulation. This may
account for some of the anti-inflammatory effects in macrophages, as IL-12 is a key mediator
in the induction of Th1l type responses, which are associated with the pathogenesis of chronic
inflammatory diseases (Yamauchi et al., 2009).

Azithromycin has also been shown to reduce exaggerated cytokine production by cystic
fibrosis alveolar macrophages in a mouse model, with reduction in IL-1p, CCL-2 and TNF-a
(Meyer et al., 2009). Inhibition of IL-1B expression and production by mouse macrophages
was reported to lead to a reduction in LPS induced pulmonary neutrophilia in another study.

The mechanism of action appears to be related to AP-1 activation (Bosnar et al., 2011).

1.8.2.4 Dendritic Cells

Dendritic cells are specialised antigen presenting cells that act as a bridge between the
innate and adaptive immune systems, activating naive T lymphocytes. Azithromycin has been
demonstrated to increase the production of the anti-inflammatory cytokine 1L-10 in murine
dendritic cells stimulated with LPS (Sugiyama et al., 2007).

Azithromycin was shown to inhibit the expression of co-stimulatory molecules and major
histocompatibility class Il proteins by dendritic cells, as well as reducing Toll-like receptor 4
expression, and IL-12 expression in vitro via NF-kB inhibition. These effects suppress the
maturation and allogeneic responses of dendritic cells and block the interaction between
dendritic cells and T lymphocytes (Iwamoto et al., 2011).
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1.8.2.5 Other Cell Types

In other cell types, azithromycin has been shown to downregulate natural killer cell
cytotoxicity and production of IFN-y and TNF-a in vitro (Lin et al., 2012), as well as reduce
prostaglandin E, synthesis and mRNA expression of prostaglandin synthetic cyclooxygenase
enzymes by leukocytes in vitro (Miyazaki et al., 2003).

1.8.3 Effects on Adaptive Immunity

Azithromycin has also been reported to affect lymphocyte function. A suppressive effect
on cytotoxic T cells has been shown in patients with diffuse panbronchiolitis (Kawakami et
al., 1997). Studies of the effect of macrolide antibiotics also demonstrate an impact on T cell
regulation and antigen presentation, with the previously described modulation of dendritic
cell function generally indicating an immune dampening affect (Sugiyama et al., 2007,
Altenburg et al., 2010). Additionally, azithromycin has been shown to accelerate the
apoptosis of activated lymphocytes (Kadota et al., 2005) (Ishimatsu et al., 2004), which has
been demonstrated to occur via inhibition of expression of the anti-apoptotic protein Bcl-xL
(Mizunoe et al., 2004).

As well as these effects on CD8 lymphocyte function, azithromycin has been reported to
increase the number of CD4 T-helper lymphocytes in P. aeruginosa infected mice (Feola et
al., 2010).

1.8.4 Effects on Osteoclasts

To the best of my knowledge, no studies on the effects of azithromycin on osteoclast
function or activity have been published to date. However, several studies have demonstrated
that erythromycin can inhibit inflammatory osteoclastogenesis (Park et al., 2007, Ren et al.,
2004). Erythromycin was demonstrated to inhibit the formation of multinucleated osteoclasts
from bone marrow osteoclast progenitor cells, via direct effects on the RANKL and M-CSF
initiated NF-xB signalling pathway, with a 70% reduction in multinucleated osteoclast
formation demonstrated following treatment with 5ug/mL erythromycin (Ren et al., 2004).
The distinct molecular target for this effect is unknown (Ren et al., 2006), although
erythromycin has also been shown to suppress the activation of NF-kf3 through an unknown
signal. It has been hypothesised that erythromycin may inhibit the signal upstream of NF-kf,
possibly in the production of RANKL or the expression of RANK on the cell surface (Wu et
al., 2009).

23



In another study on the inhibitory effects of macrolide antibiotics on bone remodelling in
chronic rhino-sinusitis, erythromycin was also found to inhibit the expression of RANKL and
secretion of M-CSF by nasal fibroblasts, as well as inhibit osteoclast formation from
peripheral blood mononuclear cells stimulated with M-CSF and RANKL (Park et al., 2007).
Erythromycin has been also shown to inhibit LPS stimulated bone resorption, via a
suppressive effect on the expression of IL-1 and IL-6 (Miyata et al., 1997).

As erythromycin has been shown to have an affect on osteoclastogenesis, and a “class
action” has been attributed to the macrolide antibiotics, it is biologically plausible that
azithromycin may act to attenuate osteoclast differentiation or activity, thereby reducing the

inflammatory bone resorption seen in periodontitis.

1.8.5 Effects in the Periodontal Tissues

Azithromycin may have the potential to inhibit the production of inflammatory mediators
in human gingiva. A reduction in the content of IL-1p, IL-8, TNF-a and VEGF in the GCF as
well as a decrease in the volume of GCF have been reported in periodontally healthy subjects
in vivo (Ho et al., 2010). However, two recent studies found that azithromycin failed to induce
a significant reduction in GCF MMP-8 levels compared to placebo for patients with
generalised severe chronic periodontitis (Han et al.,, 2012) or generalised aggressive
periodontitis (Emingil et al., 2012). It should be noted that these studies also failed to find any
beneficial clinical effects with the use of azithromycin.

In an in vitro study, azithromycin was shown to inhibit LPS induced IL-8 production in an
oral epithelial cell line, with suppression of Racl and NF-kB activation (Matsumura et al.,
2011). However, the opposite effect was reported in another in vitro study of human gingival
fibroblasts, which showed that azithromycin increased P. gingivalis LPS induced IL-8
production and slightly decreased fibroblast proliferation. This was hypothesised to lead to
increased neutrophil migration to the periodontal tissues (Kamemoto et al., 2009). These
results are similar to the differential effects of azithromycin on IL-8 production in airway
epithelial cells discussed in the previous section.

Initial evidence suggests that azithromycin may have the potential to modulate cytokine
production and alter fibroblast and neutrophil activity in the periodontal tissues. However,
studies on these effects are scant at present, and it is not clear whether reported effects on
inflammatory cytokine secretion are related to a direct anti-inflammatory action, or perhaps
decreased inflammation subsequent to its antibiotic effect.

1.9 Therapeutic Use in Periodontal Treatment
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As discussed in the preceding sections, evidence suggests that azithromycin is a suitable
antibiotic for use as an adjunct in periodontal treatment, with drug accumulation in the
periodontal tissues and an appropriate microbiological spectrum. The first reports on the use
of azithromycin as an adjunct to periodontal treatment were over 15 years ago, and there have
subsequently been a number of studies that have examined the clinical and microbiological
efficacy of adjunctive azithromycin in the treatment of periodontal diseases.

1.9.1 Microbiological Effects of Azithromycin in Periodontal Treatment

It is generally accepted that the successful treatment of periodontitis should be
accompanied by changes in the subgingival microflora, with reductions in pathogenic species
whilst maintaining the level of host compatible species (Teles et al., 2006). The effects on

subgingival microbial flora have varied between studies.

1.9.1.1 Chronic Periodontitis

In the first study of the use of azithromycin in the treatment of periodontitis, reductions in
counts of spirochaetes and black pigmented anaerobes were reported after 3 and 6 weeks.
However, following this initial observation, no significant or sustained reduction in counts of
the black-pigmented anaerobes was observed over the remainder of the 22 week study (Sefton
et al., 1996).

This observation of short term microbiological changes has been confirmed, with one
study reporting that the use of azithromycin as an adjunct to scaling and root planing resulted
in complete suppression of periodontopathic bacteria until 13 weeks after treatment,
compared to the control group in which P. gingivalis, T. forsythensis and P. intermedia were
detected 5 weeks after baseline (Gomi et al., 2007b). The use of azithromycin as an adjunct to
nonsurgical periodontal therapy of P. gingivalis associated chronic periodontitis has also been
reported to result in reduction of the frequency of detection of P. gingivalis at 6 months (Oteo
et al., 2010). A significant 33.32% reduction of benzoyl-DL-arginine naphthylamine (BANA)
positive sites over 6 months has been demonstrated in smokers with chronic periodontitis
compared to placebo treatment which resulted in 3.35% reduction (Mascarenhas et al., 2005).

