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Abstract
Successful wound healing involves tightly controlled regulation of extracellular matrix
(ECM) deposition and remodeling, and myofibroblast-mediated wound contraction, to
restore normal tissue function. However, these events involved in healing are also
associated with development of tissue fibrosis, which is characterized by excessive
deposition of ECM and the presence of myofibroblasts. Increasing evidence suggests that
periostin is a critical player in regulating skin healing and fibrosis. In contrast to most
adult tissues, gingival connective tissue is known to heal more rapidly and with less
scarring, yet is still associated with fibrosis, such as drug-induced gingival enlargement.
The aim of this study is to understand the mechanism of gingival healing and fibrosis,
and to describe the role of periostin. Chapter 2 demonstrates that during wound healing of
rat gingiva, periostin upregulation coincides with collagen and fibronectin deposition,
while only few myofibroblasts are evident. Although periostin has no influence over
myofibroblast differentiation of human gingival fibroblasts (HGFs), it induces synthesis
of collagen and fibronectin proteins. Chapters 3-4 and Appendix 4 show that periostin is
highly upregulated by nifedipine and phenytoin in gingiva, and the drugs increase
periostin through TGF-β signaling in HGFs. Such increase of periostin also coincides
with greater ECM deposition, while myofibroblasts are absent. As adhesive signaling is
critical in myofibroblast differentiation, Chapter 5 demonstrates that HGFs cultured on
smooth titanium topography have more mature focal adhesions and greater
phosphorylated-focal adhesion kinase, compared to HGFs on rough substratum. HGFs
cultured on smooth titanium are also associated with greater gene expressions of periostin
and CCN2, fibronectin deposition, and more myofibroblast differentiation, compared to
HGFs on rough topography. The overall findings from this thesis are that periostin is a
pro-fibrotic protein in gingiva, where it increases matrix synthesis, but not myofibroblast
differentiation of gingival fibroblasts, to regulate healing as well as contributing to
fibrosis. While seemingly not normally active in gingival fibroblasts, adhesive signaling
can be induced resulting in the cells assuming a fibrotic phenotype. Furthermore, this
study shows that increased stiffness of the culture substratum does not induce
myofibroblast differentiation if cell attachment sites are physically restricted.
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Chapter 1 Introduction
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1.1 Overview
In healthy tissues and organs, the extracellular matrix (ECM) provides biomechanical and
biochemical signals to cells in order to promote and maintain tissue homeostasis and
normal function. Composed of an intricate network of different macromolecules, the
ECM composition varies from tissue to tissue. Upon injury a healing response is initiated
that involves upregulation of specific molecules to promote the healing of the tissue, but
any disturbance in the balance of ECM production can result in development of
pathological conditions. In recent years, a unique group of ECM related, non-structural
proteins have been described which are now known to play specific roles in modulation
of cell behavior in health and disease. In particular, periostin, a pro-fibrotic matricellular
protein, has shown to be a significant player in healing and fibrosis, often in collagen-rich
tissues. Our laboratory has implicated periostin in the modulation of cellular processes in
skin healing and scarring. Similar in structure to skin, gingival connective tissue protects
teeth and the underlying structures from the microbes in the oral microenvironment.
Uniquely not associated with scarring, the focus of this thesis was to continue the
research on periostin in health and disease, by investigating the expression and role of
periostin in gingival healing and fibrosis.

1.2 Physiology of the periodontium
1.2.1 General structure and function of the periodontium
The periodontium refers to the tissues that surround teeth, providing structural and
functional support. The periodontium is comprised of four unique tissue types that
function together as a unit: alveolar bone, periodontal ligament, cementum and gingiva
(Figure 1.1A). In a healthy individual, these tissues work together to anchor teeth in the
jaw, facilitate transmission of the mechanical forces and stresses of mastication, and act
as a barrier to the pathogens present in the oral cavity.
The alveolar bone consists of the maxilla and mandible portions and functions to hold
teeth in the sockets thus providing the primary support for the teeth through linkage to the
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Figure 1.1: Anatomy of the periodontium.
The periodontium is composed of gingiva, periodontal ligament, alveolar bone, and
cementum. Together, each periodontium element allows teeth to anchor to the jaw and
facilitate transmission of the mechanical forces and stresses of mastication. A. Schematic
representation of the periodontium in a cross sectional view of a tooth demonstrating
anatomic relationship of gingival tissue to the tooth, the alveolar bone and the periodontal
ligament. B. Hematoxylin and eosin stained section of a normal human gingiva. The
gingival tissues have overlying keratinized gingival epithelium, and the underlying
connective tissue, separated by basement membrane. C. Picrosirius red stained section of
a normal human gingiva visualized under microscope with the polarized lens. Red
indicates type I collagen and green indicated type III collagen. Epi: epithelium; CT:
connective tissue.
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Figure 1.1: Anatomy of the periodontium.
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periodontal ligament. The alveolar bone arises from intramembranous ossification and is
composed of an interior cancellous bone portion and an outer compact bone layer
(Hammarstrom and Lindskog, 1985). Surrounded by periosteum, the alveolar bone is
composed of 60% inorganic material formed from carbonated hydroxyapatite, 25%
organic material which is mostly collagen, and 15% water (Feng, 2009). Osteoblasts
secrete the organic bone matrix, which is subsequently calcified, while osteoclasts
derived from hematopoietic cells are responsible for bone resorption during remodeling
(Charles and Aliprantis, 2014).
The periodontal ligament is a dense connective tissue located between the alveolar bone
and cementum of the teeth. Fibroblasts in the periodontal ligament are constantly exposed
to mechanical loading due to mastication and speech, responding to constantly
remodeling of the collagen-rich matrix (Ho et al., 2007). Sharpey’s fibers, which are
tightly packed collagenous fibers, insert from the periodontal ligament into the alveolar
bone and the cementum, anchoring teeth in their sockets in the alveolar bone, while
providing protection, proprioception and blood supply to the teeth (Bosshardt and Selvig,
1997). In addition to providing support for the teeth, the periodontal ligament is essential
in dispersing mechanical loading and converting it into appropriate biological responses
to remodel the surrounding alveolar bone and the cementum (Ho et al., 2007).
Cementum is a thin layer of mineralized tissue located on the surface of the tooth root
and attaches the periodontal ligament to the tooth root surface, as well as gingival tissue
to the root surface at or below the cemento-enamel junction via fiber insertions (Bartold
et al., 2000; Foster, 2012). The cementum is composed of organic components, mainly
type I and III collagen and cementoblasts derived from neural crest cells during
development (Chai et al., 2000).

1.2.2 Gingiva
Teeth perforate coronally through the gingival tissue, the focus of this thesis, into the oral
cavity. The gingiva is composed of a stratified squamous epithelium with an underlying
collagen-rich connective tissue. These structures are separated, but physically linked by a
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basement membrane, which is characterized by the presence of extensions and
depressions called “rete ridges” (Figure 1.1B) (Bartold et al., 2000). Overall, the gingiva
functions to protect and maintain the homeostasis of the underlying periodontal
structures from the oral environment by providing a tight seal around teeth.

1.2.2.1 Gingival epithelium
Gingival epithelium is primarily composed of epithelial cells close together with minimal
extracellular space, lacking any fibrous proteins in the ECM. Of ectodermal origin,
keratinocytes are the main cell type of the gingival epithelium but other non-ectodermal
origin cells are also found (Langerhans cells, melanocytes, and Merkel cells) (Bartold et
al., 2000). The central function of the gingival epithelium is to act as a barrier to bacterial
infiltration and colonization of the sub-gingival tissues. Structurally, the gingival
epithelium can be subdivided into oral gingival, sulcular, and junctional epithelia based
on their location and composition (Schroeder and Listgarten, 1997). The oral gingival
epithelium is keratinized and encompasses the majority of the gingival epithelium. The
gingival sulcus is a space between the tooth crown and gingiva. The sulcular epithelium
runs along the gingival sulcus and extends from the most coronal portion of the oral
gingival epithelium and to the most coronal portion of the junctional epithelium. The
junctional epithelium is stratified, non-keratinized and provides a tight seal around the
tooth and underlying connective tissues through attachment to the cemento-enamel
junction of the tooth (Bosshardt and Lang, 2005). In the extracellular environment of the
tissue, a variety of glycoproteins (such as the β1 integrin family and intercellular
adhesion molecule-1), lipids, water, proteoglycans and extensions of intercalated cell
surface molecules are found (Bartold, 1987; Crawford and Watanabe, 1994; Larjava et al.,
1996). Other integrins including α6β4 are present and involved in the attachment of the
epithelial cells to the basement membrane, transducing signals from the ECM to the
interior of the cell to modulate cytoskeletal organization, proliferation, apoptosis, and
differentiation (Borradori and Sonnenberg, 1999). The ECM components surrounding the
oral epithelial cells serve roles in cell adhesion, adhesion to the tooth surface, as well as
the basement membrane. Moreover, these ECM components regulate diffusion of water,
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nutrients and toxic materials through the epithelium to support the underlying connective
tissue (Bartold et al., 2000).

1.2.2.2 Gingival connective tissue
Gingival connective tissue, which covers and provides protection to the alveolar bone,
periodontal ligament, and the cementum is a highly fibrous tissue composed of sparse
fibroblasts that secrete high levels of macromolecules into the ECM (Bartold et al.,
2000). Similar to the junctional epithelium, gingival connective tissue also provides a
barrier from the outside environment by making a tight contact with teeth at the root
interface. Fibroblasts arise from the mesenchyme during development and are connected
to the ECM through integrin-mediated interactions, which are biomechanically, and
biochemically sensitive. Fibroblasts have the ability to attach to other cells, ECM, and
various substrata including biomaterials. Gingival connective tissue is collagen-dense,
containing high levels of type I and type III collagens (Figure 1.1C) (Rao et al., 1979;
Narayanan et al., 1980). In healthy gingival connective tissue, type I collagen exists
organized into dense fibrils in the lamina propria while type III collagen is preferentially
localized as thin fibers in a reticular pattern near the basement membrane (Wang et al.,
1980; Narayanan et al., 1985). Fibronectin, an ECM glycoprotein that binds to integrins,
is dispersed throughout the gingival connective tissue and is commonly found colocalized with collagen fibers (Narayanan et al., 1985; Steffensen et al., 1992). The
gingival connective tissue is also composed of proteoglycans including decorin, biglycan,
versican and CD44 (Hakkinen et al., 1993). Maintenance of these ECM components
and integrity is critical in the health of the gingiva (Pisoschi et al., 2012).

1.2.2.3 Tissue homeostasis
In healthy connective tissues, tissue resident fibroblasts are commonly considered to be
“quiescent”; proliferating at a relatively low rate and exhibiting reduced metabolic
activity (De Rosa and De Luca, 2012). The ECM provides biochemical signals and
biomechanical support to fibroblasts, which in turn, maintain the tissue and ECM
composition (Berrier and Yamada, 2007). Upon changes to the physical structure of the
tissue due to injury or disease, quiescent fibroblasts sense these changes in the matrix
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through integrin-mediated adhesions and respond accordingly to facilitate healing of the
tissue (Aplin et al., 1998). In addition to mechanical changes in ECM structure, various
growth factors also modulate cell behavior. These signals converge to change cell
phenotype, proliferation, migration and gene transcription. Considerable crosstalk occurs
in cells between multiple signaling pathways, which makes elucidating signaling
processes extremely complex (Schneller et al., 1997). Activated integrin and growth
factor receptors can also form complexes to regulate intracellular signaling in a tissue and
cell-specific manner (Xu and Clark, 1996). Fibroblasts are important in the synthesis and
breakdown of collagen fibers and other proteins in the ECM, tightly controlling tissue
homeostasis. Connective tissue remodeling is essential for normal tissue healing and
compromised tissue homeostasis is associated with many connective tissue
pathologies.

1.3 Wound healing
Wound healing is the natural response of a tissue to damage or injury in order to reestablish the tissue integrity and structure. Dissection of the processes underlying wound
healing is a necessary area of research as many of the cellular processes involved in the
healing of connective tissues have now been identified to play pivotal roles in
development of several pathological conditions (Singer and Clark, 1999; Guo and
Dipietro, 2010). In recent years, it has become increasingly evident that these processes
are extremely complex. Many of the healing responses evident in the oral mucosa mirrors
the same fundamental processes seen after cutaneous injury (Lin et al., 2010). In this
section, our current understanding of the processes underlying cutaneous wound healing
will be discussed with particular focus on dermis, which has been very well characterized
and is similar in structure and function to gingival connective tissue. Skin healing
comprises consecutive and overlapping phases of hemostasis, inflammation,
proliferation, and remodeling or resolution (Figure 1.2A) (Gurtner et al., 2008).
Immediately after injury, hemostasis occurs due to vessel breakage, which causes the
aggregation of platelets and formation of a fibrin clot. The platelets release proinflammatory cytokines and growth factors such as transforming growth factor-beta
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Figure 1.2: Three overlapping and consecutive phases of acute wound healing are
inflammatory, proliferative, and remodeling.
A. Inflammatory cells remove foreign material, bacteria, and damaged tissue up to 3 days
post-wounding. In the proliferative phase, which lasts up to 7 days post-wounding,
granulation tissue is formed with reduced inflammatory cells. Recruited fibroblasts in the
granulation tissue are responsible for matrix turnover and differentiated myofibroblasts
contract the wound edges for closure. In the remodeling phase, the tissue is rearranged
and often forms a scar. B. Fibrosis results from continued events associated with tissue
healing due to failure of the healing process to terminate at an appropriate point. This
results in excess matrix deposition and compaction by myofibroblasts in excessive
scarring.
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Figure 1.2: Three overlapping and consecutive phases of acute wound healing are
inflammatory, proliferative, and remodeling.
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(TGF-β), platelet-derived growth factor (PDGF), fibroblast growth factor, and epidermal
growth factor (Campos et al., 2008). Upon cessation of bleeding, the clot (which contains
plasma fibronectin as the major component), provides a provisional matrix for infiltrating
and differentiating cells (Clark, 1996). Simultaneously, inflammatory cells including
monocytes, neutrophils, and macrophages are recruited under the influence of cytokines
to the site of injury to start the inflammatory phase. The major role of neutrophils and
macrophages is to debride the wound and remove foreign materials (Clark, 1996;
Diegelmann and Evans, 2004). Macrophages at the early stage of inflammation are proinflammatory, known as M1 polarization, releasing iNOS, high levels of interleukin-12,
and low levels of interleukin-10 (Jaguin et al., 2013). As the inflammatory phase
progresses, macrophages are also responsible for clearing apoptotic cells and
subsequently, become the M2 phenotype, macrophages that secrete TGF-β1 and PDGF to
end the inflammatory phase and initiate tissue regeneration (Barrientos et al., 2008; Guo
and Dipietro, 2010).
Approximately day 3 post-wounding, TGF-β1 and PDGF release enhances recruitment
and migration of mesenchymal cells (fibroblasts and pericytes), endothelial cells, and
keratinocytes, and the wound transitions into the proliferative phase of healing. Hypoxia
also stimulates release of cytokines such as TGF-β, PDGF, vascular endothelial growth
factor, tumor necrosis factor-α, and endothelin-1 from macrophages, keratinocytes and
fibroblasts (Rodriguez et al., 2008). These cytokines stimulate keratinocytes to proliferate
and migrate, re-establishing the epithelial layer while also inducing angiogenesis in the
wound bed (Rodriguez et al., 2008). During the proliferative phase of healing, fibroblasts
become highly migratory, moving into the wound bed where they actively proliferate
within the newly forming granulation tissue (Roberts and Sporn, 1993; Clark, 1996).
Such activation of fibroblasts involves intricate regulation of growth factors and integrinmediated adhesions. In brief, fibroblast migration involves down-regulation of integrin
receptors that bind to collagen and concomitant upregulation of integrin receptors that
bind to fibronectin, fibrin, and vitronectin, components of the granulation tissue (Aukhil,
2000). Subsequently, in the granulation tissue, the fibroblasts begin to secrete a collagen-
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rich ECM in response to elevated levels of TGF-β and PDGF (Clark, 1996). In a
temporal fashion, fibroblasts synthesize cellular fibronectin and collagen (Midwood et
al., 2004), replacing the original fibrin clot, which is removed by secreted proteases
(Birkedal-Hansen et al., 1993).
In addition to colonizing the wound bed and proliferating, fibroblasts transition into
myofibroblasts, associated with the upregulation of alpha-smooth muscle actin (α-SMA),
making the cells highly contractile. During the proliferative phase of healing,
myofibroblasts exhibit increased cellular contractility, which is pivotal as it allows
contraction of the wound edges (Tomasek et al., 2002). Myofibroblasts also secrete
abundant matrix resulting in compaction of the granulation tissue, which provides a
substrate for keratinocyte proliferation and migration, facilitating re-epithelialization and
restoration of barrier function. At the end of physiological wound healing, myofibroblasts
are removed through apoptosis (Desmouliere et al., 1995)
Following the proliferative phase, approximately 7 days post-wounding, the remodeling
phase begins to restore the tissue integrity. Collagen and fibronectin assembles into a
three dimensional ECM network on the cell surface that is critical for establishing tissue
architecture and regulating cellular events such as adhesion, spreading, proliferation,
migration, and apoptosis (To and Midwood, 2011). Differentiated myofibroblasts also
organize the ECM into a compact matrix as they contract the tissue. Granulation tissue is
rearranged into mature, organized collagen fibers and fibronectin fibrils. The newly
deposited matrix is structurally remodeled and arranged into fibrillar networks by
fibroblasts through integrin-mediated receptors binding to collagen (α1β1 and α2β1) and
fibronectin (α5β1) for fibrillogenesis (Welch et al., 1990; Gailit et al., 1996; Xu and
Clark, 1996). In skin healing, this often results in formation of a matrix-dense,
mechanically resilient scar tissue, particularly following excisional wounding.

1.3.1 Scarring and fibrosis: Wound healing gone awry?
After normal tissue healing, tissue integrity is restored; but in certain instances, scar
formation results. Excessive scarring is classified as a fibrotic lesion that results from a
failure of the normal healing mechanisms to terminate upon wound closure (Figure 1.2B).
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In skin, excessive scarring takes the form of keloid or hypertrophic lesions.
Histologically, both hypertrophic scars and keloids contain an overabundance of collagen
(Slemp and Kirschner, 2006). Hypertrophic scars have fine, well-organized, type III
collagen oriented parallel to the epidermal surface with abundant myofibroblasts. Keloid
scar tissue is composed of disorganized, large, thick, type I and III hypocellular collagen
bundles, lacking excessive myofibroblasts (Gauglitz et al., 2011; To and Midwood,
2011). Severity of scarring varies depending on age, body location, genetic factors, and
the initial extent of the trauma or damage (Slemp and Kirschner, 2006; Durani et al.,
2008; Larjava et al., 2011). As most scars have collagen fiber bundles that are densely
packed, scars exhibit less elasticity and increased stiffness as well as tissue contracture
(Clark, 1988; Clark, 1996). In severe cases, this can affect mobility, cause pain, and if the
scar is in a visible location, this can also have a psychosocial impact on patients (Gauglitz
et al., 2011).
Injury to internal organs can also leave scars and in some instances this is required to
prevent loss of tissue function, although a balance is required. For instance, scars stabilize
the heart muscle after myocardial infarction, and tendon, bone, and cartilage after fracture
(Hinz, 2010). However, excessive scarring in these organs results in the detrimental
tissue deformities characteristics of organ fibrosis (Hinz et al., 2007). Similar to skin
scarring, organ fibrosis is characterized by persistent myofibroblasts, accumulation of
collagen and fibronectin-rich ECM, as well as a reduced turnover of the ECM by
fibroblasts (Armour et al., 2007; Verrecchia and Mauviel, 2007; Hinz, 2012). This results
in aberrant structural integrity of the organ and thus destroys function. Understanding
the causes of fibrosis in which the fibroblast is a central player will provide insights
into the current challenges in alleviating such pathologies.

1.3.2 Tissue resident fibroblasts: At the nexus of health and disease
During normal wound healing, tissues undergo dynamic and rapid matrix turnover (Guo
and Dipietro, 2010). The response of fibroblasts is intricately modulated by changes in
growth factors, matrix tension, as well as changes in the ECM composition in the
granulation tissue as it forms (DeMali et al., 1999; Oktay et al., 1999). Briefly, in tissue
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healing, fibroblasts become highly migratory and proliferative, subsequently adopting a
matrix producing and contractile phenotype. Fibroblasts undergo complex changes in
gene expression related to cytoskeletal organization, adhesion, chemotaxis, cell
proliferation, ECM production, degradation and tissue remodeling to control and regulate
healing (Iyer et al., 1999).
Quiescent fibroblasts interact with their surrounding matrix through expressions of
collagen receptors (integrin α1β1 and α2β1) and fibronectin receptors (integrin
α5β1, α3β1, and heterodimers of the αV subfamily) in vivo (Welch et al., 1990; Gailit et
al., 1996; Xu and Clark, 1996; Aplin et al., 1998). Upon injury, expression of integrin β1
by fibroblasts has been demonstrated to be required for tissue repair (Liu et al., 2010).
Three to five days after injury, fibroblasts start to highly express α5β1 and α3β1 while
down-regulating integrins α1 and α2 at the wound margin (Welch et al., 1990; Gailit et
al., 1996). These alterations promote migration of fibroblasts, allowing them to detach
from the original collagen-rich tissue and subsequently migrate over the provisional
wound matrix, which is composed of fibronectin, fibrin, fibrinogen, and vitronectin.
PDGF, which is released during early inflammation, increases transcription and synthesis
of α5 and α3 integrin subunits to enhance fibroblast migration on fibronectin (Gailit et
al., 1996). In contrast, PDGF down-regulates α2 integrin expression in cultured human
gingival fibroblasts. Moreover, the changing composition of the ECM modulates integrin
expression during wound healing. Fibroblasts cultured on fibrin and fibronectin-rich
matrices that resemble the provisional matrix in the early stage of healing and upregulate
α3 and α5 integrin gene expression, whereas fibroblasts cultured in collagen-rich matrix
show upregulation of α2 integrin (Xu and Clark, 1996). Taken together, these alterations
demonstrate that appropriate integrin expression is required to support cell migration on
the provisional matrix in early wound healing, and to allow cell adhesion on collagen
later during scar formation.
After fibroblasts migrate into the granulation tissue in the wound bed, they orchestrate
many processes required for tissue regeneration. Under the influence of TGF-β1 and
PDGF, fibroblasts proliferate to become the dominant cell type in the granulation tissue.
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Here, in a temporal fashion, fibroblasts secrete new matrix including cellular fibronectin,
type III collagen, and type I collagen (Midwood et al., 2004), Fibroblasts structurally
arrange and remodel the newly deposited ECM into fibrillar networks through integrinmediated receptors binding to collagen (α1β1 and α2β1) and fibronectin (α5β1) for
fibrillogenesis (Welch et al., 1990; Gailit et al., 1996; Xu and Clark, 1996). Through
modulation of structural and biochemical composition of integrin-mediated adhesions
and their cytoskeleton, fibroblasts structurally rearrange the newly deposited ECM
(Welch et al., 1990; Gailit et al., 1996; Xu and Clark, 1996). Interestingly, during scar
formation, fibroblasts increase expression of integrin α2 in collagen-rich matrix allowing
fibroblast adhesion on collagen (Xu and Clark, 1996).
Degradation of existing ECM fibrils is also a key part of wound healing (Singer and
Clark, 1999), which allows the cells to rearrange the ECM components and deposit new
ECM components for tissue remodeling (Gill and Parks, 2008). Fibroblasts secrete matrix
metalloproteinases (MMPs), which are regulated by tissue inhibitors of MMPs (TIMPs),
to degrade their surrounding matrix in a controlled manner. Concentrations of both
MMPs and TIMPs vary according to the phase of healing (Vaalamo et al., 1996;
Madlener et al., 1998). The family of human MMPs consists of 23 different forms that
can be grouped into collagenases (MMP-1, 8, 13), gelatinases (MMP-2, 9), stromelysins
(MMP-3, 10, 11), matrilysins (MMP-7, 26), membrane-type MMPs (MMP-14-17, 2415), and the remaining MMPs (MMP-12, 19, 20, 21, 23, 27, 28). Controlled regulation of
MMPs and TIMPs are essential; if these are not regulated, the result can be inadequate
tissue healing. For instance, increased MMP-9 level has been associated with chronic
wounds of diabetic patients (Liu et al., 2009b). Fibroblasts also perform intracellular
degradation by integrin-mediated phagocytosis of collagen by α1β1 and α2β1 and
fibronectin by α5β1 (Birkedal-Hansen et al., 1993). MMP-14 has shown to promote the
turnover of ECM fibronectin by regulating both the cleavage of large fibronectin fibrils
and the endocytosis of the fibronectin endocytic receptor α5β1 integrin (Shi and Sottile,
2011). Such mechanisms contribute to degradation of the fibrin clot, and newly
synthesized collagen and fibronectin proteins are deposited and remodeled by fibroblasts.
Under the influence of TGF-β, ECM composition (Darby et al., 1990; Rubbia-Brandt et
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al., 1991), and mechanical tension (Serini et al., 1998) in the granulation tissue,
fibroblasts differentiate into myofibroblasts which enhance wound closure and regulate
scar tissue remodeling until these cells normally disappear toward the end of healing
(Desmouliere et al., 1995). Therefore, fibroblasts are clearly a central cellular component
in the processes underlying tissue healing and in most tissues, return to their quiescent
state at the termination of healing. However, in certain instances, fibroblasts can
assume a pathological phenotype resulting in a net gain or loss of connective tissue,
giving rise to fibrotic lesions or resulting in tissue destruction.

1.3.3 Myofibroblasts in wound healing and fibrosis
First described in 1971 by Gabbiani et al, the role of the myofibroblast in healing has
been, and is still being, extensively studied. Myofibroblasts originate from fibroblasts,
circulating fibrocytes, pericytes, and epithelium (Lindahl et al., 1997; Hinz et al., 2012;
Peng and Herzog, 2012). The major source of myofibroblasts during healing is thought to
come from differentiation of tissue resident fibroblasts. Myofibroblasts can be subdivided
into two types, the proto-myofibroblast and the mature myofibroblast (Hinz and
Gabbiani, 2003b). Shortly after injury, proto-myofibroblasts arise due to changes in ECM
tension. The proto-myofibroblast is partly differentiated and contains actin stress-fibers
and although the cells express α-SMA, it is not incorporated into stress-fibers. These
cells are characterized further by synthesis of intracellular fibronectin and also have
fibrous extensions known as fibronexi. These cells are efficient in reorganizing the ECM
of early wound granulation (Tomasek et al., 2002; Hinz, 2010). Under the influence of
mechanical tension (due to increasing matrix stiffness), binding to the ED-A domain of
cellular fibronectin, and increased released of TGF-β, further myofibroblast
differentiation occurs (Darby et al., 1990; Rubbia-Brandt et al., 1991; Iyer et al., 1999;
Hinz et al., 2007). Fully differentiated myofibroblasts have α-SMA incorporated into an
extensive network of stress-fibers and large fibronexi, and have the ability to contract
their surrounding matrix (Figure 1.3) (Hinz and Gabbiani, 2003b). TGF-β is known to be
the main growth factor that stimulates myofibroblast differentiation (Darby et al., 1990;
Rubbia-Brandt et al., 1991). Integrin mediated adhesive signaling regulated by the ECM
composition
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Figure 1.3: Myofibroblast differentiation.
Under mechanical stress, fibroblasts differentiate into proto-myofibroblasts that have
contractile function of myofibroblasts. Fibronectin (ED-A splice variant) and TGF-β
induce myofibroblast differentiation in the presence of mechanical stress. Differentiated
myofibroblasts have greater contractile ability and this generates a higher organization of
extracellular fibronectin into fibrils. Subsequent matrix deposition and compaction may
further impair the condition by the persistence of myofibroblasts in a positive-feedback
loop mechanism. Figure was adapted with a permission from the journal and the authors
(Tomasek et al., 2002) (Appendix 3).
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Figure 1.3: Myofibroblast differentiation.
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critical for myofibroblast differentiation. Deposition of ED-A cellular fibronectin has
shown to be required for TGF-β induction of myofibroblast differentiation (Serini et al.,
1998). In fact, the induction of the gene expression of α-SMA (contractile cytoskeletal
gene) in fibroblasts by TGF-β has shown to be regulated by collagen gel matrix
resistance to deformation and the resulting generation of intracellular tension (Arora et
al., 1999; Narani et al., 1999). Differentiated myofibroblasts generate force through
Rho/Rho-kinase mediated isometric contraction of α-SMA containing stress-fibers (Hinz
and Gabbiani, 2003b).
As mentioned in the previous section, although myofibroblasts play an important role in
healing by mediating tissue contraction to close the wound size, the tissue remaining
often resembles a scar (Gabbiani et al., 1972; Gabbiani, 2003). During healing,
myofibroblasts synthesize increased levels of ECM components, especially collagen and
fibronectin, into the granulation tissue. While in a contractile state, they facilitate
compaction of this ECM (Tomasek et al., 2002). This leaves a scar tissue, which has high
levels of densely packed collagen. At the normal termination of healing, fibroblasts
become quiescent and myofibroblasts undergo apoptosis; however in fibrosis, this does
not occur and increased cell activity promotes fibrosis (Tomasek et al., 2002; Yamamoto
and Nishioka, 2005). When myofibroblasts persist, the activities that were initially
beneficial for wound healing can lead to tissue deformities and loss of tissue function, as
well as continued release of TGF-β1. This phenomenon is related to health conditions
such as hypertrophic (Junker et al., 2008) and keloid scars of skin, systemic sclerosis, as
well as Dupuytren’s disease (Verjee et al., 2009). As described, these persistent
myofibroblasts are a hallmark of fibrosis in several other organ systems including lung,
liver, and kidney fibrosis, and is also evident in stromal reactions to certain epithelial
tumors, leading to reduced organ function and failure (Darby et al., 1990; Hinz et al.,
2012). The forces generated on the ECM by myofibroblasts, in turn stiffens the
microenvironment further, which allows the myofibroblasts to persist. This positive
feedback loop results in excessive scarring and fibrosis. Increased mechanical resistance
resulting from increased matrix accumulation, in conjunction with increased levels of the

20

pro-fibrotic growth factor TGF-β1, are two of the primary inducers of myofibroblast
differentiation and persistence. Myofibroblasts are in turn responsible for continued
matrix production, contraction, and continued TGF-β secretion (Tomasek et al., 2002;
Yamamoto and Nishioka, 2005). This further increases the stiffness of the environment,
making myofibroblasts even more contractile in a detrimental positive-feedback loop,
exacerbating fibrosis. Thus, excess matrix accumulation and myofibroblasts exert
feedback on each other to promote the fibrotic condition (Hinz et al., 2012). Therefore,
myofibroblasts play critical roles in healing, fibrosis and scarring.

1.4 Molecular regulation of the healing and fibrotic
response
Fibrosis is a pathological condition that results due to a net gain of connective tissue
ECM and a failure of processes associated with wound healing to terminate. Fibrosis is
characterized as excessive accumulation of poorly organized collagen, mostly type I and
III (Schor et al., 1996), fibronectin (Hinz et al., 2012), proteoglycans (Whitby and
Ferguson, 1991; Yeo et al., 1991), and the persistence of myofibroblasts (Darby et al.,
1990; Desmouliere and Gabbiani, 1994; Ronnov-Jessen et al., 1996; Steinsvoll et al.,
1999). What determines how a fibroblast assumes a fibrotic phenotype has been studied
extensively. One of the main players in fibrotic lesions is increased TGF-β activity
(Wynn, 2007).

1.4.1 TGF-β signaling
The TGF-β superfamily is a large group of growth and differentiation factors that
regulate a wide variety of cellular processes in many different cell types and biological
contexts. These include nodals, inhibins, activins, bone morphogenetic proteins (BMPs),
growth and differentiation factors, mullerian inhibitory substance, as well as TGFβ isoforms (Rahimi and Leof, 2007). TGF-β isoforms are produced by a variety of cell
types including macrophages, endothelial cells, fibroblasts, and epithelial cells at the site
of injured skin (Rahimi and Leof, 2007; Barrientos et al., 2008). Each of these TGF-β
isoforms is usually secreted in an inactive state in a large latent complex, composed of
mature dimerized TGF-β non-covalently associated with latency-associated peptides
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(LAPs) which is covalently bind to latent TGF-β-binding proteins (LTBPs) to regulate
bioavailability of TGF-β (Munger et al., 1997; Todorovic et al., 2005; Rahimi and Leof,
2007; Leask, 2008). LTBP-1, 3, and 4 are known to bind to LAPs and contains Ca2+
binding EGF-like repeats (Oklu and Hesketh, 2000). Fibrillins 1 and 2 also share similar
structural characteristics with the LTBP family and has been shown to interact with
LTBP-1 and 4, (Isogai et al., 2003). Fibrillin-1 also interacts with LTBP-2 (Hirani et al.,
2007). Upon removal of LAPs and LTBPs, TGF-β dimers become active. They complex
with dimerized TGF-β type II receptor and type I receptor, both of which are activin-like
receptor kinases (ALK) and serine/threonine kinases (Piek et al., 1999). Type II receptor
phosphorylates tyrosine residues on and activates the type I receptor. Five TGF-β type II
receptors and seven type I receptors in mammalian cells are currently known. ALK5 is
the TGF-β type I receptor present in most cell types including fibroblasts (Piek et al.,
1999; Rahimi and Leof, 2007). TGF-β1 treatment of HGFs leads to increased protein
levels of α-SMA, type I collagen, heat shock protein-47, fibronectin, periostin, as well as
SMAD2/3 activation (Arancibia et al., 2013).

1.4.1.1 Canonical TGF-β signaling pathway
Canonical TGF-β signaling is Smad-dependent in fibroblasts. Upon TGF-β ligand
binding with type II/type I TGF-β receptor heteromer, downstream Smad complexes are
phosphorylated and activated (Massague et al., 2005; Rahimi and Leof, 2007). The Smad
family of transcriptional regulators includes eight different Smad isoforms (Rahimi and
Leof, 2007). Smad 1, 2, 3, 5, and 8 are the receptor activated Smads (R-Smads). TGF-β,
Activin, and Nodal members of the TGF-β superfamily generally activate Smad 2 and 3,
while MIS, BMP and GDF activate Smad 1, 5, and 8. Smad4 is the common-mediator
Smad (Co-Smad). Smad 6 and 7 are inhibitory Smads (I-Smads) that act to negatively
regulate BMP and TGF-β/Activin/BMP pathways, respectively. TGF-β binds to type II
TGF-β receptors leading to the recruitment of type I (ALK5) TGF-β receptors, which are
phosphorylated at the glycine/serine-rich domain. ALK5 phosphorylates Smad2/3
complex at C-terminal Ser-Ser-X-Ser (SSXS) motif leading to dissociation of the
Smad2/3 complex from the receptor followed by association with the common mediator
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Smad4 (Massague et al., 2005; Rahimi and Leof, 2007; Leask, 2008). Smad2/3-Smad4
trimer complex translocates into the nucleus and Smad3/4 directly interacts with the
GTCT/CAGA consensus sequence of Smad binding DNA element (SBE) as well as the
GC rich sequences of certain promoters (Rahimi and Leof, 2007). This leads to
expression of collagen alpha-2(I) chain and other pro-fibrotic genes (Massague et al.,
2005; Rahimi and Leof, 2007). In contrast to R-Smads, I-Smads lack the C-terminal sites
to be phosphorylated by the type I receptor. Smad7 competes with R-Smads for
interaction with the type I receptor (Hayashi et al., 1997; Nakao et al., 1997) and mediate
TGF-β receptor ubiquitination and degradation by recruiting Smurf ubiquitin ligases.
Smad7 expression is also induced through release of TGF-β, activin and BMP signaling.
TGF-β signaling involves the integration of both positive and negative signaling to
generate the appropriate cellular response. Phosphorylated Smad2/3 seemed to mediate
essentially all functions of TGF-β (Leask, 2010).

However, it is becoming more

apparent that non-canonical TGF-β signaling pathways play a key role in cell type
and process-specific events.

1.4.1.2 Non-canonical TGF-β signaling pathways
Non-canonical TGF−β signaling, Smad-independent, pathways have now been identified
in fibroblasts. TGF-β enhances the adhesion capacity of fibroblasts, as indicated by
increased fibronectin, and the integrin subunits α4, α5, and β1 with TGF-β1 treatment in
vitro (Thannickal et al., 2003). Often referred to as adhesive signaling, several
intracellular signaling pathways are activated through adhesion formation.

1.4.1.2.1

Focal adhesion formation and maturation

Through integrin-mediated adhesions, fibroblasts connect the intracellular cytoskeletal
components to ECM components (Wozniak et al., 2004). Cells bind to the extracellular
compartment by clustering alpha and beta integrin subunits, such as αVβ3, at the
peripheral sites, forming nascent adhesions (Figure 1.4A) (Zamir et al., 1999). Adhesions
are under a dynamic assembly-disassembly cycle. At the initial stage of cell adhesion to
the ECM, integrin-based focal contacts called nascent adhesions form at the periphery of
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the cell; nascent adhesions form in lamellipodia and filopodia, which are actin based
structures that probe the cellular environment of migrating cells. Highly mobile
fibroblasts have rapidly remodeling and developing nascent adhesions in their rapidly
protruding lamellipodia and filopodia. Nascent adhesions have strong propulsive forces
in migrating fibroblasts (Beningo et al., 2001). Talin, a cytoskeletal protein, bridges actin
to the intracellular portion of the integrin receptors (Wozniak et al., 2004). Arp2/3
initiates actin nucleation and polymerization (Wozniak et al., 2004). As nascent
adhesions undergo the process of maturation in a stress-dependent manner, they recruit
structural and signaling molecules and they grow in size, stably attach, and transmit force
to the ECM (Figure 1.4B) (Gardel et al., 2010). Tension which can be generated by either
F-actin binding with myosin II activity (Choi et al., 2008) or external forces (Riveline et
al., 2001) applied to the cells drives adhesion stabilization and maturation. Focal contacts
are thus considered to be mechanosensors since they transmit external mechanical force
to induce adhesion maturation (Riveline et al., 2001). Within lamellipodia, nascent
adhesions translate into focal complexes by accumulation of tyrosine-phosphorylated
residues, and by recruiting paxillin, vinculin and focal adhesion kinase (FAK), and
eventually form mechanosensitive focal adhesions (FAs). Vinculin stabilizes FAs
(Humphries et al., 2007). Previously existing nascent adhesions will move towards the
center of the cell to relocate in the lamella, where they become more stable and mature
(Zaidel-Bar et al., 2003). Recent evidence shows that the maturation of FAs is guided by
stress-fibers which help to recruit FA components to form stable FAs (Oakes et al.,
2012). The absence of tension causes adhesions to disassemble rapidly in the
lamellipodia (Choi et al., 2008). As FAs recruit intracellular molecules such as zyxin,
integrin α5β1 and tensin, they become mature FAs and super-mature FAs (Zaidel-Bar et
al., 2003). By allowing the cells to form tight contacts with their ECM environment, these
immobile fibroblasts have the ability in matrix synthesis and remodeling of the matrix
into their matrix fibrils. When paxillin is dephosphorylated (tyrosine 31 and 118),
integrin α5β1 and tensin move towards the cell center to form streak-like fibrillar
adhesions (Zamir et al., 1999; Volberg et al., 2001; Zaidel-Bar et al., 2007; Gardel et al.,
2010). The translocation process is necessary for fibronectin fibrillogenesis
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Figure 1.4: Assembly, molecular composition, and maturation of actin-associated
adhesions.
A. Schematic representation of integrin receptor connecting ECM and cytoplasmic
molecules. B. Integrin αVβ3 initiates the cell adhesion connecting ECM and talin
intracellularly to form nascent adhesions. Talin bridges the intracellular component of
integrin receptor and actin. Arp2/3 initiates actin nucleation and polymerization. CellECM adhesions formed by fibroblasts on two-dimensional culture substrate undergo
stress-dependent maturation. Such nascent adhesions transit into focal complexes by
accumulating tyrosine-phosphorylated residues (PY) and by incorporating additional
cytoplasmic proteins, including paxillin and later vinculin and focal adhesion kinase
(FAK) in lamellipodia.

Stress application to focal complexes generates early focal

adhesions (FAs) and leads to the accumulation of zyxin, integrin α5β1 and tensin. The
size of focal complexes increases as they mature with the guidance of stress-fibers and
they progress from the lamellipodia region to the lamella region. Integrin α5β1 and tensin
relocate towards the cell center in a stress-dependent mechanism and generate fibrillar
adhesions to allow organization of collagen and fibronectin fibrils. Proteins remaining
associated with integrin αVβ3 in the cell periphery constitute mature FAs. Under
conditions of extraordinary high stress, mature FA transform into super-mature FAs,
which recruit additional proteins including integrin α5β1. Indicated proteins are major
components in the respective adhesion structure. Figure A was modified from Molecular
Biology of the Cell (© Garland Science 2008) and figure B was adapted with a
permission from the journal and the authors (Hinz, 2010) (Appendix 3).
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Figure 1.4: Assembly, molecular composition, and maturation of actin-associated
adhesions.
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and remodeling of other ECM protein components (Wierzbicka-Patynowski and
Schwarzbauer, 2003; Walcott et al., 2011). Super-mature FAs are important for
myofibroblast interaction with their surrounding environment and their function, as
through these adhesions, a highly contractile cytoskeleton develops (Ronnov-Jessen and
Petersen, 1996). The state of maturity and protein composition of FAs and the presence
of fibrillar adhesions have been suggested to contribute to altered cell signaling, tissue
healing and remodeling (Schwarz et al., 2007).

1.4.1.2.2 Intracellular signaling cascades are activated
downstream of adhesion formation: non-canonical
TGF-β pathway
Non-canonical TGF-β signaling activates several intracellular pathways. The mitogenactivated protein kinase (MAPK) pathway through MEK/ERK or c-Jun N-terminal kinase
(JNK)/p38 is one of the main pathways activated (Zhang, 2009). TGF-β receptor
activates Ras-Mek1-ERK1/2-Elk1-1 via heparin sulfate containing proteoglycan
syndecan 4 (Zhang, 2009). The MAPK pathway can also be activated through JNK/p38
via TRAF6-FAK-MKK (Zhang, 2009). Moreover, non-canonical TGF-β signaling also
involves small GTPase, and PI3K/Akt pathways (Zhang, 2009). These non-canonical
pathways interact with canonical TGF-β signaling in a tissue and gene specific manner to
elicit a wide range of different effects. For example, ERK1/2 can inhibit R-Smad
activities through phosphorylation of R-Smads (Kretzschmar et al., 1999) and JNK can
regulate R-Smad activity directly by phosphorylation (Zhang, 2009). Non-canonical
TGF-β signaling has shown to be critical in epithelial-mesenchymal transition, apoptosis,
and cell cycle regulation (Zhang, 2009). Specifically, TGF-β stimulated ERK signal
regulates 80 genes that have defined roles in cell-matrix interaction, cell motility, and
endocytosis (Zavadil et al., 2001). These genes are known to function in the remodeling
of integrin-mediated cell matrix adhesion and thus promote cell motility (Leask, 2013).
Recently, the role of FAK in non-canonical TGF-β signaling has been highlighted. TGFβ has shown to stimulate activation and localization of FAs in hepatic cells (Cicchini et
al., 2008). FAK, a non-receptor kinase, is a major protein in FA complexes that integrates
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signals from TGF-β and integrins (Leask, 2013). Auto-phosphorylation of FAK in FAs
at tyrosine residue 397 is a key event in FAK activation (Dixon et al., 2004). Tyrosine
397 phosphorylation creates binding sites for SH2 domain of Src family kinase, which
leads to Src recruitment and activation (Mitra and Schlaepfer, 2006). This further
facilitates FAK phosphorylation at tyrosine residues 576, 577, 861, and 925, allowing
activation of other FA associated proteins such as paxillin (Schlaepfer and Hunter, 1996).
Phosphorylated-FAK (p-FAK) functions as an adapter protein to transduce signaling
cascades that regulate adhesion, migration, cytoskeletal organization, differentiation,
gene expression, and matrix synthesis and fibrillogenesis, processes essential for tissue
regeneration and remodeling (Oates et al., 2011). For example, p-FAK promotes
recruitment of talin to nascent adhesions to control cell motility and cell phenotype
(Lawson et al., 2012). TGF-β-induced epithelial-mesenchymal transition has been shown
to require Src mediated FAK signaling in murine hepatocytes by regulating mesenchymal
and invasive markers such as MMP-9 and fibronectin, as well as delocalization of
membrane-bound E-cadherin (Cicchini et al., 2008). Moreover, FAK is also important in
formation of myofibroblasts, and is required for TGF-β-induced myofibroblast
differentiation of mouse embryonic fibroblasts via TGF-β targeting kinase-1
(TAK)/MEKK1-JNK phosphorylation (Liu et al., 2007; Shi-wen et al., 2009). This
evidence suggests a role for non-canonical TGF-β signaling pathways in the normal
healing as well as development of pathological conditions.

1.4.1.3 Role of TGF-β signaling in healing and fibrosis
TGF-β1 is expressed shortly after injury and contributes throughout the process of wound
healing (Barrientos et al., 2008). All three isoforms of TGF-β are present in wound
healing in human fetuses and adult skin (Cowin et al., 2001). TGF-β regulates
inflammation, stimulating angiogenesis, fibroblast proliferation, collagen synthesis,
wound contraction, and deposition and remodeling of the new ECM (Penn et al., 2012).
TGF-β1 has shown to recruit inflammatory cells to the site of injury during the early
stages of wound healing and to enhance macrophage mediated debridement of wounded
tissue (Clark, 1996). TGF-β has also been shown to have a role in the proliferative and
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remodeling phases of healing by promoting granulation tissue formation. TGF-β
modulates differentiation of macrophages into the M2 phenotype (Barrientos et al.,
2008). In vitro culture studies have demonstrated that TGF-β is also involved in
upregulation of collagen, fibronectin, as well as collagenase inhibition in fibroblasts
(Mauviel et al., 1996; Papakonstantinou et al., 2003). Exposure to a TGF-β neutralizing
antibody results in a significant increase in the expression of collagenase and stromelysin
and decreased TIMP-1 expression in human fibroblasts (Zeng et al., 1996). TGF-β1 is
also known to modulate myofibroblast differentiation to regulate wound contraction
(Hinz, 2007). Interestingly, non-healing skin wounds have decreased TGF-β signaling
(Pastar et al., 2010), but in contrast, TGF-β signaling is known to be upregulated in
fibrosis such as hypertrophic scars (Tredget et al., 1998).
As highlighted in the previous sections, there are several reports supporting an essential
role for TGF-β in fibrosis. Excessive TGF-β signaling mediates uncontrolled fibroblast
proliferation, collagen production, and myofibroblast differentiation in fibrotic disorders
of kidney, liver, and lung (Blobe et al., 2000). Similarly, TGF-β1 is highly upregulated in
gingival tissues during normal wound healing, as well as in response to periodontal
inflammation (Desmouliere et al., 1993; Steinsvoll et al., 1999). Increased numbers of
TGF-β1 positive cells are evident in periodontal inflammation as seen in tissues from
chronic marginal periodontitis (Steinsvoll et al., 1999). Moreover, upregulation of TGFβ1 in gingival fibrosis has also been reported; TGF-β1 immunoreactivity is elevated in
gingival tissues from patients with phenytoin-induced gingival enlargement, whereas this
is not detected in the normal gingiva (Uzel et al., 2001). Gene expression of TGF-β1 is
also significantly increased in gingiva obtained from individuals with hereditary gingival
fibromatosis compared to normal subjects (Bitu et al., 2006).
However, TGF-β is a difficult therapeutic target in many disease processes, as it can exert
a wide range of effects that are diverse and in some cases contradictory (Leask and
Abraham, 2004). While TGF-β1-deficient mice showed severely impaired late-stage
wound healing, including decreased collagen deposition compared to wild-type mice,
they also showed a pronounced inflammatory response, increased tissue necrosis, as well
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as organ failure and death (Kulkarni and Karlsson, 1993; Bottinger et al., 1997). Thus,
significant challenges exist regarding inhibition of TGF-β as an anti-fibrotic target.
Therefore, studying pro-fibrotic molecules downstream of TGF-β and TGF-β
receptors may identify more clinically appropriate anti-fibrotic therapies.

