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ABSTRACT 

 

Epithelial-mesenchymal transition (EMT) is a process where epithelial cells gain migratory and 

invasive properties and is associated with dissolution of epithelial integrity. Inflammatory 

mediators released as a host response to periodontal pathogens are known to induce EMT. This 

project investigated the ability of these periodontal pathogens to induce EMT in vitro and to 

identify whether the natural EMT-inhibitor curcumin could interfere with this process. A 2D-

oral epithelium model using H400 oral keratinocytes was exposed to Escherichia coli 

lipopolysaccharide (LPS) (positive control) and heat-killed (HK) or oxygen-killed (OK) 

periodontal pathogens Porphyromonas gingivalis, Fusobacterium nucleatum and Treponema 

denticola for 8-days. EMT-related changes were assessed by quantitative real time-polymerase 

chain reaction (qRT-PCR), enzyme linked immunosorbent assay (ELISA), 

immunofluorescence, Ibidi culture-insert (2-well) wound healing assay and trans-epithelial 

electrical resistance (TEER). Scanning electron microscopic analysis showed that heat-killing 

resulted in loss of T. denticola morphology but was maintained after oxygen-killing. Further 

analysis by mass spectrometry-based proteomics of T. denticola isolated membrane, revealed 

that heat-killing was more detrimental to T. denticola proteins than oxygen-killing. Stimulation 

of oral keratinocytes by E. coli LPS and all HK and OK pathogens for 8-days, increased 

secretion of pro-inflammatory cytokines interleukin (IL)-1β, IL-8 and transforming growth 

factor-β1 (TGF-β1) and gene expression of EMT-related transcription factors snail-1, snail-2 

and twist-1, resulting in down-regulated expression of epithelial markers, E-cadherin, 

desmoplakin-1 and cytokeratin 5. Concomitantly, expression of mesenchymal markers, N-

cadherin, vimentin and matrix metalloproteinase-9 (MMP-9), were up-regulated. Molecular 

changes were associated with compromised epithelial barrier integrity and increased cell 
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migration. Simultaneous treatment with 5µM curcumin suppressed gene expression of OK 

pathogen induced pro-inflammatory cytokines and snail-1. In addition, curcumin inhibited OK 

pathogen induced down-regulation of epithelial markers and inhibited up-regulated expression 

of mesenchymal markers. Curcumin inhibited OK P. gingivalis and T. denticola induced cell 

migration. These data indicated that naturally derived EMT-inhibitors, such as curcumin, may 

inhibit periodontal pathogen induced EMT, therefore maintaining the epithelial barrier and 

potentially preventing the progression of periodontitis. 
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1.1 General introduction  

The research field of epithelial-mesenchymal transition (EMT) has grown considerably over 

the last 20 years with more than half of all articles being published in the past 5 years (Yang 

et al., 2020). EMT is a cellular process by which epithelial cells lose some epithelial features 

and present some mesenchymal-like characteristics, which lead to functional changes (Chen 

et al., 2017c). EMT has been implicated in a wide array of physiological (section 1.3.4.1) and 

pathological conditions (section 1.3.1) and it is driven by several distinct molecular processes 

orchestrated by a conserved set of inducing signals, transcriptional regulators and downstream 

effectors. EMT is typically categorised into three subtypes, types 1, 2 and 3, according to the 

functional and physiological outcomes and the context of tissue involved (Kalluri and 

Weinberg, 2009).  

 

Periodontitis is a severe form of periodontal disease that is characterised by gingival tissue 

loss, deterioration of periodontal ligament and alveolar bone loss in susceptible patients and if 

not appropriately managed can ultimately result in tooth loss. It is the result of a persistent 

non-resolving and excessive immunoinflammatory response to pathogenic bacteria that have 

accumulated on the tooth and in the subgingival crevice (Preshaw, 2015). Predominance of 

Gram-negative anaerobic bacteria, such as Porphyromonas gingivalis and Fusobacterium 

nucleatum which are commonly detected in sub-gingival pockets (Baelum and López, 2013) 

can trigger host responses leading to the release of pro-inflammatory cytokines, some of 

which have been linked with inducing EMT (Abdulkareem et al., 2017). The resulting EMT 

response could compromise epithelial barrier integrity possibly facilitating the initiation and 

propagation of periodontitis. The role of other key periodontal pathogens (Treponema 

denticola) to induce EMT and potentially predispose a patient to periodontitis is yet to be 
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elucidated. In addition, naturally occurring EMT inhibitors such as curcumin and its potential 

in inhibiting pathogen induced EMT for the management of periodontitis remains to be 

understood. 

 

1.2 Epithelium 

Epithelium forms a major component of the human body and has a primary function in 

providing a physical barrier protecting the host against physical, chemical and biological 

environmental challenges. In addition, it plays vital roles in secretion, absorption and 

transportation of macromolecules to allow for efficient functioning of tissue (Biga et al., 

2020). Furthermore, epithelium exposure to bacterial stimulus can elicit pro-inflammatory 

responses including recruitment of cytokines that are also implicated in inducing EMT 

(Kinane et al., 2008). The epithelium is composed of tightly packed continuous epithelial 

cells, either in monolayer or forming stratification. Epithelial cells are derived from three 

major embryonic layers including the ectoderm, endoderm and mesoderm, with the epithelia 

lining parts of the oral cavity developing from the ectoderm (Koller and Sapra, 2021). 

Epithelial cells are linked intercellularly by cell junctions and integrity of these junctions 

maintains the epithelial barrier. These cell junctions include tight, gap and adherens junctions 

and desmosomes (Figure 1.1), which allow varying levels of interaction between cells (Biga 

et al., 2020). Epithelial cells at the interface with the surrounding connective tissue attach to 

the basement membrane (BM) through interactions between laminin and integrin receptors 

(Belkin and Stepp, 2000). 

 

Epithelium can be composed of different cell morphologies and varying number of layers 

allowing for classification of the tissue depending on these two characteristics. The epithelial 
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cell shapes include squamous, cuboidal and columnar. A single cell layer is known as a 

simple epithelium whereas organisation into multiple layers is known as stratified epithelium 

with pseudostratified epithelium being composed of a single layer of irregular shaped cells 

(Biga et al., 2020), giving the appearance of multiple layers while all reaching the BM. In 

addition, epithelial cells have apical-basal polarity due to the composition of different 

phospholipids and protein complexes (Wu and Mlodzik, 2009). Apical-basal polarity is 

regulated by three main polarity complexes, the partitioning defective protein (PAR) 

complex, Crumbs and Scribble complexes and loss of epithelial cell polarity is implicated in 

initial stages of EMT (Jung et al., 2019).  
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1.2.1 Gingival epithelium  

The gingival epithelium is subdivided into three sections including: oral/outer epithelium, 

sulcular epithelium and junctional epithelium which are composed of stratified and squamous 

tissue (Tribble and Lamont, 2010). The oral/outer epithelium covers the external surface of 

the gingiva whilst the sulcular epithelium is located on the gingival sulcus and extends from 

the coronal limit of the junctional epithelium to the crest of the gingival margin (Carranza et 

al., 2006). The junctional epithelium maintains a direct attachment to the tooth and is located 

at the junction of periodontal hard and soft tissue (Jiang et al., 2014). The oral epithelium is 

composed of stratified squamous epithelium and is keratinised to varying levels in different 

regions of the oral cavity (Presland and Dale, 2000). The sulcular and junctional epithelium 

are non-keratinized whereas the oral/outer epithelium is keratinized (Berkovitz, Holland and 

Moxham, 2009). Keratins provide a scaffold in epithelial cells protecting against mechanical 

stress and maintain structural integrity which is an important requirement of the gingival 

epithelium (Schroeder and Listgarten, 1997). 

 

Epithelial cells from this anatomical region share common characteristics with epithelium at 

other body sites, including protecting the underlying tissues from bacterial invasion. It was 

previously understood that epithelium only acted as an inert barrier, but research now 

indicates that it can respond to bacterial challenge by initiating an inflammatory response and 

release defence related molecules (Milward et al., 2007). The crevicular epithelium is closely 

associated with the plaque biofilm that develops on the root surface. The nature of the 

interaction between the plaque biofilm and crevicular epithelium can lead to an excessive 

inflammatory response and periodontitis in susceptible individuals (Tribble and Lamont, 

2010).  
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1.2.2 Gingival connective tissue 

Underlying the gingival epithelium is gingival connective tissue and collectively is known as 

gingiva (Cho et al., 2021). Gingival connective tissue is commonly referred as the lamina 

propria and is subdivided into two layers, papillary and reticular layer (Dawson et al., 2013). 

The papillary layer which is immediately beneath the epithelium is formed by irregular 

oriented thin collagen fibres that connect with the epithelium through undulating papillae 

ridges (Chen et al., 2015). The deeper reticular layer is formed by thicker collagen fibres and 

is located between the papillary layer and the underlying submucosa or periosteum (Brizuela 

and Winters, 2022). These thicker fibres which are perpendicularly connected to the 

periosteum are called mucoperiosteum and they can resist compression and shear to the oral 

mucosa via strong connections to the bone (Fleisch and Austin, 1978). Collagen and elastin 

are the two main fibres found in the connective tissue with type I and III collagen being the 

predominant ones (Tayebi and Moharamzadeh, 2018). 

 

The gingival connective tissue is composed of cells including fibroblasts, mast cells, immune 

cells (macrophages, neutrophils and lymphocytes) and extracellular matrix (ECM) 

components consisting of collagen fibres, vessels and nerves (Gehrig, Shin and Willmann, 

2020). In contrast to the gingival epithelium which has an abundance of cells and sparse 

extracellular matrix (ECM), the gingival connective has an abundance of ECM and few cells 

(compromising about 5% of the gingival connective tissue) (Gehrig, Shin and Willmann, 

2020). The gingival connective tissue primarily functions to provide solidity to the gingiva 

through a dense network of collagen fibres which secure and hold the connective tissues 

together (Bartold, 1991).  
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1.2.3 Gingival inflammation  

The well-known four stages of periodontal disease first explained by Page and Schroeder 

(1976) include the initial, early, established and advanced lesion with the advanced lesion 

indicating periodontitis (Page and Schroeder, 1976). The accumulation of bacteria at the 

dento-gingival margin leads to a host response where an inflammatory cell infiltrate is 

produced in the tissue (Page and Schroeder, 1976). Host responses to bacterial biofilm trigger 

epithelium cells to produce cytokines and chemokines resulting in neutrophil migration to the 

site of inflammation, followed by clearance of cellular debris by monocytes and macrophages 

and this is known as the initial lesion (Cekici, Kantarci, Hasturk and Van Dyke, 2013). The 

early lesion is where clinical signs of gingivitis are noticed such as redness and bleeding from 

the gingiva. It is defined by an increased number of neutrophils and leukocytes in addition to 

loss of collagen which can reach up to 70% in the affected area (Schroeder, Münzel-

Pedrazzoli and Page, 1973). Proteolytic enzymes released by neutrophils can disrupt the 

epithelial barrier leading to deeper penetration by pathogens into the lamina propria resulting 

in further inflammation (Bosshardt and Lang, 2005). The following stage is the established 

lesion where the innate immune response transitions to the adaptive response and 

macrophages, plasma cells and T and B lymphocytes dominate. Collagenolytic activity is also 

increased and a gingival pocket develops (Cekici, Kantarci, Hasturk and Van Dyke, 2013). 

Degradation of connective tissue ECM occurs through activation of MMPs, release of 

reactive oxygen species and phagocytosis (Bartold and Narayanan, 2006). The advanced 

lesion is the transition to periodontitis where plasma cells continue to predominate and 

irreversible attachment loss and bone loss are observed (Page and Schroeder, 1976), with the 

inflammatory lesion extending deeper and affecting the alveolar bone (Carranza et al., 2006). 
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1.3 Epithelial-mesenchymal transition 

1.3.1 Overview of EMT 

EMT is the process by which epithelial cells obtain mesenchymal-like characteristics through 

the loss of cell polarity, cell-cell adhesion and gain migratory and invasive properties (Chen et 

al., 2017c). EMT has been implicated in several disease processes including fibrosis in the 

liver (Zeisberg et al., 2007b), lung (Kim et al., 2006), heart (Zeisberg et al., 2007a) and 

kidney (Fragiadaki and Mason, 2011), tumour metastasis (Davis et al., 2014) and Crohn’s 

disease (Jiang, Shen and Ran, 2017). The concept of epithelial cells acquiring some 

mesenchymal characteristics whilst simultaneously losing some epithelial characteristics was 

first observed by Elizabeth Hay in the late 1960s’ (Hay, 1968). Hays’ study involved the 

chick primitive streak, a first sign of gastrulation and structure formed early in avian, reptile 

and mammalian development. It was proposed that epithelial cells can undergo phenotypic 

changes that are characteristic of mesenchymal cells and considered degradation of the BM, 

during mesoderm formation in the chick embryo, as one of the key features of EMT. After 

this initial observation, others investigated this further using 3D collagen gel models, where it 

was shown the ability of epithelial cells to lose polarity and gain more mesenchymal-like 

characteristics (Greenburg, 1982). In the intervening years there have been many studies 

proposing EMT in the pathogenesis of several processes including cancer progression (Wei et 

al., 2015), inflammation (Correa-Costa et al., 2014) and embryogenesis (Yoshino et al., 

2014). It is now understood that a plethora of molecular processes are involved in EMT 

including activation of transcription factors, regulation of cell surface and extracellular 

proteins, cytoskeletal reorganisation and up-regulation of extracellular matrix (ECM) -

degrading enzymes (Kalluri and Weinberg, 2009).   
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1.3.2 Molecular events in EMT 

Although the exact molecular events occurring during EMT are dependent on tissue type and 

the physiological context, there are similarities which include initial changes associated with 

disassembly of epithelial cell-cell contacts, loss of apical-basal polarity, suppression of 

epithelial genes and activation of mesenchymal genes. As EMT progresses, cells lose apical-

basal polarity and reorganise the cytoskeleton resulting in changes from a cuboidal epithelial 

structure into an elongated mesenchymal shape (Nelson et al., 2008) (Figure 1.2). However, it 

should be noted that Nelson et al. (2008) study was on mammary epithelial cells and that not 

all epithelial cells are cuboidal. Furthermore, these EMT-associated changes include 

formation of lamellipodia, filopodia and invadopodia which enable cells to migrate and 

invade (explained further in section 1.3.2.2). This is accompanied with increased expression 

of MMPs which degrade ECM proteins and facilitate cell migration and invasiveness. 