However, although adjunctive azithromycin has been demonstrated to significantly reduce
the counts of red complex species at 2 weeks in subjects with chronic periodontitis compared
to scaling and root planing alone, after 12 months, no lasting change in the microbiological
outcome was seen (Haffajee, 2008). Similarly, a recent 12 month study of the use of systemic
azithromycin as an adjunct in nonsurgical treatment of severe chronic periodontitis found that

reductions in periodontal pathogens over this time did not differ to that observed with the
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placebo treatment, although it should also be noted that no beneficial clinical improvements
were observed in this study (Sampaio et al., 2011).

1.9.1.2 Aggressive Periodontitis

Two recent studies failed to find any beneficial microbiological changes with the use of
systemic azithromycin in the management of aggressive periodontitis. In a group of subjects
with generalised aggressive periodontitis, despite beneficial clinical improvements being
observed, 12 months after nonsurgical periodontal therapy no changes in the composition of
the subgingival microflora were observed (Haas et al., 2012, Emingil et al., 2012).

Evidence from the literature suggests that azithromycin has an appropriate microbiological
spectrum against Gram-negative bacteria. However, when used as an adjunct to nonsurgical
treatment it appears as though additional changes in subgingival flora to 12 months are not
seen. The long term clinical significance of this is unknown, although it is possible that the
short-term microbiological changes observed in some studies during the initial weeks and

months may assist with resolution of inflammation and tissue healing.

1.9.2 Bacteraemia During Periodontal Treatment

Azithromycin administered for 3 days prior to periodontal treatment has been established
to reduce the incidence of bacteraemia after debridement. In a prospective study of 30 patients
with chronic periodontitis, systemic administration of azithromycin reduced the incidence of
bacteraemia to 20%, compared to the 90% incidence observed in control subjects, and 70%
incidence in subjects who received subgingival irrigation with an essential oil mouthwash
(Morozumi et al., 2010).

1.9.3 Clinical Effects in the Nonsurgical Treatment of Chronic Periodontitis
1.9.3.1 Systemic Azithromycin

The use of systemic azithromycin as an adjunct to the nonsurgical treatment of chronic
periodontitis has been examined in a number of studies, with some reporting no additional
benefits, and others observing varying degrees of clinical improvements.

The first clinical trial to report on the use of azithromycin as an adjunct to nonsurgical
periodontal therapy showed significant benefits in terms of probing depth reduction compared
to a placebo medication (Smith et al., 2002). In this 22-week study of 43 subjects, which had
a double blinded placebo controlled design that did not exclude smokers, it was observed that
the percentage of pockets remaining above 5 mm following therapy was significantly lower in

the test group compared to the control group, 5.6% compared with 23.3%. The greatest
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benefit was seen in deep pockets, with the post treatment mean pocket depth of initially deep
(>6 mm) pockets being 3.67 mm for the azithromycin group and 4.54 mm for the control
group. Clinical attachment level was not reported on in this study, and there was no
statistically significant difference reported for bleeding on probing between the test and
control groups. The microbiological results of this study were previously published (Sefton et
al., 1996).

The effect of azithromycin in smokers has also been reported to be beneficial. In a single
blinded randomised 6 month study of 30 smokers with chronic periodontitis, following 2
visits of scaling and root planing, subjects were assigned to a test group that received 250 mg
of azithromycin for 5 days, or a control group that received no medication. It was reported
that for deep sites (>6 mm), the azithromycin group had a 3.52 mm probing depth reduction,
compared to 1.98 mm for the control group. Clinical attachment level gain for deep sites was
also reported to be 2.56 mm for the test group, compared to 1.32 mm for the control group
(Mascarenhas et al., 2005).

The action of azithromycin as an adjunct to nonsurgical therapy of chronic periodontitis
has also been compared with that of adjunctive metronidazole and subantimicrobial dose
doxycycline in a 12 month randomised, single blind, non placebo controlled trial. In this
study, for sites with probing depths of 5 mm of less, little difference was observed in mean
attachment level or probing depth change between any of the treatment groups. However, for
sites with probing depths of 7 mm or greater, subjects receiving azithromycin or
metronidazole showed greater reductions in mean probing depth and attachment level.
Subjects receiving metronidazole had a significantly greater improvement than the
azithromycin group, showing an additional reduction in probing depth and clinical attachment
level gain of about 1 mm compared to the azithromycin group (Haffajee et al., 2007). In light
of the fact that systemic antibiotics are known to have the most beneficial effects in subjects
with severe periodontitis (Herrera et al., 2008), it should be noted that the subjects in this
study would be classified as having mild to moderate chronic periodontitis.

The effects of azithromycin as an adjunct to full mouth treatment protocols has also been
reported in the literature. In a non blinded trial, Gomi reported on the use of azithromycin as
an adjunct to full mouth debridement in a group of 34 patients with severe chronic
periodontitis (Gomi et al., 2007b). The control group received only conventional scaling and
root planing over 4 to 6 visits, whereas the test group received full mouth scaling, with
azithromycin taken for the 3 days prior to the commencement of treatment. Both groups
received professional mechanical debridement by a dental hygienist over the 25 weeks of the
study duration. The test group had a significantly greater reduction in probing depth, bleeding

on probing, gingival index and volume of GCF compared to the control group.
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In a study with a double blinded design, conventional scaling and root planing (n=10) was
compared to full mouth debridement with azithromycin (n= 10) and partial mouth scaling and
root planing with azithromycin (n=10). In the test groups, subjects were administered
azithromycin for the 3 days prior to commencement of treatment, with treatment completed
during the half life of the medication. Statistically significant improvements were observed
for the azithromycin groups for bleeding on probing, clinical attachment level gain and
probing depth reduction over 12 months (Yashima et al., 2009).

Another double masked, placebo controlled pilot study on the clinical and microbiological
effects of systemic azithromycin as an adjunct to nonsurgical periodontal therapy of P.
gingivalis associated chronic periodontitis reported that over a period of 6 months,
azithromycin treatment resulted in a 0.80 mm decrease in probing depth, compared to the 0.34
mm observed in the control group. Similarly, for mean clinical attachment level gain, the
azithromycin group showed an improvement of 0.76 mm compared to 0.29 mm in the control
group. In this study the azithromycin was administered at the completion of the last scaling
visit (Oteo et al., 2010).

However, of note are several recent publications that failed to find any beneficial effects
when azithromycin was used as an adjunct to nonsurgical therapy. In a placebo controlled 12
month study in a group of 40 patients with advanced chronic periodontitis patients,
meticulous scaling resulted in excellent reductions in probing depths and improvement in
clinical attachment level over the duration of the study for both the test and control groups.
No additional beneficial effects were observed in the azithromycin group (Sampaio et al.,
2011).

An additional recent double-blinded placebo controlled report on the use of azithromycin
in the nonsurgical treatment of chronic periodontitis also failed to find any additional
improvement in periodontal condition over the 6 months of the study duration. In this study
subjects were given azithromycin at the completion of the fourth scaling and root planing visit
(Han et al., 2012).

It is obvious that these are a heterogeneous group of studies. Differences are present with
respect to the dosage and timing of azithromycin, the number of subjects and duration of the
study, inclusion of smokers, and the type of periodontal treatment that was prescribed. There
is a need for further well designed randomised controlled trials, in order to establish the
effects of adjunctive azithromycin.

28



1.9.3.2 Locally Delivered Azithromycin

The effects of locally delivered 0.5% azithromycin, in a polylactic-co-glycolic acid
vehicle, in the nonsurgical management of chronic periodontitis has been evaluated in a
randomised controlled trial of 80 subjects and 12 weeks duration. At 12 weeks, a statistically
significant difference in probing depth reduction was observed between the two treatment
groups, with a mean 2.12 mm probing depth reduction observed for the control group,
compared to 2.53 mm for the test group (Pradeep et al., 2008). However, given the lack of a
placebo control and operator blinding, as well as the very small and clinically insignificant
improvements in clinical parameters, this study is considered to be at high risk of bias.

A second study of 63 patients with well controlled type 2 diabetes which used a
randomised placebo controlled design found that scaling and root planing with 0.5%
azithromycin resulted in improved clinical attachment gains, probing depth reduction,
gingival index and sulcus bleeding index over a period of 9 months compared to scaling and
root planing with placebo (Agarwal et al., 2012).

1.9.4 Clinical Effects in the Nonsurgical Treatment of Aggressive Periodontitis

Systemic azithromycin has also been used as an adjunct to conventional scaling and root
planing for the treatment of aggressive periodontitis.

