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Abstract
Epithelial-mesenchymal transition is reportedly important in loss of epithelial integrity and cell
migration in inflammatory/infectious diseases and cancer. Since Gram negative anaerobic
periodontal pathogens are well-recognized to induce intense inflammatory responses; the present
study investigated their ability to induce EMT in vitro. A 2D chronic inflammatory model was
developed using either the H400 oral keratinocyte cell-line or primary rat oral keratinocytes which
were exposed to heat-killed Fusobacterium nucleatum, Porphyromonas gingivalis and Escherichia
coli LPS for up to 8-days. EMT-associated changes were determined using semi-quantitative-RTPCR,

PCR-arrays,

ELISA,

scratch/transwell

migration

assays,

immunocytochemistry/immunofluorescence, and transepithelial electrical resistance. Chronically
stimulated cultures increased extracellular levels of the EMT regulatory cytokines, TGF-β1, TNF-α
and EGF, whilst subsequent EMT-induction was indicated by up-regulation of mesenchymal
markers, including vimentin and N-cadherin, and concomitant down-regulation of epithelial
markers including E-cadherin and β-catenin. In addition, intracellular signaling activity of key
EMT regulatory transcription factors, Snail-1 and NF-ĸB, increased following chronic bacterial
exposure and was associated with enhanced cellular migratory activity and reduced epithelial
barrier integrity. These results indicated for the first time that EMT may be involved in the
compromised epithelial barrier function observed during periodontitis pathogenesis which may
occur in response to prolonged local bacterial exposure.
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INTRODUCTION

1

The concept of epithelial-mesenchymal transition (EMT) was first reported by Elizabeth Hay
working on the primitive streak of chick embryos (Hay, 1968). Briefly, EMT is a process by
which epithelial cells acquire a mesenchymal-like phenotype in response to different
pathological and physiological stimuli. There is now growing evidence for EMT as a
mechanism which plays important roles in embryogenesis, inflammation and cancer
metastasis. A series of distinct molecular events appear to be involved in triggering EMT such
as activation of certain transcriptional pathways, alteration in expression of surface molecules
and changes in cytoskeletal proteins (Kalluri and Neilson, 2003, Radisky, 2005, Kalluri and
Weinberg, 2009). Several studies have highlighted the involvement of cytokines and bacterial
products as EMT-predisposing factors (Ackland et al., 2003, Binder Gallimidi et al., 2015, Li
et al., 2012a).
Periodontitis encompasses a group of inflammatory conditions affecting the supporting tissues
of the dentition (Offenbacher, 1996). The disease is characterised by an aberrant host response
in susceptible patients to a pathogenic plaque biofilm consisting of a predominance of Gramnegative anaerobic bacteria (Socransky et al., 1998). Some of these key periodontal pathogens
are well-recognized for their ability to stimulate host cells, including junctional epithelium,
which is intimately related to the plaque biofilm, to secrete a range of pro-inflammatory
cytokines which have been implicated in initiating the EMT process (Kornman et al., 1997). It
is proposed that the EMT process and the resulting shift from an epithelial to mesenchymal
phenotype (Radisky, 2005) could result in the loss of the integrity of the epithelial barrier
allowing bacterial invasion of the underlying tissues predisposing the patient to periodontal
disease. To date the role of periodontal pathogens, particularly Gram-negative anaerobes, in
initiating the EMT process has not been completely elucidated.
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1: Epithelium
Epithelium is a major tissue covering almost all bodily external surfaces and lines body
cavities, blood vessels and lymphatics. Epithelium is derived from all three embryonic germ
layers; ectoderm (e.g. lining of the mouth), endoderm (e.g. lining of respiratory tract), and
mesoderm (e.g. endothelium of blood vessels) (Eurell and Frappier, 2013).
Epithelium is composed of tightly packed continuous epithelial sheets in one or more layers.
The epithelial cells adhere to each other with a classical cobble-stone appearance by
specialised multiprotein structures called cell junctions which provide physical strength and
maintain epithelial integrity, as well as mediating communication and metabolite transport
between adjacent cells (Locke and Harris, 2009). Epithelium is an avascular tissue and
receives nutrients and oxygen via diffusion through selective permeability of the thin, fibrous
basement membrane, whose primary function is to anchor epithelial cells to the underlying
connective tissue (CT). The attachment between basement membrane and epithelial cells is
mediated by the interaction between BM-associated laminin and its integrin receptors in the
basal epithelial layer. On the stromal side, extracellular matrix (ECM) components are
attached to BM-associated collagen IV (Kubota et al., 1988, Paulsson, 2008). In addition, BM
acts also as a barrier against invasion of bacteria and metastatic cells at the early stages of
malignant change thereby confining cells to the epithelial compartment (Liotta et al., 1980).
In general, epithelia can be classified utilizing three morphological features. The first feature
is based on the number of epithelial layers: simple epithelium (which consists of a single
layer) or multilayered, also termed stratified epithelia. The second feature is based on the
shape of the constituent cells, such as cuboidal, columnar and transitional. These, in turn
could be simple or stratified. The presence of different surface specialised structures, such as
cilia and keratinisation are the criteria used for the third categorization (Eurell and Frappier,
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2013, Tortora and Derrickson, 2010). The primary function of epithelium is protective by
acting as mechanical barrier against different threats such as microbial invasion and physical
trauma; also, it secretes a range of inflammatory cytokines and antimicrobials that enable the
induction of innate immunity. In addition, epithelia are specialised in certain organs such as
glands, nervous, digestive, and respiratory systems to perform different functions including
secretory, sensory, absorption, and diffusion respectively (Fritz et al., 2008, Marchiando et al.,
2010). Epithelial cells exhibit a range of unique cellular molecules that can be used as
markers to identify the epithelial phenotype (Table 1).

Protein
E-cadherin

Function
Reference
Major component of calcium-dependent adherens (Hulpiau and
junction
Roy, 2009)

β-Catenin

Regulates cell-cell adhesion and signaling pathways; (MacDonald
e.g. Wnt
2009)

Occludin
Claudins

Integral protein of tight junctions
(Furuse et al., 1993)
Structural units of tight junctions, regulates passage of (Furuse et al., 1998)
molecules through epithelial layer

Desmoplakin

Component of desmosomal structures

Plakoglobin

Van

et

al.,

(Arnemann et al.,
1991)
Major protein of cytoplasmic domain of Des and (Cowin et al., 1986)
adherens junctions

Desmocollin
and desmoglein
Cytokeratins

Adhesion proteins of Des-mediated cell-cell adhesion

Laminin-1

Scaffolding unit of basal lamina that participate in cell- (Aumailley et al.,
ECM attachment
2005)
Major protein of ECM secreted by epithelial cells
(Hayashi et al., 1988)

Type-1
collagen
MMP-9
Integrin
α6β4)

(Garrod et al., 2002)

Diverse group of intermediate filaments forming (Moll et al., 2008)
cytoskeleton that maintains stability and integrity of the
cell

Degradation of ECM components
(Hannas et al., 2007)
(e.g. Transmembrane protein participates in cell-ECM (Kikkawa et al., 2000)
adhesion

Table 1. Summary of molecules commonly used to define epithelial-phenotype.
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1.1: Cell junctions
Epithelial cells have specialised structural proteins in the cellular membrane which enable
robust adhesion between neighboring cells and this is a key factor in maintaining epithelial
integrity (Figure 1).

Figure 1. Diagram of epithelial cells and junctions demonstrating tight junctions (TJ),
adherens junctions (AJ), desmosomes (Des), and gap junctions. Different types of catenin
molecules strengthen the attachment by linking cadherins-associated cellular junctions with
cytoskeletal actin. Epithelial cells attached to underlying fibrous BM, predominantly by
Collagen IV, via integrins.
1.1.1: Tight junctions
Tight junctions (TJ) are located just beneath the apical surface of the cells and act mainly to
maintain apical polarity and provide a seal between adjacent cells thereby regulating the
passage of molecules into the intercellular space (Yamanaka et al., 2001, Goldstein and
Macara, 2007). TJ consist of number of scaffolding proteins which include occludins and
claudins which form the extracellular domain. These molecules complex together and form
part of the Zonula occludens-1 (ZO-1) which binds intracellularly to the actin cytoskeleton of
the cell thus joining the cytoskeleton of adjacent cells and is involved in transducing signaling
to the nucleus (Kirschner and Brandner, 2012).
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1.1.2: Desmosomes
These inter-cellular structures are composed of three distinct protein families: the cadherins,
the armadillo proteins and the plakins. They are responsible for maintaining epithelial sheet
integrity, together with AJ, through binding with the actin cytoskeleton internally via
plakoglobin and desmoplakin (Garrod et al., 2002, Getsios et al., 2004). Disintegration of
desmosomes by various stimuli such as bacterial enzymes result in compromised epithelial
barrier function in adult and embryonic tissues. Furthermore, the knocking out of
desmoplakin in a mouse model caused intercellular separation when the skin is exposed to
mechanical stress. In addition, desmoplakin-null epithelial cells showed less Des and AJ in
comparison with the wild type control along with a failure to organise actin causing a
subsequent breach in epithelial adhesion and loss of cytoskeletal architecture (Vasioukhin et
al., 2001).
1.1.3: Adherens junctions
AJ in combination with Des form the junctional-complex, an essential architecturemaintaining component of epithelial cells which anchors the cytoskeleton of each cell and
bridges it to other cells. These protein complexes are usually located in more basal sites than
TJ and appear as a band or belt encircling the cell (zonula adherens) thereby yielding
structural reinforcement for TJ (Guo et al., 2007). Each AJ is composed essentially of three
domains: an extracellular domain that binds to the extracellular component of an adjacent cell,
a transmembrane domain and an intracellular part that links to the actin cytoskeleton, forming
a network with cytoskeletal proteins of adjacent cells, through α- and β-catenin. The
predominant structural protein in this domain is E-cadherin (Figure 2) which is a member of
the cadherin family found in many tissues (Gumbiner, 2005, Halbleib and Nelson, 2006, Lien
et al., 2006).
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Levels of E-cadherin and hence AJ-mediated adhesion are affected mainly by the
transcriptional activity of Snail/Slug, zinc finger transcriptional factors which act as major Ecadherin-suppressors by deacetylating histones at E-cadherin motif sites (Peinado et al.,
2004). Indeed, ablation of Snail in a mouse embryo model resulted in retention of E-cadherin
in mesoderm with subsequent early embryonic development failure. This finding was
consistent with findings observed in Snail-negative Drosophila embryos (Carver et al., 2001).
Cadherins constitute a large family of cell-surface glycoproteins which represent the main
structural component of calcium-dependent cellular junctions which are responsible for cellcell adhesion and maintaining tissue integrity. In addition, cadherins play an important role in
signal transduction and mediate the morphogenesis of different organs (Gumbiner, 2005,
Halbleib and Nelson, 2006, Lien et al., 2006). Members of the cadherin family are widely
distributed in the tissues of vertebrates such as N- (neural), VE- (vascular endothelial), K(kidney), R- (retinal), and P- (placental) cadherin (Hulpiau and Van Roy, 2009). It has been
shown that physiological and pathological events are associated with altered cadherin
expression (Price et al., 2002, Honjo et al., 2000, Takeichi, 1995).
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Figure 2. Immunofluorescence staining of H400 cells demonstrating E-cadherin (green)
distributed throughout the cytoplasm of the cells. However, this protein is more concentrated
around the periphery of the cells in the area contacting adjacent cells, indicating its role in
maintaining attachment of epithelial cells. Nuclei are counterstained with DAPI (blue). Scale
bars are shown.
1.1.3.1: E-cadherin-catenin complex
Each mature E-cadherin molecule is composed of intracellular, transmembrane, and
extracellular domains (Overduin et al., 1995, Shapiro et al., 1995). The extracellular region is
connected to the cytoplasmic or intracellular domain via a transmembrane component which
in turn is connected to another structural protein, catenin that mediates the attachment
between E-cadherin and the cytoskeletal proteins of the cell. The intracellular domain is either
attached to β-catenin, in the case of AJ, or to plakoglobin (γ-catenin) when associated with
Des (Shapiro and Weis, 2009). The strength of linkage between these two proteins in the
Madin-Darby canine kidney cells (MDCK) cell line was measured by Chen et al. (2013b)
showed that the adhesion shifts from a relatively weak to strong state in ~1 hour following
temperature shifting from 40°C to 35°C. The terminal end of β- or γ-catenin binds to αcatenin which mediates the attachment to the cytoskeleton thereby adding more stability to the
adhesion complex between the cells (Aberle et al., 1994).
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2: Connective tissue
CT is a biological supporting tissue of mesodermal origin which provides structural strength
and metabolites to other tissues. In addition, it provides the shape and maintains separation
between organs. This tissue contains blood and lymphatic vessels which mediate nutrients and
waste product exchange between the tissues and circulatory system (Ross and Pawlina, 2006).
In general, all CT have two primary components, ECM and cells. The physical properties of
CT are determined by the ECM, the most abundant component, which is composed of
loosely-attached cells lacking polarity, embedded in a ground substance containing a variety
of fibres, and glycoproteins (Strum et al., 2007). The fibrous component is formed mainly
from two fibre types, elastin and collagen. Collagen is the most commonly found fibre in the
human body and is subdivided into up to 28 different types, collagen I, II, and III are welldistinguished due to their ability to withstand mechanical stresses while collagen IV and VII,
which are non-fibrillar, are associated with BM attachment to the overlying epithelial layer
(Sherman et al., 2015). Although increased collagen fibre production is a normal body
response to different tissue injuries and considered to be part of the normal healing
mechanism, excessive collagen fibre deposition following certain pathological conditions
such as idiopathic pulmonary fibrosis and systemic sclerosis or large wounds may result in
fibrosis and subsequent loss of tissue architecture and organ dysfunction (Rockey et al.,
2015). Fibroblasts (Figure 3) are the main source of collagen fibre deposition in the ECM
which can be activated by a range of cytokines released by inflammatory and epithelial cells.
Many studies have demonstrated a central role of transforming growth factor- β1 (TGF-β1),
the most well-known pro-fibrotic mediator, which is upregulated in fibrotic tissue and
modulates fibroblast function and phenotype (Pohlers et al., 2009, Biernacka et al., 2011).
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Figure 3. Diagram of a fibroblast (in green) located within the ECM and illustrating the
location of essential mesenchymal molecules such as vimentin, α-SMA, and fibroblast
specific protein-1 (FSP-1), and N-cadherin. A key is provided for the different molecules
shown.

The major cellular constituents of CT are classified based on their function, i.e. fibroblasts,
adipocytes, chondrocytes, osteoblasts, blood cells and immune cells. Fibroblasts are derived
from mesenchymal precursors and are responsible for synthesis and maintenance of ECM
components. Unlike epithelial cells, fibroblasts are less robustly attached to each other, they
are not polarised nor attached to BMs and do not form layers but are randomly distributed in
the ECM, they also exhibit higher mobility rates (Baum and Duffy, 2011). In addition,
fibroblasts can express a range of mesenchymal markers (Table 2) including vimentin and
transmembrane molecules (such as N-cadherin) (Shapiro et al., 1995, Dave and Bayless,
2014) which are not present in epithelial cells. The morphology of fibroblasts (Figure 4) is
heterogeneous, they may appear as spindle-shaped, elongated or exhibit a flattened stellate
shape (Baum and Duffy, 2011).
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Protein
N-cadherin

Function
References
Cadherin-family
member
involved
in (Takeichi, 1990, Shapiro
mesenchymal cell-cell adhesion
et al., 1995)
α -Smooth muscle Implicated in fibrogenesis and motility of cell
(Cherng et al., 2008)
actin (α-SMA)
Vimentin
Major
intermediate
filament
forming (Katsumoto et al., 1990,
cytoskeleton
Dave and Bayless, 2014)
Fibroblast
Cytoplasmic protein participates in regulating (Garrett et al., 2006)
specific protein-1 cellular functions such as differentiation and
(FSP-1)
motility
Fibronectin
Binds the cell to ECM components.
(Pankov and Yamada,
2002)
Laminin 5
ECM constituent which is mediated adhesion (Miyazaki, 2006)
and migration of cell
Integrins
(e.g. Bind cell to ECM components such as (Boudreau and Varner,
α5β1)
fibronectin and collagen, also participate in 2004)
regulating cytokines production
MMP-2, and -3
Modulate components of ECM
(Hannas et al., 2007)

Table 2. Summary of molecules commonly used to define mesenchymal-phenotype.

The ECM provides the base from which epithelial sheets gain support, this adhesion is mainly
mediated by interaction of epithelium-associated integrins and laminins which can be defined
as high molecular weight proteins, associated with the basal lamina of BM and is involved in
epithelial cell adhesion, migration and differentiation (Aumailley et al., 2005).

A

B

Figure 4. Vimentin (red) stained human gingival fibroblasts exhibiting different morphologies
(A) Spindle-shape, (B) stellate shape. Nucleus counterstained with DAPI (blue) stain.
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3: Epithelial-mesenchymal transition (EMT)
3.1: EMT history and definition
The first description of epithelial-mesenchymal transition (EMT) and its inverse process,
mesenchymal-epithelial transition, was attributed to the work of Hay (1968) on the primitive
streak of chick embryos. EMT is the process by which an epithelial cell switches to a more
mesenchymal-like phenotype (Fig.5). This shifting in phenotype consists of a diverse range of
cellular events including an increased resistance to apoptosis, loss of apico-basal polarity,
dissociation of cellular adhesion junctions (cell-cell and cell-BM attachments), and major
architectural reorganization of the cytoskeleton.

These events are associated with

simultaneous up-regulation of mesenchymal markers and downregulation of epithelial
markers (Lamouille et al., 2014). The acquisition of mesenchymal properties increases
motility of the cells together with increased enzymatic activity which causes remodeling of
the BM. This facilitates migration of transitioned cells to gather in the interstitium of the
tissue (Kalluri and Neilson, 2003, Radisky, 2005).
Treatment of MDCK epithelial cells with antibody against E-cadherin resulted in expression
of EMT-like features in these cells in vitro (Hay and Zuk, 1995). In addition, certain factors
including TGF-β and integrin 5β1, applied in a 3D model of lens epithelium, showed potential
to alter phenotype of epithelial cells into mesenchymal-like cells (Hay and Zuk, 1995).
Conversely, transfection of embryonic corneal mesenchyme with E-cadherin gene resulted in
the conversion to an epithelial phenotype, i.e. mesenchymal-epithelial transition (MET) (Hay
and Zuk, 1995). These processes are modulated by many epigenetic and molecular events
which have been used as the main indicators for cells undergoing EMT (Kalluri and
Weinberg, 2009). Notably EMT can be reversed upon removal of stimuli or by using certain
anti-EMT agents or drugs (Tan et al., 2007, Nagai et al., 2011, Zhang et al., 2013a).
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3.2: Controversy around EMT
Since it was first described (Hay, 1968), EMT has provided an attractive potential mechanism
to explain largely undefined pathological and physiological conditions such as
embryogenesis, inflammation, and cancer metastasis (Radisky, 2005, Kalluri and Weinberg,
2009). As described above the EMT process encompasses loss of an epithelial-phenotype and
acquisition of mesenchymal-like features which facilitate migration of transitioned cells
through breached BM (Radisky, 2005, Lamouille et al., 2014). However, there is significant
debate regarding a core aspect of this process which is the origin of the active myofibroblasts
responsible for increased collagen production. Indeed, many studies have indicated that these
cells are derived from resident fibroblast rather than being derived from the epithelium during
fibrotic conditions which affect many organs including liver and kidney (Taura et al., 2016).
Notably EMT-associated fibrosis has been extensively investigated in liver and kidney tissues
over recent decades. In this section, studies on EMT in these organs will be described. Liver
fibrosis is the consequence of different chronic conditions such as viral hepatitis, congenital
biliary atresia, and alcoholic liver disease (Bataller and Brenner, 2005). Kaimori et al. (2007)
indicated that cultured hepatocytes underwent EMT following treatment with TGF-β1, and
this finding was supported by data from another study which showed increased expression of
FSP-1 in TGF-β1-stimulated hepatocytes (Zeisberg et al., 2007). Further, experimentallyinduce liver fibrosis in a murine model demonstrated increased expression of FSP-1 (Zeisberg
et al., 2007) and vimentin (Nitta et al., 2008) in hepatocytes from a cirrhotic liver. Recently
these findings were challenged by results from a study which utilised lineage tracing in a
transgenic mouse model whereby green fluorescent protein (GFP) expression is detected in
collagen synthesising cells. Data from this study showed that the myofibroblasts were not
derived from hepatocytes (Taura et al., 2010) and these findings were supported by another
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study which used the same technique to track fate of cells in transgenic mice model.
Furthermore, data also excluded another liver cell type, cholangiocytes, from being the source
of the myofibroblasts which arise during fibrosis of the liver (Scholten et al., 2010). Further
evidence which opposes the EMT premise in liver cells was provided by an in vitro study
using primary mice hepatocytes. Although results indicated morphological changes in the
cultured epithelial cells, they did not upregulate their expression of the mesenchymal markers,
FSP-1 and α-SMA (Chu et al., 2011).
Several in vitro and in vivo studies have also rejected EMT as a process involved in chronic
inflammatory diseases of the kidney. Indeed, results from murine models of four kidney
diseases have showed inconsistent results. While EMT was induced in association with
unilateral ureteral obstruction and ischemic nephropathy, a ureteral obstruction and
adriamycin nephrosis model failed to show induction of EMT (Inoue et al., 2015). Cultures of
MDBK cells transfected with Snail resulted in an increased nuclear localization of Snail,
however, the epithelial cells maintained their phenotype and did not express any features
characteristic of EMT. Notably, expression of E-cadherin, N-cadherin, and fibronectin were
not changed in comparison with control despite up-regulation of other EMT-related markers
such as ZEB-1 and Slug (Izawa et al., 2015). Involvement of EMT in inflammatory disease in
vivo was started with a landmark study on kidney disease (Iwano et al., 2002) which was
further supported by other clinical studies (Rastaldi et al., 2002, Simonson, 2007, Rossini et
al., 2005, Hertig et al., 2006). Data implicated EMT as a potential source of fibroblast during
chronic kidney conditions. Notably this concept was under intense debate due to findings
from other researchers which support alternative sources of fibroblasts during kidney tissue
scaring induced fibrosis in mouse model by ureteral obstruction and their findings indicated
that pericytes, following vascular injury, migrated and differentiated into collagen-producing
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myofibroblasts (Lin et al., 2008). Following ligation of a rat ureter, resident fibroblasts
showed increased expression of αSMA which charaterise active myofibroblasts. These events
were associated with increased mitotic activity at the stressed sites (Picard et al., 2008).
While the reviewed body of evidence somewhat opposes EMT there are some inconsistences
in the methodologies applied such as the use of lineage tracking failing to label all cells, i.e.
only 40% efficiency in some studies (Scholten et al., 2010). Potentially this may result in a
considerable percentage of the cells undergoing EMT without being detected. Also, previous
studies have relied on the immunostaining of a limited number of EMT-indicators which may
not robustly detect EMT. Furthermore, the experimental liver-fibrosis model used in mice
may not completely reflect the process which occurs humans in term of type and strength of
stimuli applied. Subsequently more research is required to better understand the EMT process
and its involvement in human chronic inflammatory disease pathogenesis.
3.3: Biomarkers of EMT
The induction of motile, mesenchymal-like cells from non-motile, tightly packed epithelial
cells is associated with alteration in key molecular markers, such as those that mediate cellcell and cell-BM attachment, cytoskeletal proteins, ECM molecules and transcriptional
factors. Changes in expression of many of these markers have been associated with EMT
induction (Table 3) (Zeisberg and Neilson, 2009, Scanlon et al., 2013).
3.4: Molecular events in EMT
EMT (Figure 5) is a process which is responsible for a degree of epithelial-phenotype
destabilization and acquisition of mesenchymal-like cellular features that alters the migratory
abilities of cells (Kalluri and Weinberg, 2009). These events can be divided into changes
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affecting cell-cell junctions, the cytoskeleton and cell-ECM adhesion as well as the migration
of invasive cells.
3.4.1: EMT-associated cellular junction and cytoskeleton changes
EMT is characterised by a loss of cellular adhesive junctions accompanied by major
cytoskeletal reorganization associated with loss of apico-basal polarity and which can result in
acquisition of invasive properties. Furthermore, this can increase resistance to apoptosis
(programmed cell death), and anoikis, which is programmed cell death initiated following loss
of cell attachment to the surrounding ECM (Lamouille et al., 2014). EMT is modulated by a
range of regulatory pathways; mainly, downstream of TGF-β signaling activity which is
evident in many developmental and pathological situations in which EMT is reported,
including embryogenesis, inflammation and tumor metastasis (Vittal et al., 2013, Zhang et al.,
2013b). The active form TGF-β1 is a polypeptide chain dimer, derived from a precursor
following enzymatic activation. Activated TGF-β1 then binds to two pairs of serine/threonine
kinases receptors which are known as the type I and type II receptors, respectively. Following
TGF-β1 binding to its receptor; the signal is transduced, by intracellular transcriptional factors
called Smad, to the nucleus via phosphorylation of Smad-2 and -3 which then form the Smad4 complex. This process requires additional DNA-binding molecules that are derived from the
Snail, Twist, and the basic helix-loop-helix (bHLH) transcription factor, which are the main
regulators of EMT (Shi and Massagué, 2003, Massagué, 2008).
Other signaling molecules also participate in EMT activation such as phosphatidylinositol-3kinase (PI3K), mitogen-associated protein kinase (MAPK) and Rho-like GTPases. The sum
effect of all these molecules is the suppression of certain epithelial markers involved in cell
attachment and apico-basal polarity, via up-regulation of transcriptional repressors including
Snail, Slug, ZEB-1, and Twist (Thiery and Huang, 2005, Peinado et al., 2007a). These
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molecules compromise epithelial tissue cohesiveness by binding to E-box components of the
promoter of the gene encoding the AJ protein E-cadherin, subsequently histone deacetylases
and other suppressing factors are recruited which enhance chromatin condensation and
downregulate E-cadherin transcription (Singh and Settleman, 2010). Simultaneously, Ncadherin (also known as Cadherin-2 or CDH2, associated with mesenchymal cell adhesion), is
upregulated. This overall process is called ‘cadherin switching’ and the epithelial cadherin is
replaced by mesenchymal cadherin and is considered as one of the hallmark EMT features
(Hazan et al., 2004). Notably, N-cadherin and E-cadherin are similar in their molecular
function i.e. mediating cell-cell adhesion; however, they are expressed by different tissues. Ncadherin is expressed mainly in mesenchymal cells which lack additional epithelial junctional
and polarity molecules which, together with E-cadherin, maintain epithelial integrity and
phenotype (Hulpiau and Van Roy, 2009).
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Category/Function

Cell-cell attachment molecules

Cytoskeletal molecules

Transcriptional factors

ECM proteins

Cell-BM attachment proteins

Proteolytic enzymes

Biomarker
E-cadherin
ZO-1, Occludins, Claudins
Desmoplakin, plakoglobin
N-cadherin
β-catenin
Cytokeratins
α-Smooth muscle actin
Vimentin
FSP-1
Snail
Slug (Snail-2)
Twist
LEF-1
ZEB-1
NF-κB
Collagen I
Collagen III
Collagen IV
Fibronectin
Laminin
Integrin α6β4
Integrin α5β1
Integrin αVβ6
MMP-9
MMP-2
MMP-3

EMT associated changes
Downregulated
Downregulated
Downregulated
Upregulated
Downregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated

Reference
(Peinado et al., 2004, Kalluri and Weinberg, 2009)
(Ikenouchi et al., 2003, Polette et al., 2007)
(Savagner et al., 1997)
(Jiang et al., 2016)
(Medici et al., 2008, Yan et al., 2012)
(Savagner, 2010, Serrano et al., 2014)
(Ding et al., 2014)
(Mendez et al., 2010)
(Okada et al., 1997)
(Medici et al., 2008, Lamouille et al., 2014)

Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

(Eckert et al., 2011)
(Kim et al., 2002)
(Takkunen et al., 2006)
(Huber et al., 2004, Maier et al., 2010)
(Shintani et al., 2008)

Downregulated
Upregulated
Downregulated
Downregulated
Upregulated

(Song et al., 2000)
(Sume et al., 2010)
(Kantarci et al., 2011)
(Lamouille et al., 2014)
(Li et al., 2003, Maschler et al., 2005)
(Cheng and Lovett, 2003, Sume et al., 2010)

Upregulated

Table 3. Molecular Indicators/Markers expressed during EMT demonstrating changes in attachment, cytoskeletal, and ECM proteins in
addition to increased activity of certain transcriptional factors and proteolytic enzymes.
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Furthermore; EMT is associated with loss and/or reorganization of other epithelial markers, indeed
cytoskeletal cytokeratins, which also interfere with E-cadherin expression and form together the
cell-anchorage apparatus. This loss of keratin expression is considered an important EMT indicator
(Lorenz et al., 2015). Beside E-cadherin, the expression of other junctional attachment proteins,
such as occludin, claudin, and ZO-1, are repressed during EMT. Claudins and occludin, tightjunction associated protein, are reportedly downregulated in cultured epithelial cells (Ikenouchi et
al., 2003) and this is regulated by Snail which binds to the E-box of the gene promoter and represses
transcription in a similar manner to E-cadherin down-regulation (Ikenouchi et al., 2003). Following
loss of cellular cohesiveness, subsequent EMT events are triggered in a chain reaction leading to
epithelial-phenotype destabilization. Cell polarity is modulated by the number of molecules
including Scribble complexes (SCRIB), Discs large (DLG), and partitioning-defective (PAR)
complexes, in addition to Crumbs complexes (CRB) which are associated with TJs and determine
the cell’s apical compartment. Therefore, repression of attachment proteins subsequently disturbs
polarity complex molecules expression and results in further loss of epithelial features (Lamouille et
al., 2014). Increased resistance to apoptosis is also evident at this stage of EMT and this is mainly
attributed to the activation of MAPK signaling downstream induced by TGF-β (Mulholland et al.,
2012, Pickup et al., 2013). Consequently, disintegration of the cell-cell junctions allows the newly
developed mesenchymal-like cells to migrate to the underlying CT.
3.4.2: Loss of Cell-ECM adhesion and acquisition of migratory-phenotype
This step requires degradation of BM due to proteolytic activity of matrix metalloproteinases
(MMPs), in addition to structural modification due to actin cytoskeletal reorganization which is
modulated via up-regulation of vimentin expression (Bourboulia and Stetler-Stevenson, 2010). Cell
movement generally is achieved by forward extension of the plasma membrane by forming
specialised cellular structures including blebs, filopodia, lamellipodia, and invadopodia. These
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protrusions from the cell body uniquely participate in cell migration under specific conditions.
Filopodia are consider as probing or exploratory tools for the cell to enable sensing of the
surrounding environment while lamellipodia contribute to propelling the cell through the tissue as
they can extend further than filopodia into the ECM. These functional specialisations are
characterised by differences in actin arrangement; while actin filaments are arranged in a parallel
pattern in filopodia, lamellipodia contain an actin mesh which forms highly active regions that
facilitate forward protrusion of the plasma membrane.
Presence of both filopodia and lamellipodia, have been proposed as an EMT-phenotype
characteristic of metastatic cancer cells (Ridley, 2011, Chen et al., 2013b). Invadopodia are a
specialised form of lamellipodia in which actin polymerization is associated with secretion of
MMPs e.g. MMP-2, and -9, thereby facilitating cell invasion through the tissue via local
degradation of the ECM (Buccione et al., 2009). In addition, it has been shown that the activity of
invadopodia are centrally regulated by Twist following exposure of epithelial cell lines to different
EMT stimuli (Eckert et al., 2011). A recent study on human colorectal carcinoma samples showed
that proteins associated with increased invadopodia activity, including Abelson interactor 1 and
Cortactin, were upregulated together with down-regulation of E-cadherin expression (Steinestel et
al., 2014). EMT-induced actin cytoskeletal rearrangement, a prerequisite for cellular projections
formation, is understood to be mainly modulated by TGF-β signaling. Downstream signaling is
regulated by small GTPases (including Rho, Rac and Cdc42) which mediate remodeling of the actin
cytoskeleton in epithelial cells in different pathological and physiological conditions involving
tubular, endothelial, and epithelial retinal cells (Kardassis et al., 2009). Furthermore, the migratoryphenotype is associated with up-regulation of vimentin which is essential for the process of cellular
protrusion formation. This process starts with the assembly of actin networks that mature by
inclusion of vimentin and microtubules filaments (Schoumacher et al., 2010).
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Figure 5. Molecular and cellular events of EMT. This process starts when intact epithelial layer (A) exposed to certain stimuli such as
cytokines or bacteria (B) potentially responsible for EMT-induction. At earlier stages (C) adhesion of epithelial cells is lost due to downregulation of essential attachment proteins such as E-cadherin followed by loss of BM integrity. Finally, cells acquire mesenchymal-like
properties, including increased expression of vimentin and FSP-1 that facilitates their migration and invasion (D).
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The EMT process is further propagated and sustained by release of MMPs, such as MMP-9, which
facilitate the invasion and migration of cells through the breached BM. In addition, TGF-β released
from ECM further drives the progression of EMT (Lin et al., 2011, Shah et al., 2012). Cooperation
between EMT and MMPs has been demonstrated in mouse xenograft models of human gastric
cancer, which showed that up-regulation of MMP-9 activity together with the EMT-phenotype
increased the incidence of lung metastasis (Yoo et al., 2011). Other findings indicated that upregulation of vimentin and the transcriptional factor, ZEB-1, were associated with poorlydifferentiated and highly invasive breast cancer (Karihtala et al., 2013). Changes in the level of
MMP-mediated EMT are also associated with alterations in integrin expression by the replacement
of epithelial integrin with mesenchymal ones. For example, during EMT epithelial integrin α6β4 is
downregulated whiles concomitantly there is up-regulation of mesenchymal integrin α5β1 which
increases the tendency of cells to adhere to fibronectin in the ECM. Furthermore, alteration of
integrin expression itself triggers EMT via activating signaling pathways including TGF-β, Smad,
and integrin-linked kinase (ILK) (Kim et al., 2009).
The exact time-course for complete EMT-phenotype expression remain controversial (Picard et al.,
2008, Inoue et al., 2015, Izawa et al., 2015) as different in vivo and in vitro studies suggested
variable timelines ranging from one day to eight days (Chinnery et al., 2012, Choi and Diehl, 2009,
Tanaka et al., 2010, Chu et al., 2011).
3.5: Types of EMT
The concept of increased tissue size resulting from cell proliferation was first described
approximately a century and a half ago (Virchow, 1871). In this concept, all cells in the body were
derived from continuous division of a single fertilised egg. From the middle of the 20th century, cell
plasticity was recognized as occurring during embryogenesis when the cell phenotype alternates
between epithelial-like and mesenchymal-like as potential consequences of EMT and MET (Hay,
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1968). Differentiation is necessary for each cell type to perform its specific functions. This led to
the understanding that phenotype maintenance after development is absolute and essential for cells
to undertake their specific roles and functions (Kalluri and Weinberg, 2009). However, this concept
was challenged due to observations from several studies, indeed in the early 1980s, it was claimed
that even fully differentiated epithelium may dedifferentiate into a mesenchymal-like phenotype via
triggering of in vitro EMT (Greenburg and Hay, 1982, Stoker and Perryman, 1985). It was proposed
that this occurred as a function of the tissue repair mechanism (e.g. wound healing) and in
pathological conditions including persistent inflammation and cancer. In general, EMT has been
classified as ‘complete EMT’ in which all classical features of transition take place and ‘partial
EMT’ is characterised by simultaneous expression of both mesenchymal and epithelial markers.
Notably the latter type has mostly been associated with tissue healing (Savagner, 2010). EMT is
now potentially implicated in three distinct situations including embryogenesis, post-injury tissue
fibrosis and cancer metastasis. This classification of EMT into three distinct subtypes (Figure 6)
was proposed following an expert panel meeting on EMT in Poland in 2007, and followed by a
further meeting in Cold Spring Harbor Laboratories in 2008 (Zeisberg and Neilson, 2009).
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Figure 6. Types of EMT and the cellular processes involved. Type 1 is associated with gastrulation and embryogenesis, and types 2 and 3
are associated with fibrosis and cancer metastasis respectively.
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3.5.1: Type 1 EMT
This type of EMT occurs during embryogenesis and is therefore not related to the potential role for
EMT in chronic inflammatory diseases, such as periodontitis, however it will be briefly discussed
here for completeness.
Type 1 EMT is considered as a potential physiological process necessary for implantation of the
embryo and the subsequent transition into a three-layered structure via gastrulation. Gastrulation
begins with the formation of the primitive streak which is formed by development of an
invagination in the middle of epiblast that is located in the lower region of the developing embryo,
and extends antero-posteriorly between the epiblast and hypoblast layer (Thiery and Sleeman,
2006). Cells of the primitive streak at this stage have an epithelial-like phenotype, expressing
markers such as E-cadherin and displaying apico-basal polarity, from which cells implicated in
gastrulation and development of germ layers originate (Mikawa et al., 2004). Following the
formation of the primitive streak, activation of the EMT process takes place leading to the
generation of the mesendoderm from which the mesoderm and ectoderm are subsequently derived
(Hay, 1995). It has been proposed that the organogenesis of vital structures and organs (including
muscles, heart, nervous system, and palate) requires the initiation of type 1 EMT (Hay and Zuk,
1995). The newly formed mesoderm layer acts as a source for the primary mesenchyme, potentially
derived by EMT, and this shows increased migratory ability compared with the parental epithelial
cells, i.e. epiblast and hypoblast (Hay, 2005). The increased migratory ability facilitates
translocation of the embryonic mesenchymal cells to more distant sites where they undergo MET;
forming secondary epithelia that further transition by subsequent EMT into different CT cells
(Kalluri and Weinberg, 2009). A sub-division or modification of type 1 EMT which is called
endothelial-mesenchymal transition (EndMT) has also been proposed. This unique EMT type is
thought to induce transition of endothelial cells into mesenchymal-like cells, potentially responsible
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for the formation of heart valves at later stages of development (Kalluri and Weinberg, 2009). Data
from a study on mouse embryos suggested that EMT occurring during embryogenesis is regulated
by several factors including Wnt signaling. Indeed, defective Wnt expression during gastrulation
results in abnormal morphology of the embryo due to failure of EMT induction (Popperl et al.,
1997, Thomas et al., 1997). The role of Wnt signaling in EMT was further confirmed by a study on
chick embryos which demonstrated that blocking Wnt8 signaling was associated with failure of
primitive streak formation (Skromne and Stern, 2001). Similar results were reported in association
with Wnt3 signaling in mice (Liu et al., 1999). Several studies also demonstrated that Wnt
signaling is mediated by members of the transforming growth factor-β (TGF-β) superfamily,
including Nodal and Vg1 and their deficiency can result in EMT failure and in morphological
consequences such as asymmetry of the embryo (Skromne and Stern, 2002, Chea et al., 2005).
Furthermore, the role of Snail in EMT triggering was demonstrated as a major suppressor of Ecadherin expression. Snail exerts its activity via interaction with the E-cadherin promoter region
thereby affecting E-cadherin-mediated cell attachment (Peinado et al., 2004, Peinado et al., 2007).
In addition, Snail may induce EMT by blocking the transcription of occludins and claudins, the
structural proteins of TJs, by direct binding to their promoter motifs (Ikenouchi et al., 2003). Other
studies have demonstrated that Snail not only promotes EMT via repressing molecules mediating
cell attachment but also through suppressing genes regulating epithelial cell polarity and
maintaining architecture of the tissue such as human Disc large (DLG1) (Cavatorta et al., 2008),
and the Crumbs complex (Whiteman et al., 2008).
3.5.2: Type 2 EMT
Chronic inflammation is reportedly a potent type 2 EMT inducer which is understood to be
responsible for the loss of epithelial barrier integrity and organ dysfunction (Kalluri and Weinberg,
2009). Persistent and chronic inflammation results in increased production of inflammatory
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cytokines and chemokines such as TGF-β1 and interleukins (ILs) which are considered as the main
drivers for type 2 EMT (Wynn, 2008). Early evidence of type 2 EMT was generated from studies
utilizing tubular epithelial cells from human tissue samples and murine models. Results indicated
that the up-regulation of certain mesenchymal markers including α-SMA, FSP-1 and vimentin
associated with increased expression of TGF-β1 and EGF (Okada et al., 1997, Strutz et al., 1995,
Rastaldi et al., 2002). Similar changes were observed in vivo and in vitro in diseases, involving
organs such as the liver (Corpechot et al., 2002, Yamaoka et al., 1993, Scharl et al., 2015) and in the
biliary tract (Zhou et al., 2010, Omenetti et al., 2008). Additionally, EMT could result in an
imbalance in collagen turnover by dysregulating production of MMPs and tissue inhibitors of
metalloproteinases (TIMPs). Associated events lead to up-regulation of collagen synthesis and
deposition causing scarring of the damaged area instead of normal wound healing (Wynn, 2008).
While inflammation is a normal tissue defense mechanism associated with secretion of range of
inflammatory cytokines and chemokines the aberrant regulation of these inflammatory mediators, in
certain situations, are reported to be implicated in EMT induction (Corpechot et al., 2002, López‐
Novoa and Nieto, 2009, Zeisberg et al., 2007, Zhou et al., 2010, Sume et al., 2010).
A role for EMT in pathogenesis of many diseases has been proposed with studies investigating
EMT in a range of organs including liver (Choi and Diehl, 2009, Wells, 2010), intestine (Flier et al.,
2010), kidney (Iwano et al., 2002), and lung (Willis and Borok, 2007). The proposed involvement
of type 2 EMT in disease processes in various organs are summarised in Table 4.
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Cell type or tissue examined