Transcription factors such as snail-1, snail-2, twist, lymphoid enhancer-binding factor-1 

(LEF-1), zinc-finger E-box-binding (ZEB)-1 and ZEB-2 (see Table 1.1) can induce these 

changes through activation or suppression of downstream target genes. These transcription 

factors are ultimately regulated by pathways involved in EMT such as TGF-β (Xu, Lamouille 

and Derynck, 2009), Wnt/β-catenin (Mylavarapu et al., 2019) receptor tyrosine kinase (RTK) 

(Shetty et al., 2020) and notch signalling (Wang et al., 2010).  

 

1.3.2.1 Loss of epithelial cell-cell contacts  

Epithelial cells are linked by cell junctions including tight junctions, gap junctions, adherens 

junctions, gap junctions and desmosomes. In adherens junctions, epithelial cadherin (E-

cadherin), is a protein that facilitates adhesion between epithelial cells. It is often cited that 

loss of this key epithelial cell marker is suggestive of EMT induction (Hay, 1995) and can 
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lead to increased cell migration and invasion as seen in EMT (Vleminckx et al., 1991). The 

replacement of E-cadherin by N-cadherin, which is commonly referred to as the ‘hallmark’ of 

EMT, causes modification of the adherens junction and is known as the ‘cadherin switch’ 

(Prieto-García et al., 2017; Cavallaro, Schaffhauser and Christofori, 2002) (Figure 1.2). The 

suppression of E-cadherin is the result of activated EMT-related transcription factors 

including snail-1, snail-2 (slug) (Cano et al., 2000), ZEB-1, ZEB-2 (Peinado, Olmeda and 

Cano, 2007) and Twist (Lo et al., 2007) with snail being the most recognised suppressor of E-

cadherin expression (Zeisberg and Neilson, 2009). The cytoplasmic domains of E-cadherin 

bind tightly to β-catenin which is a cytoplasmic protein that interacts with α-catenin. The 

actin cytoskeleton binds to α-catenin and this interaction enhances adhesion between cells 

through greater stability of the adhesion complexes (Xu, Lamouille and Derynck, 2009). 

During EMT, E-cadherin is degraded and disassembled leading to weakened cell-cell 

adhesion (Lamouille, Xu and Derynck, 2014). In addition, disassembled E-cadherin means 

that β-catenin can no longer interact with E-cadherin, therefore further weakening cell-cell 

adhesion. The loss of E-cadherin initiates a sequence of signalling events and major 

cytoskeletal reorganisation associated with EMT (Xu, Lamouille and Derynck, 2009).  

 

Desmosomes are intercellular junctions that join adjacent epithelial cells and provide strong 

adhesion between cells due to intracellular binding to the cytoskeletal intermediate filament, 

keratin (Garrod and Chidgey, 2008). Desmosomes are composed of five main proteins 

including desmoglein, desmocollin, plakoglobin, plakophilin and desmoplakin (McHarg et 

al., 2014). Desmosomes are connected to keratin, through desmoplakin and cells that have 

undergone EMT experience a loss of desmosomal proteins such as desmoplakin (Serrano-
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Gomez, Maziveyi and Alahari, 2016) (Figure 1.2). This results in breakdown of epithelial 

cell-cell adhesion and integrity of the epithelial barrier (Lamouille, Xu and Derynck, 2014).  

 

Tight junctions are the most apical of the cell junctions and form the closest cell-cell 

interactions (Samiei et al., 2019). These junctions are composed of integral and peripheral 

membrane proteins and some of these integral proteins include claudins, occludin, tricellulin, 

marvelD3 and junctional adhesion molecules. Some of the peripheral membrane proteins 

include the multi-PDZ domain protein 1 (MUPP1) and zonula occludens (ZO)-1, ZO-2 and 

ZO-3 (Kyuno et al., 2014). Peripheral proteins can attach to actin filaments, thus contributing 

to the strength and integrity of tight junctions (Samiei et al., 2019). During the early stages of 

EMT, tight junctions are disassembled resulting in the redistribution of ZO proteins, claudins 

and occludin (Xu, Lamouille and Derynck, 2009). Claudins are major components of tight 

junctions and form an integral part of the epithelial barrier and transportation system 

(Markov, Aschenbach and Amasheh, 2015). Disassembly of tight junctional proteins leads to 

weakening of the epithelial barrier and loss of cell adhesion leading to increased migratory 

ability (Kyuno et al., 2014). An example of an epithelial cell undergoing EMT and the effects 

on cell junctions are shown in Figure 1.2. 
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Figure 1.2: Diagram of an epithelial cell undergoing epithelial-mesenchymal transition and the 

effects on cell junctions including the ‘cadherin switch’, where the adherens junction E-

cadherin is replaced with N-cadherin which is known as the hallmark of EMT (created with 

Biorender.com).   
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1.3.2.2 Cytoskeletal changes and acquisition of migratory properties 

The cytoskeletal intermediate filaments in epithelial cells are composed of cytokeratins and 

the replacement of these filaments with vimentin (Figure 1.3) is associated with EMT (Liu et 

al., 2015). Keratin has also been shown to direct E-cadherin to the membrane whilst vimentin 

does not and thus promotes lack of cell-cell adhesion and cell motility (Toivola et al., 2005). 

The transcription factor snail-1 has been implicated in down-regulating cytokeratin expression 

(Guaita et al., 2002) and up-regulating vimentin expression (Cano et al., 2000) and this results 

in reorganisation of the cortical actin cytoskeleton. This is associated with formation of actin-

rich membrane protrusions such as lamellipodia, filopodia, blebs and invadopodia (Ridley, 

2011). These protrusions are formed at the leading edge of the cell and are uniquely 

responsible for cell movement. Lamellipodia form thin sheet like protrusions which can 

extend relatively long distances through the ECM in vivo allowing cells to pull through the 

tissue (Friedl and Gilmour, 2009). Whereas filopodia are distinguished by thin finger-like 

protrusions that extend from the leading edge of the cell and play key role in exploring the 

cells surroundings (Gupton and Gertler, 2007). Invadopodia are long and slender structures 

that have the capacity to degrade ECM components through secretion of proteases such as 

MMPs. This facilitates cell invasion into tissue, particularly when cells cross the BM 

(Buccione, Caldieri and Ayala, 2009).  

 

Another characteristic change during EMT is the formation of actin stress fibres (Figure 1.3) 

which increases cell contractility and facilitates movement (Yeung and Yang, 2016). This 

formation is mediated by proteins such as moesin (Haynes et al., 2011) and the small 

guanosine triphosphatase (GTPase), RhoA (Girouard et al., 2016). The induction of EMT by 

TGF-β requires the activation of RhoA to form actin stress fibres and RhoA can also interrupt 
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localisation of E-cadherin ultimately attenuating cell adhesion (Bhowmick et al., 2001). Rho 

GTPases are also involved in lamellipodia and filopodia formation. The Rho GTPases ras-

related C3 botulinum toxin substrate 1 (RAC1) is involved in lamellipodia formation (Wu et 

al., 2009), whilst cell division cycle 42 (CDC42) induces filopodia formation through 

reassembly of its targets which contributes to filopodium initiation and extension (Ahmed, 

Goh and Bu, 2010).  

 

1.3.2.3 ECM changes  

ECM provides structural support and information to epithelial cells within tissues and 

integrins are responsible for linking the ECM to the cytoskeleton of cells and communicating 

biochemical information (Cichon and Radisky, 2014). During EMT, the ECM is remodelled 

and this requires changes in the composition of integrins. One of the epithelial integrins that is 

down-regulated during EMT is α6β4 which is phosphorylated and released from hemi-

desmosomes (Rabinovitz, Toker and Mercurio, 1999). α6β4 is required for the formation of 

hemi-desmosomes which link cytokeratin to the BM and are essential for maintaining 

integrity of the epithelial monolayer (Borradori and Sonnenberg, 1999). A specific group of 

integrins including α5β1, αvβ5 and αvβ6 have been associated with migration and 

proliferation (Sheppard, 1996). In addition, these integrins have also been shown to be up-

regulated in keratinocytes during wound healing (Zambruno et al., 1995). Fibronectin is 

another ECM protein that is also over-expressed in cells during EMT (Lee et al., 2006) and 

which facilitates cell migration (Park and Schwarzbauer, 2013). It has been observed that 

over-expression of integrin α5β1 increases adhesion to fibronectin, therefore assisting cell 

motility (Maschler et al., 2005; Mise et al., 2012).   
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The change in integrin expression during EMT is accompanied by the increased expression of 

MMPs (Figure 1.3) which aids protein degradation and remodelling of the ECM to assist cell 

migration and invasion (Nistico, Bissell and Radisky, 2012; Scheau et al., 2019). MMPs are 

proteolytic enzymes consisting of 23 human family members (Nagase, Visse and Murphy, 

2006) that degrade ECM components (Makela et al., 1994). Of these 23, MMP-2 and MMP-9 

contain specialized, fibronectin-like gelatin binding domains which can bind and degrade type 

IV collagen (Gilles et al., 2000). Type IV collagen is the main collagen component of the BM 

and breakdown of this by increased MMP-9 production facilitates the migration and invasion 

of cells as is seen in EMT. In addition, some MMPs such as MMP-3 (Lochter et al., 1997) 

and MMP-7 (Lynch et al., 2010) can also cleave and breakdown E-cadherin resulting in loss 

of cell adhesion thus promoting cell migration.  
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1.3.3 Biomarkers of EMT 

The induction of EMT involves an array of processes which leads to changes in expression of 

transcription factors, cell-cell adhesion, cell-BM and cytoskeletal molecules. These changes 

are associated with several markers and the induction of EMT is defined by the up or down-

regulation of these biomarkers (Table 1.1) (Zeisberg and Neilson, 2009).  
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Table 1.1: Molecular markers differentially expressed during the EMT process highlighting the 

plethora of cell surface, cytoskeletal and ECM changes along with increased activity of 

transcriptional factors and proteolytic enzymes.  

 

Type of marker Biomarker EMT related 

change 

Reference 

Cell surface 

 

 

 

 

E-cadherin Downregulated (Huber, Kraut and Beug, 

2005) 

Claudins/Occludins Downregulated (Ikenouchi et al., 2003) 

Desmoplakin Downregulated (Serrano-Gomez, Maziveyi 

and Alahari, 2016) 

ZO-1 

 

Downregulated 

 

(Huang, Guilford and Thiery, 

2012) 

N-cadherin Upregulated (Zhang et al., 2013) 

Cytoskeletal -catenin Downregulated (Tian et al., 2011) 

Cytokeratin Downregulated (Savagner, 2010) 

Fibroblast-specific 

protein 1 (FSP-1) 

Upregulated 

 

(Osterreicher et al., 2010) 

 

Vimentin Upregulated (Liu et al., 2015) 

-Smooth Muscle 

actin (-SMA) 

Upregulated (Ohbayashi et al., 2014) 

 

Extracellular 

proteins 

Fibronectin Upregulated (Li et al., 2017a) 

Laminin Downregulated (Scanlon et al., 2012) 

1 collagen Upregulated (Medici and Nawshad, 2010) 

3 collagen Upregulated (Zeisberg and Neilson, 2009) 

Cell-basement 

membrane 

attachment 

proteins 

α6β4 

 

Downregulated (Rabinovitz, Toker and 

Mercurio, 1999) 

V3 Upregulated (Shah, Fong and Kakar, 2011) 

V5 Upregulated (Ricono et al., 2009) 

V6 Upregulated (Lamouille et al., 2014) 

α5β1 Upregulated (Renner et al., 2016) 

Transcriptional 

factors 

Snail1 

 

Upregulated (Kaufhold and Bonavida, 

2014) 

Snail2 (Slug) 

 

Upregulated 

 

(Mathsyaraja and Ostrowski, 

2012) 

Twist Upregulated (Wang et al., 2016) 

LEF-1 Upregulated (Sun et al., 2017) 

ZEB1 Upregulated (Zhang, Sun and Ma, 2015) 

ZEB2 Upregulated (DaSilva-Arnold et al., 2018) 

NF-B Upregulated (Julien et al., 2007) 

Proteolytic 

enzymes 

 

MMP-2 Upregulated (Li and Luo, 2019) 

MMP-3 Upregulated (Si-Tayeb et al., 2006) 

MMP-7 Upregulated (Lin et al., 2017) 

MMP-9 Upregulated (Bai et al., 2017) 
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1.3.4 Types of EMT 

The process by which epithelial cells transition to mesenchymal cells follows a conserved 

programme and shares common characteristics. However, dependent on cell type, signals that 

activate EMT and tissue context, EMT mechanisms can vary ultimately resulting in different 

functional and physiological outcomes. EMT is classified into three different subtypes (types 

1, 2 and 3) and these are detailed below (Kalluri and Weinberg, 2009). 

 

1.3.4.1 Type 1 EMT 

Type 1 EMT occurs in implantation, embryogenesis and organ development. Mesenchymal 

cells generated via type 1 EMT have the capacity to undergo mesenchymal-epithelial 

transition (MET) generating secondary epithelia, which can then again undergo EMT (Kalluri 

and Weinberg, 2009). This type of EMT is associated with embryo implantation and early 

stages of placenta formation. More specifically the trophectoderm layer of the incoming 

embryo undergoes changes via EMT to produce invasive trophoblastic cells prior to coming 

into contact and adhering with maternal luminal epithelial cells of the endometrium. These 

cells lose polarity (Aplin and Ruane, 2017) and experience down-regulation of E-cadherin 

and increased motility and protrusive ability (Owusu-Akyaw et al., 2018). These initial events 

facilitate invasion and eventual formation of the placenta. In addition, the maternal 

endometrial epithelium also undergoes EMT which aids embryo implantation. MicroRNAs 

(miRNAs), which regulate post-transcriptional gene expression through RNA silencing are 

implicated in promoting EMT in endometrium epithelium during the receptive stage (Owusu-

Akyaw et al., 2018). The miR-429 has displayed down-regulated expression which led to an 

increase in mesenchymal markers, whilst enhanced expression of miR-429 resulted in 

decreased migratory and invasive properties (Li et al., 2015). Gastrulation during 
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embryogenesis is the process by which three germ layers are produced via initial formation of 

the primitive streak. The primitive streak then forms the mesendoderm which eventually 

separates to give rise to the mesoderm and endoderm via EMT (Hay, 1995). In addition, EMT 

also occurs in neuroectodermal cells to form migratory neural crest cells during 

embryogenesis (Duband and Thiery, 1982). These cells gain migratory properties allowing 

movement to different parts of the embryo and have been shown to express genes such as 

snail (Sauka-Spengler and Bronner-Fraser, 2008) and slug (Knecht and Bronner-Fraser, 

2002), which are key EMT-related transcription factors. Canonical Wnt signalling is 

fundamental in controlling EMT associated with gastrulation during embryogenesis (Skromne 

and Stern, 2001).  