In a randomised, double blinded placebo controlled study of 12 months duration,
significant improvements in probing depth and clinical attachment level were reported for the
test group compared to the control group. (Haas et al., 2008) From 6 to 12 months post
treatment, the azithromycin group showed a continued improvement in clinical attachment
level, whilst the control group followed a trend of increased clinical attachment loss. An
additional reduction in probing depth of 0.77 mm for sites that were at baseline deep (>7
mm), and 0.73 mm for moderately deep (4-6 mm) was reported. In this study, the adjunctive
use of azithromycin in the treatment of aggressive periodontitis patients resulted in better
clinical outcomes than nonsurgical therapy alone.

However, of interest is a recent placebo controlled, double-blind, randomised controlled
trial of 6 months duration found that adjunctive azithromycin provided no additional benefit
over nonsurgical periodontal treatment, on clinical parameters, microbiological parameters or
GCF biomarkers (Emingil et al., 2012).

1.9.5 Treatment of Periodontal Abscesses

Azithromycin has been demonstrated to be effective in the short term treatment of

periodontal abscesses (Herrera et al., 2000). However, no significant differences in terms of
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bleeding on probing, suppuration, or reduction in probing depth were observed when

compared with amoxicillin and clavulanic acid.

1.9.6 Periodontal Surgery

Only one study has evaluated the effect of systemic azithromycin as an adjunct to
periodontal surgery in subjects with chronic periodontitis. Dastoor et al. evaluated the effects
of azithromycin, administered immediately post treatment, as an adjunct to apically
positioned flap surgery and osseous recontouring in a group of 30 heavy smokers (Dastoor et
al., 2007). This study showed that azithromycin was more effective in maintaining the clinical
attachment level gains after surgery and promoted faster wound healing, however the
administration of systemic azithromycin did not improve overall probing depth reduction,
clinical attachment level gain or reduction of the bone resorption marker ICTP. However, an
interesting finding of this study was that sites that did not receive surgery experienced overall

gains in clinical attachment level compared to baseline.

1.9.7 Peri-implant Mucositis

A recent randomised controlled trial compared non-surgical treatment of peri-implant
mucositis, with or without systemic azithromycin. No short term differences were seen
between the treatment groups, although at 6 months there was less bleeding in the
azithromycin treated group. However, the authors attributed this finding to lower plaque
scores in the test group (Hallstrom et al., 2012). It should be noted that the prescription of
antibiotics for peri-implant mucositis is not an accepted practice (Lang et al., 2011).

1.9.8 Treatment of Gingival Enlargement

Drug induced gingival overgrowth can be caused by anticonvulsant drugs such as
phenytoin, calcium channel blockers taken for hypertension, in particular nifedipine, and
immunosuppressant drugs such as cyclosporine A (Dongari-Bagtzoglou, 2004). The
pathogenesis of cyclosporine A induced gingival overgrowth is thought to involve increased
DNA synthesis and proliferation of gingival fibroblasts (Bartold, 1989), with resultant
excessive accumulation of extracellular matrix proteins such as collagen or amorphous
ground substance in the connective tissue compartment. Treatment typically involves oral
hygiene measures and nonsurgical periodontal therapy, drug substitution to alternative
medications where possible, as well as gingivectomy to remove the overgrown tissue
(Dongari-Bagtzoglou, 2004). However, it has also been suggested that azithromycin may be

beneficial in the management of drug induced gingival enlargement.
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Nearly 20 years ago it was incidentally noted that a transplant recipient with cyclosporine
induced gingival overgrowth of 4 years duration experienced remission of the gingival
overgrowth when azithromycin was administered for an episode of bronchitis (Wahlstrom et
al., 1995). Since then, there have been case reports in the literature of partial regression of
gingival overgrowth in renal transplant patients following azithromycin treatment (Nowicki et
al., 1998, Puig et al., 1997), and several clinical trials have been carried out.

The efficacy of azithromycin in the treatment of gingival enlargement secondary to
cyclosporine A in renal transplant patients has been examined in several descriptive clinical
studies that lack a control group. In these studies, significant improvements in gingival sulcus
depths, tooth length and length of the interdental papilla have been described (Nash and
Zaltzman, 1998), with effectiveness reported in 86% of patients over 6 months (Citterio et al.,
2001). Other studies have reported remission of symptoms in a large proportion of patients,
with greater effectiveness observed if the azithromycin is administered early in the process
(Gomez et al., 1997, Wirnsberger et al., 1998, Palomar et al., 1998). However, these studies
are limited by the lack of control groups, as well as nonstandardised methods of quantifying
the improvement in gingival condition.

More recently a controlled clinical trial reported that azithromycin was extremely effective
in reducing gingival enlargement in cases where the use of oral hygiene alone did not have a
significant effect (Ramalho and Ramalho, 2007). In another study, when azithromycin and
metronidazole were compared as a therapy for gingival overgrowth, azithromycin was found
to be more effective than metronidazole (Chand et al., 2004). The use of an azithromycin
containing toothpaste has also been reported to result in a significant reduction in gingival
overgrowth (Argani et al., 2006). However, others have reported no significant improvement
in cyclosporine A induced gingival enlargement (Nafar et al., 2003), although an effect on
bacterial infection and gingival inflammation was found (Mesa et al., 2003).

The evidence to support the use of azithromycin in the treatment of gingival overgrowth in
renal transplant recipients is equivocal at present. However, even less evidence exists to
support the routine use of azithromycin for the treatment of cyclosporine A induced gingival
enlargement in cardiac transplant patients, with no beneficial effects reported in one
observational study (Strachan et al., 2003).

It has also been hypothesised that azithromycin may be effective in the treatment of
phenytoin induced gingival overgrowth in epileptic patients, however no clinical trials have
been performed to date (Namazi et al., 2007). Similarly, there are no clinical trials assessing
the efficacy of azithromycin in the therapy of calcium channel blocker induced gingival
overgrowth, however a case of effective treatment has recently been reported in the literature
(Hirsch, 2010).
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A recent systematic review of the efficacy of azithromycin in patients with gingival
overgrowth induced by cyclosporine A concluded that there is a lack of randomised clinical
trials, however the evidence seems to suggest that systemic antibiotic therapy without plaque
and calculus removal is ineffective in reducing symptoms. Further randomised clinical trials
are required to strengthen the evidence supporting the efficacy of azithromycin in the
treatment of cyclosporine A induced gingival overgrowth (Clementini et al., 2008).

1.9.8.1 Mechanisms

At present the mechanism of action of azithromycin in the treatment of cyclosporine A
induced gingival enlargement is not clear, although there are some suggestions that it may
alter the phenotype of gingival fibroblasts. A rat model has demonstrated that azithromycin
appeared to increase the phagocytic capacity of the gingival fibroblasts, which compensated
for the cyclosporine A induced lowered phagocytic capacity (Paik et al., 2004). Azithromycin
has also been shown to inhibit cyclosporine A induced proliferation of gingival fibroblasts
from normal subjects and those who have received renal transplants. This study demonstrated
that azithromycin elevated MMP-1 and MMP-2 levels, which are reduced by cyclosporine A
(Kim et al., 2008). The net effect of this is to block accumulation of total collagen by
inhibition of collagen synthesis and activation of MMP-2.

1.10 Conclusion

Azithromycin is a novel macrolide antibiotic that has shown some promise as an adjunct in
the management of periodontal diseases, with several clinical studies demonstrating
additional clinical improvements with the use adjunctive azithromycin in the treatment of
both aggressive and chronic periodontitis. When evaluating the literature, azithromycin has an
appropriate antimicrobial spectrum and pharmacologic characteristics for use in the treatment
of periodontal infections, and compared to alternative antibiotics, it is a safe drug with a
relatively low incidence of side effects.

Research is also beginning to suggest that macrolide antibiotics are not merely
antimicrobials. Although their antimicrobial action may help to eliminate an underlying
microbial cause of chronic inflammation, in vitro studies, animal models and clinical trials
demonstrate that azithromycin has a wide spectrum of anti-inflammatory and immune
modulatory actions, which include reduction of inflammation, regulation of cytokine
production, as well as cell modulatory effects with alterations to fibroblast, neutrophil and
macrophage activity.
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Given the microbiological aetiology and inflammatory pathogenesis of periodontitis, the
dual properties of azithromycin may offer potential advantages in the treatment of
periodontitis. However, presently there is a paucity of information relating to these possible
effects of azithromycin in the periodontal tissues.

