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Abstract

Background and Objective: Periodontitis is a highly prevalent chronic inflammatory disease
that causes tooth loss, morbidity and confers an increased risk for systemic disease. Tissue
destruction during periodontitis is due in large part to collagen-degrading matrix
metalloproteinases (MMPs) released by resident cells of the periodontium in response to proinflammatory cytokines. Platelets are immune-competent blood cells with a newly recognized
role in chronic inflammation, however their role in the pathogenesis of periodontitis is undefined.
Consequently, the objective of this study was to assess the effect of platelet factor 4 (PF4), a
major platelet-derived cytokine, on MMP-1 (collagenase) expression in human gingival
fibroblasts (HGFs).
Methods: HGFs were cultured in the presence or absence of recombinant PF4. Pro-MMP-1
secretion was quantified by enzyme-linked immunosorbent assay (ELISA) analysis of the cell
culture supernatants. MMP-1 transcription was quantified by real-time polymerase chain
reaction (qPCR). Regulation of MMP-1 production by the p44/42 MAP kinase (MAPK) signaling
pathway was examined in the presence or absence of PF4.
Results: Exposure to PF4 caused a ~2-3-fold increase in MMP-1 transcription and secretion
from cultured human gingival fibroblasts (HGFs). PF4 treatment also enhanced phosphorylation
of p44/42 MAP kinase (MAPK), which has been previously shown to induce MMP-1 expression
in fibroblasts. Blockade of p44/42 MAPK signaling with the cell-permeant inhibitors PD98059
and PD184352 abrogated PF4-induced pro-MMP-1 transcription upregulation and release from
cultured HGFs.
Conclusion: We conclude that platelet factor 4 upregulates MMP-1 expression in human
gingival fibroblasts in a p44/42 MAPK-dependent manner. These findings point to a previously
unidentified role for platelets in the pathogenesis of periodontal diseases.
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Chapter One: Literature review

The periodontium and periodontal disease
Periodontitis (gum disease) is a chronic inflammatory condition characterized by progressive
degradation of the tooth-supporting tissues, collectively called the periodontium (Fig. 1). The
periodontium is comprised of the collagenous gingival tissues (gingiva) which cover the toothsupporting alveolar bone; the cementum, a mineralized connective tissue covering the roots of
teeth; and the periodontal ligament, a dense connective tissue interspersed between teeth and
alveolar bone. The periodontal ligament is chiefly made up of type I and III collagen fibres, cells,
blood vessels and nerve fibres (Hanes and Krishna, 2010). The dento-gingival junction is
mediated by a junctional epithelium and a connective tissue attachment that connect the gingiva
to the tooth. In the healthy periodontium, there is a 2-3 mm deep space between the gingiva and
the tooth, known as the gingival sulcus (Fig. 1).
Periodontal diseases, including gingivitis and chronic periodontitis, affect about half of the
adult US population (Eke et al., 2015). In its severe form, periodontitis predisposes patients for
tooth loss but also for systemic conditions such as rheumatoid arthritis (Mercado et al., 2000),
aspiration pneumonia (Terpenning et al., 2001), cancer (Michaud et al., 2008), atherosclerosis
(Tonetti, 2009) and adverse pregnancy outcomes (Eke et al., 2015; Xiong et al., 2006).
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DENTO-GINGIVAL
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Figure 1. Schematic representation of the periodontium. The gingiva (G) includes epithelium
and a connective tissue containing gingival fibroblasts and an extracellular matrix dominated by
type I collagen. The dento-gingival junction (DJG) consists of a gingival sulcus, a junctional
epithelium and connective tissue attachment.

Figure 2. Schematic
representation of tissue
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Figure 2. Schematic representation of tissue degradation observed in periodontitis. Colonization
of the dento-gingival junction by bacteria-laden dental plaque (1) recruits an inflammatory cell
infiltrate (neutrophils, macrophages, T-lymphocytes) (2) that propagates degradation of the
collagenous extracellular matrix of the gingival connective tissues (3). The eventual degradation
of the alveolar bone and periodontal ligament (4) allows the downward migration of the
attachment apparatus of the dento-gingival junction (junctional epithelium and connective tissue
attachment), transforming the shallow gingival sulcus into a pathologically deepened
“periodontal pocket” (5).

Periodontal disease pathogenesis
Bacterial infection, cytokine signaling and leukocyte recruitment
Periodontal inflammation and tissue degradation are initiated by the microbial insult resulting
from the accumulation of bacteria-laden dental plaque at the dento-gingival junction (Fig. 2).
However, it is an ensuing prolonged or excessive inflammatory response that ultimately results
in tissue degradation (Eke et al., 2015; Ramseier et al., 2009). The local proliferation of
anaerobic, gram-negative bacteria in the gingival sulcus activates toll-like receptors (TLRs) on
host cells that recognize lipopolysaccharide (LPS), the antigenic component of periodontal
pathogens (Darveau et al., 2004). TLRs are expressed on multiple cell types in the
periodontium, including epithelial cells (Baker et al., 2003; Smith et al., 2003), gingival
fibroblasts (Ara et al., 2009; Uehara and Takada, 2007; Wang and Ohura, 2002), neutrophils
(Hayashi et al., 2003; Sabroe et al., 2003) and macrophages (Meier et al., 2003; West et al.,
2011). In response to ligation of TLRs by bacterial LPS, host cells produce and secrete soluble
pro-inflammatory molecules known as cytokines (Kawai and Akira, 2007). Among their multiple
functions, cytokines serve to recruit neutrophils (PMNs) en masse to the gingival sulcus (Gursoy
et al., 2008; Huang et al., 1998). The neutrophils’ phagocytic activity reduces the bacterial
burden but their degranulation also release tissue-degrading enzymes (Orozco et al., 2007)
including matrix metalloproteinases (MMPs) (Rossa et al., 2007). (Fig. 3).
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Figure 3. Diagram illustrating selected elements of the host response to periodontal infection.
Following the microbial challenge from the bacterial (dental) plaque, neutrophils (PMNs) and
monocytes/macrophages are recruited to the dento-gingival junction. PMNs respond to the
bacterial challenge by phagocytosis but their degranulation also releases tissue-destructive
enzymes including MMPs. Lipopolysaccharide (LPS) from gram-negative periodontal
pathogens also activates toll-like receptors (TLRs) on host cells. Pro-inflammatory cytokine
signaling (e.g. IL-1, TNF-) promotes the release of MMP-1 (collagenase) from resident
epithelial cells and gingival fibroblasts in the periodontium, thus contributing to tissue
destruction.