 

1.3.4.2 Type 2 EMT  

The second type of EMT is related with tissue regeneration and organ fibrosis. Fibrosis is an 

exaggerated wound healing process resulting in excessive overgrowth and/or scarring of 

tissue which affects normal functioning of organs (Wynn, 2008). The deposition of ECM 

components such as collagen contributes to this overgrowth. Chronic inflammatory responses 

provoked by repeated injury, autoimmune reactions and persistent infection can lead to the 

induction of fibrosis (Wynn and Ramalingam, 2012). ECM-producing myofibroblasts are a 

common feature of fibrosis and are implicated in all types of fibrotic diseases. These cells are 

generated from mesenchymal cells or epithelial and endothelial cells via an 

epithelial/endothelial-mesenchymal transition (EMT/EndMT). It has been shown that EMT 

induction by macrophage-derived TGF-β1 can promote differentiation of epithelial cells into 

myofibroblasts (Wynn, 2008). In addition, pro-inflammatory cytokines such as IL-1β can 

induce EMT leading to activation of myofibroblasts through a TGF-β1-mediated mechanism 
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(Fan et al., 2001). Reliable markers for differentiating between mesenchymal cells and 

epithelial cells generated after EMT during fibrosis include fibroblast-specific protein 1 (FSP-

1) (Strutz et al., 1995), -Smooth muscle actin (-SMA) (Hinz, 2021) and collagen I 

(Duffield, 2014). In addition, markers such as vimentin, desmin and discoidin domain 

receptor (DDR2) have proved invaluable in detecting EMT prior to fibrotic events (Kalluri 

and Weinberg, 2009).  

 

1.3.4.3 Type 3 EMT 

Type 3 EMT is associated with cancer progression and metastasis. Epithelial tumour cells 

gain migratory and invasive properties via EMT and eventually leave a primary tumour 

nodule via blood circulation to form secondary tumours at distant sites. Interestingly, newly 

formed secondary tumours exhibit epithelial properties resulting in these cells undergoing 

MET as observed in type 1 EMT during embryogenesis (see section 1.3.4.1) (Kalluri, 2009). 

As with type 2 EMT, FSP-1 is also used as a marker for type 3 EMT (Xue et al., 2003). Other 

specific markers such as β6 integrin have been used and detected at relatively high levels in 

colon cancer cells that have undergone type 3 EMT, whereas epithelial cells that have not 

undergone type 3 EMT expressed low levels of this integrin (Bates et al., 2005). Vimentin is 

also a regularly used marker to distinguish epithelial cells that are undergoing type 3 in 

cancers (Boyer et al., 1989 and Yang et al., 2004). Also, EMT transcription factor twist-1 was 

implicated in developing metastatic cancer cells via type 3 EMT and twist-1 can in turn up-

regulate expression of mesenchymal markers N-cadherin and fibronectin (Yang et al., 2004). 

This type of EMT is induced by signals originating from the tumour including human growth 

factor (HGF) (Smith and Bhowmick, 2016), epidermal growth factor (EGF) (Kim et al., 

2016), platelet-derived growth factor (PDGF) (Wu et al., 2013) and TGF-β (Hao, Baker and 
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ten Dijke, 2019). Overall, the primary roles of type 3 EMT are to prepare epithelial tumour 

cells for migration, invasion and metastasis, whilst type 2 EMT focusses on generating 

myofibroblasts for tissue repair (Xue et al., 2003).  

 

1.3.5 EMT-inducing pro-inflammatory cytokines in periodontitis 

Periodontal pathogens can initiate host pro-inflammatory cytokine release leading to 

migration of leucocytes such as neutrophils and macrophages. Activated leucocytes can 

initiate further production of pro-inflammatory cytokines resulting in a chronic cycle of 

migration and persistent inflammatory response as is observed in patients with periodontitis 

(Garlet, 2010). The pro-inflammatory cytokines IL-1β (Aleksandrowicz et al., 2021), IL-8 

(Lagdive et al., 2013) and TGF-β1 (Gürkan et al., 2006) have been commonly detected as 

being upregulated in patients with periodontitis. In addition, IL-1β (Li et al., 2020), IL-8 

(Zhao et al., 2017) and TGF-β1 (Kasai et al., 2005) have been associated with inducing EMT 

in previous investigations.  

 

1.3.5.1 IL-1β 

The IL-1 family of cytokines consists of 11 members which are linked with damaging 

inflammation more so than other cytokine families. Of these, IL-1α and IL-1β can bind to the 

IL-1R1 receptor. This leads to structural changes to IL-1R1 allowing the co-receptor IL-1R3 

to bind forming a trimeric complex, which results in a cascade of kinases being produced that 

can induce pro-inflammatory signals (Dinarello, 2017). The potent pro-inflammatory 

cytokine, IL-1β, is the most well characterised and studied cytokine of the IL-1 family 

(Lopez-Castejon and Brough, 2011). It has been implicated in inducing EMT in several 

studies. One study has shown IL-1β to down-regulate expression of several epithelial markers 
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including E-cadherin, gamma-catenin and cytokeratin 18. In addition, mesenchymal markers 

such as vimentin, N-cadherin, smooth muscle actin (SMA) and fibronectin were 

simultaneously up-regulated in lung cancer cells after IL-1β exposure. Furthermore, key EMT 

transcription factors, snail-2 and ZEB-1 were both up-regulated after IL-1β exposure (Li et 

al., 2020). In addition, IL-1β can induce -SMA expression and fibronectin production in 

human proximal tubule cells (Vesey et al., 2002). Also, IL-1β has been shown to increase 

invasiveness of oral squamous cell carcinoma (OSCC) cells through downregulation of E-

cadherin, upregulation of snail-1, snail-2, vimentin and cause alterations in morphology 

associated with the mesenchymal phenotype (Lee et al., 2014).  

 

1.3.5.2 IL-8 

IL-8 is a pro-inflammatory cytokine that belongs to the CXC chemokine family. It is a 

relatively small protein that can act as a chemoattractant for neutrophils, basophils and T cells 

(Jiang et al., 2011). IL-8 binds to IL-8 receptors which consists of two heterotrimeric G 

protein-coupled receptors, CXCR1 and CXCR2 (Long et al., 2015). Once bound, IL-8 can 

induce angiogenesis (Végran et al., 2011) and promote progression of cancers including 

ovarian cancer (Shahzad et al., 2018), prostate cancer (Araki et al., 2007), melanoma (Rofstad 

and Halsør, 2000), non-small cell lung carcinoma (Millar et al., 2008) and has been shown to 

induce EMT in several studies. In one of these studies IL-8 induced invasion, increased 

expression of fibronectin and down-regulated expression of E-cadherin in human carcinoma 

cells (Fernando et al., 2011). In addition, IL-8 could also promote human ovarian cancer cell 

migration possibly enhancing ovarian cancer cell metastasis (Yin et al., 2014). It was also 

observed in this study that expression of E-cadherin was decreased whilst β-catenin was 

increased. IL-8 could also up-regulate the activity of MMP-2 in human melanoma cells 
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enhancing invasion of host stroma by tumour cell and facilitating metastasis (Luca et al., 

1997). In another study, IL-8 has been shown to regulate migration/invasion of oral cancer 

cell lines and promote EMT by down-regulating E-cadherin and up-regulating vimentin via 

signal transducer and activator of transcription 3 (STAT3) signalling pathway (Hsu et al., 

2021).    

 

1.3.5.3 TGF-β1 

TGF-β1 binds to TGF-β type I and type II receptors which in turn initiates the TGF-β 

signalling pathway (Hao, Baker and ten Dijke, 2019), which is the most common pathway 

through which EMT is induced (Avila-Carrasco et al., 2019). This leads to activation of 

targets genes including the snail, ZEB and basic helix-loop-helix (bHLH) family of 

transcription factors which are responsible for regulating EMT related genes such as snail-1, 

snail-2 and twist-1 (Xu, Lamouille and Derynck, 2009). A previous study has shown that 

TGF-β1 treatment of cholangiocarcinoma cell lines could activate cell migration, invasion 

and induce fibroblastic morphological changes. Exposed cells also demonstrated a switch in 

cadherin expression where E-cadherin was down-regulated and N-cadherin was up-regulated 

(Araki et al., 2011). TGF-β1 has also been associated with inducing expression of the EMT 

transcription factor, snail-1 in epithelial cell lines (Peinado, Quintanilla and Cano, 2003) and 

twist-1 in prostate cancer cells (Cho et al., 2013). In another study, TGF-β1 induced EMT in 

alveolar epithelial cells in a time and concentration dependent manner. EMT changes were 

identified by morphological alterations consistent with a fibroblastic phenotype and up-

regulated expression of vimentin accompanied with E-cadherin down-regulation (Kasai et al., 

2005). Furthermore, TGF-β1 treatment of OSCC cells could also increase expression of twist-
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1 and N-cadherin, whilst simultaneously down-regulating E-cadherin expression (Quan et al., 

2013).  

 

1.4 Periodontitis 

Periodontal diseases are commonly occurring destructive inflammatory diseases affecting 

between 20% to 50% of the global population (Albandar and Rams, 2002). The World Health 

Organisation (WHO) states that almost 10% of the global population has severe periodontal 

disease which may result in tooth loss (World Health Organization, 2021). Periodontal 

diseases are subdivided into gingivitis and periodontitis. Gingivitis presents as inflammation 

of the periodontal tissues as a response to plaque that has been allowed to accumulate on the 

surface of the tooth. It is a reversible non-destructive periodontal disease as there is no loss of 

soft or hard tissue and it can be treated by removal of the plaque biofilm. However, if left 

untreated, gingivitis may progress to periodontitis in susceptible patients. Within the UK, 

periodontitis imposes a considerable financial healthcare burden on the NHS costing almost 

£19 billion if 90% of all diagnosed were managed correctly (Economist Intelligence Unit, 

2021). 

 

Periodontitis is characterised by a non-resolving chronic inflammatory condition as a result of 

an aberrant host response that leads to loss of connective tissue, deterioration of periodontal 

ligament and alveolar bone (Carranza et al., 2006). If not diagnosed early and left untreated 

periodontitis can ultimately result in multiple tooth loss which can affect an individual’s 

nutrition, quality of life and self-esteem (Chapple et al., 2015). Generally,  periodontitis 

destruction of the periodontal tissues occurs slowly and it can occur at any age but is most 

prevalent in adults. Patients diagnosed with Grade C disease with none of the characteristic 
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risk factors and in younger patients can show a more rapid profile of disease progression 

(formally termed aggressive periodontitis) (Caton et al., 2018). As gingivitis progresses to 

periodontitis there is a shift in the microbial community from Gram positive to Gram negative 

and aerobic to anaerobic, with periodontitis patients having a microbial flora that is 

predominantly Gram-negative and anaerobic (Baelum and López, 2013). The disease is 

initiated by an aberrant or excessive host response to these pathogenic bacteria that are 

present in the plaque biofilm. However, the increasingly accepted ‘keystone species’ concept 

suggests that low abundance species can have a major influence on the microbial community, 

which can ultimately promote disease progression (Ebenman and Jonsson, 2005; Power et al., 

1996). A previous study has noted that the key periodontal pathogen, P. gingivalis, at low 

colonization levels is required for maintaining high numbers of oral bacteria which are linked 

with enhanced inflammatory bone loss and that identifying and targeting these keystone 

pathogens may help prevent inflammatory diseases of polymicrobial etiology (Hajishengallis 

et al., 2011). 

 

In recent years the importance of periodontitis has been raised by a number of associations 

with systemic diseases. 

 

1.4.1 Systemic disease association  

The relationship between periodontitis and systemic disease is commonly described as being 

‘two-way’ or ‘bi-directional’, however the directionality is hard to determine within many of 

these observational epidemiological studies due to limitations in study design (Winning and 

Linden, 2017). Although periodontitis has been linked to several systemic diseases including 

cardiovascular disease (Humphrey et al., 2008), respiratory disease (Zeng et al., 2012), 
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diabetes (Borgnakke et al., 2013), cancer (Fitzpatrick and Katz, 2010) and Alzheimer’s 

(Cerajewska, Davies and West, 2016) and adverse pregnancy outcomes (Ide and Papapanou, 

2013), it is difficult to establish whether these associations play a part in causation (Winning 

and Linden, 2017). Reported positive associations between periodontitis and a systemic 

condition show that a certain cohort of people with periodontitis have a higher chance of 

suffering from a certain systemic condition. Whereas causation would suggest that 

development of periodontitis caused the onset and progression of a systemic condition and 

these causations are very rarely reported in the literature (Leite, Peres and Nascimento, 2019).   

 

It should also be noted that observational studies may be influenced by common confounding 

factors that are difficult to measure such as socioeconomic status, postnatal environment 

(Zhou, Dong, Zha and Liao, 2021) and behavioural factors (Christakis and Fowler, 2007). 

These confounding factors may bias reported associations found between periodontal disease 

and systemic diseases. Confounding remains a challenging issue in the interpretations of the 

associations found between periodontitis and systemic disease (Winning and Linden, 2017) 

and appropriate methods such as Mendelian randomisation (MR) may be used to identify 

confounding and should be considered in study design (Shungin et al., 2015). 

 

Cardiovascular diseases (CVD) are very common, accounting for 29% of deaths worldwide 

(Amar and Han, 2003). A study involving 108 subjects had shown that 91% of patients with 

CVD had moderate to severe periodontitis and a statistically significant correlation between 

coronary artery disease and periodontitis was also observed (Geerts et al., 2004). In addition, 

a meta-analysis involving 86,092 patients showed that individuals with periodontal disease 

had 1.14 times greater risk of developing coronary heart disease in comparison with controls 
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(Bahekar et al., 2007). This association between periodontitis and cardiovascular diseases 

may be due to increased presence of periodontal pathogens such as Tannerella forsythia, P. 

gingivalis and Aggregatibacter actinomycetemcomitans in serum or atheromatous plaques 

(Haraszthy et al., 2000). These pathogens can induce atherogenesis by direct invasion of the 

arterial wall (Haraszthy et al., 2000) or stimulating the release of inflammatory mediators that 

can promote atherogenesis (Loos et al., 2000). One of these mediators, serum C-reactive 

protein (CRP) (Amar et al., 2003), has been shown to play a role in endothelial dysfunction 

and increased levels of CRP may promote CVD (Joshipura et al., 2004). Furthermore, an 

extensive review of observational studies supported positive associations between periodontal 

disease and CVD independent of known confounders, however it did not support a causative 

relationship (Lockhart et al., 2012). It was also determined from Lockhart et al. (2012) review 

that periodontal interventions did not confirm prevention of or modify the clinical course of 

heart disease. In addition, another review suggested that it was too early to mark periodontal 

disease as a causal factor of CVD and interventional studies could not examine the effect of 

periodontal therapy on prevention of CVD (Zardawi et al., 2021). Further in vivo, in vitro and 

long-term interventional studies are therefore needed to determine the cause-effect 

relationship between periodontal disease and CVD and whether periodontal treatment can 

translate into reduction of CVD occurrence (Zardawi et al., 2021). 