Study type

Tubular epithelial cells stimulated with FGF-2 In vitro
with TGF-β1 and EGF
CC cell line
macrophages

co-cultured

with

activated In vitro

Changes in EMT-related indicators and features
References
Upregulated
Downregulated
Other features
FSP-1, collagen E-cadherin,
increased migratory (Strutz et al., 2002)
I, MMPs, and α- collagen IV, and ability
SMA
cytokeratin
FSP-1 and MMP- E-cadherin and
9
cytokeratin 19

(Techasen et al., 2012)
(Kaimori et al., 2007)

Mouse hepatocytes induced by TGF-β1

In vitro

Snail
collagen I

and

human primary cholangiocytes treated with TGFβ1

In vitro

Vimentin, FSP-1, E-cadherin,
and MMP-2
cytokeratins

(Rygiel et al., 2008)

Biopsies from HCV-infected liver and hepatocytes In vivo and in FSP-1,
Snail, E-cadherin and β- morphology
infected with HCV
vitro
Slug, Twist and catenin
alteration in vitro
vimentin

(Bose et al., 2012)

Mouse model of CD and small intestinal cell line In vitro and FSP-1
(IEC-6) stimulated with TGF- β1
experimental
model

(Flier et al., 2010)

E-cadherin

TGF-β1
and E-cadherin and β(Scharl et al., 2015)
Snail-2
catenin
Mouse cardiac fibrosis model and human coronary In vitro and FSP-1 and TGFCells
showed (Zeisberg et al., 2007)
endothelial cells
experimental
β1
increased resistant to
model
apoptosis
CD-associated fibrosis samples

In vivo

Human umbilical vein endothelial cells and aortic In vitro
endothelial cells treated with glucose

FSP-1

Human intrahepatic
stimulated with LPS

S100A4, α-SMA, E-cadherin
TGF-β1,

biliary

epithelial

cells In vitro

VE-cadherin

(Widyantoro
2010)

(Zhao et al., 2011)

Cholangiocarcinoma (CC), hepatic stellate cells (HSCs), hepatitis C virus (HCV), ulcerative colitis (UC), Crohn's disease (CD), vascular
endothelial cadherin (VE-cadherin)
Table 4. Summary of selected studies on type 2 EMT in different models showing changes in expression of key-EMT indicators.
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et

al.,

3.5.3: Type 3 EMT
Malignancy is characterised by uncontrolled cell proliferation, evasion of apoptosis and sustained
angiogenesis of the supporting stroma; which contribute to tumour growth and progression
(Hanahan and Weinberg, 2000, Kaufhold and Bonavida, 2014). Cancerous cells can acquire
invasive capabilities, enabling them to migrate into the underlying CT through the BM. Indeed,
epithelial cells account for ~80% of human cancers (Van Roy and Berx, 2008). Additionally, an
increased number of invasive malignant cells are associated with failure of E- cadherin expression
or deficiency to form the E-cadherin-catenin complex (Huber et al., 1996, Bullions and Levine,
1998). Investigators have proposed that EMT induction in epithelial cancer cells could provide a
potential mechanism allowing cells to invade locally and to spread to distant locations (metastasis)
(Thiery, 2002). Reports from studies utilizing mouse models and a cancer cell line have shown that
epithelial cancer cells acquired a mesenchymal-like phenotype characterised by increased
expression of mesenchymal molecules such as vimentin, FSP-1, and α-SMA as well as a downregulation of epithelial markers such as E-cadherin and β-catenin (Yang and Weinberg, 2008). The
potential role of EMT in cancer metastasis is supported by findings from several different in vivo
and in vitro studies as highlighted below (Table 5).
4: EMT-associated cytokines
Cytokines are a broad group of cell signaling small molecular weight proteins which are secreted by
a wide range of cells including immune cells, endothelial cells, epithelial cells and fibroblasts (Chen
et al., 2013a). They affect cell behavior either of the cell producing them (autocrine signaling) or in
other cells (paracrine signaling) (Cheng and Lovett, 2003, Cherng et al., 2008). The cytokines most
relevant to this study will be discussed in the following sections.
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Cell type or tissue studied

Study type

Changes in EMT-related indicators and features
Upregulated

Downregulated

References

Other features

Human RCC cell line and human RCC biopsies

In vitro and Vimentin in vivo. In E-cadherin in vivo Migration
rate (Ho et al., 2012)
in vivo
addition to MMP-9 in and in vitro
increased in vitro
vitro

Localised RCC

in vivo

Twist and clustrin

Epithelial OC cell line (A4)

In vitro

Snail and Slug

CRC cell line (HT-29)

In vitro

N-cadherin

GC biopsies infested with H. pylori and GC cell In vitro and Twist and vimentin
line stimulated with Cytotoxin-associated gene A in vivo
(CagA)
Human BC cell lines (MCF7, MDA-MB-231, In vitro
MDA-MB-468, and MCF-10A)
Human BC cell lines
In vitro

(Harada
2012)
(Kurrey
to 2009)

et

al.,

Increased
et al.,
resistant
apoptosis
E-cadherin and ZO-1 increased
(Wang et al., 2013)
mobility of the
cells
E-cadherin
and increased
(Yu et al., 2014)
programmed
cell migratory ability
death
factor
4 in vitro
(PDCD4)

Vimentin
and β-catenin, E-cadherin migratory ability (Yan et al., 2012)
fibronectin
and occludin
increased
Twist, and FOX
β-catenin
(Siletz et al., 2013)

RCC= Renal cell carcinoma, OC= Ovarian cancer, CRC = colorectal carcinoma, Gastric cancer= GC, Breast cancer= (BC)
Table 5. Summary of selected studies on type 3 EMT in different models showing changes in expression of key-EMT indicators.
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4.1: Transforming growth factor-β1
It is a ubiquitous polypeptide member of TGFβ superfamily which comprises activins,
inhibins, bone morphogenic protein and mullarian inhibiting substance (Lawrence, 1996).
They are multifunctional cytokines involved in a wide range of cellular processes including
differentiation, apoptosis, and proliferation (Kubiczkova et al., 2012). Structurally, TGFβ is a
polypeptide which is a disulphide-linked homodimer with two chains, each one consisting of
112 amino acids (Lawrence, 1996). There are 5 different isoforms of TGFβ; however, only 3
are recognized as effecting cellular activity (Kubiczkova et al., 2012).
TGFβ-signaling is well-known as a potent EMT-stimulus (Zavadil and Böttinger, 2005, Xu et
al., 2009). In response to TGFβ, transmembrane serine-threonine kinase receptors activated
and subsequently trigger the downstream of Smad-signaling pathway which is potentially
associated with an EMT-phenotype (Feng and Derynck, 2005). In addition, TGFβ could
activate EMT through a non-Smad dependent pathway (Zhang et al., 2009). The hallmark of
TGFβ signaling is up-regulation of Snail, an E-cadherin repressor, (Jamora et al., 2004) in
addition to other cytokines potentially involved in EMT triggering such as fibroblast growth
factor (FGF) (Barrallo-Gimeno and Nieto, 2005) and hepatocyte growth factor (Grotegut et
al., 2006). The role of TGFβ-mediated EMT in different pathological and developmental
conditions have been widely investigated including the in vitro effects on different cell lines
(Kaimori et al., 2007, Rygiel et al., 2008, Taura et al., 2010, Chu et al., 2011, Zhao et al.,
2011), during embryogenesis (Romano and Runyan, 2000, Martı́nez-Álvarez et al., 2004),
pathological fibrosis (Yáñez-Mó et al., 2003) and drug-induced gingival overgrowth (Sume et
al., 2010, Pisoschi et al., 2012).
4.2: Tumour necrosis factor-α
TNF-α was originally described in the mid-1970s as a circulating protein that caused death of
cancerous cells (Carswell et al., 1975). Later, it was recognized as a key regulator of the acute
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phase reaction during inflammation (Barrallo-Gimeno and Nieto, 2005). It is predominantly
produced by activated macrophages but it is also produced by other cell types including
endothelial cells and keratinocytes (Bradley, 2008). Soluble TNF-α is produced by
proteolytic cleavage of its transmembrane precursor (Tang et al., 1996). Although TNF-α has
anti-tumorigenic properties at relatively high concentrations it has been proposed that it may
promote cancer cell proliferation and metastasis when chronically released at relatively low
concentrations (Szlosarek et al., 2006). The presence of TNF-α in breast, ovary and pancreas
tumours has been suggested as a marker of poor prognosis (Balkwill, 2006, Balkwill, 2009).
There are two types of receptors for this molecule, TNFR1 and TNFR2, and three main
signaling pathways which can be activated by TNF-α, namely nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB), MAPK and apoptosis. The latter process is
mostly masked by the anti-apoptotic effect of NF-κB (Chen and Goeddel, 2002, Wajant et al.,
2003). NF-κB is a key pro-inflammatory transcription factor that has been shown to be
activated in periodontal lesions (Coons et al., 1941) and in response to exposure to
periodontal pathogens in vitro (Milward et al., 2007). In addition, some studies have
proposed a central role of NF-κB in EMT-induction (Huber et al., 2004, Maier et al., 2010).
These pathways are well-recognized during an inflammatory response, cell differentiation
and EMT activation (Huber et al., 2004, Maier et al., 2010, Huang et al., 2015). Similar to
TGFβ, exposure of different types of cell lines to TNF-α in vitro may stimulate the EMT
process (Okada et al., 1997, Ekhlassi et al., 2008, Yan et al., 2010, Chu et al., 2011, Li et al.,
2012a). Furthermore, TNF-α can synergistically act with TGFβ-1, mediated by p38 MAPK
activity, to promote an invasive cell phenotype as has been demonstrated in samples of
human colon carcinoma (Bates and Mercurio, 2003).
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4.3: Epidermal growth factor
Epidermal growth factor is a low-molecular weight polypeptide involved in cell
differentiation, proliferation, and survival. It was first discovered in saliva from the
submandibular gland (Carpenter and Cohen, 1990). This growth factor exerts its biological
activity through interaction with a specific cell surface receptor, the epidermal growth factor
receptor, which initiates a cascade of signals mediated by tyrosine kinases (Fallon et al.,
1984, Dawson et al., 2005).
EGF functions primarily in maintaining tissue integrity of the gastro-intestinal tract against
various chemical and physical injuries (Yanaka et al., 2002). However, evidence from several
studies suggests that it may contribute to disruption of the epithelial barrier integrity (Okada
et al., 1997, Strutz et al., 2002, Gilles et al., 1999). Analysis of data following exposure of a
breast cancer cell line to EGF showed down-regulation of E-cadherin, β-catenin, and collagen
IV and an associated increased expression of vimentin and collagen I (Ackland et al., 2003).
In addition, increased expression of EGFR in renal cell carcinomas resulted in increased
resistance to chemotherapy via triggering of EMT as determined by EMT-related protein
expression and signaling pathways in three renal cell carcinoma cell lines (Mizumoto et al.,
2015). EGF-mediated EMT features can be facilitated by synergistic effect of TGFβ that
increase cell surface expression of EGFR resulting in more aggressive and invasive breast
cancer (Wendt et al., 2010).
In general, limited research has investigated the possible implication of EGF in EMTinduction; however, data from previously described studies support its role in cell-phenotype
alteration.
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5: Potential role of bacteria in EMT
Organ fibrosis and dysfunction is the outcome of persistent non-resolving chronic
inflammation which can be induced by a range of physical, chemical, and bacterial stimuli.
Persistent inflammation is a well-known predisposing factor for EMT (Kalluri and Weinberg,
2009) and bacterial associated infections have been implicated in EMT induction (Hofman
and Vouret-Craviari, 2012). Prior to triggering signaling pathways, microbes must be
recognized by the cell to be appropriately managed by the immune system. The first proposed
cell microbe-recognition mechanism was described by Jenaway (1989) who demonstrated the
recognition of certain conserved molecules associated with each microbial class, such as
lipopolysaccharide (LPS), bacterial DNA and flagellin, referred as pathogen- associated
molecular patterns (PAMPs). Each cell expresses surface proteins known as pathogen
recognition receptors (PRRs) which are responsible for inducing an innate immune response
following PAMP recognition (Janeway, 1989). This discovery was supported by the
identification of the Toll transmembrane receptor following injection of bacteria into
Drosophila which stimulated antimicrobial gene expression such as cecropins, insect
defensin, antifungal peptide and drosomycin (Lemaitre et al., 1996). Later studies undertaken
in mice, identified Toll-like receptor (TLR) 4 as the protein involved in LPS identification
and transduction, suggesting the existence of a relationship between a microbial motif, LPS,
and TLR4 (Poltorak et al., 1998). Currently 11 human TLRs have been identified with each
one recognising specific PAMPs (e.g. lipopeptides, LPS, and lipoteichoic acid) which are
associated with the pathogenesis of a variety of inflammatory conditions (Mahla et al., 2013).
TLRs can be activated by different types of ligands including peptides from bacterial
fimbriae, Lipoteichoic acid, and LPS (Schröder et al., 2003, Gillrie et al., 2010), LPS and
bacterial DNA (bDNA) (Tabeta et al., 2000, Hemmi et al., 2000, Ren et al., 2005, Chinnery
et al., 2012).
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The role of bacteria, particularly Gram-negative anaerobic bacteria, in triggering EMT has
been investigated in many studies. Helicobacter pylori (H. pylori), previously known as
Campylobacter pylori, is a Gram-negative, microaerophilic bacterium mostly found in the
stomach is associated with the loss of epithelial integrity of the gastric mucosa (Blaser, 2006).
Furthermore, injection of H. pylori-associated protein, CagA, into gastric epithelial cells
resulted in the disruption of epithelial barrier function. This bacterium acts mainly by
downregulating ZO1-mediated TJ causing dissociation of cell-cell attachment and loss of the
apical seal thereby facilitating invasion to underlying tissues. Persistent exposure of gastric
epithelium to H. pylori resulted in morphological indicative of mesenchymal-like cells
associated with loss of apico-basal polarity (Amieva et al., 2003). In addition, transfection of
MDCK cells in vitro with CagA resulted in acquisition of an invasive-phenotype
characterised by an increased migratory rate and spindle shaped cells together with upregulation of MMP activity and loss of cell polarity (Bagnoli et al., 2005). Challenging
human gastric epithelial cells with CagPAI+ H. pylori also upregulated transcriptional factor
ZEB-1 through activation of the NF-кB signaling pathway which triggered EMT-like features
(Baud et al., 2013).
Consequently, the potential role of different bacteria or their virulence factors in EMT has
been investigated in several studies. Examples include the contribution of P. aeruginosa, a
Gram-negative bacterium, infection in obliterative bronchiolitis following lung transplant
(Borthwick et al., 2011). The collected primary bronchial epithelial cells from lung transplant
recipients were exposed to P. aeruginosa or P. aeruginosa-activated monocytes (THP-1).
They found that P. aeruginosa caused increased levels of inflammatory cytokines, IL-8, IL1β, and TNF-α due to activation of TLR signaling. There was also significant E-cadherin
down-regulation, associated with increased vimentin and fibronectin expression. Moreover,
cells co-cultured with activated THP-1 exhibited a mesenchymal-like phenotype and this was
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suggested to be due to activation of a TGF-β1-induced EMT. Further evidence was provided
by two distinct bacteria, Streptococcus pneumoniae and Haemophillus influenza, which are
present as part of the normal nasal flora but can cause opportunistic infections, and were
studied in a murine model. Colonization of the nasal epithelium with these bacteria caused
dramatic down-regulation of claudins which was mediated by a TLR-dependent mechanism.
The associated compromised epithelial integrity enabled invasion of these bacteria through
the epithelium. In addition, findings obtained from an in vitro model of primary human
bronchial epithelial cells demonstrated a similar pattern with claudin down-regulation
following increased expression of Snail, which required activation of p38 MAPK/ TGF-β
signaling (Clarke et al., 2011). Similar results were obtained in infections of the upper
respiratory tract by the same bacteria in a mouse model, which indicated a TLR-dependent
response of the immune system in respiratory epithelium (Beisswenger et al., 2009).
A further example of bacteria inducing EMT-like features is provided by Citrobacter
rodentium (C. rodentium), a Gram-negative enteric bacterium, which is opportunistic bacteria
which rarely cause disease in humans; however, in mice it is responsible for transmissible
murine colonic hyperplasia which is associated with a high mortality rate (Schauer et al.,
1995). Subsequently, mice were experimentally infected with C. rodentium for 12 days
following and the colonic cryptic cells were collected and cultured. Immunohistochemical
analysis showed the presence of cells exhibiting a mesenchymal-phenotype as characterised
by a positive expression of fibronectin and vimentin associated with negative staining for key
epithelial markers such as E-cadherin and cytokeratins. Furthermore, cells stimulated with C.
rodentium demonstrated increased activation of the NF-кB, TGF-β, Wnt/β-catenin, and
Notch signaling pathways in vivo (Chandrakesan et al., 2012). LPS (also known as
endotoxin) is the main virulence factor of Gram-negative bacteria and can elicit a strong
immune response which is potentially involved in inducing EMT. Indeed, data have
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demonstrated that exposure of human intrahepatic biliary epithelial cells to LPS triggered
TGF-β1-induced-EMT as shown by decreased E-cadherin expression and increased
transcription of S100A4 and α-SMA. In addition, the classical cobblestone epithelial cell
morphology changed into a fibroblast-like appearance. Notably the knock-out of Smad 2/3
resulted in abolishing TGF-β1 signaling and reversal of LPS- induced EMT (Zhao et al.,
2011). Further in vitro and in vivo studies utilised 4 hepatocellular carcinoma cell (HCC)
lines and a mouse model. Results indicated that EMT induction occurred in response to LPSTLR4 mediated NF-кB signaling activation. EMT features were confirmed by increased
transcription of mesenchymal molecules (including N-cadherin, vimentin and α-SMA) and
down-regulation of epithelial markers (including E-cadherin and β-catenin), in addition, cells
demonstrated an increased migratory phenotype. The blocking of NF-кB resulted in the
down-regulation of Snail activity associated with EMT suppression (Jing et al., 2012b).
Consistent with these findings, intranasal inoculation of mice with LPS resulted in increased
Snail activity and subsequent down-regulation of claudins, components of tight junctions,
breaking the apical epithelial seal via activation of TLR-4 in vivo (Clarke et al., 2011).
Recently the effect of two distinct periodontal pathogens, F. nucleatum and P. gingivalis, on
oral epithelial cells responses has been studied by Milward et al. (2007) using the H400
keratinocyte cell line which expressed TLR-2, -4, and -9, to investigate the molecular
changes following bacterial exposure. Data demonstrated that there was subsequently
increased NF-кB nuclear translocation associated with increased transcription of the
cytokines TNF-α, IL-1β, IL-8, MCP-1/CCL2 and GM-CSF. Those results also indicated a
greater magnitude of molecular changes occurred at 24hr exposure to F. nucleatum than P.
gingivalis in vitro as compared to unstimulated controls. Notably however the EMT
phenotype of these cells was not characterised in these or longer term cultures.
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Kondo et al. (2012) investigated the role of another bacterial component, flagellin, the
structural unit of bacterial flagella, in inducing EMT in lung epithelial cells. Flagellinexposed cells showed increased activation of NF-кB and p38/ MAPK pathways which
correlated with TGF-β1 signaling and subsequently resulted in the up-regulation of
fibronectin and down-regulation of E-cadherin within 30hr of exposure. These data indicate
that flagellin induced EMT via reacting with TLR-5 on alveolar cells and this may contribute
to the pathogenesis of pulmonary fibrosis (Kondo et al., 2012).
Combined, data from these studies provide evidence that microbial challenge, particularly by
Gram-negative anaerobic bacteria, triggers EMT either directly or indirectly (autocrine
signaling) by binding to TLRs. Gram-negative anaerobic pathogens are strongly associated
with periodontitis and this could have implications for EMT-activation in the periodontium
and may indicate a novel mechanism which contributes to the pathogenesis of chronic
periodontitis.
6: Periodontitis
6.1: Definition, prevalence and systemic disease-association
Periodontitis is a multifactorial, chronic inflammatory condition affecting the tooth’s
supporting tissues and is characterised by a progressive loss of attachment and resorption of
alveolar bone (Matthews et al., 2001, Armitage, 1999). If not correctly managed in its early
stages, disease progression may lead to tooth mobility and subsequent to tooth loss (Martin et
al., 2010). Data collected by the UK Adult Dental Health Survey undertaken in 2009-2010
(including England, Wales, and Northern Ireland), indicated that the overall prevalence of
periodontitis was ~45% of the adult population, with severe disease affecting approximately
9% of the population. Data from recent surveys suggest that there has been an increase in the
severe form of periodontitis from 6% to 9% over the last decade. Although oral hygiene has
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generally improved, a proportion of people included in the study suffered from poor oral
hygiene and this was related to factors such as age and low socioeconomic groups (White et
al., 2012).
Over recent years there has been considerable interest in the links between periodontitis and a
range of systemic diseases and conditions including diabetes, cardiovascular disease (CVD),
pregnancy, and rheumatoid arthritis. Notably Type 2 diabetic patients are at 3-fold higher risk
of developing periodontitis when compared with healthy individuals (Mealey and Oates,
2006). The exact mechanism underpinning this association remains unclear, however both
diseases are associated with a hyper-inflammatory phenotype, underpinned by the effects of
hyperglycaemia which induces signaling pathways associated with increased inflammation
and oxidative stress (Brownlee, 2005). Recent epidemiological studies indicated that diabetes
mellitus (DM) is a risk factor for periodontitis and inflammation associated with periodontal
disease and has a negative impact on the glycaemic state (Preshaw et al., 2012). Data from
several studies indicated a higher prevalence and increased number of complications of DM
in patients with periodontitis than periodontitis-free controls (Amar and Han, 2003). In
addition, several meta-analysis studies have indicated that efficient periodontal treatment
resulted in improvement in glycaemic control in diabetic patients (Paraskevas et al., 2008,
D’Aiuto et al., 2004, O'Connell et al., 2008). Recently, the pathogenesis of type 2 diabetes
has been attributed to an innate immunity disorder caused by a persistent low-level
inflammatory response (Amar and Han, 2003). Interestingly periodontitis is associated with
ulceration and high vascularity of pocket epithelium; this may facilitate systemic bacteremia
by periodontal pathogens. Among these bacteria, P. gingivalis received attention due to its
ability to invade tissues and alter systemic cytokine levels such as several interleukins and
TNF-α, which potentially contribute to the pathogenesis of type 2 diabetes (Haraszthy et al.,
2000, Chun et al., 2005).
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CVD is another systemic condition that has been proposed to be associated with periodontitis.
The presence of Gram-negative anaerobic bacteria in established periodontal lesions will
likely provide a source of LPS and inflammatory cytokines, such as TNF-α, which potentially
could enter the systemic circulation and exacerbate CVD. Data from a cohort study on
patients with coronary heart disease indicated an association between severity of periodontitis
and the incidence of this disease (Beck et al., 1996). A study by Geerts et al. (2004) also
suggested a significant correlation between periodontitis and coronary artery disease. The
findings showed that 91% of patients with CVD suffered from moderate to advanced
periodontitis while this percentage reduced to 66% in healthy subjects. The correlation
between periodontitis and pregnancy factors remains controversial.

Interestingly,

periodontitis has been suggested as a risk factor for preterm delivery and low birth weight,
and results from 5-year prospective study supported this notion in which maternal
periodontitis appear to be involved in premature births. Notably however, other studies
reported a negative correlation between periodontitis and pregnancy. A recent clinical study
undertaken on women in labour wards has however indicated a negative correlation between
improved periodontal disease status and pregnancy outcome (Davenport et al., 2002).
Isolation of the periodontitis-associated bacteria, F. nucleatum, from the placenta, amniotic
fluid and chorioamnionic membranes from women that delivered prematurely indicated a
potential mechanistic relationship between the two conditions
Osteoporosis is another systemic condition which has been proposed to be associated to
periodontitis. Notably RANKL expression is proportionally increased with severity of
periodontitis which is thought to be responsible for increased osteoclastic activity during
alveolar bone destruction. Activated T-lymphocytes in periodontal lesions and local
epithelium showed upregulated expression of RANKL which could be involved systemically
in osteoclast differentiation, and down-regulation of osteoprotegerin, osteoclast inhibitor,
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which may indicate a possible mechanism for association with osteoporosis induction (Liu et
al., 2003).
6.2: Pathogenesis of periodontitis
The interaction between periodontal pathogens in dental plaque and the host immune
response are considered central to the pathogenesis of periodontitis. During initiation of
periodontitis, the first line of defense between bacteria in the plaque biofilm and the
underlying connective tissues in the periodontium is the junctional epithelium (JE) which acts
both as a mechanical and immunological barrier. The associated apical migration of the JE
results in periodontal pocket formation which is a key clinical marker in patients with
periodontal disease. The periodontal pocket is colonised by a wide diversity of bacteria and
as disease progresses Gram-negative pathogens increase in number and proportion. The
virulence factors produced, including LPS, can stimulate an intense immune response and
subsequent inflammatory mediator release from the pocket epithelium (Tribble and Lamont,
2010). Furthermore, increased release of MMPs and prostaglandin E2 can be detected in
addition to RANKL activation which participates in the increase in pocket depth and
subsequent alveolar bone resorption (Kornman et al., 1997, Page and Kornman, 1997).
Epithelial cells, when pro-inflammatory stimulated, secret MMPs, e.g. MMP-9, which is
evident by the high levels found in periodontitis (Hannas et al., 2007, Offenbacher, 1996).
Neutrophils are also a key first line defense cell and are part of the innate immune system. In
healthy periodontal tissues, they are resident in relatively small numbers, however once
bacterial infection induces a host pro-inflammatory response; neutrophils are recruited in
relatively large numbers. Their passage through pocket epithelium together with their
antimicrobial activity results in a release of enzymes and oxygen radicals which aim to
reduce bacterial number. In periodontal disease patients, there is reportedly an exaggerated
neutrophilic response which results in local tissue damage (Chapple, 2002). Knowledge of
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immune mechanisms and inflammatory responses and how they are regulated is essential for
understanding the pathogenesis of periodontitis. The primary aetiological agent for
periodontal diseases is the bacteria in the dental biofilm (Carranza et al., 2014) however,
determination of the pathogens which are entirely responsible for periodontal disease
pathogenesis still unclear. There is evidence that certain bacteria are highly associated with
the destructive forms of periodontitis; however, the presence of these microbes in healthy
individuals and patients with no signs of active disease progression suggests that the disease
is not merely dependent on bacterial presence but it is combined with the host immune and
inflammatory response (Cekici et al., 2014). Regulation of this underpins patient
susceptibility and this is also modulated by environmental factors (Van Dyke and Dave,
2005).
Other important cellular components in periodontal lesion are fibroblasts, which also
contribute to the defensive mechanism by up-regulation of secretion of fibrous ECM
molecules that encapsulate and confine the inflammatory cell infiltrates (Page and Kornman,
1997). However, similarly to epithelial cells, fibroblasts can also play a dual protective and
destructive role. Notably resident periodontal fibroblasts that produce the ECM in health can
participate in tissue destruction during periodontal disease. Indeed, during disease activated
fibroblasts can produce proteolytic enzymes such as MMP-2 (Hannas et al., 2007) and
prostaglandin E2 causing soft tissue destruction and promote bone resorption (Page and
Kornman, 1997). Classically, the increasing fibroblast number during inflammation is
attributed to their mitotic up-regulation. Notably studies performed analysing early gingival
lesion in humans (Schroeder and Page, 1972) and in a baboon model (Simpson and Avery,
1974, Avery and Simpson, 1973) showed that the fibroblast population and CT mass are
significantly decreased because of the cytotoxic effect of sensitised lymphocytes at sites of
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inflammation. Later, in more advanced periodontal lesions fibroblast numbers begin to
increase.
The influence of the plaque biofilm, which is defined by Costerton et al. (1994) as a “matrix
enclosed bacterial population adherent to each other and/or to surfaces or interfaces”, on the
host response has been investigated. While the pathogenetic mechanisms at a cellular level
has not been fully clarified evidence from advanced stages of periodontitis indicate that
periodontal pathogens tend to invade deep tissues through dissociated pocket epithelium. In
addition, bleeding on probing is evident in active periodontal pockets which indicate
microulceration of pocket epithelium (Tribble and Lamont, 2010). These data suggest that
EMT is a potential mechanism involved in compromising periodontal pocket epithelium.
Although periodontitis is characterised by a wide diversity of subgingival flora which may
harbor more than 500 bacterial species (Moore and Moore, 1994), small groups of bacteria
are strongly associated with destructive aspects of the disease, in particular these are F.
nucleatum, P. gingivalis, Bacteroides forsythus and Aggregatibacter actinomycetemcomitans
(Paster et al., 2001, Lovegrove, 2003). Socransky et al. (1998) classified the periodontal
pathogens into five complexes of microorganisms depending on their pathogenicity and
sequence of appearance in periodontal pockets and termed them “red”, “orange”, “green”,”
yellow”, and “purple” complexes. Members of the “red” complex are strongly associated
with increasing pocket depth and bleeding on probing however their existence requires prior
colonization by bacteria of the “orange” complex. The bacteria belonging to “orange”
complex, particularly F. nucleatum, have a central role in providing physical bridging and
enhancing anaerobic conditions that protect congregating strictly anaerobic bacteria of “red”
complex (Bullions and Levine, 1998). The “Orange” group is also highly associated with
periodontal pocket deepening. The final three bacterial clusters, “yellow”, “green”, and
“purple” complex, represent the early pocket colonisers which prepare the microenvironment
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for more aggressive periodontal pathogens belonging to “orange” and “red” complexes
(Socransky et al., 1998).
The organization and structure of the microbial communities within this biofilm allow them
to exchange nutrients and eliminate by-products via a primitive circulatory system. In
addition, this structure provides protection against host defensive mechanisms such as
antibodies in the gingival crevicular fluid. Accordingly, the biofilms are resistant to locally
and systemically administrated antibiotics and antimicrobials that can only be used as an
adjunctive treatment following mechanical debridement which is still the first choice for
treating periodontal disease (Costerton et al., 1994, Dennison and Dyke, 1997).
It is well known now that EMT could be triggered in response to inflammation in an attempt
to promote healing and ‘wall off’ bacterial invasion; however, if inflammation chronically
persists it may eventually result in tissue and organ fibrosis and dysfunction. Conversely, the
EMT process would reverse once inflammation subsides (Kalluri and Weinberg, 2009). The
role of EMT in periodontal disease pathogenesis has received no attention and is yet to be
fully investigated. EMT may play a potential role in compromising junctional epithelial
integrity allowing bacterial invasion to the underlying connective tissues and thereby
initiating a destructive host response resulting in connective tissue breakdown which is
characteristic of periodontal disease.
6.3: Possible implication of EMT in periodontal disease
Evidence from several studies has demonstrated EMT-related changes in periodontally
diseased-tissues. Gingival samples collected from periodontitis patients have indicated that
CT showed increased expression of fibronectin and αvβ6 integrin. Data from epithelial
cultures, derived from the same patients, revealed increases in fibronectin, Slug, MMP-9,
MMP-13, and MMP-2 while E-cadherin levels have been noted as being significantly
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reduced in patients exhibiting drug- induced gingival overgrowth. Notably the authors
suggested that TGF-β1 was a potent stimulator for these observed changes (Sume et al.,
2010). The significance of TGF-β1 in triggering EMT in phenytoin-induced gingival
enlargement was supported by another recent study (Pisoschi et al., 2012) whereby upregulation of this cytokine was associated with increased expression of FSP-1, Snail and
Smad in the basal epithelial layer together with diminished E-cadherin expression and
evidence of BM disintegration. Consistently, treating human gingival epithelium with
Cyclosporine-A resulted in decreased E-cadherin and increased α-SMA expression which
was reversed upon addition of a TGF-β1 signaling inhibitor to the culture (Fu et al., 2015).
Furthermore, examination of tissue samples collected from patients with overgrown gingiva
demonstrated multiple discontinuities along the BM which contained epithelial-like cells
aligned towards the CT. Areas of the disintegrated BM were associated with down-regulation
of collagen type IV and laminin 5 (Kantarci et al., 2011). The effect of TGF-β1 is not only
confined to epithelial cells, human gingival fibroblasts also stimulated with TGF-β1 release
MMPs via stimulation of p38 MAPK signaling which causes further damage to the BM and
locally stimulates the EMT process (Ravanti et al., 1999). Interestingly, treatment of normal
human gingival fibroblasts with different concentrations of Cyclosporine-A resulted in
increased TGF-β1 but failed to express α-SMA and CT growth factor (CTGF), markers of
differentiation into myofibroblasts, in vitro (Sobral et al., 2010). Significantly periodontitis is
a chronic inflammatory condition characterised by up-regulation of TGF-β in response to
bacterial stimuli and periodontal tissue samples collected from patients with advanced
chronic periodontitis have shown significantly increased expression of TGF-β compared with
healthy controls (Mize et al., 2015).
Findings from previous studies of periodontal disease have indirectly suggested involvement
of periodontal pathogens in stimulating EMT-like features. Exposure of an oral keratinocyte
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cell line to heat-inactivated periodontal pathogens, F. nucleatum and P. gingivalis, resulted in
increased transcription of EMT-related cytokines such as TNF-α, in addition to altered
expression of cytokeratins (Milward et al., 2007). Additionally, exposure of primary mouse
gingival cells to P. gingivalis LPS upregulated TNF-α and IL-6 in vitro (Ekhlassi et al.,
2008). A further study showed that the effect of bacteria was not only limited to a molecular
level only; as co-culturing bacteria with oral keratinocytes in organotypic model promoted
migration of epithelial cells (Pöllänen et al., 2012). Analysis of tissue samples collected from
chronic periodontitis patients has also demonstrated that the exposure of encounter of pocket
epithelial cells to periodontal pathogens resulted in EMT-like features, including downregulation of E-cadherin and altered cytokeratin expression (Nagarakanti et al., 2007).
Furthermore, periodontal pocket tissue samples together with subgingival plaque samples
showed up-regulation of RANKL transcription, also proposed as an inducing factor for EMT,
which was associated with a significant increase in P. gingivalis bacterial numbers (Waraaswapati et al., 2007).
These previous studies demonstrate the immune response to bacteria, mainly Gram-negative
anaerobes, is characterised by production of potent inflammatory cytokines such as TNF-α,
TGF-β1, and interleukins potentially involved in EMT-induction. Furthermore, pocket
epithelial cells are chronically exposed to these cytokines which could trigger EMT via
autocrine and paracrine signaling. In addition, infection with these bacteria in different organs
is mostly associated with loss of epithelial barrier function, a hallmark of EMT process.
Periodontal pockets are characterised by the prolonged presence and diversity of anaerobic
pathogens associated with loss of epithelial integrity especially during active phases of
periodontal disease. These underpinning findings require further investigation to determine
the potential involvement of EMT in the initiation and progression of periodontitis.
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7. Aims and objectives
7.1. Overall aims of the study
The overall aim of this thesis can be summarized as follow:
-

Adjusting growth of oral keratinocytes to be confluent in monolayer in 8-days then
investigating the effect of heat-killed periodontal pathogens (F. nucleatum and P.
gingivalis) and E. coli LPS on the proliferation rate and viability of epithelial cells
during culturing period.