1.4.1.4 Role of adhesive signaling in healing and fibrosis
As mentioned previously, adhesive signaling regulated by non-canonical TGF-β
pathways plays a key role in myofibroblast differentiation and fibrotic disorders (Leask,
2013). During myofibroblast transformation, cells undergo changes that are related to
adhesion, such as binding to fibronectin (Serini et al., 1998). Fibronectin binding of
fibroblasts is known to be required for myofibroblast differentiation. TGF-β1 increases
adhesion capacity of fibroblasts by increasing fibronectin and its integrin receptors (α5
and β1) (Thannickal et al., 2003). TGF-β1 induces FAK phosphorylation in a cell
adhesion-dependent manner (Thannickal et al., 2003). TGF-β1–induced myofibroblast
differentiation of lung fibroblasts does not occur in non-adherent cells in spite of the fact
that activation of the canonical Smad pathway is retained (Thannickal et al., 2003). Src
inhibition attenuates TGF-β1-induced myofibroblast differentiation, α-SMA gene
expression, and stress-fiber formation of human lung fibroblasts (Thannickal et al.,
2003). FAK phosphorylation downstream of integrin engagement is also known to be
required for the development of various types of fibrosis as it is required for TGF-β1
induction of α-SMA expression (Leask, 2013). Adhesive signaling through FAK plays a
key role in the development of scarring and fibrosis of lung, heart, kidney, liver, and skin,
where it is highly upregulated (Rustad et al., 2013). Inhibiting constitutive
phosphorylation of FAK in cells from systemic scleroderma patients reversed the
myofibroblastic phenotype of the cells (Mimura et al., 2005; Shi-wen et al., 2012).
Attenuating FAK also prevented lung and skin fibrosis in mice in vivo (Wong et al.,
2011; Lagares et al., 2012). Taken together, adhesive signaling is critical in
development and maintenance of fibrosis.
The literature also shows an association between mature or larger adhesions and fibrotic
response of fibroblasts (Hinz and Gabbiani, 2003a; Hinz, 2006). Mechanosensitive FAs
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mature according to the stiffness and the substratum of the surrounding environment
(Figure 1.4B) (Walcott et al., 2011). It is known that FAs more frequently mature into
super-mature FAs and fibrillar adhesions on stiff surfaces by inducing stress on cells
(Gardel et al., 2010; Walcott et al., 2011). Consistently, a stiffer matrix environment is
known to be a prerequisite for fibrosis and induces fibroblast differentiation into
myofibroblasts (Hinz, 2009). As FAs, which typically contain integrin αVβ3, further
mature, they incorporate integrin β1; in fibrotic cells and in scarring, integrin β1, which
is a subunit of the fibronectin receptor, is activated (Leask, 2013; Rustad et al., 2013).
Genetic deletion of integrin β1 prevents development of fibrotic lesions in models of skin
fibrosis (Liu et al., 2009a). However, the role of increasing matrix stiffness on
adhesive signaling in human gingival fibroblasts (HGFs) and how this translates
into the fibrosis in gingiva is currently unknown.

1.5 Gingiva heals with less scarring in comparison to adult
skin
A substantiated observation still not fully understood, is that wounds in the oral mucosa
of the periodontium heal faster and with less scarring than extraoral wounds (Sciubba et
al., 1978; Yang et al., 1996; Larjava et al., 2011). Studies in humans as well as pig
models have shown that wound healing in gingiva result in significantly reduced clinical
and histological scar formation, compared to similar wounds in skin (Mak et al., 2009;
Wong et al., 2009; Glim et al., 2013). Gingival wounds are continually exposed to saliva,
and it was initially hypothesized that this moist environment may enhance oral wound
healing (Larjava et al., 2011). Previous studies have shown that wound healing in the oral
mucosa also has a reduced inflammatory response, which may be in part associated with
the rapid healing (Mak et al., 2009; Glim et al., 2013). Mak and colleagues demonstrate
earlier resolution of the inflammatory reaction, reduced clinical scar formation, and
contraction of wound in oral mucosa of the palate compared to skin wounds in the pig
(Mak et al., 2009). However, while the wounds in oral mucosa have less inflammatory
cells and cytokine expression, they heal more rapidly than adult cutaneous wounds,
which is counterintuitive based on the increasing understanding of the role of
inflammation in healing. It has long been known that although fibroblastic cells have
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similar roles in tissue homeostasis throughout the body, fibroblasts represent a diverse
population of cells exhibiting inter- and intra-site heterogeneity (Schor and Schor, 1987).
It is becoming increasingly evident that gingival fibroblasts within the connective
tissue possess certain characteristics not evident in fibroblasts from other adult
tissues when considering scarring (Mah et al., 2014).
Differences between gingival and skin fibroblasts were first reported in 1988; the
glycosaminoglycan produced by dermal and mucosal fibroblasts differed in the culture
medium and the cellular matrix (Bronson et al., 1988). Gingival fibroblasts populate
experimentally-created wounds faster than dermal fibroblasts are able to in vitro,
suggesting that an enhanced migratory ability in gingival fibroblasts plays a role in a
faster recruitment to the granulation tissue of the wounded gingiva (al-Khateeb et al.,
1997). The ECM environment created by fibroblasts is also different in oral mucosa and
skin (Fournier et al., 2013; Glim et al., 2013). Moreover, recent evidence points towards a
fundamental difference in the fibrotic response of gingival fibroblasts and dermal
fibroblasts as indicated by their signal transduction, and phenotype (Glim et al., 2013).
Although oral wounds have higher basal levels of α-SMA-positive myofibroblasts
compared to dermal wounds in pigs, activity of myofibroblasts assessed through
contraction is lower in oral mucosa of the palate compared to skin wounds in the pig
(Mak et al., 2009). It was also suggested that oral fibroblasts are less responsive to TGFβ1 stimulation, which resulted in lower α-SMA expression in oral fibroblasts compared
to dermal fibroblasts in vitro (Lygoe et al., 2007; Meran et al., 2007). Guo and colleagues
have demonstrated that adhesive signaling, critical in myofibroblast differentiation and
fibrosis, has been shown to be reduced in HGFs and dermal fibroblasts cultured in vitro.
More specifically, protein levels of integrin subunits α2 and α4, paxillin, FAK, and pFAK, as well as cell adhesion capacity are significantly lower in HGFs (Guo et al., 2011).
A recent study demonstrated that HGFs display a non-fibrotic phenotype, which is
distinct from skin fibroblasts in three-dimensional culture (Mah et al., 2014). Gingival
fibroblasts have the ability to proliferate faster and express higher levels of molecules
involved in ECM remodeling and inflammation. Dermal fibroblasts were measured to
have higher ECM proteins such as collagen, elastin, and matricellular proteins, as well as
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increased p-Smad3, myofibroblast phenotype, and cell contraction (Mah et al., 2014).
Based on the current understanding of fibrosis, a unique gingival fibroblast
phenotype could contribute to the reduced scarring evident in gingiva compared to
skin after healing. However, in comparison with skin, little is known about gingival
wound healing and what molecular factors determine scar-less healing.

1.6 Comparisons between fetal and gingival healing
Gingival tissues and fetal tissue at early gestation and are similar in that they heal faster,
and without scarring (Larjava et al., 2011). In early gestation, fetal wound healing occurs
without scar formation, with the transition to healing with scarring occurring with
increasing gestational age (Ihara et al., 1990; Estes et al., 1994; Larson et al., 2010). Such
a pattern has been shown in fetuses of mice, rats, pigs, monkeys, and humans (Colwell et
al., 2005). Scarring from wounding begins around 24 weeks of gestation in human fetus
(Lorenz et al., 1993; Lorenz et al., 1995; Colwell et al., 2006; Wilgus, 2007). Like in
gingiva, fetal tissue heals with reduced inflammation, the tissue is surrounded by fluid,
and reduced TGF-β1 expression is evident compared to adult tissue (Chen et al., 2005;
Larson et al., 2010). Previous studies stress the importance of intrinsic features of the
tissue, not the environment (Favata et al., 2006). Earlier reports compared gingival
fibroblasts and fetal fibroblasts to demonstrate that they share similar phenotypic
characteristics that are important in scar-less healing (Schor et al., 1996; Glim et al.,
2013). Estes and colleagues have suggested that a subpopulation of gingival fibroblasts
exhibit fetal-like characteristics related to migration, production of migration stimulating
factor, proliferation, as well as the tissue phenotype (Irwin et al., 1994). A subsequent
study reported that the ability of gingival fibroblasts to migrate and synthesize
hyaluronan protein in response to EGF, TGF-α, and TGF-β was reduced compared to
adult skin fibroblasts but again, similar to fetal fibroblasts (Schor et al., 1996). This
suggests that gingival fibroblasts are phenotypically unique cells for an adult tissue that
may contribute to the rapid healing of oral wounds with minimal scarring in the gingiva.
However, despite exhibiting a reduced capacity to scar, gingival tissue is still
associated with fibrosis.
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1.7 Gingival fibrosis.
Gingival fibrosis may be caused by biochemical and biomechanical insult and can present
in once of two ways; drug-induced gingival enlargement (DIGE) and peri-implant
scarring, described below. DIGE is due to systemic administration of certain
pharmacological agents. In contrast, peri-implant fibrosis results from inappropriate
healing after disruption of the gingival tissue required for placement of a dental implant.

1.7.1 Drug-induced gingival enlargement (DIGE)
DIGE is a pathological condition that occurs as a common side effect from the systemic
administration of among others, the calcium channel blocker nifedipine and the antiseizure drug phenytoin (Figure 1.5A). Development of this condition is usually evident
within 1 month of the onset of treatment (Brew et al., 2000; Kaur et al., 2010). Other
drugs including cyclosporine A and amlopidine are also known to cause this side effect
(Heasman and Hughes, 2014). It should be noted that gingival fibrosis also occurs due to
a hereditary condition called gingival fibromatosis. The prevalence of DIGE is 5-85%
(Heasman and Hughes, 2014) and 50% (Dongari-Bagtzoglou, 2004) among patients
treated with nifedipine and phenytoin, respectively.
DIGE is classified by the American Academy of Periodontology as a plaque-mediated
condition (Armitage, 1999). In the literature, the terminology for DIGE is varied, and the
classification by the American Academy was created to define in a clearer manner what
the condition is. Initially referred to as drug-induced gingival hyperplasia, later studies
demonstrated that gingival enlargement is not only associated with increased cellular
content, but also excessive ECM accumulation. The histological evidence in the literature
shows DIGE as a fibrotic lesion (Brown et al., 1991; Dill and Iacopino, 1997; Steinsvoll
et al., 1999; Kataoka et al., 2000; Uzel et al., 2001). More accepted terminology is DIGE
and also referred to as drug-induced gingival overgrowth and gingival fibromatosis.
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Figure 1.5: Drug-induced gingival enlargement
A. Typical nifedipine-induced gingival enlargement. Figure was adapted with a
permission from the journal and the authors (Livada and Shiloah, 2014) (Appendix 3). B.
Schematic representation of normal gingiva (left) and drug-induced gingival enlargement
(right). DIGE features thickened epithelium, elongated rete ridges, excess fibrous
components in the connective tissue, and increased inflammation. Plaque accumulation is
often observed around the enlarged or fibrotic gingiva.

35

Figure 1.5: Drug-induced gingival enlargement
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Of clinical concern, gingival overgrowth can cause severe problems with speech,
breathing and eating, and can push teeth out of position in the jaw as well as increasing
the oral bacterial load by generating plaque retention sites (Tejnani et al., 2014). Gingival
enlargement has also shown to occur around implants and in edentulous mucosa (mucosa
not around teeth) by nifedipine (Silverstein et al., 1995) and phenytoin (Bredfeldt, 1992)
respectively. Current treatment options are largely limited to surgical removal of the
overgrown tissue using gingival flap and scalpel gingivectomy (Tejnani et al., 2014).
Such treatments persist due to our relatively poor understanding of the molecular
mechanisms underlying the disease (Brown et al., 1991). Although current surgical
techniques are promising and often result in fairly good clinical outcomes, the recurrence
rate of DIGE is high (approximately 34%), and patients are often subjected to repeated
surgical interventions (Ilgenli et al., 1999). Moreover, such surgical procedures are
distressing and costly for patients, and whether these repeated insults to the tissue
increase the rate of fibrosis is unknown. Discontinuation of drug therapy can improve the
condition but is rarely an option. Moreover, genetics, age, dose, duration of
administration, and plaque are also reported to influence the development of DIGE. There
have been several reports in particular highlighting an importance of plaque accumulation
and gingival inflammation in DIGE (Banthia et al., 2014; Sam and Sebastian, 2014).
However, whether plaque is a significant factor in DIGE is controversial and reports are
conflicting (Banthia et al., 2014; Sam and Sebastian, 2014). There is a fundamental lack
of understanding of the molecular effects of these different drugs on gingival tissue.
Development of novel preventative and therapeutic strategies to treat the disease are
desperately needed, but a clear understanding of the pathogenesis of DIGE, and the
molecular mechanisms underlying the condition are required.
Histologically, DIGE is characterized by the presence of an irregular and thickened
epithelium, elongated rete ridges, and increased deposition of fibrous connective tissue
(Figure 1.5B) (Heasman and Hughes, 2014). The large epithelial ridges protrude into the
underlying connective tissue (van der Wall et al., 1985; Nery et al., 1995). In the
connective tissue, there is an increase in proliferation of fibroblasts, diminished
apoptosis, as well as excess production of ECM proteins. The excess ECM is composed
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of increased bundles of irregular collagen (Heasman and Hughes, 2014) as well as
increased sulphated and non-sulphated glycosaminoglycans (Mariani et al., 1996). DIGE
is also often associated with an extensive infiltration of inflammatory cell such as plasma
cells, and lymphocytes (Heasman and Hughes, 2014).

1.7.1.1 Myofibroblasts in DIGE
As is the case in many types of fibrosis (Darby et al., 1990), the presence of
myofibroblasts have been described in gingival fibrosis, and indeed these cells have been
suggested to be central in drug-induced gingival fibromatosis (Yamasaki et al., 1987; Dill
and Iacopino, 1997). However, recent research has shown an absence or low levels of
myofibroblasts in fibrotic gingiva, idiopathic gingival fibromatosis (Sakamoto et al.,
2002; Martelli et al., 2010), and DIGE resulting from administration of phenytoin (Sobral
et al., 2010), nifedipine and amlopidine (Pisoschi et al., 2014). These findings were not
consistent with fibrotic features associated with gingival fibromatosis, and whether
myofibroblast differentiation is present in DIGE is still controversial and needs further
investigation. What is evident is that whether myofibroblasts are present or not, higher
collagen accumulation is consistently observed in gingival fibrosis. Of potential
significance is that TGF-β, which induces ECM synthesis and accumulation, is known to
be elevated in hereditary gingival fibromatosis family 1 (Bitu et al., 2006), phenytoininduced gingival enlargement (Uzel et al., 2001), and by cyclosporin A in gingival
fibroblasts in vitro (Sobral et al., 2010). Despite many years of research, the factors
that lead to gingival fibrosis are still not well described, and this is a focus of this
thesis.

1.7.1.2 ECM regulation in DIGE
Several reports suggest that an imbalance in the production and degradation of the ECM
including type I collagen (Trojanowska et al., 1998) results in a net gain of connective
tissue, contributing to the progression of DIGE (Kataoka et al., 2001; Kanno et al., 2008;
McKleroy et al., 2013). Increased deposition of collagen and fibronectin were evident in
gingival tissues of patients diagnosed with DIGE compared to gingiva from healthy
individuals (Takagi et al., 1991; Shikata et al., 1993; Pisoschi et al., 2014). It has been
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shown that fibroblasts isolated from fibrotic gingiva caused by nifedipine (Tipton et al.,
1994) and phenytoin (Hassell and Hefti, 1991) treatment produced significantly greater
amounts of collagen. Kanno et al have shown that phenytoin treatment in primates
increases type I collagen gene expression (Kanno et al., 2008). Phenytoin also increases
lysyl oxidase, which is known to regulate cross-linking of collagen and elastin (Vahabi et
al., 2014) as well as suppress MMP-1 gene expression both in vitro (Yamada et al., 2000)
and in rats in vivo (Kanno et al., 2008). Nifedipine increases mRNA expression and
protein production of TIMP-1 in HGFs derived from healthy tissue (Sakagami et al.,
2006). Interestingly, reduced phagocytosis of collagen has also been suggested to be
important in DIGE (McCulloch and Knowles, 1993; Arora et al., 2001). It has also been
shown that nifedipine causes accumulation of type I collagen and induces gingival
overgrowth in rats, with this finding attributed to decreased phagocytosis leading to
reduced turn over of type I collagen in vivo (Kataoka et al., 2001). Similar findings have
been reported in relation to treatment of HGFs with cyclosporine A (Arora et al., 2001).
HGFs grown in nifedipine or phenytoin independently demonstrated a reduced
phagocytic capacity in vitro (McCulloch and Knowles, 1993). Subsequently it has been
demonstrated that reduced intracellular calcium levels are evident in the presence of the
drugs (due to inhibited passage of calcium ions across membranes or release of
intracellular calcium stores), which is likely to reduce the ability of the cells to limit
phagocytosis (McCulloch, 2004).
However, whether drugs such as nifedipine and phenytoin directly induce gingival
enlargement is still unclear and based on the literature, controversial, since other
contributing factors such as gender, drug dose, and duration have yet to be fully
eliminated. Understanding the mechanism that results in excessive ECM deposition and a
fibrotic phenotype in DIGE is critical. Developing new strategies and/or models to study
the pathogenesis of DIGE to tease out the effect of drugs on overall tissue phenotype is
desired. Mechanisms that result in excessive ECM deposition and fibrotic phenotype
in DIGE are currently unclear, thus delaying development of therapeutics to
prevent gingival overgrowth.
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1.7.2 Peri-implant fibrosis
Dental implants have become widely used in dentistry to replace lost or damaged teeth.
Placement of the implants, most commonly fabricated from titanium, involves the
coordinated processes of osseointegration around the implant and gingival connective
tissue integration around the abutment. One stage dental implant involves the implant and
abutment placed at the same time (Figure 1.6A). Two stage dental implant involves
placing the implant into the alveolar bone with a cover screw on top of the implant, and
closing the gingiva to cover the implant for the duration of osseointegration and the
abutment is placed later by surgically cutting the gingiva (Esposito et al., 2009). The
gingival connective tissue heals around the abutment at the transmucosal region.
Proper healing of gingival connective tissue at the transmucosal region of the abutment is
necessary to prevent epithelial down-growth (Chehroudi et al., 1992) and provide a
barrier at the tooth-gingiva interface from bacterial infiltration and prevent periimplantitis (Yeung, 2008). However, inappropriate healing of gingival connective tissue
around the abutment, can lead to peri-implant scarring (Figure 1.6B) (Schultze-Mosgau et
al., 2005). The contractile scar tissue around the implants has the tendency to contract
away from the implant surface, and this loss of gingival coverage around the abutment
raises aesthetic concerns for patients (Figure 1.6C) (Schultze-Mosgau et al., 2005). Of
greater concern, however, is that failure of a tight connective tissue seal increases the
opportunity for bacterial infiltration into the underlying periodontium, which can cause
alveolar bone resorption and eventual loss of the implant. Despite gingival tissue
normally healing without scar formation, tissue that forms in apposition to the implant
surface often has a scar-like composition (Sculean et al., 2014). The exact reason for
gingival tissue assuming a fibrotic phenotype around implants is unknown. As previously
highlighted, myofibroblasts persist when increased stiffness in the matrix is present
(Hinz, 2009). Therefore, as titanium is a very rigid material, the possibility exists that the
implant itself may induce a fibrotic phenotype in the gingival fibroblasts by activating
adhesive signaling. Most dental implants have significant alterations in substratum
topography on the intraosseous component, but not on the transmucosal region. Currently,
the most widely used abutment is untreated, with the only significant topography

40

Figure 1.6: Peri-implant fibrosis
A. In the one-stage dental implantation, the implant and abutment are placed at the same
time. Alternatively, in the two-stage dental implant procedure, after the implant is drilled
into the alveolar bone and osseointegrated, the abutment is screwed on top of the implant.
In both cases, gingiva is surgically cut during the procedure and left to heal around the
transmucosal region. The gingival connective tissue heals around the abutment at the
transmucosal region. Proper healing of gingiva at the transmucosal region around the
abutment will provide a tight seal to prevent the epithelial down-growth and provide a
barrier for the tooth-gingiva interface from bacterial infiltration and prevent periimplantitis. B. When abnormal healing of gingival tissue occurs around the abutment, this
may lead to peri-implant fibrosis. C. Buccal view of peri-implant fibrotic tissue, resulting
in the exposure of the abutment. Figure was adapted with a permission from the journal
and the authors (Schultze-Mosgau et al., 2005) (Appendix 3).
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Figure 1.6: Peri-implant fibrosis
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present resulting from machining that is quite different from actual tooth surface.

1.7.2.1 Influence of surface topography on cell and tissue
response
Since the 1980s, titanium has been the most commonly used material for fabricating
dental implants due to its high compatibility, low corrosion, and relatively comparable
elastic modulus to bone. Although bio-inert, titanium can form a direct interface with
bone, and unlike bridges and partial dentures, implants have minimal impact on
surrounding teeth (Parr et al., 1985). Although biocompatible, challenges for successful
integration of titanium with bone and the connective tissue still exists. Mechanical
properties of dental implants is the key determinant of successful implant therapy.
Various strategies have been employed to increase success rates of implants, of which
topographical modifications have had considerable success. However, much of the
research performed to date has focused on optimizing the topographical features of
titanium to enhance successful osseointegration, with considerably less emphasis on
enhancing gingival connective tissue attachment.
A rough topographical feature with random sizes and spaces can be achieved through
several techniques. Institut Straumann AG developed Sand-blasting with Large grit and
Acid etching (SLA) through a combinations processes of grit blasting and acid etching.
Sand blasting creating large pits (20-50 µm) and acid etching creates micropits (0.5-2
µm) in diameter (Massaro et al., 2002; Wieland et al., 2005). The average roughness
value for SLA is 4 µm (Schwartz et al., 2001; Bannister et al., 2002) versus 0.3-0.6 µm
for machined topographies (Bagno and Di Bello, 2004). Roughened titanium is currently
accepted to integrate better with bone compared to smooth surfaces and widely used for
osseointegration. Implantation of SLA titanium implants results in enhanced osteoblast
adhesion, proliferation, and differentiation (Keselowsky et al., 2007; Schwartz et al.,
2007; Park et al., 2012; Prowse et al., 2013). Altering the topographical features of the
extracellular environment can modulate FA formation and downstream signaling leading
to changes in cell response. FAK activation has shown to be altered in osteoblasts on
rough topography compared to smooth topography (Hamilton et al., 2006; Hamilton and
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Brunette, 2007; Oates et al., 2011). Additionally, altering surface topography influences
FA-mediated signal transduction in periodontal ligament epithelial cells (Hamilton et al.,
2007), likely by modulating cell-substratum adhesion sites. In vitro, HGFs cultured on
SLA exhibit an altered morphology and cell thickness when compared with those
cultured on polished surfaces (Wieland et al., 2002). On microfabricated substratum,
HGFs demonstrated greater morphological orientation, alignment of FAs, cytoskeleton,
and increased migration on microgrooves (Brunette, 1986; Clark et al., 1990;
Walboomers et al., 1998). It has been shown that HGFs cultured on polished titanium
substratum topographies have increased FA number compared to cells cultured on rough
titanium, achieved by sand-blasted, large grit, acid-etched (SLA), in vitro (GrossnerSchreiber et al., 2006). Moreover, it was shown that changes in surface roughness and
microfabrication alter focal and fibrillar adhesion formation, as well as ERK1/2
activation in gingival fibroblasts (Kokubu et al., 2009). In vivo studies have shown that
rough SLA surfaces reduced fibrous capsule formation when implanted in skin of rats
compared to polished titanium topographies (PT) (Kim et al., 2006). Taken together,
this evidence demonstrates that topographical features may be a key factor in
regulating fibrotic and remodeling responses in HGFs, but this has been poorly
investigated.

1.7.2.2 Summary of gingival fibrosis
DIGE and peri-implant fibrosis are fibrotic disorders caused by biochemical and
biomechanical insults, respectively. DIGE is a condition that arises from long-term
administration of certain classes of drugs, which ultimately leads to matrix synthesis and
remodeling. In contrast, peri-implant fibrosis is a condition that results from healing in
direct apposition to a stiff titanium abutment. As these two pathologies represent specific
types of insults, it is possible that differences may exist in the underlying mechanisms
that lead to fibrosis, but neither is currently well understood.

1.8 Matricellular proteins
Matricellular proteins (MPs), first descried in 1995 by Bornstein, are a group of secreted
ECM proteins that do not serve a primary structural role but rather a modulatory role of
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cells and ECM. MPs act as signaling molecules by interacting with cell surface receptors
as well as structural and functional molecules in the ECM space to modulate cell-matrix
interactions and cell function (Bornstein and Sage, 2002; Murphy-Ullrich and Sage,
2014). MPs exert control over essential cellular events such as adhesion, spreading,
migration, proliferation, ECM synthesis and differentiation, in order to regulate tissue
homeostasis and healing (Bornstein and Sage, 2002; Kyriakides and Bornstein, 2003).
Very few of these proteins are expressed in healthy adult tissues, but are commonly reexpressed during tissue healing and pathological conditions (Hamilton, 2008). While
most MP deleted mouse models are not embryonically lethal, MP null mice in general
exhibited mild developmental changes (Hamilton, 2008). However, upon challenges by
pathological insult, it becomes evident that many MPs have significant roles in the
development of pathological conditions as well as in healing.
Each MP shows spatiotemporal expression during wound healing, and thus control
different aspects of the process (Kyriakides and Bornstein, 2003). Development of MP
KO mouse models significantly increased the understanding of their mode of action,
although much remains to be investigated. Specifically, studies in knockout mice have
demonstrated that a deficiency in one or more of these MPs can alter the kinetics of
wound closure, which points to the particular phase of the healing process that may be
affected (Kyriakides and Bornstein, 2003). Thrombospondin (TSP)-2 has shown to
regulate hemostasis in healing to establish platelet aggregation and coagulation
(Kyriakides et al., 2003). During the inflammatory phase, Galectin-3, osteopontin, hevin
and TSP-1 are expressed to regulate recruitment of inflammatory cells as well as
macrophage function (Giachelli et al., 1998; Agah et al., 2002; Liu and Hsu, 2007;
Sullivan et al., 2008; Miragliotta et al., 2014). During the proliferative phase of healing,
starting around day 3, expressions of tenascin-C, SPARC, thrompospontin-2, hevin,
periostin, CCN2, and CCN3 have shown to increase. These regulate, the adhesion,
migration, proliferation, and differentiation of mesenchymal, pericyte and progenitor
cells (Kyriakides and Bornstein, 2003; Midwood et al., 2004). SPARC has shown to
regulate matrix synthesis and cell migration during healing; there was a delay in
granulation tissue formation and ECM protein production in wounds as well as slower
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wound closure of SPARC null mice (Basu et al., 2001). Periostin was identified as a
critical modulator of myofibroblast differentiation in the granulation tissue, with
expression peaking at day 7 (Elliott et al., 2012b). While CCN2 seems not to affect
myofibroblast differentiation and ECM synthesis in response to TGF-β1, CCN2 is known
to be involved in pericyte recruitment and angiogenesis (Liu et al., 2011). TSP-2
regulates collagen remodeling and angiogenesis; the lack of TSP-2 gene results in altered
collagen orientation and increased blood vessels in the dermis at day 14 in mice
(Kyriakides et al., 1999). MPs can also have indirect influence over the proliferative
phase of healing. As an example, osteopontin expression is limited to the inflammatory
phase, but its effect in regulating inflammation translates at later time points to alterations
in ECM remodeling and organization during the remodeling phase; disorganization of
matrix and an alteration of collagen fibrillogenesis leading to smaller diameter collagen
fibrils are evident after wounding in osteopontin null mice (Liaw et al., 1998). TenascinC, TSP-2, galectin-3 and periostin have all been implicated in re-epithelialization,
although conflicting results exist (Aukhil et al., 1996; Kyriakides et al., 1999; Cao et al.,
2002; Nishiyama et al., 2011) and their specific roles are not fully understood.
Interestingly, MPs have now been implicated in various fibrotic conditions such as
cardiac fibrosis, skin fibrosis, and scleroderma (Kuhn et al., 2007; Shimazaki et al., 2008;
Jun and Lau, 2010; Sonnylal et al., 2010). The focus on periostin, a relatively recently
classified MP, in tissue healing and fibrosis has exponentially increased in recent years
based on its wide spread expression in many tissues and pathological conditions.

1.9 Periostin
1.9.1 General background and structure
First classified as a MP in 2008, periostin is a 90 kDa disulfide-linked N terminusglycosylated protein (Norris et al., 2008a), that is induced by TGF-β (Wen et al., 2010;
Zhou et al., 2010). Periostin was originally termed osteoblast specific factor-2, but was
renamed due to localized expression in the periosteum and the periodontal ligament
(Kruzynska-Frejtag et al., 2004). The periostin gene (POSTN) is located on chromosome
13 (at map position 13q13.3) in humans and the protein is 835 amino acids in size.
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Similar to other MPs, periostin can modulate cell function by mediating interaction
between cells and ECM components to regulate tissue structure, integrity, and phenotype
(Figure 1.7). Periostin consists of a typical signal sequence, an EMI, 4 tandem fasciclinlike (FAS1) domains, and a C-terminal region. Periostin has the ability to bind to
fibronectin, type I collagen, type V collagen, tenascin-C, BMP-1 (Maruhashi et al.,
2010), and itself via the EMI and the tandem FAS1 domain regions to re-organize their
matrix (Takayama et al., 2006; Norris et al., 2007; Kii et al., 2010; Maruhashi et al.,
2010). The tandem FAS1 domains are responsible for integrin binding (Kim et al., 2002),
and a C-terminal region is where multiple splice variants originate (Litvin et al., 2004).
Moreover, the C-terminal region of periostin has shown to repress periostin’s ability to
interact with fibronectin, type I collagen, type V collagen, tenascin-C, and BMP-1
(Takayama et al., 2006; Kii et al., 2010). In contrast to other MPs, periostin is associated
with several collagen-rich fibrous connective tissues in adult animals where it regulates
functional and structural properties (Hamilton, 2008). Previous studies have
demonstrated that periostin interacts via the tandem FAS1 domains with integrin
receptors such as αVβ3, αVβ5, and β1 (Bao et al., 2004; Baril et al., 2007; Butcher et al.,
2007; Kuhn et al., 2007; Li et al., 2010).

1.9.2 Role of periostin in development and tissue homeostasis
Since its discovery in 1993, periostin has gained significant attention, with much of the
initial research focusing on the role of periostin in biomechanically active tissues, tissue
development, healing, and the progression of pathologies such as cancer and fibrosis
(Hamilton, 2008; Elliott and Hamilton, 2011; Kudo, 2011). Periostin is expressed during
embryonic development (restricted to mesenchymal derivatives) (Goetsch et al., 2003),
but has restricted expression in adult tissues (Bostrom et al., 1996; Rios et al., 2005).
Periostin is critical for regulating connective tissue integrity and structure of bone,
periodontal ligament, heart and skin during development. Rios and colleagues
demonstrated for the first time that periostin null mice are viable, but have various
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Figure 1.7: Schematic representation of periostin structure and interaction with
ECM proteins
Human full-length periostin consists of a typical signal peptide (SP) sequence, an EMI
domain, 4 tandem fasciclin-like domains (FAS1), and a C-terminal region (CTR). The
EMI domain is responsible for fibronectin binding and the tandem FAS1 domains bind to
tenascin-C, BMP-1, and integrins. A periostin fragment consisting of EMI and tandem
FAS1 domains is able to bind to type I, type V collagen, and itself. The CTR domain
where multiple splice variants originate inhibits binding to fibronectin, tenascin-C,
periostin, and type V collagen.

48

Figure 1.7: Schematic representation of periostin structure and interaction with ECM
proteins
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development challenges displaying significant periodontal ligament degeneration, as well
as defects in tooth formation, alveolar bone, trabecular bone, cartilage and cardiac valve
(Rios et al., 2005). Later studies further demonstrated that periostin null mice exhibit a
reduced thickness of the dermis (Norris et al., 2007; Yang et al., 2012). Subsequent
studies showed reduced collagen fibrillogenesis indicated by decreased collagen fibril
diameters as well as reduced collagen cross-linking indicated by the lower collagen
denaturing temperature in skin dermis of periostin null adult mice (Norris et al., 2007).
Additionally, the role of periostin in collagen synthesis in the development of the heart
was also described (Norris et al., 2008a; Norris et al., 2008d; Norris et al., 2009).
Periostin null mice have defects in their heart valves especially the tricuspid mural and
septal leaflets due to reduced collagen and aberrant differentiation of atrioventricular
valve cushion mesenchymal cells (Norris et al., 2008d).
Periostin is strongly expressed in the periodontal ligament, which is under constant
remodeling due to continuous occlusal loading, in adult mice and humans (Rios et al.,
2008). In the periodontal ligament, periostin expression is regulated through TGF-β
activation by mechanical loading and its expression aids in maintenance of the integrity
of the periodontal ligament. Periostin is also re-expressed during tissue healing, as well as
in pathological conditions (Hamilton, 2008). Removing occlusal loading has shown to
rescue the defect in the periodontal ligament of periostin knockout mice, suggesting that
periostin is critical in the tissue remodeling (Rios et al., 2008). Periostin regulates tissue
formation and homeostasis by modulating ECM synthesis, collagen fibrillogenesis,
and fibroblast differentiation, which are important events in healing (Norris et al.,
2007; Norris et al., 2008a; Norris et al., 2008d; Zhou et al., 2010).

1.9.3 Periostin expression upon tissue injury
Following an acute injury, periostin is transiently upregulated in various tissues including
muscle (Goetsch et al., 2003), tibial bone (Nakazawa et al., 2004), vasculature (Lindner
et al., 2005; Li et al., 2006), heart (Oka et al., 2007; Shimazaki et al., 2008), pancreas
(Smid et al., 2015) and skin (Jackson-Boeters et al., 2009; Nishiyama et al., 2011; Elliott
et al., 2012b). Periostin gene expression is significantly upregulated at day 7 during
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regeneration of the injured hindlimb skeletal muscle and decreases to baseline by day 14
(Goetsch et al., 2003). Periostin gene expression peaks in tibial bone fracture at day 3 and
day 7 in proliferating pre-osteoblastic cells (Nakazawa et al., 2004). Periostin mRNA is
highly expressed at 3, 7, 8 and 14 days after balloon injury in rat left carotid arteries
(Lindner et al., 2005) and at 3 days after pancreatectomy in mice (Smid et al., 2015).
Increased periostin protein levels are also observed at day 7 in developing neointimal
lesions of balloon injury in rat carotid arteries (Lindner et al., 2005; Li et al., 2006). In
models of myocardial infarction and ventricular hypertrophy, periostin protein levels are
increased after day 3 and increased yet further at day 7 in mice, which is positively
associated with increased collagen deposition (Katsuragi et al., 2004; Oka et al., 2007;
Shimazaki et al., 2008; Stansfield et al., 2009). Thus, conserved periostin upregulation
after injury has been demonstrated in various tissues, suggesting an important role
in healing. In the next sections, the role of periostin in skin healing will be discussed,
as periostin has been relatively well studied in skin and the histological
characteristics of skin are relatively comparable, although different, to the gingiva.

1.9.4 Periostin in proliferative and remodeling phases of skin healing
Periostin expression patterns in skin wounds have been well characterized beginning with
Lindner and colleagues in 2005 (Lindner et al., 2005) and more recently by our
laboratory (Jackson-Boeters et al., 2009; Zhou et al., 2010; Elliott et al., 2012b). In
incisional full-thickness wounds of rat skin, periostin expression is detected in the
fibroblasts, but not in keratinocytes at day 8 (Lindner et al., 2005). Periostin was
localized in the basal lamina and the epithelium at the wound edge of the incisional
wounding at day 5 in mouse (Zhou et al., 2010). In excisional cutaneous wounds of mice,
periostin starts to increase around day 3 and greater by day 7. At day 7, the localization of
periostin changes from the intracellular to extracellular compartment during ECM
remodelling, and periostin protein levels coincide with α−SMA expression in the
granulation tissue, strengthening the argument that periostin modulates matrix
remodeling (Jackson-Boeters et al., 2009). Later studies more specifically showed that
both periostin gene expression and protein level start to increase in the granulation tissue
at day 3 and peak at day 7 post-injury of excisional wounding in mouse skin (Nishiyama
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et al., 2011; Elliott et al., 2012b; Ontsuka et al., 2012). The conserved spatiotemporal
expression pattern of periostin suggested a role for periostin in the proliferative and
remodeling phases of cutaneous excisional wound healing.
As has been reported for several other MPs (Hamilton, 2008), the deficits in mice lacking
the periostin gene become even more evident upon injury. Genetic deletion of periostin in
mice results in a significant delay in excisional skin closure at days 3 and 7, compared to
wild-type animals, which correspond to with upregulation of periostin in WT animals
(Nishiyama et al., 2011; Elliott et al., 2012b; Ontsuka et al., 2012). Although these
studies used a different initial wound size (3, 6, and 8/10mm punch biopsy, respectively),
similar findings were observed in closure kinetics. Nishiyama and colleagues attributed
this delay in wound closure to a defect in re-epithelialization, brought on by reduced
keratinocyte proliferation in the hair follicles (Nishiyama et al., 2011). However, Elliott
and colleagues measured no differences in re-epithelialization rates between wild-type
and Postn-/- mice (Elliott et al., 2012b), and instead observed that a loss in wound
contraction in Postn-/- mice was due to a defect in myofibroblast differentiation
necessitating epithelial migration to cover a larger area. A significant decrease in α-SMA
expression within the granulation tissue in Postn-/- mice was observed, although
fibroblast recruitment within the wound was unaltered, as was collagen expression.
Moreover, no differences in canonical TGF-β signaling were observed in the granulation
tissue in Postn-/- and wild-type animals. α-SMA expression was restored when
recombinant human periostin was added to the wounds in Postn-/- mice. Very recently,
Ontsuka and colleagues attributed the delay in wound closure in periostin null mice to
defects in fibroblast proliferation and migration demonstrated by in vitro studies using
newborn dermal fibroblasts and mouse embryonic fibroblasts, respectively. However,
Elliott and colleagues showed no difference in proliferation rates between dermal
fibroblasts from adult wild-type and Postn-/- mice, (Elliott et al., 2012a).

1.9.5 Periostin is a pro-fibrotic molecule
The evidence in the literature clearly shows a role for periostin in matrix deposition and
remodeling, and myofibroblast differentiation. Shimazaki and colleagues have shown that
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periostin null mice have impaired collagen formation and reduced α-SMA positive
myofibroblasts, observations concomitant with an increased incidence of ventricular
rupture following a myocardial infarction (Shimazaki et al., 2008). Adding periostin back
into transgenic mice led to rescue of the aberrant phenotype. As previously mentioned,
Yang and colleagues also demonstrated periostin null mice have a significantly thinner
dermis (Yang et al., 2012). Erkan and colleagues have demonstrated that adding
recombinant periostin to pancreatic stellate cells increases expression of key fibrotic
proteins including α-SMA, type I collagen, fibronectin, TGF-β1 and periostin (Erkan et
al., 2007). A recent study shows that periostin interaction with fibronectin and BMP-1
allows BMP-1 incorporation into the matrix. This supports the ability of BMP-1 to
mediate proteolytic activation of lysyl oxidase, which promotes collagen fibril crosslinking (Maruhashi et al., 2010). Moreover, periostin has shown to act as a bridge
between tenascin-C and the ECM, allowing more matrix accumulation (Kii et al., 2010).
Thus, periostin is a pro-fibrotic protein.

1.9.6 Role of periostin in fibrosis
Based on its pro-fibrotic influence, not unexpectedly, increased periostin expression
levels have been correlated with several fibrotic conditions including sub-epithelial
fibrosis of bronchial asthma (Takayama et al., 2006), bone marrow fibrosis (Oku et al.,
2008), Dupuytren's disease (Vi et al., 2009), hypertrophic and keloid scars (Zhou et al.,
2010), and pulmonary fibrosis (Naik et al., 2012). Increased periostin levels have also
been correlated with the severity and progression of several types of fibrosis. Increased
periostin deposition correlates with increasing severity in bone marrow fibrosis (Oku et
al., 2008), and increased periostin mRNA expression is associated with the renal fibrosis
progression markers, plasma creatinine, proteinuria, and renal blood flow (Guerrot et al.,
2012). Periostin serum level found in diffuse systemic sclerosis patients is also positively
correlated with increasing skin thickness (Yamaguchi et al., 2012). Periostin has been
shown to co-localize with fibrous collagen bundles in hypertrophic scars (Zhou et al.,
2010), as well as with fibronectin, tenascin-C, and collagens, known components of subepithelial fibrosis of bronchial asthma (Takayama et al., 2006). Excess levels of periostin
are therefore suggested to play a role in inappropriate tissue remodeling, leading to

53

excessive matrix deposition of myofibroblasts. Fibroblasts isolated from Dupuytren
disease in which periostin is overexpressed had an increased ability to contract the
collagen matrix (Vi et al., 2009). Additionally, skin sections obtained from patients
experiencing systemic sclerosis showed increased periostin co-localized with population
of myofibroblasts in the dermis (Yamaguchi et al., 2012).
Previous studies have demonstrated that the absence of periostin prevents development of
various types of fibrosis in murine models. Genetic deletion of periostin in mice inhibits
development of cutaneous sclerosis (Yang et al., 2012), subepithelial fibrosis of nasal
tissue (Hur et al., 2012), and kidney fibrosis (Mael-Ainin et al., 2014). Bleomycininduced increases in the thickness of dermis, collagen synthesis and deposition, as well as
myofibroblast differentiation that occur in the skin of wild-type mice do not occur in
periostin null mice (Yang et al., 2012). Recently, injecting OC20 antibody, which blocks
the tandem FAS1 domain of periostin to prevent integrin interaction, attenuated
bleomycin-induced collagen deposition in the lung of rats (Naik et al., 2012). Thus,
periostin plays a vital function in fibrosis by contributing to excess levels of matrix
deposition and myofibroblasts in fibrotic diseases. However, whether periostin plays
a role in the development of DIGE or peri-implant fibrosis has never been
investigated.

1.10 Summary
Wound healing is an intricate series of overlapping events involving numerous cell types,
growth factors and expression of different matrix proteins, resulting in restoration of
tissue function. In connective tissues such as skin, TGF-β plays a significant role in the
induction of fibroblast migration, differentiation and matrix synthesis, with adhesive
signaling required for full myofibroblast differentiation. In normal circumstances,
myofibroblasts undergo apoptosis, but a failure of this to occur results in fibrosis. In
contrast to skin, gingival connective tissue shows a lower propensity for scarring, but is
associated with fibrotic conditions, namely DIGE and peri-implant fibrosis arising from
biochemical and biomechanical insults, respectively. The molecular mechanisms
underlying gingival wound healing and fibrosis are not currently fully understood. Recent
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evidence demonstrates that periostin is a critical player in healing and is increasingly
associated with the development of fibrosis. This thesis will investigate the role of
periostin in gingival healing and gingival fibrosis, as well as mechanisms underlying
its regulation.

1.11 Rationale, Hypotheses, and Objectives of the Research
Based on the expression pattern and highlighted roles in tissue healing and fibrosis, I
hypothesized that periostin will be upregulated in gingival healing and fibrosis by
TGF-β, where it will modulate cell differentiation and matrix synthesis. The four
specific objectives are described below. The aim of this research is to fundamentally
increase our knowledge of gingival healing and fibrosis, and to delineate the role of
periostin.

1.11.1 Periostin modulates matrix synthesis, but not myofibroblast
differentiation during wound healing of gingiva
Rationale
The role of periostin in acute wound healing has received a lot of attention in different
tissue types. Cellular events involved in tissue healing are also implicated in the
progression of fibrotic diseases and thus understanding the molecular mechanisms that
regulate healing is critical. During skin wound healing, the genetic deletion of periostin in
mice results in a significant delay in wound closure at days 3 and 7, where periostin has
been shown to modulate myofibroblast differentiation (Elliott et al., 2012b), proliferation
of fibroblasts (Ontsuka et al., 2012) and keratinocytes (Nishiyama et al., 2011) as well as
migration of fibroblasts (Ontsuka et al., 2012). Investigations of skin healing suggest that
expression of periostin following injury coincide with the proliferative and remodeling,
but not inflammatory stage of healing (Jackson-Boeters et al., 2009). Increased levels of
periostin is associated with development of fibrosis (Elliott and Hamilton, 2011).
Scarring is a serious clinical concern, which is experienced by a significant number of
patients. Gingiva is a unique tissue that normally heals with an absence of scarring.
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However, research into tissue healing and remodeling in gingival tissue is lacking, and
the role of periostin in the context of gingiva has never been studied before.
Specific Objective 1 (Chapter 2) - To determine the role of periostin in gingival
healing using a rat gingivectomy model in vivo and to assess the influence of
recombinant periostin in the behavior of HGFs in vitro.

1.11.2 Nifedipine and phenytoin induce periostin expression in
gingival fibroblasts through TGF-beta signaling
Rationale
TGF-β is a pro-fibrotic cytokine that induces ECM synthesis and accumulation by cells,
as well as modulates myofibroblast differentiation during healing and fibrosis. TGF-β has
been proven to be associated with a number of DIGE conditions, such as nifedipine and
phenytoin-induced gingival enlargement (Uzel et al., 2001). Also, treating normal
gingival fibroblasts with cyclosporine A increases TGF-β1 expression in vitro (Sobral et
al., 2010). However, whether TGF-β signaling is involved in nifedipine-induced gingival
enlargement is unclear. Although TGF-β has long been a molecule implicated in fibrosis,
studies have shifted towards focusing on down-stream molecules due to the complexity
of TGF-β pathway and the inherent problems associated with its inhibition. Periostin, a
TGF-β inducible protein, has recently gained much attention due to its pro-fibrotic
influence in skin healing and fibrosis (Elliott and Hamilton, 2011). Evidence suggests
that periostin expression is highly associated with severity and progression of fibrosis, by
increasing levels of collagen accumulation and myofibroblasts (Naik et al., 2012; Yang et
al., 2012). However, whether periostin is associated with nifedipine and phenytoininduced gingival enlargement has not yet been studied.
Specific Objective 2 (Chapter 3 and Appendix 4) - To assess whether periostin
expression is associated with nifedipine and phenytoin-induced gingival
enlargement in situ; and whether nifedipine and phenytoin-induced periostin is
mediated through TGF-β signaling using in vitro model.
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1.11.3 Nifedipine and phenytoin induce a fibrotic phenotype in
human gingival connective tissue ex vivo
Rationale
Understanding the pathogenesis of DIGE has been challenging due to various
contributing factors. Moreover, as the oral cavity is a complex environment, which
contains many different strains of microbes, the specific effects of drugs such as
nifedipine and phenytoin on gingival fibrosis are controversial. Plaque accumulation is a
common characteristic of patients experiencing DIGE. Whether plaque accumulation is
an outcome of DIGE or whether it’s an inducing factor for DIGE, has not been easily
discerned. In this aim, I developed an ex vivo culture system to investigate the roles of
each drug on gingival tissue phenotype without the confounding factors of plaque and
inflammation.
Specific objective 3 (Chapter 4) - To develop an ex-vivo gingival explant system
to assess whether nifedipine and phenytoin independent treatments induce matrix
accumulation and myofibroblast differentiation independent of other predisposing
factors such as plaque and inflammation.

1.11.4 Regulation of the matrix remodeling phenotype in gingival
fibroblasts by substratum topography
Rationale
Proper healing of gingival connective tissue around dental implant abutment is essential
in implant success. Properly healed gingival connective tissue on the abutment will
prevent microbes from infiltrating between the interface and causing epithelial downgrowth and gingival recession. Topographical features have been shown to have
tremendous influence on adhesive signaling that translates into altered cell behavior and
tissue phenotype during bone integration (Keselowsky et al., 2007; Schwartz et al., 2007;
Park et al., 2012). Understanding the influence of the different topographical features on
gingival tissue healing has been relatively poorly investigated. Thus, I used two different
titanium substratum topographies with different roughness to assess whether altering the
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topography of abutment will influence fibroblast phenotype and whether it is related to
adhesive signaling in vitro.
Specific Objective 4 (Chapter 5) - To assess the influence of smooth and rough
titanium topographies on tissue remodeling and fibrotic response of HGFs.

58

1.12 References
Agah, A., Kyriakides, T. R., Lawler, J. and Bornstein, P. (2002). The lack of
thrombospondin-1 (TSP1) dictates the course of wound healing in double-TSP1/TSP2null mice. Am J Pathol 161, 831-9.
al-Khateeb, T., Stephens, P., Shepherd, J. P. and Thomas, D. W. (1997). An
investigation of preferential fibroblast wound repopulation using a novel in vitro wound
model. J Periodontol 68, 1063-9.
Aplin, A. E., Howe, A., Alahari, S. K. and Juliano, R. L. (1998). Signal transduction
and signal modulation by cell adhesion receptors: the role of integrins, cadherins,
immunoglobulin-cell adhesion molecules, and selectins. Pharmacol Rev 50, 197-263.
Arancibia, R., Oyarzun, A., Silva, D., Tobar, N., Martinez, J. and Smith, P. C.
(2013). Tumor necrosis factor-alpha inhibits transforming growth factor-beta-stimulated
myofibroblastic differentiation and extracellular matrix production in human gingival
fibroblasts. J Periodontol 84, 683-93.
Armitage, G. C. (1999). Development of a classification system for periodontal diseases
and conditions. Ann Periodontol 4, 1-6.
Armour, A., Scott, P. G. and Tredget, E. E. (2007). Cellular and molecular pathology
of HTS: basis for treatment. Wound Repair Regen 15 Suppl 1, S6-17.
Arora, P. D., Narani, N. and McCulloch, C. A. (1999). The compliance of collagen
gels regulates transforming growth factor-beta induction of alpha-smooth muscle actin in
fibroblasts. Am J Pathol 154, 871-82.
Arora, P. D., Silvestri, L., Ganss, B., Sodek, J. and McCulloch, C. A. (2001).
Mechanism of cyclosporin-induced inhibition of intracellular collagen degradation. J Biol
Chem 276, 14100-9.
Aukhil, I. (2000). Biology of wound healing. Periodontol 2000 22, 44-50.
Aukhil, I., Sahlberg, C. and Thesleff, I. (1996). Basal layer of epithelium expresses
tenascin mRNA during healing of incisional skin wounds. J Periodontal Res 31, 105-12.
Bagno, A. and Di Bello, C. (2004). Surface treatments and roughness properties of Tibased biomaterials. J Mater Sci Mater Med 15, 935-49.
Bannister, S. R., Lohmann, C. H., Liu, Y., Sylvia, V. L., Cochran, D. L., Dean, D. D.,
Boyan, B. D. and Schwartz, Z. (2002). Shear force modulates osteoblast response to
surface roughness. J Biomed Mater Res 60, 167-74.
Banthia, R., Gupta, S., Banthia, P., Singh, P., Raje, S. and Kaur, N. (2014). Is
periodontal health a predictor of drug-induced gingival overgrowth? A cross-sectional
study. Dent Res J (Isfahan) 11, 579-84.