 

Alzheimer’s disease (AD) is one of the leading causes of dementia and it is becoming 

common in the aging population (Gaur and Agnihotri, 2014). A study which investigated the 

relationship between chronic periodontitis and cognitive impairment by using tooth loss as a 

measure for periodontitis, noticed a significant relationship between cognitive impairment and 

tooth loss (Grabe et al., 2009). However, it should be noted from Grabe et al.’s (2009) study 
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that tooth loss was used as a surrogate measure and was not a direct measure of periodontitis. 

The association between chronic periodontitis and AD could be due to periodontopathogens, 

including P. gingivalis, T. forsythia, and T. denticola, which have been shown to spread to the 

brain from closely related anatomical pathways. Inadequate neutralisation of these pathogens 

can lead to the accumulation of inflammatory molecules ,which can alter cyto-architectural 

integrity and cause loss of vital neurons resulting in memory loss (Singhrao et al., 2014). 

 

1.4.2 Risk factors for periodontitis 

The risk factors for periodontitis are generally divided in to two, modifiable and non-

modifiable. Modifiable risk factors are usually environmental or behavioural such as 

smoking, diabetes mellitus and psychological stress. Factors such as age, excessive 

inflammatory immune host response and genetic factors are currently non-modifiable.  

 

Smoking is one of the main risk factors for periodontitis and elevates the risk of disease by 5 

to 20-fold in comparison to a non-smoker (Bergström, 2004). Smokers display increased 

susceptibility, greater severity and faster progression of periodontitis with more loss of teeth 

in comparison with non-smokers (Nociti, Casati and Duartes, 2014). The greater progression 

of periodontal tissue breakdown in smokers maybe related to microbiological differences 

between smokers and non-smokers. It was observed that disease associated pathogens, A. 

actinomycetemcomitans, P. gingivalis and T. forsythia were detected at higher levels in 

smokers in comparison with non-smokers (Winkelhoff et al., 2001). In another study, the 

prevalence of disease associated pathogens such as Campylobacter, Fusobacterium, 

Bacteroides and Treponema were significantly more abundant in smokers when compared 

with non-smokers (Shchipkova, Nagaraja and Kumar, 2010). Furthermore, smoking can also 
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alter the immunoinflammatory systems in periodontal tissue and may explain the differences 

in disease severity between smokers and non-smokers. For example, increased levels of pro-

inflammatory cytokines tumour necrosis factor-alpha (TNF-α) (Boström, Linder and 

Bergström, 1999), IL-4, IL-6 and IL-8 (Giannopoulou, Kamma and Mombelli, 2003) were 

detected in gingival crevicular fluid (GCF) of smokers in comparison with non-smokers.  

 

Other well-established risk factors for periodontitis include types 1 and 2 diabetes 

(predominantly type 2) and a review of the literature by Kinane and Chestnutt, (1997) found 

significant evidence to suggest a direct relationship between diabetes and periodontitis 

(Kinane and Chestnutt, 1997). The risk of periodontitis is increased threefold in individuals 

with diabetes compared with non-diabetic individuals (Mealey and Ocampo, 2007). A study 

in the United States revealed that adults with diabetes (HbA1C levels of > 9%) had a 

significantly higher prevalence of severe periodontitis compared with non-diabetic individuals 

(Tsai, Hayes and Taylor, 2002). A cross-sectional study involving 10,000 individuals from 

2009 to 2012 in the USA revealed that adults with diabetes suffered from more moderate or 

severe periodontitis compared with those with normal glucose levels. Also, prevalence of 

moderate/severe periodontitis was greater in those with poorly controlled diabetes compared 

to participants without diabetes in both sexes (Borgnakke, Genco, Eke and Taylor, 2018). 

Furthermore, a meta-analysis involving 53 studies between 1948 to 2018 showed that type 2 

diabetes mellitus patients had a significantly worse periodontal status than those without 

diabetes and that type 2 diabetes could elevate the risk of developing periodontitis by 34% 

(Wu et al., 2020). Many other studies have also observed a direct relationship between poor 

glycaemic control and parameters of periodontal disease (Cutler et al., 1999; Guzman et al., 

2003; Tervonen et al., 1994). It has been observed that the subgingival microbiota of diabetic 
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and non-diabetic patients has relatively few differences (Sastrowijoto et al., 1989). This 

suggests that the immunoinflammatory response may be altered in diabetic individuals 

leading to impaired neutrophil adherence, phagocytosis and chemotaxis and increased pro-

inflammatory cytokine production (Manouchehr-Pour et al., 1981; Salvi et al., 1997). A 

previous study has shown that diabetic individuals (HbA1C levels of > 8%) had twice the 

levels of IL-1β in GCF in comparison with subjects whose HbA1C levels were < 8% 

(Engebretson et al., 2004). This impairment in immunoinflammatory responses within 

diabetic individuals may facilitate the persistence of bacteria and inflammation resulting in 

increased periodontal destruction.  

 

However, the most important risk factor for periodontitis is the accumulation of a dysbiotic 

plaque biofilm which is responsible for the persistent and destructive host inflammatory 

immune response in susceptible patients (Chapple et al., 2015).  

 

1.4.3 In vitro models of periodontitis  

Simple in vitro cell culture models of periodontitis typically apply bacteria to a monolayer of 

confluent eukaryotic cells and these basic models can be used to determine cellular responses 

to bacteria and any specific interactions which may occur (Pan et al., 2009; Stathopoulou, 

Benakanakere, Galicia and Kinane, 2010; Saito, Inagaki and Ishihara, 2009). In vitro 2D 

models have been widely used to mimic periodontitis and some of these have utilised the 

OSCC H400 cell line (Abdulkareem et al., 2017; Bugueno et al., 2018; Grant et al., 2010). In 

addition, primary gingival epithelial cells (Yilmaz, Young, Lamont and Kenny, 2003), human 

gingival fibroblasts (Dabija-Wolter et al., 2022), oral carcinoma cell lines (Mintz and Fives-

Taylor, 1994) and models utilising multiple eukaryotic cells have been used for 2D models of 
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periodontitis (Bodet, Chandad and Grenier, 2006). However, the periodontium is 3D in 

structure, therefore 2D cell culture models do not fully represent the in vivo tissue architecture 

and any cell interactions/signals that occur.  

 

Many 3D models have been developed to mimic the oral mucosa with some of these models 

utilising fibroblast-containing collagen gel with oral keratinocytes cultured on the surface at 

the air-liquid interface (Dongari-Bagtzoglou and Kashleva, 2006; Schaller et al., 2006). In 

addition, decellularized matrix used as a scaffold for human keratinocytes and fibroblasts 

have been utilised and show more similar immunohistological and proliferation characteristics 

to normal mucosa when compared with a 2D oral cell line (Yadev, Murdoch, Saville and 

Thornhill, 2011). Furthermore, a 3D co-culture model using collagen-fibroblast gel with 

surface epithelial cells cultured at the air-liquid interface and exposed to P. gingivalis showed 

significant differences when compared with monolayer cultures of epithelial cells (Pinnock et 

al., 2014). It was determined from Pinnock et al. (2014) study that 3D co-culture systems 

were important in understanding interactions between cell types after pathogen exposure. 3D 

oral mucosa models are more representative of the oral cavity and can be used to model 

periodontitis, however there is no current universal system available and significant 

optimisation may be required if deciding to use a 3D model (Duval et al., 2017). 

 

1.5 Oral microbiome  

One of the most heavily colonised parts of the human body is the oral cavity, harbouring 

approximately 700 types of bacterial species that colonize hard and soft tissues, including the 

teeth and the oral mucosa (Kilian et al., 2016). The sites within the oral cavity all have unique 

bacterial profiles because of differences in the local niches that will favour specific bacterial 
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growth (Aas et al., 2005). In healthy individuals these bacteria live with their host rarely 

causing health-related issues. The host-microbe interactions which involves the immune 

system is key to maintaining homeostasis and to avoid unwanted activation of the immune 

response (Devine, Marsh and Meade, 2015). Oral commensal bacteria can maintain 

homeostasis and prevent disease progression by occupying the niche preferred by disease-

associated pathogens and by hindering the ability to multiply (Socransky and Haffajee, 1992). 

Changes to the oral symbiotic microbiome can be instigated by poor oral hygiene, genetics 

and a compromised immune system (Zarco, Vess and Ginsburg, 2011). This shift in the well-

balanced oral microbiome from commensal bacteria to an increased presence of disease-

causing pathogens is known as dysbiosis (Kilian et al., 2016). Dysbiotic microbial 

communities can disrupt normal functioning of the host immune system predisposing to 

development of periodontitis (Darveau, 2010).    

  

Biofilms are complex structures of microorganisms that colonise surfaces within the oral 

cavity, with dental plaque being one of the commonly known multispecies biofilms that forms 

as layers on tooth surfaces (Flemmig and Beikler, 2010). The dental plaque biofilm also 

consists of a matrix containing extracellular polymeric substances (EPS), which is composed 

of carbohydrates (glucans and fructans), proteins, extracellular deoxyribonucleic acid 

(eDNA), peptidoglycans and lipids (Jakubovics et al., 2021). In periodontitis, dental plaque 

consists of supragingival dense filament-containing plaque and subgingival plaque consisting 

mostly of flagellated bacteria, spirochetes and small Gram-negative bacteria (Listgarten and 

Hellden, 1978). Some of these pathogens that are found in subgingival plaque include A. 

actinomycetemcomitans, P. gingivalis, Prevotella intermedia, F. nucleatum, T. 

forsythia, and Eikenella corrodens and T. denticola (Zarco, Vess and Ginsburg, 2011). 
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Current clinical treatment methods for periodontitis are focused on restoring homeostasis 

between the host and its microbial community by controlling the subgingival dysbiotic dental 

biofilm (Lasserre, Brecx and Toma, 2018). 

 

Streptococci species, such as S. gordonii, S. oralis, S. mitis and S. sanguinis and the 

Actinomyces species have long been known to be early colonizers of dental plaque and are 

involved in initiating biofilm formation (Ximénez-Fyvie, Haffajee and Socransky, 2000). 

Once colonized by binding to the salivary pellicle on the surface of the tooth, late colonisers 

that are generally Gram-negative bacteria start to aggregate and plaque development occurs 

(Lee and Davey, 2017). These late colonisers attach to early colonisers through adhesions and 

tend to bind to other metabolically compatible species (Kuboniwa and Lamont, 2010). Late 

colonisers, such as P. gingivalis (Yao et al., 1996) and F. nucleatum (Kolenbrander et al., 

2002) can bind to early colonisers and form a connection or ‘bridge’ for other later colonisers.  

P. gingivalis and F. nucleatum have also been shown to co-aggregate with each other through 

carbohydrate-protein specific binding (Kolenbrander and Andersen, 1989). In addition, T. 

denticola can also aggregate with F. nucleatum through galactose containing receptors present 

in the outer sheath membrane of T. denticola (Rosen, Genzler and Sela, 2008). Furthermore, 

T. denticola and P. gingivalis also form dual-species biofilms possibly through activities of T. 

denticola dentilisin (Cogoni et al., 2012) and P. gingivalis gingipains (Ito et al., 2010). 

The subgingival biofilm consists of many bacterial species which can be divided into 5 

complexes that consist of: red, orange, green, yellow and purple, having first been described 

by Socransky and his colleagues in 1998 (Socransky et al., 1998) (see Figure 1.4). The red 

complex pathogens are the most important in adult forms of periodontal disease and they 

appear later in biofilm development (Holt and Ebersole, 2005). Both, red and orange complex 
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bacteria have strong associations with clinical parameters of periodontitis in comparison with 

the other complexes (Socransky et al., 1998).  
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1.5.1 Oral bacteria and inflammation  

It has been shown that some oral commensal bacteria are able to supress pro-inflammatory 

cytokine secretion in epithelial cells. Streptococcus salivarius K12 inhibited activation of NF-

κB resulting in down-regulated IL-8 secretion in oral keratinocytes (Cosseau et al., 2008). 

However, dysbiotic plaque biofilms concomitant with periodontitis contain pathogenic 

bacterial communities that can initiate an immunological response within the host causing the 

release of pro-inflammatory mediators. Continuous immunoinflammatory responses leads to 

destruction of the host tissue which eventually manifests in the symptoms associated with 

periodontitis (Singh et al., 2011).  

 

Oral bacteria initiate the innate immune response through activation of receptors known as 

pattern-recognition receptors (PRRs), which are located on antigen presenting cells, immune 

and tissular structural cells (Medzhitov and Janeway, 2000). Different types of PRR’s include 

Toll-like receptors (TLRs), retinoid acid-inducible gene I-like receptors (RLRs), nucleotide-

binding oligomerization domain-like receptors (NLRs) and C-type lectin receptors (CLR) 

(Creagh and O’Neill, 2006; Hoving, Wilson and Brown, 2014). These receptors recognise 

pathogen associated molecular patterns (PAMPs) which are highly conserved molecular 

patterns or structures which provide exogenous signals to the immune system (Tang et al., 

2012).  

 

P. gingivalis (Ding et al., 2020a) and T. denticola (Miyamoto, Ishihara and Okuda, 2006) 

have previously been shown to induce secretion of the pro-inflammatory cytokine, IL-1β. 

Previous findings have also revealed that virulence factors present in these pathogens can 

stimulate production of cytokines. For example, the P. gingivalis surface virulence factor, 
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fimbriae, has been shown to induce IL-1β secretion (Amano et al., 2004). In addition, F. 

nucleatum, which is also associated with periodontitis can promote the secretion of IL-1β in 

epithelial cells (Bui et al., 2016). Another pro-inflammatory cytokine, IL-8 has been shown to 

be up-regulated after P. gingivalis (Milward et al., 2007) and F. nucleatum (Koike et al., 

2020) exposure in epithelial cells. These processes may be connected with another P. 

gingivalis virulence factor, arg-gingipain (Oido-Mori et al., 2001), or F. nucleatum virulence 

factor FadA (Rubinstein et al., 2013), which have both been shown to induce IL-8 secretion. 