-

Investigate immunological response of oral epithelial cells to the presence of heatkilled periodontal bacteria by detecting activation of NF-κB signaling and changes in
the expression of different TLR.

-

To investigate possible EMT-induction and involvement in periodontitis using
previously developed in vitro model systems which utilised both transformed and
primary oral epithelial cells in response to relatively long term exposure to
periodontal bacterial components.

7.2. Specific aims and objectives for chapter 3:
Aims:
-

Adjusting growth of oral keratinocytes to be confluent in monolayer in 8-days then
investigating the effect of heat-killed periodontal pathogens (F. nucleatum and P.
gingivalis) and E. coli LPS on the proliferation rate, viability, and pro-inflammatory
response of epithelial cells during culturing period.

Objectives:
1- To investigate different growth conditions (altering the FCS concentration and/or seeding
number) to regulate the confluency of H400 cells to enable studies at 8-days post seeding.
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Previous studies indicated that the average time required for EMT-induction ranged
between 1-8 days (Chapter 1, section 3.4.2).
2- To compare manual and automated cell counting techniques and determine the
reproducibility of an image-analysis based automated approach.
3- To investigate the effect of heat-killed periodontal pathogens, F. nucleatum and P.
gingivalis, on the growth and viability of H400 cells in addition to examining whether
such treatments induced a pro-inflammatory response via NF-kB activation.
4- To investigate changes in gene expression of TLR-2, -4, and -9 following exposure to
bacterial components.
7.3. Specific aims and objectives for chapter 4:
Aims:
To investigate the potential of two key periodontal pathogens, F. nucleatum and P. gingivalis,
to induce EMT in vitro in the H400 OSCC cell line.
Objectives:
EMT induction was investigated by using a range of assays including PCR, an EMT gene
expression array, ELISA, IF, ICC, wound healing, transwell migration, and TEER.
7.4. Specific aims and objectives for chapter 5:
Aims:
1- To investigate the possible involvement of EMT in compromising epithelial barrier
function following exposure of primary oral keratinocytes to periodontal pathogens in an
in vitro periodontitis-model system.
2- Compare results obtained using primary keratinocytes with those obtained using the H400
cells following exposure to heat-killed periodontal pathogens.
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Objectives:
1- EMT induction in primary cells cultures was investigated by range of different assays
including PCR, IF, and ICC for selected EMT-indicators.
2- The integrity of the epithelial monolayers was investigated by using TEER.
3- Increased migratory ability of the cells was investigated by utilising transwell-migration
and scratch-wound assay.
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MATERIALS and METHODS
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Methods used in this thesis included preparation of bacterial suspension, by heat-killing of
bacterial cultures, to be used in stimulating epithelial cells cultures. This was followed by
culturing epithelial cells under different conditions to optimise their growth to develop model
to investigate EMT-induction. Morphological, molecular and behavioural changes associated
with EMT then were detected by utilising range of assays. All methodologies used in this
study are summarised in Figure 7.
1: Bacterial cultivation and heat-inactivation
Lyophilised stocks of F. nucleatum (ATCC 10953) and P. gingivalis (ATCC 33277) were
commercially purchased from the American Type Culture Collection (ATCC, Rockville,
MD). All materials used for bacterial culture were purchased from Difco laboratories, USA,
unless otherwise stated. Bacteria were reconstituted using mycoplasma broth which was
generated by mixing 21g of mycoplasma broth powder to 700ml of sterilised distilled water.
Bacteria were cultured on trypticase soy agar supplemented with 5% sheep blood in an
anaerobic chamber (Don Whitley, UK) at 37ºC in atmosphere of 80% Nitrogen, 10% Carbon
dioxide, 10% hydrogen. The purity of bacterial colonies was confirmed by Gram staining
(section 1.2) and morphology of colonies in cultures. Morphologically-identical colonies
(Figure 8), produced by subculture, were inoculated into 10ml trypticase soy broth and
incubated at 37ºC in anaerobic conditions for 24hr. Post-incubation, the growth of the
bacteria was indicated by turbidity in suspension. A bacterial pellet was produced by
centrifugation (Jouan, UK) at 3000rpm for 10min. The resultant pellet was washed three
times in sterile PBS (see below), then resuspended in sterile PBS followed by heatinactivation at 121°C and 15psi for 10min in the autoclave (Prestige medical, UK).
Phosphate-buffered saline (PBS) (x1) was synthesised by dissolving 8g of sodium chloride
(NaCl), 0.2g potassium chloride (KCl), 1g of sodium phosphate dibasic (Na2HPO4), and 0.2g
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Figure 7: Summary of methodologies used to prepare heat-killed bacterial suspension, cell culture and EMT investigation
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of potassium phosphate monobasic (KH2PO4) in 1L of distilled water. PBS was sterilised by
autoclaving prior to use. The bacterial concentration in the suspension was determined by
measuring optical density (OD) (Zhang et al., 2014, Liu et al., 2009) using a
spectrophotometer (Jenway, Dunmow, UK) at 600nm using 1ml semi-micro cuvettes
(Sarstedt, UK) and by comparison with a standard curve (OD vs. bacterial count) (Coons and
Kaplan, 1950). This curve was produced by inoculating bacteria onto TSB broth and
incubated anaerobically for 24hr until turbidity is evident which is then serially diluted.
Spectrophotometer was blanked by placing cuvette containing broth only followed by
inserting serially diluted samples and recording absorbance for each. Using Microsoft Excel,
scatter graph was generated by plotting absorbance data on y-axis and dilution factor on xaxis. The resulted linear regression equation can be used later to determine colony forming
unit (CFU) for new cultures same bacteria by measuring OD. A final suspension containing
4x108 bacteria/ml was generated by diluting the suspension with sterile PBS. 50µl of the
suspension was re-plated on a blood agar and incubated anaerobically for 48hr to confirm
bacterial killing. Heat-inactivated bacterial suspensions were stored in 1ml aliquots at -30ºC
prior to use.

Figure 8. Streaks of F. nucleatum, and P. gingivalis grown on 5% sheep blood agar
anaerobically cultured at 37°C for 48hr in a 15cm petri-dish. F. nucleatum form translucent
grey colonies with no sign of hemolysis (A). While P. gingivalis (B) produced blackpigmented colonies on agar supplemented with blood.
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1.2: Gram staining
Representative colonies were harvested using a sterile metal loop and resulting bacteria
collected and emulsified into a single drop (~0.5ml) of NaCl solution, on a glass microscope
slide (Fisherbrand, UK). The emulsion then was fixed by quickly heating several times over a
Bunsen burner flame. This was then cooled before flooding with crystal violet (Prolab
diagnostics, UK) for 30sec before gently washing under running tap water. This was followed
by flooding Lugol’s iodine (Prolab diagnostics, UK) onto the surface of the slide for 30sec
before being washed off with distilled water. Bacteria were quickly (2-3sec) decolorised by
acetone rinsed with distilled water and then counterstained with carbol fuchsin for 30sec
before final washing. Slides were dried using absorbent tissue paper and viewed under light
microscope (x10 objective) (Leitz Wetzlar, Leica Microsystems GmbH, Germany) using oil
immersion. The morphology (cocci, rods) and the Gram staining (deep violet for Gram
positive and pink for Gram negative) were determined microscopically.
2: Cell cultures
2.1: Culture of H400 cells
H400 cells (ECACC 06092006) are from human oral squamous cell carcinoma (OSCC) cell
line which was first isolated from squamous cell carcinoma of alveolar process of a 55-years
old female patient. This cell line was reported to be highly responsive to TGF-β (Prime et al.,
1990). Passages number ranged between 19 and 30, were revived from liquid nitrogen
storage by placing them in a pre-warmed water bath at 37°C for rapid thawing (approx. 3060sec). All plasticwares used in this thesis were supplied from Thermo Scientific, UK. Cells
were transferred to a Falcon tube containing 1ml of medium consisting of Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma, UK) containing 2.5mM L-Glutamine and
supplemented with 25µl of 10mg/ml hydrocortisone and 10% foetal calf serum (FCS)
(Biosera, UK). The mixture was then centrifuged (Jouan, UK) at 800rpm for 5min until a
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pellet was formed, the supernatant was removed and the cells were re-suspended in 1ml of
complete medium, then transferred into a T75 flask containing 9ml of medium (DMEM and
10% FCS) and placed in a humidified incubator (Thermo Scientific, UK) at 37° C with 5%
CO2. Growth of cells and indications of contamination were checked for daily and
replacement of growth media occurred every 2 days. When cultures reached ~80%
confluency they were sub-cultured (passaged) for ongoing growth and for use in a range of
experiments.
2.1.1: Sub-culturing
Used growth media was removed and the T75 culture flask washed with 4ml pre-warmed
sterile PBS. After removing PBS, 4 ml of trypsin 0.25% trypsin- Ethylenediaminetetraacetic
acid (EDTA) (Sigma, UK) was added and re-incubated at 37°C for approximately 10min or
until cells had become detached from the culture surface as determined by microscopic
examination. The trypsin-EDTA solution, together with the detached cells, were transferred
to a falcon tube containing 4ml of DMEM supplemented with 10% FCS, pre-warmed to
37°C, to stop the reaction. Collected cells were then centrifuged at 1000rpm for 5min to form
a pellet. The supernatant was removed and the pellet re-suspended in 5ml of warmed media
(DMEM supplemented with 10% FCS). Cells were frozen as described in (section 2.1.3).
2.1.2: Growth of primary oral keratinocytes with 3T3 feeder layer
The technique applied was originally described by Rheinwald and Green (1975) and utilised
primary keratinocytes seeded in flasks containing growth-inhibited 3T3 feeder layer
(Corpechot et al., 2002). The 3T3 fibroblast layer secretes ECM proteins which facilitate
attachment of epithelial cells as well as producing of growth factors that stimulate
proliferation of keratinocytes.
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2.1.2.1: Experimental design for inhibiting proliferation of 3T3s fibroblasts using
different Mitomycin C concentrations
Primary keratinocytes require support from a feeder layer to maintain their growth. The
purpose of this experiment was to determine the minimum inhibitory concentration of MMC
required for inhibiting proliferation of 3T3 fibroblasts which are used as feeder layer for
primary oral keratinocytes. Identification of optimal conditions would minimise the frequency
of replenishing primary epithelial cultures with new batches of 3T3 feeder fibroblasts and
avoid unwanted side-effects associated with relatively high MMC concentrations. 3T3 cells
were cultured with a range of MMC concentrations (1, 4, 6, 8, and 10μg/ml) or with media
only. Three T75 flasks for each condition were established and 6 cell counts were performed
for each flask for days 4-12 then averaged and analysed. Experiments repeated in triplicate.
2.1.2.2: 3T3 cell feeder layer preparation
3T3 cells at passages 10-20 were used to prepare feeder layers by culturing 2x104 3T3 cells in
T75 flask containing 10ml of DMEM supplemented with 10% FCS and incubated at 37°C in
5% CO2 humidified chamber. The cultures were routinely subcultured twice a week to
provide a continuous supply of 3T3 fibroblasts.
The feeder layer was prepared by incubating confluent 3T3 cultures with 1μg/ml Mitomycin
C (MMC) (Sigma, UK), in T75 flasks containing 10ml of DMEM and 10% FCS, for 2hr at
37°C and 5% CO2 to inhibit proliferation. Media was removed and the cultures thoroughly
washed with sterile PBS to remove all remaining MMC that may inhibit the division of
keratinocytes. Number of MMC-inhibited 3T3 fibroblasts tends to decrease with time in
cultures as they die and not replaced due to inhibition of mitotic activity. This requires
replenishing with freshly inhibited 3T3 cells to maintain growth of primary keratinocytes.
Replenishment of 3T3 fibroblasts was performed by repeating the same MMC-inhibition
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process described above, and the freshly inhibited 3T3 cells were trypsinised and
supplemented to cultures containing primary epithelial cells
2.1.2.3: Isolating and culture of primary oral epithelial cells
Oral epithelial cells were harvested from labial gingivae and palate of 6-week old male
Wistar Han rats (weight between 120-200g), (Aston University, Birmingham, UK).
Following excision of these tissues, samples were incubated overnight in universal tube
containing 0.25% trypsin-EDTA solution at 4°C. The following day, keratinocyte culture
medium (KCM) was synthesised from DMEM, supplemented with 2.5mM L-glutamine, 10%
FCS, 10μl/ml of penicillin–streptomycin, 2x10-2μl/ml cholera toxin, 5X10-2μl/ml of EGF
(ThermoFisher, UK), 5x10-2μl/ml Amphotericin-B (Sigma, UK) and 5μg/ml insulin (Sigma,
UK). Samples were removed from the trypsin-EDTA solution and transferred to 15cm petridish and the epithelial layer carefully separated with forceps from the underlying connective
tissue. The resulting epithelial sheet was dissected into smaller pieces by using a sharp
scalpel blade (No.15) (Swann Morton, UK) and added to 5ml of KCM to create a cell
suspension which was then seeded in T75 flasks containing KCM and MMC-inhibited 3T3
cell feeder layer and incubated at 37°C in 5% CO2.
Cultures were monitored daily to make sure that primary oral keratinocytes were not
overwhelmed by overgrowth of primary fibroblasts. Usually, 3T3 cells inhibit the growth of
human fibroblasts however; when the density of 3T3 cells decreases, primary fibroblasts
proliferate. When primary fibroblast contamination was observed, cultures were incubated
with trypsin/EDTA for 30sec and aspirated vigorously which resulted in detachment of 3T3
cells and the primary fibroblasts, keratinocytes subsequently remained attached. Fresh MMCinhibited 3T3 cells were then added to the cultures.
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2.1.2.4: Sub-culturing primary cells
Evidence of keratinocyte growth was routinely detected after 7 days in cultures in the form of
round colonies. To ensure optimal growth, cells were sub-cultured every 8-10 days as
described below.
The KCM was removed and cultures washed with sterile PBS then incubated with 4ml of
trypsin/EDTA for 30sec to remove the 3T3 feeder layer. Remaining keratinocytes were
incubated for 10-15min with 4ml trypsin-EDTA solution at 37°C. The cells were then
transferred to a Falcon tube containing an equal volume of KCM to inhibit the trypsin
reaction, and then pelleted by centrifuging at 800rpm for 5min. The pellet was then resuspended and seeded into culture plasticware dependent on the downstream experiments
being undertaken.
Following each cell sub-culture a stock of primary cells was maintained by freezing and
archiving as described in section 2.1.3. The highest passage number used for all experiments
was 5. Notably primary cells have a finite life-span and lose their division potential, i.e.
undergo senescence, compared with an immortalised cell line (Chun et al., 2005).
2.1.3: Cryopreservation
Following passage, cells were cryopreserved to maintain stocks at a low passage number for
use in future studies. Cells (1x106) were suspended in 1ml of cryomedia consisting of 700µl
of DMEM, 200µl FCS, and 100µl dimethyl sulfoxide (DMSO) (Sigma, UK). Vials were
labelled and placed in polystyrene box at -80°C freezer overnight before long term storage in
the vapour phase of liquid nitrogen.

58

2.2: H400 oral keratinocytes cell line growth models
H400 cells were cultured under a variety of different conditions to achieve a target of
reaching ~80% confluency after 8 incubation days. Cell cultures were generated by varying
(a) cell seeding numbers, and (b) FCS concentrations.
For the first approach, three different densities (3x103, 2x103, 1x103 cells/ml) were cultured
in medium with a relatively low FCS concentration (1%). Subsequently two cell seeding
densities (2x104 and 1x103 cells/ml) were cultured in 4ml of media supplemented with three
FCS concentrations (2, 5 and 10%). Cell counts and viability assay began at day 3 and
continued every day until the end timepoint. For each time point, six readings, including the
cell count and viability analysis, were obtained in triplicate. A total of 18 readings were
averaged and analysed using ANOVA test, significant level was considered when P<0.05.
2.3: Stimulation of oral keratinocytes by periodontal pathogens
The stimulation of oral keratinocyte cultures was performed by using the two periodontal
pathogens, F. nucleatum and P. gingivalis, belonging to orange and red complexes
respectively (Socransky et al., 1998). These bacteria were heat-killed (Section 1) and applied
to cultures at a ratio of 100 bacteria per epithelial cell to simulate the cell-bacteria ratio found
in periodontal pockets (Dierickx et al., 2002). LPS from Gram-negative bacteria had been
confirmed as a potent EMT inducer in several studies (Dave and Bayless, 2014, Dawson et
al., 2005) and was used as positive EMT-control in this thesis. E. coli LPS (serotype 026:B6)
(Sigma, UK), was dissolved in DMEM to produce a stock solution at 1mg/ml, and stored in
aliquots at -20°C prior to use. For each study a final concentration of 20μg/ml of E. coli LPS
was used (Milward et al., 2007).
To maintain the cell-bacteria ratio (1:100) additional bacteria (every 2 days) were added,
together with changing media, to compensate for increasing cell number. The numbers of
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additional bacteria required was estimated from previous growth curves which indicated total
number of cells at the time points studied.
3: Cell Counting and viability assay
Cell counts were performed by manual and automated counting methodologies as described
below. Data from both techniques were analyzed to compare the consistency and validity of
each method and to determine which approach was most suitable for assaying the number and
viability of cells.
3.1: Manual cell counting
3T3 fibroblasts and oral keratinocytes cultures, H400 and primary cells, were trypsinised and
trypsin was equilibrated with equal volume of DMEM supplemented with 10%FCS followed
by centrifugation to form a pellet which was re-suspended with media. A cell suspension
volume of 100µl was pipetted into an eppendorf containing an equal volume of trypan blue
(Sigma, UK) and mixed well using a vortex mixer. The mixture was incubated at room
temperature for 10min to allow cell uptake of the dye. Subsequently dead cells are stained
blue due to a breached cell membrane while viable cells remain unstained (Costerton et al.,
1994).
Cell counts were performed using haemocytometer (Improved Neubauer, Hawksley, UK)
which was prepared for use by applying a moistened cover slip to the haemocytometer,
correct positioning was confirmed by the presence of Newton’s diffraction rings. The trypancell suspension was mixed and 10µl was gently pipetted onto the edge of the cover slip,
allowing the mix to flow until it filled the whole counting chamber. The construct was then
viewed using a microscope (Primovert, Zeiss, Germany) with a x10 objective and cells in the
primary square counted. The boundaries of each primary square are defined by the middle of
the triple line separating each. For consistency, when counting, cells touching the upper or
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left boundary lines were included while those touching the lower or right lines were
excluded. The suspension examined was mixed to enable uniformity with no cells clumps
which would result in inaccurate counts.
Viable and non-viable cells were counted separately to estimate the percent of viable cells in
each sample. Counts were performed on 3 separate cell culture dishes with each being
counted 6 times. The mean cell count from the 18 readings was determined along with the
percentage cell viability (Freshney, 2005).
3.2: Automated cell counts
Automated cell counting was undertaken using the Luna automated cell counter (Luna, Logos
Biosystems Inc., USA (Figure 9). This device can calculate cell count, viability, and cell size
and this is achieved in approximately 10sec. Images of cell suspensions can be captured
(5MP image resolution) with manual focus mode. Images are then analysed, immediately or
later, using a built-in image analysis algorithm. Accurate detection limits cell count analysis
between 5x104- 1x107 cells and cell size between 3-60μm. Measurements were performed by
taking 50µl of the cell suspension, mixed with equal volume of trypan blue (1:1), and then
10µl was pipetted into chamber of Luna cell counting slide (Figure 9). The plastic slide was
inserted into the automated counter so that magnified section appeared on the display screen
which is then manually focused to select a representative plane to be measured. Readings,
counts and viability, were recorded and the slide was removed from the device and reinserted again to take another set of readings.
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Figure 9. (A) Main features of Luna image analysis based automated cell counter, (B) Lunacell counting slide.

3.3: Automated cell count validation
Two studies were performed in order to validate automated cell counts, the first was to assess
the reproducibility of the automated cell counter and the second compared the automatic with
the haemocytometer counts.
3.3.1: Reproducibility analysis of the automated cell counter
Measuring cell count was undertaken using a bright-field automated cell counter (Luna,
Logos Biosystems Inc., USA). Initially a study was performed to estimate the consistency of
the readings obtained by the device using a high- (3x106 cells/ml) and low- cell density
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(2x105 cells/ml). The sample size (i.e. the number of cultures analysed) necessary for this
study was estimated to be n=12, using the N-query advisor ver.7 software (Statistical
solutions, USA) using data from a pilot study. Subsequently high- and low-density groups
were serially diluted (1:2, 1:4, and 1:8) with media supplemented with 10% FCS. For each
dilution, the cell count was determined using the automated counter 12 times.
3.3.2: Manual vs automated cell count methods
The comparison between manual and automated cell count methods was performed to
determine the consistency of readings obtained using the two techniques. Cells were seeded,
3x103 cells/ml, in 35mm tissue culture dish containing 4ml of media and cultured for 8 days.
Cell counts were performed on a daily basis from day 4-8 for both techniques.
4: Polymerase chain reaction assay
In this thesis, two types of polymerase chain reaction (PCR) were utilised and these included;
semi-quantitative reverse transcriptase-polymerase chain reaction (sq-RT-PCR) and the
Human EMT PCR-array (Qiagen, UK). The methods used for these studies are described
below.
4.1: Semi-quantitative reverse transcriptase-polymerase chain reaction
This technique involves two steps starting initially with the reverse transcriptase reaction
followed by the PCR. The amplification program of PCR consists of denaturation, annealing,
and elongation. The products of this reaction were then separated using gel electrophoresis
and analysed by GeneTools software (Syngene, USA) software.
4.1.1: Cell culture preparation for harvest of total RNA
Oral keratinocytes (5x104 cells) were cultured in T75 flasks, containing 10ml of DMEM and
10%FCS. Cultures were either treated with media only or stimulated with bacterial
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components. RNA was harvested after 1, 5, and 8-days. Supernatants of all H400 cell cultures
were aliquoted into 1.5ml tubes and stored at -80°C prior to ELISA (section 5.1).
4.1.2: Cell lysis
Media was aspirated from the flasks and cultures washed with PBS to remove remaining
media which may interfere with the lysis process. Total RNA was extracted from cultures by
using the RNeasy Mini Kit (Qiagen, UK) consisting of RTL lysis buffer and washing buffers
(RW1 and RPE). Lysis was performed as follow:
- Addition of 350μl of RLT lysis buffer to the flask and lysate was collected and placed in
eppendorf and homogenised by aspiration with an equal volume of 70% ethanol.
- 700μl of the mixture was transferred to Rneasy spin column assembly mounted in a 2ml
collection tube, prior to centrifugation (5415D Centrifuge, Eppendorf, Germany) at
10000rpm for 30sec.
4.1.3: Total RNA extraction
Cell lysate produced in the previous step then was processed to obtain pure RNA, which will
be used later for reverse transcription, according to following steps:
-

350μl of Buffer RW1 was added to column and centrifuged at 10000rpm for 30sec and
flow through was discarded. Buffer RW1 contains guanidine salt and ethanol which is
used mainly to eliminate unwanted biomolecules in the sample e.g. proteins,
carbohydrates, and fatty acids.

-

80μl of Deoxyribonuclease I (Dnase I) (Sigma, UK) was added for each sample to
eliminate DNA. Samples were incubated with Dnase I for 15min at room temperatue.

-

350μl of Buffer RW1 was added to column and centrifuged at 10000rpm for 30sec and
flow through was discarded.
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-

Buffer RPE is a washing salt used to remove traces of salts that were used earlier from the
samples. 500μl of Buffer RW1 was added to column and centrifuged at 10000rpm for
30sec and flow through was discarded. Then the same volume of Buffer RPE was added
and centrifuged at 10000rpm for 2min and flow through was discarded.

-

Column was placed in new collection tube and centrifuged at 10000rpm for 1min. Then
column was transferred to 1.5ml collection tube and 30μl of RNase free water was added
to the membrane and centrifuged at 10000rpm for 1min to elute RNA.

The whole RNA isolation process is summarised in Figure 10.
4.1.4: RNA quantification
The total amount and purity of RNA yielded from the samples was quantified using a
spectrophotometer (BioPhotometer plus, Eppendorf, Germany) set at an analytical
wavelength of 260nm. Initially, the device background was set by using 70μl of water in
clean UVette (Eppendorf, Germany). Subsequently, 68μl of RNase free water was added to
2μl RNA sample in clean UVette, and then placed in the spectrophotometer which had been
adjusted according to the dilution used. The digital read-out was recorded as concentration
(μg/ml) and purity (260/280). This process was repeated in triplicate for each sample and the
average of the readings used to determine the concentration of the total RNA.
4.1.5: RNA integrity visualisation
Agarose gel (1%) was generated by adding 0.7g of agarose (bioline, UK) to 70ml of 1x TAE
(Severn Biotech, UK) buffer in conical flask. The mixture was heated in microwave for 2min
to solubilise the mixture, and then cooled by placing the flask under running water. To enable
the RNA bands to be visualised, 3μl of SYBR Gold (Invitrogen, USA) was added to the
agarose solution. The solution was poured into a tape-dammed tray with insertion of comb to
generate wells and allowed to set at room temperature for 30min.
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A volume ranging between 0.5-2.5μl of RNA samples, depending on the concentration
obtained, was added to x1 loading buffer (Invitrogen, UK) to generate a total volume of 6μl
which was then pipetted into the wells of agarose gel placed in an electrophoresis tank
(VWR, USA) filled with 1x TAE running buffer. Voltage was set to 120V and applied to
electrophoresis tank containing gel-loaded RNA samples. Samples together with ladder
control (PCR Ranger, NORGEN, Canada) were allowed to electrophorese for 20min. The gel
was transferred to G:BOX (Syngene, USA) which is equipped with a UV transilluminator for
ethidium bromide gels and 5.5MP camera. Images of RNA bands were captured by built-in
digital camera and analysed using Genesnap software (Syngene, USA). The purpose of using
this technique is to check integrity of RNA bands and absence of contamination of the
samples with other products such as proteins or genomic DNA.
4.1.6: Reverse transcription of total RNA
Single stranded cDNA was synthesised from 1-2μg of DNase-digested total RNA, using the
Tetro kit (Bioline, UK). A volume of 8μl mastermix was made for each sample (Table 6).
2μg of RNA was used to make up a final volume of 12μl. The 8μl mastermix was synthesised
for each freshly prepared RNA sample then incubated in thermal cycler (Mastercycler,
Eppendorf, Germany) at 45°C, annealing temperature, for 30min followed by 85°C for 5min
to activate DNA polymerase which allows extending DNA template by adding
complementary dNTPs at 5' to 3' direction. Cycles end with incubation at 4°C; this
temperature allows short-term storage and maintains integrity of product prior to moving
tubes from the machine. Samples were either used immediately were or stored at -80°C prior
to use.
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Reagent
5x RT Buffer
(200u/µl) Reverse Transcriptase
(10u/µl) RNase Inhibitor
dNTP Mix 10mM
Oligo (dT)18 Primer Mix

Volumes (μl)
4
1
1
1
1

Table 6. Constituents of reverse transcription mastermix.
4.1.7: Concentrating cDNA
Reversed transcripted DNA was pooled and concentrated using 0.5ml microcon filters
(Amicon Ultra, Millipore, USA). Samples of cDNA previously produced were transferred to
the microcon filter membranes then 480μl of DNase-free water was added to achieve a final
volume of 500μl. Samples were centrifuged at 10000rpm for 2min, then twice at 8000rpm,
flow through was discarded after each centrifuging step, for 1min. Level of DNA in the
column was visually inspected after each spin until only 50-60μl was left which was
determined by markings on the filter. At this point, columns were inverted in fresh tube and
centrifuged at 800rpm for 1min to collect cDNA which were then stored at -20°C prior to
use.
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Figure 10. Illustration of total RNA extraction process from cell suspension for downstream sq-RT-PCR analysis. Following cell lysis with
Buffer RLT (A), equal volume of 70% ethanol added to homogenise cell lysate. 700μl of homogenised mix was transferred to spin column
mounted on 2ml collection tube and centrifuged at 10000rpm for 30sec (C). This followed by adding Buffer RW1 and centrifuging at 10000rpm
for 30sec. Then DnaseI added for 15min at room temperature and washing again with Buffer RW1 (D). Total RNA finally washed twice with
Buffer RPE and centrifuged at 10000rpm for 30sec and 2min (E), before eluting total RNA with Ranse-free water to 1.5ml collection tube (F).
Flow through discarded after each centrifuging step.
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4.1.8: Sq-RT-PCR amplification reaction
For analysis, 1µl of single-stranded cDNA template, containing ~50ng, was combined with
24µl RedTaq mastermix consisting of 12·5µl RedTaq ready reaction mix (Sigma, UK), 9·5µl
dH2O, 2µl of 25µM forward and reverse primer. Details and primer sequences used for PCR
assay are listed in Table 7 and Table 8. For primer design, accession number for each primer,
after specifying species, were obtained from NCBI (http://www.ncbi.nlm.nih.gov/pubmed) or
iHOP database (http://www.ihop-net.org/UniPub/iHOP/). These accession numbers were
used to design the primers using online tool (https://www.ncbi.nlm.nih.gov/tools/primerblast/index.cgi?LINK_LOC=BlastHome).
Templates of cDNA were amplified in a thermal cycler (Mastercycler, Eppendorf, Germany),
in a range between 18-40 cycles. Each cycle consisted of an initial denaturation step which
lasted for 5min at 94°C, which was followed by an amplification cycle consisting of 94°C for
20sec, 60–61°C for 20sec and 72°C for 20sec ending with a 10min extension at 72°C.
For initial experiments, 6µl of the reaction was collected, after the designated number of
cycles, and stored in a 96-well plate on ice until all cycles have finished. Samples were
transferred to a 1.5% agarose gel, 0.9g of agarose in 60mls 1x TAE buffer, containing
0·5µg/ml ethidium bromide (Sigma, UK). Gels, containing DNA ladder for sizing
amplification products, were electrophoresed for 30min at 120V to separate reaction products
then placed in UV box to be visualised. After image capture of the gels using GeneSnap
software (Syngene, USA) they were analysed using GeneTools software (Syngene, USA),
data were exported to Excel (Microsoft, US). Volume and density of PCR products were
calculated and normalised against the housekeeping gene, Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) control.
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Gene name
Glyceraldehyde-3phosphate
dehydrogenase
Interleukin-1beta
Interleukin-8
Transforming growth
factor beta-1
Tumor necrosis
factor-α
Epidermal growth
factor
Matrix
metallopeptidase 9
Matrix
metallopeptidase 13
(collagenase 3)
Matrix
metallopeptidase 2
β-catenin

Gene
symbol
GAPDH

Supplier
Invitrogen

IL-1β

Thermohybaid

IL-8

Thermohybaid

TGF-β1

Invitrogen

TNF-α

Thermohybaid

Accession
number
AJ005371

NM_000576.
2
NM_000584.
2
NM_014266
NM_000594.
2
NM_001963

EGF

Invitrogen

MMP-9

Invitrogen

MMP-13

Invitrogen

NM_004994.
2
NM_002427

MMP-2

Invitrogen

NM_013035

CTNNB1

Invitrogen

NM_001904

Lymphoid enhancerbinding factor 1
N-cadherin

LEF-1

Invitrogen

CDH2

Invitrogen

E-cadherin

CDH1

Invitrogen

NM_001166
119
NM_001792.
3
NM_004360

Vimentin

VIM

Thermohybaid

NM_003380.
3

Sequence (5’  3’)
F-TCT AGA CGG CAG GTC AGG TCC
R-CCA CCC ATG GCA AAT TCC ATG

60

Product
(bp)
597

F-TCC AGG GAC AGG ATA TGG AG
R-TTC TGC TTG AGA GGT GCT GA
F-TAG CAA AAT TGA GGC CAA GG
R-GGA CTT GTG GAT CCT GGC TA
F- CGCCTTAGCGCCCACTGCTCCTGT
R-GGGGCGGGACCTCAGCTGCAC
F-AAG AAT TCA AAC TGG GGC CT
R-GGC TAC ATG GGA ACA GCC TA
F-CTTGGGAGCCTGAGCAGAAA
R-TGGTTGTGGTCCTGAAGCTG
F- TTCGACGGGAAGGACGGGCT
R- ACCGTCGAGTCAGCTCGGGT
F-TAT GAC TAT GCG TGG CTG GA
R- TCT GTG TGA AGA AGG GCA CA

61

292

25

61

204

30

60

533

30

60

402

38

60

521

32

60

470

31

60

395

29

F- CCTCATCTTTGGGGCGTGTA
R- GCAGCCAGACTCCTCATGTT
F- GCGCCATTTTAAGCCTCTCG
R- ATTGCACGTGTGGCAAGTTC
F-CGGGCGATAGAGCTGGTAAC
R- GATGTTCTCGGGATGGGTGG
F-GCCCGGTTTCATTTGAGGGCACA
R-TGACGGCCGTGGCTGTGTTT
F-CAAGTGCCTGCTTTTGATGA
R-GCTTGAACTGCCGAAAAATC
F-CGGGAGAAATTGCAGGAGGA
R-ACGAAGGTGACGAGCCATTT

61

554

34

60

682

28

60

577

28

60

418

35

60

339

34

60

588

31
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Tm (°C)

Number
of cycles
18,21,24,2
7

Fibroblast specific
protein-1
Snail-1

FSP-1

Thermohybaid

SNAl1

Invitrogen

Snail-2 (Slug)

SNAl2

Invitrogen

TWIST1

Invitrogen

NM_002966.
1
NM_005985.
3
NM_003068.
4
NM_000474

NF-κB

Invitrogen

NM_003998

TLR-2

Invitrogen

Toll-like receptor-4

TLR-4

Invitrogen

Toll-like receptor-9

TLR-9

Invitrogen

NM_003264.
3
NM_1384442
AB045180.1

Twist family bHLH
transcription factor 1
nuclear factor kappalight-chain-enhancer
of activated B cells
Toll-like receptor-2

F-AAA TTC GCT GGG GAT AAA GG
R-TCT TAT CAG GGA GGA GCG AA
F-CGGACCCACACTGGCGAGAAG
R-CAGCTGCCCTCCCTCCACAGA
F-CAACGCCTCCAAAAAGCCAA
R- GGCCAGCCCAGAAAAAGTTG
F- AGACCTAGATGTCATTGTTTCCAGA
R-CAGGCCAGTTTGATCCCAGT
F-CCT GGA TGA CTC TTG GGA AA
R-CTT CGG TGT AGC CCA TTT GT

60

276

38

60

433

30

60

400

32

60

454

28

61

366

26

F-GAT GCC TAC TGG GTG GAG AA
R-CGC AGC TCT CAG ATT TAC CC
F-AAC CAT CCT GGT CAT TCT CG
R-CGG AAA TTT TCT TCC CGT TT
F-CTG CGT CTC CGT GAC AAT TA
R-GTC CTG TGC AAA GAT GCT GA

61

392

31

61

315

36

61

443

36

Table 7. Details of genes (Homo sapiens) studied, primer sequences and semi-quantitative RT-PCR conditions. Accession numbers were
obtained from GenBank (Tm: Melting temperature).