Host-mediated tissue degradation
In addition to recruiting inflammatory leukocytes (PMNs and monocytes) to the periodontium,
cytokine signaling also stimulates the production and release of MMPs by resident cells in the
periodontium, including gingival epithelial cells and gingival fibroblasts (Fig. 3). The upregulated
transcription and release of MMPs from gingival fibroblasts during periodontal disease is welldocumented (DeCarlo et al., 1998; Domeij et al., 2002). For example, macrophages recruited to
the periodontal lesion release the cytokines interleukin-1 (IL-1) and tumor necrosis factor alpha
(TNF-) which in turn promote MMP release by gingival fibroblasts (Kida et al., 2005; Vincenti
and Brinckerhoff, 2002). These data provide a partial explanation for the extensive (>70%)
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collagen degradation that is observed after only 5-7 days of plaque accumulation (Page and
Schroeder, 1976).

Gingival fibroblasts
The gingival fibroblast is the major cellular constituent of the gingival connective tissues. They
are responsible for the production and maintenance of the collagenous extracellular matrix
(ECM), which provides physical and biochemical support to cells (Tipton and Dabbous, 1995),
and ground substance, an amorphous gel-like substance comprised of water, proteoglycans,
glycoproteins and glycosaminoglycans (Mariani et al., 1996). Resting fibroblasts have an
elongated shape with flattened nucleus. Fibroblasts are endowed with abundant rough
endoplasmic reticulum, mitochondria and secretary granules and synthesize and secrete
numerous extracellular molecules (Chandra et al., 2004; Nanci, 2008). Most notably, fibroblasts
are responsible for the production of type I collagen (Jeng et al., 1996) which is the principal
component of the gingival extracellular matrix (Kumada and Zhang, 2010).
Collagen is a fibrillar protein that is first synthesized as procollagen in the gingival fibroblast
(Ramachandran, 2013). Amino acids are sequentially assembled into polypeptide chains on
ribosomes associated with the rough endoplasmic reticulum (rER) (Lodish et al., 2000; Nanci,
2008). Once formed, these chains are translocated into the lumen of the rER where
posttranslational modifications take place, namely, hydroxylation and glycosylation (Kaku and
Yamauchi, 2014). First, the lysine and proline residues in the polypeptide chain are
hydroxylated, allowing inter chain hydrogen bonding which gives stability to the overall structure
and setting the stage for the eventual triple helix conformation characteristic of collagen
molecules. (Berkovitz et al., 2009; Garnero et al., 2006; Ruotsalainen et al., 2006). Next, the
hydroxylysine residues are glycosylated by the addition of galactose in the rough endoplasmic
reticulum (Berkovitz et al., 2009); Role of glycosylation in collagen synthesis is poorly
understood (Jürgensen et al., 2011). it is speculated that glycosylation plays a role in the
5

collagen fibril formation (Ruotsalainen et al., 2006; Sricholpech et al., 2011). These nascent
molecules, termed pro-collagen, are then transported to the Golgi complex where they are
packaged for release outside of the cell (Bonfanti et al., 1998; Glick and Malhotra, 1998;
Kucharz, 1992). The formation of typical collagen fibrils from pro-collagen molecules occurs in
the extracellular matrix (Hay, 2013). Following the removal of C- and N-termini from procollagen, the shortened collagen molecules then arrange into microfibrils which are further
assembled into parallel bundles called fibrils (Hay, 2013). These collagen fibrils are further
stabilized by oxidative deamination which occurs at some of the lysine and hydroxylysine
residues. The oxidative deamination produces reactive aldehyde residues which then participate
in the formation of extensive intra- and inter-molecular cross links in the mature collagen
structure (Berkovitz et al., 2009; Nanci, 2008; Yamauchi and Sricholpech, 2012).

Matrix metalloproteinases (MMPs)
Gingival fibroblasts also produce extracellular matrix-degrading enzymes matrixmetalloproteinases (MMPs). Physiologic tissue remodeling requires an ongoing balance
between collagen synthesis and degradation, however, excessive MMP production exacerbates
extracellular matrix destruction in pathological conditions such as periodontal disease (Guan et
al., 2009; Hernández et al., 2007; Kumar et al., 2006), malignancy (Hurst et al., 2007; Salmela
et al., 2001), tuberculosis (Elkington et al., 2011), chronic inflammatory demyelinating
polyneuropathy (CIDP) and non-systemic vasculitic neuropathy (NSVN) (Leppert et al., 1999),
ischemia-reperfusion injury (Chen et al., 2003), dilated cardiomyopathy (Spinale et al., 2000),
viral meningitis (Kolb et al., 1998), chronic constriction neuropathy (Shubayev and Myers, 2000)
and multiple sclerosis (Leppert et al., 1998). In each of these conditions, deregulation of MMP
production and/or release of MMPs leads to tissue destruction and loss of function. MMPs are a
large family of zinc-containing, (Isaksen and Fagerhol, 2001) calcium-dependent
endopeptidases with catalytic properties (Visse and Nagase, 2003). MMPs are responsible for
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degradation of extracellular matrix and tissue remodelling (Mott and Werb, 2004; Visse and
Nagase, 2003). Over 20 MMPs have been identified to date (Shimada et al., 2009), several of
which are germane to the tissue degradation observed in periodontitis. (Table 1).

Table 1. List of selected MMPs relevant to periodontal tissue degradation.
Name(s)

Cellular
source

Target
tissues/molecules

Relevance to
periodontal disease

Reference

MMP-1

Keratinocytes,
Monocytes,
PMNs,
Fibroblasts

Collagen type I and
III, ECM

Plays a role in tissue
destruction in
periodontal disease,
MMP-1 levels in GCF
decrease and ratio of
MMP-1 to TIMP-1
becomes close to
controls after
periodontal therapy

(Achong et al.,
2003; Astolfi et
al., 2006; De
Souza et al.,
2003; Ingman et
al., 1994; Li et
al., 2012; Tüter
et al., 2002)s

Fibroblasts,
Keratinocytes,

Collagen type I, IV,
V, VII, XI,
denatured collagen
(gelatin), ECM

Suspected to play a role
in ECM degradation in
Periodontitis, involved
in tissue destruction
associated with human
chronic periodontitis

(Achong et al.,
2003; Korostoff
et al., 2000;
Makela et al.,
1994)

Keratinocytes,
Chondrocytes,
Synovial cells,
Preadipocytes

Fibronectin,
Laminin, Collagen
II, III, IV, V, VI,
IX, X, Elastin,
Laminin

Can activate other
MMPs including MMP1 and MMP-9,
associated with
periodontal disease
progression

(Astolfi et al.,
2006; BirkedalHansen, 1993;
Chen et al.,
2014; Gao and
Bing, 2011;
Letra et al.,
2012;
McCawley et al.,
2008; Reddy et
al., 2012;
Sternlicht et al.,
1999)