TGF-β1 secretion can also be stimulated by periodontal pathogens including P. gingivalis, F. 

nucleatum (Abdulkareem et al., 2017) and T. denticola (Bakthavatchalu et al., 2010). 

Lipopolysaccharide (LPS) is the dominant glycolipid that forms a central component of the 

outer membrane in Gram-negative bacteria and plays a key role in pathogenesis (Maldonado, 

Sá-Correia and Valvano, 2016). The LPS associated with F. nucleatum has previously been 

demonstrated to induce secretion of pro-inflammatory cytokines such as IL-6, IL-1β and 

TNF-α (Karpiński, 2019).  

 

 

1.5.2 Bacteria and EMT 

The role of bacteria in inducing EMT has been investigated in many different studies under 

various conditions. One of these studies examining the effects of flagellin on TLR5 

stimulation in pulmonary fibrosis, identified induction of EMT (Kondo et al., 2012). Bacterial 

species in the subgingival plaque commonly include flagellated bacteria (Germano et al., 

2013) such as T. denticola (Ng et al., 2019) and Campylobacter rectus (Ihara et al., 2003). 

Flagellin is a structural component of the flagella that enables cell motility and is mostly 

associated with Gram-negative bacteria (Hajam et al., 2017). The adenocarcinomic human 

alveolar basal epithelial cell line, A549, treated with flagellin exhibited activation of the 
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nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) pathway and 

treatment with TGF-1 which is a key factor in EMT induction caused similar up-regulation 

of genes compared with flagellin exposure. Also, flagellin increased the amount of fibronectin 

protein and decreased levels of E-cadherin thus demonstrating its involvement in EMT and 

possible role in pulmonary fibrosis (Kondo et al., 2012).  

 

Furthermore, the oncoprotein cytotoxin-associated gene A (CagA) found in the Gram-

negative bacterium Helicobacter pylori has been shown to trigger cancer stem cell-like 

properties through EMT in gastric epithelial cells (Bessède et al., 2013). It was observed in 

this study that mesenchymal markers snail-1, vimentin and ZEB-1 were up-regulated whilst 

epithelial markers cytokeratin 7 and osteopontin were down-regulated. LPS from Gram-

negative bacteria has also been shown to induce EMT in previous studies using oral epithelial 

cells (Jing et al., 2012; Ding et al., 2020b). An additional study which investigated the effects 

of LPS to induce EMT in human intrahepatic biliary epithelial cells (HIBEpiCs), reported an 

increased expression of mesenchymal markers, S100A and -SMA through a TGF- 

mediated pathway (Zhao et al., 2011).  

 

In a study investigating the link between the presence of F. nucleatum in 280 colorectal 

cancer stage III/IV patients, data showed that the level of F. nucleatum in the tumours was 

correlated with several markers associated with EMT, including E-cadherin, sox-2, oct-4, N-

cadherin and nanog. F. nucleatum levels were negatively correlated with E-cadherin 

expression and positively correlated with expression of N-cadherin, highlighting F. 

nucleatums’ potential contribution to EMT-cancer stem cell cross talk in colorectal cancer 

(Xuebing et al., 2017). Furthermore, previous work from our group has demonstrated EMT 
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induction of OSCC cells after stimulation with the periodontal pathogens P. gingivalis and F. 

nucleatum (Abdulkareem et al., 2017). A significant release of EMT-inducing pro-

inflammatory cytokines TGF-β1, TNF-α, and EGF was observed. In addition, expression of 

E-cadherin, cytokeratin 14, and β-Catenin were down-regulated, whilst N-cadherin, vimentin, 

snail, MMP-2 and MMP-9 were simultaneously up-regulated (Abdulkareem et al., 2017).  

 

1.6 Bacterial inactivation for use in epithelial stimulation  

Long-term cell culture models of periodontitis (>3 days) have historically and most 

commonly utilised heat-killed bacterial pathogens as opposed to live bacteria (Abdulkareem 

et al., 2017; Bugueno et al., 2018; Grant et al., 2010). This approach has been used because of 

issues with contamination of the cultures and bacterial overgrowth in long-term models using 

live bacteria (Cross et al., 2004; Kim et al.,  2015). It has been proposed that heat-killed 

pathogens can elicit similar responses in oral epithelial cells as viable bacteria, therefore heat-

killed pathogens have frequently been used as a suitable alternative to avoid the common 

problems associated with using live bacteria (Laheij et al., 2013). In contrast, it has been 

noted that heat-killing of bacteria can damage the outer membrane (Katsui et al., 1982), inner 

membrane (Russell and Harries, 1967) and deoxyribonucleic acid (DNA) (Woodcock and 

Grigg, 1972). In addition, this killing approach causes ribosomal degradation (Tomlins and 

Ordal, 1971) and protein denaturation (Rosenberg et al., 1971) in bacteria. Therefore, the use 

of heat-killed bacteria could result in unrealistic bacterial-epithelial cell interactions which 

would be unrepresentative of the subgingival bacterial – host interaction. In addition, in the 

gingival crevice there are more likely to be obligate anaerobic bacteria killed by oxygen and 

not by heat. The bacterial species intended for use in this study, P. gingivalis and T. denticola, 

are obligate anaerobes whilst F. nucleatum is a facultative anaerobe. It is known that 
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anaerobes do not possess the defences needed to survive in oxygen long-term which 

ultimately results in their death (Baron and Hentges, 1996). Exposing anaerobes to oxygen as 

a means of bacterial killing may be less disruptive to bacteria architecture and protein 

expression when compared with heat-killing and would better represent viable bacteria. 

 

1.7 EMT inhibitors 

EMT is implicated in diseases such as cancer and fibrosis and involves numerous pathways 

and mediators (see 1.3.2 and 1.3.3). The treatment of cancer is facing serious challenges 

related to drug resistance and EMT has been recently implicated for its role in cancer drug 

resistance (Du and Shim, 2016). Therefore, drugs that target EMT mediators or pathways may 

provide potential therapies for fibrosis and cancer treatment. Naturally derived inhibitors such 

as curcumin (see 1.7.1.3) and synthetic compounds such as Sepantronium bromide, have been 

widely reported to inhibit EMT by targeting different mediators (Feng et al., 2019).  

 

One of these natural compounds, resveratrol, which is commonly found in grapes, berries and 

peanuts (Pirola and Fröjdö, 2008) has been shown to inhibit EMT in pancreatic cancer cells 

(Li et al., 2013). It was observed that EMT was inhibited via suppression of the 

PI3K/Akt/NF-κB pathway leading to up-regulation of E-cadherin and down-regulation of N-

cadherin and vimentin. In addition, migratory and invasive abilities were also inhibited with 

resveratrol exposure (Li et al., 2013). Another natural compound, Ergone, which is found in a 

medicinal mushroom (Polyporus umbellatus) (Lee, Park and Ahn, 2007) was shown to inhibit 

EMT in renal fibrosis via the Wnt/-catenin pathway, resulting in snail-1, twist, MMP-7, 

fibronectin, α-SMA and vimentin down-regulation, whilst E-cadherin expression was restored 
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(Chen et al., 2017a). A summary of natural EMT-inhibitors and the pathways affected are 

shown in Table 1.2.  

 

Synthetic compounds have also been reported to inhibit EMT in numerous studies. Notably, 

one of these synthesised compounds, Sepantronium bromide (YM155), has been shown to 

inhibit EMT in glioblastoma cells via STAT3 signalling leading to increased E-cadherin 

expression whilst N-cadherin, -catenin, slug and ZEB-1 expression were decreased (Zhang 

et al., 2018). Another synthetic compound, Trichostatin A, has also been demonstrated to 

repress EMT by increasing expression of E-cadherin and decreasing expression of α-SMA in 

experimental lung fibrosis (Li et al., 2017b). An overview of synthetic compounds known to 

inhibit EMT and the pathways involved are shown in Table 1.3. 
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Table 1.2: A summary of naturally derived compounds that inhibit EMT in various conditions 

and the signalling pathways involved. 

Compound Species Disease Signalling pathway References 

Curcumin Curcuma 

longa 

Breast cancer 

cells, 

Pancreatic 

cancer cells, 

intestinal 

fibrosis, 

bladder cancer 

Wnt/-catenin, c-

MET/PI3K/Akt/mTOR

, PPARγ, NF-κB-Snail, 

miR-34a 

(Gallardo, 

Ponce-Cusi 

and Calaf, 

2017; Li et 

al., 2018; 

Xu et al., 

2017b and 

Deng et al., 

2016) 

Resveratrol Vitis vinifera, 

Vaccinium 

macrocarpon, 

Morus alba, 

Pistacia vera 

and Arachis 

hypogaea 

Lung and renal 

fibrosis, gastric 

cancer, HCT-

116 colorectal 

cancer cells 

PTEN/Akt, miR200c, 

TGF-, p38-mitogen-

associated protein 

kinase (MAPK), TGF- 

(Zhang et 

al., 2015a; 

Choi et al., 

2016; 

Dermani et 

al., 2016 and 

Xu et al., 

2017a) 

Hispolon Phellinus 

linteus 

Human 

epithelial 

cancer cells 

TGF--Snail/Twist (Hong et al., 

2017) 

Ergone Polyporus 

umbellatus 

Renal fibrosis Wnt/-catenin (Chen et al., 

2017a) 

Arctigenin Arctium lappa 

and Saussurea 

heteromalla 

Human lung 

cancer cells 
TGF-, ERK and -

catenin 

(Xu, Lou 

and Lee, 

2017) 

Carnosol Rosmarinus 

officinalis 

Human 

glioblastomas 
TNF-α/TGF- (Giacomelli 

et al., 2017) 

Codonolactone Atractylodes Breast cancer TGF- (Fu et al., 

2015) 

Jatrophone Jatropha 

isabelli and 

Jatropha 

gossypiifolia 

Breast cancer Wnt/-catenin (Fatima et 

al., 2017) 

Epicatechin-3-

gallate 

Camellia 

sinensis 

Human Lung 

cancer cells 
TGF- (Huang et 

al., 2016) 

 

Oxymatrine Sophora 

flavescens 

Liver, 

pulmonary, 

myocardial and 

skin scar tissue 

fibrosis 

TGF-1/Smad (Shi and Li, 

2005; Chen 

et al., 2008; 

Shen et al., 

2011 and 

Fan et al., 

2012) 
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Table 1.3: Synthesised compounds that can inhibit EMT in different conditions via their effects 

on various signalling pathways.   

 

Compound Disease Signalling 

pathway 

References 

Decitabine Non-small-cell lung cancer 

PC9 cells 

MiR-

200/ZEB 

(Zhang et al., 2017) 

Sepantronium bromide Glioblastoma STAT3 (Zhang et al., 2018) 

Ubenimex Renal cell carcinoma Akt (Liu et al., 2016b) 

GW788388 Renal fibrosis TGFβRI (Petersen et al., 2008) 

FH355 Radioresistant oesophageal 

cancer cell line 
Wnt/-

catenin 

(Su et al., 2015a) 

RO4929097 Cervical cancer cells Notch (LoConte et al., 2014) 

Trichostatin A Lung fibrosis Akt (Li et al., 2017b) 

Galunisertib Human hepatocellular 

carcinoma cell lines 

TGFβRI (Lahn et al., 2015) 

Oxymatrine Kidney NRK-52E cells TGF-

1/Smad 

(Liu et al., 2016a) 

Losartan Hyperglycemia RAS (Yao et al., 2018) 
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1.7.1 Curcumin 

Turmeric is a rhizomatous herbaceous perennial plant (Curcuma longa) that is derived from 

the ginger family (Priyadarsini, 2014) and it is normally cultivated in tropical and subtropical 

regions (Aggarwal, Deb and Prasad, 2014). The health benefits of turmeric have been known 

for almost 4000 years with its first being used as an antiseptic and antibacterial agent for cuts 

and burns in many south Asian countries (Prasad and Aggarwal, 2011). In addition, it has 

been traditionally used as a treatment for coughs, colds, sore throats and in a paste form for 

viral diseases including measles, chicken pox and smallpox thus demonstrating its pleiotropic 

effects (Krishnaswamy, 2020). However, the mechanisms and bioactive components 

responsible for these health benefits have only been discovered in the past 60 years (Gupta, 

Patchva and Aggarwal, 2013). 

 

Turmeric contains curcuminoids which are natural phenols responsible for the yellow colour 

of turmeric and consist of compounds such as curcumin, demethoxycurcumin and bis-

demethoxycurcumin (Priyadarsini, 2014). These all share the same structure with two 

benzenemethoxy rings joined by a seven-carbon unsaturated chain (Amalraj et al., 2017). 