71

Gene name
Glyceraldehyde-3phosphate
dehydrogenase
Matrix
metallopeptidase 2
N-cadherin
E-cadherin

Gene
symbol
GAPDH

Supplier
Invitrogen

Accession
number
NM_017008

MMP-2

Sigma

NM_031054

CDH2

Invitrogen

NM_031333

CDH1

Invitrogen

NM_002417.3

Sigma

NM_031140

Vimentin

VIM

β-catenin

CTNNB1

Invitrogen

NM_012618

Snail-1

SNAl1

Invitrogen

NM_053805

Toll-like receptor-4

TLR-4

Sigma

NM_0191778.1

Sequence (5’  3’)
F- CGA TCC CGC TAA CAT CAA AT
R-GGA TGC AGG GAT GAT GTT CT
F- GACGGGCCGTACAATCTTCA
R- AGGAGGGGAGCCATCCATAG
F- CACCCGGCTTAAGGGTGATT
R- CGTCTAGCCGTCTGATTCCC
F-TTCTCCGCGCTCCTGCTCCT
R-TTGTCAGCTCCTGGGCCGGT
F- CCCTCGCTCTCTTCTTGCAG
R- AATGACTGCAGGGTGCTCTC
F- TCTCTTGGTCTGGTCTCAACG
R- AAGGCACTATGCTCACAGCC
F-AGTTGTCTACCGACCTTGCG
R- TGGCTTCGGATGTGCATCTT
F-TTGAAGACAAGGCATGGCATGG
R - TCTCCCAAG ATCAACCGATG

Tm
(°C)
60

Product
(bp)
597

Number of
cycles
18,21,24,27

60

596

28

60

470

36

60

385

32

60

681

32

60

400

34

60

587

31

60

507

35

Table 8. Details of genes (Rattus norvegicus) studied, primer sequences and semi-quantitative RT-PCR conditions. Accession numbers were
obtained from GenBank (Tm: Melting temperature).
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4.2: Human EMT PCR-array
The real-time PCR based assay, profiles the changes in the gene expression of 84 EMTrelated key markers. The RT2 profiler EMT PCR-array kit was purchased from QIAGEN,
UK and includes the following components:
-

RT2 First Strand Kit, consists of Buffer GE, 5x Buffer BC3, RE3 Reverse
Transcriptase Mix, Control P2, RNaes-free water

-

RT2 SYBER Green qPCR Mastermix

-

PCR-array plate (96-well format)

4.2.1: cDNA synthesis
Total RNA previously harvested from H400 cells as described in section 4.1.3, was utilised
as a template to synthesise cDNA using the First Strand Kit. Following manufacturer’s
instruction, 0.5μg total RNA (containing at least 100ng RNA) was used. All incubations were
performed by using a thermal cycler (Mastercycler, Eppendorf, Germany).
Genomic DNA elimination mix, for each sample, was prepared by adding total RNA to 2μl of
Buffer GE and a range of volumes of RNase-free water to make up to a 10μl total volume.
The mix was incubated for 5min at 42°C followed by immediate placement on ice for at least
1min.
A total volume, 10μl, of reverse transcription mix (volume for 1 reaction) was prepared
(Table 9) and added to the previously synthesised 10μl genomic DNA elimination solution.
The mix was incubated at 42°C for exactly 15min, the reaction then was stopped by
incubating at 95°C for 5min. RNase-free water, 91μl, was added to each reaction to make
cDNA synthesis reaction. At this stage the reaction can be proceeded to real-time PCR or
stored at -20°C to be used later.
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4.2.2: Real-time PCR protocol for EMT-array
All reagents and PCR components were combined to prepare a total volume of 2700μl in a
5ml tube (Table 9).
The PCR component mixture was dispensed into a 96-well plate, at 25μl/well, using 8channel pipettor (Gilson, USA). The multiwell plate was tightly sealed with adhesive film
then loaded into a thermal cycler (LightCycler® 480, ROCHE, Switzerland). Cycling
conditions were 1 cycle at 95°C for 10min, followed by 45 cycles at 95°C for 15sec, then
terminated by incubation at 60°C for 1min. Results were collected using the LightCycler 480
software

and

analysed

later

by

using

online

tool

at

Qiagen

website

(www.SABiosciences.com/pcrarraydataanalysis.php).
Reverse transcription mix
Reagent
5x Buffer BC3
Control P2
RE3 Reverse Transcriptase Mix
RNase-free water
PCR components mix
Reagent
2x RT2 SYBER Green Mastermix
cDNA synthesis reaction
RNase-free water

Volume (μl)
4
1
2
3
Volume (μl)
1350
102
1248

Table 9. Table showing composition of (a) Reverse transcription mix and (b) PCR component
mix used in the EMT-array.
5: Enzyme-linked immunosorbent assay
In this study, three cytokines (TGF-β1, TNF-α and EGF) which have been reported as being
key EMT promoters (Maschler et al., 2005, Yan et al., 2010, Buonato et al., 2015) were
selected for investigation. The presence of these markers was analyzed in archived
supernatants from H400 cells exposed to bacteria (section 3.1.1). All cytokines levels were
measured using ELISA kits purchased from R&D systems (Quantikine ELISA, USA).
Components of ELISA kit, used in this study, are as described in Table 10.
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Component

Microplate (96-well format)
Standard solution
Conjugate solution
Assay diluent
Calibrator diluent concentrate
Calibrator diluent
Wash buffer concentrate
Colour reagent A
Colour reagent B
Stop solution

Description
Coated with a monoclonal antibody against the human cytokine
to be assayed
recombinant human EGF, TGF-β1, and TNF-α
Polyclonal antibody against chosen cytokines, conjugated with
horseradish peroxidase
Buffered protein base
Buffered protein base with different concentrations
Animal serum prepared by adding Calibrator Diluent
Concentrate to deionised or distilled water
Concentrated, 25-fold, buffered surfactant, deionised or distilled
water used to prepare final volume of 500ml.
Stabilised hydrogen peroxide
Tetramethylbenzidine (stabilised chromogen)
Either 2N sulfuric acid or diluted hydrochloric acid

Table 10. Details of components of ELISA kits (R&D Systems, UK) used to assay for TGFβ1, TNF-α and EGF levels in the supernatants of H400 cell cultures.
5.1: ELISA protocol
5.1.1: Sample activation (for TGF-β1 only)
TGF-β1 is secreted in latent form, which is the most predominant, and active form that has a
relatively short half-life of ~2min (Clarke et al., 2011). Commercially available ELISA kits
cannot recognize the latent form and thus this molecule requires acid activation of TGF-β1 in
the sample before performing the assay. Hence for each 100μl of cell culture supernatant,
20μl of 1N HCl, was generated by slowly adding 8.33ml of 12N HCl to 91.67ml of deionised
water, and this was combined with samples and incubated for 10min at room temperature.
The acidified mixture was then neutralised by adding 20μl of 1.2N NaOH/0.5M HEPES,
12ml of 10N NaOH added to 75ml of deionised water and 11.9g HEPES. The samples are
then assayed immediately and as the samples were diluted the final concentration must be
adjusted by multiplying by 1.4.
5.1.2: Assay procedure
After preparing all reagents, working standard, and samples, 50μl of Assay Diluent was
added per well followed by adding standards and samples (50μl for TGF-β1, and 200μl for
TNF-α and EGF) then incubated for 2hr at room temperature. The plate was then washed,

75

using an autowasher (Biotek ELX50, USA), four times with wash buffer. Cytokine Conjugate
then was added (100μl for TGF-β1, and 200μl for TNF-α and EGF) and incubated for 2hr at
room temperature. Substrate solution, Colour reagents A and B were mixed 15min prior to
use, and added to the microplates. The reaction was protected from light by wrapping
microplates with tin foil and further incubated for 20min at room temperature. The reaction
was stopped by adding 50-100μl of stop solution to each well.
5.1.3: Determining Cytokine levels
The optical density was determined within 30min of adding the stop solution using a
microplate reader (Biotek ELX800, USA) at a wavelength of 450nm. The absorbance value of
a blank well was subtracted from the absorbance of all standards and samples assayed. The
results obtained for the standards were used to produce a calibration curve by using Microsoft
excel to plot the mean absorbance of each standard on the Y-axis against the log
concentration of the standard on the X-axis (Figure 11). The regression equation generated
from the calibration curve was utilised to determine cytokine concentrations for TGF-β1,
TNF-α and EGF in the samples. Final concentrations (pg/ml) of TGF-β1 were determined by
multiplying by 1.4 to compensate for dilution by the activation solution.

Figure 11. Example of ELISA-standard curve produced by plotting log of mean of
absorbance of each standard on the Y-axis against the log of concentration on the X-axis. The
resulted linear regression equation was calculated (shown on graph) and used to determine
the cytokines concentrations in the culture supernatants. Experiments were run in triplicate.
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6: Immunofluorescence staining
Immunofluorescence (IF) is a laboratory technique used to identify the presence of a
particular antigen in cells in culture or in a tissue sample. It utilises an antigen-antibody
interaction where the antibodies are labelled with a fluorescent dye thereby allowing specific
antigen detection using fluorescence microscopy. In this thesis, an indirect IF technique was
used which utilises a secondary antibody, labelled with a fluorophore, specific to the primary
antibody investigated. The indirect technique involves more steps and is more timeconsuming than the direct method, however, indirect IF has the advantage of signal
amplification as the number of fluorophore molecules per antigen is higher than for direct IF
(Cowin et al., 1986).
6.1: Culture and stimulation of keratinocytes for immunofluorescence
Primary oral keratinocytes and H400 cell cultures were established by seeding 1x10 3 cells on
pre-sterilised glass coverslips (22x22mm) placed in 6-well plates containing DMEM
supplemented with 10% FCS for 8 days. Cells were allowed to adhere overnight and then
stimulated separately with bacterial components, as described in section 2.3, for 8 days and
E-cadherin and vimentin IF detection performed.
6.2: Negative control
A negative diluent control was generated by omitting the primary antibody. This control was
used for calibrating the baseline setting of the microscope and to exclude the possibility of
non-specific binding of the secondary antibody to the sample. Expected results were that no
signal would be recorded during image acquisition for the negative control. These settings
were utilised as the threshold for examination of all subsequent images to exclude falsepositive signals by the secondary antibody.
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6.3: Positive control
Cultures stimulated with 20μg/ml E. coli LPS were used as a positive control based on data
from previous studies which indicated that LPS is a strong EMT-inducer and is associated
with up-regulation of vimentin expression (Jing et al., 2012). Therefore, the expected results
from cells treated with this stimulant are increased expression of vimentin and decreased
expression levels of E-cadherin.
6.4: Staining procedure
Initial experiments were performed to determine the optimal antibody dilution. In addition,
the optimal concentrations of blocking buffer and permeability solution were also confirmed
in this experiment. Details of antibodies used in these studies are provided in
Table 11. All polyclonal antibodies used for immunostaining (IF and ICC) were from the
same patch to avoid discrepancies in results. Cultures were prepared for immunofluorescence
staining by first removing media and washing for 2min with PBS, this was then followed by
fixing in 4% paraformaldehyde (Sigma, UK) for 15min at room temperature. The fixative
solution was then removed by aspiration and cultures again washed twice with PBS. Cells
were permeabilised with 0.25% Triton X-100 (Sigma, UK) in PBS 10-15min at room
temperature. Washing twice with PBS was repeated prior to the blocking of non-specific
binding of antibodies. Cultures were flooded with blocking buffer (5% BSA in PBS) for 1hr
at room temperature. This was immediately followed by incubation with the primary
antibody, i.e. Anti-E-cadherin or Anti-Pan-Cytokeratin, and Anti-vimentin, overnight at 4°C.
Subsequently samples were flooded with washing buffer and washed three times, 20min
each, using PBS-Tween (0.1%) wash buffer to remove unbound primary antibodies.
Secondary antibodies were applied in a darkened room for 1hr at room temperature,
antibodies used were FITC-conjugated and TRITC-conjugated for immunofluorescence.
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After incubation, samples were washed with PBS three times, 10min each. Samples were
dried by gently decanting coverslips onto a piece of absorbent tissue. The cell nuclei were
counter-stained with DAPI (Fluoroshield, Sigma, UK) and images captured using a confocal
microscope (Zeiss, Germany). Analysis was performed on 5 random fields of view; clusters
of cells expressing vimentin were selected, for each group to determine the number of
vimentin positive cells in the total cell number.
The same staining procedure described above, using the same antibodies, was repeated on
3T3 cells, which were used as feeder layers for primary cells as previously described, to
check the cross-reactivity of the primary antibodies which may result in false-positive results.
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Antibody

Type

Supplier

Code

Species of origin

Reactivity

Dilution

Anti-pan-Cytokeratin

Primary

Santa Cruz Biotechnology

sc-15367

Rabbit polyclonal IgG

Human, rat

1:100

Anti-Vimentin

Primary

Santa Cruz Biotechnology

sc-373717

Mouse monoclonal IgG

Rat

1:100

Anti-Vimentin

Primary

Santa Cruz Biotechnology

sc-53464

Mouse monoclonal IgG

Human

1:100

Anti-E-cadherin

Primary

Santa Cruz Biotechnology

sc-7870

Rabbit polyclonal IgG

Human, rat

1:100

IgG-FITC

Secondary

Santa Cruz Biotechnology

sc-2365

Bovine

Anti-rabbit

1:200

IgG-TRITC

Secondary

Santa Cruz Biotechnology

sc-3796

Goat

Anti-mouse

1:200

Table 11. Details of primary antibodies and dilution factor utilised in immunofluorescent staining.
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7: Immunocytochemistry
The principle of immunocytochemistry (ICC) is similar to that of the IF technique (section 6),
except the fluorophore, in IF, is replaced with marker that enables the target antigen to be
directly visible to the naked eye under light microscopy. In this thesis, activation of two
proteins, NF-κB and Snail-1 were studied. Their role in EMT-induction was previously
reviewed (section 4.2 for NF-κB) and (section 3.4 for Snail-1). Details of antibodies used are
provided in Table 12. The principle of the ICC technique used in this thesis is illustrated in
Figure 12.

Figure 12. Diagrammatic illustration of ICC technique utilised for Snail and NF-κB staining.

81

Antibody

Type

Supplier

Code

Species of origin

Reactivity

Dilution

Anti-Snail

Primary

Abcam

ab180714

Rabbit polyclonal

Human, rat

1:100

Biotin-conjugated IgG

Secondary

Abcam

ab6720

Goat

Anti-rabbit

1:200

Anti-Ki67

Primary

Abcam

ab15580

Rabbit polyclonal

Rat

1:100

Anti-Ki67

Primary

NovacastraTM

NCL-L-Ki67-MM1

Mouse

Human

1:100

Anti-NF-κB p65 subunit

Primary

Santa Cruz Biotechnology

sc-8008

Mouse monoclonal IgG

Human, rat

1:100

Table 12. Details of antibodies and dilutions used for ICC.
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7.1: Cell culture preparation for ICC staining
Cultures were established on 4-well slides (Hedley-Essex, UK) placed in pre-sterilised glass
petri-dish containing 15ml of DMEM supplemented with 10% FCS. Each slide was divided
into the experimental group, negative control, and positive control. The inclusion of positive
and negative control in each slide was to determine the success of the staining procedure.
7.2: Positive control
This control was used to ensure that the staining procedure worked appropriately. Cells were
treated with a monoclonal antibody to the Ki-67 nuclear protein. This protein is not expressed
in the cytoplasm and therefore brown staining should be confined to the nucleus as is shown
in Figure 13A; therefore, any staining in the cytoplasm indicates cross contamination
between wells of primary antibody or unspecific binding.
7.3: Negative control
Cells were treated with 1% BSA in PBS instead of a primary antibody and secondary
antibody, therefore the cells should not show brown staining otherwise this would indicate
cross contamination of antibody or a lack of specificity in the staining system (Figure 13B).
7.4: Experimental groups
Each slide was treated either with media only, whole dead bacteria or E. coli LPS. Activation
of NF-kB or Snail is characterised by translocation from the cytoplasm to the nucleus,
therefore DAB staining in the nucleus indicates activation of NF-kB or Snail depending on
the primary antibody used (Figure 13C). Cells where NF-kB or Snail is not activated will
result in DAB staining being visible in the cytoplasm (Figure 13D).
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Figure 13. Results of ICC staining (red arrows) showing (A) positive control demonstrating
DAB staining localised to the nucleus characteristic of Ki67 staining, (B) negative control
demonstrating an absence of DAB staining, (C) stimulated cells with bacteria showing DAB
stained nucleus indicating Snail or NF-κB activation, and (D) Cells treated with media only
showing cytoplasmic DAB-stained NF-κB without translocation to the nucleus. Scale
bars=30μm.

7.5: Culturing and stimulation of keratinocytes for Snail and NF-κB ICC
H400 and primary oral epithelial cells, were seeded, 4 x 105 cells, on pre-sterilised 4-well
slides. These were then placed in glass petri dishes containing 15ml DMEM and cultured for
a total of 5 days until they reached ~80 % confluency with the media changed after 4 days of
initial seeding. On the day of analysis, for NF-ĸB, used growth media was removed and
carefully replaced with 15ml of fresh medium. The media added was either DMEM
supplemented with 10% FCS or the same media containing the relevant bacterial stimuli
(section 2.3). Cultures were then re-incubated for 1hr to obtain maximum NF-κB activation
(Coons et al., 1942, Nelson et al., 2004), followed by washing, fixing and drying. The
resulting slides were than stained for NF-κB. For Snail, cells were cultured in the same way
except that stimulation began from day 1 through until day 8. This difference in time of
measurement for these two proteins was because Snail-1 translocates to the nucleus as long in
the presence of stimulation. In contrast, activity of NF-ĸB peaks to its highest level in a
relatively short time period, 1hr, and subsequently is then recycled to the cytoplasm
regardless of the presence of the stimulation present (Coons et al., 1942, Nelson et al., 2004).
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7.6: Protocol for NF-κB immunocytochemical staining
The staining process was performed by using the Super Sensitive™ Link-Detection Kit
(BioGenex, USA). Reagents used are described in Table 13.
Reagent
Link
Label
Chromogen
Substrate

Description
pre-diluted biotinylated anti-immunoglobulins for primary antibodies
horseradish peroxidase-conjugated streptavidin in PBS with carrier protein
3,3'-diaminobenzidine (DAB) chromogen solution
hydrogen peroxide substrate solution

Table 13. Reagents used in the Super Sensitive™ Link-Label IHC Detection System.

Following stimulation cultures were stained simultaneously in all experimental groups to
facilitate consistency of the results.
1. Cultures in glass petri-dishes were washed with PBS to remove residual media then fixed
with acetone (Sigma, UK) for 15min at room temperature in a fume hood. Petri-dishes
were covered with their lids to prevent evaporation of acetone. Slides were removed and
allowed to air dry for 10min.
2. After fixing the cells, wells in each slide were circled using a water-repellent PAP pen
(Sigma, UK) which helps to keep solutions within the wells and minimise the possibility of
cross contamination of different antibodies between wells.
3. Cultures in wells designated as experimental and positive controls were treated with 100µl
of Anti-NF-ĸB and Anti- Ki-67 primary antibodies, respectively. While cultures in the
negative control well were treated with 100µl of 1% BSA in PBS only.
4. Cultures were then incubated in a humidity box for 1hr at room temperature. Slides were
then washed in PBS for 2min (3 times).
5. Each well was then flooded with 2-3 drops of ‘Link’ reagent and incubated for 20min in a
humidified box.
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6. Slides were again washed as described in step 5 then horseradish peroxidase-conjugated
streptavidin, 2-3 drops, were added to each well ensuring that the whole well was covered
and incubated for 20min at room temperature.
7. DAB reagent was freshly prepared by adding 2 drops of ‘Chromagen’ to a 2.5ml vial of
‘Substrate Buffer’. Washing process described in step 5 was repeated and 2-3 drops of DAB
reagent was added to each well and incubated for 5min at room temperature.
8. Slides were washed under running water, to remove DAB reagent for 2min and then
counterstained with Mayer’s haematoxylin (BioGenex, USA) for 5min.
9.

Slides were then washed in running deionised water for 2min, followed by dehydration

through graded alcohol baths and finally cleared in xylene (Sigma, UK). Slides then were
mounted in XAM mounting medium and kept horizontally in the dark overnight to allow the
mounting medium to set.
7.7: Quantification of NF-κB translocation
The slides were viewed under phase contrast microscopy (Primo Vert, Zeiss, Germany),
fitted with an eyepiece graticule divided into 10x10 squares, and using x10 objective lens.
Cells with p65 NF-kB staining, defined as brown staining in the nuclei with clear cytoplasm,
were determined as showing NF-kB activation and were counted as positive. In situations
where staining was unclear these cells were recorded as negative to avoid over estimating
NF-kB activation.
To determine a suitable number of fields for counting, Hunting curves were used (Davenport
et al., 2002). This was achieved by plotting cumulative cell count per square against field
number. i.e. adding the 1st square count to the 2nd and divided by 2 and subsequently
repeating this process. The point at which the curve became stable indicated the field number
which needs to be counted. Initial analysis of 4 slides indicated that the counts from a total of
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19 microscopic fields, randomly selected, were required to provide an accurate estimate of
the percentage of NF-κB-positive cells. Figure 14, shows an example Hunting curve. All cells
counted within a 19 graticule area were recorded as positive or negative. For each sample,
the percentage of cells expressing NF-ĸB activation was determined by using total and mean
number of positive cells.

Figure 14. Example of Hunting curve showing cell counts plotted against cumulative mean of
percentage of positively stained cells showing 19 counts (red asterisk) of 30 cells is
sufficiently representative for quantification of NF-κB activation.

7.8: Protocol for Snail ICC staining and quantification
The stepwise protocol used for Snail activation analysis is described below.
1- Slides were washed rapidly with ice cold PBS. Then cultures were fixed with 4%
paraformaldehyde for 10-15 min and washed again with PBS.
2- Cultures were incubated with anti-Snail antibody for 1hr at room temperature.
3- Slides were washed with 5μl Tween20 in 5ml PBS, for 10min (3 times) on a slow orbital
mixing platform during washing to gently agitate the washing solution.
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4- Cell-conjugated with primary antibody were then incubated with the biotin-conjugated
secondary antibody for 1hr at room temperature.
5- The remainder of the staining procedure was performed as described in steps 7-9 in section
7.6.
Images were captured by using phase contrast microscopy (Olympus BX50, Japan) equipped
with a digital camera and liquid crystal RGB filter (QImaging Retiga2000 R camera,
Canada). The percentage of cells with positive Snail activation was determined by counting
the cells expressing a dark brown nuclear stain relative to the total number of the cells in the
field viewed. Quantification of the number of Snail-positive cells was performed as described
above in section 7.7.
8: Transepithelial electrical resistance
This method was first introduced in mid-1980s by World Precision Instruments (WPI). It can
be described as a non-destructive and reliable measurement technique used to monitor and
assess growth and integrity of epithelial sheets in vitro. This technique is based on measuring
the electrical resistance of epithelial monolayers to the passage of an electric current. This
resistance is decreased upon losing cellular attachment. This results in increase in
intercellular spaces which permits passage of electrical current more easily than coherent,
intact epithelial sheet.
8.1: Epithelial Voltohmmeter (EVOM2), components and principle of action
The device used measured the epithelial sheet integrity and was called the EVOM2 (WPI,
USA) and is an AC-based volt ohmmeter. This device has two main components, the meter
itself (Figure 15) and the STX2 electrode set (Figure 16).
For measuring epithelial layer impedance, the inner pair of STX2 probe is placed in the tissue
culture insert containing the epithelial sheet, the other pair (outer) is positioned in the well.
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Resistance is measured between the two electrodes. Increased electrical resistance of
epithelial layer develops as the epithelial monolayer develops and becomes confluent at
which point it shows maximum resistance indicating an intact epithelial barrier. Figure 17,
demonstrates the principle of Transepithelial electrical resistance (TEER) measurement of
epithelial sheets grown on tissue culture inserts.

Figure 15. The EVOM2 meter used for assessment of epithelial integrity (A) instrument
control panel, (B) EVOM2 assembled with STX2 probe.

Figure 16. The electrodes of STX2 probe, the electrodes are of different lengths to
accommodate the cell culture insert. When placed in the wells the electrodes are used to
measure electrical resistance across the epithelial monolayer.
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Figure 17. Diagram of TEER used to measure resistance across an epithelial monolayer.

8.2: Culture preparation for TEER
H400 and primary oral epithelial cells, under investigation were seeded (7x104 cells) in the
upper chamber of tissue culture inserts supplied with 0.4μm pore membrane (Greiner bioone, Germany) mounted in a 24-well plate (Sume et al., 2010). Media, 200μl, was added to
the upper chamber and 500μl was added to the lower compartment of each well.
The resistance of the epithelial layer was checked daily until stable recordings were observed
from all cultures which indicated that cells had formed confluent monolayers covering the
whole insert membrane. This was considered the baseline reading. The presence of
incomplete epithelial monolayer resulted in a decrease in resistance to a value very close or
equal to the blank reading. Once a constant baseline reading was obtained (~2-3 days), cells
were stimulated with bacterial components. TEER resistance values (Ω) were then recorded
three times for each well over a 5-day period with ‘true epithelial sheet resistance’ for each
reading calculated according to the formula
Rtrue tissue = RTotal - Rblank
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The final readings were averaged and compared with unstimulated controls. Experiments
were repeated in triplicate.
9: Transwell migration assay
This assay was originally developed by Dr. Stephen Boyden in 1961 to quantify cell
migration. The set-up of this assay consists of tissue culture inserts equipped with a porous
membrane placed in multiwell plates thereby dividing the well into upper and lower
compartments. Then cells seeded on the membrane in the upper compartment and
chemoattractant agent is placed in the lower chambers. Following incubation, cells that have
migrated to the lower compartment are fixed and counted.
9.1: Cell cultures used for transwell migration assay
Epithelial cells were seeded (5x104) in T75 flasks and either stimulated (bacterial
components) or unstimulated for 8 days, until they reached ~80-90% confluency. Tissue
culture inserts (Greiner Bio-One, Germany) containing 8μm-pore membranes were mounted
in a 24-well plate. Cells were trypsinised and 2.5x105 cells were seeded in 300μl FCS-free
media on the upper compartment of the tissue culture insert. In the lower chamber of each
well, 700μl of media supplemented with 10% FCS was added. Cultures were incubated at
37°C and 5% CO2 for 12hr.
9.2: Transwell migration assay procedure
The stepwise approach for the migration assay is provided below
1- Media were removed from the inserts and washed twice with PBS.
2- Cells present on the inserts were fixed with 100μl of 4% paraformaldehyde for 2min
at room temperature.
3- Cells were permeabilised with 100% methanol for 20min at room temperature.
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4- The Giemsa stain (Sigma, UK), a stain that specifically binds to phosphate group of
DNA, was added to each well and the plate was wrapped with tin foil and incubated
for 15min at room temperature.
5- Non-migrated cells in the upper chamber of the membrane were removed using a
cotton swab (Schaeffer et al., 2014). Migrated cells, as indicated by a dark violet
colour, present in the lower part of the membrane were counted under phase contrast
microscopy (Primo Vert, Zeiss, Germany) using 4 random fields, one field from each
quadrant of view.
10: Scratch assay
The ability of EMT to increase cells migratory ability was further investigated by using the
scratch assay. This is a relatively simple and low-cost assay frequently used to assess cell
migration in vitro. The principle of this method is based on inflicting an artificial gap in the
confluent monolayer, the cells on either edge of this scratch will move towards each other in
attempt to bridge this defect. Any factor increasing the migratory ability of the cells can be
detected by an increased rate of gap-closure (Cory, 2011).
10.1: Preparation of cultures for scratch assay
H400 or primary oral keratinocytes, were seeded (1x103) in 6-well plates, each well
containing 5ml of media (consisting of DMEM and 10% FCS), and either treated with culture
media only or supplemented with bacterial components until reaching a confluent monolayer
after 8 days.
10.2: Scratch assay procedure
A straight scratch-wound was produced on the confluent cell monolayer using a 10μm sterile
pipette tip (Bao et al., 2012). The pipette tip was dragged across the monolayer using a ruler
as a guide over the centre of the well to ensure production of a consistent straight line.
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Cultures were rinsed with 1ml of PBS to remove cell debris and followed by the addition of
5ml of FCS-free medium per well. To ensure a consistent orientation of the scratch wound a
reference point was created on the outer bottom of each well, either by etching the plastic
using a sharp blade or with a fine permanent marker (Liang et al., 2007). The resulting
cultures were viewed under x10 objective of phase contrast microscopy (Primo Vert, Zeiss,
Germany) using the reference marks as a guide for orientation. Initial images (0hr) were
captured, cultures were returned to the incubator and further images acquired after 12 and
24hr (for H400 cells), and 36hr (for primary oral keratinocytes). Notably the scratch wound
in the H400 cells was closed more rapidly compared with the primary cells.
The images captured for each sample were analyzed quantitatively using Java-based ImageJ
software (Rasband, 2016). Images were imported to ImageJ and scale bar was identified by
using set scale function, then grid tool was used to place grid over the image and width of the
gap was measured by drawing 10 lines across gap area following grid lines. The experiment
was repeated in triplicate.
11: Experimental design using an insert-barrier approach
Wounds were generated in epithelial cultures either by scratching using a 10μl pipette tip or
by utilising an insert-barrier. Conventional wound-healing assays have generally utilised the
physical scraping of a confluent monolayer to investigate migration. This physical injury
induces migration reportedly mainly due to release of cytokines, as part of haemostasis, and
due to lack of contact inhibition (Guo and DiPietro, 2010). The purpose of using the insertbarrier in this experiment however was to exclude the effect of physical injury, which could
have modulated the response of the cells to bacterial stimuli and to investigate the effect of
each bacteria (P. gingivalis and F. nucleatum) alone on the migratory behaviour of the H400
oral epithelial cells.