59

Bao, S., Ouyang, G., Bai, X., Huang, Z., Ma, C., Liu, M., Shao, R., Anderson, R. M.,
Rich, J. N. and Wang, X. F. (2004). Periostin potently promotes metastatic growth of
colon cancer by augmenting cell survival via the Akt/PKB pathway. Cancer Cell 5, 32939.
Baril, P., Gangeswaran, R., Mahon, P. C., Caulee, K., Kocher, H. M., Harada, T.,
Zhu, M., Kalthoff, H., Crnogorac-Jurcevic, T. and Lemoine, N. R. (2007). Periostin
promotes invasiveness and resistance of pancreatic cancer cells to hypoxia-induced cell
death: role of the beta4 integrin and the PI3k pathway. Oncogene 26, 2082-94.
Barrientos, S., Stojadinovic, O., Golinko, M. S., Brem, H. and Tomic-Canic, M.
(2008). Growth factors and cytokines in wound healing. Wound Repair Regen 16, 585601.
Bartold, P. M. (1987). Proteoglycans of the periodontium: structure, role and function. J
Periodontal Res 22, 431-44.
Bartold, P. M., Walsh, L. J. and Narayanan, A. S. (2000). Molecular and cell biology
of the gingiva. Periodontol 2000 24, 28-55.
Basu, A., Kligman, L. H., Samulewicz, S. J. and Howe, C. C. (2001). Impaired wound
healing in mice deficient in a matricellular protein SPARC (osteonectin, BM-40). BMC
Cell Biol 2, 15.
Beningo, K. A., Dembo, M., Kaverina, I., Small, J. V. and Wang, Y. L. (2001).
Nascent focal adhesions are responsible for the generation of strong propulsive forces in
migrating fibroblasts. J Cell Biol 153, 881-8.
Berrier, A. L. and Yamada, K. M. (2007). Cell-matrix adhesion. J Cell Physiol 213,
565-573.
Birkedal-Hansen, H., Moore, W. G., Bodden, M. K., Windsor, L. J., BirkedalHansen, B., DeCarlo, A. and Engler, J. A. (1993). Matrix metalloproteinases: a review.
Crit Rev Oral Biol Med 4, 197-250.
Bitu, C. C., Sobral, L. M., Kellermann, M. G., Martelli-Junior, H., Zecchin, K. G.,
Graner, E. and Coletta, R. D. (2006). Heterogeneous presence of myofibroblasts in
hereditary gingival fibromatosis. J Clin Periodontol 33, 393-400.
Blobe, G. C., Schiemann, W. P. and Lodish, H. F. (2000). Role of transforming growth
factor beta in human disease. N Engl J Med 342, 1350-1358.
Bornstein, P. and Sage, E. H. (2002). Matricellular proteins: extracellular modulators of
cell function. Curr Opin Cell Biol 14, 608-16.
Borradori, L. and Sonnenberg, A. (1999). Structure and function of hemidesmosomes:
more than simple adhesion complexes. J Invest Dermatol 112, 411-8.

60

Bosshardt, D. D. and Lang, N. P. (2005). The junctional epithelium: from health to
disease. J Dent Res 84, 9-20.
Bosshardt, D. D. and Selvig, K. A. (1997). Dental cementum: the dynamic tissue
covering of the root. Periodontol 2000 13, 41-75.
Bostrom, H., Willetts, K., Pekny, M., Leveen, P., Lindahl, P., Hedstrand, H., Pekna,
M., Hellstrom, M., Gebre-Medhin, S., Schalling, M. et al. (1996). PDGF-A signaling
is a critical event in lung alveolar myofibroblast development and alveogenesis. Cell 85,
863-73.
Bottinger, E. P., Letterio, J. J. and Roberts, A. B. (1997). Biology of TGF-beta in
knockout and transgenic mouse models. Kidney Int 51, 1355-60.
Bredfeldt, G. W. (1992). Phenytoin-induced hyperplasia found in edentulous patients. J
Am Dent Assoc 123, 61-4.
Brew, K., Dinakarpandian, D. and Nagase, H. (2000). Tissue inhibitors of
metalloproteinases: evolution, structure and function. Biochim Biophys Acta 1477, 267283.
Bronson, R. E., Argenta, J. G., Siebert, E. P. and Bertolami, C. N. (1988). Distinctive
fibroblastic subpopulations in skin and oral mucosa demonstrated by differences in
glycosaminoglycan content. In Vitro Cell Dev Biol 24, 1121-6.
Brown, R. S., Beaver, W. T. and Bottomley, W. K. (1991). On the mechanism of druginduced gingival hyperplasia. J Oral Pathol Med 20, 201-209.
Brunette, D. M. (1986). Fibroblasts on micromachined substrata orient hierarchically to
grooves of different dimensions. Exp Cell Res 164, 11-26.
Butcher, J. T., Norris, R. A., Hoffman, S., Mjaatvedt, C. H. and Markwald, R. R.
(2007). Periostin promotes atrioventricular mesenchyme matrix invasion and remodeling
mediated by integrin signaling through Rho/PI 3-kinase. Dev Biol 302, 256-66.
Campos, A. C., Groth, A. K. and Branco, A. B. (2008). Assessment and nutritional
aspects of wound healing. Curr Opin Clin Nutr Metab Care 11, 281-8.
Cao, Z., Said, N., Amin, S., Wu, H. K., Bruce, A., Garate, M., Hsu, D. K.,
Kuwabara, I., Liu, F. T. and Panjwani, N. (2002). Galectins-3 and -7, but not galectin1, play a role in re-epithelialization of wounds. J Biol Chem 277, 42299-305.
Chai, Y., Jiang, X., Ito, Y., Bringas, P., Jr., Han, J., Rowitch, D. H., Soriano, P.,
McMahon, A. P. and Sucov, H. M. (2000). Fate of the mammalian cranial neural crest
during tooth and mandibular morphogenesis. Development 127, 1671-9.
Charles, J. F. and Aliprantis, A. O. (2014). Osteoclasts: more than 'bone eaters'. Trends
Mol Med 20, 449-59.

61

Chehroudi, B., Gould, T. R. and Brunette, D. M. (1992). The role of connective tissue
in inhibiting epithelial downgrowth on titanium-coated percutaneous implants. J Biomed
Mater Res 26, 493-515.
Chen, W., Fu, X., Ge, S., Sun, T., Zhou, G., Jiang, D. and Sheng, Z. (2005). Ontogeny
of expression of transforming growth factor-β and its receptors and their possible
relationship with scarless healing in human fetal skin. Wound Repair Regen 13, 68-75.
Choi, C. K., Vicente-Manzanares, M., Zareno, J., Whitmore, L. A., Mogilner, A. and
Horwitz, A. R. (2008). Actin and alpha-actinin orchestrate the assembly and maturation
of nascent adhesions in a myosin II motor-independent manner. Nat Cell Biol 10, 103950.
Cicchini, C., Laudadio, I., Citarella, F., Corazzari, M., Steindler, C., Conigliaro, A.,
Fantoni, A., Amicone, L. and Tripodi, M. (2008). TGFbeta-induced EMT requires
focal adhesion kinase (FAK) signaling. Exp Cell Res 314, 143-52.
Clark, P., Connolly, P., Curtis, A. S., Dow, J. A. and Wilkinson, C. D. (1990).
Topographical control of cell behaviour: II. Multiple grooved substrata. Development
108, 635-44.
Clark, R. A. F. (1988). Overview and General Considerations of Wound Repair. In The
Molecular and Cellular Biology of Wound Repair, 10.1007/978-1-4615-1795-5_1 (eds
R. A. F. Clark and P. M. Henson), pp. 3-33. New York: Plenum Press.
Clark, R. A. F. (1996). Overview and General Considerations of Wound Repair. In The
molecular and cellular biology of wound repair, (ed. R. A. F. Clark), pp. 3-50. New
York: Plenum Press.
Colwell, A. S., Krummel, T. M., Longaker, M. T. and Lorenz, H. P. (2006). An in
vivo mouse excisional wound model of scarless healing. Plast Reconstr Surg 117, 22926.
Colwell, A. S., Longaker, M. T. and Lorenz, H. P. (2005). Mammalian fetal organ
regeneration. Adv Biochem Eng Biotechnol 93, 83-100.
Cowin, A. J., Holmes, T. M., Brosnan, P. and Ferguson, M. W. (2001). Expression of
TGF-beta and its receptors in murine fetal and adult dermal wounds. Eur J Dermatol 11,
424-31.
Crawford, J. M. and Watanabe, K. (1994). Cell adhesion molecules in inflammation
and immunity: relevance to periodontal diseases. Crit Rev Oral Biol Med 5, 91-123.
Darby, I., Skalli, O. and Gabbiani, G. (1990). Alpha-smooth muscle actin is transiently
expressed by myofibroblasts during experimental wound healing. Lab Invest 63, 21-9.

62

DeMali, K. A., Balciunaite, E. and Kazlauskas, A. (1999). Integrins enhance plateletderived growth factor (PDGF)-dependent responses by altering the signal relay enzymes
that are recruited to the PDGF beta receptor. J Biol Chem 274, 19551-8.
De Rosa, L. and De Luca, M. (2012). Cell biology: Dormant and restless skin stem
cells. Nature 489, 215-7.
Desmouliere, A. and Gabbiani, G. (1994). Modulation of fibroblastic cytoskeletal
features during pathological situations: the role of extracellular matrix and cytokines. Cell
Motil Cytoskeleton 29, 195-203.
Desmouliere, A., Geinoz, A., Gabbiani, F. and Gabbiani, G. (1993). Transforming
growth factor-beta 1 induces alpha-smooth muscle actin expression in granulation tissue
myofibroblasts and in quiescent and growing cultured fibroblasts. J Cell Biol 122, 103111.
Desmouliere, A., Redard, M., Darby, I. and Gabbiani, G. (1995). Apoptosis mediates
the decrease in cellularity during the transition between granulation tissue and scar. Am J
Pathol 146, 56-66.
Diegelmann, R. F. and Evans, M. C. (2004). Wound healing: an overview of acute,
fibrotic and delayed healing. Front Biosci 9, 283-9.
Dill, R. E. and Iacopino, A. M. (1997). Myofibroblasts in phenytoin-induced
hyperplastic connective tissue in the rat and in human gingival overgrowth. J Periodontol
68, 375-380.
Dixon, R. D., Chen, Y., Ding, F., Khare, S. D., Prutzman, K. C., Schaller, M. D.,
Campbell, S. L. and Dokholyan, N. V. (2004). New insights into FAK signaling and
localization based on detection of a FAT domain folding intermediate. Structure 12,
2161-71.
Dongari-Bagtzoglou, A. (2004). Drug-associated gingival enlargement. J Periodontol
75, 1424-31.
Durani, P., Occleston, N., O'Kane, S. and Ferguson, M. W. (2008). Avotermin: a
novel antiscarring agent. Int J Low Extrem Wounds 7, 160-8.
Elliott, C. G. and Hamilton, D. W. (2011). Deconstructing fibrosis research: do profibrotic signals point the way for chronic dermal wound regeneration? J Cell Commun
Signal 5, 301-15.
Elliott, C. G., Kim, S. S. and Hamilton, D. W. (2012a). Functional significance of
periostin in excisional skin repair: Is the devil in the detail? Cell Adh Migr 6, 319-26.
Elliott, C. G., Wang, J., Guo, X., Xu, S. W., Eastwood, M., Guan, J., Leask, A.,
Conway, S. J. and Hamilton, D. W. (2012b). Periostin modulates myofibroblast
differentiation during full-thickness cutaneous wound repair. J Cell Sci 125, 121-32.

63

Erkan, M., Kleeff, J., Gorbachevski, A., Reiser, C., Mitkus, T., Esposito, I., Giese,
T., Buchler, M. W., Giese, N. A. and Friess, H. (2007). Periostin creates a tumorsupportive microenvironment in the pancreas by sustaining fibrogenic stellate cell
activity. Gastroenterology 132, 1447-64.
Esposito, M., Grusovin, M. G., Chew, Y. S., Coulthard, P. and Worthington, H. V.
(2009). One-stage versus two-stage implant placement. A Cochrane systematic review of
randomised controlled clinical trials. Eur J Oral Implantol 2, 91-9.
Estes, J. M., Vande Berg, J. S., Adzick, N. S., MacGillivray, T. E., Desmouliere, A.
and Gabbiani, G. (1994). Phenotypic and functional features of myofibroblasts in sheep
fetal wounds. Differentiation 56, 173-81.
Favata, M., Beredjiklian, P. K., Zgonis, M. H., Beason, D. P., Crombleholme, T. M.,
Jawad, A. F. and Soslowsky, L. J. (2006). Regenerative properties of fetal sheep tendon
are not adversely affected by transplantation into an adult environment. J Orthop Res 24,
2124-32.
Feng, X. (2009). Chemical and Biochemical Basis of Cell-Bone Matrix Interaction in
Health and Disease. Curr Chem Biol 3, 189-196.
Foster, B. L. (2012). Methods for studying tooth root cementum by light microscopy. Int
J Oral Sci 4, 119-28.
Fournier, B. P., Larjava, H. and Hakkinen, L. (2013). Gingiva as a source of stem
cells with therapeutic potential. Stem Cells Dev 22, 3157-77.
Gabbiani, G. (2003). The myofibroblast in wound healing and fibrocontractive diseases.
J Pathol 200, 500-3.
Gabbiani, G., Hirschel, B. J., Ryan, G. B., Statkov, P. R. and Majno, G. (1972).
Granulation tissue as a contractile organ. A study of structure and function. J Exp Med
135, 719-34.
Gailit, J., Xu, J., Bueller, H. and Clark, R. A. (1996). Platelet-derived growth factor
and inflammatory cytokines have differential effects on the expression of integrins alpha
1 beta 1 and alpha 5 beta 1 by human dermal fibroblasts in vitro. J Cell Physiol 169, 2819.
Gardel, M. L., Schneider, I. C., Aratyn-Schaus, Y. and Waterman, C. M. (2010).
Mechanical integration of actin and adhesion dynamics in cell migration. Annu Rev Cell
Dev Biol 26, 315-33.
Gauglitz, G. G., Korting, H. C., Pavicic, T., Ruzicka, T. and Jeschke, M. G. (2011).
Hypertrophic Scarring and Keloids: Pathomechanisms and Current and Emerging
Treatment Strategies. Mol Med 17, 113-25.

64

Giachelli, C. M., Lombardi, D., Johnson, R. J., Murry, C. E. and Almeida, M.
(1998). Evidence for a role of osteopontin in macrophage infiltration in response to
pathological stimuli in vivo. Am J Pathol 152, 353-8.
Gill, S. E. and Parks, W. C. (2008). Metalloproteinases and Their Inhibitors: Regulators
of Wound Healing. Int J Biochem Cell Biol 40, 1334-47.
Glim, J. E., van Egmond, M., Niessen, F. B., Everts, V. and Beelen, R. H. (2013).
Detrimental dermal wound healing: what can we learn from the oral mucosa? Wound
Repair Regen 21, 648-60.
Goetsch, S. C., Hawke, T. J., Gallardo, T. D., Richardson, J. A. and Garry, D. J.
(2003). Transcriptional profiling and regulation of the extracellular matrix during muscle
regeneration. Physiol Genomics 14, 261-71.
Grossner-Schreiber, B., Herzog, M., Hedderich, J., Duck, A., Hannig, M. and
Griepentrog, M. (2006). Focal adhesion contact formation by fibroblasts cultured on
surface-modified dental implants: an in vitro study. Clin Oral Implants Res 17, 736-45.
Guerrot, D., Dussaule, J. C., Mael-Ainin, M., Xu-Dubois, Y. C., Rondeau, E.,
Chatziantoniou, C. and Placier, S. (2012). Identification of periostin as a critical
marker of progression/reversal of hypertensive nephropathy. PLoS One 7, e31974.
Guo, F., Carter, D. E., Mukhopadhyay, A. and Leask, A. (2011). Gingival Fibroblasts
Display Reduced Adhesion and Spreading on Extracellular Matrix: A Possible Basis for
Scarless Tissue Repair? PLoS ONE 6, e27097.
Guo, S. and Dipietro, L. A. (2010). Factors affecting wound healing. J Dent Res 89,
219-29.
Gurtner, G. C., Werner, S., Barrandon, Y. and Longaker, M. T. (2008). Wound
repair and regeneration. Nature 453, 314-321.
Hakkinen, L., Oksala, O., Salo, T., Rahemtulla, F. and Larjava, H. (1993).
Immunohistochemical localization of proteoglycans in human periodontium. J Histochem
Cytochem 41, 1689-99.
Hamilton, D. W. (2008). Functional role of periostin in development and wound repair:
implications for connective tissue disease. J Cell Commun Signal 2, 9-17.
Hamilton, D. W. and Brunette, D. M. (2007). The effect of substratum topography on
osteoblast adhesion mediated signal transduction and phosphorylation. Biomaterials 28,
1806-1819.
Hamilton, D. W., Chehroudi, B. and Brunette, D. M. (2007). Comparative response of
epithelial cells and osteoblasts to microfabricated tapered pit topographies in vitro and in
vivo. Biomaterials 28, 2281-93.

65

Hamilton, D. W., Wong, K. S. and Brunette, D. M. (2006). Microfabricated
discontinuous-edge surface topographies influence osteoblast adhesion, migration,
cytoskeletal organization, and proliferation and enhance matrix and mineral deposition in
vitro. Calcif Tissue Int 78, 314-25.
Hammarstrom, L. and Lindskog, S. (1985). General morphological aspects of
resorption of teeth and alveolar bone. Int Endod J 18, 93-108.
Hassell, T. M. and Hefti, A. F. (1991). Drug-induced gingival overgrowth: old problem,
new problem. Crit Rev Oral Biol Med 2, 103-37.
Hayashi, H., Abdollah, S., Qiu, Y., Cai, J., Xu, Y. Y., Grinnell, B. W., Richardson,
M. A., Topper, J. N., Gimbrone, M. A., Jr., Wrana, J. L. et al. (1997). The MADrelated protein Smad7 associates with the TGFbeta receptor and functions as an
antagonist of TGFbeta signaling. Cell 89, 1165-73.
Heasman, P. A. and Hughes, F. J. (2014). Drugs, medications and periodontal disease.
Br Dent J 217, 411-9.
Hinz, B. (2006). Masters and servants of the force: the role of matrix adhesions in
myofibroblast force perception and transmission. Eur J Cell Biol 85, 175-81.
Hinz, B. (2007). Formation and function of the myofibroblast during tissue repair. J
Invest Dermatol 127, 526-37.
Hinz, B. (2009). Tissue stiffness, latent TGF-beta1 activation, and mechanical signal
transduction: implications for the pathogenesis and treatment of fibrosis. Curr Rheumatol
Rep 11, 120-6.
Hinz, B. (2010). The myofibroblast: paradigm for a mechanically active cell. J Biomech
43, 146-55.
Hinz, B. (2012). Mechanical aspects of lung fibrosis: a spotlight on the myofibroblast.
Proc Am Thorac Soc 9, 137-47.
Hinz, B. and Gabbiani, G. (2003a). Cell-matrix and cell-cell contacts of myofibroblasts:
role in connective tissue remodeling. Thromb Haemost 90, 993-1002.
Hinz, B. and Gabbiani, G. (2003b). Mechanisms of force generation and transmission
by myofibroblasts. Curr Opin Biotechnol 14, 538-46.
Hinz, B., Phan, S. H., Thannickal, V. J., Galli, A., Bochaton-Piallat, M. L. and
Gabbiani, G. (2007). The myofibroblast: one function, multiple origins. Am J Pathol
170, 1807-16.
Hinz, B., Phan, S. H., Thannickal, V. J., Prunotto, M., Desmouliere, A., Varga, J.,
De Wever, O., Mareel, M. and Gabbiani, G. (2012). Recent developments in

66

myofibroblast biology: paradigms for connective tissue remodeling. Am J Pathol 180,
1340-55.
Hirani, R., Hanssen, E. and Gibson, M. A. (2007). LTBP-2 specifically interacts with
the amino-terminal region of fibrillin-1 and competes with LTBP-1 for binding to this
microfibrillar protein. Matrix Biol 26, 213-23.
Ho, S. P., Marshall, S. J., Ryder, M. I. and Marshall, G. W. (2007). The tooth
attachment mechanism defined by structure, chemical composition and mechanical
properties of collagen fibers in the periodontium. Biomaterials 28, 5238-45.
Humphries, J. D., Wang, P., Streuli, C., Geiger, B., Humphries, M. J. and
Ballestrem, C. (2007). Vinculin controls focal adhesion formation by direct interactions
with talin and actin. J Cell Biol 179, 1043-57.
Hur, D. G., Khalmuratova, R., Ahn, S. K., Ha, Y. S. and Min, Y. G. (2012). Roles of
periostin in symptom manifestation and airway remodeling in a murine model of allergic
rhinitis. Allergy Asthma Immunol Res 4, 222-30.
Ihara, S., Motobayashi, Y., Nagao, E. and Kistler, A. (1990). Ontogenetic transition of
wound healing pattern in rat skin occurring at the fetal stage. Development 110, 671-80.
Ilgenli, T., Atilla, G. and Baylas, H. (1999). Effectiveness of periodontal therapy in
patients with drug-induced gingival overgrowth. Long-term results. J Periodontol 70,
967-72.
Irwin, C. R., Picardo, M., Ellis, I., Sloan, P., Grey, A., McGurk, M. and Schor, S. L.
(1994). Inter- and intra-site heterogeneity in the expression of fetal-like phenotypic
characteristics by gingival fibroblasts: potential significance for wound healing. J Cell Sci
107 ( Pt 5), 1333-46.
Isogai, Z., Ono, R. N., Ushiro, S., Keene, D. R., Chen, Y., Mazzieri, R.,
Charbonneau, N. L., Reinhardt, D. P., Rifkin, D. B. and Sakai, L. Y. (2003). Latent
transforming growth factor beta-binding protein 1 interacts with fibrillin and is a
microfibril-associated protein. J Biol Chem 278, 2750-7.
Iyer, V. R., Eisen, M. B., Ross, D. T., Schuler, G., Moore, T., Lee, J. C., Trent, J. M.,
Staudt, L. M., Hudson, J., Jr., Boguski, M. S. et al. (1999). The transcriptional
program in the response of human fibroblasts to serum. Science 283, 83-7.
Jackson-Boeters, L., Wen, W. and Hamilton, D. W. (2009). Periostin localizes to cells
in normal skin, but is associated with the extracellular matrix during wound repair. J Cell
Commun Signal 3, 125-33.
Jaguin, M., Houlbert, N., Fardel, O. and Lecureur, V. (2013). Polarization profiles of
human M-CSF-generated macrophages and comparison of M1-markers in classically
activated macrophages from GM-CSF and M-CSF origin. Cell Immunol 281, 51-61.

67

Jun, J. I. and Lau, L. F. (2010). The matricellular protein CCN1 induces fibroblast
senescence and restricts fibrosis in cutaneous wound healing. Nature cell biology 12,
676-685.
Junker, J. P., Kratz, C., Tollback, A. and Kratz, G. (2008). Mechanical tension
stimulates the transdifferentiation of fibroblasts into myofibroblasts in human burn scars.
Burns 34, 942-6.
Kanno, C. M., Oliveira, J. A., Garcia, J. F., Castro, A. L. and Crivelini, M. M.
(2008). Effects of cyclosporin, phenytoin, and nifedipine on the synthesis and
degradation of gingival collagen in tufted capuchin monkeys (Cebus apella):
histochemical and MMP-1 and -2 and collagen I gene expression analyses. J Periodontol
79, 114-22.
Kataoka, M., Shimizu, Y., Kunikiyo, K., Asahara, Y., Azuma, H., Sawa, T., Kido, J.
and Nagata, T. (2001). Nifedipine induces gingival overgrowth in rats through a
reduction in collagen phagocytosis by gingival fibroblasts. J Periodontol 72, 1078-83.
Kataoka, M., Shimizu, Y., Kunikiyo, K., Asahara, Y., Yamashita, K., Ninomiya, M.,
Morisaki, I., Ohsaki, Y., Kido, J. I. and Nagata, T. (2000). Cyclosporin A decreases
the degradation of type I collagen in rat gingival overgrowth. J Cell Physiol 182, 351358.
Katsuragi, N., Morishita, R., Nakamura, N., Ochiai, T., Taniyama, Y., Hasegawa,
Y., Kawashima, K., Kaneda, Y., Ogihara, T. and Sugimura, K. (2004). Periostin as a
novel factor responsible for ventricular dilation. Circulation 110, 1806-13.
Kaur, G., Verhamme, K. M., Dieleman, J. P., Vanrolleghem, A., van Soest, E. M.,
Stricker, B. H. and Sturkenboom, M. C. (2010). Association between calcium channel
blockers and gingival hyperplasia. J Clin Periodontol 37, 625-630.
Keselowsky, B. G., Wang, L., Schwartz, Z., Garcia, A. J. and Boyan, B. D. (2007).
Integrin alpha(5) controls osteoblastic proliferation and differentiation responses to
titanium substrates presenting different roughness characteristics in a roughness
independent manner. J Biomed Mater Res A 80, 700-10.
Kii, I., Nishiyama, T., Li, M., Matsumoto, K., Saito, M., Amizuka, N. and Kudo, A.
(2010). Incorporation of tenascin-C into the extracellular matrix by periostin underlies an
extracellular meshwork architecture. J Biol Chem 285, 2028-39.
Kim, H., Murakami, H., Chehroudi, B., Textor, M. and Brunette, D. M. (2006).
Effects of surface topography on the connective tissue attachment to subcutaneous
implants. Int J Oral Maxillofac Implants 21, 354-65.
Kim, J. E., Jeong, H. W., Nam, J. O., Lee, B. H., Choi, J. Y., Park, R. W., Park, J. Y.
and Kim, I. S. (2002). Identification of motifs in the fasciclin domains of the
transforming growth factor-beta-induced matrix protein betaig-h3 that interact with the
alphavbeta5 integrin. J Biol Chem 277, 46159-65.

68

Kokubu, E., Hamilton, D. W., Inoue, T. and Brunette, D. M. (2009). Modulation of
human gingival fibroblast adhesion, morphology, tyrosine phosphorylation, and ERK 1/2
localization on polished, grooved and SLA substratum topographies. J Biomed Mater Res
A 91, 663-70.
Kretzschmar, M., Doody, J., Timokhina, I. and Massague, J. (1999). A mechanism of
repression of TGFbeta/ Smad signaling by oncogenic Ras. Genes Dev 13, 804-16.
Kruzynska-Frejtag, A., Wang, J., Maeda, M., Rogers, R., Krug, E., Hoffman, S.,
Markwald, R. R. and Conway, S. J. (2004). Periostin is expressed within the
developing teeth at the sites of epithelial-mesenchymal interaction. Dev Dyn 229, 857868.
Kudo, A. (2011). Periostin in fibrillogenesis for tissue regeneration: periostin actions
inside and outside the cell. Cell Mol Life Sci 68, 3201-7.
Kuhn, B., del Monte, F., Hajjar, R. J., Chang, Y. S., Lebeche, D., Arab, S. and
Keating, M. T. (2007). Periostin induces proliferation of differentiated cardiomyocytes
and promotes cardiac repair. Nat Med 13, 962-9.
Kulkarni, A. B. and Karlsson, S. (1993). Transforming growth factor-beta 1 knockout
mice. A mutation in one cytokine gene causes a dramatic inflammatory disease. Am J
Pathol 143, 3-9.
Kyriakides, T. R. and Bornstein, P. (2003). Matricellular proteins as modulators of
wound healing and the foreign body response. Thromb Haemost 90, 986-92.
Kyriakides, T. R., Rojnuckarin, P., Reidy, M. A., Hankenson, K. D.,
Papayannopoulou, T., Kaushansky, K. and Bornstein, P. (2003). Megakaryocytes
require thrombospondin-2 for normal platelet formation and function. Blood 101, 391523.
Kyriakides, T. R., Tam, J. W. and Bornstein, P. (1999). Accelerated wound healing in
mice with a disruption of the thrombospondin 2 gene. J Invest Dermatol 113, 782-7.
Lagares, D., Busnadiego, O., Garcia-Fernandez, R. A., Kapoor, M., Liu, S., Carter,
D. E., Abraham, D., Shi-Wen, X., Carreira, P., Fontaine, B. A. et al. (2012).
Inhibition of focal adhesion kinase prevents experimental lung fibrosis and myofibroblast
formation. Arthritis Rheum 64, 1653-64.
Larjava, H., Haapasalmi, K., Salo, T., Wiebe, C. and Uitto, V. J. (1996). Keratinocyte
integrins in wound healing and chronic inflammation of the human periodontium. Oral
Dis 2, 77-86.
Larjava, H., Wiebe, C., Gallant-Behm, C., Hart, D. A., Heino, J. and Hakkinen, L.
(2011). Exploring scarless healing of oral soft tissues. J Can Dent Assoc 77, b18.

69

Larson, B. J., Longaker, M. T. and Lorenz, H. P. (2010). Scarless fetal wound healing:
a basic science review. Plast Reconstr Surg 126, 1172-80.
Lawson, C., Lim, S. T., Uryu, S., Chen, X. L., Calderwood, D. A. and Schlaepfer, D.
D. (2012). FAK promotes recruitment of talin to nascent adhesions to control cell
motility. J Cell Biol 196, 223-32.
Leask, A. (2008). Targeting the TGFbeta, endothelin-1 and CCN2 axis to combat fibrosis
in scleroderma. Cellular signalling 20, 1409-1414.
Leask, A. (2010). Potential therapeutic targets for cardiac fibrosis: TGFbeta, angiotensin,
endothelin, CCN2, and PDGF, partners in fibroblast activation. Circ Res 106, 1675-80.
Leask, A. (2013). Focal Adhesion Kinase: A Key Mediator of Transforming Growth
Factor Beta Signaling in Fibroblasts. Adv Wound Care (New Rochelle) 2, 247-9.
Leask, A. and Abraham, D. J. (2004). TGF-beta signaling and the fibrotic response.
FASEB J 18, 816-27.
Li, G., Jin, R., Norris, R. A., Zhang, L., Yu, S., Wu, F., Markwald, R. R., Nanda, A.,
Conway, S. J., Smyth, S. S. et al. (2010). Periostin mediates vascular smooth muscle
cell migration through the integrins alphavbeta3 and alphavbeta5 and focal adhesion
kinase (FAK) pathway. Atherosclerosis 208, 358-65.
Li, G., Oparil, S., Sanders, J. M., Zhang, L., Dai, M., Chen, L. B., Conway, S. J.,
McNamara, C. A. and Sarembock, I. J. (2006). Phosphatidylinositol-3-kinase signaling
mediates vascular smooth muscle cell expression of periostin in vivo and in vitro.
Atherosclerosis 188, 292-300.
Liaw, L., Birk, D. E., Ballas, C. B., Whitsitt, J. S., Davidson, J. M. and Hogan, B. L.
(1998). Altered wound healing in mice lacking a functional osteopontin gene (spp1). J
Clin Invest 101, 1468-78.
Lindahl, P., Johansson, B. R., Leveen, P. and Betsholtz, C. (1997). Pericyte loss and
microaneurysm formation in PDGF-B-deficient mice. Science 277, 242-5.
Lindner, V., Wang, Q., Conley, B. A., Friesel, R. E. and Vary, C. P. (2005). Vascular
injury induces expression of periostin: implications for vascular cell differentiation and
migration. Arterioscler Thromb Vasc Biol 25, 77-83.
Litvin, J., Selim, A. H., Montgomery, M. O., Lehmann, K., Rico, M. C., Devlin, H.,
Bednarik, D. P. and Safadi, F. F. (2004). Expression and function of periostin-isoforms
in bone. J Cell Biochem 92, 1044-61.
Liu, F. T. and Hsu, D. K. (2007). The role of galectin-3 in promotion of the
inflammatory response. Drug News Perspect 20, 455-60.

70

Liu, S., Kapoor, M., Denton, C. P., Abraham, D. J. and Leask, A. (2009a). Loss of
beta1 integrin in mouse fibroblasts results in resistance to skin scleroderma in a mouse
model. Arthritis Rheum 60, 2817-21.
Liu, S., Shi-wen, X., Abraham, D. J. and Leask, A. (2011). CCN2 is required for
bleomycin-induced skin fibrosis in mice. Arthritis Rheum 63, 239-246.
Liu, S., Xu, S. W., Blumbach, K., Eastwood, M., Denton, C. P., Eckes, B., Krieg, T.,
Abraham, D. J. and Leask, A. (2010). Expression of integrin beta1 by fibroblasts is
required for tissue repair in vivo. J Cell Sci 123, 3674-3682.
Liu, S., Xu, S. W., Kennedy, L., Pala, D., Chen, Y., Eastwood, M., Carter, D. E.,
Black, C. M., Abraham, D. J. and Leask, A. (2007). FAK is required for TGFbetainduced JNK phosphorylation in fibroblasts: implications for acquisition of a matrixremodeling phenotype. Mol Biol Cell 18, 2169-78.
Liu, Y., Min, D., Bolton, T., Nubé, V., Twigg, S. M., Yue, D. K. and McLennan, S. V.
(2009b). Increased Matrix Metalloproteinase-9 Predicts Poor Wound Healing in Diabetic
Foot Ulcers. Diabetes Care 32, 117-9.
Livada, R. and Shiloah, J. (2014). Calcium channel blocker-induced gingival
enlargement. J Hum Hypertens 28, 10-4.
Lorenz, H. P., Lin, R. Y., Longaker, M. T., Whitby, D. J. and Adzick, N. S. (1995).
The fetal fibroblast: the effector cell of scarless fetal skin repair. Plast Reconstr Surg 96,
1251-9; discussion 1260-1.
Lorenz, H. P., Whitby, D. J., Longaker, M. T. and Adzick, N. S. (1993). Fetal wound
healing. The ontogeny of scar formation in the non-human primate. Ann Surg 217, 391-6.
Lygoe, K. A., Wall, I., Stephens, P. and Lewis, M. P. (2007). Role of vitronectin and
fibronectin receptors in oral mucosal and dermal myofibroblast differentiation. Biol Cell
99, 601-614.
Madlener, M., Parks, W. C. and Werner, S. (1998). Matrix metalloproteinases
(MMPs) and their physiological inhibitors (TIMPs) are differentially expressed during
excisional skin wound repair. Exp Cell Res 242, 201-10.
Mael-Ainin, M., Abed, A., Conway, S. J., Dussaule, J. C. and Chatziantoniou, C.
(2014). Inhibition of periostin expression protects against the development of renal
inflammation and fibrosis. J Am Soc Nephrol 25, 1724-36.
Mah, W., Jiang, G., Olver, D., Cheung, G., Kim, B., Larjava, H. and Hakkinen, L.
(2014). Human gingival fibroblasts display a non-fibrotic phenotype distinct from skin
fibroblasts in three-dimensional cultures. PLoS One 9, e90715.
Mak, K., Manji, A., Gallant-Behm, C., Wiebe, C., Hart, D. A., Larjava, H. and
Hakkinen, L. (2009). Scarless healing of oral mucosa is characterized by faster

71

resolution of inflammation and control of myofibroblast action compared to skin wounds
in the red Duroc pig model. J Dermatol Sci 56, 168-80.
Mariani, G., Calastrini, C., Carinci, F., Bergamini, L., Calastrini, F. and Stabellini,
G. (1996). Ultrastructural and histochemical features of the ground substance in
cyclosporin A-induced gingival overgrowth. J Periodontol 67, 21-7.
Martelli, H., Jr., Santos, S. M., Guimaraes, A. L., Paranaiba, L. M., Laranjeira, A.
L., Coletta, R. D. and Bonan, P. R. (2010). Idiopathic gingival fibromatosis: description
of two cases. Minerva stomatologica 59, 143-148.
Maruhashi, T., Kii, I., Saito, M. and Kudo, A. (2010). Interaction between periostin
and BMP-1 promotes proteolytic activation of lysyl oxidase. J Biol Chem 285, 13294303.
Massague, J., Seoane, J. and Wotton, D. (2005). Smad transcription factors. Genes Dev
19, 2783-810.
Massaro, C., Rotolo, P., De Riccardis, F., Milella, E., Napoli, A., Wieland, M.,
Textor, M., Spencer, N. D. and Brunette, D. M. (2002). Comparative investigation of
the surface properties of commercial titanium dental implants. Part I: chemical
composition. J Mater Sci Mater Med 13, 535-48.
Mauviel, A., Chung, K. Y., Agarwal, A., Tamai, K. and Uitto, J. (1996). Cell-specific
induction of distinct oncogenes of the Jun family is responsible for differential regulation
of collagenase gene expression by transforming growth factor-beta in fibroblasts and
keratinocytes. J Biol Chem 271, 10917-23.
McCulloch, C. A. (2004). Drug-induced fibrosis: interference with the intracellular
collagen degradation pathway. Curr Opin Drug Discov Devel 7, 720-4.
McCulloch, C. A. and Knowles, G. C. (1993). Deficiencies in collagen phagocytosis by
human fibroblasts in vitro: a mechanism for fibrosis? J Cell Physiol 155, 461-71.
McKleroy, W., Lee, T. H. and Atabai, K. (2013). Always cleave up your mess:
targeting collagen degradation to treat tissue fibrosis. Am J Physiol Lung Cell Mol
Physiol 304, L709-21.
Meran, S., Thomas, D., Stephens, P., Martin, J., Bowen, T., Phillips, A. and
Steadman, R. (2007). Involvement of hyaluronan in regulation of fibroblast phenotype. J
Biol Chem 282, 25687-97.
Midwood, K. S., Williams, L. V. and Schwarzbauer, J. E. (2004). Tissue repair and
the dynamics of the extracellular matrix. Int J Biochem Cell Biol 36, 1031-7.
Mimura, Y., Ihn, H., Jinnin, M., Asano, Y., Yamane, K. and Tamaki, K. (2005).
Constitutive phosphorylation of focal adhesion kinase is involved in the myofibroblast
differentiation of scleroderma fibroblasts. J Invest Dermatol 124, 886-92.

72

Miragliotta, V., Pirone, A., Donadio, E., Abramo, F., Ricciardi, M. P. and Theoret,
C. L. (2014). Osteopontin expression in healing wounds of horses and in human keloids.
Equine Vet J 10.1111/evj.12372.
Mitra, S. K. and Schlaepfer, D. D. (2006). Integrin-regulated FAK-Src signaling in
normal and cancer cells. Curr Opin Cell Biol 18, 516-23.
Munger, J. S., Harpel, J. G., Gleizes, P. E., Mazzieri, R., Nunes, I. and Rifkin, D. B.
(1997). Latent transforming growth factor-beta: structural features and mechanisms of
activation. Kidney Int 51, 1376-82.
Murphy-Ullrich, J. E. and Sage, E. H. (2014). Revisiting the matricellular concept.
Matrix Biol 37, 1-14.
Naik, P. K., Bozyk, P. D., Bentley, J. K., Popova, A. P., Birch, C. M., Wilke, C. A.,
Fry, C. D., White, E. S., Sisson, T. H., Tayob, N. et al. (2012). Periostin promotes
fibrosis and predicts progression in patients with Idiopathic Pulmonary Fibrosis. Am J
Physiol Lung Cell Mol Physiol 303, L1046-56.
Nakao, A., Afrakhte, M., Moren, A., Nakayama, T., Christian, J. L., Heuchel, R.,
Itoh, S., Kawabata, M., Heldin, N. E., Heldin, C. H. et al. (1997). Identification of
Smad7, a TGFbeta-inducible antagonist of TGF-beta signalling. Nature 389, 631-5.
Nakazawa, T., Nakajima, A., Seki, N., Okawa, A., Kato, M., Moriya, H., Amizuka,
N., Einhorn, T. A. and Yamazaki, M. (2004). Gene expression of periostin in the early
stage of fracture healing detected by cDNA microarray analysis. J Orthop Res 22, 520-5.
Narani, N., Arora, P. D., Lew, A., Luo, L., Glogauer, M., Ganss, B. and McCulloch,
C. A. (1999). Transforming growth factor-beta induction of alpha-smooth muscle actin is
dependent on the deformability of the collagen matrix. Curr Top Pathol 93, 47-60.
Narayanan, A. S., Clagett, J. A. and Page, R. C. (1985). Effect of Inflammation on the
of Collagen Types, I, III, IV, and V and Type I Trimer and Fibronectin in Human
Gingivae. J Dent Res 64, 1111-1116.
Narayanan, A. S., Page, R. C. and Meyers, D. F. (1980). Characterization of collagens
of diseased human gingiva. Biochemistry 19, 5037-43.
Nery, E. B., Edson, R. G., Lee, K. K., Pruthi, V. K. and Watson, J. (1995). Prevalence
of nifedipine-induced gingival hyperplasia. J Periodontol 66, 572-8.
Nishiyama, T., Kii, I., Kashima, T. G., Kikuchi, Y., Ohazama, A., Shimazaki, M.,
Fukayama, M. and Kudo, A. (2011). Delayed re-epithelialization in periostin-deficient
mice during cutaneous wound healing. PLoS One 6, e18410.
Norris, R. A., Borg, T. K., Butcher, J. T., Baudino, T. A., Banerjee, I. and
Markwald, R. R. (2008a). Neonatal and adult cardiovascular pathophysiological
remodeling and repair: developmental role of periostin. Ann N Y Acad Sci 1123, 30-40.

73

Norris, R. A., Damon, B., Mironov, V., Kasyanov, V., Ramamurthi, A., MorenoRodriguez, R., Trusk, T., Potts, J. D., Goodwin, R. L., Davis, J. et al. (2007).
Periostin regulates collagen fibrillogenesis and the biomechanical properties of
connective tissues. J Cell Biochem 101, 695-711.
Norris, R. A., Moreno-Rodriguez, R. A., Sugi, Y., Hoffman, S., Amos, J., Hart, M.
M., Potts, J. D., Goodwin, R. L. and Markwald, R. R. (2008d). Periostin regulates
atrioventricular valve maturation. Dev Biol 316, 200-213.
Norris, R. A., Potts, J. D., Yost, M. J., Junor, L., Brooks, T., Tan, H., Hoffman, S.,
Hart, M. M., Kern, M. J., Damon, B. et al. (2009). Periostin promotes a fibroblastic
lineage pathway in atrioventricular valve progenitor cells. Dev Dyn 238, 1052-63.
Oakes, P. W., Beckham, Y., Stricker, J. and Gardel, M. L. (2012). Tension is required
but not sufficient for focal adhesion maturation without a stress fiber template. J Cell Biol
196, 363-74.
Oates, C. J., Wen, W. and Hamilton, D. W. (2011). Role of titanium surface
topography and surface wettability on focal adhesion kinase mediated signaling in
fibroblasts. Materials 4, 893-907.
Oka, T., Xu, J., Kaiser, R. A., Melendez, J., Hambleton, M., Sargent, M. A., Lorts,
A., Brunskill, E. W., Dorn, G. W., 2nd, Conway, S. J. et al. (2007). Genetic
manipulation of periostin expression reveals a role in cardiac hypertrophy and ventricular
remodeling. Circ Res 101, 313-21.
Oklu, R. and Hesketh, R. (2000). The latent transforming growth factor beta binding
protein (LTBP) family. Biochem J 352 Pt 3, 601-10.
Oktay, M., Wary, K. K., Dans, M., Birge, R. B. and Giancotti, F. G. (1999). Integrinmediated activation of focal adhesion kinase is required for signaling to Jun NH2terminal kinase and progression through the G1 phase of the cell cycle. J Cell Biol 145,
1461-9.
Oku, E., Kanaji, T., Takata, Y., Oshima, K., Seki, R., Morishige, S., Imamura, R.,
Ohtsubo, K., Hashiguchi, M., Osaki, K. et al. (2008). Periostin and bone marrow
fibrosis. Int J Hematol 88, 57-63.
Ontsuka, K., Kotobuki, Y., Shiraishi, H., Serada, S., Ohta, S., Tanemura, A., Yang,
L., Fujimoto, M., Arima, K., Suzuki, S. et al. (2012). Periostin, a matricellular protein,
accelerates cutaneous wound repair by activating dermal fibroblasts. Exp Dermatol 21,
331-6.
Papakonstantinou, E., Aletras, A. J., Roth, M., Tamm, M. and Karakiulakis, G.
(2003). Hypoxia modulates the effects of transforming growth factor-beta isoforms on
matrix-formation by primary human lung fibroblasts. Cytokine 24, 25-35.

74

Park, J. H., Wasilewski, C. E., Almodovar, N., Olivares-Navarrete, R., Boyan, B. D.,
Tannenbaum, R. and Schwartz, Z. (2012). The responses to surface wettability
gradients induced by chitosan nanofilms on microtextured titanium mediated by specific
integrin receptors. Biomaterials 33, 7386-93.
Parr, G. R., Gardner, L. K. and Toth, R. W. (1985). Titanium: the mystery metal of
implant dentistry. Dental materials aspects. J Prosthet Dent 54, 410-4.
Pastar, I., Stojadinovic, O., Krzyzanowska, A., Barrientos, S., Stuelten, C.,
Zimmerman, K., Blumenberg, M., Brem, H. and Tomic-Canic, M. (2010).
Attenuation of the transforming growth factor beta-signaling pathway in chronic venous
ulcers. Mol Med 16, 92-101.
Peng, H. and Herzog, E. L. (2012). Fibrocytes: emerging effector cells in chronic
inflammation. Curr Opin Pharmacol 12, 491-6.
Penn, J. W., Grobbelaar, A. O. and Rolfe, K. J. (2012). The role of the TGF-β family
in wound healing, burns and scarring: a review. Int J Burns Trauma 2, 18-28.
Piek, E., Westermark, U., Kastemar, M., Heldin, C. H., van Zoelen, E. J., Nister, M.
and Ten Dijke, P. (1999). Expression of transforming-growth-factor (TGF)-beta
receptors and Smad proteins in glioblastoma cell lines with distinct responses to TGFbeta1. Int J Cancer 80, 756-63.
Pisoschi, C., Stanciulescu, C. and Banita, M. (2012). Growth factors and connective
tissue homeostasis in periodontal disease. In Pathogenesis and Treatment of
Periodontitis, 10.5772/33669 (ed. N. Buduneli): InTech.
Pisoschi, C. G., Stanciulescu, C. E., Andrei, A. M., Berbecaru-Iovan, A., Munteanu,
C., Popescu, F. and Banita, I. M. (2014). Role of transforming growth factor betaconnective tissue growth factor pathway in dihydropyridine calcium channel blockersinduced gingival overgrowth. Rom J Morphol Embryol 55, 285-90.
Prowse, P. D., Elliott, C. G., Hutter, J. and Hamilton, D. W. (2013). Inhibition of Rac
and ROCK signalling influence osteoblast adhesion, differentiation and mineralization on
titanium topographies. PLoS One 8, e58898.
Rahimi, R. A. and Leof, E. B. (2007). TGF-beta signaling: a tale of two responses. J
Cell Biochem 102, 593-608.
Rao, L. G., Wang, H. M., Kalliecharan, R., Heersche, J. N. and Sodek, J. (1979).
Specific immunohistochemical localization of type I collagen in porcine periodontal
tissues using the peroxidase-labelled antibody technique. Histochem J 11, 73-82.
Rios, H., Koushik, S. V., Wang, H., Wang, J., Zhou, H. M., Lindsley, A., Rogers, R.,
Chen, Z., Maeda, M., Kruzynska-Frejtag, A. et al. (2005). periostin null mice exhibit
dwarfism, incisor enamel defects, and an early-onset periodontal disease-like phenotype.
Mol Cell Biol 25, 11131-44.

75

Rios, H. F., Ma, D., Xie, Y., Giannobile, W. V., Bonewald, L. F., Conway, S. J. and
Feng, J. Q. (2008). Periostin is essential for the integrity and function of the periodontal
ligament during occlusal loading in mice. J Periodontol 79, 1480-90.
Riveline, D., Zamir, E., Balaban, N. Q., Schwarz, U. S., Ishizaki, T., Narumiya, S.,
Kam, Z., Geiger, B. and Bershadsky, A. D. (2001). Focal contacts as mechanosensors:
externally applied local mechanical force induces growth of focal contacts by an mDia1dependent and ROCK-independent mechanism. J Cell Biol 153, 1175-86.
Roberts, A. B. and Sporn, M. B. (1993). Physiological actions and clinical applications
of transforming growth factor-beta (TGF-beta). Growth factors (Chur, Switzerland) 8, 19.
Rodriguez, P. G., Felix, F. N., Woodley, D. T. and Shim, E. K. (2008). The role of
oxygen in wound healing: a review of the literature. Dermatol Surg 34, 1159-69.
Ronnov-Jessen, L. and Petersen, O. W. (1996). A function for filamentous alphasmooth muscle actin: retardation of motility in fibroblasts. J Cell Biol 134, 67-80.
Ronnov-Jessen, L., Petersen, O. W. and Bissell, M. J. (1996). Cellular changes
involved in conversion of normal to malignant breast: importance of the stromal reaction.
Physiol Rev 76, 69-125.
Rubbia-Brandt, L., Sappino, A. P. and Gabbiani, G. (1991). Locally applied GM-CSF
induces the accumulation of alpha-smooth muscle actin containing myofibroblasts.
Virchows Arch B Cell Pathol Incl Mol Pathol 60, 73-82.
Rustad, K. C., Wong, V. W. and Gurtner, G. C. (2013). The role of focal adhesion
complexes in fibroblast mechanotransduction during scar formation. Differentiation 86,
87-91.
Sakagami, G., Sato, E., Sugita, Y., Kosaka, T., Kubo, K., Maeda, H. and
Kameyama, Y. (2006). Effects of nifedipine and interleukin-1alpha on the expression of
collagen, matrix metalloproteinase-1, and tissue inhibitor of metalloproteinase-1 in
human gingival fibroblasts. J Periodontal Res 41, 266-72.
Sakamoto, R., Nitta, T., Kamikawa, Y., Kono, S., Kamikawa, Y., Sugihara, K.,
Tsuyama, S. and Murata, F. (2002). Histochemical, immunohistochemical, and
ultrastructural studies of gingival fibromatosis: a case report. Med Electron Microsc 35,
248-54.
Sam, G. and Sebastian, S. C. (2014). Nonsurgical management of nifedipine induced
gingival overgrowth. Case Rep Dent 2014, 741402.
Schlaepfer, D. D. and Hunter, T. (1996). Evidence for in vivo phosphorylation of the
Grb2 SH2-domain binding site on focal adhesion kinase by Src-family protein-tyrosine
kinases. Mol Cell Biol 16, 5623-33.