Curcumin (1, 7-bis(4-hydroxy-3-methoxyphenyl) often referred as diferuloylmethane is the 

most active and widely reported curcuminoid (Stohs et al., 2020). Curcumin has been shown 

to possess anti-inflammatory properties (Fadus et al., 2017) and has been utilised in several 

clinical studies (Gupta, Patchva and Aggarwal, 2013). In addition, its EMT inhibitory effects 

are well reported (Bahrami, Majeed and Sahebkar, 2019).  
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1.7.1.1 Anti-inflammatory properties 

Curcumin’s anti-inflammatory properties are well reported and it has been shown to inhibit 

secretion and expression of cytokines implicated in pro-inflammatory disease. In one study 

that modelled chronic inflammation in metabolic diseases, pre-treatment of intestinal 

epithelial cells and macrophages with curcumin was able to inhibit LPS-induced secretion of 

IL-1β (Wang, Ghosh and Ghosh, 2017a). In addition, curcumin has been demonstrated to 

attenuate gene expression of IL-1β in immortalised human keratinocytes (Cho, Lee and Kim, 

2007). Furthermore, curcumin could down-regulate IL-8 gene expression in a study modelling 

oesophageal inflammation using human oesophageal epithelial cells in response to acidic pH 

during gastroesophageal reflux disease (Rafiee et al., 2009). Activation of NF-κβ can suppress 

apoptosis and induce cell proliferation, invasion, metastasis and inflammation (Nakanishi and 

Toi, 2005). Curcumin treatment has also been shown to down-regulate secretion and gene 

expression of IL-8 in OSCC cells via the NF-κB pathway through increased activity of the 

inhibitor of NF-κB kinase (IκB-kinase) (Cohen et al., 2009). It has been demonstrated that 

curcumin can also inhibit TGF-β1 secretion in breast epithelial cells via the NF-κB pathway 

(Mohankumar et al., 2015). The pro-inflammatory cytokine, TNF-α is a key mediator in 

inducing inflammation in many diseases and it can elicit its effects through activation of the 

transcription factor NF-κB. Curcumin has also shown to down-regulate expression of TNF-α 

and decrease NF-κB activity in ankle joints of patients with rheumatoid arthritis (Aggarwal, 

Gupta and Sung, 2013) and in experimentally induced arthritis in rats (Cai et al., 2015). In 

addition, curcumin can ameliorate ulcerative colitis symptoms by suppressing expression of 

TNF-α (Camacho-Barquero et al., 2007). Curcumin can target a wide range of inflammatory 

mediators as reviewed by Aggarwal, Gupta and Sung, (2013). 
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1.7.1.2 Clinical studies  

Many clinical trials have been performed to evaluate curcumins health benefits. One of these, 

a short-term double-blind cross over study, investigated the potential of curcumin to alleviate 

symptoms in rheumatoid arthritis. A daily dose of curcumin (1200mg) for 2 weeks was able 

to improve morning stiffness, walking time and joint swelling (Deodhar, Sethi and Srimar, 

2013). In addition, an interventional unblinded clinical trial in osteoarthritis patients 

demonstrated significant reductions in inflammatory markers (including IL-1β, IL-6, soluble 

cluster of differentiation 40 ligand (sCD40L) and soluble vascular cell adhesion molecule-1 

(sVCAM-1)) after a daily dose of curcumin (200mg) for 8 months (Belcaro et al., 2010). 

Furthermore, in an unblinded clinical trial, curcumin applied in ointment form has shown to 

provide symptomatic relief including reduction of itching, dry lesions and lesion size and pain 

in patients with malignant skin lesions (Kuttan, Sudheeran and Josph, 1987). Additionally, a 

phase II unblinded clinical trial (pilot study) involving patients with peptic ulcers showed 

ulcer resolution and a decrease in abdominal pain and discomfort after treatment with 

curcumin (3000mg/day) for 12 weeks (Prucksunand et al., 2001). A randomised, controlled 

clinical trial has also indicated that curcumin can reduce body fat, reduce BMI, increase 

waistline reduction and reduce hip circumference in 44 obese subjects after 30 days treatment, 

however the strength of this study is limited as it is not double-blinded (Di Pierro et al., 

2015). 
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1.7.1.3 Curcumin as an EMT inhibitor 

Curcumin has shown to inhibit EMT in multiple studies investigating different conditions. 

One of these studies showed curcumin to reduce expression of proteolytic enzymes, including 

MMP-2 and MMP-9, leading to reduced invasiveness of OSCC cells (Lee et al., 2015). It was 

also observed that expression of snail and twist were both down-regulated with curcumin 

treatment. In another study using DU145 prostate cancer cells, curcumin down-regulated 

expression of snail and vimentin via inhibition of c-Met expression (Hu et al., 2015). 

Furthermore, curcumin has been shown to prevent EMT in a rat model of intestinal fibrosis 

via repression of the TGF-β1/Smad pathway, resulting in up-regulation of E-cadherin and 

down-regulation of α-SMA and fibronectin (Xu et al., 2017b). An overview of curcumin and 

its EMT inhibitory effects in different disease conditions is shown in Table 1.4.  
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Table 1.4: An overview of curcumins EMT inhibitory effects in different diseases. 

Disease 

condition 

EMT inhibitory effects by curcumin 

 

Model used Reference  

Cancer 

Oral • Induction of p53 gene repressed EMT 

• Down-regulation of snail, twist, 

MMP-2 and MMP-9 

In vitro (OSCC 

cell line, SCC25) 

(Lee et al., 

2015) 

 

Pancreatic • Reduction of mesenchymal markers 

vimentin and α-SMA in cancer 

associated fibroblasts 

• Up-regulation of E-cadherin 

• Curcumin inhibited metastasis in vivo 

In vitro (cancer 

associated 

fibroblasts) and 

in vivo (mice) 

(Wang et 

al., 2017b) 

 

• Blocked the phosphatidylinositol 3-

kinase (PI3K)/protein kinase B 

(Akt)/NF-κB signalling pathway 

In vitro (human 

pancreatic cancer 

cell lines – BxPC-

3 and Panc-1) 

(Li et al., 

2018) 

 

Lung • Up-regulation of Wnt inhibitory 

factor-1 (WIF-1) protein expression 

inhibited Wnt signalling pathway in 

metastatic lung cancer cells 

In vitro (invasive 

lung cancer cell 

lines – 95C and 

95D) 

(Xu et al., 

2015) 

 

• Blocked phosphorylation of the 

receptor tyrosine kinase c-Met and 

PI3K/Akt/mammalian target of 

rapamycin (mTOR) pathways 

In vitro (human 

lung cancer cell 

line, A549) 

(Jiao et al., 

2016) 

 

Thyroid • Down-regulated Smad2 and Smad3 

signalling pathways 

• Increased expression of E-cadherin 

and repressed expression of vimentin, 

MMP-2 and MMP-9 

In vitro (human 

papillary thyroid 

carcinoma 

BCPAP cells) 

(Zhang et 

al., 2016) 

 

Prostate • Down-regulated snail and vimentin 

expression through inhibition of 

phosphorylated c-Met 

In vitro (human 

prostate cancer 

cell line, DU-

145) 

(Hu et al., 

2015) 

 

Breast • Inhibited β-catenin nuclear 

translocation resulting in inhibited 

slug trans-activation leading to  up-

regulated E-cadherin gene expression 

In vitro (human 

breast cancer 

stem cell line, 

MCF-7) 

(Mukherje

e et al., 

2014) 

 

Fibrosis 

Intestinal • Supressed TGF-β1 induced Smad 

pathway leading to decreased gene 

expression of α-SMA and fibronectin 

• Increased expression of E-cadherin 

• Reduced TGF-β1 and increased E-

cadherin staining in vivo 

In vitro (rat small 

intestinal 

epithelial cell 

line, IEC-6) and 

in vivo (rats) 

(Xu et al., 

2017b) 
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Renal • Inhibited of Akt/mTOR pathway 

• Increased expression of E-cadherin 

and cytokeratin 

• Decreased expression of vimentin, α-

SMA and FSP-1 

In vitro (human 

renal proximal 

tubular cell line, 

HKC) 

(Zhu et al., 

2017) 

 

 

1.8 Aims and objectives 

Whilst it is known that periodontitis is the result of a persistent non-resolving 

immunoinflammatory response to pathogenic bacteria, some aspects which underpin the 

breakdown of gingival tissue are still unclear. EMT which is implicated in many diseases, is a 

process where epithelial cells gain migratory and invasive properties resulting in a breakdown 

of epithelial integrity (Chen et al., 2017c). It has been shown to be induced by bacteria (see 

section 1.5.2) and inflammatory mediators (see section 1.3.5) that are implicated in 

periodontitis. EMT may therefore be a driver of periodontitis leading to associated changes 

and may be a process to potentially target for the treatment of periodontitis. This thesis 

therefore aims to use a suitable 2D epithelium model of periodontitis that simulates the in vivo 

situation and to provide evidence of EMT induction by periodontal pathogens. This project 

will also determine if natural EMT inhibitors could be used to down regulate or block EMT 

induction as a potential therapeutic strategy in the management of periodontitis. The 

objectives which underpin these aims are described below: 

 

Objective 1: To develop a suitable 2D-oral epithelium model which replicates the chronic 

persistent inflammatory response observed in patients with periodontitis using an 

immortalized cell line (H400) for the induction of EMT. To explore the use of oxygen-killing 

of anaerobic periodontal pathogens as an alternative to heat-killing for use in the model. 
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Objective 2: To investigate the potential of heat-killed (HK) and oxygen-killed (OK) P. 

gingivalis, F. nucleatum and T. denticola to induce EMT-related changes in vitro. 

 

Objective 3: To evaluate whether curcumin can inhibit periodontal pathogen induced EMT in 

vitro.  

 

Objective 4: To further elucidate the effects of heat and oxygen-killing on T. denticola and to 

understand the different EMT responses observed after HK and OK T. denticola exposure. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 53 

 
 

 

 

 

 

 

 

 

 

 

2. Materials and methods 
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All materials used were acquired from Sigma, UK unless otherwise stated. 

2.1 Bacterial cultivation  

Stocks of P. gingivalis (ATCC 33277) and F. nucleatum (polymorphum) (ATCC 10953) were 

originally purchased from American Type Culture Collection (ATCC, Rockville, MD) and T. 

denticola (ATCC 35405) was kindly gifted from the laboratory of Dr. Angela Nobbs at the 

University of Bristol. UK. P. gingivalis and F. nucleatum were cultured for 7 and 3 days 

respectively on horse blood agar (Oxoid, UK) in an anaerobic chamber (Don Whitley, UK) 

with 80% nitrogen, 10% carbon dioxide and 10% hydrogen at 37oC. Broth cultures were 

prepared by inoculating 20ml of sterile Trypticase soy broth (TSB) with 3-4 representative 

colonies of P. gingivalis or F. nucleatum in anaerobic conditions. T. denticola was cultured in 

new oral spirochete (mNOS) semi-solid agar by inserting a sterile loop containing bacteria 

directly through the centre of the media (Figure 2.1) and broth cultures were prepared in 20ml 

mNOS medium in anaerobic conditions. Growth of all three bacteria were indicated by visible 

turbidity in suspension. The components of mNOS are detailed below: 

2.1.1 New oral spirochete (mNOS) medium 

mNOS medium consisted of 1.25g brain heart infusion broth (Oxoid, UK), 1.00g trypticase 

peptone (Becton, Dickinson and company, UK), 0.25g yeast extract, 0.05g sodium 

thioglycolate, 0.1g L-cysteine (Acros organics, USA), 0.025g L-asparagine, 0.2g glucose 

(BDH laboratory supplies, UK) and 0.1ml filter sterilized 0.1% w/v resazurin in 94ml distilled 

water (dH2O) and then autoclaved. Semi-solid agar was produced by adding 0.5% Schaedler 

anaerobe agar and 0.5% gelatin (Merck, UK) prior to autoclaving. After autoclaving 2.67ml 

filter sterilized 7.5% w/v NaHCO3, 2ml heat-inactivated rabbit serum (Cellect, Israel) and 2ml 

filter sterilized thiamine pyrophosphate–volatile fatty acid (TPP-VFA) mix were added. 
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2.1.1.1 Volatile fatty acid (VFA) mix 

The VFA component of the TPP-VFA consisted of 0.5ml isobutyric acid (Alfa-Aesar, USA), 

0.5ml 2-methylbutyric acid (Alfa-Aesar, USA), 0.5ml isovaleric acid, 0.5ml valeric acid and 

98ml 0.1M NaOH which was then filter sterilized using a 0.22µm pore size MF-Millipore™ 

membrane filter (Merck Millipore, Ireland) and needleless syringe (Terumo® corporation, 

Philippines) and stored at 4oC until required.  

2.1.1.2 Thiamine pyrophosphate–volatile fatty acid (TPP-VFA) 

TPP-VFA mix consisted of 8.5ml dH2O, 1.5ml 0.2% thiamine pyrophosphate and 1ml VFA 

mix which was filter sterilized and stored at 4oC.  
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Figure 2.1: A sterile universal tube containing 20ml of semi-solid mNOS agar was inoculated 

by inserting a sterile loop containing T. denticola directly through the centre of the media 

(indicated by the red arrow).    
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2.2 Determining bacterial concentration  

To determine bacterial concentration in suspension a standard curve was produced (optical 

density vs. bacterial count) by measuring the suspension optical density (OD) at a wavelength 

of 600nm (OD600nm) with a spectrophotometer (Jenway, Dunmow, UK) using 1ml semi-micro 

cuvettes (Sarstedt, UK). OD readings were obtained every hour from 1-8 hours and then 

finally at 24 and 48 hours. Simultaneously blood agar plates and mNOS were inoculated 

using the Miles and Misra (Miles, Misra and Irwin, 1938) method. The spectrophotometer 

was first blanked with TSB or mNOS broth only before every reading was taken. Absorbance 

readings and colony forming units (CFU) were plotted in a scatter graph using Excel software 

(Microsoft, US) and the linear regression equation produced was used to determine the 

number of viable bacteria in the suspension. This could also be used to determine how many 

CFU were present in new bacterial suspensions by reading the OD and using the straight-line 

equation.  

After determining the number of bacteria per ml, bacterial suspensions were centrifuged 

(MSE Harrier, UK) at 3000rpm for 10 mins to produce a bacterial pellet. Supernatants were  

removed aseptically and pellet containing bacteria was re-suspended in 10ml phosphate-

buffered saline (PBS). PBS was prepared by dissolving 8g sodium chloride (NaCl), 1g 

sodium phosphate dibasic (Na2HPO4), 0.2g potassium chloride (KCl) and 0.2g of potassium 

phosphate monobasic (KH2PO4) in 1L dH2O and then sterilised by autoclaving before use. 

Suspensions were centrifuged again and re-suspended in PBS before being either heat or 

oxygen-killed following the protocol described in section 2.3. A final suspension of 4x108 

bacteria/ml was produced by diluting the suspension appropriately with sterile PBS and then 

stored at -20oC. Prior to heat or oxygen-killing, aliquots of live cultures stored at -20oC were 

spared for SEM analysis. 
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2.3 Bacterial preparation  

2.3.1 Heat-killing  

Bacteria were first grown in respective agars and overnight cultures were prepared as 

described in section 2.1. After 48-72 hrs growth, bacterial cultures were washed twice in PBS 

before being heat-killed at 80oC for 1 hour in a N-Biotek NB-205 shaking incubator (N-

Biotek, UK). To determine successful heat-killing, 50µl of bacterial suspension was re-plated 

into respective media and incubated anaerobically for 7 and 3 days for P. gingivalis and F. 

nucleatum and 4 – 6 days for T. denticola. Visible absence of growth indicated successful 

heat killing of bacteria. Heat-killed bacterial suspensions were then stored at 4x108 in 1ml 

aliquots at -20oC. 