93

11.1: Generating a ‘gap-wound’ in confluent H400 monolayer cultures by using an
insert-barrier
H400 oral keratinocytes in culture were stimulated with the different bacterial components.
Two-well tissue culture inserts (ibidi, Germany) were placed in sterile 35mm petri-dishes and
gently pressed until the lower adhesive side was securely attached to the plastic surface.
Cultures previously treated with media alone or heat-killed bacteria (P. gingivalis and F.
nucleatum), or 20μg/ml E. coli LPS for 8-days were trypsinised to dissociate cells before
reseeding 5x103 cells in each well containing the insert and allowed to form confluent
monolayers (2 days culture) prior to removal of the insert. Images were captured immediately
after removal of the inserts (0hr), then at 12, 24, and 36hrs, then analysed by using ImageJ as
previously described in scratch-assay. Experiments were performed in triplicate.
11.2: Preparing tissue culture samples for scanning electron microscopy analysis
The aim for using electron microscopy was to visually investigate physical damage inflicted
on epithelial monolayers by using conventional scratch-assay or insert barrier. Media were
removed and cells fixed using 2.5% glutaraldehyde (Sigma, UK) for 30min at room
temperature. The fixative was removed and cultures were dehydrated with graded ethanol
concentrations (30, 50, 70, 80, 90, 100 and 100%, 10min each) and cultures were dried by
adding Hexamethyldisilazane (HDMS) (Sigma, UK) using a syringe and needle in a fume
hood. The samples were left overnight to air dry and then mounted onto 25mm aluminum
stubs using copper tape and gold sputter coated (K550X, EMITECH, UK) at 25mA for 2min.
Then samples were transferred to the SEM (EVO/MA10, Zeiss, Germany) to be observed at a
range of magnifications.
12: Statistical analysis
The reproducibility of the automated cell counter was estimated by using the coefficient of
variation. Linear regression equation was calculated by using Microsoft Excel and was used
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to determine bacterial concentration and level of cytokines in supernatants of cultures.
Comparison of multiple groups was performed by ANOVA test followed by post-hoc test
using statistic package (IBM SPSS Statistics, USA). A significant level was considered when
P≤0.05.
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DEVELOPING A TWO-DIMENSIONAL ORAL
EPITHELIAL MODEL FOR EMT ANALYSIS
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1: General introduction
This chapter discusses the development of a 2D-oral epithelium model utilizing an
immortalised cell line to investigate the potential for EMT-induction in response to
periodontal pathogens. Previous studies of EMT have used either primary cells (Acevedo et
al., 2007, Bao et al., 2012) or cell lines (Maschler et al., 2005, Strutz et al., 2002). Although
primary cell lines are understood to mimic more realistically the in vivo conditions, primary
cells require specialised isolation and culture requirements that can increase the possibility of
contamination with other cell types (Kaur and Dufour, 2012).
Using well characterised cell lines for developing in vitro models provides the advantage of
population purity and consistency in growth and these cells do not require ethical permission
for their use. However, their use has been subject to criticism because the in vitro model
differs from the in vivo situation in several aspects including chromosomal aberrations and
loss of tissue specific markers (Kaur and Dufour, 2012).
To study cell growth and viability in the presence or absence of bacteria, it is necessary to
count cells at different time points. Traditionally, cell counting is performed by using a
haemocytometer-based technique which is a relatively simple approach but time consuming
and can be subject to inter- and intra-examiner variability. More recently, automated counting
methods have been developed. Several manufacturers claim their devices generate data that is
superior to results obtained with traditional manual counting approaches. Indeed, studies have
been conducted to compare the degree of correlation, accuracy and the consistency between
manual and automated cell counts. Platelet counts using both methods have indicated a
positive correlation between the two approaches (Bakhubaira, 2013). In another study, four
types of cells were utilised to compare these two techniques and data showed that both
methods were correlated with higher consistency than the image-based automated cell
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counting approach (Barber et al., 2001). White blood cell counts obtained using a Coulter
automated cell counter indicated that this automated method provided advantages in timesaving, higher precision and was more accurate than manual approaches (Salinas et al.,
1997).
Detection of bacteria or their products by epithelial cells is mediated by specialised cell
surface proteins known as TLRs (described in Chapter 1, section 5). Oral keratinocytes are
known to express TLR-2, -4, and -9 which recognize a range of bacterial components form
periodontal pathogens (Milward et al., 2007). Furthermore, previous studies have reported
that periodontal pocket microenvironment is characterised by the presence of several
bacterial ligands including lipoteichoic acid, LPS, and bDNA, molecules which are specific
for these receptors (Mori et al., 2003, Kusumoto et al., 2004, Ren et al., 2005). Activation of
TLRs is associated with the triggering of a number of different signaling pathways related to
the innate immune response (Guijarro-Muñoz et al., 2014) and potential EMT-induction (Jing
et al., 2012). One of the main pro-inflammatory signaling pathways activated involves NF-кB
which comprises a protein complex present in an inactive state in the cytoplasm of a nonstimulated cell (Freudenthal et al., 1998, Merlo et al., 2002). Unstimulated NF-кB protein is
located in the cytoplasm of the cell bound to IкB kinase (Jacobs and Harrison, 1998). The
presence of bacteria deactivates IкB kinase by phosphorylation and subsequent ubiquitination
and degradation of IκB which results in NF-кB activation (Karin and Ben-Neriah, 2000,
Ghosh and Karin, 2002, Zandi et al., 1997). Subsequently the NF-кB molecule translocates to
the nucleus where it binds to specific DNA-motif sites thereby increasing gene transcription
and release of pro-inflammatory mediators (Nelson et al., 2004). However, NF-кB cycles are
characterised by their relatively short duration, ~1hr, due to a negative auto-feedback of IκB
which re-inhibits the NF-кB activity (Nelson et al., 2004, Coons et al., 1942). Gram negative
bacteria, associated with periodontal lesions, are well-known activators of the NF-кB
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signaling pathway that leads to stimulation of the immune system and subsequent release of a
range of inflammatory cytokines and enzymes (Ambili et al., 2005). Notably molecular
changes occur in H400 oral keratinocytes in response to TLR-2, -4, and -9 by periodontal
pathogens (Milward et al. 2007). Data showed a significant increase in NF-кB nuclear
translocation which associated with increased transcription of several inflammatory
mediators such as TNF-α, IL-1β, and IL-8, molecules which have previously been related to
periodontal disease pathogenesis (Graves, 2008, Yucel-Lindberg and Båge, 2013).
Interestingly several studies have shown that NF-кB activation is involved in triggering EMT
(Li et al., 2012a).
In this thesis, oral keratinocytes (H400) (Prime et al., 1990) were used to develop a model to
study the effect of bacterial stimuli on the number and viability of epithelial cells.
2: Specific aims and objectives of the studies described in this chapter:
Aims:
- Adjusting growth of oral keratinocytes to be confluent in monolayer in 8-days then
investigating the effect of heat-killed periodontal pathogens (F. nucleatum and P.
gingivalis) and E. coli LPS on the proliferation rate, viability, and pro-inflammatory
response of epithelial cells during culturing period.
Objectives:
1- To investigate different growth conditions (altering the FCS concentration and/or seeding
number) to regulate the confluency of H400 cells to enable studies at 8-days post seeding.
Previous studies indicated that the average time required for EMT-induction ranged
between 1-8 days (Chapter 1, section 3.4.2).
2- To compare manual and automated cell counting techniques and determine the
reproducibility of an image-analysis based automated approach.
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3- To investigate the effect of heat-killed periodontal pathogens, F. nucleatum and P.
gingivalis, on the growth and viability of H400 cells in addition to examining whether
such treatments induced a pro-inflammatory response via NF-kB activation.
4- To investigate changes in gene expression of TLR-2, -4, and -9 following exposure to
bacterial components.
3: Results
3.1: Validation of the reproducibility of the automated cell counter
The results indicated discrepancies in cell count and viability obtained from low cell density
samples ranged between 1x105-4x104 cells/ml when using the automated cell counter. In
contrast, the consistency of readings obtained at higher cell densities repeatedly measured,
increased with increasing cell density in the sample (Table 14). This showed that the device
yielded more consistent results in relatively high cell density samples compared with lower
cell density samples, even though the low cell number measured were twice the minimum
recommended cell density indicated by the manufacturer.
Groups
Dilution
Average cell count
Coefficient
Cell count
of variation
Viability

Low density
1:2
1:4
1:8
2x10^5
1x10^5
4x10^4
0.06238
0.13058 0.11217

1:2
3x10^6
0.00621

High density
1:4
1:8
1x10^6
5x10^5
0.02644
0.02258

0.07988
0.14468 0.36239 0.00638
0.02119
0.04365
Table 14. Reproducibility of automated cell counter by utilizing two cell density samples
(low and high) were serially diluted (1:2, 1:4, and 1:8) to obtain a series of cell densities.
Data obtained from the low cell density groups showed higher coefficient of variation
(shaded fields) when compared with higher cell density groups.
3.2: Comparison of manual vs automated cell counting approaches
Automated cell counts were compared with the conventional haemocytometer-based cell
counting technique to determine the consistency of readings obtained using the two methods.
Cell count and viability assay were undertaken using both techniques on the same samples.
To ensure that wide ranges of cell numbers were compared, four time-points were selected
(day 4, 6, 8, and 9). No statistically significant difference in cell counts (Figure 18) was
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identified between the two methods. However, the automated method showed a higher
variance (F<0.05) in readings associated with low cell density samples (day 4 and 6) which
decreased with increasing cell density. This was consistent with the findings of the previous
validation experiment (Section 3.1).
Cell viability was calculated after 4, 5, 6, 7, 8, and 9 days of H400 cell culture. Analysis of
data from both methods showed significant differences (P<0.001) between days 4-6. The
percent of viable cells estimated by the automated counter was almost half (~40%) that
recorded using a haemocytometer (~80%).In contrast between days 7-9, there were no
significant differences in cell viability detected between the manual and automated
techniques (Figure 19). Viability results from day 4 to 6 again highlight issues with low cell
density samples. The use of automated cell counting in later experiments was excluded due to
the discrepancies detected and further analyses relied on manual counting only.
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Figure 18. Comparison of the automated (Luna) and manual (haemocytometer) cell counts
using the same samples showed no significant differences between the two counting methods
over the four-time points investigated over a cell count range of ~5x104-1x106. Higher
variance was associated with the automated technique. The experiment was performed in
triplicate. n=12.

Figure 19. Comparison of cell viability as determined by automated and manual cell count
methods. Data showed that the percent of viable cells detected was significantly lower using
the automated technique compared with the manual viability counts obtained on days 4, 5,
and 6 of culture. In contrast viability assessment on days 7, 8, and 9 showed no significant
differences in percent of viable cells obtained between the two methods. The study was
performed in triplicate. n=12, **=P<0.001.
3.3: Growth models
3.3.1: H400 cells cultured at different seeding densities and low FCS concentration
In the first model, H400 cells were cultured using different seeding numbers in medium
containing 1% FCS to investigate the effect of medium supplementation and variable seeding
densities on cell growth. Cells seeded at relatively low number (1x103 cells) in 1% FCSmedium resulted in cultures approaching confluency after 14 days. The cell seeding number
cultured was increased to 2x103 cells while maintaining the same FCS level resulted in
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cultures reaching confluency at an earlier time point of day 12. The effect of increasing
number of seeded cells in the same FCS concentration was further explored by raising the
seeding number to 3x103 cells. Growth curve analysis (Figure 20) showed that the degree of
confluency was further increased and the cultures were confluent at 11 days.
Light microscope images (Figure 21) illustrate different degrees of culture confluency at the
same time point. H400 cells were confluent, at day-11, when the initial seeding number was
3x103 cells while other lower initial cell seeding densities investigated resulted in lower
confluency when examined using phase contrast microscopy. Altering cell seeding number
and reducing FCS concentration in the medium resulted in relatively long culturing times
prior to confluency being achieved. However, lowering the FCS level may subject the cells to
nutritional stress with potentially unfavourable consequences on viability or gene expression.
Therefore, the subsequent model focused on adjusting both seeding number and FCS
concentration to control degree of confluency.
Oral keratinocytes were seeded (5x104 cells) and grown in 35mm tissue culture dishes
containing growth media supplemented with three different FCS concentrations (2, 5, and
10%). For the lowest FCS concentration (2%) the cultures reached 80-90% confluency after 6
days, while cells grown in 5 and 10% FCS medium cultures reached confluency in 5 days. Up
to day 3, no significant differences in cell number were recorded between the three FCS
concentrations used, however at days 4 and 5 cells grown in media containing 5 and 10%
FCS showed significantly higher cell counts compared with cells cultured in 2% FCS (Figure
22). Levels of confluence were estimated by inspection under light microscope at the range of
time points investigated (Figure 23).
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Figure 20. H400 cell growth analysis in medium supplemented with 1% FCS and with
different cells seeding numbers (1, 2, and 3x103 cells). Cell counts were significantly higher
from day 5-12 among cell densities used. n=18, *=P<0.05.

Figure 21. Representative phase contrast photomicrographs of H400 cells grown in media
supplemented with 1% FCS and different initial seeding numbers (1, 2, and 3x103 – shown
above images). At day-11, cultures seeded with 3x103 cells were almost confluent in contrast
with the other seeding densities, 1 and 2x103, which show a lesser degree of culture
confluency. Scale bars are shown.
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Figure 22. Growth curves for H400 cells cultured in media supplemented with 2, 5, and 10%
FCS and with an initial seeding number 5x104 cells. Data show significant differences in cell
counts obtained between 5 and 10% FCS supplemented cultures compared with cells grown
in 2% FCS at days 4 and 5. n=18, *=P<0.05.

Figure 23. Representative light microscope images of H400 cells cultured in a range of FCS
concentrations (2, 5 and 10%) and seeded with a fixed seeding number (5x104 cells). Images
are for cultures containing 5 and 10% FCS and seeded at 5x104 cells showing higher
confluence than 2% FCS supplemented cultures at day 5. Scale bars are shown.
3.3.2: H400 cells cultured at low seeding number and different FCS concentrations
Results from the previous experiments did not identify conditions suitable for the intended
EMT model as H400 cells reached confluence earlier than 8 days. In the subsequent
experiment, H400 cells were cultured in supplemented FCS concentrations (2, 5, and 10%)
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however the initial seeding number was reduced to 1X103 cells. For each concentration, the
experiment was terminated when cells reached confluence as determined visually using a
phase contrast microscope.
Decreasing seeding number prolonged the time required for H400 cells to reach confluence in
comparison with the previous experiments using the same FCS concentrations. For 2% FCS
cultures, cells reached confluence after 11 days. Cultures supplemented with 5 and 10% FCS,
cells required 10 and 8 days respectively to reach confluency. This was consistent with
previous findings indicating that changing growth media FCS concentrations whilst using the
same initial seeding number (1X103 cells) caused significant differences in cell counts from
day 3 onwards until the end of the experiment. In this experiment the increased FCS
concentration resulted in a significantly higher degree of confluency (P<0.05) for cells grown
in 10% FCS compared with those cultured in 5 and 2% FCS. Following the same trend
cultures grown in media containing 5% FCS showed higher cell counts than cultures
incubated in media supplemented with 2% FCS (Figure 24). Representative light microscope
images for cell cultures at day 8 utilizing different FCS concentrations are shown in Figure
25.
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Figure 24. Growth curves of H400 cells cultured in media supplemented with 2, 5, and 10%
FCS and an initial seeding number (1x103 cells). Data shows significant differences in cell
counts between cultures supplemented with the range of FCS concentrations. Cell counts
increased proportionally with increasing FCS levels in the media. n=18, *=P<0.05,
**=P<0.001.

Figure 25. Representative light microscope images of H400 cells cultured in growth media
containing different FCS concentrations (2, 5 and 10%) and with a fixed initial seeding
number (1x103 cells). Images indicate that cultures containing 10% FCS reached a higher
degree of confluence than those cultured in medium containing 2 and 5% FCS by day 8.
Scale bars are shown.
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Data from the previous three models suggested that the level of cell confluency was directly
proportional to the growth media FCS concentration and initial cells seeding number.
Growing cells in cultures containing the commonly used 10% FCS concentration and seeding
number of 1X103 cells resulted in the reaching of near confluency within desired targeted
time point of 8 days. Subsequently these conditions were selected to investigate EMT in vitro
in all downstream analyses.
3.3.3: Effect of bacterial components on H400 cell count
H400 cell cultures were exposed to heat-killed periodontal pathogens (F. nucleatum & P.
gingivalis) and E. coli LPS to determine the effect of these bacteria and their components on
cell numbers as assessed using the manual cell counting method.
The differences in number of cells for all groups (Figure 26) was not statistically significant
for days 7 and 8 (P > 0.05), while results from day 4 - 6 showed that the cell count of cultures
exposed to bacterial components were significantly lower than those in the unstimulated
control group (P<0.05). This may be due to increase in the death of cells due to the toxicity of
these components (Gonçalves et al., 2016, Sharifi et al., 2010). The compromised viability of
H400 cells, as a possible reason for growth alteration in the presence of bacteria was
investigated in the following section.
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Figure 26. H400 growth over 8-days incubation with media only, or supplemented with F.
nucleatum, P. gingivalis or E. coli LPS. Results showed significant difference in cell count,
from day 4-6, between cultures exposed to bacterial components and cultures treated with
media only. n=18, *=P<0.05.
3.3.4: Effect of bacterial components on H400 viability
A viability analysis was performed using the trypan-blue exclusion assay as the previous
validation study showed a high discrepancy in estimated percent of viable cells in association
with the automated cell counter. Analysis of viability assay data (Figure 27) showed no
significant differences (P>0.05) between cultures treated with media only and those exposed
to heat-killed bacteria or E. coli LPS during the experimental period (day 4-8).
The concentrations of heat-killed periodontal pathogens (100 bacteria/cell) or E. coli LPS
(20μg/ml) appeared not to be toxic to H400 cells in the experimental conditions used and
excluded the possibility that increased cell death after bacterial exposure was the reason for
the decreased number of cells detected in the previous experimental study.
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Figure 27. Trypan-blue exclusion viability assay for H400 cultures exposed to heat-killed
bacteria or E. coli LPS for up to 8 days. Results showed no significant difference in
percentage of viable cells detected between stimulated and unstimulated control. n=18.
3.4: Immunocytochemical analysis of NF-ĸB activation
Exposure of H400 keratinocytes to heat-killed F. nucleatum, P. gingivalis and E. coli LPS for
1hr caused an increased nuclear translocation of NF-кB indicating activation of this key proinflammatory regulatory transcription factor (Figure 28). Activated NF-kB was shown by
immunostaining in the nuclei. Analysis of data showed a significantly higher (P<0.001)
number of cells with NF-кB activation in association with F. nucleatum stimulation (79%),
followed by cells exposed to E. coli LPS (73%). Both groups (F. nucleatum and E. coli LPS)
were also significantly (P<0.001) higher than P. gingivalis stimulation which showed the
lowest level of NF-kB activation (17%) (Figure 29). However, the latter group also showed
significantly higher number of positive cells in comparison with the unstimulated group
(P<0.05).
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Figure 28. Representative light microscopy photomicrographs of immunocytochemical
staining of H400 cells to demonstrate activation of NF-кB following exposure to bacterial
stimuli. Arrows (red) indicate cytoplasmic activity with minimal nuclear involvement in
unstimulated cells (A), positive control cells showing nuclear staining with Ki67 (B) clear
cytoplasm of negative control group treated with 1% BSA only (C), nuclear translocation
(green arrows) of NF-кB detected in cells stimulated with F. nucleatum (D), P. gingivalis (E),
and 20µg/ml E. coli LPS (F). Experiment performed in triplicate. Scale bar = 30μm for all
images.
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Figure 29. Semi-quantitative immunocytochemical analysis of NF-кB activation in H400
cells following 1hr stimulation with F. nucleatum, P. gingivalis, or 20µg/ml E. coli LPS. The
highest activity was associated with exposure to F. nucleatum (79%), followed by E. coli LPS
(73%) and P. gingivalis (17%). *=P<0.05, **=P<0.001 compared with unstimulated control.
3.5: TLR-2, -4, and -9 gene expression analysis
Signaling downstream of TLR, following bacterial stimulation, is known to lead to activation
of the transcriptional factor NF-κB (Murray and Lopez, 1997) and this is potentially involved
in EMT induction (Li et al., 2012a). Therefore, expression of TLR-2, -4, and -9 in cultured
H400 in presence of bacteria was investigated.
3.5.1: TLR-2
Generally, results showed a significant decrease (P<0.05) in transcription of TLR-2 (~1.5-3
fold) in all stimulated groups compared with unstimulated controls (Figure 30A). Expression
of TLR-2 associated with P. gingivalis stimulation gradually increased from day 1 until day 8
and it was significantly lower than in cultures stimulated with F. nucleatum on days 1 and 5,
and E. coli LPS at day 5. TLR-2 expression in the E. coli LPS exposed group peaked at day 5
then decreased again at day 8 which suggested a general down-regulation of TLR-2
transcription following stimulation of H400 cells with bacteria or E. coli LPS.
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3.5.2: TLR-4
Analysis of data showed significant up-regulation (P<0.05) of TLR-4 transcription in all
stimulated cultures in comparison with the unstimulated controls from day 1 to 8 (Figure
30B). The highest up-regulation of TLR-4 was associated with E. Coli LPS stimulation and
this was significantly higher compared with heat-killed periodontal pathogens at days 1 and
8. F. nucleatum and P. gingivalis stimulation demonstrated a similar degree of increased
transcription of TLR-4, except at day 1 where P. gingivalis exposure resulted in a higher
transcription level of this receptor. Cultures treated with LPS showed the highest upregulation in TLR-4 expression when compared with other bacterial exposures.
3.5.3: TLR-9
Stimulation of H400 cells with different bacterial components resulted in significant upregulation of TLR-9 expression compared with unstimulated controls, except for E. coli LPS
at day 5 (Figure 30C). The highest up-regulation was associated with F. nucleatum
stimulation on days 1 and 8 (up to 3-fold) and with P. gingivalis at day 5 (2 fold) relative to
control. Analysis of data showed that the highest up-regulation of TLR-9 expression was
associated with periodontal pathogen exposure following 24hr stimulation; this then
relatively decreased at days 5 and 8. This may have suggested an oversaturation of this
receptor or the cells becoming tolerant which is a regulatory mechanism that prevent
excessive immune response following a prolonged exposure to the stimulus (Medvedev et al.,
2006, Wang et al., 2002).
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Figure 30. Gel images and densitometric analysis of TLR-2, -4, and -9 PCR products, showed
that treatment of H400 cells with different bacterial components resulted in significant
changes of these receptor transcriptional activity in comparison with unstimulated controls
from day 1 - 8. Heat-killed bacteria (FN/PG) resulted in significant down-regulation of TLR2 (A), while expression of TLR-4 (B) and -9 (C) were significantly upregulated. Experiments
were performed in triplicate. *=P<0.05, **=P<0.001 indicate significant differences
compared with controls.
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4: Discussion
To study the potential of F. nucleatum and P. gingivalis to induce EMT in epithelial cells
during periodontitis, a model system needed to be developed. For this purpose, a well
characterised oral epithelial (H400) cell line was used. Although this cell line is of cancer
origin and the cells have inherent mutations but still possess epithelial markers and are
representative. The initial aim was to determine the growth characteristics required to
produce a monolayer approaching confluence within a period of 8 days in order to investigate
cellular response following extended exposure of epithelium to periodontal pathogens and E.
coli LPS in an attempt to mimic the in vivo situation.
4.1: Validation of the automated cell counter
The bright-field automated cell counter yielded a higher discrepancy in cell count and
estimation of viable cells in sample containing a relatively low density of cells. This
discrepancy could be due to errors in the software algorithm that analyses the images
captured by a built-in digital camera. In addition, manual focusing of automated counter to
select the best representative plane to be measured is a further issue related to the use of this
method. This is due to that when measuring low densities, cells are scattered in different
planes which make it more difficult to choose the right detection plane compared with higher
cell densities and this makes the method sensitive to the appropriate initial setup. In addition,
clumping of cells may result in inadequate identification of cells and generate inaccuracies. In
general, data showed that the automated cell counting device used in this study was less
reproducible in counting the percentage of viable cells as compared to haeomocytometer.
4.2: Manual vs automated-cell count
Comparisons between manual and automated cell counter indicated no significant difference
in cell count between the two techniques. This agrees with findings of a previous study which
suggested that the methods correlated well (Barber et al., 2001). In contrast, when viability of
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cells was assayed using both techniques, automated method showed significantly lower
estimates than the manual method when low cell densities were measured.
The advantage of automated cell counting is however that a relatively rapid time enables
acquisition of results (7-10 seconds) whilst manual cell counting requires additional steps for
preparation of the haeomocytometer and counting the cells in the chamber. The subjectivity,
which is one of the main disadvantages of manual cell counts, was also eliminated. These
conclusions agree with another study which supports the use of the automated method over
the manual technique (Salinas et al., 1997). Another factor that could interfere with the
manual counting approach is that additional incubation at room temperature of the suspended
cells, especially necessary for large number of samples, could cause cell clumping resulting
in reading errors.
4.3: H400 growth models with different initial seeding numbers and FCS
supplementation
Analysis of the model utilizing 1% FCS concentration and different cells seeding numbers
showed that cultures with higher initial seeding numbers cultures reach confluency faster than
lower ones. This is consistent with a previous study (Rodriguez et al., 2001). Although this
model met the targeted incubation criteria for an EMT-model (i.e. 8-day), however concerns
arise from cells cultured in low nutrient medium because this could rapidly result in
starvation and failure of cultures to reach confluency.
Data from cultures, supplemented with three FCS concentrations (2, 5, and 10%) and an
initial seeding number (5x104 cells), generally showed no difference in cell count amongst
the different FCS levels used. These results suggested that cell seeding levels were too high
and masked the effect of the different FCS concentrations. The seeding number was
subsequently lowered to 1x103 cells, and using the same FCS concentrations this resulted in
cultures reaching confluency at 11, 10, and 8 days for 2, 5, and 10% FCS supplementations,
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respectively. This suggests that confluency was proportional to FCS concentration used as the
seeding number applied was the same in all groups.
Both cell seeding number and FCS concentration are key variables affecting confluency
degree of cultures under these experimental conditions. This observation was further
supported by initially seeding 500 cells; this resulted in failure of cells to obtain confluence,
with cultures demonstrating minimal growth. This outcome could be due to a loss of contact
between cells due to large distances separating them independent of the FCS concentration
used. A similar result was obtained when growing cells in media without any FCS
supplementation, causing cells to multiply in relatively small scattered islands in the cell
culture before growth was halted. The initial cell multiplication may be due to that the cells
could access available nutrients from the cell re-suspension step with media and 10% FCS to
inhibit trypsin activity, after which cells stopped growing following the depletion of their
nutrient store.
Confluency can be controlled by altering initial cells seeding number and FCS concentration
together or independently. However, it was decided that the lower FCS concentrations (1, 2,
and 5%) would be excluded from further studies to avoid any possibility of subjecting
cultures to nutrient starvation which may adversely affect results.
4.4: Effect of heat-killed periodontal pathogens on cell count and viability of H400 cells
Epithelial cells were cultured with either media alone or E. coli LPS, heat-killed F. nucleatum
and P. gingivalis. Although viable bacteria provide a more realistic disease model, use of
heat-killed bacteria removes the risk of culture infection and bacterial overgrowth. In
addition, heat-killed bacteria still retain many virulence factors that are present in their viable
counterparts including LPS, bacterial DNA and lipoteichoic acid (Taverniti and Guglielmetti,
2011). Furthermore dead bacteria are present in the periodontal pocket and likely contribute
to the pathogenesis of periodontitis as the subgingival biofilm contains both live and dead
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bacteria (Marsh, 2009). Cell counts showed that while there was no significant difference in
cells number between stimulated and unstimulated groups by the end of the experimental
period, there was a significant difference in cell counts in stimulated compared with
unstimulated cultures at days 4, 5, and 6. This difference could have been due to
compromised vitality or decreased proliferation of epithelial cells by bacterial antigens
(Bhattacharya et al., 2014). The reduction in the effect of bacterial components on number of
cells at days 8 and 9 might be related to cell survival strategies stimulated through
downstream transcription of factors such as NF-кB (Freudenthal et al., 1998, Merlo et al.,
2002). This was further supported from data from viability analysis which showed no
significant difference between cells treated with media alone or exposed to bacterial
components. The other possible explanation was that the presence of bacteria caused
diversion of cellular resources from replication to induction of protective mechanisms
(Hausmann, 2010). Although the bacterial components used may provoke similar signaling
pathways and autocrine feedback producing cytokines to in vivo. However, the levels
produced may be too low to affect cell growth or morphology as has been proposed by
Borthwick et al. (2011).
4.5: NF-ĸB activation in H400 cells following exposure to bacterial components
Exposure of keratinocytes to heat-killed periodontal pathogens and to 20µg/ml of E. coli LPS
led to the induction of a pro-inflammatory response manifested by activation of the NF-кB
pathway. The response of the oral keratinocytes to the bacterial stimuli used in this study
somewhat varied. The most potent induction and highest percentage of cells with positive
NF-кB nuclear translocation detected was associated with F. nucleatum, followed by E. coli
LPS and the lowest was associated with P. gingivalis exposure which was consistent with
previous findings (Milward et al., 2007, Jing et al., 2012b). This differential response seen
between F. nucleatum and P. gingivalis may be explained due to P. gingivalis reportedly
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mostly activating TLR-2 (Bainbridge et al., 2002, Nemoto et al., 2006). Interestingly the
expression of TLR-2 was suppressed upon bacterial stimulation potentially due to tolerance
of cells to bacterial stimulation which is a protective mechanism preventing excessive
inflammatory response (Wang et al., 2002, Medvedev et al., 2006), while TLR-4 and -9
expression were up-regulated. This suggested a possible reduction in the ability of P.
gingivalis to trigger the NF-ĸB pathway, although TLR-4 and -9 are potential receptors for
components of F. nucleatum and E. coli LPS, which could have resulted in a subsequent
increase of NF-ĸB nuclear translocation. Although the dead bacteria suspension used
contained a number of different pathogenic components the most potent virulence factor of
Gram negative anaerobic rods is cell-wall associated LPS which is released after the death of
these bacteria (Rietschel et al., 1994). However, LPS extracted from different pathogens is
known to induce different cytokines and distinct immune responses (Pulendran et al., 2001)
and P. gingivalis-LPS has been reported by several studies as being a weak inducer of the
immune system responses (Reife et al., 1995). This may suggest a reason for lower levels of
NF-κB activation in P. gingivalis exposed cells compared with the other bacterial stimulants
used in this study.
4.6: TLR gene transcription alteration in response to bacterial components
Stimulation of TLRs, by different PAMPs, induces innate immune responses which trigger
various signaling pathways culminating in activation of NF-κB (Kawai and Akira, 2007). In
this study, treatment of H400 cells with bacterial components resulted in altered TLR-2, -4,
and -9 gene transcription in a similar pattern to that previously reported (Milward et al.,
2007). Among the

ligands present, LPS is a well-known inducer for NF-κB signaling

downstream and activation of TLR-4 by LPS results in NF-κB nuclear translocation
associated with increased transcription of many genes encoded cytokines and chemokines
such as IL-1, 6, and 8 (Guijarro-Muñoz et al., 2014). Analysis of the PCR data generated here
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indicated similar results in which treatment of H400 cultures with pure LPS resulted in upregulation of TLR-4 expression associated with increased NF-κB nuclear translocation. The
other two exposure groups (F. nucleatum and P. gingivalis) also produced a similar effect but
to a lesser extent. This could have been due to the presence of other microbial components
that may compete with LPS as a TLR-4 ligand. In addition, different bacteria produce
different types of LPS which may vary in their potency (Pulendran et al., 2001).
Similarly, TLR-9 expression was up-regulated in response to bacterial stimulation and its
activation is also known for inducing the secretion of a range of inflammatory cytokines. All
stimulated groups showed evidence of increased transcription of TLR-9 which indicated that
it was activated by E. coli LPS as well as other bacterial components. These data are
consistent with findings from a previous study which utilised purified H. pylori-bDNA and
LPS which up-regulated the expression of TLR-9-associated NF-κB activation (Tsujimura et
al., 2004). Conversely, TLR-2 was down-regulated following exposure of H400 cells to
bacterial components in all groups. This could have been due to a desensitizing response of
epithelial cells to bacterial stimulation which caused a tolerance state of the cells.
Additionally, these receptors could be competitively blocked by other less potent components
available in the suspension.
Periodontal pathogens therefore appear to up-regulate expression of TLR-4, and -9 and
activate downstream signaling pathways in oral keratinocytes, which are known to induce
EMT. Furthermore, this process ultimately can result in release of a range of proinflammatory cytokines that contribute to the dual tissue protection-destruction role and
potentially induce EMT via autocrine mechanisms.
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5: Conclusions
-

Confluency of epithelial cultures can be controlled by altering cell seeding numbers and/or
varying FCS media concentration.