Keratinocytes,
PMNs,
Fibroblasts,
Endothelial
cells

Type I, II and III
collagen

Contributes to
collagenase activity in
GCF, subantimicrobial
doxycycline (SDD)
reduces GCF
collagenase activity and
MMP-8 levels and

(Emingil et al.,
2004; Golub et
al., 1998; Kiili et
al., 2002; Wen et
al., 2015)

(collagenase)

MMP-2
(gelatinase)

MMP-3
(stromelysin-1)

MMP-8
(neutrophil
collagenase)
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improves clinical
parameters

Name(s)

Cellular
source

Target
tissues/molecules

Relevance to
periodontal disease

Reference

MMP-9

Keratinocytes,
PMNs

Collagen type I, IV
and denatured
collagen (gelatin)

Diseased periodontal
tissues have higher
levels of MMP-9,
suspected to participate
in tissue destruction
observed in periodontal
disease, levels decrease
after periodontal
therapy

(Achong et al.,
2003; Makela et
al., 1994;
Marcaccini et
al., 2010; Smith
et al., 2004)

Macrophage

Collagen type I, IV,
Gelatin, Elastin,
Fibronectin,
Proteoglycan,
Laminin

Elevated GCF levels in
sites with aggressive
periodontal disease,
Correlated with deeper
PD, Levels are reduced
after periodontal
therapy, may play a role
in age associated
periodontal tissue
changes (tissue
destruction and
attachment loss)

(Desarda and
Gaikwad, 2013;
Gonçalves et al.,
2013; Kim et al.,
2016)

Keratinocytes,
Fibroblasts

Collagen, Gelatin,
Entactin, Pro-TNF
alpha

Elevated levels in GCF
of patients with
progressive periodontal
disease, suspected to
play role in tissue
destruction in
periodontal disease,
breakdown of
connective tissue
collagen

(Hernandez et
al., 2006; Uitto
et al., 1998;
Vandenbroucke
et al., 2013)

(gelatinase B)

MMP-12
(elastase)

MMP-13
(collagenase 3)

MMP structure and activation
MMPs are multi-domain, calcium-dependent proteins that contain a zinc ion surrounded by
three histidine residues at the catalytic or active site (Hu et al., 2007). The catalytic domain
mediates the proteolysis of specific substrates such as collagen (Glasheen et al., 2009; Ra and
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Parks, 2007). In addition to the catalytic domain, MMPs contain a pro-domain, a hinge region
and a hemopexin domain (Nagase et al., 2006) (Fig. 4A). The hemopexin domain confers
MMP-to-substrate specificity by facilitating MMP binding only with specific molecules such as
heparin (Wallon and Overall, 1997), fibronectin (Wallon and Overall, 1997) and tissue inhibitors
of MMPs, abbreviated as TIMPs (Dufour et al., 2008; Roeb et al., 2002; Tallant et al., 2010).
There is also a hinge region linking the catalytic and hemopexin domains (Bauvois, 2012; Visse
and Nagase, 2003).
Most MMPs are produced as inactive pro-enzymes or zymogens (Ramos-DeSimone et al.,
1999). Pro-MMPs are kept in their latent state by strong interactions between the zinc ion of the
F

catalytic site and the pro-domain. MMP iactivation occurs by proteolysis and removal of the pro-

F
i
g
u
r
e
3
(
b
)
:

g
domain, thus exposing the catalytic site urto the corresponding substrates (Golubkov et al., 2010;
Hinge
e
A.
Region
3
Nagase et al., 2006) (Fig. 4B). MMPs can also be cleaved by other MMPs,
by serum plasmin or
Zn2+
(
b
by non-enzymatic molecules such as mercurial
compounds, SH-active agents, gold compounds
)
:
Pro- Nagase,
Catalytic
and detergents (Malemud, 2005; Sapna et al., 2014; Visse and
2003).
Domain

Hinge
Region

A.
Zn2+

ProDomain

B.

Domain

Hemopexin
Domain

Cleavage = pro-domain
removal

Zn2+

Catalytic
Domain

Hemopexin
Domain

Substrate (e.g. collagen)

Figure 4. A. Schematic diagram illustrating the general structure of an MMP molecule,
Cleavage = pro-domain
including
the pro-domain,
the catalytic domain, hinge region and hemopexin domain. A zinc ion
B.
removal
2+
(Zn ) is present at the catalytic site. B. Schematic illustration of MMP activation. Removal of
Zn
the pro-domain by proteolytic
cleavage exposes the catalytic domain to extracellular matrix
substrates such as collagen.
2+

Substrate (e.g. collagen)
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Regulation of MMP activity
To ensure homeostasis, proteolysis and tissue remodelling need to be held in balance with
protein synthesis. MMP activity can be regulated by natural inhibitors called tissue inhibitors of
matrix metalloproteinases (TIMPs) which inhibit MMPs by binding to catalytic (Khokha et al.,
2013; Page-McCaw et al., 2007) domains of MMPs (Brew and Nagase, 2010). Endogenous
inhibitors of MMPs included alpha 2-macroglobulin, a circulating protease inhibitor (Tortorella et
al., 2004; Wang et al., 2014). Synthetic MMP inhibitors have also been developed for
therapeutic purposes (Caton et al., 2000; Crout et al., 1996). TIMPs abrogate MMP activity by
binding to the catalytic domain and forming complexes with MMPs in their latent or inactive form
(Brew and Nagase, 2010; Jezierska and Motyl, 2009; Lijnen, 2001; Murphy, 2011; Sang, 1998;
Zucker et al., 1998). The balance between MMPs and TIMPs is critical for maintenance of
health of tissues; for example, a net increase of MMPs or a net decrease in TIMPs promotes
collagen tissue destruction in periodontal disease (Cifcibasi et al., 2015; Garlet et al., 2004;
Sapna et al., 2014).