1.10.1 Study Rationale, Hypothesis and Aims

The study described in Chapter 2 uses an in vitro assay to assess the effect of azithromycin
on human osteoclast function. The rationale for this study is based on several observations.
Firstly, alveolar bone “regeneration” has been reported following systemic administration of
azithromycin for the therapy of periodontal abscesses and in the treatment of severe
periodontitis, even without mechanical periodontal therapy in one case (Hirsch, 2010,
Schmidt and Bretz, 2007). Secondly, the closely related antibiotic erythromycin, which shares
many immunomodulatory properties with azithromycin, has been observed to inhibit
osteoclastogenesis. Finally, azithromycin has been established to inhibit NF-kB activation, an
important transcription factor in both inflammation and osteoclast activation and function.

Thus the aim of this study was to investigate the effect of azithromycin on osteoclast
function, in order to provide further understanding of the effects of azithromycin in the
periodontal tissues and to further establish the potential for its use as a host-modulatory
adjunct in the treatment of periodontitis. The null hypothesis is that azithromycin will have no

effect on osteoclast activity or differentiation.
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2.1 Introduction

Periodontitis is a bacterially induced chronic inflammatory condition affecting the
supporting tissues of the teeth. It characteristically features a host-mediated destruction of the
alveolar bone, which if untreated, can eventually lead to tooth loss. Epidemiological studies
indicate that between 5 to 15% of the population are affected by severe forms of periodontitis
(Brown and Loe, 1993, Hugoson et al., 1998), and as such, periodontitis is arguably the most
prevalent form of bone pathology seen in humans.

The alveolar bone destruction that occurs in periodontitis is a consequence of increased
osteoclast formation and activity. Osteoclasts are multinucleated cells that differentiate from
haematopoetic precursors in response to the coordinated actions of two important factors -
receptor activator of nuclear factor kappa B ligand (RANKL) and osteoprotegerin (OPG)
(Lacey et al., 1998, Kong et al., 1999, Hofbauer and Heufelder, 2001). RANKL is a
membrane bound or secreted protein of the tumour necrosis factor superfamily, that upon
binding to the pre-osteoclast cell surface receptor RANK triggers osteoclast formation
through initiating a number of down-stream events. Various studies have demonstrated
increased expression of RANKL and corresponding low levels of the decoy receptor OPG in
diseased periodontal tissues and gingival crevicular fluid (Kawai et al., 2006, Crotti et al.,
2003, Belibasakis and Bostanci, 2011). Periodontopathic bacteria, bacterial products such as
lipopolysaccharide (Yamaguchi et al., 2008) and associated inflammatory cytokines such as
interleukin 1-o (IL-a) (Fukushima et al., 2005, Tiranathanagul et al., 2004, Wada et al.,
2004), IL-1R, prostaglandin E, (Nukaga et al.,, 2004) and tumour necrosis factor-o
(Yongchaitrakul et al., 2006) have been demonstrated to stimulate excess production of
soluble RANKL by fibroblasts and lymphocytes. This alteration of the RANKL/OPG ratio is
also characteristic of other chronic inflammatory pathologies such as rheumatoid arthritis
(Gravallese, 2002, Crotti et al., 2002).

There is an emerging case for the use of anti-resorptive agents in the management of
periodontitis in addition to the currently available treatments (Bartold et al., 2010), although
effective and safe treatment strategies are not available at present for control of periodontal
bone resorption. Existing treatment strategies for periodontitis are limited to controlling the
infective and inflammatory process in the periodontal tissues via mechanical debridement of
the subgingival environment. For patients with more advanced or aggressive disease, the use
of systemic antibiotics as an adjunct to periodontal mechanical debridement may be indicated
(Herrera et al., 2008, Herrera et al., 2002, Haffajee et al., 2003). One such antibiotic is

azithromycin, a semi-synthetic macrolide antibiotic derived from erythromycin.
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Azithromycin has been used as an adjunct in the management of chronic and aggressive
periodontitis with varying degrees of beneficial clinical and microbiological effects (Sefton,
1999, Sefton et al., 1996, Haffajee, 2008, Smith et al., 2002, Gomi et al., 2007b, Haas et al.,
2008, Yashima et al., 2009, Oteo et al., 2010, Sampaio et al., 2011). Although azithromycin is
well known for its antibacterial properties, it has also been shown to possess additional anti-
inflammatory and immune modulating effects (Altenburg et al., 2010). Amongst these anti-
inflammatory actions, azithromycin has been shown to inhibit activation of transcription
factor nuclear factor-kappa B (NF-xB) in tracheal aspirate cells, an alveolar basal epithelial
cell line, an oral epithelial cell line (Aghai et al., 2007, Cheung et al., 2010, Matsumura et al.,
2011), and in dendritic cells (lwamoto et al., 2011). In osteoclasts, NF-kB plays a pivotal role
in the regulation of bone resorbing activity (Soysa et al., 2009), with RANKL/RANK binding
triggering NF-xB activation. However, to date, there have been no studies investigating the
effects of azithromycin on osteoclastogenesis or bone resorption. There have been reports in
the literature of bone fill in periodontal defects following the administration of azithromycin,
although the mechanisms by which this may be achieved are unknown (Hirsch, 2010).

Thus the aims of this study were to test the hypothesis that azithromycin treatment will
suppress human osteoclast differentiation and activity in vitro. Accordingly, the in vitro effect
of azithromycin on osteoclast formation, osteoclast morphology, osteoclast resorptive

activity, and expression of osteoclast genes and transcription factors was investigated.

2.2 Materials and Methods

Ethics approval was obtained from the University of Adelaide Human Research Ethics
Committee (project number H-36-2001).

2.2.1 Cell Culture

Buffy Coat preparations from 3 healthy donors were obtained (Australian Red Cross Blood
Service, South Australia, Australia) for each of the three technical repeats of the experiment,
giving a total of 9 donors. Over 17 days, human osteoclasts were generated following
stimulation of peripheral blood mononuclear cells (PBMCs) with RANKL and macrophage
colony stimulating factor (M-CSF) as previously described, with the addition of RANKL
from day 7 of culture (Cantley et al., 2011). Cells were plated at identical concentrations of 2

x 10° cells/mL onto either sterilized whale dentine slices or directly onto glass slides.
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2.2.2 Azithromycin Treatment

Azithromycin dihydrate (Sigma, Sydney, Australia, Lot 020M4703) was solubilised in
dimethylsulfoxide (DMSO, VWR International Ltd, Poole, England). Serial dilutions of
azithromycin in complete culture medium were used to obtain concentrations of 0.5, 1, 10, 20
and 40 pg/mL, all in 0.1% DMSO. Control cells were treated with 0.1% DMSO.
Azithromycin was added to culture media on days 7, 10 and 13, coinciding with RANKL
addition. Cells were also treated with azithromycin commencing on days 7, 10 or 13 to assess

the effects of treatment on the different stages of osteoclast differentiation and resorption.

2.2.3 WST-1 Cell Viability Assay

The viability of cells cultured in the presence of azithromycin was assessed using a WST-1
Assay (Roche Applied Science, Mannheim, Germany) according to the manufacturer’s
instructions. Cells were seeded into a 96 well plate (Falcon, Beckton Dickinson Labware,
Franklin Lakes, NJ, USA). On day 14 absorbance was measured at 450 nm using a Power
Wave X5 plate reader (Biotek Instruments, Winooski, VT, USA) with KC Microplate data
analysis software (Biotek Instruments, Winooski, VT, USA). Absorbance in the azithromycin
treated wells was compared with that of controls.

2.2.4 Analysis of Osteoclast Formation

The presence of multinucleated tartrate-resistant acid phosphatase (TRAP) positive cells
was used as a marker for osteoclast formation. Cells were plated in triplicate in a 16 well
Chamber slide (LabTek, Nunc International, Rochester, NY, USA). On day 14, media was
removed, and the cells fixed with 4% glutaraldehyde in Hank’s balanced salt solution (HBSS)
for 5 minutes. The cells were then washed with distilled water and an acid phosphatase
leukocyte kit staining kit (Sigma, St. Louis, MO) was used to identify TRAP positive cells
according to the manufacturer’s directions. The cells were then counterstained with 0.5% w/v
Methyl Green for 15 seconds, and washed with distilled water, dried, and mounted with
Aquatex (Merck, Darnstadt, Germany).