- Comparison of automated and manual cell counts showed that results achieved with both

methods correlated. However, automated cell counts were associated with difficulty in
obtaining reproducible measurements of samples with low cell number.
- The effect of culturing H400 cells, in terms of cell number and viability, with heat-killed

F. nucleatum and P. gingivalis and E. coli LPS was not significantly different from the
control group. This suggested potential abilities of epithelial cells to adapt to bacterial
assault. Furthermore, vitality of epithelial cells was not affected by periodontal bacteria as
reflected by data of viability assay.
- Bacterial components could stimulate a pro-inflammatory response on H400 cells as

determined by the activation of the nuclear translocation of NF-кB. F. nucleatum showed
greater stimulatory effects compared with P. gingivalis, possibly due to interaction with
different TLR-types. This was supported by differential TLRs expression in response to
bacterial component exposure.
The following chapters will explore the potential induction of EMT in oral keratinocytes in
response to periodontal pathogens using the in vitro model developed here.
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INDUCTION OF EMT IN AN H400 ORAL
EPITHELIAL CELL LINE IN RESPONSE TO
PERIODONTAL PATHOGENS
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1: General Introduction
Oral cancer is a life-threatening condition if it is not diagnosed and treated in its early stages
(Jemal et al., 2011). Epidemiological data indicate that oral cancer is the sixth most common
cancer in the world. In the UK, it is ranked as the nineteenth most common malignancy
causing mortality, with OSCC being the predominant form accounting for over 90% of cases
(Choi and Myers, 2008, Feller and Lemmer, 2012). Generally, OSCC reportedly has 40-50%
5-year survival rates due to its tendency for recurrence and metastasis (Marsh et al., 2011).
The most common risk factors for oral cancers include smoking, alcohol, genetic disorders,
viruses, and malnutrition (Warnakulasuriya, 2009). Notably, recent data from case-control
studies have indicated that periodontitis could represent a risk factor for OSCC independent
of other risk factors (Tezal et al., 2007, Narayan et al., 2014). Indeed, poor oral hygiene and
periodontal diseases have been proposed as potential factors involved in the initiation and
progression of oral malignancy (Narayan et al., 2014, Rosenquist et al., 2005, Moergel et al.,
2013).
In chronic periodontitis, Gram-negative anaerobic bacteria have the ability to induce a proinflammatory host response initiated by the crevicular epithelium (Paster et al., 2001).
Notably the presence of chronic inflammation due to microbial challenge has been suggested
to induce EMT-induction in a number of organs including the lungs, liver, and intestine
(Hofman and Vouret-Craviari, 2012). Recent data suggest that infection by the periodontal
pathogens P. gingivalis and F. nucleatum can drive the inflammatory host response and
might also be implicated in OSCC invasiveness (Binder Gallimidi et al., 2015, Ha et al.,
2015). Thus, cancer cell invasion has been partly attributed to the EMT process (Jechlinger et
al., 2002, Radisky, 2005, Lee et al., 2006). Examination of samples from OSCC has revealed
the presence of relatively large numbers of P. gingivalis bacteria in association with late stage
metastatic cancer (Katz et al., 2011).
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Notably the down-regulation of attachment molecules, such as E-cadherin, has been shown to
increase cytoplasmic levels of free β-catenin (Kim et al., 2002, Nawshad et al., 2007b). This
is followed by translocation of β-catenin to the nucleus where it activates LEF-1 transcription
which facilitates acquisition of a migratory-phenotype (Nawshad et al., 2007, Kim et al.,
2002). Furthermore, nuclear translocation of β-catenin was also associated with increased
expression of the mesenchymal marker, vimentin (Gilles et al., 2003). The final stages of
EMT involve increased production of proteolytic enzymes associated with increased
migration and invasiveness (Kalluri and Weinberg, 2009). In addition Gram-negative
periodontal pathogens and their virulence factors such as LPS stimulate up-regulation
members of the MMP family in epithelial cells (Sapna et al., 2014), not only during
periodontal disease but also in OSCC in vivo and in vitro in different cancer models (Inaba et
al., 2014, Gursoy et al., 2008, Binder Gallimidi et al., 2015)
Periodontal pathogens such as P. gingivalis and F. nucleatum are well known to be able to
elicit intense chronic inflammatory and immune responses which could trigger EMT. This
chapter therefore explores the potential role of these bacteria in driving EMT in an OSCC cell
line (H400) in vitro and this process may also identify a possible novel mechanism
underpinning the pathogenesis of periodontitis.
2: Specific aims and objectives of the studies described in this chapter:
Aims:
To investigate the potential of two key periodontal pathogens, F. nucleatum and P. gingivalis,
to induce EMT in vitro in the H400 OSCC cell line.
Objectives:
EMT induction was investigated by using a range of assays including PCR, an EMT gene
expression array, ELISA, IF, ICC, wound healing, transwell migration, and TEER.
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3: Results
3.1: sq-RT-PCR analysis of EMT-associated genes
One of the most frequently used methods for detecting EMT-induction is by monitoring
changes in gene expression of several EMT-markers such as transcriptional factors,
cytokines, cell-surface protein, cytoskeletal molecules, and proteolytic enzymes.
3.1.1: Changes of transcriptional factor expression
Activation of transcription factors is considered a key step in triggering the EMT process
(Nawshad et al., 2007, Vincent et al., 2009). Based on data from previous studies, selected
factors (twist, Snail-1, Snail-2, and NF-κB) have been closely associated with EMT-induction
and were therefore selected for investigation.
Analysis using sq-RT-PCR demonstrated that exposure of H400 cells to heat-killed
periodontal pathogens (P. gingivalis and F. nucleatum) and E. coli LPS resulted in gene
expression profiles reportedly to be representative of EMT (Minafra et al., 2014, Lamouille et
al., 2014). Eight days of cell culture in the presence of bacterial stimulation resulted in a
significant up-regulation (P<0.001) of twist, Snail-1 and -2, LEF-1 and NF-κB compared
with unstimulated controls (Figure 31). Twist mRNA showed an approximately 2-fold upregulation in expression in oral epithelial cells in response to bacterial stimulation (Figure
31A). Furthermore, Snail-1 and -2, also showed significant up-regulation (P<0.001), of
approximately 6- and 4-fold respectively, in comparison with unstimulated controls following
8-days of stimulation (Figure 31B and C). Cultures exposed to P. gingivalis and F. nucleatum
showed similar increases in expression level of these markers. Transcript levels of NF-κB
(Figure 31D) also increased (P<0.001), between 2- and 6-fold, relative to unstimulated
controls. The pattern of NF-κB expression in response to bacterial stimuli was variable from
day 1-5, however at the end of the experiment (day 8) all stimulated cultures showed similar
expression levels. Expression of another EMT-regulator, LEF-1, was also significantly
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increased (up to 6-fold) with the highest transcription associated with stimulation of H400
cells in the presence of F. nucleatum (Figure 31E).
3.1.2: Pro-inflammatory cytokines gene expression in oral keratinocytes
Stimulation of oral keratinocyte cultures with bacterial components resulted in up-regulation
of EGF, TNF-α, TGF-β1, IL-1β, IL-6, and IL-8 (Figure 32). Transcription of EGF was upregulated up to 6-fold (P<0.001), while TNF-α and TGF-β1 showed a 2-3-fold up-regulation
at all time-points studied compared with unstimulated controls. At the end of the experiment,
cells treated with F. nucleatum showed the highest up-regulation of EGF and TGF-β1 (Figure
32C), while cells exposed to P. gingivalis showed the highest transcription of TNF-α (Figure
32B). Expression levels of IL-1β, IL-8, and IL-6 also showed significant up-regulation
(P<0.001), at approximately 3-, 4-, and 5-fold, respectively, in response to exposure to heatkilled bacteria (Figure 32D, E, and F). These data indicated that H400 epithelial cells
responded to bacterial challenge by increasing the production of cytokines implicated in
initiation of EMT.
3.1.3: Periodontal pathogens induced transcriptional changes in cell surface and
cytoskeletal molecules
The earliest changes associated with EMT have been reported to be the down-regulation of
attachment proteins with subsequent compromised epithelial cell adhesion (Zeisberg and
Neilson, 2009). Exposure of H400 keratinocytes to bacterial components, over 8 days,
resulted in significant down-regulation (~2-5 fold) (P<0.001) of E-cadherin transcription
relative to the unstimulated control. The highest down-regulation (approximately 5-fold) was
associated with P. gingivalis and F. nucleatum exposure (Figure 33A). Down-regulation of
E-cadherin was associated with increased expression of the mesenchymal N-cadherin,
(P<0.001) over the same time-period (Figure 33B). All bacterial groups showed a gradual
increase in N-cadherin expression over the 8-day time-course (between 5-6-fold) with P.
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gingivalis producing the highest up-regulation compared with the unstimulated control.
Another mesenchymal marker, FSP-1, was also significantly up-regulated (up to 8-fold) in
response to stimulation with the periodontal pathogens in cultures as compared with the
unstimulated control (Figure 33C).
In general, all stimulated cultures demonstrated a 2- to 4-fold β-catenin down-regulation at
the end point of the experiment and the highest changes detected were associated with E. coli
LPS exposure (Figure 34A). The mesenchymal associated cytoskeletal protein, vimentin,
showed increased expression in cells exposed to all bacterial components. Indeed, vimentin
transcription was significantly (P<0.001) up-regulated in all stimulated cultures from days 18. The expression of this protein was increased from 2- to 6-fold during the experimental
period relative to the unstimulated control (Figure 34B) with F. nucleatum stimulated
cultures showing the greatest increase. Analysis of data indicated that stimulation of
epithelial cells with whole dead P. gingivalis or F. nucleatum resulted in modulation of keyEMT cytoskeletal markers. β-catenin, an epithelial-phenotype protein, was down-regulated in
a similar pattern to E-cadherin which suggested a compromised E-cadherin-catenin complex.
Further, mesenchymal-associated proteins, vimentin and FSP-1, were up-regulated which
may have indicated a shift towards a mesenchymal-phenotype in response to bacterial
stimulation.
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Figure 31. Heat-killed periodontal pathogens significantly upregulated expression of keyEMT transcriptional factors (A) twist (B) Snail-1, (C) Snail-2, (D) NF-κB, (E) LEF-1.
Expression of Snail-1, NF-κB, and LEF-1 increased up to 6-fold during experimental period,
while twist and Snail-2 showed ~2- and 3-fold, respectively. (*=P<0.05, **=P<0.001).
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Figure 32. Exposure of H400 cells to bacterial components significantly increased the
transcription of inflammatory cytokines (A) EGF, except for P. gingivalis at day 1, (B) TNFα, (C) TGF-β1, (D) IL-1β, (E) IL-8, and (F) IL-6. The average increase in transcription for all
cytokines, in stimulated cultures investigated, ranged between 2 to 6-fold relative to cells
treated to media only over 8-days. Experiment run in triplicate, (*=P<0.05, **=P<0.001).
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Figure 33. Stimulation of H400 keratinocytes with periodontal pathogens resulted in downregulation of the epithelial molecular marker transcription (A) E-cadherin (almost 3-fold)
whilst resulting in the up-regulation of mesenchymal proteins transcription (B) N-cadherin,
~6-fold, and (C) FSP-1, ~8-fold, in comparison with unstimulated controls. Experiments were
performed in triplicate, (*=P<0.05, **=P<0.001).
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3.1.4: Changes in matrix metalloproteinase gene expression in oral keratinocytes
following bacterial exposure
The later stages of EMT are characterised by increased proteolytic activity which disrupts the
basement membrane thereby facilitating the migration of transitioned cells (Lee et al., 2006,
Lamouille et al., 2014). Analysis of selected genes showed significant up-regulation
(P<0.001) of transcripts for the MMP enzymes -2, -9 and -13 following epithelial cell
exposure to bacteria in comparison with cultures treated with media only (Figure 35). The
gene expression of all transcripts for the MMPs investigated was significantly increased from
days 1-8 in association with all bacterial component treatments as compared with the
unstimulated controls. During the experimental period, expression of MMP-2 and -9 was
increased up to 4-fold in response to bacterial exposure relative to the unstimulated control.
The expression of MMP-13 was increased to almost 9-fold in response to these same stimuli.
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Figure 34. Expression of cytoskeletal genes in H400 cultures treated with media only, or
heat-killed P. gingivalis and F. nucleatum, and E. coli LPS indicate down-regulation of (A)
β-catenin in epithelial cells, accompanied by increased transcription of vimentin (B)
following exposure to bacterial challenge. Expression of vimentin increased up to 6-fold
which is almost equal to the level of β-catenin down-regulation when compared to media
only group. The experiment was performed in triplicate, (*=P<0.05, **=P<0.001).
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Figure 35. Transcription of the MMP enzymes, which are associated with the migratoryphenotype, significantly increased in response to bacterial stimulation. Expression of (A)
MMP-9 and (B) MMP-2 peak to ~4-fold. (C) MMP-13 expression showed ~9-fold increase
relative to controls. Experiments were undertaken in triplicate, (*=P<0.05, **=P<0.001).
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3.2: Human EMT-PCR array analysis of H400 cells treated with bacterial components
Further analysis of changes in expression of EMT-related genes was performed by utilizing
specific EMT PCR-arrays. This technique is real-time PCR-based and allowed profiling of
multiple genes in a single analysis providing an accurate and highly sensitive assay
(Quellhorst et al., 2006). Based on previous findings obtained from sq-RT-PCR and due to
the relatively high cost of PCR-array kits, only one time point was selected for investigation
(day 8), when changes in most of EMT-indicators expression were observed.
Analysis of data (Table 15) demonstrated a comparable pattern of EMT-related gene
expression relative to the individual sq-RT-PCR data previously obtained. Indeed, both
techniques yielded the same pattern for fold change in gene expression, at day 8, for twist,
Snail-1, Snail-2, TGF-β1, E-cadherin, β-catenin, N-cadherin, vimentin, MMP-2 and -9.
Transcripts for the epithelial molecules such as E-cadherin, β-catenin, and cytokeratin-14
were significantly down-regulated (P<0.05) from 2- to 5-fold in the stimulated cells in
comparison with the unstimulated control. These changes were also associated with a 5-fold
up-regulation of vimentin in comparison with the unstimulated control. In addition, upregulation of Snail-1, Snail-2, twist, and bone morphogenic protein-7 (BMP-7) were observed
relative to control cultures. Moreover; PCR-array analysis indicated changes in transcription
levels had occurred to several other EMT-related indicators such as Jagged 1, Notch 1, ZEB
1, and Smad which further supported the induction of a mesenchymal-phenotype in this cell
system.
The purpose of applying this technique was to support the previous findings obtained by sqRT-PCR. In addition, the EMT-array provided additional evidence of EMT-related changes
by demonstrating gene expression changes in oral keratinocytes in other important EMTindicators such as NOTCH1, JAG1, ZEB1 and GSK3β.
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Gene name

Gene Symbol

Transforming growth factor β1
Bone Morphogenic protein 7
Glycogen synthase kinase 3β
Jagged 1
Notch 1
Snail-1
Slug
Zinc finger E-box binding homeobox 1
E-cadherin
β-Catenin
Cytokeratin 14
N-cadherin
Vimentin
Matrix metalloproteinases-2
Matrix metalloproteinases-9
Smad family member 1
Twist transcription factor 1

Upregulated

TGF-β1
BMP-7
GSK3β
JAG1
NOTCH1
SNAl1
SNAl2
ZEB1
CDH1
CTNNB1
KRT14
CDH2
VIM
MMP2
MMP9
SMAD1
TWIST1

Fold changes relative to unstimulated control
F. nucleatum
P. gingivalis E. Coli LPS
2.8
2.2
1.6
2.5
4.7
6
1.6
4.6
2.7
4.5
2
1.3
6.9
2.1
1.9
4.3
6.3
1.9
1.5
3.1
1.6
3.2
7.8
2.9
-5.4
-4.3
-3.5
-2
-3.1
-1
-2.1
-2.5
-1.1
6.3
2.4
5.7
5.5
4.8
2.6
2.4
2
3.1
6.5
2.1
2.4
2.4
1.8
2.4
2
4
6.6

Downregulated

Table 15. EMT PCR-array analysis showing fold changes in transcription of EMT-related
genes following exposure to bacterial components. The table was generated by using the
Qiagen online analysis tool (www.SABiosciences.com/pcrarraydataanalysis.php).
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3.3: Protein and gene expression analysis in potential EMT-inducing cytokines
Levels of three selected cytokines (TGF-β1, EGF and TNF-α), previously reported in many
studies (Chapter 1, Section 4) to be associated with EMT-induction, were measured in the
supernatant of H400 cultures stimulated with bacteria (Figure 36). All cytokines were
significantly increased (P<0.05) over the 8-day culture period in comparison with cells
treated with media only. Interestingly, cells exposed to P. gingivalis on day 1 did not
demonstrate a significant increase in cytokine levels measured. F. nucleatum produced the
highest increase (~4 to 6-fold, P<0.001) in levels of all cytokines assayed throughout the
study period. The increases in cytokine production detected identify a potential autocrine
mechanism for these molecules in triggering EMT. Notably ELISA data for EGF was
consistent with PCR results of cultures treated with P. gingivalis (Figure 32A) which also
showed no difference with unstimulated control at day 1. In contrast, PCR results for TGF-β1
and TNF-α in cultures stimulated with P. gingivalis showed increased gene expression from
day 1-8.
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A

B

C

Figure 36. Supernatant collected from H400 cultures and assayed using ELISA for (A) TNFα, (B) EGF, and (C) TGF-β1. Data indicates significant increases in the levels of all cytokines
tested in the supernatants, except for the P. gingivalis group at day 1 which did not show
significant increases in the level of any cytokine. Experiments were undertaken in triplicate,
*=P<0.05, **=P<0.001.
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3.4: Immunofluorescence analysis for E-cadherin and vimentin expression in H400 cells
in response to bacterial stimulation
The purpose of analysis using immunofluorescence (IF) technique on H400 cultures, was to
detect the presence of two important epithelial and mesenchymal EMT-markers (E-cadherin
and vimentin). The increased number of vimentin positive cells associated with downregulation of E-cadherin expression has been proposed by several studies as an important
indicator of EMT (Medvedev et al., 2006, Strutz et al., 2002, Zeisberg and Neilson, 2009).
Data from this thesis has now indicated that Gram-negative periodontal pathogens (P.
gingivalis and F. nucleatum) modulate vimentin and E-cadherin gene expression in H400
cells over an 8-day culture period. Subsequently cells with vimentin positive staining were
counted and expressed as a percentage of the total number of cells in the fields viewed.
Analysis of immunofluorescence images (Error! Reference source not found.) showed an
increase in the percentage of vimentin-positive H400 cells following bacterial stimulation in
comparison with unstimulated controls (P<0.05).

Figure 37. vimentin and E-cadherin expression in H400 cells after eight-day culture. (A)
Analysis indicated a significant increase between cells stimulated with bacteria and
unstimulated controls in terms of vimentin expression. (**=P<0.001).
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Data indicated that the highest percentage of cells expressing vimentin were associated with
cultures stimulated with F. nucleatum. The resulting transitioned cells, determined by
positive-vimentin staining, either exhibited elongated, mesenchymal-like morphology whilst
retaining some epithelial characteristics, i.e. by expressing internalised E-cadherin (Figure
38iv), or showing clusters of epithelial cells simultaneously expressing vimentin and Ecadherin. This was in contrast to other cell clusters which expressed E-cadherin only. These
changes were also accompanied by a decrease of E-cadherin expression on the cell membrane
of stimulated cells (Figure 38iv) when compared with cells treated with media only (Figure
38iii).
These findings indicated that exposure of epithelial cells to periodontal pathogens, resulted in
down-regulation of an integral epithelial protein, E-cadherin, together with exhibiting
increased expression of vimentin. This was also associated with morphological changes
which resulted in cells changing from exhibiting classic epithelial cell morphology to a more
fibroblast-like shape.
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Figure 38. Representative IF staining indicates that F. nucleatum modulated expression of
vimentin (red) (ii) when compared with the unstimulated control (i). Higher magnification
showing that unstimulated control (iii) maintained normal E-cadherin distribution and
negatively expressed vimentin. Scale bar=50μm. while stimulated cultures (iv) showed
presence of vimentin-positive cells which either exhibit mesenchymal-like morphology and
retained some characteristics of their parental origin by expressing E-cadherin or cluster of
epithelial cells simultaneously expressing vimentin with downregulation of E-cadherin from
periphery of cells. Scale bars= 20μm. Negative controls (cultures treated with secondary
antibodies only) were included to exclude possibility of unspecific staining (v).
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3.5: Immunocytochemical analysis of Snail activation in bacterial exposed H400
keratinocytes
Transcriptional factor, Snail-1, is well-known for its master regulatory role during EMT
mainly by repressing E-cadherin expression (Wu and Zhou, 2010, Teng et al., 2007)
Therefore, its activity was further explored using an immunocytochemistry assay for H400
cultures exposed to bacterial stimulation. Notably it is reported in the literature that Snail-1
activation is increased in response to inflammatory stimuli and may induce EMT-phenotype
(Wu et al., 2009). Epithelial monolayers were treated with bacterial components over eight
days then stained to investigate activation of Snail-1. Immunocytochemistry analysis (Figure
39A) indicated a significant increase (P<0.05) in the percent of Snail-positive cells, following
the same period of stimulation as compared with the control. Both P. gingivalis and F.
nucleatum activated Snail-1 in H400 keratinocytes to a similar extent. Immunocytochemical
images (Figure 39B) showed Snail-1 positive cells which are characterised by dark brown
discoloration of their nuclei in contrast to unstimulated cells which exhibit clear violet nuclei.
These results were consistent with the previous PCR findings which showed down-regulation
of E-cadherin following exposure of epithelial cells to periodontal pathogens. This could be
due to increased Snail-1 transcriptional activity which is well-known for its E-cadherinsuppressive activity.

143

A

B

Figure 39. Stimulation of H400 cells with periodontal bacteria resulted in significant increase
in Snail-positive cells. (A) Semi-quantitative analysis of Snail-positive cells showing that P.
gingivalis and F. nucleatum elicited the highest response (up to 70%) when compared with
unstimulated controls (B) ICC staining of H400 cells showing increased Snail expression as
indicated by dark brown discoloration of the (green arrows), while unstimulated cells treated
mainly exhibited dark blue nucleus (red arrow). Experiments undertaken in triplicate, Scale
bars are shown. (**=P<0.001).
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3.6: Epithelial integrity of H400 cultures exposed to bacteria
As EMT is associated with a decrease in expression of proteins involved in cellular
attachment, it has been proposed that this contributes to cell dispersion with subsequent loss
of epithelial barrier function (Sume et al., 2010). Furthermore, the loss of epithelial integrity
has been associated with malignant tissue invasion and plays a potential role in the initiation
and propagation of periodontal disease. H400 culture monolayer integrity was investigated by
using in vitro trans-epithelial electrical resistance (TEER) following exposure of epithelial
monolayers to bacterial components. This technique was previously described in Chapter 2,
Section 8. The electrical resistance of H400 monolayers was significantly lower in stimulated
H400 cells in comparison with unstimulated controls (P<0.05) from days 4-8 following
exposure to F. nucleatum and E. coli LPS, indicating that integrity of epithelial sheets in the
cultures were compromised following exposure to periodontal pathogens (Figure 40).
3.7: Transwell migration assay of H400 cells following exposure to bacteria
Following loss of cellular attachment and acquisition of mesenchymal proteins, transitioned
cells in the late stages of EMT have been reported to migrate into the underlying connective
tissue and increased migratory ability is regarded as an indicator of acquisition of a
mesenchymal phenotype in malignant tumours (Zeisberg and Neilson, 2009). Subsequently
H400 cells were exposed to periodontal bacterial components over 8 days, then harvested and
used in the Transwell migration assay.
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Figure 40. Electrical resistance of epithelial monolayers in response to bacterial stimulation
showed a significant decrease in comparison with controls. On day 4, electrical resistance
was significantly reduced in all stimulated groups in comparison with unstimulated controls.
Data is shown as mean + SD. Experiments were performed in triplicate. (*=P<0.05).

The number of cells that migrated, after 12hr, through the membrane inserts was counted and
averaged. The migration of H400 cells in the transwell migration assay was significantly
increased (P<0.001) when cells were previously exposed to periodontal pathogens, indicating
enhanced cell mobility following bacterial exposure when compared with control cultures
(Figure 41). The highest number of migrated cells was associated with F. nucleatum
stimulation, followed by E. coli LPS, and P. gingivalis. These findings suggest the
acquisition of a migratory-phenotype by epithelial cells following bacterial stimulation which
was further investigated using the scratch wound assay.
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Figure 41. Transwell migration assay for H400 cells stimulated over 8 days with periodontal
pathogens, E. coli LPS or media negative control. Data demonstrated that the higher number
of cells had migrated through the membrane in comparison with control. The highest number
of migrated cells was associated with cultures treated with F. nucleatum followed by E. coli
LPS and P. gingivalis. Experiments were performed in triplicate, (*=P<0.05, **=P<0.001).

3.8: Migratory ability of stimulated H400 cells using scratch and barrier-insert models
To explore the migratory ability of H400 cells exposed to bacteria for 8 days, an artificial
wound was created in a confluent cell monolayer and the rate of closure determined. The first
approach used was by means of the well documented scratch-wound assay. The monolayers
were wounded by using a 10μl sterile pipette tip, this was repeated until a technique was
developed to allow consistent wound gap creation (~500μm). This distance was selected for
consistency with the other technique studied which utilised the ibidi tissue-culture insert. This
approach enabled better comparison of closure rates between the two techniques.
For the scratch-wound assay, images were captured as previously described (Chapter 2,
Section 9.2) (Figure 42A). Up to 12hr after scratching, no significant differences were
observed in gap closures between stimulated and unstimulated control groups. However, after
24hr, bacteria treated cultures exhibited a greater degree of gap closure (P<0.05) when
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compared with controls (Figure 42B). A similar pattern of gap closure was observed when
the second method using the insert-barrier was performed (Figure 43). Nonetheless, gaps
created by using tissue culture inserts, where no mechanical stress was applied, showed
slower closure rate when compared with the conventional scratch-wound method (Table 16).
H400 cultures stimulated with F. nucleatum and P. gingivalis which were mechanically
disrupted, showed a significantly higher rate in gap closure (P<0.05) after 12hr when
compared with the barrier-insert created gap, however this was not the case for the E. coli
LPS treated and unstimulated control groups. After 24hr, all epithelial scratched monolayers
treated with bacteria and unstimulated controls, showed a higher degree of gap closure
(P<0.001) as compared with the insert-barrier groups (Table 16). Additionally, the defects
created by both methods were examined using SEM (Figure 44). Notably the scratch-wound
approach showed apparent cellular damage and higher magnification imaging showed that
cells bordering the scratch wound had been damaged and generated cellular remnants (Figure
44D, F, and H). In contrast, cells bordering the cell gap created using insert barriers showed
intact cell membranes and the surrounding area was relatively free of cellular debris (Figure
44C, E, and G).
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A

B
Figure 42. Confluent monolayers of H400 cells were disrupted by scratching with a 10μm
pipette tip following 8 days of exposure to heat-inactivated F. nucleatum and P. gingivalis
and 20μg/ml E. coli LPS. (A) Images were captured immediately following scratching and
then after 12 and 24hr culture. Scale bars=100μm. (B) Measurements of the wound width at
12hr indicated no significant difference, however at 24hr scratch closure was significantly
increased in all cultures exposed to bacterial components in comparison with unstimulated
control. Experiments performed in triplicate, *=P<0.05, **=P<0.001.
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Figure 43. Analysis of barrier-defect measurements indicated no significant difference at 12hr
and 24hr between cultures exposed to heat-inactivated periodontal pathogens and
unstimulated controls. The rate of closure significantly increases after 36hr of treatment with
bacterial components. Experiment performed in triplicate, *=P<0.05, **=P<0.001.

Both the scratch and barrier-insert assays further support data from the Transwell migration
assay. In addition, the effect of bacteria on increased proliferation of cells was previously
excluded as a mechanism which contributed to differences in gap closure (Chapter 3, Section
3.3.3). Subsequently data indicated that the increased migratory ability of epithelial cells,
following 8-day exposure to bacterial components, was the main reason for the increased rate
of gap closure in stimulated cultures as compared with unstimulated controls.
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Scratch

Insert
0hr

Scratch
P-value

Insert
12hr

Scratch
P-value

Insert
24hr

P-value

Media only

500.2±3.2

495.4±25.6

N.S

384.5±59.8 419.6±35.1

N.S

239.5±17.6

285.6±14.2

<0.001

Mean gap

F. nucleatum

486.3±23.9

502.3±12.3

N.S

317.3±15.9 422.5±57.3

<0.05

126.2±13.9

268.9±11.5

<0.001

width

P. gingivalis

489.4±19.7

500.3±7.8

N.S

374.7±27.3 434.9±35.1

<0.05

160.1±22.9

267.3±15.6

<0.001

(μm)

E. coli LPS

506.5±13.1

485.9±35.6

N.S

367.2±27.9 391.3±26.5

N.S

103.3±9.7

261.0±21.1

<0.001

Table 16. Comparison of closure rate of defect created by scratch-wounding and insert-barrier approach showed significantly higher rate of gap
closure in the scratch model compared with the insert-barrier method. After 12hr, both periodontal pathogen exposures in the scratch group
significantly exhibited an increased rate of defect closure. However, media only and E. coli LPS in the same group failed to produce any
significant change compared with barrier groups. At 24hr, all scratch groups exhibited a higher rate of gap closure in comparison with the
barrier-insert groups.
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Figure 44. SEM images of gaps generated in confluent H400 monolayers by using the insertbarrier (A) and the scratch method (B). Higher magnification shows intact cells and a gap
space free of debris in the insert-barrier cultures (C, E, and G) compared with damaged cells
surrounded by cellular remnants generated by scratching (D, F, and H). Scale bars are shown.
Images are representative of studies performed in triplicate.
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4: Discussion
Oral malignancies are a major health problem that is characterised by high recurrence and
metastasis rates that are closely associated with excessive tobacco and alcohol consumption
(Feller and Lemmer, 2012). However, a proportion of patients develop OSCC in the absence
of any known risk factor which suggests there may be other predisposing risk factors in the
oral cavity such as infectious agents (Acay et al., 2008). Although viruses; e.g. human
papilloma virus, were reported to be highly associated with oral malignancies, evidence from
several studies suggested a potential role of bacteria in oral cancer (Lax and Thomas, 2002).
Furthermore, data from different studies have suggested that oral cancer is associated with
tooth loss and poor oral hygiene, irrespective of other risk factors (Narayan et al., 2014). A
clinical study undertaken on 165 patients showed that poor oral hygiene is an independent
risk factor in 80% of OSCC cases examined (Rosenquist et al., 2005). Similar findings were
reported in a study of 60 patients where other potential risk factors for OSCC were excluded
(Oji and Chukwuneke, 2012). Therefore, it is proposed that inflammatory conditions within
the oral cavity such as chronic periodontitis could increase the risk of oral malignancies.
Indeed, a retrospective study carried out on 178 OSCC patients, using radiographic and
clinical examination, recommended considering treatment of periodontitis as a preventive
measure which could potentially reduce the risk of neoplasm (Moergel et al., 2013). In
addition, findings from a clinical study concluded that two out of four patients with chronic
periodontitis are at risk of developing OSCC. This could be due to the negative impact of the
inflammatory cascade, triggered in response to periodontitis, on the integrity of the oral
mucosa (Krüger et al., 2013). Periodontal diseases are associated with a diverse population of
potentially pathogenic bacteria, in particular, Gram negative anaerobes (Paster et al., 2001).
Studies by Mager et al. (2005) have indicated the presence of a significantly higher number
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of these bacteria in salivary samples of OSCC patients as compared with healthy controls. In
OSCC, P. gingivalis potentially facilitates cancer metastasis via up-regulating MMP-9
expression and increasing resistance to apoptosis which is a characteristic feature of EMT
(Inaba et al., 2014). Furthermore, recent studies have highlighted the potential involvement of
periodontal pathogens, including F. nucleatum and P. gingivalis, in increased invasiveness of
OSCC by potentially inducing the EMT process (Binder Gallimidi et al., 2015, Ha et al.,
2015). Samples derived from highly invasive gingival squamous cell carcinoma cases showed
an abundant presence of P. gingivalis compared with primary non-metastatic cancer (Katz et
al., 2011), however the bacterial role and reason for the observed association remain unclear.
The accumulating evidence on EMT suggests that this process provides a potential
mechanism to facilitate some of the required steps leading to metastasis (Jechlinger et al.,
2002, Lee et al., 2006).
4.1: Exposure to periodontal pathogens promotes expression of EMT-related cytokines
EMT is characterised by several molecular changes involving cell surface proteins,
cytoskeletal proteins, transcriptional factors, and proteolytic enzymes. These events require
signaling from different cytokines (Kalluri and Weinberg, 2009, Lamouille et al., 2014).
While the inflammatory response is essential to orchestrate the elimination of the sources of
infection and cellular damage and restore homeostasis of tissues these, cytokines may
subsequently modulate the behaviour and progression of malignant tumours. A range of
inflammatory cytokines such as TGF-β1, TNF-α, EGF, and interleukins are potentially
involved in this process and evoke several mechanisms including angiogenesis, reactive
oxygen species generation, and the triggering of EMT (Landskron et al., 2014)
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In the current study, gene expression of several cytokines in stimulated H400 cultures (TGFβ1, TNF-α, EGF, IL-1β, IL-6, and IL-8) showed significant increases following exposure to
heat-killed periodontal pathogens and E. coli LPS. This agrees with previous findings
reported by Milward et al. (2007) which indicated that oral keratinocyte (H400) exposure to
non-viable periodontal pathogens increased expression of TNF-α, IL-1β, and IL-8. Similarly,
exposure of gastric mucosa to another Gram-negative bacteria, H. pylori, resulted in upregulation of IL-1β, -8, and TNF-α (Noach et al., 1994), molecules associated with driving
EMT-related changes (Yu et al., 2014, Baud et al., 2013, Amieva et al., 2003). Under normal
physiological conditions, TGF-β1 is a potent anti-inflammatory cytokine, with wellrecognized roles in embryogenesis, cell proliferation, differentiation, apoptosis, invasion, and
adhesion (Santibañez et al., 2011). In addition, TGF-β signalling has been reported to induce
EMT and cancer metastasis in a range cell types (Xu et al., 2009). Indeed treatment of
mammary epithelial cells with TGF-β1 induced expression of vimentin which was associated
with increased cell invasiveness (Yoshida et al., 2013). In addition, N-cadherin up-regulation
was reported in association with TGF-β1-induced EMT in pancreatic cancer cells (Nakajima
et al., 2004). TGF-β1-may induce EMT through stabilizing Snail (Wu and Zhou, 2010, Wang
et al., 2013) and facilitating nuclear translocation of β-catenin (Masszi et al., 2004). The
current study has now demonstrated increased expression of TGF-β1 in oral keratinocytes
following exposure to periodontal pathogens as well as concomitant N-cadherin and
vimentin.
Although TNF-α is a major proinflammatory cytokine, its role in cancer progression remains
controversial (Balkwill, 2006). Data from mouse models of experimentally-induced colon
cancer, injected with LPS, showed an increase in TNF-α-dependent metastasis. This study
suggested that TNF-α enhanced cancer progression was driven by activation of NF-κB which
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increased the proliferation and survival of malignant cells (Gonçalves et al., 2016). In
addition, deletion or inhibition of TNF-α production in mice increased their resistance to
chemically-induced skin malignancy and liver cancer (Rezaei et al., 2013). Previously
prolonged exposure of an OSCC cell line to TNF-α resulted in activation of EMT via Notch
signalling and has been associated with increased malignancy invasion (Lee et al., 2012).
Chronic treatment with TNF-α resulted in NF-κB activating twist-induced ‘stemness’ in both
normal and malignant breast cells (Li et al., 2012a). Notably in the study presented here,
stimulation of oral keratinocytes with heat-killed periodontal pathogens and E. coli LPS also
increased transcription of EGF, IL-1β, IL-6, and IL-8. This may activate EMT independently
or synergistically with other potent EMT-inducing cytokines such as TGF-β1 and TNF-α (Li
et al., 2012b, Sullivan et al., 2009, Palena et al., 2012, Li et al., 2015, Wendt et al., 2010).
Data from the PCR EMT array also indicated a significant increase in expression of TGF-β1
and BMP-7. Notably the role of BMP-7 in EMT induction is currently not clear in the
literature. Data from work by Lim et al. (2011) showed that BMP-7 induced EMT in 2D and
3D models of prostate cancer cells, however others have suggested that this cytokine blocks
TGF-β1-induced EMT in chronic kidney injury (Zeisberg et al., 2003) and in
cholangiocarcinoma (Duangkumpha et al., 2014). It is unclear from current findings whether
increased BMP-7 transcription contributed to EMT-signalling or functions to maintain
epithelial cells.
In this study, TGF-β1, EGF and TNF-α were initially selected for investigation as they share
a common EMT-signaling pathway which results in stabilization and increased nuclear
activity of Snail. In addition, these cytokines have been reported as major EMT-inducing
molecules in different pathological and physiological conditions (Wu and Zhou, 2010, Wang
et al., 2013). It was originally hypothesised that these factors may drive the EMT phenotype
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chronically due to local inflammatory events induced by bacteria which stimulate production
of a range of cytokines with increasing levels due to autocrine signaling (Pandit, 2007,
Schlange et al., 2007). Assaying levels of TGF-β1, EGF and TNF-α in the supernatant from
H400 cell cultures showed that the presence of non-viable bacteria (F. nucleatum and P.
gingivalis) or E. coli LPS significantly upregulated production of these cytokines although
this was not as evident for P. gingivalis at 24hr post-stimulation. Notably these findings were
consistent with previous reports indicating that P. gingivalis exerted a weaker effect
(compared with E. coli LPS) in stimulating TNF-α over a 24hr period both in vivo and in
vitro (Liu et al., 2008).
4.2: Presence of bacterial components provoke expression of transcriptional factors and
signalling molecules
Reprogramming of epithelial cells into more motile, mesenchymal-like cells requires
activation of key-transcriptional factors which regulate this process. Members of the Snail
family, twist-1, LEF-1, and NF-κB are well-known for roles in modulating EMT during
different physiological and pathological conditions (Lamouille et al., 2014, Lee et al., 2006).
Snail-1 and -2 are well characterised zinc-finger transcription factors, that increase in activity
during inflammation and are well-known suppressors of E-cadherin transcription that
subsequently causes dissociation of cells (Wu and Zhou, 2010). Treatment of three OSCC
cell lines with TGF-β1 over 6 days has previously shown increased expression of Snail-1.
Furthermore, immunocytochemical staining, following scratching monolayers of these cells,
indicated increased activity of Snail-1 at the wounded margins that was associated with
increased MMP-2 and -9 activity (Takkunen et al., 2006). Notably PCR data presented here
showed that gene expression of transcriptional factors, Snail-1 and -2, were significantly
increased (6- and 4-fold respectively) over eight days of culture following bacterial
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stimulation and this response was associated with a decrease in transcription of E-cadherin.
Notably the activation of these transcriptional factors requires activation of signaling
pathways by a range of cytokines. Indeed TGF-β1 appears to provide a relevant candidate for
activation of Snail-mediated repression of the gene encoding E-cadherin (Shirakihara et al.,
2007, Vincent et al., 2009). Furthermore, Snail activation not only reportedly attenuates Ecadherin expression, it also activates MMP-9 transcription which enhances potential
metastatic behavior (Lamouille et al., 2012).
Activation of NF-κB may contribute to EMT-induction by stabilizing Snail-1 (Wu et al.,
2009). Indeed, the data presented in Chapter 3, Section 4.4 showed increased NF-κB nuclear
translocation in oral keratinocytes following exposure to bacterial components which was
further supported by PCR findings which indicated increased transcription of this factor.
Increased nuclear activity of Snail, a major E-cadherin repressor, in response to induction by
periodontal pathogens was further confirmed by immunocytochemical staining. Analysis of
Snail activation images following 8 days of bacterial stimulation demonstrated that nuclear
activity of Snail was evident in ~70% of cells exposed to F. nucleatum and P. gingivalis
(Figure 39A).
Twist-1 is another transcriptional factor which was identified as being up-regulated in
response to treatment of H400 cells with non-viable periodontal pathogens. This molecule is
well established as being key to triggering EMT and promoting an invasive-phenotype in
many types of malignancies such as breast and gastric carcinoma (Yang et al., 2008). Notably
the increased expression of twist by breast cancer cells leads to activation of inflammatory
cytokines (e.g. IL-6) and Snail transcription which in turn activates EMT (Yadav et al.,
2011). The resulting activated Snail-twist combination could play a central role in activating
EMT-signaling during development, fibrosis, and malignancy (Peinado et al., 2007b). Down158