76

Schneller, M., Vuori, K. and Ruoslahti, E. (1997). Alphavbeta3 integrin associates
with activated insulin and PDGFbeta receptors and potentiates the biological activity of
PDGF. EMBO J 16, 5600-7.
Schor, S. L., Ellis, I., Irwin, C. R., Banyard, J., Seneviratne, K., Dolman, C., Gilbert,
A. D. and Chisholm, D. M. (1996). Subpopulations of fetal-like gingival fibroblasts:
characterisation and potential significance for wound healing and the progression of
periodontal disease. Oral Dis 2, 155-66.
Schor, S. L. and Schor, A. M. (1987). Clonal heterogeneity in fibroblast phenotype:
implications for the control of epithelial-mesenchymal interactions. Bioessays 7, 200-4.
Schroeder, H. E. and Listgarten, M. A. (1997). The gingival tissues: the architecture of
periodontal protection. Periodontol 2000 13, 91-120.
Schultze-Mosgau, S., Blatz, M. B., Wehrhan, F., Schlegel, K. A., Thorwart, M. and
Holst, S. (2005). Principles and mechanisms of peri-implant soft tissue healing.
Quintessence Int 36, 759-69.
Schwartz, Z., Bell, B. F., Wang, L., Zhao, G., Olivares-Navarrete, R. and Boyan, B.
D. (2007). Beta-1 integrins mediate substrate dependent effects of 1alpha,25(OH)2D3 on
osteoblasts. J Steroid Biochem Mol Biol 103, 606-9.
Schwartz, Z., Lohmann, C. H., Vocke, A. K., Sylvia, V. L., Cochran, D. L., Dean, D.
D. and Boyan, B. D. (2001). Osteoblast response to titanium surface roughness and
1alpha,25-(OH)(2)D(3) is mediated through the mitogen-activated protein kinase
(MAPK) pathway. J Biomed Mater Res 56, 417-26.
Schwarz, F., Herten, M., Sager, M., Wieland, M., Dard, M. and Becker, J. (2007).
Histological and immunohistochemical analysis of initial and early subepithelial
connective tissue attachment at chemically modified and conventional SLA titanium
implants. A pilot study in dogs. Clin Oral Investig 11, 245-55.
Sciubba, J. J., Waterhouse, J. P. and Meyer, J. (1978). A fine structural comparison of
the healing of incisional wounds of mucosa and skin. J Oral Pathol 7, 214-27.
Sculean, A., Gruber, R. and Bosshardt, D. D. (2014). Soft tissue wound healing around
teeth and dental implants. J Clin Periodontol 41 Suppl 15, S6-22.
Serini, G., Bochaton-Piallat, M. L., Ropraz, P., Geinoz, A., Borsi, L., Zardi, L. and
Gabbiani, G. (1998). The fibronectin domain ED-A is crucial for myofibroblastic
phenotype induction by transforming growth factor-beta1. J Cell Biol 142, 873-81.
Shi, F. and Sottile, J. (2011). MT1-MMP regulates the turnover and endocytosis of
extracellular matrix fibronectin. J Cell Sci 124, 4039-50.
Shi-wen, X., Parapuram, S. K., Pala, D., Chen, Y., Carter, D. E., Eastwood, M.,
Denton, C. P., Abraham, D. J. and Leask, A. (2009). Requirement of transforming

77

growth factor beta-activated kinase 1 for transforming growth factor beta-induced alphasmooth muscle actin expression and extracellular matrix contraction in fibroblasts.
Arthritis Rheum 60, 234-41.
Shi-wen, X., Thompson, K., Khan, K., Liu, S., Murphy-Marshman, H., Baron, M.,
Denton, C. P., Leask, A. and Abraham, D. J. (2012). Focal adhesion kinase and
reactive oxygen species contribute to the persistent fibrotic phenotype of lesional
scleroderma fibroblasts. Rheumatology (Oxford) 51, 2146-54.
Shikata, H., Utsumi, N., Shimojima, T., Oda, Y. and Okada, Y. (1993). Increased
expression of type VI collagen genes in drug-induced gingival enlargement. FEBS Lett
334, 65-8.
Shimazaki, M., Nakamura, K., Kii, I., Kashima, T., Amizuka, N., Li, M., Saito, M.,
Fukuda, K., Nishiyama, T., Kitajima, S. et al. (2008). Periostin is essential for cardiac
healing after acute myocardial infarction. J Exp Med 205, 295-303.
Silverstein, L. H., Koch, J. P., Lefkove, M. D., Garnick, J. J., Singh, B. and Steflik,
D. E. (1995). Nifedipine-induced gingival enlargement around dental implants: a clinical
report. J Oral Implantol 21, 116-20.
Singer, A. J. and Clark, R. A. (1999). Cutaneous wound healing. N Engl J Med 341,
738-46.
Slemp, A. E. and Kirschner, R. E. (2006). Keloids and scars: a review of keloids and
scars, their pathogenesis, risk factors, and management. Curr Opin Pediatr 18, 396-402.
Smid, J. K., Faulkes, S. and Rudnicki, M. A. (2015). Periostin induces pancreatic
regeneration. Endocrinology 156, 824-36.
Sobral, L. M., Kellermann, M. G., Graner, E., Martelli-Junior, H. and Coletta, R. D.
(2010). Cyclosporin A-induced gingival overgrowth is not associated with myofibroblast
transdifferentiation. Braz Oral Res 24, 182-8.
Sonnylal, S., Shi-Wen, X., Leoni, P., Naff, K., Van Pelt, C. S., Nakamura, H., Leask,
A., Abraham, D., Bou-Gharios, G. and de Crombrugghe, B. (2010). Selective
expression of connective tissue growth factor in fibroblasts in vivo promotes systemic
tissue fibrosis. Arthritis Rheum 62, 1523-1532.
Stansfield, W. E., Andersen, N. M., Tang, R. H. and Selzman, C. H. (2009). Periostin
is a novel factor in cardiac remodeling after experimental and clinical unloading of the
failing heart. Ann Thorac Surg 88, 1916-21.
Steffensen, B., Duong, A. H., Milam, S. B., Potempa, C. L., Winborn, W. B.,
Magnuson, V. L., Chen, D., Zardeneta, G. and Klebe, R. J. (1992).
Immunohistological localization of cell adhesion proteins and integrins in the
periodontium. J Periodontol 63, 584-92.

78

Steinsvoll, S., Halstensen, T. S. and Schenck, K. (1999). Extensive expression of TGFbeta1 in chronically-inflamed periodontal tissue. J Clin Periodontol 26, 366-373.
Sullivan, M. M., Puolakkainen, P. A., Barker, T. H., Funk, S. E. and Sage, E. H.
(2008). Altered tissue repair in hevin-null mice: inhibition of fibroblast migration by a
matricellular SPARC homolog. Wound Repair Regen 16, 310-9.
Takagi, M., Yamamoto, H., Mega, H., Hsieh, K. J., Shioda, S. and Enomoto, S.
(1991). Heterogeneity in the gingival fibromatoses. Cancer 68, 2202-12.
Takayama, G., Arima, K., Kanaji, T., Toda, S., Tanaka, H., Shoji, S., McKenzie, A.
N., Nagai, H., Hotokebuchi, T. and Izuhara, K. (2006). Periostin: a novel component
of subepithelial fibrosis of bronchial asthma downstream of IL-4 and IL-13 signals. J
Allergy Clin Immunol 118, 98-104.
Tejnani, A., Gandevivala, A., Bhanushali, D. and Gourkhede, S. (2014). Combined
treatment for a combined enlargement. J Indian Soc Periodontol 18, 516-9.
Thannickal, V. J., Lee, D. Y., White, E. S., Cui, Z., Larios, J. M., Chacon, R.,
Horowitz, J. C., Day, R. M. and Thomas, P. E. (2003). Myofibroblast differentiation
by transforming growth factor-beta1 is dependent on cell adhesion and integrin signaling
via focal adhesion kinase. J Biol Chem 278, 12384-9.
Tipton, D. A., Fry, H. R. and Dabbous, M. K. (1994). Altered collagen metabolism in
nifedipine-induced gingival overgrowth. J Periodontal Res 29, 401-409.
To, W. S. and Midwood, K. S. (2011). Plasma and cellular fibronectin: distinct and
independent functions during tissue repair. Fibrogenesis Tissue Repair 4, 21.
Todorovic, V., Jurukovski, V., Chen, Y., Fontana, L., Dabovic, B. and Rifkin, D. B.
(2005). Latent TGF-beta binding proteins. Int J Biochem Cell Biol 37, 38-41.
Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C. and Brown, R. A. (2002).
Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat Rev Mol
Cell Biol 3, 349-363.
Tredget, E. E., Shankowsky, H. A., Pannu, R., Nedelec, B., Iwashina, T., Ghahary,
A., Taerum, T. V. and Scott, P. G. (1998). Transforming growth factor-beta in
thermally injured patients with hypertrophic scars: effects of interferon alpha-2b. Plast
Reconstr Surg 102, 1317-28; discussion 1329-30.
Trojanowska, M., LeRoy, E. C., Eckes, B. and Krieg, T. (1998). Pathogenesis of
fibrosis: type 1 collagen and the skin. J Mol Med (Berl) 76, 266-74.
Uzel, M. I., Kantarci, A., Hong, H. H., Uygur, C., Sheff, M. C., Firatli, E. and
Trackman, P. C. (2001). Connective tissue growth factor in drug-induced gingival
overgrowth. J Periodontol 72, 921-31.

79

Vaalamo, M., Weckroth, M., Puolakkainen, P., Kere, J., Saarinen, P., Lauharanta,
J. and Saarialho-Kere, U. K. (1996). Patterns of matrix metalloproteinase and TIMP-1
expression in chronic and normally healing human cutaneous wounds. Br J Dermatol
135, 52-9.
Vahabi, S., Nazemisalman, B., Vahid Golpaigani, M. and Ahmadi, A. (2014). Effect
of phenytoin and age on gingival fibroblast enzymes. J Dent (Tehran) 11, 270-81.
van der Wall, E. E., Tuinzing, D. B. and Hes, J. (1985). Gingival hyperplasia induced
by nifedipine, an arterial vasodilating drug. Oral Surg Oral Med Oral Pathol 60, 38-40.
Verjee, L. S., Midwood, K., Davidson, D., Essex, D., Sandison, A. and Nanchahal, J.
(2009). Myofibroblast distribution in Dupuytren's cords: correlation with digital
contracture. J Hand Surg Am 34, 1785-94.
Verrecchia, F. and Mauviel, A. (2007). Transforming growth factor-beta and fibrosis.
World J Gastroenterol 13, 3056-62.
Vi, L., Feng, L., Zhu, R. D., Wu, Y., Satish, L., Gan, B. S. and O'Gorman, D. B.
(2009). Periostin differentially induces proliferation, contraction and apoptosis of primary
Dupuytren's disease and adjacent palmar fascia cells. Exp Cell Res 315, 3574-86.
Volberg, T., Romer, L., Zamir, E. and Geiger, B. (2001). pp60(c-src) and related
tyrosine kinases: a role in the assembly and reorganization of matrix adhesions. J Cell Sci
114, 2279-89.
Walboomers, X. F., Croes, H. J., Ginsel, L. A. and Jansen, J. A. (1998). Growth
behavior of fibroblasts on microgrooved polystyrene. Biomaterials 19, 1861-8.
Walcott, S., Kim, D. H., Wirtz, D. and Sun, S. X. (2011). Nucleation and decay
initiation are the stiffness-sensitive phases of focal adhesion maturation. Biophys J 101,
2919-28.
Wang, H. M., Nanda, V., Rao, L. G., Melcher, A. H., Heersche, J. N. and Sodek, J.
(1980). Specific immunohistochemical localization of type III collagen in porcine
periodontal tissues using the peroxidase-antiperoxidase method. J Histochem Cytochem
28, 1215-23.
Welch, M. P., Odland, G. F. and Clark, R. A. (1990). Temporal relationships of Factin bundle formation, collagen and fibronectin matrix assembly, and fibronectin
receptor expression to wound contraction. J Cell Biol 110, 133-45.
Wen, W., Chau, E., Jackson-Boeters, L., Elliott, C., Daley, T. D. and Hamilton, D.
W. (2010). TGF-beta1 and FAK regulate periostin expression in PDL fibroblasts. J Dent
Res 89, 1439-43.
Whitby, D. J. and Ferguson, M. W. (1991). The extracellular matrix of lip wounds in
fetal, neonatal and adult mice. Development 112, 651-68.

80

Wieland, M., Chehroudi, B., Textor, M. and Brunette, D. M. (2002). Use of Ti-coated
replicas to investigate the effects on fibroblast shape of surfaces with varying roughness
and constant chemical composition. J Biomed Mater Res 60, 434-44.
Wieland, M., Textor, M., Chehroudi, B. and Brunette, D. M. (2005). Synergistic
interaction of topographic features in the production of bone-like nodules on Ti surfaces
by rat osteoblasts. Biomaterials 26, 1119-30.
Wierzbicka-Patynowski, I. and Schwarzbauer, J. E. (2003). The ins and outs of
fibronectin matrix assembly. J Cell Sci 116, 3269-76.
Wilgus, T. A. (2007). Regenerative healing in fetal skin: a review of the literature.
Ostomy Wound Manage 53, 16-31; quiz 32-3.
Wong, J. W., Gallant-Behm, C., Wiebe, C., Mak, K., Hart, D. A., Larjava, H. and
Hakkinen, L. (2009). Wound healing in oral mucosa results in reduced scar formation as
compared with skin: evidence from the red Duroc pig model and humans. Wound Repair
Regen 17, 717-29.
Wong, V. W., Rustad, K. C., Akaishi, S., Sorkin, M., Glotzbach, J. P., Januszyk, M.,
Nelson, E. R., Levi, K., Paterno, J., Vial, I. N. et al. (2011). Focal adhesion kinase links
mechanical force to skin fibrosis via inflammatory signaling. Nat Med 18, 148-52.
Wozniak, M. A., Modzelewska, K., Kwong, L. and Keely, P. J. (2004). Focal adhesion
regulation of cell behavior. Biochim Biophys Acta 1692, 103-19.
Wynn, T. A. (2007). Common and unique mechanisms regulate fibrosis in various
fibroproliferative diseases. J Clin Invest 117, 524-9.
Xu, J. and Clark, R. A. (1996). Extracellular matrix alters PDGF regulation of fibroblast
integrins. J Cell Biol 132, 239-49.
Yamada, H., Nishimura, F., Naruishi, K., Chou, H. H., Takashiba, S., Albright, G.
M., Nares, S., Iacopino, A. M. and Murayama, Y. (2000). Phenytoin and cyclosporin
A suppress the expression of MMP-1, TIMP-1, and cathepsin L, but not cathepsin B in
cultured gingival fibroblasts. J Periodontol 71, 955-960.
Yamaguchi, Y., Ono, J., Masuoka, M., Ohta, S., Izuhara, K., Ikezawa, Z., Aihara,
M. and Takahashi, K. (2012). Serum periostin levels are correlated with progressive
skin sclerosis in patients with systemic sclerosis. Br J Dermatol 168, 717-725.
Yamamoto, T. and Nishioka, K. (2005). Cellular and molecular mechanisms of
bleomycin-induced murine scleroderma: current update and future perspective. Exp
Dermatol 14, 81-95.
Yamasaki, A., Rose, G. G., Pinero, G. J. and Mahan, C. J. (1987). Ultrastructure of
fibroblasts in cyclosporin A-induced gingival hyperplasia. J Oral Pathol 16, 129-34.

81

Yang, J., Tyler, L. W., Donoff, R. B., Song, B., Torio, A. J., Gallagher, G. T., Tsuji,
T., Elovic, A., McBride, J., Yung, C. M. et al. (1996). Salivary EGF regulates
eosinophil-derived TGF-alpha expression in hamster oral wounds. Am J Physiol 270,
G191-202.
Yang, L., Serada, S., Fujimoto, M., Terao, M., Kotobuki, Y., Kitaba, S., Matsui, S.,
Kudo, A., Naka, T., Murota, H. et al. (2012). Periostin facilitates skin sclerosis via
PI3K/Akt dependent mechanism in a mouse model of scleroderma. PLoS One 7, e41994.
Yeo, T. K., Brown, L. and Dvorak, H. F. (1991). Alterations in proteoglycan synthesis
common to healing wounds and tumors. Am J Pathol 138, 1437-50.
Yeung, S. C. (2008). Biological basis for soft tissue management in implant dentistry.
Aust Dent J 53 Suppl 1, S39-42.
Zaidel-Bar, R., Ballestrem, C., Kam, Z. and Geiger, B. (2003). Early molecular events
in the assembly of matrix adhesions at the leading edge of migrating cells. J Cell Sci 116,
4605-13.
Zaidel-Bar, R., Milo, R., Kam, Z. and Geiger, B. (2007). A paxillin tyrosine
phosphorylation switch regulates the assembly and form of cell-matrix adhesions. J Cell
Sci 120, 137-48.
Zamir, E., Katz, B. Z., Aota, S., Yamada, K. M., Geiger, B. and Kam, Z. (1999).
Molecular diversity of cell-matrix adhesions. J Cell Sci 112 ( Pt 11), 1655-69.
Zavadil, J., Bitzer, M., Liang, D., Yang, Y. C., Massimi, A., Kneitz, S., Piek, E. and
Bottinger, E. P. (2001). Genetic programs of epithelial cell plasticity directed by
transforming growth factor-beta. Proc Natl Acad Sci U S A 98, 6686-91.
Zeng, G., McCue, H. M., Mastrangelo, L. and Millis, A. J. (1996). Endogenous TGFbeta activity is modified during cellular aging: effects on metalloproteinase and TIMP-1
expression. Exp Cell Res 228, 271-6.
Zhang, Y. E. (2009). Non-Smad pathways in TGF-beta signaling. Cell Res 19, 128-39.
Zhou, H. M., Wang, J., Elliott, C., Wen, W., Hamilton, D. W. and Conway, S. J.
(2010). Spatiotemporal expression of periostin during skin development and incisional
wound healing: lessons for human fibrotic scar formation. J Cell Commun Signal 4, 99107.

82

Chapter 2 Periostin Modulates Matrix Synthesis, but not
Myofibroblast Differentiation During Gingival Healing.
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2.1 Abstract
Periostin is a matricellular protein expressed in collagenous-rich tissues and upregulated
in tissue healing, as well as in several pathological conditions. It has been shown that
during skin healing, periostin modulates myofibroblast differentiation through a β1
integrin/focal adhesion kinase (FAK) dependent manner. In fibrotic skin conditions such
as hypertrophic and keloid scarring where the healing process fails to terminate, periostin
expression remains significantly elevated. In contrast to skin, gingival tissue does not
typically scar upon injury, but the role of periostin in gingival healing has never been
investigated. Using a rat gingivectomy model, we show that periostin is upregulated
during gingival healing at day 7 and day 14 post-wounding. By day 3, re-epithelialization
from the initial site of injury to the tooth surface was evident. Collagen and fibronectin
were evident in the matrix of the regenerating connective tissue at day 7 and day 14 with
fibroblast proliferation peaking at day 7. Human gingival fibroblasts (HGFs) were
cultured in vitro on collagen only and collagen with recombinant human periostin (rhPN)
coated plates. There was no significant difference in HGF number between the conditions
up to 9 days of culture. Differentiation of fibroblasts to myofibroblasts was also not
influenced by the presence of rhPN as assessed through mRNA levels of ACTA2, alphasmooth muscle actin (α-SMA) protein levels, and collagen gel contraction, at day 1 and
week 1. HGFs cultured in the presence of rhPN demonstrated significantly greater
mRNA levels of FN1, COL1A2, and COL3A1 at day 1. Fibronectin protein levels were
increased in HGFs in the presence of rhPN at day 1 in the cell lysates and the
supernatants, as well as at week 2 in the cell lysates. Moreover, collagen protein synthesis
by HGFs was greater in the presence of rhPN at week 2 in the cell lysates and the
supernatants. We demonstrate that periostin is critical for regulating matrix deposition
while it has no influence on cell proliferation and myofibroblast differentiation in HGFs,
during gingival healing.

2.2 Introduction
Periostin is a secreted matricellular protein highly expressed in collagen-rich tissues
(Hamilton, 2008) and its role in tissue development, repair, and remodeling is becoming
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increasingly elucidated. Although knockout mice are viable, periostin deletion manifests
in disruption of several collagenous-based tissues, particularly in those subject to
mechanical loading (Rios et al., 2005). During development, periostin has shown to play
a pivotal role in several processes related to determination of cell fate (Snider et al.,
2009), including regulating differentiation of mesenchymal cushion progenitor cells in
the heart into contractile myofibroblasts (Conway and Molkentin, 2008). Periostin has
also been implicated in cross-linking and stabilization of the extracellular matrix (ECM),
including collagen fibrillogenesis (Norris et al., 2007; Shimazaki et al., 2008) as well as
the incorporation of tenascin-C (Kii et al., 2010) and bone morphogenetic protein-1
(BMP-1) (Maruhashi et al., 2010) into the ECM. Moreover, periostin is able to interact
with fibronectin, type I and type V collagen, BMP-1, as well as other periostin molecules
(Takayama et al., 2006; Kii et al., 2010). This demonstrates a non-redundant role for
periostin in ECM homeostasis and the regulation of cell phenotype.
Following acute injury, periostin is upregulated in various tissues including bone
(Nakazawa et al., 2004), heart (Oka et al., 2007; Shimazaki et al., 2008), vasculature
(Lindner et al., 2005; Li et al., 2006), muscle (Goetsch et al., 2003), and skin (Nishiyama
et al., 2011; Elliott et al., 2012b). Successful healing of soft tissues such as skin follows a
precise and predictable series of overlapping events encompassing inflammation,
proliferation, re-epithelialization, and matrix remodeling (Gurtner et al., 2008). This
results in re-establishment of the epithelium and underlying connective tissue, restoring
barrier function. After inflammation, as granulation tissue forms, mesenchymal cells
including fibroblasts migrate into the wound site where they proliferate and synthesize
provisional ECM, which is subsequently remodeled to regain the integrity of the
connective tissue (Singer and Clark, 1999; Guo and Dipietro, 2010). In skin, periostin is
required to modulate α-SMA expression in fibroblasts, which contract the wound edges
together and in conjunction with re-epithelialization, facilitate wound closure (Elliott et
al., 2012b). Periostin expression coincides with the proliferative and remodeling phases
of repair in skin (Jackson-Boeters et al., 2009; Zhou et al., 2010; Elliott et al., 2012b) and
is induced by transforming growth factor-beta (TGF-β). With the use of knockout mice,
periostin has been shown to regulate collagen synthesis (Shimazaki et al., 2008),

85

myofibroblast differentiation (Elliott et al., 2012b), and fibroblast proliferation (Ontsuka
et al., 2012) during healing. Linked strongly to different pro-fibrotic events in the
proliferative phase of skin healing, prolonged expression of periostin is associated with
hypertrophic and keloid scarring. These fibrotic lesions are associated with a failure of
the healing response to terminate (Chen et al., 2005; Hinz et al., 2007). Scarring in skin is
characterized by the persistence of myofibroblasts, cells expressing α-SMA, which our
lab has shown is modulated by periostin through β1 integrin and FAK dependent manner
(Elliott et al., 2012b).
Similar to skin in structure and organization, gingival tissue surrounds teeth, preventing
bacterial infiltration into the tooth sockets. Gingival tissue heals with significantly less
scarring when compared to skin, with many similarities evident to the healing of fetal
tissue (Sciubba et al., 1978; Schor et al., 1996; Yang et al., 1996; Larjava et al., 2011).
Gingival tissue has been shown to have reduced levels of TGF-β mRNA and protein and
exhibits reduced wound contraction compared to skin in pig models (Mak et al., 2009).
Interestingly, gingiva wounds heal faster than in skin even in the same animal. There is
considerable evidence showing that oral fibroblasts are inherently phenotypically
different from dermal fibroblasts. Oral fibroblasts are less responsive to TGF-β1
stimulation, which results in less α-SMA expression compared to dermal fibroblasts in
vitro (Lygoe et al., 2007; Meran et al., 2007). A recent study also has shown that HGFs
exhibit less of a pro-fibrotic or scarring phenotype in three-dimensional culture; increased
synthesis of levels of genes associated with ECM remodeling and inflammation (Mah et
al., 2014). Of potential significance, gingival fibroblasts were less contractile compared
to skin fibroblasts, which we have shown in murine skin is modulated by periostin
(Elliott et al., 2012b). However, whether periostin is upregulated in gingival tissue
healing has never been investigated.
We hypothesized that periostin is transiently upregulated following gingival wounding,
where it modulates fibroblast differentiation and matrix synthesis. Using a rat
gingivectomy model, we assessed spatiotemporally periostin expression and correlated it
to events associated with the healing response; collagen synthesis, myofibroblast
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differentiation, and cell proliferation at 0, 1, 3, 7, and 14 days post-wounding in vivo.
Using recombinant human periostin (rhPN), we examined in vitro the effect of periostin
on collagen synthesis, myofibroblast differentiation, and proliferation of HGFs. The
results from this study demonstrate that periostin increases matrix synthesis during
gingival wound healing, but does not influence gingival fibroblast to myofibroblast
transition.

2.3 Materials and methods
2.3.1 Rat Gingivectomy Surgery
Twelve female Wistar rats, 8 weeks of age (average weight, 281 grams), four litter-mate
rats per litter, were used for wound-healing studies (a generous gift from the lab of Dr.
Stephen Sims, Western University, London, ON, Canada). Animal procedures were
conducted in accordance with protocols approved by the University Council on Animal
Care at University of Western Ontario (Appendix 1). Rats were anesthetized by
intraperitoneal injection of Ketamine (75 mg/kg) and Xylazine (10 mg/kg).
Gingivectomy was performed on the maxillary palatal gingiva close to the upper molars
(Figure 2.1). Yardley gingival cord packer (HF-120-G; Hu-Friedy; Chicago, IL, USA)
was used to disrupt the junctional epithelium and the connective tissue and tooth interface
to raise a full-thickness 1 mm wide gingival flap along the first, second and third molars.
A no. 15 scalpel blade was then used to excise the soft connective tissue flap. Corneal
tweezers (81D40.21; Lee Valley; Ottawa, Ontario, Canada) was used to precisely remove
the excised soft tissue. In a subset of animals (n = 3), maxillary palatal gingiva close to
the right upper molars were left untouched to serve as a day 0 baseline. The animals
received 0.5 mg/kg Buprenorphine by subcutaneous injection twice daily for 48 hours
post-surgery as an analgesic. Animals were maintained on a standard lab chow powdered
food diet and were allowed food and water ad libitum for the duration of the experiment.
Animals were sacrificed at 1, 3, 7, and 14 days post-wounding (n = 3 at each time-point)
by carbon dioxide inhalation.
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Figure 2.1: Gingivectomy in a rat model.
Gingivectomy was performed in adult female Wistar rats. Soft gingival tissue was
removed. A. Diagram of posterior view of palate of the rat. Dark red rectangle
(arrowheads) denotes where the gingivectomy was performed. B. Image of gingival
wound, indicated by arrowheads, in the rat model. C. Histological staining (Masson’s
trichrome) of gingival wound from rats sacrificed right after the creation of the wound
(arrowheads).
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Figure 2.1: Gingivectomy in a rat model.

89

2.3.2 Tissue Preparation
Post euthanasia, rats were decapitated and the heads fixed in 10% neutral buffered
formalin (Sigma Aldrich; St. Louis, MO, USA) for 2 days. The 2 hemi-maxillae were
dissected out, and decalcified using Cal-Ex*® Decalcifier (Thermo Fisher Scientific;
Waltham, MA, USA) for 2 days. Hemi-maxillae were dehydrated through a graded series
of ethanol and paraffin processed and embedded, and sectioned at 5 µm for various
staining.

2.3.3 Immunohistochemistry
Immunohistochemistry was performed as previously described (Wen et al., 2010; Zhou et
al., 2010; Elliott et al., 2012b). In brief, tissues were deparaffinized and immune-labeled
using primary antibodies against periostin (sc-49480; Santa Cruz Biotechnology; Dallas,
TX, USA; 1:100), fibronectin (sc-8422; Santa Cruz Biotechnology; 1:100), alpha-smooth
muscle actin (α−SMA) (ab5694; Abcam; Cambridge, MA, USA; 1:400), proliferating
cell nuclear antigen (PCNA) (ab2426-1; Abcam; 1:100), and fibroblast specific protein-1
(FSP-1) (07-2274; Millipore; Billerica, MA, USA; 1:100). For the fibronectin antibody,
heat-mediated antigen retrieval was performed. Primary antibodies were detected using
the ImmPRESS Reagent Kit Peroxidase (Vector Laboratory; Burlingame, CA, USA) and
DAB reagent (Vector Laboratory) following the manufacturer’s instructions. Primary
antibody was not added for experimental negative controls (Appendix 5). All sections
were counterstained with haematoxylin (Sigma Aldrich). To study collagen levels,
deparaffinized histological sections were stained using Masson’s trichrome (University
Hospital, London, ON, Canada) stain. Images were taken with a DM1000 light
microscope (Leica; Concord, Ontario, Canada) and Leica Application Suite Software
(version 3.8).

2.3.4 Immunofluorescence
Tissue sections were deparaffinized and fluorescently immunolabeled. Tissues were
permeabilized with 0.1% Triton X-100 (Caledon; Georgetown, ON, Canada) PBS,
blocked with 10% horse serum in 0.1% Triton X-100 PBS, and incubated with PCNA
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(Abcam; 1:100) and periostin (Santa Cruz Biotechnology; 1:100) primary antibodies for
8-12 hours at 4°C. Primary antibodies were detected using Cy5-conjugated anti-rabbit
(Molecular Probes; Carlsbad, CA, USA; 1:200) and rhodamine anti-goat secondary
antibodies (Molecular Probes; 1:200). All sections were counterstained with Hoechst
3342 dye (1:5000) for nuclei. Primary antibody was not added for negative controls,
which were used to set the threshold values for fluorescence in rat tissue sections. Images
were taken on Carl Zeiss Imager M2m microscope (Carl Zeiss; Jena, Germany) using
Zen Pro 2012 software.

2.3.5 HGF Isolation and Growth
Healthy HGFs were isolated from gingival tissues, obtained from systemically healthy
subjects as previously described (Brunette et al., 1983), under informed consent from
individuals undergoing periodontal therapies at the Oral Surgery Clinic at The University
of Western Ontario (Appendix 2). Excised tissues were incubated in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco; Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco) and 1X antibiotics and
antimycotics (AA; 100 μg/ml penicillin G, 50 μg/ml gentamicin, 25 μg/ml amphotericin
B; Gibco) to allow HGFs to migrate onto the culture surfaces. Gingiva was removed and
HGFs were removed from the growth surface with trypsin-EDTA (0.05%; Gibco). HGFs
were maintained in the medium on 75 cm2 tissue culture plastic flasks, at 37°C in a
humidified atmosphere of 5% CO2. Cells between passage 3 and 7 were used in
experiments.

2.3.6 Recombinant Human Periostin Plate Coating and HGF Culture
Tissue culture plates were coated overnight at 4°C with 10 µg/ml bovine collagen type I
(Advanced BioMatrix; San Diego, CA, USA), or a combination of bovine collagen type I
and 10 µg/ml recombinant human periostin (rhPN) (R&D Systems; Minneapolis, MN,
USA). Plates were then blocked with 1% bovine serum albumin (BSA) at 37°C for 2
hours. HGFs, previously serum-starved in low glucose DMEM for 12-16 hours, were
suspended in DMEM (high glucose) supplemented with 1X antibiotics/antimycotic
(Gibco), 0.5% FBS (Gibco), and 50 µg/ml L-ascorbic acid (Sigma Aldrich), and were
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then seeded at 7000 cells per cm2 surface area in 24 well plates for proliferation assays,
and in 6 well plates for RT-qPCR, hydroxyproline assays, and western blot experiments.
Cells were maintained at 37°C in a humidified atmosphere of 5% CO2.

2.3.7 CyQUANT® Proliferation Assay
After HGFs were cultured on collagen type I and rhPN pre-coated plates as previously
described for 1, 3, 5, 7, and 9 days, media was completely aspirated and the plate was
frozen at -80°C. Once all time-points were captured, DNA content was determined by
performing CyQUANT® Cell Proliferation Assay Kit (C7026; Molecular Probes). Cell
numbers were extrapolated using a standard curve.

2.3.8 RT-qPCR
After HGFs were cultured on collagen type I and rhPN pre-coated plates as previously
described for 1 day and 1 week, total RNA was isolated using 1 ml of TRIzol® reagent
(Ambion;

Carlsbad,

CA,

USA)

per

well

according

to

the

manufacturer’s

recommendations. Real-time quantitative polymerase chain reaction (RT-qPCR) was
performed on 50 ng of total RNA using TaqMan qScriptTM One-Step qRT-PCR Kit
(Quanta; Gaithersburg, MD, USA) and gene-specific TaqMan probes (Appendix 6)
(Applied Biosystems; Carlsbad, CA, USA) under following conditions: 48°C for 30
minutes followed by 90°C for 10 minutes and 40 cycles of 95°C for 15 seconds and 60°C
for 1 minute using 7900 Real Time PCR system (Applied Biosystems). COL1A2,
COL3A1, and FN1 mRNA expressions were normalized to the housekeeping gene, 18S.
PCR efficiency was verified by dilution series and relative mRNA levels were calculated
using the ΔΔCT method (Livak and Schmittgen, 2001).

2.3.9 Hydroxyproline Assay
HGFs were cultured on collagen type I and rhPN pre-coated plates as previously
described for 2 weeks. HGFs cultured with 5 ng/ml of TGF-β1 (R&D Systems) on
collagen alone-coated plates were used as a positive control. After 2 weeks of culture,
cell lysates and supernatants were obtained and hydroxyproline assay was performed in
accordance with Hydroxyproline Assay Kit (MAK008; Sigma Aldrich). In brief, cell
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lysates and supernatants were hydrolyzed in 6 M HCl at 95°C overnight. Oxidized
hydroxyproline

reacted

with

4-(Dimethylamino)benaldehyde

and

the

resulting

colorimetric (560 nm) product was read on the plate reader (Tecan Safire; Seestrasse,
Männedorf, Switzerland). Hydroxyproline levels were extrapolated using a standard
curve. In parallel cultures, cell numbers were quantified using CyQUANT® assay, as
described, to use to normalize the corresponding hydroxyproline contents in each
condition.

2.3.10

Western Blotting

HGFs were cultured on collagen type I and rhPN pre-coated plates as previously
described for 1 day and 1 week. Western blotting was performed as previously described
(Hamilton et al., 2007; Kokubu et al., 2009). In brief, cells were washed twice with PBS
and proteins were harvested with RIPA buffer (Sigma Aldrich) containing protease
(Roche Diagnostics GmbH; Mannheim, Germany) and phosphatase inhibitor
(Calbiochem; San Diego, CA, USA) cocktails. Protein concentration was determined by
Pierce® BCA Protein assay kit (Pierce; Waltham, MA, USA). 25 µg of each sample was
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes. Membranes were washed with Tris-buffered
saline containing 0.05% Tween-20 (TBS-T) and blocked with 5% dried milk in TBS-T.
Primary antibodies for fibronectin (sc-8422; Santa Cruz Biotechnology; 1:1000), α−SMA
(A5228, Sigma Aldrich, 1:1000), and GAPDH (MAB374; Millipore; 1:2000) were
incubated with the membranes for 12 hours. Detection was with appropriate perioxidaseconjugated secondary antibodies (Jackson ImmunoResearch; West Grove, PA, USA;
1:2000), which were developed with Clarity Western ECL substrate (Bio-Rad; Hercules,
CA, USA).

2.3.11

Immunocytochemistry

HGFs were cultured on collagen type I and rhPN pre-coated plates for 1 week. Cells were
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 and blocked
with 1% BSA (Thermo Fisher Scientific). Fixed and permeabilized cells were labeled
with mouse anti-α-SMA (A5228, Sigma Aldrich; 1:400), which was detected with anti-
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mouse IgG conjugated to Alexa Fluor 488 secondary antibody (Molecular Probes; 1:200).
α-SMA was double immunolabeled with rhodamine-conjugated phalloidin (Molecular
Probes; 1:100) for filamentous actin. Nuclei were counterstained using 4’,6 diamidino-2phenylindole (DAPI) using Vectashield Mounting Medium (Vector Laboratory). Images
were taken on Carl Zeiss Observer Z1 microscope using AxioVision Relative software
(version 4.8).

2.3.12

Fixed Gel Contraction Assay

In vitro, contractility of HGFs was evaluated by employing collagen gel matrix
contraction assays as previously described (Shi-Wen et al., 2004). HGFs suspended in
0.5% FBS DMEM were mixed 1:1 with collagen mix [10% 0.2 M HEPES buffer (4-(2hydroxyethyl)-1-piperazineethanesulfonic acid; pH = 8), 40% bovine collagen type I
(Advanced BioMatrix), and 50% 2X high glucose DMEM (Gibco)] to a final density of
100,000 cells/ml. In parallel, either 5 µg/ml of rhPN (R&D Systems) or an equivalent
volume of PBS was incorporated into the collagen and cell mix. 24 well tissue culture
plates were pre-coated with 1% BSA for 12 hours and washed with PBS. 1 ml of the cell
and collagen mix was plated to each well and allowed to set at 37°C. Following
polymerization, 1 ml of 0.5% FBS DMEM was added to the wells. After 24 hours, the
gels were detached from the plate and they were left to contract for 24 hours at 37ºC. As
contraction of the collagen matrix excluded growth medium, thereby reducing the gel
weight (Tingstrom et al., 1992), loss of gel weight was used to measure the extent of
contraction. This accounted for contraction of gels horizontally and vertically.

2.3.13

Statistical Analysis

All statistical analysis was performed using Graphpad Software version 6 (Graphpad
Software; La Jolla, CA, USA) (p < 0.05 was considered significant). For in vitro studies,
data are expressed as the mean ± standard deviation of three individual experiments with
independent primary cultures from different subjects. Individual experiments included
three replicates. For RT-qPCR, western blot densitometry, gel contraction, and
proliferation assays, statistical analysis by Student’s t-test (unpaired) was performed. To
compare hydroxyproline contents, one-way ANOVA with Bonferroni multiple
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comparisons test was used. For PCNA+ cell quantification in the connective tissue in
vivo, data are expressed as the mean number ± standard deviation of three rats from
independent litters. For PCNA+ cell quantification in the epithelium in vivo, data are
expressed as the mean number normalized to the corresponding length of reepithelialization ± standard deviation of three rats from independent litters. Statistical
analysis was by one-way ANOVA with Bonferroni multiple comparisons test.

2.4 Results
2.4.1 Gingival tissue is re-established within 14 days of gingivectomy
To investigate the gingival healing process temporally, we assessed the regeneration of
the gingival connective tissue and oral epithelium in rats at days 1, 3, 7, and 14 postwounding, with unwounded gingiva serving as a structural baseline control (day 0)
(Figure 2.2). Using Masson’s trichrome staining which allows visualization of and
differentiation of fine and coarse collagen fibers that appear in the remodeling phase of
wound healing (Suvik and Effendy, 2012), the normal unwounded gingiva contained
dense bundles of collagen in the connective tissue, with numerous blood vessels evident
(Figure 2.2A). At day 1 post wounding, granulation tissue filled the defect between the
tooth surface, the alveolar bone and the site of injury. 3 days post wounding, reepithelialization of the defect had occurred, although the normal sulcular gingival
epithelial structure was absent. Beneath the epithelium, regeneration of the gingival
connective tissue was evident although collagen deposition was minimal (Figure 2.2B).
At 7 days post-wounding, fine collagen fibers were observed as gingival tissue began
regenerating (Figure 2.2C). Coarse, more densely organized collagen fibers are also
found at the proximity of the initial wound edge in the connective tissue at 7 days (Figure
2.2D). At 14 days post-wounding, dense accumulation of coarse collagen fibers was
evident in the regenerated tissue (Figure 2.2E), with a structure and density similar to
unwounded tissue. Furthermore, the normal sulcular gingival structure was re-established
at day 14.
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Figure 2.2: Collagen increases in gingival healing following gingivectomy in vivo.
Gingivectomy was performed in rats. A. Histological sections of gingiva from rats at 1, 3,
7, and 14 days post-wounding and unwounded gingiva (day 0) were stained for collagen
using Masson’s trichrome. The images were taken at 20x magnification and stitched
together for each tissue. Wound edge is denoted by black arrowhead. B. Higher
magnifications of the corresponding regions in A, indicated by a (day 0), b (day 3), c
(day 7), d (day 7), and e (day 14). Sparse deposition of collagen at day 7 (hollow arrow)
and dense accumulation of collagen at day 14 (sold arrow) were evident. Scale bar, 50
µm.
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Figure 2.2A: Collagen increases in gingival healing following gingivectomy in vivo.
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Figure 2.2B: Collagen increases in gingival healing following gingivectomy in vivo.
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2.4.2 Periostin is induced in gingival healing
To evaluate periostin expression during gingival wound healing, tissue sections from rats
at days 1, 3, 7, and 14 post-wounding, with unwounded gingiva serving as a baseline
control (day 0) were stained for periostin using immunohistochemistry (Figure 2.3). In
the normal unwounded gingiva, periostin immunoreactivity was only weakly detected in
the ECM of the connective tissue, with increased periostin levels evident in the
periodontal ligament as previously described (Rios et al., 2005; Rios et al., 2008; Wen et
al., 2010; Padial-Molina et al., 2012) (Figure 2.3A). At 1 and 3 days post-wounding,
periostin immunoreactivity did not increase surrounding the lesion, which is in contrast to
skin healing where periostin expression becomes evident (Figure 2.3B). Furthermore,
upregulation of periostin was not evident in the basement membrane under the
proliferating and migrating oral epithelial cells. Periostin immunoreactivity was the
highest at days 7 and 14 post wounding, which corresponded with tissue regeneration and
collagen deposition in the connective tissue underlying the oral epithelium (Figure 2.3CE). Periostin was detected throughout the extracellular area of newly formed tissue at day
7 (Figure 2.3C). Immunoreactivity also increased at the proximity of the initial wound
edge at 7 days (Figure 2.3D). At day 14, dense periostin was observed in the matrix
(Figure 2.3E), but immunoreactivity for periostin was not detected in the oral epithelium
or basement membrane.

2.4.3 Fibronectin deposition corresponds to periostin upregulation in
gingival healing
To evaluate fibronectin in gingival wound healing, tissue sections from rats at days 1, 3,
7, and 14 post-wounding, with unwounded gingiva serving as a baseline control (day 0)
were stained for fibronectin using immunohistochemistry (Figure 2.4). In the normal
unwounded gingiva, fibronectin immunoreactivity was distributed throughout the ECM
of the connective tissue, which correlated with the presence of dense bundles of collagen.
At day 3, fibronectin deposition was low in the granulation tissue, but by day 7, increased
fibronectin deposition in the matrix was observed, which increased yet further at day 14.
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Figure 2.3: Periostin immunoreactivity increases in gingival healing following
gingivectomy in vivo.
Gingivectomy was performed in rats. A. Representative images of immunoreactivity for
periostin of gingiva at 1, 3, 7, and 14 days post-wounding and unwounded gingiva (day
0). Histological sections from rats after 1, 3, 7, and 14 days post-wounding and unwound
gingiva were incubated with a primary antibody against periostin. The primary antibody
was detected by using peroxidase-conjugate secondary antibody and DAB. All sections
were counterstained with haematoxylin. The images were taken at 20x magnification and
stitched together for each tissue. The inset of day 0 demonstrates periostin positive
periodontal ligament (PDL), between the tooth (T) and the alveolar bone (AB). Wound
edge is denoted by black arrowhead. B. Higher magnifications of the corresponding
regions in A, indicated by a (day 0), b (day 3), c (day 7), d (day 7), and e (day 14).
Sparse deposition of periostin at day 7 (hollow arrow) and dense accumulation of
periostin at day 14 (solid arrow) were evident. Scale bar, 50 µm.
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Figure 2.3A: Periostin immunoreactivity increases in gingival healing following
gingivectomy in vivo.

101

Figure 2.3B: Periostin immunoreactivity increases in gingival healing following
gingivectomy in vivo.
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Figure 2.4: Fibronectin deposition corresponds to periostin in gingival healing in
vivo.
Gingivectomy was performed in rats. Representative images of immunoreactivity for
fibronectin of gingiva at 1, 3, 7, and 14 days post-wounding and unwounded gingiva (day
0). Histological sections from rats after 1, 3, 7, and 14 days post-wounding and unwound
gingiva were incubated with a primary antibody against fibronectin. The primary
antibody was detected by using peroxidase-conjugate secondary antibody and DAB. All
sections were counterstained with haematoxylin. The images were taken at 20x
magnification and stitched together for each tissue. Wound edge is denoted by black
arrowhead. Scale bar, 50 µm.
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Figure 2.4: Fibronectin deposition corresponds to periostin in gingival healing in vivo.
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This

pattern

of

fibronectin

immunoreactivity

corresponded

with

periostin

immunoreactivity at these time points (Figure 2.3).

2.4.4 Myofibroblasts were not detected in gingiva healing
To evaluate whether myofibroblasts were present during gingival wound healing,
immunoreactivity for α-SMA was assessed in gingival tissue sections from rats at days 1,
3, 7, and 14 post-wounding and unwounded gingiva (day 0). In all tissues at all time
points investigated, immunoreactivity for α−SMA was only evident in the vasculature,
with sparse myofibroblasts detected at day 7 in connective tissue close to the tooth
(Figure 2.5).

2.4.5 Fibroblasts start to proliferate at day 3 post-wounding.
To quantify proliferation during gingival wound healing, tissues were labeled with PCNA
at days 1, 3, 7, and 14 post-wounding and compared to unwounded gingiva as a baseline
(Figure 2.6A). In the unwounded gingiva, PCNA positive (PCNA+) cells were only
sparsely observed in both the connective tissue and the epithelium. At day 1 postwounding, PCNA+ oral epithelial cells were observed. At day 3, PCNA+ cells were
evident throughout the epithelium and the connective tissue. At day 7, which correlates
with matrix deposition in the connective tissue under the oral epithelium, PCNA+ cells
were observed in the connective tissue and also in the epithelium. At day 14, PCNA+
cells were more sparsely distributed in the connective tissue and the epithelium, at similar
levels to normal tissue. Significantly greater PCNA+ cells were evidence in the
connective tissue at day 7, compared to day 0 (p<0.05) and day 1 (p<0.01) (Figure 2.6B).
PCNA+ epithelial cells (normalized to the corresponding length of the re-epithelialized
tissue) started to increase at day 1 post-wounding although not significant. At day 14,
PCNA+ epithelial cells were significantly increased compared to day 0 tissue (p<0.05)
(Figure 2.6C). Double fluorescent labeling for periostin and PCNA confirmed that
periostin is not evident in the basement membrane under the proliferating oral epithelial
cells at day 1 and day 3 (Figure 2.6D). However, periostin was localized to the surface in
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Figure 2.5: Immunoreactivity for α-SMA in gingival healing following gingivectomy
in vivo.
Gingivectomy was performed in rats. Representative images of immunoreactivity for
alpha-smooth muscle actin (α−SMA) of gingiva at 1, 3, 7, and 14 days post-wounding
and unwounded gingiva (day 0). Histological sections from rats after 1, 3, 7, and 14 days
post-wounding and unwound gingiva were incubated with a primary antibody against
α−SMA. The primary antibody was detected by using peroxidase-conjugate secondary
antibody and DAB. All sections were counterstained with haematoxylin. Panels a, b, c, d,
and e are higher magnifications of the corresponding regions indicated by rectangular
boxes. Black arrowheads denote α−SMA-positive blood vessels. A low level of
myofibroblasts during gingival healing was evident. Few myofibroblasts were evident at
day 7 indicated by hollow arrowhead. Scale bar, 50 µm.
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Figure 2.5: Immunoreactivity for α-SMA in gingival healing following gingivectomy in
vivo.
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Figure 2.6: Cell proliferation in gingival healing following gingivectomy in vivo.
Gingivectomy was performed in rats. A. Representative images of immunoreactivity for
proliferating cell nuclear antigen (PCNA) of gingiva at 1, 3, 7, and 14 days postwounding and unwounded gingiva (day 0). Histological sections from rats after 1, 3, 7,
and 14 days post-wounding and unwound gingiva were independently incubated with a
primary antibodies against PCNA. Anti-PCNA was detected by using peroxidaseconjugate secondary antibody and DAB. Regions of blue and red boxes are shown in D.
B. Quantification of PCNA+ cells in the connective tissues of gingival sections from
unwounded rat (day 0), and rats at 1, 3, 7, and 14 days post-wounding. Data represents
mean PCNA+ cells ± s.d. of 3 rats. C. Quantification of PCNA+ epithelial cells
normalized to the length of the re-epithelized tissue of gingival sections from unwounded
rat (day 0), and rats at 1, 3, 7, and 14 days post-wounding. Data represents number of
PCNA+ cells normalized to the corresponding length of re-epithelized tissue (mm) ± s.d.
of 3 rats. Data was analyzed via one-way ANOVA with Bonferroni multiple comparisons
test (*p<0.05 and **p<0.01 relative to day 0 and day 1, respectively). D. Fluorescent
labeling of PCNA (red) and periostin (green) of the corresponding regions indicated by
blue and red outlines (shown in A) of gingiva at day 1 and day 3 post-wounding. Nuclei
are stained with Hoechst 3342 dye (blue). Yellow dotted line outlines the border between
the oral epithelium and the connective tissue. PCNA+ cells in the wound edge are denoted
by white arrows. Periostin immunoreactivity and PCNA+ cells are co-localized in the
periosteum (denoted by white arrowhead) of which the higher magnification of the
white box is shown in i. Epithelium, Epi; connective tissue, CT; alveolar bone, AB. Scale
bar, 50 µm.
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Figure 2.6: Cell proliferation in gingival healing following gingivectomy in vivo.
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the periosteum of the alveolar bone where cells were also positive for PCNA at day 1
(Figure 2.6Ci).
To assess fibroblast localization during gingival healing, histological sections were
stained with the antibody against FSP-1 (Figure 2.7). In normal gingiva, and FSP-1positive cells were evident throughout the connective tissues. At day 3, immunoreactivity
for FSP-1 was weakly detected. At days 7 and 14, cells positive for FSP-1 were elevated
in the regenerating tissue.