After staining, slides were viewed under a microscope (Nikon Microphot FXA
Photomicroscope, Nikon Instruments Inc., Melville, NY, USA) at 100x total magnification.
Three representative areas were imaged at all concentrations for each donor, and Adobe
Photoshop Elements 6 (Adobe Systems Incorporated) was used to view the
microphotographs. The number of nuclei per osteoclast was counted, with TRAP positive
multinucleated cells with 3 or more nuclei considered osteoclasts. The number of osteoclasts

formed with azithromycin treatment was compared with an untreated control for each donor.
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2.2.5 Analysis of Resorption In Vitro

Evidence of functional osteoclast activity was determined by lacunar resorption on whale
dentine slices (Cantley et al., 2011). Cells were plated onto sterile 5 mm whale tooth dentine
slices (a gift from Australian Customs Service, Canberra, Australia) in a 96 well plate.
Following 17 days of culture, medium was removed and dentine washed with HBSS. Cells
were removed by the addition of 0.05% (w/v) Trypsin in PBS/EDTA, and incubated for at
least 1 hour at 37°C and 5% CO,, Slices were then washed with distilled water, air-dried
overnight, mounted on stubs, and carbon and gold coated for visualisation using a scanning
electron microscope (SEM) (Phillips XL-20) at 150x magnification. Three representative
SEM images were taken for each dentine slice. Resorption pits were then traced using Adobe
Photoshop Elements 6 (Adobe Systems Incorporated), and Image J (National Institutes of
Health, USA) analysis software was used to determine the area of pit resorption for each
concentration of azithromycin. The area of pit resorption was calculated and expressed as a
mean percentage area of resorption in the untreated cultures for each donor. The area of pit
resorption was also quantified relative to the number of TRAP positive multinucleated cells
for each donor.

2.2.6 Analysis of Osteoclast Morphology

The morphology of human osteoclasts cultured on dentine disks was assessed by scanning
electron microscopy. On day 14 cells were fixed with a solution of 4% paraformaldehyde,
1.25% glutaraldehyde and 4% sucrose in 0.006 M PBS for 1 hour. Following a brief wash
with 4% sucrose in PBS the samples were post fixed in 2% osmium tetroxide for 30 minutes.
This was followed by cell dehydration in graded ethanol solutions of 70, 90 and 100%.
Samples were then treated with a 1:1 solution of ethanol and hexamethyldisilazane (HMDS,
ProsciTech, Thuringowa, QId, Australia) for 10 minutes, followed by two further 20 minute
washes with 100% HMDS to eliminate air drying artefacts. The samples were allowed to air
dry before being sputter coated with gold and carbon in preparation for imaging with a Philips
XL20 scanning electron microscope at 650x magnification.

2.2.7 Actin Ring Formation

Cells were plated onto dentine disks and cultured in the presence (1 pg/mL and 20 pg/mL)
or absence of azithromycin as described above. On day 14, the cells were fixed in 4%
paraformaldehyde for 10 minutes. The cell membranes were permeabilised with 0.1% Triton
X-100 (Sigma, St Louis, USA) for 3 minutes, following by staining with rhodamine
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conjugated phalloidin (5U/mL, Molecular Probes, Invitrogen, Eugene, Oregon, USA) in 1%
bovine serum albumin (BSA, Sigma, St Louis USA) for 20 minutes. Cells were
counterstained with DAPI (10 ug/mL, Sigma, St Louis, USA) before mounting dentine disks
onto glass coverslips with SlowFade Gold (Molecular Probes, Invitrogen, Oregon, USA).
Actin ring formation was assessed using confocal microscopy (Leica SP5). Images taken at
10x magnification were used to quantify the number of actin rings per dentine slice, which
were expressed percentage of the control for each donor.

2.2.8 Assessment of Proton Pump Activity

Cells were seeded onto sterile glass coverslips in a 6 well plate (Nunc) and cultured under
the same conditions as above. Cells were treated with azithromycin either from day 7, or for 4
hours on day 14. Bafilomycin Al (Sigma Australia), a known proton pump inhibitor, was
used as a positive control at a concentration of 100 nM.

On day 14, acridine orange (AO, Sigma, St Louis, USA) at a concentration of 20 ug/mL
was added to the culture medium and incubated at 37°C and 5% CO, for 45 minutes, and then
washed 3 times with PBS. The coverslips were then mounted in warm PBS and live cell
images obtained using a spectral laser scanning confocal microscope (Leica SP5) with an
excitation wavelength of 488 nM, (Argon laser) and emission wavelengths of 510 to 540 nm
to detect unprotonated AO, and 590 to 650 nM to detect protonated RNA.

Under the same conditions, fluorescence from cells seeded in a 96 well plate was measured
on day 14 using a fluorescence spectrometer (Polarstar Galaxy, BMG Labtechnologies) with
excitation wavelength of 485 nm and emission filter of 520 nm.

2.2.9 Real Time PCR

Real time PCR was used to examine the mRNA expression of osteoclast genes, including
TRAP, matrix metalloproteinase 9 (MMP-9), RANK, NFATCc1, integrin B3, cathepsin K,
osteoclast associated receptor (OSCAR) and tumor necrosis factor receptor associated factor 6
(TRAF®6). In a further experiment, the effect of culture substrate (plastic or dentine) on
integrin B3, NFATc1, cathepsin K and (MMP-9) expression in azithromycin treated cells was

investigated.

2.2.9.1 RNA extraction and reverse transcription

Total RNA was extracted from untreated cells and cells cultured in the presence of
azithromycin (1 ug/mL and 20 pg/mL) for 6 donors on days 0, 7, 10, 14 and 17 using TRIzol

(Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
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instructions. For an additional four donors, RNA was also extracted on day 17 from untreated
or treated (20 ng/mL) cells cultured on both dentine disks and plastic.

Total RNA for each sample was quantified using ultra-violet spectroscopy (Nanodrop
1000, Thermo Scientific, Wilmington, DE, USA) and the quality of the RNA assessed using
the ratio of absorbance at 260 nm and 280 nm. Reverse transcription of one microgram of
total RNA to cDNA was carried out with 250 ng of random hexamer (Geneworks, Adelaide,
SA, Australia) and 200 units of Superscript 111 Reverse Transcriptase (Invitrogen) according
to the manufacturers instructions, using Corbett Rotor Gene 6.1 analysis software and the
Rotor Gene 3000 real time thermal cycler (Corbett Life Science, Mortlake, New South
Wales). cDNA was stored at -80°C until required.

2.2.9.2 Real Time PCR Analysis

Quantitative real time PCR was performed to compare the relative expression levels of
MRNA for various osteoclast genes in drug treated cells with untreated cells. Real time PCR
was performed using Platinum SYBR Green gPCR Supermix-UDG (Invitrogen Life
Technologies). The endogenous reference gene human acidic ribosomal protein (hARP)
(Franssen et al., 2005) was used to normalise threshold cycle (C;) data and allow comparison
of the genes for treated and control. Each reaction consisted of 1 uL of 1:5 diluted cDNA, 300
nM of reverse and forward primer and 7.5 puL of 2 x Supermix, made up to a total volume of
15 pL with diethylpyrocarbonate (DEPC) water. PCR was performed in triplicate for each
sample, with the mix amplified for 40 cycles at 95°C for 20 seconds, followed by 60°C for 20
seconds and 72°C for 20 seconds, followed by a melt curve analysis. The melting curves were
obtained after each amplification to confirm the specificity of the primers.

Oligonucleotide primers described previously were used for RANK, (Untergasser et al.,
2007) NFATcl, (Day et al., 2004, Granfar et al., 2005), integrin B3, (Crotti et al., 2005)
cathepsin K, (Sense, 5-CACTGGATAATTAAAAACAGCTGGG-3" and antisense,
5’CCAGGTTGGCAATGCCAC-3’) (designed by Primer Express), OSCAR (Sense, 5’-
CATGAGCTTCGTGCTGTACC-3’ and antisense, 5’- CCAGAGTCTTCCCAGCTGAT-3’),
TRAP  (Sense, 5- TCTCCAAGCGCTGGAACTTC-3* and antisense, 5’-
CATTGGTCTGTGGGATCTTGAA-3’), MMP-9 (Sense, 5’-
CCTGTACCGCTATGGTTACAC and antisense 5’- CAAACCGAGTTGGAACCACGA-3")
and TRAF6 (Sense, 5’TCATCAGAGAACAGATGCCTAATC- 3’ and antisense, 5’-
GGCATTTGAAGATAAAGAGATCC- 3’) (Cantley et al., 2011). Primers were purchased
from Geneworks (Hindmarsh, SA, Australia). The mRNA expression of each of the genes

normalised to the housekeeping gene was calculated using the comparative AACT method
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(Livak and Schmittgen, 2001, Schmittgen and Livak, 2008). Results are expressed as a fold
change in gene expression relative to a vehicle treated control on the same day.