2.3.2 Oxygen-killing 

Bacteria were grown in respective media and overnight cultures were prepared as described in 

section 2.1. Bacteria were washed twice in PBS and then exposed to atmospheric oxygen for 

up to 48 hrs and plated onto respective agar plates every 2 hrs up to 8 hrs then at 24 and 48 

hours. A 5µl volume disposable inoculating loop (Thermo Fisher Scientific, UK) was used to 

streak bacterial cultures on respective agars at the time points indicated. For T. denticola, 

mNOS medium was used to inoculate T. denticola at each time point to determine optimum 

time needed to oxygen-kill, as growth of T. denticola was more easily detected in mNOS 

medium than mNOS agar. The time required for each bacterium to be oxygen-killed was 

indicated by the absence of growth in the respective media following incubation. This 

timeframe was subsequently used for the oxygen killing of bacteria. Oxygen-killed bacterial 

suspensions were then diluted with PBS to produce a solution containing 4x108 bacteria/ml, 

which was distributed into 1ml aliquots and stored at  -20oC prior to use.  
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2.4 Characterisation of periodontal pathogens  

2.4.1 Gram staining 

A single colony of bacteria was harvested from their respective agar plates and emulsified 

into a single drop of PBS (0.5ml) on a clear glass microscope slide (Fisherbrand, UK). After 

air-drying it was heat-fixed on a hot plate (Corning PC-420D, USA) at 100oC for 1 minute 

and allowed to cool before being flooded with 0.3% crystal violet (Prolab, diagnostics, UK) 

for 1 minute. This was rinsed with dH2O and then flooded with iodine solution (Prolab, 

diagnostics, UK) for 1 minute and then rinsed with dH2O again. The slide was then treated 

with decolourizer (Prolab, diagnostics, UK) for 5 seconds and rinsed with dH2O. This was 

followed by counter-staining with 0.25% safranin (Prolab, diagnostics, UK) for 30 seconds 

and rinsed with dH2O. Following staining the slide was dried using absorbent tissue paper and 

viewed using oil-immersion microscopy at 100x objective magnification and images were 

captured under the Olympus BX50 microscope (Olympus, UK) using the QImaging camera 

(Teledyne Imaging, USA). Pink staining indicated Gram-negative bacteria whereas purple 

staining would indicate Gram-positive bacteria and possible contamination by another 

species.   

2.4.2 Bacteria identification by polymerase chain reaction (PCR) 

To further characterise bacteria, PCR was utilised to amplify specific genes for each bacterial 

species. The primer sequences used in this study were obtained from existing literature (see 

Table 2.1). 1x106 bacteria was suspended in 1µl molecular biology grade water (Corning, 

USA) with 12.5µl REDTaq ReadyMix PCR reaction mix, 10.5µl molecular biology grade 

water and 0.5µl each of the forward and reverse primer (25µM). The amplification was 

performed in GeneAMP® PCR system 2700 (Applied Biosystems, USA) and initial 

denaturation was undertaken at 94oC for 5 mins which also served to lyse bacteria. A 
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specified number of cycles including a denaturing step at 94oC for 20 secs followed by a 

primer annealing step (specific temperature provided in Table 2.1) and an extension step at 

72oC for 20 secs, were performed. Finally, an extension step at 72oC for 10 mins was 

undertaken. 

Table 2.1: Primers and PCR conditions used to identify bacteria  

Bacterial 

species 

(gene) 

Primer sequence (5’ → 3’) Number 

of cycles 

Annealing 

conditions  

Source 

Porphyromon

as gingivalis 

(16s rRNA) 

F - AGGCAGCTTGCCATACTGC 

 

R - ACTGTTAGCAACTACCGATGT 

 

40 55oC for 30 

secs 

(Mahen

dra et 

al., 

2013) 

Fusobacteriu

m nucleatum 

10953 (16s 

rRNA) 

F - CTAAATACGTGCCAGCAGCC  

R - CGACCCCCAACACCTAGTAA 

33 55oC for 20 

secs 

(Külekç

i et al., 

2001) 

Treponema 

denticola 

35405 (16s 

rRNA) 

F-TAGTCATGCGAATAAGCCCC  

R-TTGCTACGCTGCCATATCTC 

40 60oC for 1 

min 

(Külekç

i et al., 

2001) 
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2.4.2.1 Visualisation of PCR product by gel electrophoresis 

During PCR product synthesis a 1.5% agarose gel was prepared by dissolving 0.9g molecular 

grade agarose (Bioline, UK) in 60ml tris-acetate ethylenediamine tetraacetic acid (EDTA) 

electrophoresis buffer (TAE; Thermo Fisher Scientific, UK) and heated for 2 minutes in a 

Sharp Easy Chef II microwave (Sharp, Japan) at 850W until completely dissolved. After 

heating, the mixture was immediately cooled by gently swirling under cold tap water until 

safe to handle without heat-resistant gloves. Five µl of highly sensitive Invitrogen™ SYBR™ 

safe DNA gel stain, which is a safer alternative to ethidium bromide for DNA visualization, 

was added to the solution before being poured into a gel tray with a comb to generate 4mm 

wide loading wells. Once the gel had set at room temperature, 5µl of PCR products were 

loaded into wells and 5µl of Quick-Load® 100 bp DNA ladder (New England BioLabs®, 

UK) was also loaded to determine product bp length. Gels were then electrophoresed using a 

VWR® 300V gel electrophoresis power supply (Avantor, USA) set at 120V for 30 mins in a 

VWR® electrophoresis tank (Avantor, USA) filled with 1x TAE. Products were then 

visualised under transillumination (EtBr/UV filter) using a Syngene G:BOX HR (SynGene, 

UK) gel doc system and images were captured using the GeneSnap software (SynGene, UK). 

2.5 Scanning electron microscopy (SEM) sample preparation 

SEM was performed on live, heat and oxygen-killed bacteria to further analyse the effects of 

both types of preparation on bacterial morphology. Nunc™ Thermanox® coverslips (Thermo 

Fisher Scientific, UK) were placed in 24 well plates (Thermo Fisher Scientific, UK) and 

artificial saliva was added into each well prior to adding bacterial cultures. Artificial saliva 

was used to mimic the dental pellicle (composed mainly of salivary proteins), which is 

essential for oral biofilm formation and bacterial adhesion (Darrene and Cecile, 2016). 
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Bacterial cultures were then grown on artificial saliva coated coverslips and some cultures 

were heat or oxygen-killed prior to being fixed and processed for SEM analysis. 

2.5.1 Artificial saliva 

0.35g sodium chloride, 0.2g potassium chloride, 0.2g calcium chloride (CaCl2), 2g yeast 

extract, 1g Oxoid™ lab lemco powder (Thermo Fisher Scientific, UK), 2.5g hog gastric 

mucin (Type III, partially purified) and 5g Bacto™ Proteose peptone (Thermo Fisher 

Scientific, UK) was added sequentially to 1L dH2O whilst being mixed with a magnetic 

stirrer. This was mixed for 1hr and then autoclaved. After autoclaving, 1.25ml of 40% sterile 

filtered urea was then added and prepared media was wrapped in foil and stored at 4oC to 

exclude light and prevent protein degradation.  

Artificial saliva (200μl) was added into each well for 20 minutes and then removed and 1ml 

of overnight cultures were added to each well. Single species biofilms were grown for 3 days 

and samples were then prepared for SEM.  

- Culture medium was removed carefully, and biofilms were rinsed in 3x PBS to ensure 

culture medium was completely removed. 

- Samples were then fixed in 2.5% EM grade glutaraldehyde in 0.1M sodium cacodylate 

buffer, pH 7.3 for 10 minutes. 10ml of fixative was prepared using 4ml dH2O, 5ml of 

0.2M sodium cacodylate buffer pH 7.3 (Agar Scientific, UK) and 1ml of 25% EM 

grade glutaraldehyde (Agar Scientific, UK). 

- After fixation, samples were dehydrated using increasing concentrations of ethanol at 

20, 30, 40, 50, 60, 70, 90, 95 twice and 100% twice for 10 mins each time.  

- Alcohol was then removed by using a VWR® plastic transfer pipette and 

hexamethyldisilazane (HMDS) was added to samples in a fume cupboard due to 
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toxicity. Samples were completely covered with HMDS and its addition was 

undertaken relatively quickly to ensure samples did not become desiccated. HMDS 

was allowed to evaporate overnight in a fume cupboard.  

 

Once the samples were dry, coverslips were removed from wells and placed on carbon tabs 

stuck to aluminium stubs which were connected with copper tape and placed in a Quorum 

Emitech K550X automatic sputter coater (Quorum Technologies Ltd, UK) and gold coated 

twice. An Edwards RV3 vacuum pump (Edwards, UK) was connected to the sputter coater to 

create a vacuum in the sputter coaters gas chamber. 

Gold coated samples were then placed in the Zeiss Evo MA10 (Zeiss, Germany) scanning 

electron microscope and SEM images were captured at 15kV accelerating voltage using 

second electron imaging.  

2.6 Cell Culture 

2.6.1 Culture of H400 cells  

H400 cells (ECACC 06092006) were from a human oral squamous cell carcinoma (OSCC) 

first isolated from a 55 year old female patient’s squamous cell carcinoma of the alveolar 

process. H400 cells with passages between 23 and 26 were removed from liquid nitrogen 

storage and rapidly thawed in a pre-warmed water bath at 37oC for 30-60 secs. After rapid 

thawing, cells were transferred to a Falcon tube containing 1ml of growth media under aseptic 

conditions inside a class II tissue culture cabinet (Monmouth Scientific, UK). Growth medium 

consisted of Dulbecco’s modified Eagle’s medium (DMEM) with 2.5mM L-Glutamine 

supplemented with 25µl 10mg/ml hydrocortisone, 10ml penicillin/streptomycin (0.0365% 

final concentration) and 10% foetal bovine serum (FBS) (Biosera, UK). Cells were then 

centrifuged (Jouan, UK) at 1000rpm for 5 mins until a pellet was formed and supernatant was 
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removed. The resulting cell pellet was re-suspended in 1ml of growth medium and transferred 

into a T75 Nunc™ EasYFlask (Thermo Fisher Scientific, UK) flask containing 15ml of 

growth medium and placed in a humidified Heracell™ 150i CO2 incubator (Thermo Fisher 

Scientific, UK) at 37oC with 5% CO2. Cells were checked daily using an inverted Zeiss 

Primovert microscope (Zeiss, Germany) to assess culture health and monitor degree of 

confluency. Growth media was replaced every 2 days and cells were sub-cultured (passaged) 

once cultures had reached 80% confluence.   

2.6.2 Sub-culturing  

Growth media was first removed from cell cultures and cells washed twice with 5ml pre-

warmed sterile PBS to remove DMEM and FBS as this may inhibit the action of trypsin. PBS 

was then removed and 5ml pre-warmed 0.25% trypsin-EDTA was applied to cells and placed 

in the incubator at 37oC for 10 mins, or gently agitated periodically until cells were 

completely detached from the surface of the flask and this was observed through microscopic 

examination. Enzymatic activity of trypsin was stopped by adding equal amounts of medium 

supplemented with 10% FBS to cell suspension. Cell suspension was then centrifuged at 

1000rpm for 5 min to form a pellet. The supernatant was then removed and the pellet re-

suspended in 10ml of pre-warmed growth media and desired number of cells transferred to a 

T75 Flask with 15ml growth medium and incubated at 37oC with 5% CO2. 

2.6.3 Cryopreservation                                                                                                                       

H400 cells were cryopreserved to maintain a low passage number to enable use in future 

studies. Following trypsinisation, 1x106 cells were suspended in 1ml of cryomedia which 

consisted of 700µl DMEM, 200µl FBS and 100µl dimethyl sulfoxide (DMSO). Vials were 

labelled appropriately and stored at -80oC overnight before being transferred to long term 

storage in the vapour phase of liquid nitrogen.  
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2.7 Cell counts and viability  

2.7.1 Manual cell counting and viability assay using haemocytometer 

Manual cell counts were performed using a haemocytometer (Improved Neubauer, Hawksley, 

UK). For H400 cells grown in hypoxic condition, cells were incubated in a New Brunswick 

Galaxy 48R (Eppendorf, Germany) hypoxia chamber at 37oC with 1.8% oxygen and 5% CO2, 

prior to measuring cell counts and viability from day 4-8. H400 cell cultures were trypsinised 

using 0.25% trypsin-EDTA until cells were completely detached as determined by 

microscopic examination and the reaction deactivated by addition of equal volumes of 

DMEM supplemented with 10% FBS. The mixture was centrifuged at 1000rpm for 5 mins 

and the supernatant was removed. The remaining cell pellet was re-suspended in fresh growth 

media. A volume of 100µl of suspended cells were pipetted into an Eppendorf containing an 

equal volume of Trypan blue (0.4%) and vortex mixed (Starlab, UK) to ensure uptake of dye 

into cells. A cover slip moistened with exhaled air was applied on top of the haemocytometer 

and confirmation of visible Newton’s diffraction rings was ensured to confirm correct 

application. After, 10µl of thoroughly mixed trypan blue cell suspension was pipetted beneath 

the edge of the cover slip and the counting chamber filled through capillary action. The 

haemocytometer was examined using a phase contrast microscope (Primovert, Zeiss, 

Germany) at 10x magnification and cells in the primary square were counted with the middle 

line of the three lines being the boundary. Cells touching right and lower lines were not 

counted whereas cells touching top and left lines were to ensure consistency throughout the 

counts. Viable cells do not stain blue whereas non-viable cells stain blue because of a 

damaged cell membrane (Tran et al., 2011). Viable and non-viable cells were counted to 

determine the percentage of viable cells from 3 wells with 6 counts from each well resulting 
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in a total of 18 readings. Subsequently, mean cell counts and percentage cell viability was 

calculated.  

2.7.2 Automated cell counting and viability assay using Tecan Spark® 

The Tecan Spark® multimode microplate reader uses Cell chips™ to perform high 

throughput label free automated cell counts and determination of cell viability. A bright-field 

cell imaging module present in the Spark® detects cells through differences in absorption 

fields of cells compared with its surroundings. The use of Cell chips™ was explored to count 

cells more rapidly when compared with manual cell counting.  

H400 cells were trypsinised and re-suspended in Trypan blue as explained in section 2.7.1. A 

volume of 10µl of cell suspension was pipetted into both loading chambers of the Cell chip™ 

adapter. A total of 4 Cell chips™ could be placed in the Cell chip™ adapter resulting in a 

maximum of 8 counts per run. The adapter was placed in the microplate holder of the Tecan 

Spark® and cell counting protocol was selected with the correct cell size of 13µm entered to 

ensure only cells were counted. Cell chips™ values for cell counts and % cell viability were 

highly variable as indicated in section 3.7.1. Therefore, the haemocytometer counting method 

was used for all future experiments. 