2.4.6 Recombinant human periostin does not alter HGF proliferation
To assess whether rhPN influenced the proliferation rate of HGFs, cells were cultured on
collagen alone or collagen with rhPN-coated plates for 1, 3, 5, 7 and 9 days, with cell
number assessed using CyQUANT®. HGFs in both culture conditions increased up to
around 5 fold in cell number by day 9 (Figure 2.8). However, no significant difference in
cell number was evident between the conditions (p>0.05) (Figure 2.8).

2.4.7 Recombinant human periostin does not induce myofibroblast
differentiation in HGFs
Although no myofibroblast differentiation was evident during gingival healing in rats,
periostin is known to modulate expression of α-SMA in skin healing (Elliott et al.,
2012b). Therefore, we first assessed whether rhPN influenced α-SMA levels using RTqPCR, western blot, and collagen gel contraction assays. HGFs cultured on collagen
alone or collagen with rhPN-coated plates demonstrated no difference in ACTA2 gene
expression at 1 day and 1 week post seeding (p>0.05) (Figure 2.9A) or α−SMA protein
level in HGFs cultured for 1 day and 1 week (Figure 2.9B). Immunocytochemistry
showed no difference in the ability of the HGFs to differentiate into myofibroblasts,
which is indicated by α−SMA-incorporation into stress-fibers (Figure 2.9C).
Quantification of contraction via measurement of gel weight demonstrated that rhPN did
not increase HGF-mediated contraction of a collagen gel matrix (p>0.05) (Figure 2.9D).
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Figure 2.7: Fibroblasts in gingival healing following gingivectomy in vivo.
Gingivectomy was performed in rats. Representative images of immunoreactivity for
fibroblast specific protein-1 (FSP-1) of gingiva at 1, 3, 7, and 14 days post-wounding and
unwounded gingiva (day 0). Anti-FSP-1 was detected by using peroxidase-conjugate
secondary antibody and DAB, and the sections were counterstained with haematoxylin.
FSP-1-positive cells in the regenerated connective tissue are denoted by black arrows.
Scale bar, 50 µm.
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Figure 2.7: Fibroblasts in gingival healing following gingivectomy in vivo.
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Figure 2.8: rhPN does not affect HGF proliferation in vitro.
HGFs cultured on collagen or collagen + rhPN coated plates for 1, 3, 5, 7, and 9 days
were assessed for proliferation. The CyQUANT cell proliferation assay kit was used to
determine DNA contents according to the manufacturer’s protocol. A standard curve was
used to extrapolate cell number. Data represents fold cell number increase ± s.d. relative
to day 1. There was no significant difference in cell number increase between collagen
and collagen + rhPN coated conditions. Data was analyzed via two-way ANOVA within
with Bonferroni multiple comparisons test was used (p>0.05).
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Figure 2.9: rhPN does not modulate myofibroblast differentiation of HGFs in vitro.
A. HGFs cultured on collagen or collagen + rhPN coated plates for 1 day and 1 week
were assessed for gene expressions of ACTA2. There was no significant difference in
ACTA2 between collagen or collagen + rhPN conditions. Target gene expression was
normalized to 18S using the ΔΔCt method. Data represents mean fold gene expressions ±
s.d. relative to control day 1 (on collagen alone) of 3 independent experiments in
triplicates. Data was analyzed via Student’s t-test (unpaired) within each time-point. B.
Western blot was used to assess α−SMA protein level of HGFs cultured on collagen or
collagen + rhPN coated plates. GAPDH was used as a loading control. HGFs cultured
with rhPN did not alter α−SMA level. C. Immunocytochemistry was performed with
HGFs cultured on collagen or collagen + rhPN coated plates for 1 week to visualize
myofibroblasts. Representative fluorescent images of HGFs labeled for α-SMA (green),
F-actin (red), and nuclei (blue). Myofibroblasts were revealed by α-SMA-positive stressfibers. Scale bar, 50 µm. D. Fixed collagen gel contraction assay of HGFs in the absence
and presence of rhPN (5 µg/ml). Gel contraction was quantified by loss of gel weight,
compared with gels lacking cells. The ability of HGFs to contract the gel was not
different between the conditions with and without rhPN. Data was analyzed via Student’s
t-test (unpaired) within each time-point (p>0.05; ns, not significant).
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Figure 2.9: rhPN does not modulate myofibroblast differentiation of HGFs in vitro.
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2.4.8 Recombinant human periostin increases fibronectin synthesis
by HGFs in vitro
As periostin did not influence proliferation or myofibroblast differentiation, we next
cultured HGFs on collagen and collagen with rhPN coated-plates and assessed collagen
and fibronectin levels. Fibronectin synthesis by HGFs cultured on collagen alone and
collagen with rhPN coated-plates, was assessed using RT-qPCR and western blotting.
FN1 mRNA levels in HGFs cultured with rhPN was significantly higher compared to
cells on collagen alone, at day 1 (Figure 2.10A) (p<0.05). At 1 week, no significant
difference in FN1 mRNA levels was measured (p>0.05). Similarly, western blot
demonstrated that fibronectin protein level was greater in cell lysates cultured with rhPN
compared to cells cultured with collagen alone at 1 day (Figure 2.10B), which was
confirmed with densitometric analysis of fibronectin bands normalized to corresponding
GAPDH band intensity (p<0.05) (Figure 2.10Bi). Fibronectin level in the supernatant
from cells cultured with rhPN was also greater compared to the supernatant from cells on
collagen alone at day 1 (Figure 2.10C, Ci). HGFs cultured with rhPN for 2 weeks
demonstrated greater fibronectin protein levels in the cell lysates (p<0.05) (Figure 2.10D,
Di) but not in the supernatants at the end of the culture (p>0.05) (Figure 2.10E, Ei). HGFs
cultured with TGF-β1, which served as a positive control, resulted in increases of
fibronectin in the cell lysates and the supernatants at the end of 2 weeks (p<0.05) (Figure
2.10Di, Ei).

2.4.9 Recombinant human periostin increases collagen synthesis by
HGFs in vitro
Quantification of COL1A2 and COL3A1 mRNA levels by RT-qPCR demonstrated that
HGFs on rhPN had significantly higher mRNA levels compared to HGFs on collagen
alone at day 1 (Figure 2.11A) (p<0.05). At 1 week, no significant differences were
observed in mRNA levels between controls and HGFs cultured on rhPN (p>0.05). To
assess collagen at the protein level, hydroxyproline assays were performed on HGFs cell
lysates and media obtained at the end of 2 weeks of culturing (Figure 2.11B).
Hydroxyproline levels in cell lysates cultured with rhPN or TGF-β1 were significantly
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Figure 2.10: HGFs cultured with rhPN have greater fibronectin synthesis.
A. HGFs cultured on collagen or collagen + rhPN coated plates for 1 day and 1 week
were assessed for gene expressions of FN1. Target gene expression was normalized to
18S using the ΔΔCt method. Data represents mean fold gene expressions ± s.d. relative
to control day 1 (on collagen alone) of 3 independent experiments in triplicates. Data was
analyzed via Student’s t-test (unpaired) within each time-point (**p<0.01; ns, not
significant). B. Fibronectin (FN) protein levels were assessed using western blots in cell
lysates when HGFs are cultured on collagen (Col) or collagen + rhPN (rhPN) for 1 day
and 1 week. GAPDH was used as a loading control. Most representative blot is shown. C.
Fibronectin protein detection in the supernatants from HGFs cultured on collagen (Col)
or collagen + rhPN (rhPN) for 1 day using western blot. D-E. HGFs cultured on collagen
(Col) or collagen + rhPN (rhPN) coated plates for 2 week were assessed for fibronectin
protein level. TGF-β1 treatment of HGFs on collagen-coated plates served as a positive
control. D. Fibronectin protein levels were assessed using western blots in cell lysates (D)
when HGFs are cultured for 2 weeks and in supernatant (E) obtained from the last day of
the culture. GAPDH was used as a loading control for cell lysates. Bi, Ci, Di, Ei.
Densitometry analyses of the fibronectin bands were performed and illustrated on the
right side the corresponding western blot. For proteins from cell lysates, fibronectin
bands were normalized to corresponding GAPDH bands. Data represents mean fold band
intensities ± s.d. relative to control day 1 (on collagen alone) of 3 independent
experiments in triplicates. Data was analyzed via Student’s t-test (unpaired) within each
time-point (*p<0.05; ns, not significant) (Bi-Ci). Data was analyzed via one-way
ANOVA with Bonferroni multiple comparisons test (*p<0.05, *** p<0.001, ****
p<0.0001) (Di-Ei).
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Figure 2.10: HGFs cultured with rhPN have greater fibronectin synthesis.
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Figure 2.11: HGFs cultured with rhPN have greater collagen synthesis.
A. HGFs cultured on collagen or collagen + rhPN coated plates for 1 day and 1 week
were assessed for gene expressions of COL1A2 and COL3A1. Target gene expression
was normalized to 18S using the ΔΔCt method. Data represents mean fold gene
expressions ± s.d. relative to control day 1 (on collagen alone) of 3 independent
experiments in triplicates. Data was analyzed via Student’s t-test (unpaired) within each
time-point (*p<0.05; ns, not significant). B. HGFs cultured on collagen alone or collagen
+ rhPN coated plates for 2 weeks were assessed for hydroxyproline contents in cell
lysates and supernatant obtained at 2 weeks. HGFs cultured with TGF-β1 on collagen
alone-coated plates were used as a positive control. Data represents mean hydroxyproline
contents ± s.d. relative to control (on collagen alone) of 3 independent experiments in
triplicates. Data was analyzed one-way ANOVA with Bonferroni multiple comparisons
test was used (*p<0.05, **p <0.01, ***P<0.001, ****P<0.0001). HGFs on collagencoated plates increase collagen contents in cell lysates and the media in vitro.
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Figure 2.11: HGFs cultured with rhPN have greater collagen synthesis.
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greater than cells cultured on collagen alone (p<0.05). Hydroxyproline content in the
media samples from cells cultured with rhPN or TGF-β1 were also significantly greater
than the supernatant from control cells (p<0.05).

2.5 Discussion
Periostin is an important molecule in ECM homeostasis and remodeling, with prolonged
or increased expression levels associated with fibrosis (Elliott and Hamilton, 2011).
Excessive scarring results in altered tissue architecture that affects growth, development,
and normal tissue function (Wijdeveld et al., 1987; Wijdeveld et al., 1991). Oral gingival
tissue is known to heal with reduced levels of scarring in contrast to skin (Hakkinen et al.,
2000; Larjava et al., 2011), but the expression profile and potential roles of periostin in
gingival healing have never been investigated. In this report, we confirm that periostin is
upregulated in gingival tissue in response to injury.
Previous studies including by our group, have shown that following excisional skin
wounding in mice, periostin is upregulated at day 3, levels peak at day 7, after which
expression eventually returns to baseline (Elliott et al., 2012a). Periostin has been shown
to regulate myofibroblast differentiation, matrix synthesis and re-epithelialization in skin
(Norris et al., 2007; Zhou et al., 2010; Elliott et al., 2012b). In our study, we
demonstrated that periostin expression was increased at day 7, with protein levels
increased yet further at day 14 in the ECM of the connective tissue. In a similar manner
to skin healing, periostin upregulation in gingival tissue coincides with the proliferative
and remodeling phases of healing, but not the inflammatory phase. Interestingly, periostin
protein levels are not increased at day 3 as is seen in skin healing, highlighting a
difference in expression profile between the two tissue types. Periostin expression after
day 14 would need to be further assessed in the future study.
Recruitment and proliferation of fibroblasts and epithelial cells is a central event during
healing to re-establish barrier function, as well as to facilitate matrix synthesis and tissue
remodeling (Guo and Dipietro, 2010). We show here that the initial proliferative response
in gingival healing is in the oral epithelium at day 1 post-wounding, with the initial
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wound site re-epithelialized by day 3. This rapid induction of proliferation and migration
in the oral epithelium allows for rapid re-establishment of barrier function to prevent
bacterial infiltration of the sub-gingival tissues. In this study, we showed that periostin
immunoreactivity does not localize to the basement membrane of rat gingiva at day 0,
day 1 and day 3 post-wounding in areas where epithelial cells undergo significant
proliferation. In our previous studies, we have shown that that kinetics of reepithelialization of 8 mm excisional skin wounds is not altered by periostin deletion
(Elliott et al., 2012b); instead a failure of the wounds to contract requires the epithelium
to migrate further. However, during incisional healing, which occurs predominantly by
re-epithelialization, periostin is significantly upregulated in the basement membrane at
the edge of the wound in the undamaged skin, which correlates with the areas of
proliferating keratinocytes. Therefore, we conclude that periostin is unlikely to be
influencing proliferation and migration of oral epithelial cells during gingival healing.
PCNA labeling becomes evident in fibroblasts in the developing granulation tissue at day
3, with the highest levels of PCNA positive fibroblasts observed in the regenerating tissue
at days 7 and 14. As is seen with oral epithelial cells, fibroblast proliferation occurs
earlier in the healing response than induction of periostin expression. In vitro, HGFs
cultured in the presence of rhPN show proliferation rates compared to cells on collagen
alone, demonstrating that periostin does not appear to affect proliferation. This is in
agreement with our previous findings; periostin deletion in mice does not alter cell
number in excisional skin healing and dermal fibroblasts isolated from periostin null mice
showed no significant difference in proliferation kinetics compared to wild-type cells
(Elliott et al., 2012b). However, Ontsuka and colleagues demonstrated that periostin KO
dermal fibroblasts proliferated less, an observation that could be reversed by forced
expression or the addition of recombinant periostin (Ontsuka et al., 2012). However, the
effect of periostin on proliferation of human dermal fibroblasts was concentration
dependent, and the effect of rhPN on murine wild-type cells was less than if periostin was
overexpressed in the cells. Combining all these independent results with those from this
study show that the exact role of periostin on proliferation is unclear and highly
dependent on the culture conditions. The only region in the gingival defects where PCNA
and periostin co-localizes was in the periosteum of the alveolar bone surface. We have
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previously demonstrated that periostin is expressed in the periosteum of the alveolar ridge
in humans (Wen et al., 2010), such that the presence of periostin in rats is expected. As
we removed the gingival tissue down to the level of the alveolar bone, proliferation
would also be anticipated.
As myofibroblast differentiation during skin healing mediates contraction of wound
edges and is modulated by periostin (Elliott et al., 2012b), we examined whether
myofibroblasts were evident in gingival healing. Myofibroblasts incorporate α−SMA into
stress-fibers that allows for the contraction of their surrounding matrix. Interestingly, we
only observed a very low level of myofibroblasts at day 7, suggesting that adoption of a
contractile myofibroblast phenotype is not a significant event in gingival wound healing.
Interestingly, although myofibroblast were largely absent, periostin was still present in
the ECM during wound healing, at day 7 and day 14. In vitro studies demonstrated that
rhPN does not increase α-SMA protein, α-SMA incorporation into stress-fibers, nor
induce gel contraction. Therefore we conclude that periostin does not induce a contractile
myofibroblast phenotype in HGFs as it does in dermal fibroblasts. Behavioral differences
between oral and dermal fibroblasts in vitro have been reported in numerous studies
(Bronson et al., 1988). On a functional level, gingival fibroblasts exhibit a reduced
fibrotic phenotype when directly compared to dermal fibroblasts, manifesting in lower
expressions of genes related to TGF-β signaling, ECM, and cell contractility (Mah et al.,
2014). We have shown previously that in murine skin, periostin modulates α-SMA
expression in a FAK and β1 integrin engagement dependent manner (Elliott et al., 2012b).
Interestingly, phosphorylation of FAK, which is a central molecule activated in adhesive
signaling, is required for induction of α-SMA in response to TGF-β1 (Thannickal et al.,
2003; Leask, 2013). Recently, Guo et al have demonstrated that the HGFs exhibit fewer,
smaller focal adhesions (FAs) concomitant with lower levels of FAK phosphorylation,
compared to human dermal fibroblasts (Guo et al., 2011). Therefore, the low level of
myofibroblasts present during gingival healing may be in part be due to reduced adhesive
signaling which ultimately manifests in a failure to activate α-SMA expression.
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Increased matrix stiffness is also a trigger for fibroblast to myofibroblast transition by
inducing maturation of FAs (Tomasek et al., 2002), which raises the possibility that
healing gingival tissue ECM may not possess the same level of stiffness that granulation
tissue has in skin. During healing of excisional wound in murine skin, deletion of
periostin does not affect α-SMA expression in high-tension areas at the wound edge, but
α-SMA is completely absent in the relatively low-tension granulation tissue, suggesting
that periostin modulates myofibroblast differentiation in relatively compliant tissue
(Elliott et al., 2012b). However, the presence of periostin in gingival tissue is not
sufficient to induce α-SMA, suggesting that the maturity of FAs and a lack of adhesive
signaling in gingival fibroblasts more likely results in an absence of myofibroblasts
during healing. We would need to further study the compliance of the granulation tissue
in the gingiva compared to skin during healing to assess the potential role of tissue
compliance in gingival healing and the low level of myofibroblasts.
Oral mucosa, like fetal tissue, has been suggested to heal more rapidly with less scarring
than skin (Sciubba et al., 1978; Yang et al., 1996). The persistence of myofibroblasts is
accepted to be responsible for scar remodeling and fibrosis in many organs (Darby et al.,
1990). The lack of myofibroblasts evident in gingival healing is similar to the response of
fetal tissue at early gestational age, where an absence of myofibroblasts and scarring
occurs in wound healing (McCluskey and Martin, 1995). An increasing propensity for
scarring during wound repair parallels higher levels of myofibroblasts that become
observed, which is evident with increasing fetal age (Estes et al., 1994), suggesting that
phenotypic modulation of wound fibroblasts into myofibroblasts may be involved in scar
formation. However, there is evidence in the literature suggesting that gingival fibrosis
may not involve myofibroblasts (Sakamoto et al., 2002; Martelli et al., 2010; Sobral et
al., 2010; Pisoschi et al., 2014). Although we need to further confirm time points between
4 and 6 days, our study suggests that the low level of myofibroblasts during repair is
likely a significant factor relating to scar-less healing evident in gingival tissue.
We next examined whether periostin modulated matrix production by gingival
fibroblasts. In our study, immunohistochemistry demonstrates that periostin protein levels
are highest when collagen density is increasing during gingival wound healing.
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Supporting this, RT-qPCR and hydroxyproline assay demonstrate that HGFs cultured in
the presence of rhPN have increased COL1A2 and COL3A1 mRNA levels, with greater
hydroxyproline content in cell lysates and supernatants. Fibronectin is a regulator of
collagen organization and tissue phenotype (Leask and Abraham, 2004) and RT-qPCR
and western blot also showed that fibronectin is increased in both cell lysates and the
conditioned media. Periostin has binding domains that interact with ECM components
such as collagen and fibronectin to modulate tissue structure and function (Kii et al.,
2010) and is a critical molecule in several tissue types during wound healing (Elliott and
Hamilton, 2011). Previous reports support a role for periostin in collagen synthesis and
fibrillogenesis in skin and heart (Norris et al., 2007; Norris et al., 2008a; Norris et al.,
2008b; Norris et al., 2009); periostin null mice demonstrate reduced collagen fibril
diameters, concomitant with aberrant collagen I fibrillogenesis and collagen cross-linking
in skin (Norris et al., 2007). Therefore, our data provides further evidence that periostin
modulates matrix synthesis. Although technically challenging, future studies will
investigate whether deletion of periostin impacts collagen and fibronectin synthesis
during the proliferative and remodeling phases of gingival wound repair.
In conclusion, we show that periostin is upregulated in gingival healing, although it is not
associated with myofibroblast differentiation or proliferation during gingival regeneration.
Based on its role in skin healing, the absence of myofibroblasts is likely an underlying
reason for reduced scar formation evident in healing of gingival tissue. The primary
influence of periostin appears to be modulation of matrix synthesis during healing in rats,
which was confirmed by in vitro culture of gingival fibroblasts with rhPN. The results
from this study show that the action of periostin during healing is tissue specific.
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Chapter 3 Nifedipine Induces Periostin Expression in
Gingival Fibroblasts Through TGF-beta Signaling.

This Chapter has been reproduced from (Appendix 3):
Kim, S. S., Jackson-Boeters, L., Darling, M. R., Rieder, M. J., Hamilton, D.
W. (2013). Nifedipine induces periostin expression in gingival fibroblasts through
TGF-beta. J Dent Res 92(11):1022-1028.
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3.1 Abstract
Gingival enlargement is a fibrotic condition that can arise from systemic administration
of the dihydropyridine calcium channel blocker nifedipine. Periostin, a transforming
growth factor-beta (TGF-β)-inducible matricellular protein, has been associated with
fibrosis in numerous tissues, but its expression has never been examined in nifedipineinduced gingival enlargement (NIGE). The objective of this study was to assess if
periostin upregulation is associated with NIGE and whether nifedipine induces periostin
expression in gingival fibroblasts. In NIGE tissue, periostin is overexpressed in the
gingival connective tissue compared with healthy control tissue. The transcription factor
p-SMAD2/3, which is associated with canonical TGF-β signaling, localizes to the nuclei
in both human gingival fibroblasts (HGFs) and oral epithelial cells in NIGE tissues, but
not in control healthy tissue. In vitro culture of HGFs with 30 and 100 ng/ml of
nifedipine significantly increased periostin mRNA and protein levels, which correlated
with increased levels of active TGF-β and increased phosphorylation and nuclear
localization of SMAD3. Blocking of TGF-β signaling through inhibition of the TGF-β
type I receptor with SB431542 significantly reduced nifedipine-induced SMAD3
phosphorylation and periostin expression. Our results demonstrate that nifedipine
upregulates periostin in HGFs in a TGF-β−dependent manner.

3.2 Introduction
Nifedipine is a dihydropyridine calcium channel blocker used in the treatment of
hypertension, and angina pectoris (Sorkin et al., 1985), however one of the major side
effects reported for the systemic administration of nifedipine is gingival enlargement. The
reported frequencies of gingival enlargement vary between 5-85% (Heasman and
Hughes, 2014), and the onset is typically within the first month following nifedipine
administration (Barclay et al., 1992). There are currently no treatments for the condition
other than surgical removal of the enlarged tissue.
The etiology of NIGE is considered to be multifactorial, with evidence suggesting it is
more prevalent in patients with gingival inflammation (Sousa et al., 2011). However,
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increased plasma levels of nifedipine also correlate with condition severity (Thomason et
al., 1997), suggesting that the drug itself is an important determinant. Classified as a
fibrotic lesion (Brown et al., 1991), it has been shown that gingival fibroblasts isolated
from NIGE tissues show increased collagen synthesis in response to nifedipine, which is
coupled with lower levels of collagenase activity (Tipton et al., 1994). Previous
immunohistochemical analysis of NIGE tissues has shown increased immunoreactivity
for TGF-β and its receptor compared to controls (Saito et al., 1996).
TGF-β is widely accepted as a central mediator of the fibrotic process (Bowen et al.,
2013). Upon activation of TGF-β ligands, they complex with dimerized TGF-β type II
and type I receptors, both of which are activin-like receptor kinase (ALK) and
serine/threonine kinases (Piek et al., 1999). Type I receptor, ALK5 in most cell types, is
phosphorylated to subsequently phosphorylate and activate SMAD2/3 complex, involved
in the canonical TGF-β pathway (Piek et al., 1999; Rahimi and Leof, 2007). Increased
TGF-β signaling through SMAD2/3 complex enhances expression of collagen type I
(Chen et al., 1999), with Smad3 null mice being resistant to pulmonary fibrosis induced
by TGF-β (Bonniaud et al., 2004). Previous research suggests gingival fibroblasts do
possess L-type calcium channels (Jeng et al., 2006), the target of nifedipine, opening the
possibility that the drug could act directly on gingival cells, altering local calcium
concentration.
Many other proteins have now been identified that contribute significantly to fibrosis and
are activated in response to TGF-β, including matricellular proteins that modulate cellmatrix interactions (Bornstein and Sage, 2002). However, other than CCN2 (Uzel et al.,
2001), matricellular proteins have not been investigated in the context of NIGE.
Periostin, a recently classified matricellular protein (Norris et al., 2008) regulated by
TGF-β , is associated with collagen-rich tissues where it regulates functional and
structural properties of connective tissues (Hamilton, 2008). In recent years, increased
periostin expression levels have been strongly correlated with several fibrotic conditions
(Elliott and Hamilton, 2011). However, the expression of periostin in NIGE has never
been investigated.
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Based on the role of periostin in extracellular matrix (ECM) regulation and fibrosis, we
hypothesized that periostin would be upregulated in the ECM of NIGE tissues. The
objective of this study was to assess periostin expression in situ and in vitro in response
to nifedipine, and whether TGF-β signaling regulates the effect of nifedipine on periostin
expression in gingival cells.

3.3 Materials and Methods
3.3.1 Tissue Procurement
Clinically healthy gingiva (n = 6) was obtained under informed consent from six patients
undergoing periodontal or implant therapies at the Oral Surgery Clinic at The University
of Western Ontario. Gingival tissues from six patients with NIGE were obtained from the
Oral Pathology Laboratory. The use of all tissue material was in accordance with the
guidelines of the University’s Research Ethics Board for Health Sciences Research
involving Human Subjects requiring informed consent (Appendix 2).

3.3.2 Tissue Preparation and Immunohistochemistry
Tissues were fixed in 10% neutral buffered formalin (Sigma Aldrich; St. Louis, MO,
USA), paraffin processed, embedded, and sectioned at 5 µm prior to labeling.
Immunohistochemistry was performed as previously described (Wen et al., 2010; Zhou et
al., 2010; Elliott et al., 2012). In brief, tissues were deparaffinized and immune-labeled
using primary antibodies for periostin (sc-49480; Santa Cruz Biotechnology; Dallas, TX,
USA; 1:100) and phosphorylated-SMAD2/3 (p-SMAD2/3) (ser423/425) (sc-11769;
Santa Cruz Biotechnology; 1:100). Primary antibodies were detected using the
ImmPRESS Reagent Kit Peroxidase (Vector Laboratory; Burlingame, CA, USA) and
DAB reagent (Vector Laboratory) as per the manufacturer’s instructions Primary
antibody was not added for experimental negative controls. All sections were
counterstained with haematoxylin (Sigma Aldrich). Images were taken with a Carl Zeiss
Imager M1 microscope (Carl Zeiss; Jena, Germany).
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3.3.3 HGF Isolation and Growth
Healthy HGFs were isolated from gingival tissues, obtained from systemically healthy
subjects using the explant culture method (Brunette et al., 1983), under informed consent
from individuals undergoing periodontal therapies at the Oral Surgery Clinic at The
University of Western Ontario. HGFs were maintained in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco; Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS; Gibco) and 1X antibiotics and antimycotics (AA; 100
μg/ml penicillin G, 50 μg/ml gentamicin, 25 μg/ml amphotericin B; Gibco), in 75 cm2
tissue culture plastic flasks, at 37°C in a humidified atmosphere of 5% CO2. Cells were
removed from the growth surface with trypsin-EDTA (0.05%; Gibco). Cells between
passage 3 and 7 were used in experiments.

3.3.4 TGF-β1 and Nifedipine Treatment
HGFs were seeded at 7000 cells per cm2 surface area in 6 well plates for RT-qPCR and in
dishes (100 mm diameter) for western blot experiments. Prior to nifedipine treatment,
HGFs were serum-starved in low-glucose DMEM for 12-16 hours. For TGF-β1
treatment, recombinant human TGF-β1 at 5 ng/ml was used (240-B-002/CF; R&D
Systems; Minneapolis, MN, USA). To inhibit TGF-β signaling, ALK5 (TGF- β1 receptor
I) inhibitor SB431542 (10 µM) (S4317; Sigma Aldrich) was used; an equal volume of
dimethyl sulfoxide (DMSO) (Sigma Aldrich) served as a control. Parallel cultures of
HGFs were pre-treated with low-glucose DMEM (0.5% FBS and 1X AA) containing
ALK5 inhibitor SB431542 at 10 µM or control DMSO 30 minutes prior to TGF-β1
treatment. Subsequently, HGFs were treated with DMEM containing DMSO alone, TGFβ1, or both TGF-β1 and SB431542 for 15, 30 minutes, or 24 hours.
For nifedipine treatment, nifedipine (N7634; Sigma Aldrich) was reconstituted in DMSO
(Sigma Aldrich) followed by dilution in low-glucose DMEM (0.5% FBS and 1% AA) to
final concentrations of 30 ng/ml or 100 ng/ml. HGFs were cultured in DMEM containing
30 ng/ml of nifedipine, or 100 ng/ml of nifedipine for 30 minutes, 3 hours or 24 hours.
HGFs treated with DMEM containing an equal volume of DMSO without nifedipine
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served as a control to provide baseline values. Parallel cultures of HGFs were treated
with DMEM containing SB431542 (10 µM) (Sigma Aldrich) or control, DMSO 30
minutes prior to the nifedipine treatment. Subsequently, HGFs pre-treated with
SB431542 were treated with DMEM containing nifedipine at 30 ng/ml or 100 ng/ml or
DMSO with SB431542. HGF culture conditions without the inhibitor treatment received
DMEM containing nifedipine at 30 ng/ml or 100 ng/ml or DMSO without SB431542, for
30 minutes and 24 hours.

3.3.5 RT-qPCR
Total RNA was isolated using 1 ml of TRIzol® reagent (Ambion; Carlsbad, CA, USA)
per well according to the manufacturer’s recommendations. Real-time quantitative
polymerase chain reaction (RT-qPCR) was performed on 50 ng of total RNA with
TaqMan One-Step RT-PCR Master Mix and gene-specific TaqMan probes (Appendix 6)
(Applied Biosystems; Carlsbad, CA, USA) under the following conditions: 48°C for 30
minutes followed by 90°C for 10 minutes and 40 cycles of 95°C for 15 seconds and 60°C
for 1 minute using 7900 Real Time PCR system (Applied Biosystems). mRNA
expression levels of periostin (POSTN) and TGF-β1 (TGFB1) were normalized to the
housekeeping gene, 18S rRNA. PCR efficiency was verified by dilution series and
relative POSTN, and TGFB1 levels were calculated by the ΔΔCT method (Livak and
Schmittgen, 2001).

3.3.6 Western Blotting
Western blotting was performed as previously described (Hamilton et al., 2007; Kokubu
et al., 2009). In brief, HGFs were washed twice with PBS and protein was isolated in
RIPA buffer (Sigma Aldrich) containing protease (Roche Diagnostics GmbH; Mannheim,
Germany) and phosphatase inhibitors (Calbiochem; Billerica, MA, USA) cocktails.
Protein concentration was determined by Pierce® BCA Protein assay kit (Pierce;
Waltham, MA, USA). A 25 µg quantity of protein from each sample was separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes. Membranes were washed with Tris-buffered saline
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containing 0.05% Tween-20 (TBS-T) and blocked with 5% dried milk in TBS-T. Primary
antibodies for periostin (ab92460; Abcam; Cambridge, MA, USA; 1:1000),
phosphorylated-SMAD3 (p-SMAD3) (ser423/425) (ab52903; Abcam; 1:1000), and
GAPDH (MAB374; Millipore, Billerica, MA, USA; 1:2000) were used to incubate the
membranes for 12 hours. Detection was with appropriate peroxidase-conjugated
secondary antibodies (Jackson ImmunoResearch; West Grove, PA, USA; 1:2000), which
were developed with SuperSignal Western Pico Chemiluminescence Substrate (Pierce;
Waltham, MA, USA).

3.3.7 Immunocytochemistry
Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and
blocked with 1% bovine serum albumin. P-SMAD3 was detected with rabbit anti-pSMAD3 (ab52903; Abcam; 1:100) followed by a goat anti-rabbit IgG conjugated to Cy5
secondary antibody (Molecular Probes; Carlsbad, CA, USA; 1:200). Images were taken
with a Carl Zeiss Observer Z1 microscope and AxioVision Relative software (version
4.8).

3.3.8 ELISA Assay
The concentrations of active TGF-β1 in the cell-culture-conditioned media were
quantified by TGF-β1 Emax® ImmunoAssay System (Promega; San Luis Obispo, CA,
USA). A 100 µL quantity of conditioned media and TGF-β1 standards were
immunoassayed according to the manufacturer’s protocol.

3.3.9 Statistical Analysis
Statistical analysis was by one-way or two-way ANOVA, as appropriate, followed by
Bonferroni multiple comparisons test with Graphpad Software version 5 (Graphpad
Software; La Jolla, CA, USA) (p < 0.05 was considered significant). Data are expressed
as the mean ± standard deviation of 3 or 5 individual experiments with independent
primary cultures from different subjects. Individual experiments included three replicates.
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3.4 Results
3.4.1 TGF-β increases periostin
Previous reports have demonstrated that TGF-β1 increases periostin in mouse osteoblasts
(Horiuchi et al., 1999), human periodontal ligament fibroblasts (Wen et al., 2010), dermal
fibroblasts (Zhou et al., 2010), and gingival fibroblasts (Arancibia et al., 2013). To
confirm that such TGF-β signaling is also intact in our HGFs, HGFs were cultured with
TGF-β1 and ALK5 inhibitor. HGFs cultured with TGF-β1 for 15 and 30 minutes
demonstrated increased nuclear translocation of p-SMAD3 (Figure 3.1A). HGFs cultured
with TGF-β1 for 24 hours demonstrated a significant increase in POSTN gene expression
compared to control cells (Figure 3.1B). When ALK5 was inhibited, the increase of
POSTN gene expression was attenuated to the baseline level. Increased periostin protein
level was also achieved by treating HGFs with TGF-β1 and attenuated when ALK5
inhibitor was added (Figure 3.1C).

3.4.2 Periostin is upregulated and SMAD2/3 nuclear localization
increased in NIGE tissues
In healthy gingiva, periostin immunoreactivity was detectable in the sub-epithelial
connective tissue along the basement membrane in most connective tissue papillae,
however some tissue papillae showed no staining (n = 6) (Figure 3.2A,C). In contrast, all
NIGE samples showed elevated periostin immunoreactivity in the gingival connective
tissue (n = 6) (Figure 3.2B,D). In areas of excess inflammation that were present in the
apical portions of the tissue, ECM was sparse and reduced periostin expression was also
evident (Figure 3.2E,F). High immunoreactivity for p-SMAD2/3 was observed in all
NIGE tissues (n = 6) in the nuclei of both gingival fibroblasts and oral epithelial cells, in
contrast no staining of p-SMAD2/3 was evident in healthy gingival tissues (n = 6)
(Figure 3.3).
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Figure 3.1: Periostin expression is regulated by TGF-β signaling in HGFs.
A. Immunocytochemical staining of HGFs treated with TGF-β1 (5 ng/ml) or both TGFβ1 and SB431542 (10 µM) for 15 and 30 minutes. Cells were fluorescently labeled for pSMAD3 (pink) and nuclei (blue). Co-localization of p-SMAD3 and nuclei would suggest
nuclear translocation of p-SMAD3 transcription factor. B-C. TGF-β1 stimulates periostin
increase in HGFs. B. HGFs treated with or without TGF-β1 (5 ng/ml) for 24 hours were
assessed for periostin protein level using western blots of cell lysates. GAPDH was used
as a loading control. The most representative blot of three independent experiments is
shown. C. HGFs treated with or without TGF-β1 (5 ng/ml) or both TGF-β1 and
SB431542 (10 µM) for 24 hours were assessed for periostin mRNA (POSTN) expression
using RT-qPCR. POSTN expression level was normalized with the housekeeping gene,
18S, using ΔΔCT method. Data represents mean fold gene expressions ± s.d. relative to
control (DMSO alone) of 3 independent experiments in triplicates. Data was analyzed via
one-way ANOVA with Bonferroni multiple comparisons test (*p<0.01; ns, not
significant; compared to control). POSTN expression was significantly increased by
TGF-β1 and SB431542 completely	
  blocked	
  this	
  effect.	
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Figure 3.1: Periostin expression is regulated by TGF-β signaling in HGFs.	
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Figure 3.2: Periostin is increased in NIGE compared to healthy gingival tissue.
Immunoreactivity for periostin in gingival tissues from healthy individuals (n = 6)
(A,C,E) and patients with NIGE (n = 6) (B,D,F). Sections were incubated with a primary
antibody against periostin and detected with a perioxidase-conjugated secondary antibody
and DAB (brown). Images shown are representative of the staining pattern in all six
patients from each treatment. Primary antibody delete controls are shown in the inset.
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Figure 3.2: Periostin is increased in NIGE compared to healthy gingival tissue.

143

Figure 3.3: p-SMAD2/3 nuclear translocation is increased in NIGE tissues.
Immunoreactivity for p-SMAD2/3 in gingival tissues from healthy subjects (n = 6) (A,C)
and patients with NIGE (n = 6) (B,D). Sections were incubated with a primary antibody
against p-SMAD2/3 and detected with a perioxidase-conjugated secondary antibody and
DAB. Images shown are representative of the staining pattern in all six patients from
each condition. Arrowheads denote p-SMAD2/3-positive cells in NIGE. Primary deleted
controls are shown in the inset.
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Figure 3.3: p-SMAD2/3 nuclear translocation is increased in NIGE tissues.
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3.4.3 Nifedipine induces periostin expression and phospho-SMAD3
nuclear translocation in HGFs
Upon confirmation that periostin and p-SMAD2/3 are associated with NIGE in situ, we
next investigated whether nifedipine upregulates periostin expression in healthy HGFs in
vitro. POSTN mRNA levels were significantly increased by both 30 ng/ml and 100 ng/ml
nifedipine compared with control cells after 3 and 24 hours of treatment (p<0.05) (Figure
3.4A). Western blotting confirmed that periostin also increased at the protein level in
HGFs treated with 30 ng/ml and 100 ng/ml of nifedipine versus that of untreated cells
after 24 hours of culture (Figure 3.4B). To determine if nifedipine induced canonical
TGF-β signaling, we investigated nuclear accumulation of p-SMAD3, and found that the
ratio of p-SMAD3-positive cells to the total number of cells was significantly increased
in treated conditions compared with control HGFs at 30 minutes post-treatment (p<0.05)
(Figure 3.4C). To assess whether nifedipine influence TGF-β1, we quantified TGF-β1
mRNA levels in HGFs and active TGF-β1 protein levels from the media. TGF-β1 mRNA
levels did not significantly increase in either concentration of nifedipine (Figure 3.4D),
however active TGF-β1 levels in the media were increased by both 30 ng/ml and 100
ng/ml nifedipine compared with those in control at 3 and 24 hours post-treatment
(p<0.05) (Figure 3.4E).

3.4.4 Nifedipine induces periostin expression via TGF-β signaling
We next investigated whether upregulation of periostin expression by nifedipine is
dependent on TGF-β signaling. Western blots showed p-SMAD3 and periostin protein
levels increased in HGFs treated with 30 ng/ml and 100 ng/ml of nifedipine, compared
with levels in control cells at 30 minutes post-treatment (Figure 3.5A-B). When TGF-β
signaling was inhibited with the ALK5 inhibitor SB431542, neither nifedipine at a
concentrations of 30 ng/ml nor 100 ng/ml, influenced p-SMAD3 nuclear translocation or
periostin protein levels (p<0.05) (Figure 3.5A-C).
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Figure 3.4: Nifedipine induces periostin synthesis in HGFs and directly stimulates
TGF-β signaling in HGFs.
HGFs were cultured with nifedipine (30 and 100 ng/mL) or without nifedipine (DMSO
alone) for 3 and 24 hours. A. Periostin mRNA (POSTN) expression was quantified using
RT-qPCR. POSTN expression was normalized with the housekeeping gene, 18S, using
ΔΔCT method. Data represents mean fold gene expressions ± s.d. relative to control
(DMSO alone) at 3 hours of 5 independent experiments in triplicates. Data was analyzed
via two-way ANOVA with Bonferroni multiple comparisons test (*p<0.05, **p<0.01,
***p<0.001). B. Periostin protein level was assessed using western blots of cell lysates
from HGFs cultured for 24 hours. GAPDH was used as a loading control. C.
Immunocytochemical staining of HGFs cultured with nifedipine (30 and 100 ng/mL) or
without nifedipine (DMSO alone) for 30 minutes. Cells were fluorescently labeled for pSMAD3 (pink) and nuclei (blue). Inset shows p-SMAD3 alone. Co-localization of pSMAD3 and nuclei would suggest nuclear translocation of p-SMAD3 transcription
factor. Average ratios of p-SMAD3-positive HGFs normalized to total number of cells
per field of view at 40X magnification were quantified from 20 images per condition.
Data represents mean ratio ± s.d. of 5 independent experiments in triplicates. Data was
analyzed using one-way ANOVA with Bonferroni multiple comparisons test (*p<0.01,
**p<0.001). D. HGFs cultured with nifedipine (30 and 100 ng/mL) or without nifedipine
(DMSO alone) for 3 or 24 hours were assessed for TGF-β1 mRNA (TGFB1) expression
level using RT-qPCR. TGFB1 expression level was normalized with the housekeeping
gene, 18S, using ΔΔCT method. Data represents mean fold gene expressions ± s.d.
relative to control (DMSO alone) at 3 hours of 5 independent experiments in triplicates.
Data was analyzed via one-way ANOVA with Bonferroni multiple comparisons test (ns,
not significant). E. Active TGF-β1 level in the conditioned media was assessed using an
ELISA assay. Data represents mean fold change in active TGF-β1 ± s.d. relative to
control (DMSO alone) at 3 hours of 5 independent experiments in triplicates. Data was
analyzed via two-way ANOVA with Bonferroni multiple comparisons test (*p<0.05).
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Figure 3.4: Nifedipine induces periostin synthesis in HGFs and directly stimulates TGF-β
signaling in HGFs.
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Figure 3.5: Nifedipine mediates its effects through TGF-β type I receptor to increase
SMAD3 activation and periostin expression.
HGFs were cultured with nifedipine (30 and 100 ng/ml) or without nifedipine (DMSO
alone) either in the presence of SB431542 (10 µM) or in the absence of the inhibitor for
30 minutes (A) and 24 hours (B-C). Western blots were performed on cell lysates. A. PSMAD3 protein levels in cell lysates were greater in HGFs cultured with nifedipine, but
not in the presence of SB431542. HGFs treated with TGF-β1 (5 ng/ml) were used as a
positive control. B. Periostin protein levels in the cell lysates of HGFs cultured with
nifedipine were greater than that of control cells. GAPDH was used as a loading control.
C. Densitometric analysis of the periostin bands normalized to corresponding GAPDH
bands and illustrated relative to the control condition (DMSO alone). Data represents
mean fold change in band intensity ± s.d. relative to control (no drug and no SB431542)
of 3 independent experiments in triplicates. Data was analyzed via two-way ANOVA
with Bonferroni multiple comparisons test (*p<0.05).
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Figure 3.5: Nifedipine mediates its effects through TGF-β type I receptor to increase
SMAD3 activation and periostin expression.
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3.5 Discussion
Nifedipine is a calcium channel blocker used for treatment of cardiovascular diseases, but
one of the reported side effects of the drug is gingival overgrowth (Miranda et al., 2001).
Although gender, length of nifedipine administration, the presence of plaque and gingival
inflammation have been suggested as predisposing factors (Tavassoli et al., 1998;
Miranda et al., 2001), the mechanism by which nifedipine may directly influence cellular
response leading to gingival enlargement has been poorly investigated. The focus of this
study was on whether NIGE lesions are associated with an upregulation of periostin,
which has been associated with several other fibrotic conditions (Elliott and Hamilton,
2011). We further investigated whether nifedipine induced periostin upregulation in
gingival fibroblasts in vitro, and whether TGF-β signaling is involved.
We report for the first time that periostin is upregulated in gingival connective tissue
from patients with NIGE compared with healthy individuals. Elevated levels of periostin
have been reported in other fibrotic conditions, with increased levels correlating with the
severity and progression of the fibrosis (Naik et al., 2012; Yamaguchi et al., 2012). In
addition, both gingival fibroblasts and oral epithelial cells showed nuclear translocation
of p-SMAD2/3, which is the downstream transcription factor mediating TGF-β
activation; suggesting a possible mechanism of action as periostin is known to be
upregulated by TGF-β (Horiuchi et al., 1999). We have previously demonstrated that
periostin has a significant role in skin healing, modulating the fibroblast-to-myofibroblast
phenotypic transition between days 5 and 9 post-wounding in mice (Zhou et al., 2010;
Elliott et al., 2012). It is therefore possible that periostin expression and p-SMAD2/3
nuclear translocation in NIGE could be related to a wound healing response due to the
presence of plaque and gingival inflammation. However, fibrosis exhibits many
similarities to the wound healing response. Although inflammation is present in the NIGE
tissues, the highest periostin immunoreactivity and SMAD2/3 activation were observed
in the coronal aspect of the gingiva, where inflammation is comparatively lower.
Interestingly, we have previously shown, in skin, that periostin expression is not
associated with inflammation (Jackson-Boeters et al., 2009; Zhou et al., 2010; Elliott et
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al., 2012), and recent studies have shown that periostin is down-regulated in periodontal
inflammation (Padial-Molina et al., 2012). Therefore, it is unlikely that the periostin
upregulation is a response of plaque-induced inflammation. Instead, based on our
findings, it is possible that nifedipine may induce a pro-fibrotic response in gingival
tissue. Previous studies also have shown upregulation of the fibrosis-related connective
tissue growth factor in phenytoin-induced gingival enlargement (Uzel et al., 2001).
Histological evidence in the literature has shown that drug-induced gingival enlarged
tissue is composed of excessive ECM accumulation, a hallmark of fibrosis (Brown et al.,
1991; Dill and Iacopino, 1997; Steinsvoll et al., 1999; Kataoka et al., 2000; Uzel et al.,
2001).
To investigate if nifedipine was capable of inducing periostin upregulation and pSMAD2/3 nuclear translocation, we next assessed whether nifedipine activated periostin
and TGF-β signaling in HGFs. Addition of 30 ng/ml or 100 ng/ml of nifedipine resulted
in rapid (30 minutes) phosphorylation and nuclear translocation of SMAD3. While
nifedipine did not affect TGF-β1 gene expression, it induced significantly greater levels
of active TGF-β1 in the media at 3 and 24 hours, with the upregulation of periostin
mRNA at 3 and 24 hours, as well as periostin protein by 24 hours. Inhibiting the TGF-β
type I receptor, ALK5, attenuated nifedipine-induced SMAD3 phosphorylation as well as
periostin expression, demonstrating that the effects of nifedipine and TGF-β signaling
appear to be linked. We focused on SMAD3 rather than SMAD2, since it has been
previously implicated as being fibrotic (Wang et al., 2006). Our study suggests that
nifedipine administration results in the activation of latent TGF-β1, ALK5 activation, and
subsequent SMAD3 phosphorylation and nuclear accumulation. However, the exact
mechanism of action of nifedipine on TGF-β activation is not known. Since nifedipine is
a calcium channel blocker, changes in intracellular and extracellular calcium
concentration could be playing a significant role. One potential mechanism could be
through latent TGF-β-binding proteins (LTBPs), which interact with fibrillin-1 (Ono et
al., 2009), an association that is directly or indirectly related to calcium ions (Hirani et al.,
2007). LTBPs-1, 3, and 4 are known to regulate the bioactivity and availability of TGF-β
through targeting the latent complex (latent TGF-β and latency associated protein) to
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specific sites for storage (Annes et al., 2003; Annes et al., 2004). LTBP-2 has been shown
to compete with LTBP-1 to bind to fibrilln-1, a component of microfibrils, in a calcium
dependent manner (Hirani et al., 2007). Alterations in extracellular calcium concentration
could alter interaction between LTBP-1 and fibrillin-1, resulting in release of latent TGFβ, and this is an area worthy of further study.
Combined with our in vitro results showing that nifedipine increases phosphorylation and
nuclear accumulation of SMAD3 in HGFs, it appears that NIGE follows a gene
expression pattern similar to that of other types of fibrosis. However, it is not yet clear
why some patients receiving nifedipine are susceptible to NIGE, while others are not.
There is growing evidence that a patient’s genetics determines susceptibility to off-target
effects. In addition, pharmacokinetic factors such as drug absorption, metabolism,
distribution, and excretion are known sources of variation in how a patient will respond
to a specific drug (Brown et al., 1991).
In conclusion, this study shows that periostin upregulation is associated with gingival
enlargement in patients on systemic administration of nifedipine. Blocking the TGF-β
receptor I in HGFs in vitro attenuated the increase of periostin, demonstrating that
nifedipine is a potent inducer of TGF-β signaling, albeit likely through an indirect
mechanism. These results suggest that although the etiology of NIGE is considered to be
multifactorial, the influence of the drug on gingival cell physiology should not be
overlooked.
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4.1 Abstract
Fibrosis in soft tissues is associated with the prolonged presence of myofibroblasts and
continued deposition of extracellular matrix (ECM). Drug-induced gingival enlargement
(DIGE) is a serious side effect caused by the antihypertensive drug nifedipine and the
anticonvulsant drug phenytoin, but the molecular etiology of this type of fibrosis is not
well understood and model systems to study these conditions are currently inadequate.
Understanding the molecular mechanisms that induce DIGE is essential for development
of preventive and therapeutic treatments. The aim of this study was to validate an ex vivo
gingival explant system to quantify the effects of nifedipine and phenytoin independently
on human gingival tissue, with comparisons made to biopsies of human DIGE tissue. In
DIGE retrieved from human samples, increased levels of collagen, fibronectin, and
proliferating fibroblasts were evident, but myofibroblasts were not detected. Human
gingival tissue explants, obtained from healthy individuals, were cultured with and
without nifedipine or phenytoin for 2 weeks. In healthy gingiva cultured in nifedipine or
phenytoin-containing media, the number of cells positive for p-SMAD2/3 increased,
concomitant with increased levels of periostin compared to tissues cultured without the
drugs. Hydroxyproline content was significantly higher in tissues cultured with either
drug compared to control tissues. Matrix fibronectin levels were also greater in tissues
treated with the drugs compared to control tissues. We observed no differences in
proliferating fibroblasts among the explants. Our study demonstrates that nifedipine and
phenytoin activate canonical transforming growth factor-beta (TGF-β) signaling,
periostin expression, and matrix synthesis, without increasing cell proliferation or
inducing myofibroblast differentiation. Our study shows for the first time that nifedipine
and phenytoin both alter matrix homeostasis in gingival tissue explants ex vivo and that
drug administration is a critical factor influencing ECM accumulation in gingival
enlargement.