2.2.10 Immunocytochemistry

Control and azithromycin treated cells (1 pg/mL and 20 ug/mL) were fixed at day 17 with
1:1 acetone and methanol for 5 minutes. As previously described, immunocytochemistry was
performed to assess the protein expression of NFATc1 (Cantley et al., 2011) using a mouse
monoclonal antibody for NFATcl, (7A6:sc-7294, 4 pg/mL; Santa Cruz Biotechnology).
Negative control slides were processed with both antibody omission and an IgG1 negative
control. Staining was visualised using a Vector Peroxidase substrate kit AEC (Vector
Laboratories, CA, USA). After staining, slides were analysed under a microscope (Nikon
Microphot FXA Photomicroscope, Nikon Instruments Inc., Melville, NY, USA) and
photomicrographs were taken at 100x total magnification.

2.2.11 Statistics

Results were expressed as mean and standard error of the mean (SEM) and analysed using
Prism 5 Software (Graph Pad Software Inc, La Jolla, CA. USA). One way ANOVA and a
Tukey’s post hoc test were used to compare differences between the drug treated cells and
control. A Mann-Whitney U test was used to test for differences in gene expression between
control and treated cells. A paired t test was used to compare the number of actin rings in drug
treated and control cells. Statistical significance was accepted at p < 0.05.

2.3 Results

RANKL stimulation of cultured peripheral blood mononuclear cells consistently induced
differentiation of these cells into mature TRAP positive multinucleated osteoclasts that
formed numerous resorption pits (Figures 2.1A, 2.1G). Azithromycin had no affect on cell
viability at any of the tested concentrations as demonstrated using the WST-1 assay (data not

shown).

2.3.1 Effect of azithromycin on osteoclast formation

Azithromycin treatment resulted in a concentration and time dependent suppression of
osteoclast formation. Treatment from day 7 (coinciding with RANKL addition) significantly
reduced osteoclast formation at concentrations of 20 pg/mL and 40 pg/mL, with a 1.4-fold
reduction in TRAP positive cell formation at 20 pg/mL and a 1.8-fold decrease at 40 ug/mL

(Figures 2.2D, 2.1E-F). No difference in the mean number of nuclei per osteoclast was
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observed in treated cells compared to vehicle treated cells (control 7.8 £ 4.4, 0.5 pg/mL 1.9 +
10.3, 1 pg/mL 6.4 + 8.3, 10 pg/mL 7.2 + 8.8, 20 pg/mL 6.6 + 7.9, 40 pg/mL 6.4 + 7.9). In
cultures treated with 20 pg/mL and 40 pg/mL, positive staining of mononuclear cells was also
observed (Figures 2.1E-F). No effect on osteoclast formation was observed at lower
concentrations (0.5, 1 and 10 pg/mL). Commencement of azithromycin treatment from day 10
or day 13 (3 and 6 days after first RANKL addition) had no effect on TRAP positive cell
formation at all concentrations tested (Figures 2.2E-F).

2.3.2 Effect of azithromycin on osteoclast activity

Azithromycin treatment from day 7 resulted in a statistically significant reduction in
osteoclast activity at all concentrations tested, however this reduction was most noticeable at
20 pg/mL and 40 pg/mL (Figures 2.1K-L; Figure 2.2A). The formation of pits was almost
completely suppressed at these concentrations. The observed reduction in pit formation was
concentration dependent, with an 1Csp of 0.4 pg/mL.

Treatment with azithromycin from day 10 also resulted in a significant, concentration
dependent reduction in osteoclast resorption at all concentrations (Figure 2.2B), although this
effect was less pronounced than when treatment was commenced from day 7. In contrast,
administration from day 13 had no effect on osteoclast activity (Figure 2.2C).

Quantification of the resorption area relative to the number of multinucleated TRAP
positive cells showed a statistically significant (P<0.001) reduction in the mean ratio of the
area of pit resorption to the number of osteoclasts for treated cells compared to control
cultures. The ratio for control cells was 0.55, compared to 0.10 for 0.5 pg/mL azithromycin,
0.19 for 1 ug/mL azithromycin, 0.15 for 10 pg/mL azithromycin, 0.0004 for 20 pg/mL
azithromycin and 0.004 for 40 ug/mL azithromycin.

2.3.3 Effect of azithromycin on osteoclast morphology

Assessment of osteoclast morphology using SEM demonstrated no observable differences
in the total number of cells present, however a smaller, more evenly distributed cellular
phenotype with less coalescence of cells was observed for azithromycin treated cultures
compared to untreated cells (Figures 2.3A-B). Additionally a larger number of mononuclear
cells were observed in the presence of the antibiotic.

2.3.4 Effect of azithromycin on actin ring formation

Osteoclast actin ring formation was evaluated using confocal microscopy (Figures 2.4A-

B). A 4.1-fold reduction in the number of actin rings formed (Figure 2.4C) was observed at a
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concentration of 20 pg/mL (p<0.05). No effect was observed with 1 pg/mL treatment. At 20

ug/mL treatment a larger number of mononuclear cells were also observed.

2.3.5 Effect of azithromycin on osteoclast proton pump

The effect of azithromycin on osteoclast proton pump activity was investigated using
acridine orange staining. Acridine orange is a weakly basic fluorescent dye that can be used to
visualise intracellular acidic organelles such as proton pumps as it fluoresces green at neutral
pH and orange in acidic pH. Bafilomycin Al, another macrolide antibiotic and a known
inhibitor of the osteoclast proton pump, was used as a positive control and found to suppress
osteoclast acidification at a concentration of 100 nm, with eradication of orange fluorescence
observed using confocal microscopy, (Figure 2.4E) and increased green fluorescence
measured using the fluorometer (Figure 2.4G). Azithromycin however did not affect the
acidification, with no difference noted between the green fluorescence emitted by untreated
control cells or those treated with any concentration of azithromycin (Figures 2.4D, 2.4F-G).

2.3.6 Effect of azithromycin on osteoclast gene expression

Changes in expression of mMRNA for NFATcl1, TRAF6, cathepsin K, MMP-9, TRAP and
integrin B3 were noted at various time points, (Figures 2.5B-G). No change in RANK (Figure
5A) or OSCAR (Figure 2.5H) gene expression was noted at any concentration or time point.

Azithromycin treatment induced a downregulation of NFATc1 mRNA expression on day
17 for cells treated with 1 pg/mL and 20 pg/mL (p<0.01) (Figure 2.5C).
Immunohistochemistry revealed a reduction in NFATc1 staining of multinucleated cells on
day 17 which confirmed the mRNA expression data (Figures 2.7A, 2.7C). A 1.64-fold
downregulation of TRAF6 mRNA expression was observed on day 14 in cells treated with 1
ug/mL azithromycin (p<0.01), and a 1.66-fold downregulation in cathepsin K mRNA
expression was observed on day 14 for cells treated with 1 pg/mL azithromycin (p<0.01)
(Figure 2.5D-E). A 1.66-fold downregulation and 1.35-fold downregulation of cathepsin K
MRNA expression was also observed on day 17 for cells treated with 1 ug/mL and 20 ug/mL
azithromycin respectively, which reached borderline significance (p=0.0493) (Figure 2.5E).
An upregulation of integrin B3 mMRNA was noted at later time points (p<0.05), with a 1.7-fold
upregulation of integrin B3 mMRNA expression observed on day 14 with treatment with 20
ug/mL. On day 17 a 1.4-fold upregulation was noted following treatment with 1 ug/mL, and a
2-fold upregulation for 20 pg/mL (Figure 2.5B). A statistically significant 1.24-fold
upregulation of TRAP expression was observed with 20 pg/mL azithromycin on day 14
(Figure 2.5F).
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For MMP-9, azithromycin treatment with 20 pg/mL led to a statistically significant 2.38-
fold upregulation of mMRNA expression at day 10, and a 2.27-fold upregulation at day 17
(Figure 2.5G).