Collagenase (MMP-1) in periodontal disease
MMP-1, or collagenase, is perhaps the most notorious MMP in the context of periodontal
disease pathogenesis (Sorsa et al., 2004) that is upregulated in gingival fibroblasts in response
to direct stimulation by LPS (Bozkurt et al., 2016) or by pro-inflammatory cytokines such as IL-1
(Bauer et al., 2009; Kaden et al., 2003). Accordingly, increased levels of MMP-1 were observed
in gingival tissue samples obtained from periodontitis patients, compared to healthy controls
(Beklen et al., 2007). Moreover, fluids harvested from the gingival sulcus (gingival crevicular
fluid) contain higher levels of MMP-1 in periodontitis patients compared to healthy controls
(Ingman et al., 1996; Ko, 2012; Sorsa et al., 2004). Similarly, gingival tissues from periodontitis
patients express more MMP-1 mRNA compared to healthy controls (Kubota et al., 1996).
Collectively, these data all point to an increase in local MMP-1 production during periodontal
10

inflammation, suggesting its importance as a critical component of periodontal disease
pathogenesis. Given that gingival fibroblasts are the predominant cells of the periodontal
connective tissue, it is of considerable interest to identify the precise mechanisms by which
MMP-1 is expressed in these cells.
Control of MMP-1 gene transcription
In eukaryotic cells, protein production is regulated by transcription, where genetic information
stored in DNA is transcribed into messenger RNA (mRNA), which serves as a template for
protein synthesis (Cooper and Ganem, 1997). Transcription takes place in the cell’s nucleus
and is initiated by RNA polymerase II, an enzyme which binds a specific sequence of nucleic
acids in the DNA strand, termed the promoter (Harvey and Ferrier, 2011). Binding of the
enzyme RNA polymerase II to the gene’s DNA promoter uncoils the DNA strands in the double
helix, allowing the formation of a complementary mRNA strand (Harvey and Ferrier, 2011). This
newly formed mRNA molecule is edited via splicing to remove noncoding RNA (introns) and
then exported to the cytoplasm where it is translated into protein (Harvey and Ferrier, 2011).
Several different signaling pathways can regulate the transcriptional control of MMPs.
Intracellular signaling cascades are triggered when an extracellular signalling molecule, or
ligand, binds a specific receptor on the cell surface (Fig. 5). Binding of a ligand with a cell
surface receptor initiates a chain of biochemical events in the cell that culminates in a
downstream physiologic response (Lodish and Zipursky, 2001), such as up- or downregulation
of expression of a target gene (Krauss, 2006). There are several well-characterized signaling
pathways implicated in MMP-1 expression in gingival fibroblasts, including the mitogen activated
protein kinase (MAPK) pathway; the NF-kappa B (NF-B) pathway, and the Janus
Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) pathway. The multitude of
ligand/receptor combinations that activate each of these pathways underscore the complexity of
MMP-1 transcriptional control.
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Figure 5. Diagram illustrating
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Phosphorylation of
Protein 1

Phosphorylation of
Protein 2

Effect in Nucleus
e.g. MMP-1
transcription

Figure 5. Diagram illustrating the general mechanism of receptor-driven cell signaling
pathways. The binding of a ligand (e.g. a soluble cytokine) to its matching cell surface receptor
triggers changes in intracellular proteins. Sequential phosphorylation of intracellular proteins by
protein kinases is a common mechanism by which extracellular signals are transduced and
delivered to effect changes in cell behavior, for example, up- or down-regulation of gene
transcription and/or protein expression

MAPK pathway: The MAPK pathway comprises of series of protein kinases that play a
central role in signal transduction in eukaryotic cells (Cooper and Ganem, 1997). Protein
kinases are enzymes that catalyze the transfer of phosphate group to specific amino acids
in a process known as phosphorylation (Johnson and Lapadat, 2002), which can serve to
activate or abrogate the physiologic activity of the phosphorylated protein. In the MAPK
pathway, extracellular signaling molecules, including pro-inflammatory cytokines, trigger the
sequential phosphorylation and activation of the proteins Ras, B-Raf, MEK1/2, and ERK1/2
(also known as p44/42) (Roux and Blenis, 2004). ERK then enters the fibroblast’s nucleus

12

Ligand

CELL MEMBRANE
Receptor
Ras
Raf
MEK
1/2
ERK
1/2
NUCLEUS
ERK
1/2
Transcriptional upregulation of
MMP-1

Figure 6. Schematic diagram illustrating MAP kinase (MEK/ERK) signaling. Binding of a
soluble ligand with its corresponding receptor triggers the sequential phosphorylation and
activation of the proteins Ras, Raf, MEK and ERK. ERK translocates into the cell’s nucleus
where it binds and activates the MMP-1 promoter, thus upregulating its expression.

where it activates the MMP-1 promoter, thus stimulating transcription of the MMP-1 gene
(Nagase and Woessner, 1999) (Fig. 6). Specifically, ERK phosphorylates and activates cJun which then dimerizes with c-Fos which results in an increase in the rate of MMP-1 gene
transcription (Vincenti and Brinckerhoff, 2002).
NF-B pathway: Another cytokine induced signalling pathway which has been linked with
MMP expression is nuclear factor-KB (NF-B) pathway (Vincenti, 2001) (Fig. 7). In one
example, binding of interleukin (IL-1) with the IL-1 receptor (IL-1R) activates transforming
growth factor-beta activated kinase 1 (TAK1) which then activates NF-B-inducing kinase
(NIK). NIK then phosphorylates and activates inhibitors of Kappa B kinases (IKKs) which
phosphorylates a second protein, called IKB. Phospho-IKB is then conjugated to another
protein (ubiquitin) making it a target for proteasomes, which degrade the ubiquinated IKB
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(Peters et al., 1994). In resting cells, IKB binds and sequesters dimers of p50/p65 protein in
the cytoplasm. Degradation of the phospho-IKB-ubiqutin frees the effector p50/p65 protein
which translocates to the nucleus where it activates MMP-1 transcription (Chakraborti et al.,
2003; Vincenti and Brinckerhoff, 2002).
Ligand/receptor
binding

CELL MEMBRANE

Ubiquinated IKB becomes
target for proteasome

TAK-1
NIK

Nucleus

IKK
IKB
P50

Transcriptional upregulation of
MMP-1

P65

P50/P65
dimer

Figure 7. Schematic illustration of the NF-kappa B signaling pathway. Ligand/cell surface
receptor binding triggers the sequential phosphorylation and activation of the proteins TAK-1,
NIK, IKK and IKB, which is bound to the P50/P65 protein dimer. Proteasomal degradation of
IKB frees the P50/P65 dimer which then enters the nucleus to drive transcriptional upregulation
of MMP-1.

JAK-STAT pathway: The JAK-STAT pathway may also regulate MMP-1 expression (Fig. 8).
This pathway can be activated by growth hormones (Brooks et al., 2014) or cytokines
including interferon-gamma (Darnell Jr et al., 1994; Lim and Kim, 2011; Liu et al., 2008).
Binding of the ligand to its corresponding receptor results in monomer clustering
(multimerization) of the receptor subunits (Rawlings et al., 2004). Receptor-bound JAK
kinases become juxtaposed which recruits latent cytoplasmic transcription factors termed
STATs (Lim and Kim, 2011). STATs contain a phospho-tyrosine binding SH2 domain that
can be phosphorylated by JAKs. After activation by tyrosine phosphorylation, STATs form
homodimers or heterodimers that can translocate to the nucleus where they bind the DNA
promoters of target genes such as MMP-1 (Korzus et al., 1997; Rawlings et al., 2004).
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Figure 8. Schematic diagram of JAK-STAT signaling. In this pathway, ligand binding at the cell
surface leads to receptor clustering and the recruitment of JAK kinases (1), followed by the the
subsequent recruitment and phosphorylation of STATs (2-3). The dimerization of STATs (4) and
their subsequent entry into the cell’s nucleus promotes the upregulation of MMP-1 gene
transcription.