regulation of the E-cadherin gene and EMT is also mediated by transcriptional activity of
LEF-1 which is up-regulated following nuclear translocation of β-catenin following
destabilization of adherens junctions (Nawshad et al., 2007, Kim et al., 2002). In agreement
with this, LEF-1 expression was found to be up-regulated in H400 epithelial cells in response
to bacterial stimulation. In addition, consistent with this was data from the EMT PCR-array
which indicated increased transcription of these factors alongside essential molecules
involved in EMT-signaling pathways ZEB-1, GSK3β, JAG1, and NOTCH. However, the
changes in molecules in these signaling pathways differed in magnitude dependent on the
bacterial stimuli investigated (Table 15). This may provide insight into the differential
activation of certain pathways by different bacteria and the resultant ability to drive EMT.
4.3: Periodontal pathogens potentially compromise epithelial integrity via EMT
Transcription of E-cadherin was reportedly decreased significantly following increased
transcription of Snail (Batlle et al., 2000) and twist (Smit et al., 2009). E-cadherin downregulation was also accompanied by up-regulation of N-cadherin and supports the switching
from epithelial into a mesenchymal cadherin profile which is considered one of the main
features of EMT (Kalluri and Weinberg, 2009, Lamouille et al., 2014)
E-cadherin, a major molecule of epithelial adherens junctions, was significantly downregulated (~3-fold) relative to the control after treating epithelial cells with bacteria. This
finding was consistent with previous studies indicating that E-cadherin down-regulation was
a major step in EMT induction (Kalluri and Weinberg, 2009, Lee et al., 2006). In addition,
EMT-related decrease of E-cadherin expression is considered a prerequisite for cancer
metastasis (Zeisberg and Neilson, 2009, Wendt et al., 2011, Onder et al., 2008). Investigation
of metastatic carcinoma cells from different organs such as breast, stomach, ovary, and
thyroid, showed a poorly differentiated epithelial-phenotype associated with either a decrease
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in E-cadherin expression or the presence of a mutation, which is believed to facilitate cell
detachment from the original primary tumour (Berx et al., 1998, Machado et al., 1999).
Virulence factors produced by periodontal pathogens such as P. gingivalis are reportedly
capable of decreasing epithelial junctional attachment particularly through down-regulation
of E-cadherin (Arun et al., 2010). Indeed co-culturing of epithelial monolayers with P.
gingivalis resulted in the breakdown of E-cadherin of adherens junctions (Katz et al., 2002).
Chronic infection with F. nucleatum may also lead to EMT in colorectal carcinoma cells via
down-regulation of E-cadherin expression and increasing β-catenin-associated transcriptional
factors such as LEF and NF-κB (Kumar et al., 2016). Data from this study regarding the upregulation of LEF and NF-κB was consistent with that of these previous publications which
demonstrated similar responses in oral keratinocytes exposed to periodontal pathogens.
Previously, Jing et al. (2012) indicated E-cadherin down-regulation in hepatic malignant cells
was mediated by LPS-TLR-4 signalling and the current study demonstrated that exposure of
H400 cells to E. coli LPS resulted in a ~3-fold up-regulation in gene expression of TLR-4
(see Chapter 3, Section 3.5.2). Decreased expression of epithelial E-cadherin was also
associated with up-regulation of mesenchymal N-cadherin transcription and the switching of
cadherin types is a potential indicator of an EMT-phenotype (Kalluri and Weinberg, 2009).
Indeed a recent immunohistochemical study carried out on primary and metastatic pancreatic
cancer cells showed that TGF-β-induced N-cadherin overexpression which was associated
with EMT-related morphological changes (Nakajima et al., 2004). Up-regulation of gene and
protein expression of TGF-β1 and other growth factors such as EGF and TNF-α was
demonstrated in this study and may provide a mechanistic explanation for increased Ncadherin expression in H400 cells following bacterial challenge. Notably increased levels of
N-cadherin in OSCC undergoing EMT have been reported in several other studies
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(Krisanaprakornkit and Iamaroon, 2012, Scanlon et al., 2013). Indeed, it has been proposed
that assay of N-cadherin could provide a prognostic tool for metastatic malignancy.
Examination of tissue samples from patient with gastric cancer showed that increased Ncadherin positive cells were associated with increased cancer aggressiveness (Kamikihara et
al., 2012). Similarly, Gravdal et al. (2007) demonstrated the significance of switching from
E-cadherin to N-cadherin expression and indicated that it may provide a valid indicator for
progression of prostate carcinoma. Data also indicated that up-regulation of another
mesenchymal molecule, FSP-1, which is a protein involved in motility and morphology of
mesenchymal cells, is mainly mediated by TGF-β1 and EGF signalling and plays a key-role
in EMT-induction in vitro (Okada et al., 1997, Teng et al., 2007, Li et al., 2015, Wendt et al.,
2010)
Changes to the cytoskeletal architecture and loss of cell polarity are among the key features
of the EMT process. The shifting of phenotype during cancer progression requires downregulation of epithelial molecules coupled with up-regulation of mesenchymal cytoskeletal
proteins (Sun et al., 2015). In this study, one mesenchymal (vimentin) and one epithelial (βcatenin) protein were shown to be highly implicated in EMT and were selected for further
investigation. Cellular junctions are essential to maintain tissue polarity and integrity due to
their association with the actin cytoskeleton via different types of catenin, such as β-catenin,
which also mediates Wnt signalling. This relationship not only maintains the integrity of
epithelium but also facilitates transduction of vital signalling and transcriptional pathways
(Green et al., 2010). The β-catenin-E-cadherin complex is stabilized by Wnt signalling, which
prevents β-catenin from entering the nucleus, thereby allowing accumulation of β-catenin in
the cytoplasm (Amit et al., 2002, Lickert et al., 2000). Subsequently the degradation of
adherens junctions leads to breakdown of E-cadherin and the subsequent release of β-catenin.
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This results in translocation of β-catenin to the nucleus where it activates transcription of LEF
which affects cell-cell adhesion and contributes to a migratory cell phenotype (Clevers, 2006,
Kim et al., 2002). Absence of Wnt signalling finally leads to ubiquitination and breakdown of
β-catenin (Luo and Lin, 2004). In the studies presented here exposure of H400 cells to heatkilled periodontal pathogens resulted in down-regulation of β-catenin expression by almost 6fold. In addition, free β-catenin has been shown to play a synergistic role in TGF-β1-induced
EMT, which was not triggered in an intact confluent monolayer, however loss of epithelial
integrity and disassembly of cellular junctions followed by loss of E-cadherin and release of
β-catenin triggers phenotype reprogramming associated with EMT (Masszi et al., 2004).
Gilles et al. (2003) identified de novo expression of vimentin in 8 cell lines following EMTinduction was mainly due to targeting vimentin-motif sites by β-catenin which was
translocated to the nucleus. Up-regulation of vimentin expression is an indicator of EMTphenotype and potentially contributes to increased cellular invasiveness. Indeed, data from
several studies indicated that vimentin can be expressed in epithelial cells under certain
pathological conditions that require cell migration such as wound healing and cancer
metastasis (Ramaekers et al., 1983, Gilles et al., 1996). In this study, exposure of H400
keratinocytes to bacterial components up-regulated vimentin expression, which is consistent
with a recently published study which demonstrated similar results when four epithelial cell
lines (hepatocellular carcinoma cell lines) were exposed to LPS (Jing et al., 2012). Another
study also showed that a plant extract which inhibited LPS induced NF-κB activation caused
a decrease vimentin expression and restored an epithelial-phenotype (Cho, 2015). Increased
transcriptional activity of vimentin has been proposed as an important regulator of EMTassociated cell migration during cancer progression in different organs, e.g lung (Kidd et al.,
2014) and prostate (Wei et al., 2008). Further support for potential EMT-induction in H400
162

OSCC was provided from IF staining, together with PCR data, which showed a simultaneous
up-regulation of vimentin expression after stimulation with heat-killed periodontal pathogens
and E. coli LPS (Scanlon et al., 2013). Up-regulation of vimentin has been reported to be
induced by EGF, which is a key regulator of proliferation and migration of cells (Paccione et
al., 2008). Transitioned cells co-expressed vimentin and E-cadherin and showed two
phenotypes, either the cells were elongated with internalization of E-cadherin, or cells formed
epithelial clusters with E-cadherin distributed around the cell membrane; however, vimentin
was detected in their cytoplasm which could indicate that these cells are at an early transition
stage. Loss of cell-cell junctions was also supported by data from the TEER experiment,
which demonstrated decreased resistance of epithelial monolayers to electrical current
transmission following exposure to bacteria. This was in agreement with a previous study
which demonstrated the decreased electrical resistance of oral keratinocytes chronically
stimulated with periodontal pathogens (Sume et al., 2010).
5.4: Increased migratory ability of H400 cells exposed to bacterial components
The degradation of the basement membrane is a prerequisite for epithelial cells that acquired
an invasive-phenotype to facilitate migration into underlying tissue or to distant sites (Kalluri
and Weinberg, 2009). The present study showed that the MMPs-2, -9, and -13, which are
proteolytic enzymes that degrade ECM, were up-regulated following eight days of exposure
to bacteria. PCR-array data was consistent with the sq-RT-PCR findings and in addition
identified other up-regulated genes (including MMP-3 and -9) involved in the breakdown the
basement membrane, which could facilitate tumor metastasis (Kalluri and Weinberg, 2009,
Lamouille et al., 2014). Periodontal pathogens, particularly F. nucleatum and P. gingivalis,
are well-known for an ability to modulate host production of these enzymes which could
contribute to increased cell motility and invasion (Gursoy et al., 2008, Fravalo et al., 1996,
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Pattamapun et al., 2003). Indeed the culturing of eight different strains of Fusobacterium with
HaCaT keratinocytes resulted in the up-regulation of MMP-2, -9, and -13 in addition to IL-8
(Gursoy et al., 2008). Furthermore challenging OSCC cells in vitro with F. nucleatum and P.
gingivalis resulted in up-regulation of MMP-9 (Binder Gallimidi et al., 2015). In addition,
exposure of oral keratinocytes to these bacteria triggered TLR-NF-κB signalling which
induced up-regulation of genes such as MMPs (Philip et al., 2004). These data are further
supported by findings from other studies which demonstrated that LPS-activated MMP was
dependent on NF-κB signalling (Rhee et al., 2007). Increased cell migratory ability was
investigated by scratch and transwell migration assays. Exposure of epithelial cells to
periodontal pathogens resulted in a higher rate of closure of the scratch-wounds inflicted on
H400 cell monolayers. These findings indicated that wound closure was consistent with an
increase in numbers of migrated cells as supported by the transwell migration assay and
growth models which showed no effect of bacteria used in this study on cell proliferation.
The same pattern of migration rates was detected in both assays for the F. nucleatum and P.
gingivalis treatments. These findings were also consistent with the PCR and
immunofluorescence data demonstrating down-regulation of E-cadherin as well as the TEER
results showing decreased epithelial integrity which could potentially have promoted cell
motility. Increased vimentin expression is a potential indicator of the presence of cell
populations with increased migratory capabilities (Yoon et al., 2007). These data are also in
agreement with previous results (Misra et al., 2012) which demonstrated increased cell
motility was correlated with increased vimentin expression and were associated with Ecadherin down-regulation.
A recent study indicated that wounding of an epithelial barrier resulted in initiation of a proinflammatory response by cells to manage the induced cellular stress (Leoni et al., 2015). The
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epithelial-derived cytokines, secreted in response to wound trauma, such as TGF-β1 and EGF
contribute to increasing motility of keratinocytes and facilitate repair of the epithelial barrier
(Leydon et al., 2014). Electron microscopy images presented here showed damaged cells
along the scratched area which may have caused increased release of growth factors in
addition to those stimulated by bacterial stimulation of the epithelial cells. Subsequently there
may be a combined molecular response in cytokine signaling when culture scratching occurs
in the presence of bacteria. Based on these data, a study was undertaken comparing data from
the scratch assay and the insert-barrier technique which excluded cell trauma in order to
investigate the effect of bacterial component presence alone on the migratory rate of cells.
Although the barrier group demonstrated an increased rate of gap closure in the presence of
bacteria compared with controls this rate was significantly lower than the closure rate in the
scratch wound assay. This potentially provided evidence for acquisition of a migratoryphenotype induced by periodontal pathogens. In addition, the closure rate, after 24hr, was
higher in cultures treated with media only, which highlighted the important impact of
physical cell damage on increased cell motility. It is well-known that healing of a small
wound is mainly dependent on the sum of migration and increased proliferation which
increases the number of cells populating the wound area (Crosnier et al., 2006, van der Flier
and Clevers, 2009). It was previously shown (Chapter 3, Section 3.3.3) that the presence of
bacterial components in cultures of H400 cells did not affect the proliferation rate or cell
viability. Considering all the data it is proposed that increased cell migratory ability in
response to bacterial challenge is the main factor in increasing wound closure in these in vitro
model systems.
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5: Conclusion
The periodontal pathogens P. gingivalis and F. nucleatum elicited changes in H400 epithelial
cells, at a molecular, structural and behavioural level which were potentially indicative of
EMT. However, transitioned cells observed in this study did not entirely lose their epithelial
phenotype nor completely differentiate into mesenchymal cell as some of the parental
phenotype was retained and mesenchymal markers were expressed concomitantly. In
addition, the wound healing assay suggested that physical cell trauma induced a migratoryphenotype which was enhanced in the presence of P. gingivalis and F. nucleatum. These
epithelial cells, in the presence of bacteria, acquired a migratory-phenotype which was
indicated by the increase of motility related molecules such as vimentin and FSP-1.
Furthermore, this study also suggested involvement of periodontal pathogens in
compromising epithelial barrier function which is evident during periodontitis. Therefore, the
potential involvement of EMT in the pathogenesis of periodontitis will be discussed in the
following chapter.
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EPITHELIAL-MESENCHYMAL TRANSITION AND
ORAL EPITHELIAL BARRIER FUNCTION
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1: General introduction
This chapter focuses on the potential of EMT (as induced by periodontal pathogens) in
compromising the epithelial-barrier function in periodontitis by analysing responses in an in
vitro primary oral keratinocyte model system. Indeed, persistent inflammation elicited by
bacteria has previously been reported as a potential predisposing factor for EMT-induction in
various organs such as lungs, liver, and intestine (Shen et al., 2014, Bose et al., 2012, Scharl
et al., 2015). The inflammatory signaling induced by microbial challenge shares common
pathways with EMT (Hofman and Vouret-Craviari, 2012). It has previously been shown that
when pocket epithelial lining cells encounter F. nucleatum and P. gingivalis there is upregulation of proteolytic enzymes such as MMP-2 (Gursoy et al., 2008, Grayson et al., 2003)
which is, in turn, necessary for the EMT process (Radisky and Radisky, 2010, Duong and
Erickson, 2004, Lin et al., 2011). Furthermore, Nagarakanti et al. (2007) have shown that
gingival samples collected from patients with chronic periodontitis exhibit significant downregulation of E-cadherin compared with healthy controls. Subsequently Yutori and coworkers have proposed that the attenuation of epithelial barrier function is due to E-cadherin
down-regulation following co-culture of human gingival epithelial cells with P. gingivalisLPS (Abe-Yutori et al., 2016). Consistent with these findings, prolonged stimulation of the
gingival sulcular epithelium with E. coli LPS was shown to result in loss of tight junctions
associated protein (claudin-1) (Fujita et al., 2012) and those changes support the potential
induction of EMT in this cell type (Zeisberg and Neilson, 2009, Kalluri and Weinberg, 2009).
Furthermore immunohistochemical analysis of samples derived from patients with gingival
overgrowth has demonstrated the presence of areas exhibiting basement membrane
disintegration that have been invaded by epithelial-like cells (Kantarci et al., 2011).
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Whilst the host response to plaque biofilm has received considerable attention (Silva et al.,
2015, Hasan and Palmer, 2014) the aetiology of periodontitis at a cellular level has not been
fully elucidated. EMT appears as a potential mechanism which may affect the integrity of the
periodontal pocket epithelium during periodontal disease pathogenesis, however thus far this
process has received limited attention.
2: Specific aims and objectives of the studies described in this chapter:
Aims:
1- To investigate the possible involvement of EMT in compromising epithelial barrier
function following exposure of primary oral keratinocytes to periodontal pathogens in an
in vitro periodontitis-model system.
2- Compare results obtained using primary keratinocytes with those obtained using the H400
cells following exposure to heat-killed periodontal pathogens.
Objectives:
1- EMT induction in primary cells cultures was investigated by range of different assays
including PCR, IF, and ICC for selected EMT-indicators.
2- The integrity of the epithelial monolayers was investigated by using TEER.
3- Increased migratory ability of the cells was investigated by utilising transwell-migration
and scratch-wound assay.
3: Results
3.1: Inhibitory effect of different Mitomycin C concentrations on 3T3 fibroblasts
Analysis of 3T3 cultures showed that at all MMC concentrations used there was a significant
decrease (P<0.001) in numbers of 3T3 cells compared with controls from days 5-12 (Figure
45). At the end of experiment, day 12, cell numbers in cultures treated with the higher MMC
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concentrations (8 and 10μg/ml) were significantly lower (P<0.05) when compared with other
MMC concentrations utilised (Figure 45). Comparison of cell number for each concentration
with its initial seeding number (Table 17), showed that lower MMC concentrations (1 and
4μg/ml) did not significantly affect number of 3T3 till day 11 and 12. While higher MMC
concentrations resulted in reduction in number of 3T3 at earlier time starting from day 7, for
6 and 8μg/ml, and from day 6 for 10μg/ml. This indicated that lower concentrations
maintained higher number of 3T3 in cultures for longer time relative to higher concentrations.
3.2: Characterisation of epithelial-phenotype
Culture of primary oral keratinocytes was visualised using light microscopy. In contrast to
randomly distributed fibroblasts, epithelial cell growth was characterised by the formation of
round-tightly adherent epithelioid colonies, giving the classical ‘cobble-stone’ appearance of
epithelial sheets (Figure 46). The epithelial-phenotype of primary rat oral keratinocytes was
further confirmed by their reaction with antibodies to pan-cytokeratin which is the main
intermediate filament present in epithelial cells (Figure 47).
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Figure 45. Treatment of 3T3 fibroblasts with a range of concentrations of MMC (1, 4, 6, 8,
and 10μg/ml) for 2hr resulted in inhibition of growth as compared with the unexposed
control. The number of 3T3 cells assayed in culture, at day 12, at the higher MMC
concentrations, 8 and 10μg/ml, were significantly lower than in cultures treated with the
lower MMC concentrations. Initial seeding number=1x104 cells. Experiments were
performed in triplicate, *=P<0.05, **=P<0.001.
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MMC
concentration

1μg/ml

MMC
concentration

4μg/ml

MMC
concentration

6μg/ml

Time
(days)
4
5
6
7
8
11
12
Time
(days)
4
5
6
7
8
11
12
Time
(days)
4
5
6
7
8
11
12

3T3 cell
count± SD
84444±10356
81111±10226
78349±13736
75000±9651
72222±10268
35778±5519
32667±8802
3T3 cell
count± SD
80222±13979
79556±11618
78333±16539
76667±23764
72901±17823
31222±7975
30500±7883
3T3 cell
count± SD
79111±16237
78333±13394
65556±12935
67778±10371
66111±15346
37333±13390
30333±10830

P-value

N.S.
N.S.
N.S.
N.S.
P<0.001
P<0.001
P-value

N.S.
N.S.
N.S.
N.S.
P<0.05
P<0.05
P-value

MMC
concentration

8μg/ml

MMC
concentration

10μg/ml

Time
(days)
4
5
6
7
8
11
12
Time
(days)
4
5
6
7
8
11
12

3T3 cell
count± SD
80000±19403
78889±15676
62222±11660
57667±13394
54000±18838
28500±7763
18667±3308
3T3 cell
count± SD
78889±14507
73333±16803
57778±13956
52778±15265
49391±17083
26667±7700
14944±2485

P-value

N.S.
N.S.
P<0.05
P<0.05
P<0.001
P<0.001
P-value

N.S.
P<0.05
P<0.05
P<0.001
P<0.001
P<0.001

N.S.
N.S.
P<0.05
N.S.
P<0.001
P<0.001

Table 17. Data obtained from comparing the number of 3T3 fibroblasts in cultures to the
initial seeding number, for each MMC concentration, showed that 1 and 4μg/ml did not
reduce the number of cells until day 11. However, higher MMC concentrations significantly
decreased number of 3T3 from day 7 in association with 6 and 8μg/ml. While the highest
MMC concentration utilized (10μg/ml) resulted in reduction of 3T3 number at an earlier time
(day-6).
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Figure 46. Phase contrast photomicrographs showing the growth of rat primary oral
keratinocyte cultured on 3T3 cell feeder layers. Epithelial cells are densely packed forming
round islands that gradually expand and form confluent layer (red arrows). Keratinocytes
islands after 7 days (A), 10 days (B), 12 days (C), and 14 days (D). Cultures were incubated
at 37oC in 5% CO2. (E). Images are representative of triplicate cultures. Scale bars are shown.

Figure 47. Confocal microscopy of primary oral keratinocytes showing pan-Cytokeratin
(green) characteristic of Epithelial-phenotype. Nuclei were defined by counterstaining with
DAPI (blue). Image are representative of studies run in triplicate. Scale bars are shown.
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3.3: Effect of periodontal pathogens on growth and viability of primary oral
keratinocytes
During the experimental period of 10 days, the growth rate of oral keratinocytes cultures
exposed to heat-killed F. nucleatum, P. gingivalis and 20μg/ml E. coli LPS, did not show
significant differences when compared with cultures in media only (Figure 48A). The same
profile was also apparent for the percentage of viable cells determined in the same period.
Exposure of primary oral keratinocytes to bacterial components did not cause any significant
effect on growth when compared with controls, except at day 7 for the F. nucleatum exposure
group (P<0.05) and at day 8 for all bacterial exposure groups, as the percentage of live cells
under these conditions decreased significantly (P<0.001) (Figure 48B). The concentration of
bacterial stimuli used in this experiment did not have an inhibitory or toxic effect on primary
oral epithelial cells cultured in vitro.
3.2: EMT-related marker gene transcriptional changes following bacterial exposure
Exposure of oral epithelial cells to heat-killed periodontal pathogens and E. coli LPS for 8
days resulted in changes in expression of key genes related to EMT. Transcription of Ecadherin, and its associated cytoskeletal molecule, β-catenin, in stimulated cultures was
significantly down-regulated (~3-4-fold respectively, P<0.001) in comparison with controls
(Figure 49). At the same time, there was a significant up-regulation (P<0.001) of the two
mesenchymal markers investigated, vimentin (~4-fold) and N-cadherin (~3-fold) (Figure 50).
The expression of the transcriptional factor, Snail-1, was increased up to 5-fold in response to
bacterial stimulation (Figure 51A), as well as a significant up-regulation of the transcript for
the proteolytic enzyme (MMP-2) compared with unstimulated cultures at the same time point
(Figure 51B). The greatest level of up-regulation of mesenchymal molecules, at the end point
of the experiment, was associated with cells treated with F. nucleatum. Furthermore, levels of
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TLR-4 expression (responsible for bacterial recognition, particularly LPS) were also
significantly (P<0.001) increased in stimulated cultures when compared with cells treated
with media only (Figure 51C).
Comparison of EMT-associated gene expression between primary oral keratinocytes and
H400 cells, following bacterial exposure, showed similar patterns. However, H400 cells
expressed greater changes in transcript levels for the genes investigated in this study. Ecadherin and β-catenin (Figure 52), were downregulated about 4-fold in association with
H400 cultures in comparison to unstimulated control, while transcription of E-cadherin and
β-catenin was decreased about 3-fold in stimulated primary cells cultures. In addition,
vimentin, N-cadherin (Figure 53), Snail-1 and MMP-2 were increased in H400 cultures
treated with bacteria compared with primary oral epithelial cells (Figure 54). However,
primary oral keratinocytes exhibited higher expression of TLR-4 (~4-fold) compared with
H400 cells.
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B

Figure 48. Exposure of primary oral epithelial cells to heat-inactivated F. nucleatum, P.
gingivalis, and 20μg/ml E. coli LPS, over 10 days, did not produced any significant
differences in (A) cell numbers of epithelial cells or (B) viability of cells, except for F.
nucleatum exposure at day 7 and all stimulated groups at day 8 where the percentage of
viable cells significantly decreased when compared with the unstimulated control at the same
time
points.
n=18,
(*=P<0.05,
**=P<0.001).
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A

B

Figure 49. Gel images and densitometric analysis of sqRT-PCR data indicated that
periodontal pathogens produced significant down-regulation of the epithelial related
transcripts (A) E-cadherin, down-regulated up to 3-fold, and (B) β-catenin expression which
was down-regulated up to 4-fold, except for P. gingivalis after one day of exposure.
Experiments were performed in triplicate, (*=P<0.05, **=P<0.001).
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A

B

Figure 50. Transcriptional analysis of levels of selected key mesenchymal marker molecules.
(A) Vimentin and (B) N-cadherin were upregulated in response to treatment with bacterial
components by approximately 3-, and 4-fold respectively relative to unstimulated controls. P.
gingivalis exposure did not stimulate any significant changes in gene expression of Ncadherin at day 1. Experiments were performed in triplicate, (*=P<0.05, **=P<0.001).
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B

C
Figure 51. Treatment of primary rat oral keratinocytes with bacterial components resulted in
significant increases in the expression of (A) Snail-1, ~5-fold, (B) MMP2, up to 2.5-fold, and
(C) TLR-4 which showed 6-fold up-regulation in comparison with cultures in media only,
over the 8-day culture period. Experiments were performed in triplicate, (*=P<0.05,
**=P<0.001).
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B

Figure 52. Comparison of (A) E-cadherin and (B) β-catenin expression in rat primary oral
keratinocytes and H400 cultures stimulated with bacterial components showed that these
transcripts were down-regulated with a similar profile in both cell types studied in
comparison with unstimulated controls. However, H400 cells showed a more marked downregulation of E-cadherin and β-catenin (about 4-fold) than primary cells.
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B

Figure 53. Expression of the mesenchymal transcript (A) vimentin and (B) N-cadherin in
cultures, primary oral keratinocytes and H400 cells, stimulated with bacterial components
showed that expression of vimentin and N-cadherin was almost 2-fold higher than primary
cells at the end of the experiment.
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B

C
Figure 54. Comparison of primary oral keratinocytes and H400 cultures exposed to bacterial
components demonstrated that (A) Snail-1 expression was 1- to 3-fold higher in H400
cultures than primary oral keratinocyte, the same trend was also apparent for the transcription
levels of MMP-which showed higher expression (~1.5-fold) in H400 cultures compared with
primary cells (B). However, stimulated primary cells cultures exhibited higher TLR-4 upregulation
(~4-fold)
than
H400
cells
(C).
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Analysis of immunofluorescence (IF) images (Figure 55) indicated a significant increase in
the percentage of the oral epithelial cell population demonstrating vimentin positive staining
in response to bacterial exposure (P<0.05) after 8-days culture (Figure 56). This increase in
the expression of vimentin was concomitant with a decrease of E-cadherin expression on the
cell membrane of stimulated cultures compared with controls. Similar to previous
observations in H400 IF stained cultures, stimulated primary keratinocytes exhibited coexpression of E-cadherin and vimentin either in cell clusters or in individual fibroblast-like
cells which may have indicated retention of some characteristics of their epithelial origin
(Figure 55D). The percentage of vimentin-positive cells was significantly higher in H400
cultures, for all stimulated groups, when compared with primary cells (Figure 57).
3.3: Integrity of oral epithelial cultures stimulated with bacterial components
Analysis of Snail-1 immunocytochemistry (ICC) images showed that the number of Snailtranslocation positive epithelial cells treated with bacterial components was higher compared
with the control (Figure 58A). Snail activation during EMT is considered a key molecular
event which is responsible for suppressing E-cadherin transcription with subsequent
downstream loss of cellular adhesion (Wu and Zhou, 2010). ICC images (Figure 58B)
showed an increase in nuclear and/or cytoplasmic Snail activity compared with controls
(which were characterised by clear, violet nuclei). Stimulated cultures, at day 8 (Figure 58C)
demonstrated increased Snail activity as well as cell dispersion representative of EMT. In
contrast, control cultures retained their integrity with cells tightly packed, typical of epithelial
culture.
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Figure 55. Confocal photomicrographs of IF staining presented at lower magnification of (A)
cultures in media only and stimulated cultures, showed that vimentin (red) was expressed in
oral keratinocytes following exposure to periodontal pathogens (B). Higher magnification of
unstimulated (C) and stimulated cultures (D) provided evidence of transitioned cells which
co-expressed E-cadherin, which indicated a potential epithelial origin, and vimentin and Ecadherin in two patterns; whilst remaining part of the epithelial sheet (D) or exhibiting
fibroblast-like morphology (E). Images are representative of studies run in triplicate.
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Data indicated an almost similar extent and pattern of Snail-1 activation by bacterial
stimulation in both H400 cells and primary oral epithelial cells, except for the P. gingivalis
exposed group which showed higher Snail-1 activation in H400 cells compared with the
primary cells (Figure 59).
A further indication of the loss of epithelial barrier function was obtained from performing
TEER analysis. Resistance of primary epithelial monolayers to the passage of AC-electric
current was significantly decreased (P<0.001) in cultures exposed to bacteria compared with
unstimulated controls (Figure 60). At day 4, only P. gingivalis exposure resulted in
significant (P<0.05) reduction in TEER compared with controls. This was in contrast to
previous TEER findings undertaken using H400 cells where resistance to electric current was
significantly decreased in cultures treated with F. nucleatum and E. coli LPS but not in P.
gingivalis exposure at the same time-point (Table 18). A significant decrease in electric
impedance for primary epithelial monolayers began at day 5 following exposure to heatkilled F. nucleatum, P. gingivalis and E. coli LPS, and continued up to day 8. No significant
difference was recorded when comparing primary cells and the H400 immortal cell line with
respect to TEER results from days 5 - 8 (Table 18). These findings suggested that epithelial
integrity was compromised in cultures exposed to periodontal pathogens.
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Figure 56. Culture of rat primary oral keratinocytes in the presence of bacterial components
over 8 days exhibited altered vimentin and E-cadherin expression. Analysis of images
demonstrated significant increases (up to 30%) of vimentin-positive cells within the
population following exposure to periodontal pathogens compared with unstimulated control.
Experiments were performed in triplicate, (**=P<0.001).

Figure 57. Expression of vimentin-positive cells was greater in primary oral keratinocyte and
H400 cultures in response to bacterial stimulation. Notably the percentage of vimentinpositive cells was significantly greater in association with stimulated H400 cells. (*=P<0.05).
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Figure 58. Treatment of oral keratinocytes with bacterial components resulted in Snail
activation. (A) Analysis of the percentage of Snail-positive cells showed that periodontal
pathogens induced significantly higher response (~60%) in comparison with unstimulated
controls. (B) ICC staining images of primary oral epithelial cells, representative of 5 images,
indicated an increased nuclear activity of Snail, dark brown discoloration of the nuclei and/or
cytoplasm (red arrows), as compared with the dark blue colour characteristic of unstimulated
cells (green arrow). (C) Cultures treated with bacteria, for 8-days, showed scattering and
morphological alteration, while unstimulated controls exhibited tightly packed keratinocytes
exhibiting the classical cobblestone appearance of the epithelial sheet. Experiments were
undertaken in triplicate, (**=P<0.001).
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Figure 59. Comparison of primary oral epithelial cells and the H400 cell line with respect to
Snail-1 activation. Data showed no significant difference between the two groups, except
following P. gingivalis exposure where H400 cells exhibited higher Snail-positive cells
compared with the primary cell response. (*=P<0.05).
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Figure 60. Resistance of primary oral keratinocytes monolayers to the passage of AC-electric
current was significantly decreased following stimulation with bacteria. Analysis of TEER
measurement showed that decrease resistance to AC-current began at day 4 and continued
until day 8. Experiments were performed in triplicate, (*=P<0.05, **=P<0.001).
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4 days
Media only
F. nucleatum
P. gingivalis
E. coli LPS
Mean
TEER±SD

5 days

Primary

H400

82.1±13.1
72.0±8.6
66.8±10.2
76.0±9.4

78.0±9.3
57.3±6.7
60.1±17.8
61.5±5.8

P-value
0.543
0.008
0.446
0.009

7 days
Media only
F. nucleatum
P. gingivalis
E. coli LPS

Primary
105.0±5.2
89.3±6.4
85.1±6.3
86.5±9.3

H400
104.3±6.5
82.1±6.6
81.5±6.9
84.8±8.1

Primary
88.0±6.4
73.1±10.1
72.0±7.8
74.4±7.3

6 days
H400

94.3±10.7
75.5±13.6
79.1±10.1
77.3±7.2

P-value
0.472
0.626
0.541
0.311

Primary
98.0±8.1
77.8±6.8
77.1±7.8
80.6±9.2

H400
94.3±6.9
73.6±7.5
78.2±5.6
77.3±7.3

P-value
0.422
0.342
0.837
0.492

8 days
P-value
0.842
0.088
0.363
0.749

Primary
113.8±5.2
90.1±9.6
92.0±7.1
89.6±6.9

H400
105.8±10.3
85.6±7.8
88.8±8.4
86.6±9.8

P-value
0.123
0.379
0.496
0.556

Table 18. Comparison of TEER data from primary oral epithelial cells and H400 showed no significant differences other than at day 4 in
association with the F. nucleatum and E. coli LPS exposure groups (shaded cells).
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3.4: Effect of bacterial components on migratory ability of oral keratinocytes
EMT is accompanied with an increased motility of the cells which is considered an important
indicator of mesenchymal phenotype acquisition. This cellular property was assessed
utilizing a scratch assay on oral keratinocyte confluent monolayers treated with heat-killed
bacteria (Figure 61A). The analysis showed no significant differences between stimulated and
unstimulated control in the rate of gap closing at 12hr (except for E. coli LPS exposure) and
24hr (except for P. gingivalis exposure). However, after 36hr culture, stimulated cultures
showed greater rates of gap closure (P<0.05) in comparison with unstimulated controls
(Figure 61B). Comparison between primary oral epithelial cells and H400 cells showed that
after 12hr, of stimulation with bacteria, only the F. nucleatum exposure group of the H400
cultures was significantly higher (P<0.05) than the primary cell gap closure rate. After 24hr,
the rate of gap closure in H400 cultures was significantly higher (P<0.001) than primary
epithelial cultures in association with all bacterial stimulants used (Table 19).
Migratory ability was further investigated using oral keratinocytes, pre-stimulated with
bacteria for 8 days, in the transwell migration assay. The analysis showed that the migration
rate of primary oral epithelial cells was significantly increased (P<0.001) in cultures treated
with periodontal pathogens compared with unstimulated controls (Figure 62). No differences
were observed in the number of migrated cells in response to bacterial stimulation between
the H400 and primary oral keratinocytes (Figure 63).
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A

B

Figure 61. Phase contrast photomicrographs of scratched confluent monolayers of primary
oral keratinocytes. (A) Images were captured immediately after scratching and then after 12,
24, and 36hr culture. Images are representative of studies performed in triplicate. Scale
bars=100μm. (B) Analysis of gap width measurements showed no significant difference
between stimulated and unstimulated cells at 12hr and 24hr; however, at 36hr the bridging of
the gap was significantly increased in all cultures treated with bacterial components
compared with unstimulated control. (*=P<0.05).
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0hr

Mean gap
width± SD

Media only
F. nucleatum
P. gingivalis
E. coli LPS

Primary
499.2±11.8
501.2±10.6
502.3±9.4
504.8±9.8

H400
506.1±7.2
503.3±13.1
506.0±9.6
504.1±9.6

P-value
N.S
N.S
N.S
N.S

12hr
Primary
H400
403.1±42.5 370.6±47.8
377.6±46.6 337.4±22.0
373.9±19.9 382.6±31.1
344.2±47.1 366.0±20.1

24hr
P-value
N.S
<0.05
N.S
N.S

Primary
293.6±39.8
252.7±44.4
272.8±46.0
271.9±51.5

H400
221.9±34.9
124.3±19.6
158.9±15.5
110.6±21.1

P-value
<0.001
<0.001
<0.001
<0.001

Table 19. Comparison of data from scratch assay of primary keratinocytes and H400 cells data showed that the closure rate in primary epithelial
cell cultures was significantly lower than that detected in H400 cell cultures.
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Figure 62. Analysis of transwell migration assay for primary oral keratinocytes exposed for
eight days to heat-killed periodontal pathogens. The number of cells migrated, using FCS as
chemoattractant, was significantly higher in bacteria stimulated cultures compared with the
media only group. Experiments were undertaken in triplicate, (**=P<0.001).