4.2 Introduction
DIGE, also termed gingival overgrowth, is a side effect resulting from the systemic
delivery of the antihypertensive drug nifedipine and the anti-seizure drug phenytoin in a
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significant number of patients. Statistics on the prevalence of DIGE is highly variable,
but has been reported to be 5-85% for nifedipine (Heasman and Hughes, 2014) and 50%
for phenytoin (Dongari-Bagtzoglou, 2004). DIGE is often evident within 1 month of the
onset of drug therapy (Brew et al., 2000; Kaur et al., 2010). Current treatment options are
limited to surgical removal of the overgrown tissue (Brown et al., 1991), but the
recurrence rate of DIGE is very high, with patients requiring repeated surgical
interventions (Ilgenli et al., 1999). Discontinuation of the drug therapy often alleviates
the condition, but this is rarely an option for patients (Nishikawa et al., 1996).
DIGE is classified as a fibrotic lesion (Brown et al., 1991; Dill and Iacopino, 1997;
Steinsvoll et al., 1999; Kataoka et al., 2000; Uzel et al., 2001). As a medical condition,
fibrosis occurs when inappropriate tissue remodeling results in excessive fibrous matrix
deposition, and the persistence of highly contractile myofibroblasts (Gabbiani, 2003; Kim
et al., 2015). An imbalance in the production and degradation of type I collagen, the
major ECM component (Trojanowska et al., 1998), has shown to be a contributing factor
to the progression of DIGE (Kataoka et al., 2001; Kanno et al., 2008; McKleroy et al.,
2013). Human gingival fibroblasts (HGFs) obtained from fibrotic gingiva produce
significantly greater amounts of collagen, but have lower levels of collagenase activity
than HGFs derived from healthy subjects (Tipton et al., 1994).
Despite advances in pharmacology, nifedipine and phenytoin are still widely prescribed
(Heasman and Hughes, 2014). Numerous previous studies have provided evidence
suggesting that the drugs alter matrix production and degradation by gingival fibroblasts
in vitro (Keith et al., 1977; Moy et al., 1985; Kato et al., 2006), but how the drugs disturb
matrix production at the molecular level is not well understood. The TGF-β superfamily,
a large family of growth and differentiation factors, is widely accepted as a central
mediator in many fibrotic conditions by elevating collagen production and inducing
fibroblast to myofibroblast transition associated with upregulation of alpha-smooth
muscle actin (α-SMA). Periostin, a matricellular protein upregulated by TGF-β (Wen et
al., 2010; Zhou et al., 2010), is a critical regulator in connective tissue remodeling events.
In recent years, the upregulation of periostin has been shown to be associated with
development and progression of various fibrotic disorders, by influencing collagen
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production and myofibroblast differentiation (Oku et al., 2008; Vi et al., 2009; Zhou et
al., 2010; Naik et al., 2012; Yamaguchi et al., 2012; Yang et al., 2012; Mael-Ainin et al.,
2014). It was shown that periostin levels are significantly elevated in nifedipine-induced
gingival enlargement and nifedipine increases periostin through a TGF-β-dependent
mechanism in vitro (Kim et al., 2013). However, there is still a significant gap in our
understanding at the molecular level of how each drug contributes to gingival
enlargement.
DIGE has been classified by the American Academy of Periodontology as an plaquemediated condition (Armitage, 1999); implicating bacterial infection and plaque as
primary drivers of the condition. It is still unclear what the specific role of nifedipine and
phenytoin are in the processes underlying gingival enlargement, and whether plaque
contributes in this. However, a major roadblock to understanding DIGE are that current
systems in which it can be studied have limitations; human tissue retrieved is of limited
value for molecular studies and in vitro cell culture cannot mimic the complexities
present in a tissue. The aim of this study was to develop an ex-vivo gingival explant
system to assess the effects of nifedipine and phenytoin independent treatments on
proliferation,

matrix

synthesis

and

accumulation,

and

whether

myofibroblast

differentiation is associated with DIGE.

4.3 Materials and Methods
4.3.1 Tissue Procurement - In situ Study
Clinically healthy gingiva (n = 6) was obtained under informed consent from six patients
undergoing periodontal or implant therapies at the Oral Surgery Clinic at The University
of Western Ontario. Gingival tissues from eleven patients with DIGE [nifedipine (n = 6)
and phenytoin (n = 5)] were obtained from the Oral Pathology Laboratory. The use of all
tissue material was in accordance with the guidelines of the University’s Research Ethics
Board for Health Sciences Research involving Human Subjects requiring informed
consent (Appendix 2).
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4.3.2 Gingival Tissue Explant Cultures
Human gingival tissues were obtained from systemically healthy subjects under informed
consent from three patients undergoing periodontal or implant therapies at the Oral
Surgery Clinic at The University of Western Ontario. Tissues were cut into equal sizes of
approximately 4x4x4 mm. Explants were cultured in high glucose Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco; Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco), 1X antibiotics and antimycotics (AA; 100 μg/ml penicillin
G, 50 μg/ml gentamicin, 25 μg/ml amphotericin B; Gibco), and 50 µg/ml L-ascorbic acid
(Sigma Aldrich; St. Louis, MO, USA) with no drug (DMSO alone), nifedipine (100
ng/ml), or phenytoin (30 µg/ml) for 2 weeks. Media was changed every 48 hours.
Cultures were maintained at 37°C in a humidified atmosphere of 5% CO2. Three repeated
independent experiments were completed with explant tissues obtained from three
different individuals.

4.3.3 Tissue Preparation and Immunohistochemistry
Tissues were fixed in 10% neutral buffered formalin (Sigma Aldrich; St. Louis, MO,
USA), paraffin processed, embedded, and sectioned at 5 µm prior to labeling.
Immunohistochemistry was performed as previously described (Wen et al., 2010; Zhou et
al., 2010; Elliott et al., 2012). In brief, tissues were deparaffinized and immune-labeled
using primary antibodies against phosphorylated-SMAD2/3 (p-SMAD2/3) (Ser 423/425)
(sc-11769; Santa Cruz Biotechnology; Dallas, TX, USA; 1:100), alpha-smooth muscle
actin (α−SMA) (ab5694; Abcam; Cambridge, MA, USA; 1:400), and proliferating cell
nuclear antigen (PCNA) (ab2426-1; Abcam; 1:100). Primary antibodies were detected
using the ImmPRESS Reagent Kit Peroxidase (Vector Laboratory; Burlingame, CA,
USA) and DAB reagent (Vector Laboratory) following the manufacturer’s instructions.
Primary antibody was not added for experimental negative controls (Appendix 7 and 8).
All sections were counterstained with haematoxylin (Sigma Aldrich). For collagen
staining, tissues were stained with Masson’s trichrome, Picrosirius red, and van Gieson
stains. Images were taken with a DM1000 light microscope (Leica; Concord, Ontario,
Canada) and Leica Application Suite Software (version 3.8).
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4.3.4 Immunofluorescence
Tissue sections were deparaffinized and fluorescently immunolabeled. Tissues were
permeabilized with 0.1% Triton X-100 (Caledon; Georgetown, ON, Canada) PBS,
blocked with 10% horse serum in 0.1% Triton X-100 PBS, and incubated with
fibronectin (sc-8422; Santa Cruz Biotechnology; 1:100), α−SMA (ab5694; Abcam;
1:400), periostin (sc49480; Santa Cruz Biotechnology; 1:100), or fibroblast specific
protein-1 (FSP-1) (07-2274; Millipore; Billerica, MA, USA; 1:100) primary antibodies
for 8-12 hours at 4°C. Primary antibodies were detected using Cy5-conjugated antimouse or anti-rabbit secondary antibodies (Molecular Probes; Carlsbad, CA, USA). All
sections were counterstained with Hoechst 3342 dye (1:5000) for nuclei. Primary
antibody was not added for negative controls, which were used to set the threshold values
for fluorescence in tissue sections (Appendix 7 and 8). Images were taken on Carl Zeiss
Imager M2m microscope (Carl Zeiss; Jena, Germany) using Zen Pro 2012 software.
Number of FSP-1-positive cells and Hoechst 3342 dye-stained nuclei in the connective
tissue was quantified with analysis performed using ImageJ software version 10.2
(National Institutes of Health; Bethesda, MD, USA).

4.3.5 Collagen Staining
To investigate collagen density in tissues, deparaffinized histological sections were
stained using Masson’s trichrome (University Hospital, London, ON, Canada), Van
Gieson’s (Sigma-Aldrich), and Picrosirius red stains. Images of tissues stained with
Masson’s trichrome and Van Gieson’s stains were taken on a DM1000 light microscope
(Leica) and Leica Application Suite Software (version 3.8). For Picrosirius red stain,
sections were stained for one hour in 0.1% Picrosirius red (Sigma-Aldrich) and were
imaged with Carl Zeiss Scope.A1 Axio using Zen Pro 2012 under a polarized light to
visualize birefringent collagen fibers.

4.3.6 Hydroxyproline Assay
Hydroxyproline assays were performed on gingival tissue samples in accordance with the
manufacturer’s specifications (MAK008; Sigma Aldrich). In brief, after 2 weeks of ex
vivo culture, human gingival tissues were weighed, homogenized in water, and
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hydrolyzed in 6 M HCl at 95°C overnight. Oxidized hydroxyproline reacted with 4(Dimethylamino)benaldehyde and the resulting colorimetric (560 nm) product was read
on the plate reader (Tecan Safire; Seestrasse, Männedorf, Switzerland). Three
independent experiments with explants from three different individuals were completed.

4.3.7 Tissue Viability
In Situ Cell Death Detection Kit (Fluorescein) (Roche Diagnostics GmbH; Mannheim,
Germany) was used to label apoptotic cells in histological sections of the explants using
the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end- labeling
(TUNEL) technology, according to the manufacture’s recommendation. Images were
taken on Carl Zeiss Imager M2m microscope using Zen Pro 2012 software.
Subsequently, the number of cells positive for TUNEL and the total number of cells
(DAPI-stained) per field of view were analyzed with the ImageJ software version 10.2
(National Institutes of Health) using 10 images per explant from three independent
experiments to determine the average percentage of apoptotic cells.

4.3.8 Statistical Analysis
All statistical analysis was performed using Graphpad Software version 6 (Graphpad
Software; San Diego, CA, USA) (p < 0.05 was considered significant). To compare
hydroxyproline contents, cell proliferation, and apoptosis between tissue explants treated
with nifedipine or phenytoin and without drug, one-way ANOVA with Bonferroni
multiple comparisons test was used. Data are expressed as the mean ± standard deviation
of three independent experiments with explant cultures from three different individuals.
For cell proliferation and apoptosis, 10 images per tissue explant were analyzed.
For quantification of percentage of proliferating fibroblasts, FSP-1+ cells, and total
number of cells in the connective tissues from healthy individuals and patients with
DIGE, data are expressed as the mean ± standard deviation of 6 healthy subjects, 6
patients with nifedipine-induced gingival enlargement, and 5 patients with phenytoininduced gingival enlargement. Statistical analysis was performed to compare the
percentage of cell proliferations, FSP-1+ cells, and total number of cells between the
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tissues obtained from healthy individuals and patients with nifedipine or phenytoin
induced gingival enlargement. 10 images of the connective tissue per individual were
analyzed and significance was measured using one-way ANOVA with Bonferroni
multiple comparisons test.

4.4 Results
4.4.1 Increased p-SMAD2/3 and periostin in tissues from DIGE
individuals
We qualitatively examined the patterns of periostin deposition and phosphorylatedSMAD2/3 (p-SMAD2/3) levels in pathological samples isolated from patients. High
immunoreactivity for p-SMAD2/3 was evident in the nuclei of gingival fibroblasts in all
connective tissues obtained from DIGE (nifedipine-induced gingival enlargement, n = 6;
phenytoin-induced gingival enlargement, n = 5) samples but no labeling of p-SMAD2/3
was evident in healthy gingival tissues (n = 6) (Figure 4.1A). In healthy gingiva, periostin
immunoreactivity was detectable in the sub-epithelial connective tissue along the
basement membrane (Figure 4.1B). In contrast, periostin immunoreactivities were
elevated throughout the gingival connective tissues in DIGE samples (Figure 4.1B).

4.4.2 Increased ECM deposition is evident in DIGE tissue samples
Fibronectin, a regulator of collagen organization and tissue function, is abundant in
fibrotic lesions and is suggested to contribute to the excessive scarring observed in
chronic fibrosis (Leask and Abraham, 2004). Therefore, the deposition of fibronectin and
collagen was examined in DIGE samples. The intensity of fibronectin immunoreactivity
was qualitatively greater in both nifedipine and particularly in phenytoin-DIGE samples
compared to healthy tissues, with labeling localizing to the sub-epithelial connective
tissue (Figure 4.2A). Immunoreactivity for fibronectin was detected throughout the
gingival connective tissues from all individuals and was always higher in DIGE samples.
While fibronectin was only associated with the extracellular compartment in healthy
tissues, numerous fibroblasts in DIGE tissues were also positive for fibronectin, indicated
by arrows. To visualize the deposition of collagen in healthy and DIGE human gingival
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Figure 4.1: Elevated p-SMAD2/3 and periostin in DIGE.
A. Immunoreactivity for p-SMAD2/3 in the gingival tissues from healthy subjects (n = 6)
and DIGE patients [nifedipine (NIF) (n = 6) and phenytoin (PHE) (n = 5)]. P-SMAD2/3
was detected using peroxidase-conjugated secondary antibody and DAB. P-SMAD2/3
positive cells (arrows) were detected in the connective tissues of DIGE. Regions of
rectangular boxes are magnified below. Scale bar, 50 µm. B. Fluorescent
immunoreactivity for periostin in gingival tissues from healthy subjects and DIGE
patients. Sections were incubated with a primary antibody against periostin, which was
detected using Cy5-conjugated secondary antibody (red). Nuclei are stained with Hoechst
3342 dye (blue). Elevated periostin was observed in the connective tissues of DIGE,
while periostin was only found in the basement membrane (arrows) in healthy tissue.
Yellow dotted line outlines the border between the oral epithelium and the connective
tissue. Scale bar, 50 µm

166

Figure 4.1: Elevated p-SMAD2/3 and periostin in DIGE.
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Figure 4.2: Excess matrix in the gingival tissues from patients experiencing DIGE.
A. Immunofluorescence for fibronectin in the gingival tissues from healthy subjects (n =
6) and DIGE patients [nifedipine (NIF) (n = 6) and phenytoin (PHE) (n = 5)] was
detected with Cy5-conjugated secondary antibody (red). Nuclei were stained with
Hoechst 3342 dye (blue). Increased fibronectin levels are observed in the gingival tissues
from DIGE patients. Arrows indicate fibroblasts positive for fibronectin. Scale bar, 50
µm. B. Collagen deposition in gingival tissues derived from healthy subjects and DIGE
patients. Masson’s trichrome (top panels) and picrosirius red (bottom panels) stain
collagen fibers in blue and red, respectively. Polarized light microscopy was used to
image the sections stained with picrosirius red. Dense collagen accumulations are evident
in the gingival tissues from patients experiencing DIGE. Yellow dotted line outlines the
border between the oral epithelium and the connective tissue. Scale bar, 50 µm
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Figure 4.2: Excess matrix in the gingival tissues from patients experiencing DIGE.
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samples, sections were stained using Masson’s trichrome and Picrosirius red stain. In
comparison to healthy gingival tissues (n = 6), the density of collagen was qualitatively
higher in gingival tissues from patients diagnosed with DIGE (Figure 4.2B).

4.4.3 Myofibroblasts are not present in DIGE
Prolonged persistence of myofibroblasts is a characteristic of fibrosis (Gabbiani, 2003).
To evaluate whether myofibroblast differentiation is associated with DIGE,
immunoreactivity for alpha-smooth muscle actin (α-SMA) was assessed histologically in
gingival tissue sections from healthy subjects and patients clinically diagnosed with
DIGE (Figure 4.3A). In both groups of healthy and DIGE gingival tissues, α-SMA
immunoreactivity was only evident within the vasculature.

4.4.4 Increased cell proliferation is evident in DIGE compared to
healthy gingiva
To assess whether DIGE samples were associated with increased cell proliferation, DIGE
and healthy gingiva were labeled with antibodies to proliferating cell nuclear antigen
(PCNA) and fibroblast specific protein-1 (FSP-1). Proliferating fibroblasts were sparsely
observed in the connective tissue of healthy gingiva (Figure 4.3B). In tissues from
patients with DIGE, increased PCNA-positive (PCNA+) cells were found throughout the
connective tissue. FSP-1, a fibroblast marker, positive fibroblasts were observed
throughout the connective tissues of all samples, and more fibroblasts were qualitatively
observed in DIGE compared to healthy tissue (Figure 4.3C). The percentage of
proliferating fibroblasts in the connective tissues of DIGE was significantly higher
compared to healthy tissue (p<0.05) (Figure 4.3D). The numbers of FSP-1-positive (FSP1+) cells in DIGE tissues was significantly greater compared to healthy tissue (Figure
4.3E). Total numbers of cells in the connective tissues from patients with DIGE were also
significantly higher compared to healthy connective tissue (Figure 4.3E).
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Figure 4.3: Absence of myofibroblast and elevated proliferating fibroblasts in the
gingival tissues from patients experiencing DIGE.
A. Immunoreactivity for α-SMA, a marker for myofibroblasts, in gingival tissues from
healthy subjects (n = 6) and DIGE patients [nifedipine (NIF) (n = 6) and phenytoin (PHE)
(n = 5)]. Sections were incubated with a primary antibody against α-SMA and detected
using peroxidase-conjugate secondary antibody and DAB. α-SMA is stained in the
smooth muscle cells of the blood vessel walls, which acts as the internal positive control
for α-SMA (arrows). The inset shows α-SMA-stained myofibroma tissue, as the
experimental positive control. Scale bar, 50 µm. B. To detect levels of cell proliferation,
histological sections were incubated with a primary antibody against PCNA and detected
using peroxidase-conjugate secondary antibody and DAB, in gingival tissues from
healthy subjects and DIGE patients. Black arrowheads indicate PCNA-positive
fibroblasts, in the connective tissues. Regions of rectangular boxes are magnified below.
Scale bar, 50 µm. C. Fluorescent immunoreactivity for FSP-1 in gingival tissues from
healthy subjects and DIGE patients. Sections were incubated with a primary antibody
against FSP-1, which was detected using Cy5-conjugated secondary antibody (red).
Nuclei are stained with Hoechst 3342 dye (blue). White arrowheads indicate FSP-1+
cells. Yellow dotted line outlines the border between the oral epithelium and the
connective tissue. Scale bar, 50 µm D. Average percentages of PCNA-positive
fibroblasts in the connective tissues from healthy subjects, patients with nifedipineinduced gingival enlargement (NIGE) and phenytoin-induced gingival enlargement
(PIGE) were quantified per field of view. Data represents mean percentage of PCNApositive cells normalized to the total number of cells ± s.d. of 10 images per tissue.
Percentages of proliferating cells were greater in the tissues from patients with NIGE and
PIGE compared to healthy individuals. E. Average number of FSP-1+ cells and total
number of cells in the connective tissues from healthy subjects, patients with NIGE and
PIGE patients were quantified per field of view at 10X magnification. Data represents
mean number of FSP-1+ cells and total number of cells ± s.d. of 10 images per tissue.
Data was analyzed using one-way ANOVA with Bonferroni multiple comparisons test
(*p<0.001, **p<0.0001).
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Figure 4.3: Absence of myofibroblast and elevated proliferating fibroblasts in the
gingival tissues from patients experiencing DIGE.
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4.4.5 Gingival tissue explants are viable in culture for 2 weeks
To study the direct effects of nifedipine and phenytoin on tissue ECM composition,
gingival tissue explants were cultured with nifedipine or phenytoin for 2 weeks and
compared to untreated explants. To confirm viability, gingival explants were labeled
apoptotic cells based on the terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick-end- labeling (TUNEL) technology in the explant sections (Figure 4.4A). In all
samples, cell viability was high, although greater percentages of TUNEL-positive cells
were evident in gingival explants treated with either nifedipine (2.45%) or phenytoin
(3.33%) compared to controls (1.32%) (p<0.05) (Figure 4.4B).

4.4.6 p-SMAD2/3 and periostin are increased by nifedipine and
phenytoin treatments in gingival connective tissues ex vivo
In gingival tissue explants independently cultured with nifedipine and phenytoin,
immunoreactivity for p-SMAD2/3 was also greater in nuclei of fibroblasts in the
connective tissues, compared to the control explants cultured without the drugs (Figure
4.5A). Immunoreactivity for periostin was higher in the connective tissues of the explants
cultured with nifedipine and phenytoin compared to control explants (Figure 4.5B).

4.4.7 Nifedipine and phenytoin increase matrix accumulation ex vivo
Levels of fibronectin and collagen were next assessed in gingival explants cultured with
nifedipine or phenytoin and untreated for 2 weeks (Figure 4.6). Immunofluorescent
staining of fibronectin in gingival tissue explants showed greater immunoreactivity for
fibronectin in the ECM of the connective tissues treated with either nifedipine or
phenytoin compared to control explants (Figure 4.6A). In addition, fibronectin
immunofluorescence was detected in fibroblasts of the explants treated with either
nifedipine or phenytoin. Fibronectin levels in the nifedipine and phenytoin-treated
explants were similar.
To visualize overall collagen deposition in gingival tissue explants treated with nifedipine
and phenytoin, sections were stained with Masson’s trichrome, Picrosirius red, and Van
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Figure 4.4: TUNEL staining of gingival tissue explants treated with nifedipine or
phenytoin ex vivo.
Human gingival connective tissues cultured with nifedipine (100 ng/ml), phenytoin (30
µg/ml), or without the drug for 2 weeks were stained using terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick-end- labeling (TUNEL). A. Histological sections
of gingival explants treated without drug, with nifedipine, or with phenytoin were stained
with TUNEL assay. TUNEL labeling is detected with FITC (green). Nuclei are stained
with Hoechst 3342 dye (blue). Yellow dotted line outlines the border between the oral
epithelium and the connective tissue. Scale bar, 50 µm. B. Average percentage of
TUNEL-positive cells (excluding vessels) per field of view were quantified. Data
represents mean percentage of cells ± s.d. of 10 images per explant condition from 3
independent experiments. Data was analyzed using one-way ANOVA with Bonferroni
multiple comparisons test (*p<0.05, **p<0.01).
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Figure 4.4: TUNEL staining of gingival tissue explants treated with nifedipine or
phenytoin ex vivo.
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Figure 4.5: Elevated p-SMAD2/3 and periostin in the explants cultured with
nifedipine or phenytoin.
A. Immunoreactivity for p-SMAD2/3 in the gingival tissue explants cultured with
nifedipine (100 ng/ml), phenytoin (30 µg/ml), or without the drug for 2 weeks. PSMAD2/3 was detected using peroxidase-conjugate secondary antibody and DAB. Scale
bar, 50 µm. B. Immunofluorescence for periostin in the gingival tissue explants cultured
with nifedipine (100 ng/ml), phenytoin (30 µg/ml), or without the drug for 2 weeks.
Sections were incubated with a primary antibody against periostin, which was detected
using Cy5-conjugated secondary antibody (red). Nuclei are stained with Hoechst 3342
dye (blue). Yellow dotted line outlines the border between the oral epithelium and the
connective tissue. Scale bar, 50 µm.
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Figure 4.5: Elevated p-SMAD2/3 and periostin in the explants cultured with nifedipine or
phenytoin.
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Gieson’s stains (Figure 4.6B). Masson’s trichrome and Picrosirius red stain demonstrated
dense collagen accumulation in gingival connective tissues cultured with nifedipine or
phenytoin, compared with control tissues (Figure 4.6B). In tissue stained with Van
Gieson’s, bright pink labeling for newly synthesized collagen were evident in tissues
independently treated with nifedipine and phenytoin, but not in untreated explants (Figure
4.6B).
Quantitative assessment of collagen using hydroxyproline assays showed that
hydroxyproline levels normalized to total tissue weights were significantly greater in
gingival connective tissues each treated with nifedipine and phenytoin, compared to
control tissue cultured without the drug (p<0.05) (Figure 4.6C).

4.4.8 No myofibroblasts are evident in gingival tissues treated with
nifedipine or phenytoin
To assess whether either drug influences myofibroblast differentiation, histological
sections of gingival tissue explants were stained for α-SMA. No myofibroblasts were
observed in any of the explants cultured with nifedipine, phenytoin or without drug
(Figure 4.7A).

4.4.9 Proliferation in gingival tissue explants ex vivo
To assess whether nifedipine or phenytoin influenced cell proliferation, histological
sections of the gingival explants were labeled for PCNA and FSP-1. PCNA+ nuclei were
sparsely found in the connective tissues of gingival explants (Figure 4.7B). FSP-1+
fibroblasts were evident throughout the connective tissues of gingival explants of all
conditions (no drug, nifedipine, and phenytoin); no qualitative differences among the
explants were observed (Figure 4.7C). There were no significant differences in the
percentages of proliferating cells in the sub-epithelial connective tissues among the
explants cultured with nifedipine, phenytoin or without drug (p>0.05) (Figure 4.7D).
There were neither significant differences in FSP-1+ cells nor the total number of cells in
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Figure 4.6: Matrix contents in gingival explants are increased by nifedipine and
phenytoin ex vivo.
A. Fibronectin content in gingival tissues treated with nifedipine or phenytoin or without
drug ex vivo. Human gingival connective tissues cultured with nifedipine (100 ng/ml),
phenytoin (30 µg/ml), or without the drugs for 2 weeks were stained for fibronectin.
Fluorescent immunoreactivity for fibronectin was detected with Cy5-conjugated
secondary antibody (red). Nuclei are stained with Hoechst 3342 dye (blue). Arrows
indicate fibroblasts positive for fibronectin. Yellow dotted line outlines the border
between the oral epithelium and the connective tissue. Scale bar, 50 µm. B. Collagen
content in human gingival connective tissues cultured with nifedipine (100 ng/ml),
phenytoin (30 µg/ml), or without drug for 2 weeks. As indicated, Masson’s trichrome,
Van Gieson’s, and Picrosirius red staining, tissues cultured with nifedipine or phenytoin
had more collagen than tissues cultured without drugs. Polarized light microscopy was
used to image the sections stained with Picrosirius red. Scale bar, 50 µm. C.
Hydroxyproline content normalized to the weight of gingival tissue explants cultured
with nifedipine (100 ng/ml), phenytoin (30 µg/ml), or without the drug for 2 weeks. Data
represents mean fold hydroxyproline levels ± s.d. relative to control (no drug) condition
of three independent experiments in triplicates. Data was analyzed using one-way
ANOVA with Bonferroni multiple comparisons test (*p<0.05).
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Figure 4.6: Matrix contents in gingival explants are increased by nifedipine and
phenytoin ex vivo.
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the sub-epithelial connective tissues among the explants cultured with nifedipine,
phenytoin or without drug (p>0.05) (Figure 4.7E).

4.5 Discussion
Systemic administration of nifedipine and phenytoin has been shown to cause gingival
enlargement in a significant number of patients (Heasman and Hughes, 2014). Gender,
duration of administration, genetics, and plaque-induced inflammation have been
suggested as contributing factors, but the exact role of the drugs on gingival fibroblasts
and matrix accumulation has been difficult to investigate (Tavassoli et al., 1998; Miranda
et al., 2001) due to limitations in model systems to study the condition. In this study, we
developed an explant system in which we maintain human gingival tissues ex vivo to
more closely recapitulate the in situ and in vivo cellular microenvironment. We show for
the first time that the ex vivo culture of human gingival tissue explants is a suitable and
valid model for investigating the effects of nifedipine and phenytoin on matrix
homeostasis and fibrotic patterns of ECM deposition.
Studying cells on 2-dimensional (2-D) tissue culture plastic substrates in vitro is a
standard mechanism for investigating complex biological phenomena (Jaiswal et al.,
1997), but represent one of the most artificial surfaces cells can be cultured on. When
cells are excised from their native 3-dimensional (3-D) tissues and confined to a
monolayer system, many behaviours change significantly (Baker and Chen, 2012).
Culturing cells on 3-D systems such as collagen gels is closer to the in vivo environment
(Petersen et al., 1992), yet do not possess the complex biochemical composition present
in tissues, including gingiva (Bartold et al., 2000). As we have previously shown (Kim et
al., 2013), analysis of tissue obtained from patients with DIGE provides important
insights in the pathogenesis, but it has shortcomings; access to primary DIGE tissues is
extremely limited and studying the pathological influence of the drugs alone is not
possible with formalin-fixed and paraffin-embedded tissues. It has been hypothesized that
several additional patient variables such as plaque-induced inflammation contribute to
gingival enlargement (Tavassoli et al., 1998), necessitating the development of novel
culture systems to understand the effects of nifedipine and phenytoin alone on gingival
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Figure 4.7: Nifedipine and phenytoin do not induce myofibroblast differentiation or
fibroblast proliferation ex vivo.
A-B. Human gingival connective tissues cultured with nifedipine (100 ng/ml), phenytoin
(30 µg/ml), or without the drug for 2 weeks were stained for α−SMA (a marker for
myofibroblast) and PCNA. To perform immunohistochemistry, sections were incubated
with primary antibodies against α-SMA and PCNA and detected using peroxidaseconjugate secondary antibody and DAB. All samples from both drug groups lacked αSMA positive cells in the connective tissue, except in the smooth muscle of the blood
vessel walls, which is the internal positive control for α-SMA (arrows). The inset shows
α-SMA-stained myofibroma tissue, used for the experimental positive control. Scale bar,
50 µm. C. Fluorescent immunoreactivity for FSP-1 in gingival tissues cultured with
nifedipine (100 ng/ml), phenytoin (30 µg/ml), or without the drug for 2 weeks.
Immunofluorescence of FSP-1 was detected with Cy5-conjugated secondary antibody
(red). Nuclei are stained with Hoechst 3342 dye (blue). Yellow dotted line outlines the
border between the oral epithelium and the connective tissue. Scale bar, 50 µm. D.
Average percentages of proliferating cells in connective tissues of the explants were
quantified per field of view were quantified. Data represents mean percentage of PCNApositive cells normalized to the total number of Hoechst 3342-stained cells ± s.d. of 10
images per explant condition from 3 independent experiments. Data was analyzed using
one-way ANOVA with Bonferroni multiple comparisons test (p>0.05; ns, not
significant). E. Average number of FSP-1+ cells and total number of cells in connective
tissues of the explants were quantified per field of view at 10X magnification. Data
represents mean number of FSP-1+ cells and total number of cells ± s.d. of 10 images per
explant condition from 3 independent experiments. Data was analyzed using one-way
ANOVA with Bonferroni multiple comparisons test (p>0.05; ns, not significant).
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Figure 4.7: Nifedipine and phenytoin do not induce myofibroblast differentiation or
fibroblast proliferation ex vivo.
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enlargement. Our ex vivo model using healthy human samples overcomes many of these
issues and allows us to study molecular mechanisms in the development of DIGE without
the influence of plaque and other potential contributing factors.
In order to be able to validate the effects of nifedipine and phenytoin in our explant
cultures, we first analyzed the pathology of DIGE in human samples in relation to ECM
composition. Previous reports have suggested that phenytoin and nifedipine influence
matrix synthesis and degradation (Yamada et al., 2000; Kataoka et al., 2001; Kanno et al.,
2008). However, whether this excess matrix accumulation is due to the direct effects of
nifedipine and phenytoin alone has been unclear, with the complicating role of
inflammation considered to be pivotal. Increased deposition of collagen and fibronectin
were evident in gingival tissues isolated from patients diagnosed with DIGE compared to
gingiva from healthy individuals confirming results from previous studies (Takagi et al.,
1991; Shikata et al., 1993; Pisoschi et al., 2014). Using our ex vivo system, we have now
confirmed that gingival tissue explants cultured with either nifedipine or phenytoin show
greater collagen and fibronectin deposition compared to untreated controls 2 weeks after
onset of drug treatment. The histopathology of DIGE caused by other different drugs are
known to be similar (Heasman and Hughes, 2014), which we also demonstrate by
comparing nifedipine and phenytoin-induced gingival enlargement. Whether nifedipine
and phenytoin specifically influence DIGE through the same molecular mechanisms is
yet to be determined and needs to be further studied. It has been shown in Chapter 3 that
periostin is highly upregulated in nifedipine-induced gingival enlargement. In this
Chapter, we show that periostin is also elevated in phenytoin-induced gingival
enlargement, similar to the nifedipine-induced condition. In Chapter 3 and Appendix 4, it
has been demonstrated that both nifedipine and phenytoin increase periostin protein
through TGF-β signaling in HGFs (Kim et al., 2013). In Chapter 3, we have shown that
nifedipine activates latent TGF-β in gingival fibroblasts, but whether phenytoin also has
this effect has yet to be determined (Kim et al., 2013).
As gingival fibroblasts are central to the process of DIGE, we investigated whether
nifedipine and phenytoin altered the fibroblastic content of the tissue. Using FSP-1 as a
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marker for fibroblasts, we demonstrated an increase in FSP-1+ cells in DIGE pathological
samples compared to healthy gingiva. FSP-1 expression in healthy gingival tissue is
normally only faintly detectable at the mRNA level (Duarte et al., 1998), which our study
confirms at the protein level. Of great interest, this increase in FSP-1+ cells evident in
pathological samples was not observed in our explant cultures in the presence of either of
the drugs. While the exact specificity of this marker for fibroblasts has been questioned,
particularly in relation to its expression by inflammatory cells, it is expressed by
fibroblasts in organs undergoing remodeling (Osterreicher et al., 2011), such that an
increase in FSP-1+ cells in DIGE is not unexpected. With respect to remodeling, FSP-1 is
implicated in cell migration, particularly in tumour metastasis (Boye and Maelandsmo,
2010) as well as the regulation of MMPs and TIMPs (Elenjord et al., 2008). However, in
DIGE pathological samples, the possibility of inflammatory cells expressing FSP-1
cannot be eliminated and should be studied in the future.
We next investigated whether the increase in FSP-1+ cells in DIGE pathological samples
could be attributed to the effects of nifedipine and phenytoin on cell proliferation. In our
explant cultures, neither nifedipine nor phenytoin significantly increased proliferation,
suggesting that the increase in cell number is DIGE is not directly due to drug
administration. While elevated proliferation and decreased apoptosis have suggested to
contribute to DIGE (Moy et al., 1985; Fujimori et al., 2001), others have reported that
nifedipine and phenytoin do not influence proliferation (Kato et al., 2005; Pisoschi et al.,
2014). Patients with gingival enlargement often have increased plaque accumulation,
which causes a host inflammatory response (Pihlstrom et al., 2005) in the gingival
tissues, resulting in the release of pro-inflammatory cytokines that are known to stimulate
cell proliferation (Sugarman et al., 1985). However, Banthia and colleagues have
suggested that although there is an association between poor oral health and the severity
of DIGE, the cause and effect relationship has yet to be established (Banthia et al., 2014).
Indeed, a recent study has demonstrated that the presence of plaque and inflammation is
not required for the development of gingival enlargement in patients (Sam and Sebastian,
2014). Based on our data, we suggest that plaque may result in increased fibroblast
proliferation, but the increase in matrix accumulation can be attributed to the presence of
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nifedipine and phenytoin. A plaque-mediated increase in fibroblast numbers would
exacerbate the fibrosis by increasing the number of cells producing matrix in response to
nifedipine or phenytoin. Future studies will investigate the co-culturing of gingival
explants with macrophages and/or inflammatory-mediating cytokines and assess how this
influences proliferation.
In many types of fibrosis (Darby et al., 1990), the presence of myofibroblasts is a
hallmark, and indeed it was suggested to be central in drug-induced gingival fibromatosis
(Yamasaki et al., 1987; Dill and Iacopino, 1997). However, we show here that
myofibroblasts are absent in DIGE tissues, which we also confirmed in our ex vivo model;
no myofibroblasts were evident in tissue explants cultured with nifedipine and phenytoin
for 2 weeks. Recent studies also have shown an absence or very low levels of
myofibroblasts in fibrotic gingiva, idiopathic gingival fibromatosis and DIGE (Sakamoto
et al., 2002; Martelli et al., 2010; Sobral et al., 2010; Pisoschi et al., 2014). TGF-β which
mediates myofibroblast differentiation, requires adhesive signaling (Leask, 2013) and it is
known that the adhesion capacity of gingival fibroblasts to ECM is reduced in
comparison with dermal fibroblasts (Guo et al., 2011), which would explain the absence
of α-SMA expression. As we have shown activation of p-SMAD2/3 in DIGE samples
and explants cultured with nifedipine and phenytoin, the absence of α-SMA is likely due
to a lack of non-canonical TGF-β signaling, although this does not inhibit matrix
deposition by the cells.
Periostin, a known pro-fibrotic molecule activated by TGF-β, is increased in our ex vivo
model which we have also observed in DIGE. Interestingly, we have shown in skin that
periostin modulates myofibroblast differentiation in a manner dependent on noncanonical TGF-β signaling though β1 integrin and focal adhesion kinase (Elliott et al.,
2012). This suggests that the requirement of periostin for myofibroblast differentiation is
tissue-dependent, as its upregulation in DIGE and explant cultures is not associated with
α-SMA upregulation in gingival fibroblasts. Periostin is however, also a critical
modulator of matrix production during tissue remodeling, particularly in fibrosis (Norris
et al., 2007; Wen et al., 2010; Zhou et al., 2010; Naik et al., 2012). Future studies should
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focus on whether periostin expression is upstream of increased collagen and fibronectin
deposition in DIGE, which could be achieved using the periostin null mouse.
In conclusion, this study demonstrates, for the first time, an ex vivo gingival tissue model
that allows investigation of the molecular pathogenesis of DIGE by nifedipine and
phenytoin in a setting that closely recapitulate in vivo, without exposing the tissues to
confounding variables such as plaque. Our ex vivo model is able to simulate overall
increase of ECM accumulation in DIGE and thus demonstrates that drug therapy is
indeed a major causal factor resulting in gingival enlargement (Figure 4.8). We have
shown that nifedipine and phenytoin treatments increase matrix deposition, but this is
independent of cell proliferation. Frequent accumulation of plaque that is either preexisting or a consequence of gingival overgrowth is likely to augment gingival
enlargement (Mishra et al., 2011), potentially by increasing cell proliferation and thus the
number of matrix producing cells.
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Figure 4.8: Flow chart demonstrating our working hypothesis.
Nifedipine and phenytoin induce gingival enlargement by increasing matrix deposition.
We have shown that nifedipine and phenytoin treatments increase matrix deposition, but
this is independent of cell proliferation.
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5.1 Abstract
Gingival connective tissue often has a composition resembling that of scar surrounding
dental implant abutments. Increased cell adhesion, alpha-smooth muscle actin (α-SMA)
expression and increased extracellular matrix (ECM) deposition are hallmarks of fibrotic
cells, but how topographic features influence gingival fibroblast adhesion and adoption of
the α-SMA positive myofibroblast phenotype associated with scarring is not yet known.
The purpose of the present study was to demonstrate whether implant topographies that
limit adhesion formation would reduce myofibroblast differentiation and ECM
deposition. Human gingival fibroblasts (HGFs) were cultured on smooth (PT) and
roughened (SLA) titanium discs for varying time-points. At 1 and 2 weeks post seeding,
level of α-SMA and fibronectin deposition were significantly higher on smooth than
rough surfaces indicating differentiation of the cells towards a myofibroblast phenotype.
Analysis of adhesion formation demonstrated that cells formed larger, more stable
adhesions on PT, with more nascent adhesions observed on SLA. Gene expression
analysis identified upregulation of 15 and 16 genes associated with matrix remodeling, at
1 day and 1 week, respectively, on SLA compared to PT. Gene expressions of periostin
and CCN2 (connective tissue growth factor/CTGF) are significantly lower on SLA
compared to on PT, at 1 week and 1 day, respectively. Pharmacological inhibition of
Src/focal adhesion kinase (FAK) signaling in HGFs on PT had reduced fibronectin
deposition, and periostin and CCN2 gene expressions, and augmented THBS2 gene
expression. We conclude that topographical features which reduce focal adhesion (FA)
formation and stability could be applied to attenuate myofibroblast differentiation in
HGFs.

5.2 Introduction
Peri-implant soft tissue healing is critical for successful dental implant integration. The
establishment of a tight seal of functional gingival connective tissue at the transmucosal
region of the implant prevents downgrowth of the overlying oral epithelium, (Chehroudi
et al., 1992) as well as an interface to bacterial infiltration and peri-implantitis (Yeung,
2008). The health of the gingival margin around the abutment is therefore an important
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determinant of implants longevity. Although dental implants are most commonly placed
in a two-stage process, it is becoming increasingly common for the abutment to be
inserted at the same time as the intraosseous component, making appropriate gingival
attachment important in implant survival.
Gingival connective tissue healing commonly results in a tissue resembling the
composition of scar tissue (Sculean et al., 2014). Transforming growth factor-beta
(TGF−β) signaling is an important molecular regulator of healing, but also is a significant
factor contributing to scar tissue formation through promotion of the α-SMA
myofibroblast phenotype. Although myofibroblasts are associated with healing and
secrete new ECM in many tissues, persistence of the cells and overproduction of ECM
will result in scar formation (Hinz, 2009; Leask, 2013c). It is now known that increased
adhesion and signaling through integrin β1 and FAK is evident in fibroblasts during
fibrosis and scarring (Rustad et al., 2013). FAs are typically peripheral sites of cell
attachment containing αVβ3 integrins, but in fibrotic cells, integrin β1 is also activated
(Leask, 2013c). Genetic deletion of integrin β1 prevents the development of fibrotic
lesions in models of skin fibrosis (Liu et al., 2009). FAK phosphorylation downstream of
integrin engagement is also known to be required for the development of various types of
fibrosis as it is required for TGF-β1 induction of α-SMA (Leask, 2013a).
As alterations in substratum topography are a potent modulator of integrin expression and
recruitment to adhesion sites (Keselowsky et al., 2007; Schwartz et al., 2007; Park et al.,
2012), and FAK activation (Hamilton et al., 2006; Hamilton and Brunette, 2007; Oates et
al., 2011), inappropriate adhesion of HGFs to certain topographies may be an underlying
mechanism resulting in the development of fibrosis around implant surfaces. Most
commercially available abutments have relatively smooth topographies, with machining
marks representing the primary topography. Relatively little research has focused on how
alterations in topographical features influence HGF adhesion dynamics, downstream
signaling, and resulting phenotype. It has been shown that the integrin subunits expressed
by HGFs at the mRNA level are not significantly altered by changes in substratum
topography (Oates et al., 2005), but polished titanium (PT) topographies do increase FA
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number in HGFs compared to cells cultured on rough sand-blasted, large grit, acid-etched
(SLA) topographies in vitro (Grossner-Schreiber et al., 2006). We have previously shown
that changes in surface roughness can reduce focal and fibrillar adhesion formation in
HGFs (Kokubu et al., 2009). Interestingly, in vivo studies have shown that these same
rough SLA surfaces reduce fibrous capsule formation compared to polished topographies
(Kim et al., 2006), but the molecular mechanisms underlying these observations are not
understood (Chehroudi et al., 1992; Mustafa et al., 2005; Kim et al., 2006). The exact
relationship between altered adhesion formation in response to changes in substratum
topography and downstream phenotypic changes in HGFs is still unclear.
HGFs are known to exhibit a reduced adhesion capacity to ECM compared to dermal
fibroblasts (Guo et al., 2011). Moreover, HGFs have an inability to adopt a myofibroblast
phenotype in response to TGF−β, which suggests inactivation of adhesive signaling in
response to TGF−β (Guo et al., 2014). Based on research showing a reduced capsule
formation around SLA surfaces compared to smooth (Kim et al., 2006), we assessed
whether increasing titanium surface roughness reduces α-SMA expression and increased
ECM deposition through altered adhesion formation.

5.3 Materials and Methods
5.3.1 Preparation of Titanium Surfaces
PT and SLA titanium discs were prepared as previously described in Miron et al (Miron
et al., 2010). Briefly, PT surfaces were prepared using dilute nitric acid to clean the
surface, followed by washing in reverse osmosis-purified water. SLA surfaces were
prepared by blasting the titanium with corundum particles, followed by etching with
HCl/H2SO4. We have previously comprehensively described the fabrication methods of
each surface, as well as an analysis of the topographical features of these particular PT
and SLA (Miron et al., 2010; Prowse et al., 2013). The topographic features of the PT
and SLA surfaces are shown in Figure 5.1.

5.3.2 HGF Isolation and Growth
Healthy HGFs were isolated from gingival tissues, obtained from systematically healthy
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Figure 5.1: Scanning electron micrographs of the titanium topographies employed
in this investigation.
A. Polished titanium or PT. B. Sand-blasted, large grit, acid-etched or SLA titanium.
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subjects using the explant culture method (Brunette et al., 1983), under informed consent
from individuals undergoing periodontal therapies at the Oral Surgery Clinic at The
University of Western Ontario (Appendix 2). HGFs were maintained in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco; Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco) and 1X antibiotics and
antimycotics (100 μg/ml penicillin G, 50 μg/ml gentamicin, 25 μg/ml amphotericin B;
AA; Gibco), in 75 cm2 tissue culture plastic flasks, at 37°C in a humidified atmosphere of
5% CO2. Cells were removed from the growth surface with trypsin-EDTA (0.05%;
Gibco). Cells between passage 3 and 7 were used in experiments. HGFs, serum-starved in
low glucose DMEM for 12-16 hours, were cultured on titanium disks at 7000 cells per
cm2 surface area in 24 well plates in DMEM media supplemented with 1X AA, 10% FBS
(Gibco) and 50 µg/ml L-ascorbic acid (to facilitate collagen synthesis) (Sigma Aldrich;
St. Louis, MO, USA). To assess the effect of FAK inhibition, PP2 (a Src tyrosine kinase
inhibitor; Calbiochem; San Diego, CA, USA; 10µm) was added to cells 15 minutes prior
and at the time of seeding. Dimethyl sulfoxide (DMSO) (Sigma Aldrich) alone was used
for control conditions. Cells were seeded on titanium disks in triplicates and repeated in
three independent experiments for all the analysis.