SUMMARY – cytokine signaling and host mediated tissue degradation
Periodontal disease is initiated by a gram-negative bacterial infection that induces TLR
activation and pro-inflammatory cytokine release by leukocytes recruited to the periodontium
(e.g. neutrophils, macrophages, T-lymphocytes). Cytokine signaling in the inflamed
periodontium is partly responsible for the production and release of tissue-degrading MMPs
from gingival fibroblasts residing in the periodontium. However, the precise cytokines and
associated signaling pathways that determine MMP release from gingival fibroblasts are still not
completely defined.

15

Platelets as pro-inflammatory cells
Platelet structure and function
Platelets are small (2-5 µm), anucleate cells that circulate in large numbers in the human
bloodstream (130,000 to 400,000 platelets per microliter of whole blood) (Martin, 2008).
Platelets are released as membrane-bound discoid fragments by megakaryocytes of bone
marrow and have an average lifespan of 7-10 days (Marcus, 1978). Like other cell types,
platelets also contain, lysosomes, mitochondria and an endoplasmic reticulum (Orkin et al.,
2008). In addition to lysosomal granules, platelets also contain two specific types of granules,
termed the alpha () granules and dense granules that contain numerous adhesive proteins and
cytokines that are released upon activation of platelets by tissue injury or in response to
endogenous or host-derived soluble signals (Battinelli et al., 2011; Chen et al., 2000; Jenne et
al., 2013; Klinger and Jelkmann, 2002; Rinder et al., 1993). Platelets also exhibit multiple
membrane invaginations contiguous with the open canalicular system, a network of channels
that act as conduits for the secretion of the activated platelet’s granular content (Escolar and
White, 1990; Hartwig, 2002; White and Escolar, 1991; White and Clawson, 1980).
Platelets originate from megakaryocytes (MKs) which reside in bone marrow (PEASE, 1956).
The process of platelet formation can be arbitrarily divided into two phases. During the first
phase, MKs experience massive nuclear proliferation, cytoplasmic enlargement and increased
cytoskeletal protein synthesis. In the second phase, MKs generate platelets by forming multiple
extended projections called proplatelets (Nagata et al., 2003; Patel et al., 2005b) which
subsequently undergo fission-like shape changes that release discoid platelets (Ebbe et al.,
1965; Odell and Jackson, 1968; Odell et al., 1970). Prior to platelet generation, the parent MKs
undergo endomitosis, a process which involves DNA replication without cell division (Machlus
and Italiano, 2013; Patel et al., 2005a). The exact signals that trigger proplatelet formation in the
MK are not fully understood (Machlus and Italiano, 2013). However, it is known that the shafts of
16

the proplatelets are lined by microtubules that transport organelles and granules into the
nascent platelets (Machlus and Italiano, 2013). A single MK can have 10-20 proplatelets that
exhibit multiple branches.
It was previously thought that platelets are noncomplex cells with the sole function of arresting
hemorrhage (Harrison and Goodall, 2008). However, activated platelets also release multiple
growth factors (Assoian and Sporn, 1986; Heemskerk and Sage, 1994; Möhle et al., 1997), and
adhesion molecules stored in their granules (Parise, 1999; Woulfe et al., 2002). It is noteworthy
that platelets lack nuclei and thus DNA-to-mRNA transcription does not occur in platelets
without the exception of mitochondrial DNA that encodes for some mRNA and ribosomal RNA
(Gnatenko et al., 2003; Weyrich and Zimmerman, 2003). Consequently, the bulk of the platelet
proteome is pre-formed by the MK and packaged into platelets (Weyrich et al., 2004).
Platelets in chronic inflammation
Although platelets are well-known for their functions in hemostasis, they also store and release
an abundance of pro-inflammatory cytokines (Semple and Freedman, 2010). Multiple lines of
evidence now indicate that platelets contribute to chronic inflammation. For example, arthritic
disease is milder in thrombocytopenic mice compared to controls (Semple et al., 1996).
Similarly, asthmatic inflammation and bronchoconstriction are suppressed by platelet depletion
(Vincent et al., 1993) and platelet function is elevated in asthmatic humans (Idzko et al., 2015).
In addition, platelets contribute to gut inflammation observed in ulcerative colitis and Crohn’s
disease (Danese et al., 2004). Taken together, these data indicate a role for platelets in
promoting the pathogenesis of chronic inflammatory diseases.
Platelets in periodontal disease
Consistent with existing evidence of a pro-inflammatory role for platelets, current indirect
evidence supports a role for platelets in periodontal disease. For example, data from several
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animal studies point to a pro-inflammatory role for platelets in the periodontium. Using an animal
model of experimental periodontitis, Coimbra and colleagues reported that administration of the
antiplatelet drug clopidogrel significantly reduced bone loss and the size of the inflammatory
infiltrate and alveolar bone loss, relative to untreated controls (Coimbra et al., 2014). The same
group of researchers also reported that aspirin and clopidogrel reduced levels of the proinflammatory cytokines IL-6, TNF-alpha and thromboxane A2 levels in the same experimental
disease model (Coimbra et al., 2011). Collectively, these studies indicate that supressing
platelet function by antiplatelet drugs may prevent and/or reduce inflammation and the alveolar
bone loss and tissue destruction seen in periodontal disease. By extension, it can be suggested
that increased platelet activation may promote the progression of periodontal disease, which is
plausible since platelets also express toll-like receptors (TLRs) that respond to periodontal
pathogens such as Porphyromonas gingivalis (Andonegui et al., 2005; Blair et al., 2009; Gibson
et al., 2007). The notion of an association between platelet activation and periodontal disease
status is also corroborated by published data indicating that platelet counts and platelet activity
are elevated in periodontitis patients (Al-Rasheed, 2012; Papapanagiotou et al., 2009).
In studies of human subjects, NIcu et al reported that platelets from periodontitis patients are
more sensitive to activation when incubated with the periodontal pathogens Aggregatibacter
actinomycetemcomitans and Porphyromonas gingivalis (Nicu et al., 2009). Another study
reported that relative to controls, periodontitis patients exhibited elevated serum levels of
soluble P-selectin, a marker of activated platelets (Papapanagiotou et al., 2009) as well as
increased activation of glycoprotein IIb/IIIa, another marker of platelet activation (Lu and
Malinauskas, 2011). Taken together, these data suggest an association between platelet
activation and the severity of periodontal disease (Papapanagiotou et al., 2009).
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Platelet factor 4 (PF4)
The pro-inflammatory role of platelets is perhaps attributable to platelet factor 4 (PF4), a 7.8 kDa
cytokine that accounts for the bulk of platelet alpha ()-granule content (Lambert et al., 2007).
PF4, also known as CXCL4, belongs to CXC family of pro-inflammatory chemokines (Strieter et
al., 1996). Human PF4 is a 70 amino acid protein that exists as a tetramer of 4 subunits at
physiological pH with high affinity for heparin (Rucinski et al., 1979). Crystallographic studies
have shown that the PF4 tetramer has a spherical structure and carries a surface charge with
equatorial band of negatively and positively charged poles (Kowalska et al., 2010; Stuckey et
al., 1992; Zhang et al., 1994).
PF4 is synthesized in the megakaryocyte where it is packaged into alpha-granules of the
nascent platelets (Deuel et al., 1981; Koseoglu and Flaumenhaft, 2013). PF4 has been shown
to be chemotactic for phagocytes (Deuel et al., 1981; Lapchak et al., 2012; Zaldivar et al.,
2010), promote neutrophil degranulation (Kasper and Petersen, 2011; Vandercappellen et al.,
2011), and stimulate cytokine production in monocytes (Srivastava et al., 2010). Moreover, PF4
reportedly prevents apoptosis of monocytes and induces their differentiation into macrophages
(Scheuerer et al., 2000). Conceivably, PF4 could promote the progression of periodontal
disease since neutrophil chemotaxis (Havemose-Poulsen et al., 2006; Kantarci et al., 2003),
neutrophil degranulation (Buchmann et al., 2002; Gustafsson and Åsman, 1996), and
monocyte-to-macrophage differentiation (Page et al., 1997; Shapira et al., 1996; Zhou et al.,
2012) are all hallmarks of periodontal inflammation.
In addition to its effects on leukocytes, PF4 is a documented chemoattractant for fibroblasts
(Senior et al., 1983). Furthermore, it has been shown that PF4 can inhibit the activity of
fibroblast growth factor (FGF) (Lozano et al., 2001; Perollet et al., 1998; Watson et al., 1994)
which has been shown to promote gingival epithelial cell proliferation (Takayama et al., 2002)
and periodontal regeneration (Murakami et al., 1999; Murakami et al., 2003; Takayama et al.,
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2001) suggesting, by extension, that platelets can play a critical role in periodontal disease
pathogenesis by modulating the activities of the cells in the periodontium, including fibroblasts.