Figure 63. Number of migrated cells in primary and H400 oral keratinocytes cultures,
following exposure to bacterial stimuli. There were no significant differences detected
between the two cell types.
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4: Discussion
Data from the previous studies on H400 cells indicated that the periodontal pathogens, F.
nucleatum and P. gingivalis, altered the epithelial phenotype of the cells by inducing
expression of mesenchymal-associated molecules, in addition to changes in behaviour and
morphology. In the current chapter, selected markers and assays were utilised to investigate
the effect of F. nucleatum and P. gingivalis exposure on primary oral keratinocytes and to
compare findings with those obtained for the H400 immortal cell line. This work was based
on the understanding that EMT-predisposing factors are reportedly present in the periodontal
pocket microenvironment (Gram negative bacteria, cytokines, and hypoxia) (Hofman and
Vouret-Craviari, 2012, Wang et al., 2013, Kao et al., 2016). Other clinical evidence such as
bleeding upon probing of periodontal pockets due to micro-ulceration of the pocket lining
could be also indicate interference of epithelial barrier function as a consequence of EMT.
The growth requirements of primary cells differ from those of immortal cell lines. Primary
keratinocytes require the presence of a fibroblast feeder cell layer to enable growth and
maintenance of viability. One important aspect of this technique therefore is that growth of
fibroblasts would overwhelm primary cells, if the fibroblasts were not inhibited in terms of
replication. One widely used inhibition method is that of MMC treatment (Lee et al., 2001)
which inhibits fibroblast proliferation by cross-linking cellular DNA (Verweij and Pinedo,
1990). The population of 3T3 cells in the feeder layer subsequently tends to decrease with
time after inhibition and requires replenishing with additional cells. A previous study
reported that the inhibitory effect of this drug acts in a dose-dependent manner at relatively
high (10μg/ml) and low (1μg/ml) concentrations (Kang et al., 2001). Findings from 3T3
growth curves presented here were consistent with previous studies which indicated that
MMC inhibition is dose-dependent and even the lowest concentration used (1μg/ml) was
sufficient to stop mitosis of cells. In addition, higher concentrations resulted in significantly
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lower number of cells at the end point of the experiment compared with application of the
lower concentration. These findings favored the use of 1μg/ml of MMC as an inhibitory
concentration for use in this study.
EMT has been defined by down-regulation of key epithelial-adhesion proteins, increased
motility, and increased expression of mesenchymal markers (Zeisberg and Neilson, 2009).
PCR results from primary oral keratinocyte cultures, stimulated with bacterial components,
indicated increased transcriptional activity of Snail (~5 fold) in stimulated cultures which
associated with down-regulation of E-cadherin transcription (~3 fold) compared with
unstimulated controls. These data were consistent with results from previous studies which
have indicated down-regulation of E-cadherin levels in epithelium of periodontal pockets
(Nagarakanti et al., 2007) and in response to co-culturing oral keratinocytes with P.
gingivalis-LPS (Abe-Yutori et al., 2016). Furthermore, down-regulation of E-cadherin was
also associated with up-regulation of N-cadherin transcription which is normally expressed in
fibroblast. This may indicate the induction of the EMT process as cadherin-switching is
regarded as a major indicator of EMT (Kalluri and Weinberg, 2009, Lamouille et al., 2014).
Increased transcription of another important mesenchymal molecule, vimentin, was also
detected in cells exposed to bacterial components. This protein is important in regulating cell
motility and morphology (Mendez et al., 2010, Dmello et al., 2016). Increased expression of
vimentin following stimulation of epithelial cells is considered by some to be a hallmark of
EMT-induction (Kalluri and Weinberg, 2009). PCR data also identified up-regulation of
MMP-2 compared with controls. This enzyme is involved in the breakdown of the basement
membrane and tissue destruction during periodontitis and is reportedly expressed in
periodontal tissues as a response to the presence of Gram-negative anaerobic bacteria
(Grayson et al., 2003, Gursoy et al., 2008). LPS from Gram-negative bacteria is recognized
by the cell-surface receptor TLR-4 (Ren et al., 2005, Li et al., 2014) and in this study, the
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expression of TLR-4 was up-regulated upon exposing epithelial cells to suspensions of the
heat-killed periodontal pathogens. This finding was similar to results previously reported
(Milward et al., 2007) and may contribute to the chronic inflammation of periodontal
diseases.
The association between E-cadherin down-regulation and Snail activity in primary oral
keratinocytes was further explored utilising ICC. Cultures exposed to bacterial stimuli for 8
days exhibited activation of Snail-nuclear activity in ~60% of epithelial cells in response to
F. nucleatum and P. gingivalis exposure. This process associated with morphological changes
and cell dispersion, which indicated a potential loss of E-cadherin-mediated adhesion. TEER
further supported the loss of cellular attachment as the electric resistance decreased in
cultures challenged by bacteria.
The possibility of a loss of epithelial integrity due to cell death or a decrease in proliferation
rate because of toxic effects of bacterial stimuli used in this study was indicated to be
unlikely following determination of cell proliferation and viability throughout the
experimental period. Furthermore, data derived from IF analysis showed up-regulation of
vimentin expression following 8-days stimulation with bacterial components, which
supported the potential acquisition of mesenchymal-phenotype as proposed by other studies
(Kalluri and Weinberg, 2009, Zeisberg and Neilson, 2009). Notably, vimentin and E-cadherin
co-existed in the transitioned cells, in a similar manner to that observed in stimulated H400
cells. Indeed, transitioned cells could be observed with two apparent patterns: i) elongated,
vimentin-positive and associated with E-cadherin internalization, and ii) cells remained as
part of epithelial sheets with E-cadherin normally distributed around the cell membrane with
vimentin staining detectable in their cytoplasm.
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Acquisition of a migratory-phenotype is an indicator of EMT-associated cell plasticity
(Kalluri and Weinberg, 2009). Treatment of epithelial cultures with the periodontal pathogens
resulted in an increased rate of scratch closure in confluent epithelial monolayers. These data
were supported by the transwell migration assay that showed an increased number of
migratory cells after bacterial stimulation. The increased cell mobility was also consistent
with findings of the PCR and IF analyses that demonstrated down-regulation of E-cadherin
expression. These results were consistent with previous findings which indicated that
increased locomotion was associated with vimentin overexpression and decreased E-cadherin
expression (Misra et al., 2012). In addition, vimentin expression has been demonstrated to
increase in association with Snail up-regulated activity (Lee et al., 2008, Myong, 2012).
Furthermore, the down-regulation of E-cadherin and other adherence molecules and
subsequent loss of cellular junction may indicate the onset of EMT (Radisky, 2005).
Comparison of the effects of periodontal pathogens on H400 cells and primary oral
keratinocytes showed that both cell types responded in a similar manner. Expression of
epithelial proteins, E-cadherin and β-catenin, was down-regulated and associated with upregulation of vimentin, N-cadherin, MMP-2, and Snail-1. However, these expression changes
appeared greater in H400 cultures compared with primary cells. The same outcome was also
true for the other assays applied including IF of E-cadherin and vimentin, ICC for Snail
activation, TEER, and scratch-wound. As H400 cells are originally a cancer cell line, these
results may reflect that healthy and diseased or abnormal, tissues of the same type could
potentially react differently to the same stimuli which may indicate that cancerous cells are
more prone to EMT than normal cells.
The current study of oral keratinocytes in vitro showed that cells acquire a range of EMT-like
features following bacterial stimulation. These results also suggested the potential of
periodontal pathogens in compromising epithelial-phenotype during periodontitis via
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inducing the EMT process. Further study in experimental animals and clinical samples could
clarify further the role of EMT in periodontal disease. Analysis could include longer-term
studies and determination of the timing of events as well as further regulatory interactions
with bacterial species. These data may provide further avenues for the development of new
treatment modalities in periodontitis, including the potential to reverse EMT as has recently
been suggested (Shimojo et al., 2013, Han et al., 2015).
5: Conclusions
-

Primary oral keratinocytes exposed to Gram-negative periodontal pathogens exposure
indicated molecular, functional and structural changes potentially representative of EMT.
This suggested the possible implication of periodontal pathogen-mediated phenotypic
alteration in compromising the integrity of pocket epithelial lining during periodontitis.

-

Periodontal pathogens affect the phenotype and behavior of primary oral keratinocytes in a
similar manner to an H400 OSCC cell line, yet the effect on the latter appears significantly
higher and may be a function of cell derivation or species difference.
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GENERAL DISCUSSION AND FUTURE WORK
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Epithelia form physical barriers that line body cavities, external surfaces and act as a first line
of defense. In health, epithelial cells form continuous epithelial sheets in which the cells
adhere tightly to each other and to the underlying basement membrane by their specialised
cellular junctions (Fritz et al., 2008, Marchiando et al., 2010). However, under certain
physiological and pathological conditions, such as during chronic inflammation and tumour
development, these cells may lose their phenotype and acquire migratory properties (Thiery,
2002b).
Although EMT was described in the 1960s, this process was not recognized as a distinct
process until the early 1980s following several investigations performed in different adult and
embryonic epithelial cell types (Greenburg and Hay, 1982). Furthermore, work by Stoker and
Perryman (1985) indicated transition of MDCK cells, from an epithelial phenotype into
elongated mesenchymal-like cells following culturing in fibroblast-conditioned medium.
Notably however the role EMT in adult diseases took much longer to be recognized due to
difficulties in following the EMT process in vivo due in part to the high cellular diversity
which renders EMT cell tracking extremely difficult and open to ambiguity (Thiery, 2002).
Recently, EMT, induced in response to inflammatory conditions is now considered as a
possible mechanism affecting integrity of epithelial barrier function in many organs including
the stomach, liver and kidney (Lamouille et al., 2014, Huang et al., 2012). The presence of
EMT-predisposing factors such as bacteria, cytokines and hypoxia in periodontal pockets
may therefore favour induction of this process which could contribute to initiation and
progression of periodontitis although this has never been robustly investigated before in this
context.
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6.1: Bacterial exposure can drive EMT
Bacteria readily colonise the human body and are ten-fold more abundant than the human
cells present. Notably areas having relatively high bacterial counts include the gastrointestinal
tract and the oral cavity. Here the microbiota is highly diverse in composition and includes
beneficial, opportunistic, and pathogenic bacteria. These bacteria play a crucial role in human
life by influencing development, physiology, immunity, and regulation of nutrient uptake
(Ley et al., 2006, Inagaki et al., 1996). The microbiota-immune system relationship can
however become disturbed due to impaired growth of beneficial commensals leading to
changes in composition of the microbial flora, subsequently favouring growth of pathogenic
bacteria which are normally contained in a healthy state. These changes can result

in

activation of TLR-signaling pathways with subsequent up-regulation of inflammatory
cytokines, such as TNF-α, TGF-β1 and interleukins (Round and Mazmanian, 2009), which
could favour EMT-induction if this process becomes chronic (Kalluri and Weinberg, 2009).
Indeed, H. pylori is a highly pathogenic Gram-negative bacterium which is considered the
primary etiologic agent for gastritis and gastric ulcers. It is a well-recognized bacteria for its
ability to disrupt cell-cell attachment, mainly by E-cadherin down-regulation, which disturbs
barrier function (Amieva and El–Omar, 2008, Murata-Kamiya et al., 2007). In current study,
it was hypothesised that well-recognized periodontal pathogens, F. nucleatum and P.
gingivalis, may also have the potential to indirectly induce EMT during periodontitis.
6.2: Phenotypic-shifting alters epithelial barrier function
A hallmark of periodontal disease is the destruction of tooth supporting tissues which is
mediated by an aberrant host response initiated and propagated by pathogenic bacteria. The
presence of periodontal bacteria within the gingival tissue is a normal consequence of this
destructive process and results in loss of barrier function (Allenspach-Petrzilka and
Guggenheim, 1983, Christersson et al., 1987, Noiri et al., 1997, Thiha et al., 2007). As a
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result, invasion of the connective tissues by periodontal pathogens occurs which further
enhances the destructive inflammatory response seen in susceptible patients (Tribble and
Lamont, 2010). Indeed, it has been reported that periodontopathogens are characterised by
their ability to invade the connective tissues distant from the initial infection site following
disruption of basement membrane integrity (Tribble and Lamont, 2010). Notably, the specific
cellular mechanisms resulting in tissue destruction by periodontal pathogens remain largely
undefined. Exposure of epithelial cells to periodontal pathogens results in features
representative of that of EMT, including loss of attachment and rounding of the cells as a
result of loss of cadherin and integrin junctions (Sheets et al., 2005). Indeed, down-regulation
of E-cadherin in tissue samples collected from periodontally diseased sites has also been
reported by other study (Nagarakanti et al., 2007) and challenge of gingival epithelium with
P. gingivalis has been shown to induce cytoskeletal changes similar to those seen in EMT
(Tribble and Lamont, 2010). It has also been reported that Gram-negative anaerobic
periodontal pathogens such as P. gingivalis, can modulate apoptosis resulting in increased
resistance to cell death (Urnowey et al., 2006, Mao et al., 2007, Nakhjiri et al., 2001) and cell
viability is not affected following P. gingivalis exposure (Yilmaz, 2008). Consistently, results
from this thesis indicated that viability of epithelial cultures (H400 and primary cells), were
not affected by the presence of periodontal bacterial components. However, compromised
epithelial barrier function of the periodontal pocket lining, due to EMT-induction potentially
mediated by periodontal pathogens, may provide an explanation for the mechanism of tissue
destruction and the impaired healing, observed in periodontitis. Indeed, refractory
periodontitis which is a group of periodontal diseases characterized by low-plaque scores and
which is unresponsive to conventional periodontal treatment (Magnusson and Walker, 1996).
Interestingly serum from patients with refractory periodontitis showed elevated IgG level to a
number

of

Gram-negative

bacteria

such

201

as

P.

gingivalis,

T.

forsythia,

A.

actinomycetemcomitans and E. corrodens (Magnusson et al., 1991, Magnusson and Walker,
1996). These bacteria have the potential for EMT-induction thus further supporting the
possible role of EMT mechanisms in the pathogenesis of periodontitis. In addition,
immunohistochemical analysis of gingival samples collected from gingivitis and periodontitis
patients showed significant down-regulation of E-cadherin when compared with healthy
individuals (Arun et al., 2010). Notably the treatment of periodontal pockets reportedly
results in significant up-regulation of E-cadherin expression in comparison with diseased
sites (Arun et al., 2010). These data add further support for the existence of EMT and for its
potential in a range of disease process including periodontitis (Pierga et al., 2003).
6.3: Periodontal pathogens induced EMT in in vitro model systems
In the study presented here, the first challenge was to develop a 2D model that could be
utilised for investigating EMT over an extended time-course. For this, an immortal OSCC
cell line (H400) was utilised which expresses appropriate epithelial molecules to be
investigated in addition to its relative homogeneity and low-maintenance requirements for
culture. The main initial challenge was to carefully control the relatively high proliferation
rate of these cells in order to ensure subconfluence was achieved during the experimental
period (up to 8 days). This was accomplished by varying FCS concentration or cell seeding
number or a combination of the two. Following a series of experiments, it was determined
that variation in seeding number whilst maintaining conventionally used nutrient levels (10%
FCS concentration) produced the most appropriate outcome. The ability of this model system
to respond to periodontal pathogens was subsequently confirmed following investigations of
NF-κB activation and TLR expression, in addition to determining vitality and proliferation
rate following bacterial stimulation. EMT-related features, in H400 cells stimulated with
bacteria, were determined by using a range of techniques widely applied to detect changes in
phenotype including PCR, IF, ICC, scratch-wound assay, transwell migration, ELISA, SEM,
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and TEER. Results from the H400 model system indicated that cellular changes occurred
which were consistent with EMT. These data were supported by data generated in the
primary cell system. Notably, primary oral keratinocytes harvested from rat labial gingivae
and palate was used to investigate potential bacteria-mediated EMT using a similar model
culture system with analysis of selected EMT markers.
The concept of phenotype-shifting and its implication in cancer progression and loss of
epithelial barrier function remains under considerable debate. However, many studies have
provided compelling evidence for EMT involvement in a range of different diseases (see
Chapter 1). Investigation of tumor-invasive fronts in primary colon carcinoma demonstrate
the presence of E-cadherin-negative cells which extended into the underlying stroma (Thiery,
2002a). Data from another study, using a mouse model of mammary carcinoma, proposed
association of FSP-1-positive cells with acquisition of an invasive phenotype (Xue et al.,
2003) which is consistent with results from this thesis which demonstrated up-regulation of
this protein. Furthermore, data from this study have indicated that H400 and primary cells
stimulated with bacterial components showed increased transcriptional activity of Snail-1 and
-2, with both having been reported as major repressors of E-cadherin expression which has
been reported to be associated with invasive malignancies such as gastric carcinoma
(Rosivatz et al., 2002, Hajra et al., 2002). Association of key-EMT regulatory transcriptional
factor, Snail-1, with loss of epithelial barrier function was recently investigated in vitro and in
a zebrafish model infected with bacteria. Subsequent data generated showed that activation of
Snail-1 by bacterial stimulation was accompanied by loss of epithelial attachment proteins
with this effect being blocked when Snail-1-negative zebrafish were exposed to the same
bacteria (Kim et al., 2015). Furthermore upper respiratory tract infection with Haemophilus
influenza (H. influenza) (Gram-negative bacteria) resulted in an inflammatory response via
activation of TLR signaling and subsequent up-regulation of TGF-β1, IL-6, and Snail-1
203

which are well-known molecules involved in compromising epithelial barrier function
(Beisswenger et al., 2009).
Other interesting results obtained in this thesis using IF analysis of H400 and primary oral
epithelial cells, showed co-existence of both mesenchymal and epithelial phenotype in
stimulated cultures over 8-days. Notably most previous studies described EMT as a total
transition of cells represented by complete loss of epithelial proteins and acquisition of
mesenchymal molecules. However, data presented in this thesis indicated that transitioned
cells preserved some of their epithelial-phenotype, retaining E-cadherin, together with the
expression of molecules typically associated with mesenchymal cells such as vimentin. The
complete absence of epithelial proteins was not observed in this study and subsequently this
can be termed ‘partial EMT’. The retaining of some of the parental cell proteins during the
transition process is more consistent with the definition of EMT which states that cells can
revert to their original phenotype following removal of stimulus (Kalluri and Weinberg,
2009). Indeed, EMT is different from terminal differentiation in which cells switch back and
forth between epithelial to mesenchymal phenotype. The reasons underpinning these effects
could be as a result of the types of cells used, culture conditions, and stimuli utilised. The
immortal cell line used in this thesis showed a higher percent of vimentin-positive stained
cells than the primary cell counterparts, this may indicate that H400 cells are more prone to
EMT-induction due to genetic predisposition which increases their transition in response to
bacterial stimulation and autocrine signaling. In addition, increased migratory ability could
also be due to increased resistance to anoikis, type of apoptosis induced by disruption of cellECM attachment, which is crucial for cancer invasion and distant metastasis (Cao et al.,
2016, Paoli et al., 2013). Primary keratinocytes are potentially more prone to anoikis
(Gilmore, 2005) which could explain the limited invasive ability of transitioned primary
epithelial cells when compared to keratinocytes derived from cancer.
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Data derived from the scratch-wound, transwell migration assays and SEM images showed
acquisition of a migratory-phenotype following physical trauma which was increased in the
presence of heat-killed F. nucleatum, P. gingivalis and E. coli LPS. Increased cytokine
production is a common feature of microbial or mechanical stimulation which could be
responsible for the increased cell motility detected in these experiments. Most of the EMT
studies tend to focus on particular cytokines, acting together or independently, to explain the
triggering of the EMT process, and the key molecular modulators include TGF-β (Xu et al.,
2009, Miyazono, 2009), TNF-α (Li et al., 2012a), and EGF (Buonato et al., 2015). Assaying
supernatants collected from stimulated epithelial cultures utilised in this thesis indicated
significantly increased levels of these cytokines.
The data generated from this thesis have indicated the ability of both H400 cells and primary
oral epithelial cells to undergo EMT when exposed to periodontal pathogens P. gingivalis and
F. nucleatum. As previously discussed this may have important ramifications in terms of
malignant progression; however, this may also be of considerable interest in the pathogenesis
of periodontal disease. Periodontal disease is characterised by loss of epithelial attachment,
bacterial invasion of the connective tissues and establishment of a non-resolving chronic
inflammatory lesion. The EMT process described in this thesis exhibits many aspects that
potentially closely associate with pathogenesis of periodontitis.
6.4: Could anti-EMT drugs be used for periodontal therapy?
Treatment strategies for periodontitis have changed little over the last decades and centre on
reducing the plaque biofilm by the patient and professional cleaning by the clinician, however
this approach has its limitations (Carranza et al., 2014). In the case of aggressive periodontal
disease antibiotic regimens are used to aid the elimination of bacterial pathogens (Kapoor et
al., 2012, Prakasam et al., 2012). These approaches do not always provide successful
outcomes and are responsible for local and systemic side-effects in addition to the increased
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concern surrounding bacterial resistance (Slots and Rams, 1990, Davies and Davies, 2010). A
further issue with periodontal disease management is the recolonization of the treated
periodontal lesion from bacterial reservoirs within the oral cavity. Sbordone et al. (1990)
evaluated the pattern of subgingival microflora derived from the same periodontal pockets
before and after single mechanical debridement sessions. Results indicated that after 60 days
the same sites were recolonised by pathogenic bacteria such as F. nucleatum and P. gingivalis
with no significant difference between pre- and post-treatment clinical parameters or bacterial
cultures. Current treatment of periodontal disease includes mechanical debridement which is
sometimes supported with use of antibiotics that may affect beneficial flora beside wellknown side effects of these drugs (Slots and Rams, 1990). To date there have been few
clinical trials that have used interventions that aim to modulate the host response, however
there have been a small number of studies in other diseases that have investigated several
experimental and naturally derived anti-EMT drugs (Zhao et al., 2015, Wilson et al., 2014).
Based on the data presented here this approach could provide a potential adjunct for use in
managing periodontal disease. However, a better understanding of the EMT mechanism and
how it relates to periodontitis pathogenesis may provide a potentially novel approach for
treating this disease based on enhancing the innate immune response. Specifically,
maintenance of the epithelial barrier function may prevent bacterial invasion of the
connective tissues and subsequent aberrant host response which is implicated in tissue
breakdown. Questions related to this include as to whether EMT is an integral part of cellular
survival mechanism or is a failed component of the healing process. There are a number of
other aspects of the EMT process that require further elucidation including determining the
duration and frequency of cell stimulation required, the type and extent of stimulation, the
specific cytokine(s) and their concentrations required, and other associated factors necessary
to induce transition. These questions need to be addressed before a full understanding of the
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importance of EMT in periodontal disease pathogenesis can be determined and only then will
the potential for use of EMT blockers in disease management be fully realised.
Conclusions
-

Data obtained from developing epithelial cells 2D model system showed that growth of
cells can be controlled by varying cell seeding number and/or concentration of nutrients
(FCS) in cultures. In addition, results indicated failure of image-based cell counter used in
this study to produce consistent results, cell count and viability, in association with low
cellular density samples.

- Heat-killed periodontal pathogens did not affect proliferation or viability of epithelial cells
utilized in this study. In addition, dead bacterial suspension induced pro-inflammatory
response in oral keratinocytes cultures which was evident by activating NF-кB nuclear
translocation and altering transcription of different TLR. This provide safe alternative to
avoid contamination of cultures when viable bacteria are used.
- OSCC H400 cell line showed changes representative to that of EMT following exposure to
P. gingivalis and F. nucleatum. This may indicate a potential involvement of periodontal
pathogens in cancer progression by dissociating epithelial cells and increasing migratory
ability of the cells.
- Exposure of primary oral epithelial cells to periodontal pathogens resulted in EMT-like
changes in similar pattern to H400 cells but to lesser extent. This may indicate that cells of
cancerous origin are more susceptible to EMT-induction and acquisition of migratoryphenotype in response to bacterial stimulation.
- In general, the results of the current study indicated for the first time the possible
implication of EMT in pathogenesis of periodontitis by compromising epithelial integrity
of pockets lining, thereby causing further destruction to supporting tooth structures by
facilitating invasion of pathogenic bacteria to deeper tissues.
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Potential future studies
Data presented in this thesis have highlighted the potential of EMT as a key mechanism in the
pathogenesis of periodontitis. However, significant additional work is required in order to
further elucidate its role in the pathogenesis of periodontitis at a molecular and cellular level.
Potential studies could include:
-

Development of an improved model system such as the application of an organotypic
model (3D) of oral keratinocytes to more closely mimic the periodontal pocket local
environment which includes attachment between the basement membrane and underlying
stroma in vitro. In addition, other factors associated with inflammation such as hypoxia,
temperature and pH could be included in the model either in the presence of bacterial
stimulation or alone. Furthermore, experimental periodontitis in an animal model could
be studied which may better represent the situation in humans in vivo.

-

The oral cavity harbours a large number of bacterial species (over 700 species) that can
colonise tooth surfaces and subgingival area, many of which are pathogenic. More work
is still required to investigate the potential ability of these species, particularly Gramnegative anaerobic bacteria, such as A. actinomycetemcomitans, T. forsythia, P.
intermedia, P. nigrescens, and E. corrodens to induce EMT. Combined effects of
multiple bacteria in oral keratinocyte cultures might reveal potentiation additional
modulatory effects involved in the bacteria-host interactions. These could be determined
by either co-culturing of epithelial with two or more bacteria (live versus dead) or by
comparing effects of biofilm samples collected from periodontal pockets compared with
biofilms derived from healthy periodontal sites.

-

Results from the current and previous studies on EMT suggest that cytokines can play a
major role in phenotypic alteration. The effect of different concentrations of potent
cytokines, including TGF-β1 and TNF-α, independently or synergistically in a
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periodontitis model, and their associated signaling downstream need to be studied
further.
-

Comparing healthy vs diseased tissues to investigate possible presence of EMTindicators in vivo in periodontal disease by utilising range of assays to detect EMTrelated indicators in gingival samples by PCR and immunohistochemistry in addition to
measuring levels of EMT-inducing cytokines in gingival crevicular fluid by ELISA.

- Investigating the effect of drugs which have been previously reported to have an antiEMT action in in vitro systems may indicate their potential clinical utility. These
modulators include natural products such as curcumin, vitamins such as vitamin D and
C, and antioxidants, e.g. superoxide dismutase 3, in addition to new experimental drugs,
e.g. Sorafenib and U0126. Success of these drugs in reversing or preventing EMT may
provide a useful adjunct in periodontal disease management.
-

Ultimately once our understanding of EMT in periodontitis pathogenesis is better
elucidated clinical trials could be conducted to determine efficacy alongside conventional
periodontal treatment regimens.
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Appendix
Outputs from this thesis
1. A. A. Abdulkareem, G. Landini, R. M. Shelton, P. R. Cooper, M. R. Milward. The
potential role of EMT in the pathogenesis of chronic periodontitis (Poster). BSP Autumn
Conference 21-23 September 2014, Birmingham.
Introduction:
Crevicular epithelium protects the periodontal tissues from bacterial invasion. Disruption
of epithelial integrity may predispose patients to periodontitis. Epithelial-mesenchymal
transition (EMT) results in a switch from an epithelial to mesenchymal cellular/tissue
phenotype resulting in barrier function loss, frustrated tissue healing and fibrosis, all
characteristic of periodontitis.
Inducers of EMT including bacteria, hypoxia, reactive oxygen species, and proinflammatory cytokines all present in the periodontal pocket.
Aim:
To investigate a potential role of periodontal pathogens to induce EMT
Methods:
Oral epithelial cells (H400 cells) were grown to a sub-confluence in 5% CO2 at 37°C and
exposed to heat-killed F. nucleatum (FN), P. gingivalis (PG) or E. coli LPS (positive
control) for up to 8-days. RNA was harvested on days 1, 5 and 8. RT-PCR was performed
to determine the relative gene expression of key EMT markers (vimentin, FSP-1, βcatenin, E-cadherin, and N-cadherin) in comparison with non-exposed cultures
Results:
'Chronic' exposure of oral epithelial cells (up to 8-days) to PG & FN resulted in upregulation of vimentin and FSP-1 and down-regulation of β-catenin and E-cadherin in
comparison with un-exposed controls.
Conclusion:
Heat-killed periodontal pathogens induced expression and inhibition of genes associated
with EMT suggesting a possible role in periodontal disease pathogenesis. This could offer
a new target in disease management.

2. Ali A Abdulkareem. Potential role of Epithelial- Mesenchymal Transition (EMT)
in the Pathogenesis of Periodontitis (Seminar). College of Dentistry/ University of
Birmingham May 2015.

3. A. A. Abdulkareem, G. Landini, R. M. Shelton, P. R. Cooper, M. R. Milward. Bacterially
stimulated TGF-β1 potentially induces epithelial-mesenchymal transition in a chronic
periodontitis model system (Poster). EUROPERIO conference of the European federation
of periodontology 3-6 June 2015, London. Published in Journal of Clinical Periodontology
Volume 42, Issue Supplement S17 Pages 1–467, 2015.
Aim:
TGF-β1 is a potent inducer of epithelial-mesenchymal transition (EMT) in various
diseases including drug-induced gingival overgrowth. Periodontal pathogens provoke
changes in molecular expression in pocket epithelial cells. The aim of this study was to
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investigate TGF-β1 expression in an EMT in vitro model system which utilised cultured
oral keratinocytes and periodontal pathogens.
Materials and Methods:
Oral keratinocytes (H400) were grown to sub-confluence in an atmosphere of 5% CO2 at
37°C and exposed to heat-killed F. nucleatum (FN), P. gingivalis (PG) (100 bacteria per
keratinocyte) or 20 µg/ml E. coli lipopolysaccharide (LPS) for up to 8-days.
Culture supernatants were collected on days 1, 5, and 8 to determine TGF-β1 protein
levels (ELISA) and RNA was also isolated from cultures using the RNeasy mini-kit.
Reverse transcription polymerase chain reaction was performed to determine the relative
gene expression levels of TGF-β1 and the key EMT markers (vimentin, S100A4, βcatenin, E-cadherin and N-cadherin) compared with non-exposed cultures.
Results:
'Chronic' exposure of oral keratinocytes to PG, FN & LPS resulted in a significant
increased TGF-β1 protein production (ANOVA, P<0.05) at days 1, 5, and 8. In addition
there was up-regulation of TGF-β1 transcript and key mesenchymal markers (N-cadherin,
vimentin and S100A4), associated with down-regulation of epithelial markers (β-catenin
and E-cadherin) over this period compared with non-exposed controls.
Conclusion:
Prolonged exposure of oral keratinocytes to periodontal pathogens increased TGF-β1
levels which potentially promoted EMT. These cellular changes may result in disruption
of epithelial barrier function in periodontal pockets and may contribute to periodontitis
pathogenesis.

4. A. A. Abdulkareem, G. Landini, R. M. Shelton, P. R. Cooper, M. R. Milward. Epithelial
mesenchymal transition: a novel mechanism potentially involved in the pathogenesis of
periodontitis (Poster). BSP Spring Conference 2016 7-9 April 2016, Oxford.
Introduction
Periodontitis is a chronic inflammatory condition usually associated with non-resolving
inflammation and breakdown of the crevicular epithelium. The ability of periodontal
pathogens to induce epithelial mesenchymal transition (EMT); by reprogramming cells
from an epithelial to mesenchymal-like phenotype, in the crevicular epithelium potentially
provides a novel mechanism for periodontitis pathogenesis.
Aim
To identify whether periodontal pathogens can trigger features of EMT in periodontitis
models in vitro.
Material and Methods
Rat primary oral keratinocytes, (passage 1-4) were cultured to sub-confluence in 5% CO2
at 37°C; then exposed to heat-killed F. nucleatum (FN), P. gingivalis (PG) (100
bacteria/cell) or E. coli lipopolysaccharide (LPS) (20μg/ml) for up to 8-days. Molecular
and phenotypic changes were investigated using RT-PCR for key EMT markers (vimentin,
FSP-1, β-catenin, E-cadherin, and N-cadherin), transwell migration, wound healing assays
and immunostaining for E-cadherin and vimentin. Controls were non-exposed cultures.
Results
Cells exposed to bacteria demonstrated up-regulation of vimentin, N-cadherin and FSP-1
and down-regulation of β-catenin and E-cadherin using RT-PCR after 1, 5, and 8 days.
Cells also exhibited increases in migratory activity and the number of vimentin positive
and E-cadherin negative cells in comparison with non-exposed controls.
Conclusion
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Periodontal pathogens induced EMT-like changes which may contribute to compromised
epithelial integrity, indicating a possible role of this mechanism in the pathogenesis of
periodontitis.

5. A. A. Abdulkareem, G. Landini, R. M. Shelton, P. R. Cooper, M. R. Milward. Potential
role of periodontal pathogens to induce epithelial mesenchymal transition in periodontitis
model in vitro (Poster). Research Poster Conference 2016, University of Birmingham.
Aim:
Transforming growth factor-β1 (TGF-β1) is a potent inducer of epithelial-mesenchymal
transition (EMT) in various diseases including drug-induced gingival overgrowth.
Periodontal pathogens provoke changes in molecular expression in pocket epithelial cells.
The aim of this study was to investigate TGF-β1 expression in an EMT in vitro model
system which utilised cultured oral keratinocytes and periodontal pathogens.
Materials and Methods:
Oral keratinocytes (H400) were grown to sub-confluence in an atmosphere of 5% CO2 at
37°C and exposed to heat-killed F. nucleatum (FN), P. gingivalis (PG) (100 bacteria per
keratinocyte) or 20 µg/ml E. coli lipopolysaccharide (LPS) for up to 8-days.
Culture supernatants were collected on days 1, 5, and 8 to determine TGF-β1 protein
levels (ELISA) and RNA was isolated from cultures using the RNeasy mini-kit. Reverse
transcription polymerase chain reaction was performed to determine the relative gene
expression levels of TGF-β1 and the key EMT markers (vimentin, S100A4, β-catenin, Ecadherin and N-cadherin) compared with non-exposed cultures.
Results:
'Chronic' exposure of oral keratinocytes to PG, FN & LPS resulted in a significant
increased TGF-β1 protein production (ANOVA, P<0.05) at days 1, 5, and 8. In addition
there was up-regulation of TGF-β1 transcript and key mesenchymal markers (N-cadherin,
vimentin and S100A4), associated with down-regulation of epithelial markers (β-catenin
and E-cadherin) over this period compared with non-exposed controls.
Conclusion:
Prolonged exposure of oral keratinocytes to periodontal pathogens potentially promoted
EMT. Also, these bacteria caused upregulation of TGF-β1 level, which could be involved
in EMT induction. These cellular changes may result in disruption of epithelial barrier
function in periodontal pockets and may contribute to periodontitis pathogenesis.
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