5.3.3 Immunocytochemistry
Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 and
blocked with 1% bovine serum albumin (BSA) (Thermo Fisher Scientific; Waltham, MA,
USA). Cells were subsequently labeled with mouse anti-α-SMA (A5228; Sigma Aldrich;
1:400), anti-fibronectin (sc-8422; Santa Cruz Biotechnology; Dallas, TX, USA; 1:100),
or anti-vinculin (V4505; Sigma Aldrich; 1:100) primary antibodies, which were detected
with anti-mouse IgG conjugated to Alexa Fluor 488 secondary antibody (Molecular
Probes; Carlsbad, CA, USA; 1:200). α-SMA and vinculin were double immunolabeled
with rhodamine-conjugated phalloidin (Molecular Probes; 1:100) for filamentous actin.
To assess vinculin localization with integrin subunits β3 and β1, cells were double
immunolabeled with a rabbit monoclonal antibody raised against vinculin (sc-5573; Santa
Cruz Biotechnology; 1:50) and a mouse monoclonal antibody raised against integrin
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β3 (MAB2023Z; Millipore; Billerica, MA, USA; 1:100), or β1 (MAB2253; Millipore;
1:100). To assess vinculin localization with phosphorylated-FAK (p-FAK), tensin-1 and
phosphorylated-cortactin (p-cortactin), cells were double immunolabeled with a mouse
monoclonal antibody raised against vinculin, and a rabbit monoclonal antibody raised
against p-FAK (tyrosine 397) (ab39967; Abcam; Cambridge, MA, USA; 1:100), tensin-1
(NBP1-84129; Novus Biological; Littleton, CO, USA; 1:100), or p-cortactin (05-180;
Millipore; 1:100). Primary antibody binding was detected with Alexa Fluor 488conjugated anti-mouse and anti-rabbit and rhodamine-conjugated anti-rabbit and mouse
immunoglobulin (Molecular Probes; 1:200). Nuclei were stained using DAPI. Images
were taken on Carl Zeiss Imager M1m microscope with a dipping objective using Zen
Pro 2012 software (Carl Zeiss; Jena, Germany).

5.3.4 Western Blotting
Western blotting was performed as previously described (Hamilton et al., 2007; Kokubu
et al., 2009). In brief, HGFs were washed twice with PBS and proteins were harvested
with RIPA buffer (Sigma Aldrich) containing protease (Roche Diagnostics GmbH;
Mannheim, Germany) and phosphatase inhibitor (Calbiochem) cocktails. Protein
concentration was determined by Pierce® BCA Protein assay kit (Pierce; Waltham, MA,
USA). 25 µg proteins of each sample were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes (Life Technologies; Carlsbad, CA, USA). Membranes were washed with
Tris-buffered saline containing 0.05% Tween-20 (TBS-T) and blocked with 5% dried
milk in TBS-T. Primary antibodies for fibronectin (sc-8422; Santa Cruz Biotechnology;
1:1000), α−SMA (A5228; Sigma Aldrich; 1:1000), p-FAK (ab39967; Abcam; 1:1000),
total-FAK (sc-557; Santa Cruz Biotechnology; 1:1000) and GAPDH (MAB374;
Millipore; 1:2000) were used to incubate the membranes for 12 hours. The fibronectin
antibody used is highly reactive to matrix fibronectin and not with plasma fibronectin.
Detection was with appropriate perioxidase-conjugated secondary antibodies (Jackson
ImmunoResearch; West Grove, PA, USA; 1:2000), which were developed with Clarity
Western ECL substrate (Bio-Rad; Hercules, CA, USA).
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5.3.5 RT2 ProfilerTM PCR Array
ECM and Adhesion Molecules RT² Profiler PCR Array (PAHS-013Z; SABioscience;
Frederick, MD, USA) was performed on HGFs cultured on PT and SLA for 1 day and 1
week. Expressions of 84 related genes and 5 housekeeping genes were arrayed using
SYBR® Green-Based real-time PCR. The array was performed with three independent
experiments using cells from different patients. The expression levels of two genes,
CTGF and THBS2 were confirmed using TaqMan based RT-qPCR.

5.3.6 RT-qPCR
Total RNA was isolated using 1 ml of TRIzol® reagent (Ambion; Carlsbad, CA, USA)
per disk according to the manufacturer’s recommendations. Real-time quantitative
polymerase chain reaction (RT-qPCR) was performed on 50 ng of total RNA using
TaqMan qScriptTM One-Step qRT-PCR Kit (Quanta; Gaithersburg, MD, USA) and genespecific TaqMan probes (Appendix 6) (Applied Biosystems; Carlsbad, CA, USA) under
the following conditions: 48°C for 30 minutes followed by 90°C for 10 minutes and 40
cycles of 95°C for 15 seconds and 60°C for 1 minute using 7900 Real Time PCR system
(Applied Biosystems). Periostin (POSTN), CCN2 (CTGF), and thrombospondin-2
(THBS2) mRNA expressions were normalized to the housekeeping gene, 18S. PCR
efficiency was verified by dilution series and relative POSTN mRNA level was calculated
using the ΔΔCT method (Livak and Schmittgen, 2001).

5.3.7 Adhesion Assay
In parallel cultures, 25,000 cells/ml of HGFs were neutralized with 10 µg/ml integrin
subunit specific anti-β1 (MAB2253; Millipore), and anti-αVβ3 (CBL544; Millipore) and
control IgG antibody for 30 minutes with gentle agitation prior to culturing on titanium
disks. 20,000 cells/disk was seeded for 1 h on PT and SLA and unattached cells in the
media were removed. Titanium disks were rinsed with PBS three times. HGFs were
cultured on PT and SLA surfaces for 1 hour. The number of bound HGFs on each surface
was determined using CyQUANT® Assay (Molecular Probes). Thee indedpendent
experiments were done in triplicate and 3 independent experiments.
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5.3.8 Statistics
All statistical analysis was performed using Graphpad Software version 6 (Graphpad
Software, La Jolla, CA) (p < 0.05 was considered significant). Data are expressed as the
mean ± standard deviation of three individual experiments with independent primary
cultures from different subjects. Individual experiments included three replicates. For
quantification of FA size and myofibroblast number, 10 images per surface were
analyzed from three independent experiments and significance measured using Student’s
t-tests (unpaired). For adhesion assay and RT-qPCR, statistical analysis was by one-way
or two-way ANOVA, as appropriate, followed by a Bonferroni multiple comparisons test.
For RT2 ProfilerTM PCR Array, student’s t-tests (unpaired) were performed to compare
between PT and SLA at each time-points.

5.4 Results
5.4.1 HGFs differentiate into myofibroblasts on PT
We first assessed the level of myofibroblast differentiation on PT and SLA by
fluorescently staining cells for α-SMA. One week post-seeding, α-SMA containing
stress-fibers were detected in HGFs cultured on PT and SLA (Figure 5.2A), with
significantly fewer were present on SLA (p<0.05) (Figure 5.2B). α-SMA was observed
to be present in the cytoplasm of many cells on SLA, but was not recruited into stressfibers. Western blotting of α-SMA demonstrated that with increasing culture time, αSMA was higher in cells cultured on PT compared SLA at both 1 and 2 weeks postseeding (Figure 5.2C).

5.4.2 Fibronectin fibrillogenesis
As myofibroblasts are known to produce excessive ECM, we next investigated whether
changes in topography influenced cell fibronectin synthesis and deposition. Fibronectin
fibrils developed in cells cultured on PT by 6 hours, but were not evident in cells on SLA
(Figure 5.3A). By 1 day post-seeding, cells on PT continued to produce and align
fibronectin, while fibril formation was evident in cells on SLA, particularly in those cells
that
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larger
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by

particle
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Figure 5.2: Increased differentiation of fibroblasts into myofibroblasts on PT.
HGFs cultured on PT and SLA disks at 1 week. A. Representative fluorescent images of
HGFs labeled for alpha-smooth muscle actin (α-SMA) (green), F-actin (red) and nuclei
(blue). Myofibroblasts were revealed by α-SMA-positive stress-fibers. HGFs grew to
confluence on both titanium surfaces and HGFs with α-SMA-positive stress-fibers were
formed on PT. B. Average percentage of myofibroblasts per field of view were
quantified. Data represents mean ± s.d. of 10 images per sample with triplicate samples
from 3 independent experiments. Data was analyzed using t-test (*p<0.05). Number of
myofibroblasts was significantly greater on PT compared to SLA at 1 week. C. Levels of
α-SMA, a marker of myofibroblasts, were assessed using western blots for HGFs
cultured on PT and SLA for 1 week and 2 weeks. GAPDH was used as a loading control.
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Figure 5.2: Increased differentiation of fibroblasts into myofibroblasts on PT.
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Figure 5.3: Fibronectin matrix assembly, organization and production on PT and
SLA.
A. Immunocytochemical staining of HGFs on PT and SLA at 6 hours, 1 day, 1 week and
2 weeks. Cells were labeled for fibronectin (green) and nuclei (blue). Fibronectin fibrils
(arrows) are formed within 6 hours on PT and increases with time (arrowheads).
Fibronectin is not assembled on pit holes of SLA (red arrow). B. Western blot showing
cellular and matrix fibronectin protein in cell lysates when HGFs were cultured on PT
and SLA for 1 week and 2 weeks. GAPDH was used as a loading control.
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Figure 5.3: Fibronectin matrix assembly, organization and production on PT and SLA.
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blasting of the surface. Western blot analysis of fibronectin levels in cell matrix lysate at
1 and 2 weeks post-seeding demonstrated increased fibronectin protein levels in cells and
matrix on PT compared to SLA (Figure 5.3B).

5.4.3 HGFs form smaller FAs on SLA compared to PT
To assess influence of surface topography on FA formation, HGFs were cultured on PT
and SLA titanium disks and the distribution and the size of the FAs were analyzed using
immunofluorescence staining of vinculin. On PT at 6 hours, vinculin was localized at the
periphery of the cells at the ends of filopodia and stress-fibers (Figure 5.4A). On SLA,
vinculin was faintly detected at the periphery at 6 hours. On PT at 1 day, an increased
number of vinculin-containing focal complexes was found at the ends of stress-fibers, in
the lamellopodium, and lamellae. Small punctate focal complexes were first evident on
SLA at 1 day. Average planar area of FAs formed at 1 day was significantly greater on
PT compared to those on SLA (p<0.05) (Figure 5.4B). FAK is a critical regulator of
integrin-mediated adhesive signaling. FAK activation in HGFs cultured on PT and SLA
for 6 hours were assessed using immunofluorescence for distribution of phosphorylateFAK (p-FAK) and western blotting for level of p-FAK. On PT, we observed that p-FAK
was co-localized with vinculin-containing FAs (Figure 5.4C). On SLA, p-FAK was also
localized in previously observed smaller FAs and sizes of p-FAK staining were also
smaller. Level of FAK phosphorylation at 6 hours assessed using western blotting
demonstrated that p-FAK was higher on PT compared to SLA (Figure 5.4C).

5.4.4 Recruitment of integrin subunits to FAs on PT and SLA
In normal cells, αVβ3 is the predominant integrin recruited to sites of adhesion
development. However, in fibrotic cells β1 is instead recruited. We first examined
whether alterations in topography influenced the specificity of integrin subunits recruited
to adhesion sites. Neutralization of αVβ3, but not β1 led to a significant reduction in
HGF adhesion compared to control IgG neutralized cells on SLA (p<0.05) (Figure 5.5).
Neutralizing integrin subunits αVβ3 or β1 did not significantly change cell attachment on
PT. To confirm the type of integrin subunits in FAs on each surface, integrin β3 or
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Figure 5.4: Effect of smooth and rough titanium topographies on activation of
adhesive signaling.
A. Immunocytochemical staining of HGFs cultured on PT and SLA for 6 hours and 1
day. Cells were labeled for vinculin (green), phalloidin (red) and nuclei (blue). FAs were
revealed by vinculin. B. Average planar areas of FAs per cell were quantified from 10
images per topography. Data represents mean ± s.d. of 3 independent experiments in
triplicates. Data was analyzed using t-test (*p<0.05). C. Higher level of phosphorylatedFAK (p-FAK) (tyrosine 397) in HGFs on PT compared to SLA. Immunocytochemical
staining of HGFs cultured for 6 hours on titanium disks. Cells are labeled for p-FAK
(red), vinculin (green), and nuclei (blue). Levels of p-FAK in HGFs on PT and SLA are
assessed using western blotting. Total-FAK and GAPDH are used as loading controls.
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Figure 5.4: Effect of smooth and rough titanium topographies on activation of adhesive
signaling.
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Figure 5.5: Influence of specific integrin subunit neutralization on HGF adhesion on
PT and SLA.
Integrin αVβ3, and β1 of HGFs were neutralized using the integrin subunit specific
antibodies. Integrin IgG served as a control. Data represents relative number of attached
cells after 1 hour of seeding and error bars represent s.d. Data was analyzed using twoway ANOVA with Bonferonni comparisons test (*p<0.05).
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Figure 5.5: Influence of specific integrin subunit neutralization on HGF adhesion on PT
and SLA.

211

integrin β1 was co-stained with vinculin (Figure 5.6A, B). On PT, integrin β3 colocalized with vinculin, while clusters of integrin β3 did not co-localize with vinculin on
SLA (Figure 5.6A). Co-localization of and vinculin and integrin β1 on PT and SLA
demonstrated that very few FAs contained integrin β1, with most labeling for β1 in the
central area of the cells where fibrillar adhesions form (Figure 5.6B).

5.4.5 More mature and stable adhesions form on PT
As FAs mature into fibrillar adhesions, other proteins are recruited including vinculin and
tensin (Zaidel-Bar et al., 2003; Carisey et al., 2013). To assess maturity and composition
of FAs, double immunofluorescence was performed on HGFs cultured for 1 day for
vinculin with either tensin-1 or p-cortactin. Level and distribution of tensin-1 was
assessed by immunofluorescence at 1 day. Tensin-1 was identified in fibrillar adhesions
in plaques and was parallel to the longitudinal direction of the cell shapes on both PT and
SLA (Figure 5.7A), although at a greater level on PT. Co-localization of tensin-1 and
vinculin was also assessed in order to underline the presence of mature FAs. Inserts
showing higher magnification demonstrate that tensin-1 and vinculin co-localized on PT
but not on SLA. P-cortactin and vinculin co-localization was assessed next. Vinculincontaining FAs were co-localized with p-cortactin on PT at 1 day (Figure 5.7B). Some of
p-cortactin plaques were present in the leading edges of lamellipodium without vinculin
co-localization on PT. This suggests that p-cortactin may be recruited to both nascent
and FAs on PT. On SLA, the intensity and size of p-cortactin staining was relatively
weak and they were not co-localized with vinculin.

5.4.6 SLA induces expression of genes associated with ECM
remodeling
During tissue repair and remodeling, events involving ECM and adhesion molecules are
activated. We investigated whether the titanium topographies influenced gene
expressions of ECM and adhesion molecules. To do so, we performed ECM and
Adhesion molecules RT2 ProfilerTM PCR Arrays on HGFs cultured on both PT and SLA
surfaces. Of the 84 tested genes, 15 and 16 genes increases at 1 day and 1 week
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Figure 5.6: Co-localization of integrin β3 and β1 with vinculin in HGFs on PT and
SLA titanium surfaces.
Immunocytochemical staining of HGFs cultured on PT and SLA surfaces at 1 day. Cells
were labeled for integrin β3 (red) (A) or integrin β1 (red) (B), vinculin (green), and
nuclei (blue). Representative images of HGFs on PT and SLA observed under
fluorescence microscopy. Grey scale images are shown for separate channels for integrin
subunits and vinculin. Insets show higher magnifications of focal contacts (white boxes).
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Figure 5.6: Co-localization of integrin β3 and β1 with vinculin in HGFs on PT and SLA
titanium surfaces.
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Figure 5.7: Adhesions are more mature and stable on PT compared to SLA.
Co-localizations

of

tensin-1

and

p-cortactin

with

vinculin

were

shown

by

immunocytochemical staining of HGFs cultured on PT and SLA surfaces at 1 day. Cells
were labeled for integrin tensin-1 (red) (A) or p-cortactin (red) (B), vinculin (green), and
nuclei (blue). Representative images of HGFs on PT and SLA observed under
fluorescence microscopy. Grey scale images are shown for separate channels for tensin-1,
p-cortactin, and vinculin. Inserts show higher magnifications of focal contacts (white
boxes).

215

Figure 5.7: Adhesions are more mature and stable on PT compared to SLA.
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respectively, and only 1 gene decreased at 1 week on SLA compared to PT (Figure 5.8A,
B). Several matrix metalloproteinases (MMPs) were expressed significantly higher on
SLA compared to PT. Greater than 1000-fold increases in MMP-7, 8, and 9, PECAM-1,
and TIMP3 mRNA levels on SLA were detected at both 1 day and 1 week. The fibrotic
mediator CTGF was the only gene that was significantly lower on SLA at 1 week
(p<0.05) (Figure 5.8B).

5.4.7 FAK inhibition attenuates POSTN and CTGF and augments
THBS2 on PT
As we observed that differential adhesion responses on PT and SLA led to altered gene
expressions of ECM and adhesion molecules, we assessed how inhibition of FAK with
PP2 influenced gene expression of periostin (POSTN), CCN2 (CTGF), and
thrombospondin-2 (THBS2) on PT and SLA for 1 day and 1 week.
Overtime, POSTN mRNA expression increased in HGFs on both PT and SLA. POSTN
mRNA expression was significantly lower on SLA compared to PT at 1 week (p<0.01).
FAK inhibition led to significant decrease of POSTN expressions on both PT and SLA at
1 week (p<0.0001). There were no significant differences between PT and SLA in the
presence of FAK inhibitor at both time points (p>0.05) (Figure 5.9A). Consistent with the
RT2 ProfilerTM PCR array data, CTGF mRNA expression was significantly lower on SLA
compared to PT at 1 day and 1 week (p<0.05) (Figure 5.9B). FAK inhibition led to
significant decrease of CTGF on both PT (p<0.001) and SLA (p<0.01) at 1 day. There
was no significant difference between PT with FAK inhibition and SLA without FAK
inhibition (p>0.05). CTGF also significantly decreased with time on both surfaces (PT:
p<0.0001; SLA: p<0.01) in control conditions. THBS2 expression was significantly
greater on SLA compared to PT at 1 day (p<0.05) and 1 week (p<0.01) (Figure 5.9C),
consistent with the RT2 ProfilerTM PCR array data. FAK inhibition significantly increased
THBS2 expression on both PT and SLA at 1 week (p<0.0001). THBS2 mRNA also
increases

over

time

on

both

surfaces

(p<0.0001)

in

control

conditions.
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Figure 5.8: Differential expression of ECM and adhesion molecule genes on PT and
SLA.
HGFs cultured on PT and SLA for 1 day (A) and 1 week (B) were subjected to ECM and
Adhesion Molecules RT² ProfilerTM PCR Array. Gene expression is represented in
volcano plots. X-axis represents log of the fold change (FC) on SLA compared to PT and
Y-axis represents negative log of the p-values, respectively. Vertical lines represent
twofold cut-off on SLA compared to PT. The horizontal line shows where p = 0.05 with
points above the line having p < 0.05. Each dot represents mean of 3 replicates. Genes
significantly changed in the plot are shown in the listed with fold-change and p values. 15
and 16 genes associated with matrix remodeling, at 1 day and 1 week, respectively, were
significantly upregulated on SLA versus PT. Connective tissue growth factor, known to
induce fibrosis, was down-regulated on SLA compared to PT.
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Figure 5.8: Differential expression of ECM and adhesion molecule genes on PT and
SLA.
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Figure 5.9: Effect of FAK inhibition on matrix gene expression.
HGFs cultured on PT or SLA in the absence or presence of FAK inhibitor (PP2; 10 µm)
for 1 day and 1 week were assessed for gene expression of matricellular proteins,
periostin (POSTN) (A), CCN2 (CTGF) (B), and thrombospondin-2 (THBS2) (C). Data
represents mean fold gene expressions ± s.d. relative to day 1 PT without PP2 of 3
independent experiments in triplicates. THBS2 mRNA levels of HGFs on PT and SLA at
1 day and 1 week without PP2 (in a grey box) are shown at a higher scale. Data was
analyzed via two-way ANOVA with Bonferroni post-test (*p<0.05, **p<0.001,
***p<0.001, ****p<0.0001).

220

Figure 5.9: Effect of FAK inhibition on matrix gene expression.
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5.4.8 FAK inhibition decreases fibronectin fibrils
To assess whether FAK inhibition affects matrix formation, we cultured HGFs with and
without PP2 and assessed for fibronectin fibrillogenesis by using immunofluorescence at
1 day. As seen before, HGFs formed greater level of fibronectin fibrils on PT compared
to SLA (Figure 5.10). FAK inhibition decreased the level of fibronectin fibril assembly
on the surfaces and diffused fibronectin in the cell cytoplasm. Fibronectin fibril
organization on PT with FAK inhibition was similar in appearance on SLA without FAK
inhibition.

5.4.9 FAK inhibition decreases myofibroblasts
To assess whether FAK inhibition affects myofibroblast differentiation, we cultured
HGFs with and without PP2 for 3 days and assessed myofibroblast formation on PT by
using immunofluorescence. When HGFs were cultured on PT without PP2, cells with αSMA incorporated stress-fibers were evident, whereas in the presence of PP2, α−SMA
was not recruited into the stress-fibers (Figure 5.11).

5.5 Discussion
Surface topography and roughness of implants has previously been shown to influence
bone and soft tissue integration (Kim et al., 2006; Yamano et al., 2011). Research
suggests that cell-substratum interactions determine tissue remodeling through integrinmediated intracellular signaling, which is sensitive to substratum topography (Kokubu et
al., 2009; Furuhashi et al., 2012). However, perturbations in ECM remodeling and cell
adhesion signaling are well known to contribute to the development of fibrosis and
scarring (Shi and Sottile, 2011). The tissue structure around the transmucosal region of
implants often resembles the composition of a scar (Sculean et al., 2014). In that context,
implant surface topographies for promoting connective tissue remodeling and attachment,
while minimizing fibrous capsule formation, have yet to be optimized. Recent studies
have suggested that rough topographies such as SLA can promote stable connective
tissue formation (Schwarz et al., 2007a; Schwarz et al., 2007b; Schwarz et al., 2010), but
as noted by Schwartz et al, the cellular response underlying soft-tissue healing at rough
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Figure 5.10: Effect of FAK inhibition on fibronectin deposition.
Influence of FAK inhibition on fibronectin assembly and deposition on PT and SLA.
Representative immunofluorescence images of HGFs cultured on PT or SLA in the
absence or presence of PP2 (10 µm) at 1 day are shown. Cells were labeled for
fibronectin (green) and nuclei (blue). PP2 added HGFs on PT resembled HGFs on SLA
without the inhibitor.
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Figure 5.10: Effect of FAK inhibition on fibronectin deposition.
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Figure 5.11: Effect of FAK inhibition on myofibroblast differentiation.
Representative immunofluorescence images of HGFs cultured on PT in the absence or
presence of PP2 (10 µm) at 3 days are shown. Cells were labeled for α-SMA (green), factin (red) and nuclei (blue).
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Figure 5.11: Effect of FAK inhibition on myofibroblast differentiation.
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implant surfaces needs further investigation (Schwarz et al., 2010). The aim of this study
was to assess and compare HGF response to PT and SLA surfaces.
Healthy gingival connective tissue has collagen fibers perpendicular to the tooth surface
(Berglundh et al., 1991; Linkevicius and Apse, 2008). However, the collagen fibers
within the connective tissue around a dental implant typically are parallel to the surface
(Berglundh et al., 1991; Moon et al., 1999; Linkevicius and Apse, 2008). This results in
insufficient tissue integration with the implant and reduced blood supply to the site.
Fibronectin, present in abundance in fibrotic lesions, is suggested to contribute to the
excessive scarring observed in chronic fibrosis (Leask and Abraham, 2004). Fibroblast
attachment to fibronectin is known to be required for differentiation of fibroblasts into
myofibroblasts; α−SMA levels in cultured cells on fibronectin-coated plates was
significantly higher compared to cells on other integrin-binding ECM surfaces
(Thannickal et al., 2003). Here we demonstrate a higher level of matrix fibronectin
production and fibrillogenesis by HGFs on PT compared to SLA. Based on the number of
tensin-containing fibrillar adhesion on PT, the topography of this surface appears to
promote increased fibronectin fibrillogenesis and accumulation compared to the rougher
SLA. We also observed greater myofibroblast differentiation, indicated by cells with αSMA containing stress-fiber networks on PT compared to SLA. Myofibroblast
differentiation of HGFs observed on PT could be caused by excessive matrix fibronectin,
as increased fibronectin accumulation is associated with increases in matrix stiffness
(Ogawa et al., 2000). As a stiffer matrix environment has been shown to be a prerequisite
for fibrosis and induces differentiation of fibroblasts into myofibroblasts (Hinz, 2009),
cell attachment to smoother surfaces may alter mechanotransduction in the cells that
increases myofibroblast differentiation. While only likely to be one potential factor in the
overall gingival tissue response, PT topographies appear more likely to induce a fibrotic
phenotype in HGFs around the abutment. Previous in vivo studies assessing connective
tissue attachment to SLA and hydrophilic SLA demonstrated fibronectin deposition on
the implant surface within 4 days, but no assessment of cell phenotype in relation to
myofibroblast commitment was performed (Schwarz et al., 2007b). Future studies should

227

focus on whether myofibroblast differentiation is evident in close proximity to the
implant surface.
We next assessed the potential molecular events leading to a myofibroblast phenotype on
PT, but not on SLA. Upon adhesion, cells form focal contacts, which undergo the process
of maturity by recruiting structural and signaling proteins (Zaidel-Bar et al., 2003; ZaidelBar et al., 2004). FAs are mechanosensitive receptors that can mature according to the
surrounding environment (Walcott et al., 2011). It is known that nascent adhesions more
frequently mature into FAs on stiff surfaces (Walcott et al., 2011) and the size of a FA is
an indication of its maturity (Gardel et al., 2010). We show here that HGFs on PT formed
significantly larger FAs compared to cells on SLA. This is consistent with a previous
study, which showed that HGFs on SLA were forming less distinct vinculin-containing
FAs whereas distinct punctate FAs were observed on machined titanium (Kokubu et al.,
2009). We also showed that the changes in adhesion size are concomitant with increased
recruitment and phosphorylation of FAK. Phosphorylation of FAK is a known
requirement for induction of α-SMA in response to TGF-β1 (Leask, 2013a). We
demonstrated that inhibition of FAK attenuated a-SMA incorporation into the stressfibers of HGFs on PT. Thus it appears that as PT surfaces permit the formation of larger
adhesion and higher levels of phosphorylation of FAK, adhesive signaling is activated
which results in α-SMA expression and stress-fiber formation.
As FA size was smaller on SLA than PT, we next investigated how increased roughness
affected adhesion formation. FAs are associated with integrin αVβ3, but as they mature,
α5β1 receptors are recruited as FAs form fibrillar adhesions that can remodel the ECM
(Gardel et al., 2010). The translocation process is necessary for fibronectin fibrillogenesis
and other matrix components (Wierzbicka-Patynowski and Schwarzbauer, 2003; Walcott
et al., 2011). In our study, we performed immunocytochemistry to assess potential
differences in localization of integrin subunits to FAs in HGFs cultured on PT and SLA.
Our data shows that on PT, integrin αVβ3 localized to FAs, but on SLA it was evident
that integrin αVβ3 clustering did not co-localize with vinculin. Interestingly, neutralizing
αVβ3 integrin led to a significant decrease in cell attachment to SLA but not on PT.
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Based on the presence of integrin αVβ3 clustering without vinculin, it is possible that
there is more cycling of adhesion sites on SLA which we will investigate in the future.
This is further supported by the recruitment of p-cortactin into adhesion sites on PT, but
not SLA; p-cortactin stabilizes the F-actin cytoskeleton. Although both surfaces allowed
the maturation of FAs into fibrillar adhesions, this was attenuated on SLA although HGFs
were still able to form fibronectin fibrils. Our finding supports that SLA slows induction
and stabilization of mature focal and fibrillar adhesions while PT does not.
Changes in FA size have received much attention in relation to topographical modulation
of cell behavior. Mesenchymal stem cell to osteoblast differentiation has been correlated
with increases in FA maturation (Biggs et al., 2009; Cassidy et al., 2014). In contrast,
topographical differentiation of human mesenchymal stem cells towards neurogenic and
myogenic lineages was associated with smaller adhesion size on grooved substrata; these
observations were correlated with FAK phosphorylation and of great significance,
overexpression of FAK in these cells overruled any topographical effect (Teo et al.,
2013). In the case of fibroblasts, our results are consistent with previous research, that a
reduction in super-mature or “fibrillar” adhesions is associated with a reduced fibrotic
response (Hinz and Gabbiani, 2003; Hinz, 2006). We think it likely that it is the
molecular components of the adhesions and subsequent activation of specific signal
transduction pathways that govern the overall cell and tissue response, which is linked to
size of adhesions and development of cell tension. By limiting the contact area between
the fibroblasts and the titanium through particle blasting and acid-etching, the fibroblasts
are not able to generate sufficient forces to induce fibroblast to myofibroblast
differentiation.
As altered state of maturity and protein composition in FAs may contribute to altered cell
signaling, tissue healing and remodeling (Schwarz et al., 2007b), we next assessed how
PT and SLA influence gene expression associated with ECM remodeling. On SLA
surfaces, several genes were upregulated including MMPs, matricellular proteins,
integrins and matrix proteins, although the significance of all of these genes in gingival
healing is unknown. At 1 day post-seeding, tenascin-C was upregulated on SLA
compared to PT, which is expressed during normal gingival healing (Okuda et al., 1998).
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Some of the highest fold increases were in MMPs, which are crucial regulators of ECM
remodeling (Shapiro, 1998). Of the genes changed in HGFs by SLA, genes associated
with ECM turnover were prominent; MMPs and tissue inhibitors of metalloproteinases
(TIMPs) are intricately involved in maintaining the homeostasis between synthesis and
degradation of ECM components, but in healing and fibrosis the balance of these
molecules is often altered. Previous studies demonstrate that MMPs and TIMPs can have
both inhibitory and stimulatory roles depending on tissues and/or the type of MMPs
(Giannandrea and Parks, 2014). Our Profiler PCR array data demonstrated that several
MMPs were upregulated at 1 day and 1 week, including MMP-7, -8, -9 and -16. MMP-8
mRNA levels was significantly increased by SLA compared to PT, almost a 4000-fold
increase. MMP-8, also known as neutrophil collagenase, is significantly upregulated in
gingival healing around titanium implants in humans (Degidi et al., 2013), as well as in
skin healing (Nwomeh et al., 1999), suggesting it is a prominent regulator of remodeling
in these tissues. We observed upregulation of TIMP3 expression on SLA compared to PT,
but no difference of TIMP1 or TIMP2 expression on PT and SLA. This suggests that
increased TIMP3 on SLA could be contributing to a reduced fibrotic response. The
literature, together with our data suggests that upregulation of MMP-8 and TIMP3 on
SLA may be critical players in reducing fibrotic responses. Future studies will investigate
the role of all the upregulated genes in HGF tissue development on PT and SLA, but in
summary our data supports that the SLA topography induces genes associated with ECM
remodeling in HGFs.
Our RT2 ProfilerTM PCR array data shows that, of the genes that were tested in the array,
CTGF was the only gene that was significantly downregulated in cells on SLA compared
to PT. POSTN expression was also significantly higher on PT compared to SLA at day 1.
CTGF and periostin are pro-fibrotic matricellular proteins that have been confirmed to be
critical players in fibrosis by modulating myofibroblast differentiation, and matrix
production (Yokoi et al., 2002; Elliott et al., 2011; Khankan et al., 2011). CCN2 and
periostin are potential players in peri-implant fibrosis and may be used for future
therapeutic targets. Blocking FAK signaling attenuated higher expressions of POSTN and
CTGF on PT.

Based on the role of adhesive signaling in fibrosis and our data
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demonstrating alteration in nascent FAs and mature FAs on SLA (Gardel et al., 2010), it
provides further evidence that alterations in substratum topography are a powerful tool to
modulate matricellular protein gene expression and matrix organization. This study
further confirms the complexity of nascent versus mature FAs and their role in tissue
remodeling.
Our study has revealed that limiting FA formation and stability leads to a reduced fibrotic
response and increased tissue remodeling response in HGFs in vitro. Application of the
SLA surface to enhance gingival connective healing around implants has yet to be used
clinically. Our study suggests that implant topographies which limit cell adhesion could
be applied to prevent the development of tissue fibrosis and scarring. This does however
raise the question of how much cell adhesion is required to allow proper tissue formation
and integration with the implant surface, which can only be addressed through in vivo
studies. While we are not stating that SLA is the optimal substratum for abutments, our
data shows that topographical features which limit adhesion formation could be applied
to not only implants, but any scaffold or device used in soft tissue healing in which a
fibrotic response is undesirable.
Cellular and molecular characterization of the response of HGFs on the smooth and
rough titanium substratum is essential in the development of the optimal implant surface
to manage the dental soft tissue-implant complex. This study shows for the first time that
HGFs form more mature FAs on PT compared to on SLA. The composition and stability
of FAs seems to be a key determinant of HGF response to altered substratum
topographies. While HGFs are able to form matrix on both surfaces, our evidence shows
fibrotic responses and adhesion-mediated fibrotic markers on PT but not on SLA. This
study also suggests that fibrosis at the dental implant surface may be prevented by using
an appropriate surface roughness on the abutment of the implant.
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6.1 Summary of the Thesis
6.1.1 Periostin regulates matrix synthesis but not myofibroblast
differentiation during gingival wound healing
Chapter 2 - Specific Objective - To determine the expression pattern of periostin
in vivo during gingival healing in a rat gingivectomy model in vivo and assess the
influence of human recombinant periostin on proliferation, myofibroblast
differentiation, and matrix synthesis of human gingival fibroblasts (HGFs) in
vitro.
We show for the first time that periostin is upregulated during gingival healing, with
increased protein expression observed at day 7 and day 14, but not day 3, post-wounding.
Epithelial cell proliferation was evident in the basal epithelium at 1 day post-injury and
by day 3 the oral epithelium had migrated across the defect to the tooth surface, although
the sulcular epithelial structure was not re-established. In contrast, fibroblast proliferation
within the gingival connective tissue peaked at day 7. At day 7 and day 14, increased
collagen and fibronectin deposition was evident in the matrix of the regenerating
connective tissue. Minimal myofibroblast differentiation was evident at all stages of
healing. To assess the role of periostin in the healing response of gingiva, HGFs were
cultured in vitro on plates coated with collagen or collagen with rhPN. No significant
difference in HGF number was measured between the conditions during 9 days of
culture. Periostin had no effect on differentiation of HGFs into myofibroblasts indicated
by similar levels of ACTA2 expression, α−SMA protein level, as well as collagen gel
contraction, at day 1 and/or week 1. However, HGFs cultured in the presence of rhPN
demonstrated significantly greater mRNA levels of FN1, COL1A2, and COL3A1 as early
as 24 h post-seeding. Fibronectin protein level was significantly increased in HGFs
cultured in the presence of rhPN at day 1 in both cell lysates and the supernatants, but
only in the cell lysates at 2 weeks post-seeding. Hydroxyproline levels in HGFs were also
significantly higher in the presence of rhPN at week 2 in the cell lysates and the
supernatants. We conclude that periostin does not influence epithelial proliferation or
migration. Furthermore, periostin regulates matrix deposition, but has no influence
over proliferation or myofibroblast differentiation of HGFs during gingival healing.
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6.1.2 Nifedipine increases periostin through the TGF-β pathway in
nifedipine-induced gingival enlargement
Chapter 3 - Specific Objective - To assess whether periostin expression is
upregulated in nifedipine-induced gingival enlargement in situ and investigate
potential mechanisms regulating periostin expression in gingival tissue and cells.
In healthy human gingival tissue, periostin was weakly detected in the basement
membrane between the oral epithelium and the gingival connective tissue. In contrast,
periostin protein levels were significantly elevated in the connective tissue of gingiva
obtained from patients with nifedipine-induced gingival enlargement. Fibroblast and
epithelial nuclei were positive for p-SMAD2/3 throughout the gingival tissue in patients
with nifedipine-induced gingival enlargement, while not observed in healthy gingiva.
HGFs cultured with nifedipine in vitro exhibited a significant increase in both periostin
mRNA and protein. Nifedipine treatment also induced greater p-SMAD3 translocation to
the nuclei and increased total levels of p-SMAD3 in HGFs. Inhibition of TGF-β type I
receptor

using

SB431542

significantly

reduced

nifedipine-induced

SMAD3

phosphorylation and periostin expression. Our results demonstrate that nifedipine
upregulates periostin in HGFs in a TGF-β-dependent manner.

6.1.3 Nifedipine and phenytoin increase TGF-β signaling, periostin
expression, and matrix deposition in human gingival tissue
explants.
Chapter 4 - Specific objective - To develop an ex-vivo gingival explant system to
assess the effects of nifedipine and phenytoin on human gingival tissues, with
comparisons made to biopsies from human DIGE tissue.
In this study, we demonstrated that gingival tissue samples obtained from patients with
gingival enlargement due to systemic administration of nifedipine or phenytoin are
characterized by increased periostin protein, increased deposition of fibronectin and
collagen, as well as a significant increase in cell proliferation, in the connective tissue.
Myofibroblasts were not evident in the tissue biopsies. Gingival tissue explants obtained
from systematically healthy subjects cultured with nifedipine or phenytoin remained
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viable in culture for 2 weeks as assessed using TUNEL analysis. Culturing human
gingival tissue explants with nifedipine and phenytoin ex vivo for 2 weeks increased the
number of cells positive for p-SMAD2/3, concomitant with increased levels of periostin
compared to tissues cultured without the drugs. Nifedipine and phenytoin treatment also
increased collagen deposition and synthesis. Interestingly, proliferation of fibroblasts was
similar in all conditions including untreated and no myofibroblast differentiation was
evident in any tissue. Our study shows for the first time that NIF and PHE alter
matrix homeostasis in gingival tissue explants ex vivo and that drug administration
is a critical factor influencing extracellular matrix (ECM) accumulation in gingival
enlargement without affecting cell proliferation and myofibroblast differentiation.

6.1.4 Altered focal adhesion stability in HGFs in response to altered
substratum topography influences cell phenotype associated
with matrix remodeling and fibrosis.
Chapter 5 - Specific Objective - To assess the influence of smooth and rough
titanium topographies on focal adhesion (FA) formation, adhesive signaling as
well as tissue remodeling and fibrotic gene expression in HGFs.
HGFs cultured on PT (smooth) showed a significantly higher level of myofibroblast
differentiation, as well as greater levels of synthesis and deposition of fibronectin
compared to HGFs grown on SLA (rough). HGFs on PT formed more mature FAs,
concomitant with significantly higher levels of phosphorylated FAK compared to HGFs
grown on SLA. More nascent adhesions were observed in HGFs on SLA. Adhesions of
HGFs on SLA, but not on PT, were dependent on integrin αvβ3. The pro-fibrotic genes,
CTGF and POSTN were highly upregulated on PT compared to SLA. Gene expression
analysis identified upregulation of 15 genes at 24 h on SLA versus PT associated with
matrix remodeling. Inhibiting FAK/src signaling attenuated gene expressions of CTGF
and POSTN, fibronectin deposition, and myofibroblast differentiation, and augmented
THBS2 gene expression, on PT. Our results demonstrate that more mature FAs and
greater adhesive signaling in HGFs on PT are associated with myofibroblast
differentiation and increased fibronectin synthesis. Moreover, limiting cell-surface
contact induces a remodeling phenotype in HGFs.
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6.2 Contributions to the Current State of Knowledge
6.2.1 Overall significance
The aims of this thesis were to investigate the molecular mechanisms underlying healing
and fibrosis in gingival tissue and specifically the expression and potential role of
periostin. Based on its described roles in myofibroblast differentiation and regulation of
ECM synthesis and organization, we investigated whether periostin was upregulated in
gingival healing and fibrosis, as well as the potential mechanisms underlying its
upregulation. To our knowledge, this is the first report to demonstrate that periostin
modulates ECM synthesis in the context of gingival healing and fibrosis, however does
not modulate α-SMA expression and fibroblast to myofibroblast differentiation. Our
laboratory has previously shown that in the healing of excisional skin wounds in mice,
deletion of periostin does not influence matrix synthesis, but is required for myofibroblast
differentiation in the granulation tissue through activation of adhesive signaling through
β1 integrin subunit and FAK (Elliott et al., 2012b). This demonstrates that the role of
periostin during healing is tissue specific. In addition, it shows that development of
fibrosis in gingival tissue does not require the presence of myofibroblasts, which again
is in direct contrast with scarring in skin. As will be discussed, while we demonstrate
that canonical TGF-β signaling is activated in HGFs, our data suggests that noncanonical signaling required for α-SMA expression is not, even in the presence of
periostin. However, in vitro, myofibroblast differentiation of HGFs could be promoted by
culturing the cells on smooth titanium surfaces, where increased adhesion formation,
FAK activation and FA stability was evident in the cells. Of great significance to our
understanding of HGF biology and scarring, culturing cells on rough surfaces limited cell
adhesion formation and induced a remodeling phenotype in HGFs, concomitant with
reduced FAK activation, periostin expression and myofibroblast differentiation. This
demonstrates that even in the presence of a non-compliant surface, HGFs will not
differentiate into myofibroblasts if stable adhesion sites are unable to form.
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6.2.2 Expression of periostin in gingival healing and fibrosis
6.2.2.1 Spatiotemporal expression of periostin in gingival healing
The first aim of this thesis was to investigate the expression and contribution of periostin
in the healing of experimentally created gingival defects. Previous studies from the
Hamilton laboratory have shown periostin to be an important modulator of skin healing
(Elliott et al., 2012a). Furthermore, since its initial description in 1993, periostin
upregulation has been described in the healing of several tissues, including muscle
(Goetsch et al., 2003), tibial bone (Nakazawa et al., 2004), vasculature (balloon injury to
rat carotid arteries) (Lindner et al., 2005; Li et al., 2006), heart (Oka et al., 2007;
Shimazaki et al., 2008), pancreas (Smid et al., 2015), and skin (Jackson-Boeters et al.,
2009; Nishiyama et al., 2011; Elliott et al., 2012b). Overall, in these tissues, the pattern of
periostin upregulation is highly conserved and correlates with the proliferative and matrix
deposition stages of healing, subsequently decreasing by day 28. Indeed, when comparing
healing in all these different tissues, the temporal gene expression of periostin after injury
is relatively similar, although temporal variations are evident. Gene expression starts to
increase around day 3 and peaks at day 7 in skin (Nishiyama et al., 2011; Elliott et al.,
2012b), heart (Shimazaki et al., 2008) and bone (Nakazawa et al., 2004). In blood
vessels, periostin gene expression is greater at day 3 than at day 7 post-wounding (Li et
al., 2006) and in muscle, the gene expression starts to increase around day 4 and peaks
around day 6 post-wounding (Ozdemir et al., 2014). Periostin gene expression is highly
induced in pancreas after pancreatectomy at day 3 (Smid et al., 2015). In this thesis, we
demonstrate that periostin upregulation also corresponds with the proliferative and
remodeling phases of healing in rat gingiva (days 7 and 14 post-wounding), but there is
no significant expression of periostin evident at day 3. This finding is similar to periostin
expression during muscle healing (Ozdemir et al., 2014), but in contrast to expression
patterns seen in skin (Jackson-Boeters et al., 2009; Nishiyama et al., 2011), tibial bone
fracture (Nakazawa et al., 2004), and myocardial infarction (Shimazaki et al., 2008). It
should be noted that in each of these tissues, upregulation of periostin is associated with
specific cell types; the interstitium in injured hind-limb skeletal muscle (Goetsch et al.,
2003), in skin, fibroblasts in the granulation tissue (Jackson-Boeters et al., 2009; Elliott et
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al., 2012b), in tibial healing, pre-osteoblastic cells in the periosteum in mice, in
myocardial infarction, cardiac fibroblasts (Shimazaki et al., 2008), and in regenerating
pancreas, stellate cells (Smid et al., 2015). In this study, we show that periostin is largely
secreted into the ECM space of healing wounds in gingiva. Based on its exact
localization and the cells expressing it, it is probable that the role of periostin in
each tissue is different during healing.
Based on structure and function, the closest tissue to gingiva is skin. In healthy skin prior
to wounding, periostin strongly localizes to the basement membrane, although some
immunoreactivity is evident in the dermal fibroblasts (Jackson-Boeters et al., 2009).
Interestingly, we show here that periostin immunoreactivity in the basement membrane of
gingiva is significantly lower than is evident in skin (Zhou et al., 2010), with it localizing
sporadically to the basement membrane [(Wen et al., 2010; Kim et al., 2013); Chapter 3].
Of potential significance, in normal rat gingiva, periostin is not detected in the basement
membrane or the connective tissue, showing that periostin expression in gingiva varies
between species.
If the pattern and localization of periostin is compared between skin and gingiva directly
in healing, differences become apparent which also emphasizes the importance of
experimental models. In skin, two main models are used; incisional and excisional
healing, with the expression pattern of periostin differing between the two. In fullthickness incisional cutaneous wounds, which primarily heal through re-epithelialization,
keratinocytes express periostin protein, however expression remains very low in the
granulation tissue of the wound after 5 days in mice (Zhou et al., 2010). Periostin protein
is also localized to the basement membrane at the edge of the wound (Zhou et al., 2010).
These observations are in contrast to excisional cutaneous wounds, in which the
connective tissue and the epithelium are completely removed. In this model, periostin is
found in the granulation tissue and not specifically in the basement membrane or the
keratinocytes starting at day 3 (Jackson-Boeters et al., 2009). Our study showed that the
pattern of periostin during gingival healing has elements associated with patterns evident
in both incisional and excisional healing of skin. No increase in periostin expression is
observed in the basement membrane at the edge of the wound in gingival tissue. As stated
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above, such an increase is evident in incisional skin healing, but not excisional. In the
excisional wounds of gingiva, periostin is highly localized in the connective tissue
instead, similarly to excisional cutaneous wounds. The lack of periostin in the connective
tissue at day 3 of gingival wounds is different from cutaneous excisional wounds,
however similar to incisional wounds.
As periostin is upregulated during gingival healing, we next investigated whether
increased levels of periostin would be associated with fibrosis of the gingiva. Fibrosis in
skin is known to be associated with the failure of the healing response to terminate, but
whether this occurs in gingival tissue is not known.

6.2.2.2 Periostin is significantly upregulated in DIGE
Although it is a relatively common condition seen in patients on systemic administration
of certain drug types, the etiology underlying DIGE has been poorly investigated. Rather
than a biomechanical insult, DIGE represents a biochemical insult to the tissue. Classified
as a fibrotic lesion, DIGE has several hallmarks associated with a fibrotic response. In
this study, we demonstrate for the first time that periostin protein is significantly
increased in the matrix of nifedipine and phenytoin-induced gingival enlargement in
human samples. Culturing HGFs with nifedipine and phenytoin led to increase of
periostin gene expression and protein level in vitro. It has become apparent in recent
studies that periostin is a pro-fibrotic molecule involved in various types of fibrosis
including sub-epithelial fibrosis of bronchial asthma (Takayama et al., 2006), bone
marrow fibrosis (Oku et al., 2008), Dupuytren's disease (Vi et al., 2009), hypertrophic
and keloid scars (Zhou et al., 2010), and pulmonary fibrosis (Naik et al., 2012). In fact,
periostin is accepted to be a fibrotic marker in renal fibrosis (Guerrot et al., 2012).
Periostin interacts with BMP-1 and fibronectin, allowing BMP-1 to enhance biosynthesis
of collagen and maturation of ECM proteins into functional structures (Maruhashi et al.,
2010; Muir and Greenspan, 2011). Elevation and persistence of periostin in lung fibrosis
has been shown to be associated with excessive collagen deposition (Naik et al., 2012).
Compact collagen and fibronectin deposition, the hallmark of fibrosis, in the matrix of
the DIGE tissues is therefore likely to be facilitated by elevated periostin. Therefore,
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increased periostin in DIGE strengthens the current understanding that DIGE is a fibrotic
lesion.
In vitro experiments demonstrate that both nifedipine and phenytoin appear to induce
periostin expression through activation of TGF-β signaling (Chapter 3 and Appendix 4),
a central player in the development of fibrosis (Leask and Abraham, 2004). We have
demonstrated that downstream regulators of TGF-β, SMAD2/3 are highly phosphorylated
in the DIGE tissues. Previous studies have shown upregulation of CCN2 (CTGF), a
matricellular protein that shows a similar temporal expression pattern to periostin during
excisional skin healing in mice (Uzel et al., 2001). Interestingly, both periostin (Horiuchi
et al., 1999; Arancibia et al., 2013) and CCN2 (Hong et al., 1999) are TGF-β inducible in
HGFs. Previous reports have implicated increased CCN2 mediated by TGF-β signaling in
the development of phenytoin and nifedipine-induced gingival enlargement where it
alters ECM synthesis and accumulation (Uzel et al., 2001; Trackman and Kantarci,
2015). Our study suggests that periostin may be another therapeutic target for the
treatment of DIGE, by inhibiting or down-regulating periostin.