Statement of the problem
Despite considerable indirect evidence supporting a role for platelets in chronic inflammation,
there is presently no knowledge on the specific role of PF4 in the context of periodontal disease
pathogenesis. Moreover, the precise molecular determinants of cytokine-driven MMP-1
upregulation in fibroblasts are not defined.

Hypothesis
I hypothesized that PF4, as a major (and pro-inflammatory) constituent of platelet -granules,
would trigger an increase in collagenase (MMP-1) release from gingival fibroblasts.
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Chapter Two: Platelet factor 4 (PF4) upregulates MMP-1 expression in gingival
fibroblasts

Materials and methods
Reagents
All reagents for cell culture were obtained from Life Technologies (Grand Island, NY).
Antibodies against phospho-p44/42 MAP kinase (D.13.14.4E) and GAPDH (14C10) were
obtained from Cell Signaling Technologies (Danvers, MA). Recombinant platelet factor 4 (PF4)
was purchased from Abcam (Cambridge, MA). Secondary antibodies conjugated to horseradish
peroxidase (HRP) were obtained from Cell Signaling Technologies. The MEK inhibitors
PD98059 and PD184352 were purchased from Calbiochem (Billerica, MA) and Axon Medchem
(Reston, VA), respectively, and dissolved in a dimethyl sulfoxide (DMSO) vehicle.
Cell culture, measurement of pro-MMP-1 release, MAPK inhibition and immunoblotting
Human gingival fibroblasts (HGFs) were isolated from healthy marginal gingiva from a healthy 18year-old female. Tissue donor provided a written informed consent, and procedures were
reviewed and approved by the Office of Research Ethics of the University of British Columbia.
Cells were maintained in a humidified incubator at 37oC with 5% CO2 in alpha-MEM supplemented
with 10% (v/v) fetal bovine serum and 5% (v/v) antibiotic solution and used for experiments
between the 5th and 8th passages. Cells were seeded on to 6-well tissue culture treated plates,
and allowed to reach 90-95% confluence. Cells were serum-starved for 24 hours prior to
stimulation with recombinant PF4.
To study the effect of PF4 on the release of pro-MMP-1, serum-starved HGFs were treated
with recombinant PF4 at various concentrations (ranging 10-200 ng/mL) and for various
incubation times (ranging from 30 minutes to 6 hours). The media was then harvested and
centrifuged at 4oC. The concentration of pro-MMP-1 in the supernatants was determined by
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enzyme-linked immunosorbent assay (R & D Systems, Minneapolis, MN). In some experiments,
cells were pre-treated for 1 hour with the cell-permeant inhibitor PD98059 (50 µM) to block the
MAP kinase signaling pathway prior to the addition of PF4. Pro-MMP-1 release from HGFs was
measured after 3 hours of incubation with PF4.
After media collection, cells were immediately washed with ice-cold phosphate-buffered
saline (PBS) and solubilized in ice-cold lysis buffer. Cell lysates were clarified by centrifugation
at 4oC. Protein samples were resolved by SDS-PAGE and transferred onto polyvinylidene
fluoride (PVDF) membranes. Membranes were blocked and then probed overnight at 4oC with
an antibody against phospho-p44/42 MAPK (at a 1:2000 dilution in TBS-Tween). As a loading
control, membranes were also probed with an antibody against GAPDH (1:1000 dilution in TBSTween).
Quantitative polymerase chain reaction (qPCR)
To evaluate the effect of PF4 on MMP-1 gene expression, serum-starved HGFs were cultured in
the presence of PF4 (100 ng/mL) for 3 hours; HGFs cultured with vehicle alone served as a
negative control. Real-time PCR was performed according to MIQE guidelines as described in
detail previously (Bustin et al., 2009). Briefly, total RNA was isolated using a PureLink RNA mini
kit in accordance with manufacturer’s protocol (Life Technologies). Next, total RNA (1 µg) was
reverse transcribed using iScript Select cDNA Synthesis Kit (Bio-Rad, Mississauga, ON,
Canada) and random oligodeoxynucleotide primers as per manufacturer’s instructions. The realtime PCR was performed using primers for MMP-1 (Bi et al., 2016) and using alpha-1,2mannosyltranferase (ALG9), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-2microglobulin (B2M) as reference genes (Tarzemany et al., 2015). All PCR primers were
synthesized by Integrated DNA Technologies (Coralville, IA). Real-time PCR amplification was
performed using the CFX96 System (Bio-Rad) according to the following protocol: 1 cycle at
94oC for 3 minutes followed by 35 cycles at 94oC for 10 seconds, 60oC for 20 seconds and
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reaction completion with reading plate followed by melt curve analysis from 65oC to 95oC, 5
seconds each at 0.5oC. Non-transcribed RNA samples served as negative controls. Each PCR
reaction was performed in triplicate. Following analysis, data was processed using the
comparative Ct method (CFX Manager Software Version 2.1, Bio-Rad).
Statistical analysis