The effect of culture substrate on the mRNA expression of integrin 3, NFATcl, MMP-9
and cathepsin K was investigated for a further four donors. A 6.2-fold increase in integrin 33
MRNA expression was found for control cells plated on dentine compared to plastic (data not
shown). For azithromycin treated cells (20 pg/mL) cultured on plastic, a slight upregulation of
integrin B3 mMRNA was noted. However when cells were cultured on dentine, there was a
statistically significant downregulation (4.5-fold) of integrin B3 mMRNA expression (Figure
2.6). A statistically significant 2.28-fold suppression of NFATc1 mRNA expression was also
confirmed for these four donors for cells cultured on dentine (Figure 2.5), however contrary
to what was observed for the previous six donors, suppression of cathepsin K expression was
only observed for cells cultured on dentine, with a statistically significant 2.8-fold
downregulation of MRNA expression compared to the untreated control cultures (Figure 2.6).
A statistically significant 3.5-fold downregulation of MMP-9 expression was also observed
for cells cultured on dentine (Figure 2.6).

2.4 Discussion

Given the preliminary clinical reports in the literature suggesting that the antibiotic
azithromycin can inhibit bone resorption in periodontal disease (Hirsch, 2010), we sought to
characterise the in vitro effects of azithromycin on human osteoclasts. The results of this
study clearly demonstrated that azithromycin could suppress the resorptive ability of human
osteoclasts and inhibit osteoclast differentiation from peripheral blood mononuclear cells in
vitro.

To our knowledge, there are no studies reporting the effects of azithromycin on osteoclast
differentiation or function. However, the closely related macrolide antibiotic erythromycin
has been shown to inhibit inflammatory osteoclastogenesis via direct effects on the RANKL
initiated NF-xB signalling pathway (Park et al., 2007, Ren et al., 2004). Additionally, recent
studies have also demonstrated that azithromycin affects the activation of human monocytes
in vitro, via inhibition of toll like receptor signalling, lysosomal function and expression of
inflammatory mediators (Vrancic et al., 2012). Alteration of M-CSF and IL-4 induced
differentiation of monocytes towards dendritic like cells has also been reported (Polancec et
al., 2012).

Azithromycin has a long half-life and favourable pharmacokinetics that result in

accumulation in the periodontal tissues (Blandizzi et al., 1999). The concentrations tested in
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this study are physiologically relevant and representative of the levels attained in the
periodontal tissues in vivo (Foulds et al., 1990, Blandizzi et al., 1999, Gomi et al., 20073,
Pradeep et al., 2008). We demonstrated that treatment with azithromycin from day 7 post-
commencement of culture (coinciding with RANKL addition) induced a concentration-
dependent and statistically significant inhibition of RANKL stimulated resorptive activity. A
statistically significant effect was observed at all concentrations tested (0.5 to 40 pg/mL), in
the absence of a reduction in cell viability or number of nuclei per osteoclast. A 50%
reduction in resorption of dentine was observed at 0.4 ug/mL, which corresponds to the serum
level attained following oral administration of azithromycin (Foulds et al, 1990). Strikingly,
osteoclasts treated with azithromycin from day 13 of culture (6 days after addition of
RANKL), a time point when osteoclastogenesis is nearing completion (Susa et al., 2004), did
not exhibit reduced resorptive activity. Similarly, azithromycin treatment commenced at day
10 of culture had a less marked on osteoclast resorptive activity compared to treatment from
day 7. These data suggest that the inhibition of resorption was due to effects at earlier stages
of osteoclastogenesis.

TRAP staining of cells was used to determine whether azithromycin had an effect on
osteoclastogenesis. There was a small reduction in the number of multinucleated TRAP
positive osteoclasts present in cultures treated with 20 and 40 ug/ml azithromycin. This was
accompanied by mononuclear cells that stained intensely for TRAP (Figure 2.1) in addition to
a subjective increase in the intensity of TRAP staining of osteoclasts. However, despite the
apparent increase in TRAP staining, TRAP mRNA expression was only modestly elevated by
1.25-fold in cells treated with 20 pg/mL azithromycin. It is thus possible that the intense
TRAP staining may be due to the less flattened cellular structure of the cells, or that positive
stained mononuclear cells could represent a stage of arrested development of a multinucleated
cell.

Given that this marked reduction in osteoclast resorptive activity we observed was not
coupled with a similar decrease in osteoclastogenesis, we sought to determine whether/how
azithromycin disrupted osteoclast resorptive machinery. The ability of osteoclasts to resorb
mineralized tissues is dependent on cytoskeletal organisation, specifically polarisation of the
resorptive apparatus on the substrate and the creation of an isolated resorptive
microenvironment (Blair et al., 1989). The resorptive microenvironment is characterised by
formation of a peripheral actin ring and subsequent intracellular acidification of the
osteoclast. We investigated whether azithromycin had any effects on osteoclast acidification
or actin ring formation. Analysis of acridine orange staining by flurospectrophotometry and
confocal microscopy showed no inhibition of proton pump activity after azithromycin

treatment, suggesting that mechanisms other than decreased hydrogen ion secretion were
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responsible for abolition of bone resorption. We instead showed an inhibition of osteoclast
actin ring formation via confocal microscopy, in addition to changes in osteoclast morphology
at concentrations of 20 ug/mL azithromycin. The finding that azithromycin disrupts actin ring
formation is significant, as this cytoskeletal structure is essential for the normal resorption of
bone by osteoclasts (Lakkakorpi and Vaananen, 1995, Zou and Teitelbaum, 2010).
Importantly, whilst 20 pg/mL azithromycin caused a 1.4-fold decrease in osteoclast number, a
4.1-fold decrease in actin ring numbers was observed. This suggests that the observed
changes to actin ring formation were not simply due to decreased osteoclastogenesis.

Given that we found that azithromycin i) inhibited osteoclast resorptive activity, ii)
inhibited osteoclast formation at 20 ug/mL and 40 ug/mL, iii) caused a relative increase in
TRAP positive mononuclear cells and iv) disrupted actin ring formation, we sought to
determine whether the alterations to osteoclast morphology could be attributed to altered
expression of osteoclast transcription factors or osteoclast specific genes. We observed
changes to mRNA expression of NFATc1, cathepsin K, integrin 3, TRAF6, TRAP and
MMP-9. Of particular significance, azithromycin downregulated NFATc1 mRNA transcript
2-fold during the late stages of osteoclast development. Interestingly, increased gene
expression of NFATc1 in diseased periodontal tissues has also been reported, suggesting a
possible role for this transcription factor in the pathogenesis of periodontitis (Belibasakis et
al.,, 2011). NFATcl is one of the key target genes of NF-xB in the early phases of
osteoclastogenesis (Yamashita et al., 2007, Asagiri and Takayanagi, 2007) and is thought to
be a master switch regulating terminal differentiation of osteoclasts (Takayanagi et al., 2002,
Takayanagi, 2007). Once activated, NFATc1 plays an important role in osteoclast activation
via direct regulation of several osteoclast specific genes responsible for osteoclast adhesion,
migration, acidification, and degradation of bone, including integrin 3 (avp3) (Crotti et al.,
2005), cathepsin K (Matsumoto et al., 2004), OSCAR (Kim et al., 2005), MMP-9 (Sundaram
et al., 2007), TRAP and the calcitonin receptor (Takayanagi et al., 2002).

We were particularly interested in whether azithromycin affected expression of integrin 33.
Integrin B3 is the most abundant integrin expressed by osteoclasts and is a major receptor
involved in cell migration and maintenance of the sealing zone at the bone-cell interface
(Nakamura et al., 1999). Furthermore, it also plays a pivotal role in bone resorption via its
role in formation of the actin ring and ruffled border (McHugh et al., 2000). Our initial studies
carried out using cells cultured on plastic indicated that azithromycin stimulated integrin 3
mRNA. However, when integrin B3 transcript levels were determined for azithromycin
treated cells grown on dentine substrate, differential gene expression was observed (Figure
2.6). Specifically, integrin 3 transcript levels were decreased in cells cultured on dentine.