6.2.2.3 Nifedipine and phenytoin activate a healing response
through TGF-β
The role of the drugs in the development of DIGE has been surprisingly controversial
(Bharti and Bansal, 2013), but the data from this thesis suggests that there is potentially a
common mechanism at play, certainly when considering the action of nifedipine and
phenytoin. Although primary modes of action for nifedipine and phenytoin are to block
L-type calcium channels (Shen et al., 2000) and voltage gated sodium channels
(Rogawski and Loscher, 2004), respectively, phenytoin has also been shown previously
to alter calcium level as a secondary response (DeLorenzo, 1980; Messing et al., 1985).
These drugs, either primarily or indirectly, both inhibit either influx of calcium ions
across cell membranes (Antman et al., 1980; DeLorenzo, 1980; Messing et al., 1985) or
release of calcium from intracellular stores (Rosales and Brown, 1992). In chapter 3, we
show specifically that nifedipine increases the amount of active TGF-β in the culture
media, which suggests that the drug is somehow activating latent TGF-β. Fibrillin-
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containing microfibrils have been demonstrated to be important matrix storage sites for
latent TGF-β by latent TGF-β binding proteins (LTBPs)-1, 3 and 4 (Vehviläinen et al.,
2003). It has been shown that LTBP-2 is a negative regulator of LTBP-1 binding to
fibrillin-1 in a calcium dependent manner (Hirani et al., 2007). Therefore, accumulation
of extracellular calcium by the drugs may be releasing latent TGF-β , which leads to
greater activation of TGF-β signaling and subsequently periostin expression, as well as
CCN2 expression, which has been shown to be upregulated by other groups (Uzel et al.,
2001). Whether phenytoin also increases the level of active TGF-β has not yet been
established, however our evidence demonstrates that phenytoin also stimulates TGFβ signaling in HGFs similar to nifedipine. Based on our explant cultures, the pro-fibrotic
response is evident as early as 2 weeks post-drug administration. Our data shows that
TGF-β activates canonical signaling through SMADs, but the lack of α-SMA expression
suggests that non-canonical signaling is not present, which will be further discussed in
section 6.2.4. Based on our analysis of gingival healing, it suggests that the response to
nifedipine and phenytoin, although a biochemical insult, appears to induce a healing
response that would normally be associated with a biomechanical insult to gingival
tissue. During gingival healing, TGF-β regulates recruitment of fibroblasts, and
subsequently stimulates fibroblasts to deposit ECM components, mainly collagen and
fibronectin, and inhibits collagenase, responses which are also observed in DIGE
(Mauviel et al., 1996; Papakonstantinou et al., 2003). While the exact mechanism of
action of nifedipine and phenytoin remains to be elucidated, the data in this thesis clearly
implicates TGF-β as a major factor in development of DIGE. As already highlighted,
although normally associated with healing and fibrosis in response to TGF-β, the data in
this thesis shows that transition of fibroblasts to myofibroblasts is not associated with
gingival healing or fibrosis.
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6.2.3 The role of the (myo)fibroblast in gingival tissue
6.2.3.1 Myofibroblasts are not associated with gingival healing,
similar to scar-less, early gestational fetal tissue
Although it has been clearly established that gingiva heals faster and with less scarring
than skin (Larjava et al., 2011), very little is known specifically about the underlying
mechanisms. As TGF-β and periostin expression are associated with the transition of
fibroblasts to myofibroblasts, we examined whether this cell phenotype is associated with
gingival healing. In adult dermal wound healing, contraction of the dermis by
myofibroblasts results in wound closure in conjunction with re-epithelialization
(Gabbiani et al., 1972; Gabbiani, 2003). Myofibroblasts also deposit ECM components
into the surrounding tissue and through their increased contractility, compact the tissue
during the remodeling phase leaving a tissue structure that has the composition of a scar
(relatively acellular, collagen dense), particularly after healing of full-thickness wounds
(Darby et al., 1990). In contrast, we report here that myofibroblast populations are
largely absent during gingival healing, and the healing process in gingiva has more
parallels with healing of early gestational fetal skin wounds than adult wounds.
Interestingly, although periostin is upregulated significantly during gingival healing, it
does not correlate with myofibroblast differentiation as it does during skin healing, and
by day 14 the normal gingival sulcus has been re-established without any evidence of
scarring. It should be noted that as we analyzed tissue at 3, 7 and 14 days, the possibility
that transient myofibroblast populations exist cannot be completely eliminated, although
if such cells were present it would be expected to be evident at day 7 and day 14
(Gabbiani, 1992; Hinz et al., 2001; Larson et al., 2010). A previous study has also
demonstrated that oral wound healing results in almost normal tissue architecture at 60
days compared to skin wounds in a pig model (Larjava et al., 2011). Fetal wound healing
during early gestation is considered a regenerative rather than a reparative process,
resulting in healing without scarring (Larson et al., 2010), and has been shown in the
fetuses of mice, rats, pigs, monkeys, and humans (Colwell et al., 2005). Early fetal
wounds contain very few myofibroblasts (McCluskey and Martin, 1995), which is similar
to gingival healing. The process of early fetal skin wound healing is also associated with
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a minimal inflammatory response (Krummel et al., 1987) as well as reduced TGF-β
signaling compared to adult skin (Bullard et al., 2003; Chen et al., 2005; Larson et al.,
2010). Likewise, Larjava and colleagues have reported that oral wound healing also
involves a rapid and transient inflammatory response and reduced TGF-β1 signaling
compared to skin wounds in a pig, thus mimicking fetal healing (Larjava et al., 2011). As
the prolonged presence of myofibroblasts is accepted to be responsible for scar
remodeling in adult skin and fibrosis, the lack of scarring in fetal tissues and gingival
tissues is not unexpected based on the absence of myofibroblasts (Darby et al., 1990).
Scarring in late gestational fetal wounds is associated with a progressive increase in the
number of myofibroblasts, which also correlates with the degree of scarring (Estes et al.,
1994; Schor et al., 1996; Larson et al., 2010). Although reduced TGF-β signaling in oral
wounds compared to adult skin wounds may be contributing to the reduced level of
myofibroblasts, we still observed periostin in gingival healing. Whether periostin is
expressed during fetal healing has yet to be investigated, but it would be of potential
significance if expression levels increase in healing tissue with increasing gestational age.
We have previously shown that periostin is highly expressed in skin during development
(Zhou et al., 2010), suggesting that in early fetal healing (E13.5 to E17.5) periostin does
not likely induce myofibroblast differentiation. Therefore, based on current
understanding of scar remodeling in adult tissue healing, our study provides further
evidence that gingiva and adult skin healing is fundamentally different.

6.2.3.2 DIGE: Fibrosis without myofibroblastic differentiation
As many events involved in normal healing are also prominent in the development of
fibrosis, along with the lack of myofibroblast populations evident during wound-healing
in the gingiva, this raised the possibility that fibrosis could occur in gingival tissue
without the presence of myofibroblasts. We demonstrate that in human DIGE tissue
and in ex-vivo drug-treated explants, myofibroblast populations are not detected
(Chapter 4). In normal adult skin healing, myofibroblast differentiation occurs during
the proliferative phase of healing (starts between days 5 - 7 and remains until 2-3 weeks
post-wounding), and at the cessation of healing, these cells undergo apoptosis (Gabbiani,
1992; Hinz et al., 2001). The persistence of myofibroblasts due to a failure of

248

myofibroblasts to undergo apoptosis is key in development of fibrotic lesions (Darby et
al., 1990). Periostin has been shown to modulate myofibroblast differentiation in
compliant substrates (Elliott et al., 2012b). Increased mechanical tension created by
increased stiffness of the ECM is an important determinant in the transition of fibroblasts
to myofibroblasts in the granulation tissue and can compensate for a deficiency of
periostin (Arora et al., 1999; Elliott et al., 2012b). Increased ECM rigidity is sensed
through adhesions, which feedback onto the cells to increase the adhesion size and
intracellular tension to promote stress-fiber assembly and myofibroblast differentiation
(Hinz, 2006). In the case of fibrosis, contractile myofibroblasts increase the stiffness of
the affected tissue, which further promotes myofibroblast differentiation in a positive
feedback loop (Hinz, 2012). It is therefore possible that in gingival connective tissue,
the matrix is more compliant and/or the cells are not able to generate sufficient
adhesions with the matrix to generate internal forces required to produce α-SMA
incorporation into stress-fibers. However, it is also becoming clear that in order for αSMA to be expressed, it is necessary for adhesive signaling to be activated in the cells.

6.2.4 Canonical versus non-canonical TGF-β signaling in gingival
healing and fibrosis
The requirement for TGF-β signaling in wound healing and fibrosis has been well
established. In canonical TGF-β signaling, Smad2/3 complex regulates the expression of
several genes including collagen alpha-2(I) chain, fibronectin, adhesion molecules, and
other pro-fibrotic molecules to re-establish the tissue structure during the proliferative
phase of healing (Massague et al., 2005; Rahimi and Leof, 2007). Increased levels of pSMAD2/3 are evident in gingival tissues from DIGE patients, which exhibit increased
collagen and fibronectin deposition, clearly establishing that canonical TGF-β signaling
is active (Chapter 3). The gingival explants treated with nifedipine and phenytoin also
have densely packed matrix and p-SMAD2/3. Despite an initial reluctance in the field to
accept the findings, it is now known that non-canonical TGF-β signaling pathways are
required to modulate more cell type and process specific events (Leask, 2010; Leask,
2013). In response to TGF-β, cell adhesion is promoted through fibronectin deposition
into the ECM, where it is assembled into fibrils that are connected to stress-fibers through
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FAs (Roberts et al., 1988; Thannickal et al., 2003). As this assembly progresses, FAK is
recruited and acts as a primary transducer in FA originated signaling pathways (Dugina et
al., 2001). The role of FAK mediated adhesive signaling in response to TGF-β is now
established to be required for full myofibroblast differentiation (Thannickal et al.,
2003; Mimura et al., 2005). Inhibition of Src kinases and FAK in adherent pulmonary
fibroblasts prevents TGF-β1 induction of myofibroblast differentiation, in spite of the
fact that activation of the canonical TGF-β-Smad pathway is retained in the cells
(Thannickal et al., 2003). As was mentioned, despite increased canonical TGF-β
signaling in DIGE and explants treated with nifedipine and phenytoin, myofibroblasts are
largely absent. Reduced or insufficient activation of adhesive signaling during healing
and in DIGE tissues and explants treated with the drugs may be responsible for the low
level of myofibroblasts. Based on the absence of myofibroblasts in gingival healing
and fibrosis, we next utilized in vitro model systems that regulate cell adhesion to
assess whether adhesive signaling is indeed absent in HGFs.

6.2.5 Culture conditions that promote mature focal adhesion
formation in HGFs induce myofibroblast differentiation
TGF-β induction of α-SMA incorporated stress-fibers in fibroblasts is dependent on 1)
the compliance of the substratum (Arora et al., 1999) and 2) FAK activation (Serini et al.,
1998; Thannickal et al., 2003). Fibroblasts cultured on stiff substrates are subject to
formation of super-mature FAs that generate approximately four-fold greater mechanical
stress compared with the normal FAs, allowing incorporation of α-SMA into pre-existing
β-cytoplasmic actin stress-fibers to form myofibroblasts (Goffin et al., 2006; Wang et al.,
2006). FAs also act as mechanosensors to detect both biochemical and biomechanical
properties of the matrix environment that transduce into biochemical signals primarily
through FAK (Geiger et al., 2009), which has been shown to be required for adhesiondependent of pulmonary (Thannickal et al., 2003) and scleroderma (Mimura et al., 2005)
myofibroblast differentiation. During peri-implant healing, gingival tissue forms in direct
apposition to the transmucosal region of the implant. Mounting evidence has shown that
the structure of the tissue is significantly altered compared to normal healthy gingival
tissue attached to a tooth surface (Berglundh et al., 1991; Moon et al., 1999; Linkevicius
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and Apse, 2008). Indeed, the composition of the gingival connective tissue next to the
implant closely resembles scar tissue in composition (Sculean et al., 2014). Altered
topography is known to strongly change cell adhesion and downstream phenotype
(Brunette, 1986; Clark et al., 1990; Walboomers et al., 1998; Wieland et al., 2002;
Grossner-Schreiber et al., 2006; Kokubu et al., 2009), so it was hypothesized that
smoother implant topographies commonly found on commercially available implants at
the transmucosal region may play a role in the induction of a pro-fibrotic phenotype in
HGFs.
Guo and colleagues have previously demonstrated that HGFs have attenuated ability
adhere to fibronectin and type I collagen coated plates compared to human dermal
fibroblasts (Guo et al., 2011). Contents of adhesion complexes including α2 and α4
integrin subunits, paxillin, FAK, and p-FAK protein levels are also reduced in HGFs
compared to human dermal fibroblasts (Guo et al., 2011). Such inherently reduced
adhesion molecules and adhesive signaling in HGFs has been suggested to be one of the
underlying molecular events resulting in the scar-less healing of gingiva. In this study we
compared the adhesion of HGFs on smooth PT titanium surfaces to cells cultured on
rough SLA topographies, the latter topography known to reduce adhesion formation
(Wieland et al., 2002; Wieland et al., 2005) (Chapter 5). On PT, HGFs show increased
development of FAs, which subsequently results in development of large, mature
adhesions, whereas on rough SLA surfaces, HGFs form small unstable adhesions. On PT,
in the lamellipodia of HGFs, vinculin and integrin β3 are co-localized in FAs, but on
SLA, punctate structures containing integrin β3 without vinculin at the periphery of the
cells are indicative of nascent adhesions. Our study demonstrates that although HGFs
have reduced adhesion, when HGFs are grown on stiff and polished titanium substrates,
HGFs show increased stability and maturation of adhesions. Increased adhesion
formation in HGFs around abutments could be an underlying cause of the gingiva to
resemble scar tissue around the abutment.
As substrate stiffness permits FAs to mature and grow, they recruit tensin to form stable
super-mature FAs which derivate fibrillar adhesions. Super-mature FAs have highly
phosphorylated FAK which may play a role in the recruitment of fibrillar adhesion

251

components to classical FAs (Goffin et al., 2006). On PT, HGFs develop tensin-1
containing super-mature FAs and greater fibrillar adhesions that are concomitant with
increased p-FAK, mRNA levels of periostin and CCN2 (fibrotic molecules), fibronectin
protein, as well as increased myofibroblast differentiation. The super-mature FAs
observed in HGFs on PT are likely to transduce greater intracellular tension and FAK
activation to enhance myofibroblast differentiation. When mature FAs and fibrillar
adhesions are reduced in HGFs by modulating the topographical roughness, the fibrotic
phenotype is attenuated. Thus a correlation between mature FAs and assumption of a
fibrotic phenotype in HGFs is demonstrated in our study. Also, FAK inhibition in HGFs
attenuates the elevated mRNA levels of periostin and CCN2 (fibrotic molecules),
fibronectin protein, as well as myofibroblast differentiation on PT, a phenotype similar to
HGFs on SLA. Our data from HGFs on PT and SLA demonstrate that the stiffness
of the material may not be an “all or nothing” factor driving myofibroblast
differentiation, as both PT and SLA were made of titanium. Instead, it appears that
physically limiting the sites to which cells can adhere prevents the cells from
generating sufficient traction to become contractile. This strengthens the previous
understanding that super-mature FAs (Goffin et al., 2006; Wang et al., 2006) and fibrillar
adhesions (Serini et al., 1998) are association with myofibroblasts and fibrosis.
Interestingly, genes associated with matrix remodeling and degradation are also increased
significantly on SLA. The exact relationship between FA size, stability, and molecular
composition in relation to matrix remodeling is largely unknown and somewhat
speculative. HGFs may perceive SLA as a substrate similar to what is encountered in
wounded tissue and thus increase synthesis of MMPs; consistently during wound healing,
MMPs are largely upregulated to degrade the pre-existing ECM fibrils and to remodel the
matrix (Vaalamo et al., 1996; Madlener et al., 1998). Rho family GTPases, such as Rac,
Rho and Cdc42, are activated upon cell adhesion to ECM (Price et al., 1998) and they
regulate cytoskeletal reorganization and actin polymerization as well as assembly of focal
complexes that allow the formation of cell protrusions, filopodia and lamellipodia, (Hall,
1998; Etienne-Manneville and Hall, 2002; Ridley, 2006). It has been demonstrated that
Rho family GTPases also regulate secretion and activation of proteases (Parri and
Chiarugi, 2010). Rac is required for gene expression of MMP-9 in chondrocytes (Jin et
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al., 2000); MMP-9 is also upregulated in HGFs on SLA in our study. Alternatively, Rac
also activates Jun N-terminal kinases, stimulators of Jun which subsequently induce
expression of secreted and membrane type MMPs (Westermarck and Kahari, 1999).
Therefore, unstable FAs and stress-fibers on SLA may be stimulating greater activity of
Rho family GTPases in HGFs to result in increased expressions of the MMPs. We also
show that FAK inhibition further augments THBS2 mRNA expression, which is
significantly higher in HGFs on SLA compared to PT. It has been shown that THBS2
modulates MMP-2 (Bornstein, 2001). It is likely that FAK activation is negatively
regulating matrix-remodeling events via thrombospondin-2. Our study suggests that PT
surfaces induce a greater fibrotic phenotype by enhancing FA maturity and
stability, whereas on SLA, greater matrix remodeling and degradation are
promoted. Reduced adhesive signaling in HGFs is likely to be a predisposing factor
in preventing myofibroblast differentiation. Moreover, recent reports on the influence
of mechanical challenge on myofibroblasts demonstrates the role of intracellular calcium
in the contractile activity of myofibroblasts (Follonier Castella et al., 2010). Upon
interaction of cells with the ECM through FAs, α-SMA incorporation for myofibroblast
differentiation is also dependent on intracellular calcium levels in non-muscle cells
(Follonier Castella et al., 2010). Increases in matrix stiffness, cell adhesion, and
spreading have been shown to increase intracellular calcium oscillation, which is
decreased upon elimination of intracellular stress (Godbout et al., 2013). This suggests
that decreased adhesions and intracellular stress of HGFs on SLA likely result in reduced
intracellular calcium and thus lack of myofibroblasts. Additionally, besides reduced cell
adhesion, another underlying factor contributing to the lack of myofibroblasts observed in
DIGE may be the drugs’ effect in decreasing intracellular calcium level making HGFs
unable to incorporate α-SMA.
In summary, myofibroblasts do not appear to develop in gingival tissue in the specific
conditions investigated in this thesis. Our in vitro analysis suggests that unless HGFs are
able to form large and mature FAs containing greater p-FAK, myofibroblast
differentiation does not occur. Our previous work demonstrates that embryonic
fibroblasts from FAK deleted mice and FAK inhibited periodontal ligament fibroblasts
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have reduced periostin gene expression (Wen et al., 2010). Our in vitro analysis shows
increased active FAK is concomitant with increased periostin gene expression on PT. If
FAK is required for periostin expression, it suggests that during normal healing, adhesion
dynamics are likely to change as cells migrate and form new matrix, thus impacting
periostin expression. It is possible that the compliance of healing tissue requires 7 days to
sufficiently induce FAK and therefore increase periostin. Moreover, periostin influences
intracellular signaling of myofibroblast differentiation in a β1 integrin and FAKdependent manner (Elliott et al., 2012b). We have demonstrated that on PT, besides FAK,
integrin β1 showed greater localization compared to on SLA. Therefore, gingival
fibroblasts do not appear to normally have sufficient FAK and β1 integrin activation.
This relatively low baseline level of FAK and integrin β1 in HGFs may be the underlying
reason for the inability of periostin to induce myofibroblast differentiation of HGFs, even
during healing and fibrosis.

6.2.6 Periostin in healing and fibrosis: modulator of extracellular
matrix synthesis.
We have established in this thesis that myofibroblast differentiation of gingival
fibroblasts is not associated with gingival healing or development of fibrotic
conditions, although ECM formation is still evident in both situations. Periostin is a
pro-fibrotic molecule that physically interacts with collagen and fibronectin (Takayama et
al., 2006; Kii et al., 2010), and has been shown to be essential in collagen fibrillogenesis
and crosslinking in mice (Norris et al., 2007). Increased periostin in gingival healing
corresponded to increased collagen and fibronectin deposition. Also, in DIGE and
explants cultured with nifedipine and phenytoin, increased periostin coincides with
accumulation of fibronectin and collagen (Chapter 3). Increased periostin in gingival
healing and fibrosis is likely to facilitate collagen and fibronectin fibrillogenesis and
maturation. Naik and colleagues have shown that blocking the interaction between
periostin and integrins by OC20 antibody binding to the FAS-1 domain of periostin in
rats prevented bleomycin-induced collagen accumulation, and thus prevented pulmonary
fibrosis (Naik et al., 2012). We have also shown that rhPN increases the matrix synthesis
of HGFs in vitro. HGFs demonstrated increased collagen and fibronectin mRNA at day 1,
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and protein accumulation in the cell lysates and the media at longer time points (Chapter
2). This demonstrates that periostin can also modulate HGFs via integrin receptors to
enhance ECM protein synthesis. It has been shown that periostin increases type I collagen
mRNA expression in dermal and keloid fibroblasts, and periostin activates the αVβ3
integrin-PI3K/Akt pathway during this process (Yang et al., 2014; Zhang et al., 2014).
However, which integrin receptor is involved in periostin induction of ECM protein
synthesis is currently unknown.
In summary, increased TGF-β signaling induces periostin expression, which then
modulates HGF mediated collagen and fibronectin synthesis during gingival wound
healing. Moreover, excess periostin induces greater collagen and fibronectin
deposition in gingival fibrosis. Myofibroblast differentiation of gingival fibroblasts
is not modulated by periostin during gingival healing.

6.2.7 Matrix degradation
In this study, we have shown that increased periostin contributes to elevated matrix
deposition in gingival fibrosis. Phagocytosis to facilitate intracellular ECM degradation is
dependent on calcium ion flux (McCulloch, 2004); intracellular calcium is important in
actin assembly which is essential during phagocytosis (Stendahl et al., 1994). This
association is of particular interest as fibroblasts from fibrotic tissues also have decreased
phagocytic capacity (McGaw and Porter, 1988). Phenytoin and nifedipine have been
shown to decrease collagen phagocytosis by fibroblasts in vitro (McCulloch and
Knowles, 1993). Reduced intracellular calcium by nifedipine and phenytoin (Antman et
al., 1980; DeLorenzo, 1980; Messing et al., 1985; Rosales and Brown, 1992; Arora et al.,
2001) may be decreasing matrix phagocytosis to contribute to the increased collagen and
fibronectin deposition seen in nifedipine and phenytoin-induced gingival enlargement in
situ, and ex vivo. Cell adhesion on collagen beads is known to activate greater calcium
influx compared to cells on planar collagen and thus allows actin remodeling and
elevating collagen phagocytosis (Arora et al., 2013). In our study, HGFs on rough SLA
demonstrated less fibronectin deposition, and significantly higher gene expression of
matrix remodeling proteins including several MMPs. Although whether phagocytosis is
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greater on SLA remains to be studied, high turnover of focal complexes and FAs is
coupled with remodeling of actin stress-fibers, the organization of which is essential for
regulation of phagocytosis (Oakes et al., 2012). Therefore, decreased level of intracellular
calcium may be contributing to reduced matrix degradation in DIGE and HGFs on PT.

6.2.8 Potential significance of thesis findings
Tight regulation of matrix synthesis and degradation is essential for normal tissue
homeostasis. Gingivitis, a pathological condition due to a loss of gingival tissue structure
surrounding the teeth, is often associated with prolonged inflammation that is adversely
correlated with periostin level (Padial-Molina et al., 2012). There is a critical need for
new therapeutic approaches to regenerate gingival tissue. In this study, our data supports
that periostin modulates matrix synthesis by gingival fibroblasts during fibrotic stages of
healing and gingival fibrosis, without inducing myofibroblast differentiation. Periostin
may be a feasible therapeutic target to treat periodontal disease. Delivery of periostin to
gingiva, perhaps by implanting scaffolds containing periostin, may appropriately treat
gingivitis and gingival recession by enhancing wound healing and gingival regeneration.
In this thesis, it has also been demonstrated that nifedipine and phenytoin stimulate TGFβ signaling and subsequently upregulate periostin. With the benefit of drugs having
longer half-lives than growth factors and their cost-effectiveness, the delivery of drugs
incorporated into scaffolds may also be a useful therapeutic approach to enhance
appropriate healing. In fact, previous studies have already investigated the application of
nifedipine (Bhaskar et al., 2004) and phenytoin (Hasamnis et al., 2010) on skin wounds in
rats, with both drugs demonstrating accelerated healing .

6.3 Future Studies
6.3.1 Is periostin required for gingival fibrosis?
Genetic deletion of periostin prevents bleomycin-induced systemic sclerosis indicated by
reduced thickness of collagen-rich dermis (Yang et al., 2012). Similarly, the antibody
binding to periostin prevents bleomycin-induced pulmonary fibrosis by attenuating
excess collagen deposition in the lung (Naik et al., 2012). In this study, we have shown
that the functional role of periostin in gingival tissue healing and fibrosis is modulating
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deposition of collagen and fibronectin. Future studies should assess whether periostin
is required for the development of DIGE using periostin null and wild-type
C57BL/6J mice (Rios et al., 2005). Nifedipine and phenytoin would be independently
injected into periostin null and wild-type mice. Fibrotic phenotype of the gingiva will be
examined, and the molecular composition of the ECM assessed by analyzing gene
expression and protein levels by in situ hybridization and immunohistochemistry,
respectively.

6.3.2 Are the mechanisms through which periostin acts different in
gingival and dermal fibroblasts?
6.3.2.1 Stiffness
In the proliferative phase of excisional wound healing in rat gingiva, although the
periostin level peaks, a low level of myofibroblasts was evident (Chapter 2). These
findings are in contrast to current understanding of skin excisional wound healing in mice
where there is a high level of myofibroblasts (Tomasek et al., 2002). In future studies,
we would like to make a comparison between gingiva and skin to study underlying
mechanisms responsible for lack of myofibroblasts in gingiva. While stiff substrates
induce myofibroblast differentiation regardless of the presence periostin, myofibroblast
differentiation has been shown to be regulated by periostin in compliant substrates in skin
(Elliott et al., 2012b). The stiffness of gingival wounds may be lower than skin wounds.
We aim to investigate the tissue compliance and stiffness of gingival wounds in
comparison to skin wounds within the same rat during healing. If the gingiva is less stiff
compared to skin, the reduced mechanical tension and cell-ECM interaction may be
responsible for the lack of myofibroblast differentiation in response to periostin.
Moreover, assessing the level of myofibroblast differentiation of periostin null and wildtype gingival fibroblasts cultured on substrates of varying compliance will further
demonstrate whether the stiffness of the granulation tissue can induce the cells to
differentiate into myofibroblasts in the presence of periostin.

257

6.3.2.2 Adhesive signaling
Periostin mediates its effects through integrin subunit β1 and FAK to modulate
myofibroblast differentiation in normal healing of excisional skin wounds (Elliott et al.,
2012b). FAK has been shown to be essential for myofibroblast differentiation and FAK
deletion in mice prevents skin and lung fibrosis (Wong et al., 2011; Lagares et al., 2012).
We have shown that periostin is a key regulator of matrix synthesis, but not
myofibroblast differentiation of HGFs. We have suggested that the inherent ability to
form stable and mature FAs may be an underlying reason for differences between gingiva
and skin in the context of healing and fibrosis. Future work will investigate whether the
reduced integrin β1 and FAK in gingival healing is responsible for the lack of
myofibroblasts. We will measure and compare integrin β1 and p-FAK levels in gingival
and skin healing in rats to assess whether levels are lower in gingival wounds in vivo.
Moreover, we will assess whether myofibroblasts are evident during gingival healing in
β1 integrin and/or FAK over-expressing mice in vivo, and whether over-expression of β1
integrin and/or FAK in HGFs will make HGFs more dermal fibroblast-like, in terms of
rhPN induction of myofibroblast differentiation in vitro. To assess whether the lack of
myofibroblasts in DIGE is due to adhesive signaling, nifedipine and phenytoin would be
independently injected into β1 integrin and/or FAK over-expressing and wild-type mice.
There is a lack of understanding of the role of FAK in matrix degradation and
remodeling. We have demonstrated a negative correlation between adhesive signaling
and tissue remodeling. When FAK is inhibited in HGFs, THBS2 is augmented. Gene
expressions of certain MMPs are also upregulated on SLA compared to PT. However,
whether FAK is also involved in regulating expression of MMPs is unknown. We will
investigate whether MMPs are upregulated when FAK is inhibited in HGFs. Moreover,
matrix degradation and remodeling in gingival healing of rats treated with a FAK
inhibitor will be investigated in vivo.
While we have shown that periostin modulates ECM synthesis in gingival healing, this
does not seem to be the case in skin according to Elliott and colleagues (Elliott et al.,
2012b). We will compare the mechanism of action of periostin in ECM synthesis in
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gingival fibroblasts versus dermal fibroblasts. By using integrin subunit neutralization
experiments, the specific integrin subunits which periostin mediates its effects through
will be determined. Combined with targeting FAK, overexpressing the integrin subunits
involved in periostin induction of ECM synthesis may allow a useful therapeutic
approach to treat scarring by reducing myofibroblasts while regenerating the tissue.

6.3.3 Studying peri-implant fibrosis
We have demonstrated that by increasing the topographical roughness of titanium, supermature FAs are not formed and a decreased fibrotic response is evident in HGFs. In
future studies, we will study the mechanism of peri-implant fibrosis.
Titanium topographies with varying degrees of roughness can be created using the sandblasting and acid-etching technique with varying sizes and types of particles, and types of
acid used (Mustafa et al., 2001; Bagno and Di Bello, 2004; Silva et al., 2009). Using
varied roughness of titanium substrata, we will investigate whether topographical
modulation can be used to regulate cell response of HGFs cultured on the surfaces. We
aim to establish a relationship between the degree of roughness of the topography and
number of myofibroblasts. HGFs cultured on the smoother surfaces are expected to
exhibit a similar phenotype to human dermal fibroblasts, such as more myofibroblast
differentiation. We will also culture dermal fibroblasts on the titanium topographies with
varying roughness to assess whether rougher surfaces decrease myofibroblast
differentiation of human dermal fibroblasts.
We will investigate whether there is a correlation between the roughness of the
topography and gingival fibrosis. Titanium abutments with varying roughness will be
implanted in empty sockets and edentulous gingiva of rats and the gingival tissues that
heal will be histologically examined for signs of fibrosis. Fibrotic markers, such as
periostin and CCN2, myofibroblasts, and gingival tissue integration with the implant will
be assessed. Proteins involve in matrix remodeling and regulation, such as MMPs and
THBS2, will be also evaluated. This study will identify the optimal roughness of the
abutment for successful gingival regeneration, without fibrosis and with appropriate
remodeling.
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We have demonstrated increased periostin on PT compared to SLA but whether periostin
plays a role in peri-implant fibrosis is unknown. PT and SLA titanium structures will be
implanted in the gingiva in periostin null and wild-type mice. We will histologically
assess gingival healing and integration around the titanium structures. Particularly,
whether fibrosis, indicated by myofibroblasts and excess matrix deposition, is more
common in the regenerated gingiva of wild-type mice compared to periostin null mice
will be studied.

6.3.4 Is there a common molecular pathology underlying druginduced gingival fibrosis?
In this thesis, we have demonstrated similarities in the pathogenesis of DIGE resulting
from administration of nifedipine and phenytoin. Similarly, the calcium channel blockers
amlopidine and verapamil, as well as the immunosuppressant cyclosporin A are also
known to cause DIGE (Dongari-Bagtzoglou, 2004; Seymour, 2006). The histopathology
of gingival enlargement induced by the these additional drugs, excessive matrix
deposition, is similar to the molecular pathology evident in response to nifedipine and
phenytoin, regardless of the drug type (Heasman and Hughes, 2014). We have shown in
this study that periostin is stimulated by nifedipine and phenytoin through the canonical
TGF-β pathway. Similar to nifedipine, amlopidine and verapamil are calcium channel
blockers and cyclosporin A has also been shown to decrease intracellular calcium by
inhibiting the release of calcium from the intracellular stores (Arora et al., 2001;
McCulloch, 2004). However, whether amlopidine, verapamil, and cyclosporin A also
induce periostin expression is currently unknown. In a future study, we would like to
investigate whether amlopidine, verapamil, and cyclosporin A also upregulates profibrotic periostin levels in HGFs to increase ECM synthesis through the TGF-β
pathway in situ, in vitro and ex vivo as we have in our current study.
As it was mentioned previously, nifedipine and phenytoin increase TGF-β signaling and
periostin expression indirectly. This suggests that this may be by increasing the level of
extracellular calcium, which influences TGF-β ligand activation. The future study will
investigate whether calcium modulates periostin expression in gingival fibroblasts
during gingival healing and fibrosis. HGFs will be cultured with calcium ions in vitro
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and whether this mimics the drug treatment will be assessed by analyzing periostin gene
expression and protein level. Moreover, the next study will investigate whether chelating
calcium in the ECM space will prevent drug-induced periostin expression. HGFs will be
co-cultured with one of the drugs and a calcium chelator (BAPTA), and periostin gene
expression and protein level will be assessed.

6.3.5 Role of inflammation in gingival fibrosis
Due to the nature of the oral cavity, gingival tissue is constantly exposed to bacterial
microbes. Several studies have shown that patients with DIGE often have excessive
plaque accumulation. The American Academy of Periodontology classifies DIGE as a
plaque-mediated condition, but whether plaque arises from DIGE or causes it has never
been definitively shown. Our study shows that nifedipine and phenytoin do not stimulate
fibroblast proliferation in explant cultures over levels evident in untreated cultures, but do
induce greater matrix deposition. Increase in the size of the gingival tissue is likely to
result in deepening of the gingival sulcus where bacterial plaque accumulates and would
therefore stimulate a pro-inflammatory reaction. Increased cell number in DIGE could
therefore be due to plaque-induced inflammation as a result of gingival overgrowth.
Previous studies have suggested that pro-inflammatory cytokines can augment collagen
accumulation by phenytoin (Kato et al., 2006) and nifedipine (Sakagami et al., 2006).
The presence of plaque-induced inflammation may contribute to the severity of DIGE.
While this thesis demonstrates that the drug itself is a major factor that contributes in
DIGE, future studies should investigate whether addition of pro-inflammatory
cytokines would exacerbate fibrosis by increasing the number of cells producing
matrix in response to nifedipine or phenytoin. Future studies should investigate the coculturing of gingival explants with macrophages and/or inflammatory-mediating
cytokines and assessing how this influences proliferation.

6.4 Limitations
6.4.1 Animal models are different from human models
We have shown in Chapter 2 that periostin is weakly detected in the connective tissue of
the unwounded gingiva of rats. This is consistent with the connective tissue of the healthy
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human gingiva. In addition, we did not observe periostin localization to the basement
membrane in gingiva of either unwounded or wounded rats. In contrast to this finding, we
observed that periostin is detected in the basement membrane of the healthy human
gingival tissues. This suggests that the rat may not be the best model to study the role of
periostin in the gingival epithelium. Also, in the fibrotic lesions of human gingiva that we
studied, periostin is highly detected in the basement membrane as well as in the
connective tissue. Although we have demonstrated that periostin regulates matrix
regulation in the connective tissue in our rat model, the role of periostin in the basement
membrane and re-epithelialization in rats may not replicate the human gingiva. Whether
periostin contributes to keratinocyte proliferation or migration in gingival healing in
humans needs to be further studied. Chapter 3 has demonstrated human gingival explants
as a model to study the effects of nifedipine and phenytoin in DIGE. Nifedipine and
phenytoin induces a healing response in the explants but this does not involve
biomechanical insult. To better study gingival healing, we need to validate other animal
models in which the gingiva contains similar baseline levels and patterns of periostin
expression compared to the human gingiva.

6.4.2 Regulation of periostin
Although we showed that TGF-β signaling and periostin are increased in DIGE, and
periostin is upregulated through TGF-β signaling by nifedipine and phenytoin, whether
canonical or non-canonical signaling is involved in periostin regulation is unknown.
Periostin expression has been shown to be dependent on both mechanisms (Wen et al.,
2010; Zhou et al., 2010). As SMAD2/3 and periostin are correlatively upregulated in
DIGE, periostin may be mediated through canonical TGF-β signaling. We also observed
increase of both adhesive signaling and periostin in HGFs on PT. Inhibition of FAK
completely blocked increase of periostin gene expression in HGFs. Therefore, it may be
also be through non-canonical TGF-β signaling.

6.4.3 Drug metabolites as potential players
Nifedipine and phenytoin are pro-drugs that are pharmacologically active in their parent
forms (Shen et al., 2000; Rogawski and Loscher, 2004). The concentrations we used to
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treat HGFs and the explants in our study are therapeutically relevant concentrations.
However, systemically, nifedipine and phenytoin are metabolized mostly in the liver by
CYP3A4 and CYP2C9, respectively, to inactive metabolites, which may be associated
with the side effects (Alomar, 2014; Charles et al., 2014). However, in the study, we have
employed the parent forms. The influence of the metabolites on the fibrotic response of
HGFs and gingival tissues needs be to be further assessed.

6.4.4 Wound size
Previous reports demonstrate that wound size is a factor in scar formation. The greater
the initial wound size, the more likely that myofibroblasts will develop and scarring will
result (Cass et al., 1997). Severe trauma results in scarring in many patients. Rat gingiva
is very small relative to human gingiva. This limits us to study healing process of bigger
wound size in gingiva. In our model, we created the largest defect possible in the rat
gingiva. Use of bigger animals such as porcine models would allow for the creation of
bigger defects in the gingiva.
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Appendix 4 Phenytoin increases periostin in gingival enlargement via TGF−β
signaling.

Introduction
Chapters 3 has demonstrated that periostin and p-SMAD2/3 are elevated in
nifedipine-induced gingival enlargement and that nifedipine increases periostin protein
through TGF-β signaling in human gingival fibroblasts (HGFs). The aim of Appendix 4
is to assess whether periostin is a major component in phenytoin-induced gingival
enlargement and whether phenytoin triggers greater periostin protein level via TGF-β
signaling in HGFs.

Materials and Methods
Tissue Procurement
Clinically healthy gingiva (n = 6) was obtained under informed consent from six patients
undergoing periodontal or implant therapies at the Oral Surgery Clinic at The University
of Western Ontario. Gingival tissues from five patients with phenytoin-induced gingiva
enlargement (n = 5) were obtained from the Oral Pathology Laboratory. The use of all
tissue material was in accordance with the guidelines of the University’s Research Ethics
Board for Health Sciences Research involving Human Subjects requiring informed
consent.
Tissue Preparation and Immunohistochemistry
Immunohistochemistry was performed as previously described (Wen et al., 2010b; Zhou
et al., 2010; Elliott et al., 2012). In brief, tissues were deparaffinized and immune-labeled
using primary antibody for periostin (sc49480; Santa Cruz Biotechnology; Dallas, TX,
USA; 1:100). Primary antibodies were detected using the ImmPRESS Reagent Kit
Peroxidase (Vector Laboratory; Burlingame, CA, USA) and DAB reagent (Vector
Laboratory) following the manufacturer’s instructions. Primary antibody was not added
for experimental negative controls. All sections were counterstained with haematoxylin
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(Sigma Aldrich; St. Louis, MO, USA). Images were taken with a Carl Zeiss Imager M1
microscope (Carl Zeiss; Jena, Germany).
Human Gingival Fibroblast Isolation
Healthy HGFs were obtained from tissue from individuals who have no history of the
drug therapy using explant cultures (Brunette et al., 1983). HGFs were maintained in high
glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco; Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco) and 1X antibiotics and
antimycotics (AA; 100 μg/ml penicillin G, 50 μg/ml gentamicin, 25 μg/ml amphotericin
B; Gibco), in 75 cm2 tissue culture plastic flasks, at 37 °C in a humidified atmosphere of
95% air 5% CO2. Cells were removed from the growth surface with trypsin [0.05%
trypsin, 0.1% glucose, citrate-saline buffer (pH 7.8); Gibco]. Cells between passage 3 and
7 were used in experiments.
Phenytoin Treatment
HGFs were seeded at a density of 60,000 cells per well in 6 well plates. Prior to
phenytoin treatment, HGFs were serum-starved in low-glucose DMEM for 16 hours. For
phenytoin treatment, phenytoin (5,5-Diphenylhydantoin) (D4007; Sigma Aldrich; St.
Louis, MO, USA) was reconstituted in dimethyl sulfoxide (DMSO) (Sigma Aldrich)
followed by dilution in low-glucose DMEM (0.5% FBS and 1% AA) to final
concentrations of 15 µg/ml and 30 µg/ml. HGFs were cultured in DMEM containing 15
µg/ml of phenytoin, or 30 µg/ml of phenytoin for 30 minutes, or 24 hours. HGFs treated
with DMEM containing the equal volume of DMSO without phenytoin served as control
to provide baseline.
To inhibit TGF-β signaling, ALK5 (TGF- β1 receptor I) inhibitor SB431542 (10 µM)
(S4317; Sigma Aldrich) was used; an equal volume of DMSO served as control. Parallel
cultures of HGFs were pre-treated with low-glucose DMEM (0.5% FBS and 1% AA)
containing ALK5 inhibitor SB431542 (10 µM) or control DMSO, 30 minutes prior to
phenytoin treatment. Subsequently, HGFs were treated with DMEM containing DMSO
alone, phenytoin (30 µg/ml), or both phenytoin (30 µg/ml) and SB431542, for 30 minutes
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and 24 hours.
Western Blotting
Western blotting was performed as previously described (Hamilton et al., 2007; Kokubu
et al., 2009). In brief, HGFs were washed twice with PBS and protein was harvested with
RIPA buffer (Sigma Aldrich) containing protease (Roche Diagnostics GmbH; Mannheim,
Germany) and phosphatase inhibitors (Calbiochem; Billerica, MA, USA) cocktails.
Protein concentration was determined by Pierce® BCA Protein assay kit (Pierce;
Waltham, MA, USA). A 25 µg quantity of protein from each sample were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes. Membranes were washed with Tris-buffered saline
containing 0.05% Tween-20 (TBS-T) and blocked with 5% dried milk in TBS-T. Primary
antibodies for phosphorylated-SMAD3 (p-SMAD3) (ser423/425) (ab52903; Abcam;
Cambridge, MA, USA; 1:1000), periostin (ab92460; Abcam; 1:1000), fibronectin (sc8422; Santa Cruz Biotechnology; Dallas, TX, USA; 1:1000) and GAPDH (Millipore;
Billerica, MA, USA; 1:2000) were used. Detection was with appropriate perioxidaseconjugated secondary antibodies (Jackson ImmunoResearch; West Grove, PA, USA),
which were developed with SuperSignal Western Pico Chemiluminescence Substrate
(Pierce; Waltham, MA, USA).

Results
Greater periostin and TGF-β signaling in PIGF tissues
The connective tissues in healthy gingiva had low immuno-reactivity, with periostin
detectable only in the basement membrane (Appendix 4.1). In contrast, an elevated level
of periostin was observed in the connective tissues of phenytoin-induced gingival
enlargement compared to healthy tissue.
Phenytoin stimulates TGF-β signaling in HGFs in vitro

286

TGF−β is a central player in fibrosis and is known to regulate periostin expression (Wen
et al., 2010; Zhou et al., 2010). As we have shown in Chapter 3 (Kim et al., 2013) that
nifedipine stimulates TGF-β signaling to increase periostin, we first assessed whether
phenytoin increases periostin via TGF-β signaling in HGFs. To investigate the direct
effect of phenytoin on TGF-β signaling in HGFs, we assessed the level of p-SMAD3 in
vitro by using western blot. Elevated p-SMAD3 was observed in HGFs treated with 15
µg/ml and 30 µg/ml phenytoin, compared to control HGFs, at 30 minutes post-treatment
(Appendix 4.2A). While phenytoin (30 µg/ml) treatment elevated p-SMAD3, SB431542
and phenytoin concurrent treatment attenuated the increase of p-SMAD3 (Appendix
4.2B). In fact, SB431542 and phenytoin co-treatment resulted in a lower level of pSMAD3 compared to control HGFs, similar to the observation in Chapter 3.
Phenytoin increases periostin level via TGF-β signaling in HGFs in vitro
We assessed whether phenytoin increases periostin level in HGFs in vitro. Using western
blotting, periostin protein level was assessed in cell lysates. Level of periostin protein
was greater when HGFs were treated with phenytoin at both concentrations (15 µg/ml or
30 µg/ml) compared to control cells, after 24 hours of treatment (Appendix 4.3A).
Next, we examined whether phenytoin increases periostin via TGF-β signaling. HGFs
untreated, treated with phenytoin (30 µg/ml), or concurrently with phenytoin (30 µg/ml)
and SB431542 (10 µM) for 24 hours were assessed for periostin levels using western
blot. Phenytoin (30 µg/ml) treatment alone induced increase of periostin protein in HGFs.
In contrast, SB431542 and phenytoin co-treatment did not alter periostin level compared
to control (Appendix 4.3B). Fibronectin protein level was also elevated by the phenytoin
treatment, while the presence of SB431542 attenuated phenytoin-induced fibronectin
increase (Appendix 4.3C).

Discussion
Periostin over-expression has been associated with several other fibrotic conditions
(Elliott and Hamilton, 2011). Consistent with the findings in Chapters 3, the connective
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tissue in healthy gingiva had low immuno-reactivity, with periostin detectable only in the
basement membrane. In contrast, an elevated level of periostin protein was evident
throughout the connective tissues of phenytoin-induced gingival enlargement. This
finding is similar to our results in Chapter 3, in which also shows increased periostin
protein in the connective tissues of the nifedipine-induced gingival enlargement. In
Chapter 4, similar periostin upregulation in nifedipine and phenytoin-induced gingival
enlargement, compared to healthy gingiva, was confirmed by immunolabeling of
periostin within the same experiment. Here in Appendix 4, we have further demonstrated
that phenytoin increases periostin protein level in HGFs, and blocking TGF-β type I
receptor (ALK5) attenuates the periostin increase. This observation is similar to the effect
of nifedipine as shown in Chapter 3. Additionally, in Chapter 3, we have shown that
nifedipine increases active TGF-β1 in the conditions media when HGFs are cultured with
nifedipine. Whether phenytoin also increases active TGF-β1 is not yet studied. Both
nifedipine and phenytoin, either primarily or indirectly, inhibit the influx of calcium ions
across cell membranes (Antman et al., 1980; DeLorenzo, 1980; Messing et al., 1985). We
have discussed in Chapter 3 that the accumulation of the extracellular calcium may be
regulating latent TGF-β binding proteins to release active TGF-β isoforms. It is likely
that increase of periostin by nifedipine and phenytoin occurs through the similar
mechanism.
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Appendix 4.1: Abundant periostin protein in the connective tissues of phenytoininduced gingival enlargement compared to healthy gingiva.
Immuno-reactivity for periostin of gingival tissues from healthy subjects (n = 6) (A), and
phenytoin-induced gingival enlargement (n = 5) patients (B) by immunohistochemistry.
Sections were incubated with rabbit periostin primary antibody, which was detected with
peroxidase conjugated secondary antibody and DAB. In phenytoin-induced gingival
enlargement tissues, periostin immuno-reactivity is greatly elevated particularly in the
connective tissue compared to healthy tissue. Insets are showing negative controls. Epi:
epithelium; CT: connective tissue Scale bar, 50 μm.
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Appendix 4.1: Abundant periostin protein in the connective tissues of phenytoin-induced
gingival enlargement compared to healthy gingiva.
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Appendix 4.2: Phenytoin stimulates TGF-β signaling in HGFs.
A. HGFs were cultured with phenytoin (15 µg/ml and 30 µg/ml) or without phenytoin
(DMSO alone) for 30 minutes. SMAD3 activation was studied by assessing
phosphorylated-SMAD3 (p-SMAD3) by western blot. Phenytoin treated HGFs expressed
greater level of p-SMAD3. B. Phenytoin stimulates TGF-β signaling through TGF-β type
I receptor. HGFs were cultured with without phenytoin (DMSO alone), phenytoin (30
µg/ml), or both phenytoin (30 µg/mL) and SB431542 (10 μM) combined, and p-SMAD3
level was assessed using western blots in cell lysates. GAPDH was used as a loading
control.
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Appendix 4.2: Phenytoin directly induces canonical TGF-β signaling in HGFs.
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Appendix 4.3: Phenytoin increases periostin and fibronectin levels via TGF-β
signaling.
A. Western blot showing periostin protein in cell lysates when HGFs were cultured with
phenytoin (15 µg/ml and 30 µg/ml) or without phenytoin (DMSO alone) for 24 hours.
HGFs treated with phenytoin expressed greater level of periostin. B-C. Western blot
showing periostin (B) and matrix fibronectin (C) in cell lysates when HGFs were treated
with or without phenytoin (30 µg/ml) or both phenytoin (30 µg/ml) and SB431542 (10
µM) for 24 hours. GAPDH was used as a loading control.
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Appendix 4.3: Phenytoin increases periostin and fibronectin levels via TGF-β signaling.
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Appendix 5: Negative control immunohistochemistry in Chapter 2.
No primary antibody was used as a negative control for immunohistochemistry of rat
gingival sections at each time point. Representative images of negative controls for
periostin, fibronectin, α-SMA, FSP-1, and PCNA immunohistochemistry are shown.
Scale bar, 50 µm.
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Appendix 5: Negative control immunohistochemistry in Chapter 2.
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Appendix 6: Primer-probe sets used for RT-qPCR in this thesis.
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Appendix 7: No primary antibody negative control immunohistochemistry in
human gingival tissue sections.
No primary antibody was used as a negative control for immunohistochemistry of the
gingival tissue sections obtained from healthy subjects and patients with DIGE in Chapter
4. Representative images of negative controls for immunofluorescence of A) periostin
(red), B) fibronectin (red), and C) FSP-1 (red), used to set the threshold values for
fluorescence in gingival tissue sections. Representative images of negative controls for
immunohistochemistry of D) p-SMAD2/3, E) α-SMA and F) PCNA. Scale bar, 50 µm.
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Appendix 7: No primary antibody negative control immunohistochemistry in human
gingival tissue sections.
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Appendix 8: No primary antibody negative control immunohistochemistry in
gingival explant sections.
No primary antibody was used as a negative control for immunohistochemistry of the
tissue sections of gingival explants in Chapter 4. Representative images of negative
controls for immunofluorescence of A) TUNEL (green), B) periostin (red), C) fibronectin
(red), and D) FPS-1 (red), used to set the threshold value for fluorescence in gingival
tissue sections. Representative images of negative controls for immunohistochemistry of
E) p-SMAD2/3, F) α-SMA and G) PCNA. Scale bar, 50 µm.
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Appendix 8: No primary antibody negative control immunohistochemistry in gingival
explant sections.
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