The Student’s t-test was used for comparisons involving only 2 groups. For the dose-response,
time-course and inhibition experiments, a one-way analysis of variance (ANOVA) and
Bonferroni post-hoc multiple comparison tests were used to evaluate the effects of PF4
treatment and/or MAPK inhibition on pro-MMP-1 release from HGFs. Values obtained from RTqPCR by the comparative Ct method were log2 transformed for statistical testing. Statistical
significance was set at p<0.05. For statistical testing, each experiment was repeated a minimum
of three times.
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Results
Platelet factor 4 (PF4) amplifies the release of MMP-1 from gingival fibroblasts
To evaluate how platelet-derived cytokines modulate the function of resident periodontal cells, I
used human gingival fibroblasts (HGFs) cultured in the presence or absence of recombinant
platelet factor 4 (PF4). The baseline concentration of pro-MMP-1 in the untreated HGF cultures
was 0.90 ± 0.17 ng/mL (mean ± SD, n=3). The effect of PF4 on pro-MMP-1 release by HGFs
was quantified by ELISA. I first evaluated the dose-response relationship between PF4
concentration and pro-MMP-1 secretion (Fig. 9). Over the range of concentrations tested (10200 ng/mL), PF4 induced a linear ~0.5-to-3-fold increase in pro-MMP-1 release from HGFs,
compared to untreated controls, although this was not statistically significant when the
Bonferroni correction was applied to the analysis comparing all 6 test groups simultaneously
(Fig. 9). Similarly, our time course data show that PF4 (100 ng/mL) triggers a significant
(p<0.05) and linear increase of pro-MMP-1 release over the 6-hour test period (Fig. 10).
PF4 increases MMP-1 gene transcription and protein expression
I then wished to determine whether the PF4 increases mRNA transcription of the MMP-1 gene
or whether PF4 affects the exocytosis machinery of the fibroblast to enhance secretion. I used
real-time PCR to quantify MMP-1 messenger RNA (mRNA) in HGFs cultured in the presence or
absence of PF4. Cells treated with PF4 (100 ng/mL for 2 hours) showed a ~3-fold increase
(p<0.001) in MMP-1 gene transcription relative to untreated controls (Fig. 11). These data
suggest that PF4 targets the fibroblast’s transcription machinery to enhance MMP-1 production
rather than promote MMP-1 secretion through increased exocytosis.
PF4 augments p44/42 MAP kinase signaling in human gingival fibroblasts
Published data show that expression of the MMP-1 gene is controlled by the p44/42 MAP
kinase (ERK) signaling pathway (Reuben et al., 2002). The activity of p44/42 MAPK is
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determined by its phosphorylation status (Roux and Blenis, 2004). To test the hypothesis that
PF4 targets p44/42 to modulate MMP-1 expression, I used Western blotting to compare the
levels of phosphorylated p44/42 (at threonine 202 and tyrosine 204) in HGFs cultured with and
without PF4. Levels of phosphorylated p44/42 in the HGFs underwent a clear increase following
PF4 treatment (Fig. 12A). To test the significance of this finding with regards to pro-MMP-1
release, I employed the cell-permeant compound PD98059, which inhibits p44/42 MAPK
(ERK1/2) by blocking the upstream MAPK kinase MEK1 (Cuenda and Alessi, 2000). In human
gingival fibroblasts pre-treated with 50 µM of PD98059, PF4 did not induce a significantly
(p>0.05) greater release of pro-MMP-1 relative to untreated controls (Fig. 12B). To confirm the
role of MEK/ERK signaling in the transcriptional upregulation of MMP-1, I cultured HGFs pretreated for 1 hour with PD184352 (Axon Medchem, Reston, VA), another MEK1 inhibitor (Allen
et al., 2003). Consistent with the ELISA data, inhibition of the MEK/ERK signaling module by
PD184352 (2 µM) completely nullified the PF4-induced increase in MMP-1 gene expression
(Fig. 12C). These concordant results obtained with 2 different MEK1 inhibitors collectively
indicate that PF4 targets the p44/42 signaling pathway to regulate MMP-1 expression.
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Figure 9. Dose-response relationship between platelet factor 4 (PF4) treatment
and pro-MMP-1 secretion from cultured human gingival fibroblasts. Bar graph
illustrates ELISA-analysis of the release of pro-MMP-1 from cultured human gingival
fibroblasts treated with increasing concentrations of PF4 for 4 hours. Data are
expressed as mean ± SD with the control (untreated) cells set at 1, and are based on 3
independent experiments.
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Figure 10. Time-dependent effects of platelet factor 4 (PF4) on pro-MMP-1
secretion from human gingival fibroblasts. Bar graph illustrates ELISA analysis of
the release of pro-MMP-1 from cultured human gingival fibroblasts treated with
recombinant PF4 (100 ng/mL) for time periods ranging from 0-6 hours. Data are
expressed as mean ± SD with the untreated control (time=0) cells set at 1, and are
based on 3 independent experiments. *, p<0.05; ***, p<0.0001, based on Bonferroni
multiple comparison tests.