This finding is significant in light of the decrease in actin ring formation we observed, as it is
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suggested that integrin B3 interactions with extracellular matrix proteins are the initial step for
actin ring formation in osteoclasts (Nakamura et al., 2011). The finding that culture substrate
could affect expression of adhesion genes is not unprecedented, and is consistent with other
related proteins such as annexin 8 (Crotti et al., 2011). This data demonstrates the need to
conduct studies assessing osteoclast morphology and adhesion molecules using appropriate
mineralized substrates.

MMP-9 is a proteolytic enzyme highly expressed during osteoclast development and in
mature bone resorbing osteoclasts (Reponen et al., 1994). Treatment with 20 pg/mL
azithromycin in cells cultured on plastic significantly upregulated MMP-9 expression on day
10 and 17 of culture, contrary to what would be expected with the observed inhibition of
resorption. This finding, similar to what was observed for integrin 33, appears to be explained
by the culture substrate, as cells cultured on dentine exhibited 3.5-fold downregulation of
MMP-9 expression (Figure 2.6).

During the later stages of osteoclastogenesis a small decrease in cathepsin K mRNA
expression was induced by azithromycin treatment for cells cultured on plastic substrate. It
was interesting to note that the inhibition of mMRNA expression for cathepsin K appeared
stronger at 1 pg/mL than at 20 pg/mL on days 14 and 17. However, the differences in
transcript levels were not statistically different at different doses (Mann Whitney U Test) and
may simply indicate that the effects of azithromycin on the mRNA expression had levelled
off. For cells cultured on dentine, a more marked 2.8-fold downregulation in cathepsin K
MRNA expression was observed. This inhibition of cathepsin K is significant as recent
studies have demonstrated that cathepsin K is involved in actin ring formation (Wilson et al.,
2009), as well as degradation of the organic component of bone.

In this study the suppression of human osteoclastogenesis and bone resorption induced by
azithromycin appears to be mediated through mechanisms focussing on inhibition of
expression of NFATcl. Our data was consistent across multiple primary cultures of human
osteoclasts from nine different donors, with no identifiable donor related differences in
osteoclast differentiation, resorptive ability or gene expression.

The inhibition of integrin B3, MMP-9, cathepsin K and reduction in actin ring formation
we observed is likely to occur downstream of NFATc1. The fact that azithromycin did not
directly affect these genes is supported by the observation that late azithromycin treatment
after day 13 did not affect osteoclast resorptive activity. Based on this initial investigation,
further studies are necessary to extend our understanding of the molecular mechanisms that
result inhibition of osteoclast differentiation and function by azithromycin. Furthermore,

given that periodontal disease is primarily of inflammatory pathogenesis, the effects of
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azithromycin on osteoclastogenesis and resorptive activity should be characterised in presence
of inflammatory mediators such as TNF-a. or IL-1p.

In conclusion, the results of this study support the hypothesis that azithromycin has a direct
suppressive effect on human osteoclast function in vitro. Based on these findings,
azithromycin has potential to be used as an anti-resorptive adjunct in the treatment of
pathological bone loss diseases such as periodontitis.
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2.6 Figures
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Figure 2.1. Effect of azithromycin on osteoclast differentiation and resorptive ability

The experiment was performed for 9 human donors. Representative images for one donor
are shown. (A)-(F) Photomicrographs (100x magnification) of TRAP positive cells. (A)
vehicle treatment (0.1% DMSO), (B) 0.5 ug/mL, (C) 1 ug/mL, (D) 10 ug/mL, (E) 20 pg/mL
and (F) 40 pg/mL. (G)-(L) SEM images (150x) of resorption pits on dentine disks. (G)
vehicle treatment (0.1% DMSO), (H) 0.5 ug/mL, (1) 1 pg/mL, (J) 10 ug/mL, (K) 20 pg/mL
and (L) 40 pug/mL. Scale bars represent 200 um.
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Figure 2.2: Effect of azithromycin on osteoclast formation and activity

(A)-(C) Effect of azithromycin on dentine resorption on day 17, with the area of lacunar
resorption expressed as a percentage of an untreated (0.1% DMSO) control. (A) azithromycin
from day 7 (n=9); (B) azithromycin from day 10 (n=6); (C) azithromycin from day 13 (n=3)

(D)-(F) Effect of azithromycin on osteoclast differentiation relative to a vehicle (0.1%
DMSO) control on day 14. Multinucleated (>3 nuclei) TRAP positive cells were classified as
osteoclasts. (D) azithromycin from day 7 (n=9); (E) azithromycin from day 10 (n=6); (F)
azithromycin from day 13 (n=3). *P<0.05, **P<0.01, ***P<000.1. Statistical significance
was determined using one way ANOVA and a Tukey’s Post Hoc Test. Bars represent mean +
SEM.
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Figure 2.3: Effect of azithromycin on osteoclast morphology and nuclei number

SEM images (650x) of osteoclasts cultured on dentine disks on day 14. (A) vehicle
treatment (0.1% DMSO); (B) 20 ug/mL azithromycin.
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Figure 2.4: Azithromycin inhibits actin ring formation but does not affect osteoclast V-
ATPase activity

(A) and (B) On day 14 osteoclasts cultured on dentine disks were stained for actin with rhodamine
phalloidin (red), and for cell nuclei with DAPI (blue) and imaged using a confocal microscope. (A)
vehicle treatment (0.1% DMSO), (B) 20 ug/mL azithromycin. Large multinucleated cells with intact
actin rings (arrows) (see inset) are seen in the control panel (A) whilst fewer actin rings and
multinucleated cells lacking this structure are seen in the treated cells (B). Note that the dentine has
absorbed the DAPI stain. (C) A 4.1 fold decrease in the number of actin rings was observed following
treatment with 20 ug/mL azithromycin. (n=3), *P<0.05. Significance was determined using a paired t
test. Bars represent mean + SEM.

(D)-(F) show confocal photomicrographs (63x magnification) of live osteoclasts (day 14) stained
with acridine orange. Acridine orange fluoresces orange in acidic pH and green in neutral pH
Representative images of one donor are shown. Azithromycin treated osteoclasts exhibit normal
acidification, as evidenced by orange fluorescence, indicating acidic pH, compared to bafilomycin Al
treated osteoclasts. (D) vehicle treatment (0.1% DMSO); (E) bafilomycin A1 100 nm ; (F)
azithromycin 40 pg/mL. (G) Intracellular acridine orange accumulation on day 14 was measured with
a flurometer to assess acidification of live osteoclasts. Azithromycin did not affect osteoclast
acidification, whereas bafilomycin treatment resulted in increased green fluorescence. (n=3) *P<0.05.
Significance was determined using one way ANOVA and a Tukey’s Post Hoc Test. Bars represent

mean + SEM.
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Figure 2.5: Fold changes in mRNA expression of key osteoclast genes with azithromycin
treatment.

(A)-(H) show the effect of azithromycin on expression of key osteoclast gene mRNA
relative to a vehicle treated control (0.1% DMSO) on the same day, normalised to
housekeeping gene hARP. (n=6) *P<0.05, **P<0.01. Significance was determined using a
Mann-Whitney U Test. Bars represent mean + SEM.

RANK; (B) Integrin B3; (C) NFATc1; (D) TRAF6; (E) Cathepsin K; (F) TRAP; (G)
MMP-9; (H) OSCAR
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Figure 2.6: Differential effect of azithromycin on osteoclast gene expression depending
on culture substrate

Figure 2.6 shows the effect of 20 pg/mL azithromycin on the expression of mRNA
encoding for cathepsin K, NFATc1, integrin B3 and MMP-9 at day 17, for cells cultured on
dentine (n=4), and plastic (n=4), relative to a vehicle treated control (0.1% DMSO) cultured
on the same substrate. Gene expression was normalised to housekeeping gene hARP.
*P<0.05, **P<0.01 Significance was determined using a Mann-Whitney U Test. Bars

represent mean = SEM.
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Figure 2.7. NFATCc1 staining

Immunocytochemical staining for NFATcl on day 17. (A) NFATcL staining of vehicle
(0.1% DMSO) treated osteoclasts indicating positive staining of multinucleated cells, as
indicated by arrow. (B) Negative control 1gG1 staining. (C) NFATc1 staining of azithromycin
treated osteoclasts (20 pg/mL) indicating a reduction in positive staining around
multinucleated cells, indicated with an arrowhead. (D) Negative control (omission of
antibody). Representative photomicrographs taken at 100x magnification from one donor are

shown.
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