29

Figure 11. Platelet factor 4 (PF4) upregulates MMP-1 mRNA expression. Bar
graph illustrates real-time PCR data of MMP-1 transcription in human gingival
fibroblasts cultured in the absence (control, white bar) or presence (PF4, black bar) of
platelet factor 4 (100 ng/mL) for 3 hours. Data are expressed as mean ± SD with the
control group set at 1, and are based on 3 independent experiments. **, p<0.01
(Student’s t-test).
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Figure 12. The PF4-induced production of pro-MMP-1 is regulated through p44/42
MAP kinase signaling. A. Equal amounts of protein lysates of human gingival fibroblasts
treated with either vehicle (-) or PF4 (+) (100 ng/mL) were resolved by SDS-PAGE.
Western blot illustrates increased phosphorylation of p44/42 MAP kinase following PF4
treatment. GAPDH is shown as a loading control. B. Histogram illustrates the PF4induced release of pro-MMP-1 (as assessed by ELISA) in cultured human gingival
fibroblasts pre-treated with either vehicle (0.1% DMSO, white bars) or with the inhibitor
PD98059 (black bars). Data are expressed as mean ± SD with the vehicle-treated control
cells set at 1, and are based on 3 independent experiments. *, p<0.01, based on Bonferroni
multiple comparison tests. C. Bar graph illustrates the real-time PCR data of MMP-1
transcription in vehicle-treated control HGFs (control), vehicle-treated HGFs cultured in
the presence of PF4 (PF4), and HGFs pre-treated with the inhibitor PD184352 (2 µM) for 1
hour prior to stimulation and incubation with PF4. Data are expressed as mean ± SD with
the vehicle-treated control cells set at 1, and are based on 3 independent experiments. **,
p<0.01; ***, p<0.001, based on Bonferroni multiple comparison tests.
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Discussion
Platelets are emerging as key contributors to chronic inflammation (Duerschmied et al., 2014;
Jenne et al., 2013; Semple and Freedman, 2010) although their role in the pathogenesis of
periodontitis is not well understood. In the present study, I observed that cultured human
gingival fibroblasts treated with PF4 produced up to 3 times more MMP-1 relative to controls. It
should be noted that I simultaneously tested six (6) different concentrations of PF4 and applied
the Bonferroni correction to compensate for multiple comparisons. Consequently, individual
differences between groups did not reach statistical significance within our comprehensive
analysis. This point notwithstanding, our central finding is validated by the consistency of the
results I obtained from two independent and quantitative experimental approaches: ELISA
analysis of secreted pro-MMP-1 and real-time PCR. Other pro-inflammatory cytokines such as
interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-) are extensively documented in
terms of their upregulation of MMP-1 expression in human gingival fibroblasts (Domeij et al.,
2002; Tewari et al., 1994). However, the present study is the first to identify a function for PF4 in
MMP-1 expression, thus introducing a previously unidentified role for platelet-derived cytokines
in gene transcription. The PF4-induced MMP-1 expression is likely via a direct effect as it
occurred within the first few hours after treatment. The physiologic concentration of PF4 in
plasma is reported to be less than 10 ng/mL (Zucker and Katz, 1991). Our dose-response data
show that pro-MMP-1 release was amplified by more than 50% at only slightly supra-physiologic
concentrations of PF4 although this difference was not statistically significant in the context of
our analysis. This finding nonetheless underscores PF4’s potency as a pro-inflammatory
mediator.
The importance of HGF-derived MMP-1 with respect to periodontal disease progression is
well known (Sapna et al., 2014), as is the role of MAP kinase signaling in the induction of MMP1 gene expression (Huntington et al., 2004; Vincenti and Brinckerhoff, 2002). I found that p44/42
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(ERK) phosphorylation was amplified by PF4 treatment, which is consistent with a recent report
of increased ERK phosphorylation in PF4-treated lymphoblasts (Van Raemdonck et al., 2014). I
confirmed the importance of p44/42 (ERK1/2) activation in pro-MMP-1 delivery since pro-MMP1 secretion was attenuated by the MEK inhibitor PD98059. Similarly, blockade of MAP kinase
signaling also abrogated PF4-driven increases in MMP-1 gene transcription. These data are
consistent with published reports that p44/42 MAPK activation is responsible for MMP-1
expression (Reuben et al., 2002). Taken together, our findings delineate a novel PF4- and ERKdriven pathway for MMP-1 expression in HGFs.
Our findings suggest that platelet activation promotes periodontal tissue degradation by
stimulating MMP-1 production by gingival fibroblasts. These data could at least partially explain
recent reports of elevated platelet counts (Al-Rasheed, 2012; Kumar et al., 2014) and increased
platelet activation (Nicu et al., 2009; Papapanagiotou et al., 2009) in patients with chronic
periodontitis. Conceivably, higher numbers of circulating and highly reactive platelets would
release greater amounts of PF4 that would in turn potentiate MMP-1 production and release
from gingival fibroblasts. In this context, increased PF4 secretion from platelets would be
especially plausible in periodontitis patients given that platelets are directly activated by
periodontal pathogens (Assinger et al., 2011; Yu et al., 2011).
One limitation of the present study is that a receptor for the PF4 ligand is not identified.
Potential candidate receptors could include receptor tyrosine kinases or G-protein coupled
receptors since these are known effectors of the MAP kinase pathway (Delcourt et al., 2007;
Natarajan and Berk, 2006). Further research is required to definitively elucidate the
mechanism(s) by which PF4 activates MAP kinases. In conclusion, the present study describes
a PF4-mediated upregulation of MMP-1 in human gingival fibroblasts. From a broader
perspective, this finding points to a previously unidentified role for platelets in the progression of
periodontitis while yielding a novel insight into crosstalk between platelets and fibroblasts.
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Chapter Three: Conclusions and future directions

Conclusions:
The present study is the first to show a role for a platelet-derived cytokine PF4 in upregulating
MMP-1 expression in human gingival fibroblasts. Our data also demonstrate a PF4-driven
increase in p44/42 (ERK) phosphorylation, suggesting a novel mechanism for platelet-induced
activation of MAP kinase signaling.

Directions for future work:
1. While our study indicates that PF4 activates MEK/ERK module of the MAP kinase signaling
pathway, the cell surface receptor for PF4 has not been identified. Possible candidate
receptors include G-protein coupled receptors (GPCRs) and receptor tyrosine kinases
(RTKs) as they have been shown to be effectors of MAP kinase pathway (Delcourt et al.,
2007; Natarajan and Berk, 2006). One approach towards identifying the PF4 receptor could
involve preparing purified plasma membrane (PM) lysate fractions from gingival fibroblasts.
Recombinant PF4 bound to a resin bead matrix could then be used to pull down PF4
binding partner protein(s) present in the cell membrane.
2. The physiologic relevance of PF4-binding partner proteins in the context of MMP-1
production could be tested by knockout or siRNA-mediated knockdown of the protein(s) in
question. Control and siRNA-treated gingival fibroblasts would be treated with recombinant
PF4 to evaluate the resultant effect on MMP-1 transcription and/or secretion.
3. The findings of our study imply that platelet activation would promote periodontal tissue
destruction by increasing MMP-1 production in gingival fibroblasts. This notion is consistent

34

with recent reports of increased platelet counts and activity in chronic periodontitis patients
(Al-Rasheed, 2012; Kumar et al., 2014). Given that platelets are directly activated by
periodontal pathogens (Assinger et al., 2011; Yu et al., 2011), it would be of interest to
quantify circulating PF4 concentrations in humans with chronic periodontitis, as well as
healthy controls.
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