2.8 Exposure of oral keratinocytes to oral pathogens 

Oral H400 keratinocytes were seeded at 1x104 cell seeding density in 6-well plates and 

stimulated by the three periodontal pathogens P. gingivalis, F. nucleatum and T. denticola. 

Bacteria were either heat or oxygen-killed and applied to cell monolayers at a ratio of 100 

bacteria per oral epithelial cell to mimic the ratio identified in the periodontal pocket 

(Dierickx et al., 2002). The bacteria to epithelial cell ratio was maintained by addition of 

bacteria every 2 days to compensate for increased H400 cell number. The number of bacteria 
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needed to be added at each time point was determined from a previously generated growth 

curve that determined cell number at each time point over an 8-day period. LPS from Gram 

negative bacteria has been shown to induce EMT in previous studies using oral epithelial 

cells, therefore LPS was used as a positive control in this study (Jing et al., 2012 and Ding et 

al., 2020b). A ready-made solution of 1mg/ml E. coli LPS serotype O26:B6 was applied to 

cells at a final of concentration of 20µg/ml. 

2.9 Enzyme-linked Immunosorbent Assay (ELISA) 

This study investigated release of cytokines IL-1β (Li et al., 2012), IL-8 (Wen et al., 2019) 

and TGF-β1 (Chen et al., 2017b) which have been shown to promote EMT in previous 

studies. All ELISA kits (R&D systems, UK) contained the streptavidin conjugated to 

horseradish-peroxidase (Streptavidin-HRP), recombinant standards and capture and detection 

antibodies. The DuoSet ELISA ancillary reagent kit 2 (R&D systems, UK) contained the 

reagents and consumables required to perform ELISA for IL-1β and IL-8 whilst the DuoSet 

ancillary reagent kit 1 (R&D systems, UK) and sample activation kit 1 (R&D systems, UK) 

was needed to perform ELISA for TGF-β1. Recombinant standards, capture and detection 

antibodies were all prepared according to manufacturer’s instructions and stored at -20oC until 

needed. Pro-inflammatory cytokine levels were measured in supernatants collected at days 1, 

5 and 8 from H400 cells challenged with heat or oxygen-killed bacteria and performed in 

clear high-binding, flat-bottom polystyrene 96-well microplates provided in the ancillary 

reagent kits. 

2.9.1 IL-1β and IL-8 ELISA protocol 

The capture antibody was diluted to its working concentration with the supplied PBS and 

100l was added per well and left overnight at room temperature. Wash buffer was also 

prepared by adding 24ml of 25x wash buffer to 576ml of deionised water. Wells were then 



 68 

washed three times using the Biotek ELx50 automatic plate washer (Biotek, USA) and then 

blocked by adding 300l of 1x reagent diluent 2 (1% BSA in PBS, pH 7.2-7.4) per well and 

incubated for 1 hour at room temperature. After 1 hour, wells were washed 3 times using the 

plate washer followed by adding 200l of standards at working concentration to wells A1-3 

and 100l of 1x reagent diluent 2 to wells B1-H1, B2-H2 and C3-H3. Standards were then 

serially diluted by transferring 100l into each well and mixing by pipetting up and down and 

this was done up to wells G1-3 and H1-3 which were left as blanks. 100l of supernatants 

were then added to wells and left for 2 hours at room temperature until being washed again 3 

times using the automatic plate washer. After washing, 100l of detection antibody at 

working concentration was added per well and left for 2 hours until being washed 3 times. 

100l Streptavidin HRP at working concentration was then added per well and left for 25 

mins at room temperature and then washed 3 times. After this, 100l of an equal ratio of 

substrate solution A and substrate solution B was added to each well and left for 25 mins in 

the dark at room temperature. This was followed by a final step of adding 50l of stop 

solution per well. Absorbance values were determined using a Biotek ELX800 microplate 

reader (Biotek, USA) at wavelengths 450nm and 570nm. The absorbance values obtained at 

the 570nm wavelength were background readings and were subtracted from the 450nm values 

to obtain true absorbance readings. 

2.9.2 TGF-β1 ELISA protocol 

Capture antibody was diluted to its working concentration and 100l was added to each well 

and left to incubate overnight at room temperature. Wells were then washed three times and 

blocked using 300l of 1x reagent diluent 3 (25% Tween 20 solution in PBS) for 1 hour at 

room temperature. Wells were then washed three times and 200l of standards at working 
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concentration and 100l of 1x reagent diluent 1 were added to wells and serially diluted as 

previously described in the IL-1β and IL-8 protocol. Samples were first activated before 

addition to wells by adding 20l of 1N HCL to 100l of supernatants and then mixing well 

before being incubated for 10 mins at room temperature. After, acidified samples were 

neutralised by adding 20l of 1.2N NaOH/0.5M HEPES and checking the pH was between 

7.2-7.6 before adding to wells for 2 hours at room temperature. The assay was then completed 

as described in the IL-1β and IL-8 protocol in section 2.9.1. As the samples were diluted the 

final concentration of TGF-β1 was multiplied by 1.4 to determine the actual cytokine 

concentration present in the cell supernatants.  
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2.10 Polymerase chain reaction assay 

This study utilised quantitative real time polymerase chain reaction (qRT-PCR) to assess for 

any key EMT related gene expression changes in day 8 H400 cultures challenged with heat 

and oxygen-killed bacteria and the methods are detailed below. Gene expression analysis was 

performed using LightCycler® 480 SYBR green I master fluorescent dye (Roche, UK) and 

Roche LightCycler® 480 system (Roche, UK). White LightCycler® 480 96 well plates 

(Roche, UK) tailor made for the LightCycler® 480 instrument were used to perform qRT-

PCR.  

2.10.1 H400 cell culture preparation for qRT-PCR 

Firstly, oral keratinocytes were seeded in T75 flasks at 5x104 cells in 20ml DMEM media 

supplemented with 10% FBS. Cultures were challenged after 24 hrs post-seeding with 

20g/ml E. coli LPS, heat or oxygen-killed bacteria for 8 days. Media was not changed 

during the 8-day challenge period to allow for build-up of inflammatory markers that aims to 

mimic the chronic inflammatory nature of periodontitis.  

2.10.2 Cell lysis 

After the 8-day incubation period cell lysates were obtained for ribonucleic acid (RNA) 

extraction. Firstly, media was removed and cultures washed 3x with PBS and then trypsinised 

until all cells had detached. Once detached trypsin was deactivated with equal amounts of pre-

warmed DMEM media supplemented with 10% FBS and then centrifuged at 1000rpm for 5 

mins. The supernatant was removed and cells subsequently washed 3x with 10ml PBS before 

cells were lysed with 350l buffer RLT which is provided in the RNeasy mini kit (Qiagen, 

UK). The RNA was extracted immediately or stored at -80oC for future RNA extraction.  
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2.10.3 RNA extraction 

RNA extraction was performed using the buffers and consumables provided in the RNeasy 

minikit (Qiagen, UK). 

- Firstly, cell lysates were transferred to mini spin columns and an equal volume of 70% 

ethanol was added and centrifuged at 10000rpm for 30 seconds in an Eppendorf® 

5415D digital centrifuge (Eppendorf, Germany). The resulting flow-through was 

discarded. 

- 350l of RW1 buffer was then added into each sample and spun at 10000rpm for 30 

seconds and flow-through discarded.  

- The next step involved DNase digestion which was performed to eliminate genomic 

DNA (gDNA) from total RNA preparations as trace amounts of DNA can lead to false 

positive detection of complimentary DNA (cDNA)-derived amplicons during sensitive 

amplifications such as RT-PCR. 10ul of deoxyribonuclease I (DNase I) was added to 

70l of DNase digest buffer provided in the On-Column DNase I digestion set 

(Sigma-Aldrich, UK). This was mixed well by gently inverting the tube (not vortexing 

as this leads to physical denaturation and decreased enzyme activity). The resulting 

mixture was then added to each sample and incubated at room temperature for 15 

minutes. 

- 350l of RW1 buffer was then added to each tube and centrifuged as previously 

described and flow-through discarded.  

- Next, 500l of RPE buffer was added to each sample and centrifuged as before and 

flow-through discarded.  

- 500l of RPE buffer was then added to spin columns and centrifuged at 10000rpm for 

2 mins and subsequent flow-through discarded.  



 73 

- Samples were then centrifuged at 13100rpm for 1 min to remove remaining alcohol 

and the spin columns were transferred to new collection tubes.  

- 30l of RNA free water was added to the columns and centrifuged at 10000rpm for 1 

min to elute the RNA. 

2.10.4 RNA quantification 

The RNA amount and purity were determined using the Jenway® Genovanano 

spectrophotometer (Cole-Parmer®, UK). Settings on the spectrophotometer were changed to 

output RNA concentration in g/ml and purity values were assessed using the absorbance 

ratio of 260/280nm (OD260/280nm). RNA has a purity value of 2.0 but values between 1.8-2.1 

are generally accepted as pure and can be used in downstream applications. The 

spectrophotometer was first blanked using 2l of RNase free water. Once blanked, upper and 

lower read heads were cleaned using lint free cloth before addition of RNA. 2l of RNA 

sample was then pipetted on the lower read head ensuring there were no bubbles present in 

the sample and concentration and purity was measured. A total of 3 measurements were taken 

for each sample and the average used as the final RNA concentration.  

2.10.5 cDNA conversion 

Extracted RNA was then converted to cDNA using the Tetro cDNA conversion kit (Bioline, 

UK) and the steps followed are outlined below: 

- Firstly, solutions were vortexed and briefly centrifuged before use to ensure all 

contents were suspended in the tube and not in the lid. 

- The priming premix was then prepared on ice in an RNase-free reaction tube by 

adding 1μl oligo (dT)18, 1μl 10mM dNTP mix, 4μl 5x RT buffer, 1μL ribosafe RNase 

inhibitor, 1μl tetro reverse transcriptase (200u/μl) which was prepared for each 
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sample. 8μl of mastermix was added to 1-1.5μg of RNA plus DEPC-treated water to 

make a total of 20μl. 

- Samples were then incubated for 1 hour at 45oC annealing temperature in an 

GeneAMP® PCR system 2700 (Applied Biosystems, USA). 

- The enzymatic reaction was then terminated by incubating at 85oC for 5 minutes 

followed by incubation at 4oC to allow for short term storage to maintain product 

integrity. 

- Then 50μl RNase free water was added to produce a total of 70μl cDNA. 

- Samples were either stored at -20oC for long term storage or qRT-PCR was performed 

immediately. 

2.10.6 Determining primer efficiency: 

Before performing real-time PCR, the amplification efficiency of each primer was calculated 

which is an important consideration for relative quantitation as calculations with incorrect 

efficiency values leads to inappropriate correction factors resulting in over or underestimated 

starting concentrations (Liu and Saint, 2002). An optimum primer efficiency is considered as 

2.0 which assumes that PCR product concentration doubles with every cycle during the 

exponential phase of the reaction (Gibson, Heid and Williams, 1996). However, primer 

efficiency values ranging between 1.8 and 2.2 (equivalent to 90% to 110%) are considered 

acceptable as stated in MIQE (Bustin et al., 2009) and manufacturer guidelines (Roche 

Diagnostics GmbH, 2011). To test primer efficiencies, cDNA from each sample to be tested 

was pooled and serial dilutions (100%, 50%, 10%, 1%, 0.1% and 0%) were prepared from 

this using RNase free water. A real-time assay was performed in duplicate for each dilution 

and primer and efficiency was calculated using the LightCycler® 480 software version 1.5 

(Roche, UK). The purity of reaction products following real-time qPCR was also assessed by 
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melt curve genotyping analysis with multiple melt peaks indicating the presence of 

nonspecific DNA products or primer-dimers (Fisher et al., 2000). 
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Figure 2.3: qRT-PCR amplification curves for housekeeping gene GAPDH for serially diluted 

pooled cDNA (100%, 50%, 10%, 1%, 0.1% and 0%) to determine primer efficiency. 

 

 

 

 

 

 

 

Figure 2.4: Melting curve of GAPDH produced using meltcurve genotyping analysis shows 

the presence of a single melting point suggesting that the desired target was amplified. If  

multiple melting points had been shown this would indicate amplification of multiple targets 

which implies that primers are inefficient and primers would need to be redesigned or assays 

optimised.    
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2.10.7 Identification of a suitable housekeeping gene 

The BestKeeper (Pfaffl et al., 2004) statistical analysis tool supplied as an add-on for Excel 

(Microsoft, US) was used to determine the best housekeeping gene (HKG). A total of 4 

HKGs: β-actin (ACTB), β2-microglobulin (B2M), tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein zeta (YWHAZ) and GAPDH were tested and the most 

stable housekeeping gene was selected as determined by a SD <1. The GAPDH housekeeping 

gene was selected as the most suitable gene for normalisation to ensure correct gene 

expression analysis of target genes.  

2.10.8 Gene expression analysis of target genes 

The target genes used and primer sequences are outlined in Table 2.4. To determine gene 

expression levels of target genes in samples, 96 well LightCycler® 480 microplates were 

prepared with a final well volume of 10µl. Each well consisted of the components outlined in 

Table 2.2. 

Table 2.2: List of reagents and volumes used in each well for quantitative real-time PCR of 

target genes. 

Component Volume (µl) 

SYBR green I master fluorescent dye 5 

Forward primer 0.05 

Reverse primer 0.05 

PCR grade water 3.9 

cDNA 1 

 

Once samples were loaded as duplicates, plates were sealed with a plastic sealing foil and 

centrifuged at 3200rpm (Hettich 320R, Germany) for 2 mins to ensure all liquid remaining in 

the wells were captured. Plates were then loaded into the plate holder of the Lightcycler® 480 
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PCR machine and PCR performed using the run set-up outlined in Table 2.3. Analysis of gene 

expression levels were automatically performed using the second derivative maximum 

method available in the LightCycler® 480 version 1.5 software. The Cp values and inputted 

efficiency values generated previously were used to perform calculations on gene expression 

changes which were presented as fold changes. 

Table 2.3: PCR conditions used at each stage to perform real time PCR for target genes.   

Stage Temperature 

(oC) 

Time (mins) Number of 

cycles 

Pre-incubation 95 5:00 1 

 

Amplification 

Denaturation 95 0:20 

60 Annealing 60 0:20 

Extension 72 0:30 

Melting curve 97 Continuous until 

complete 

1 

Cooling 40 0:30 1 
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Table 2.4: Human genes and primer sequences used to perform quantitative RT-PCR and accession numbers were obtained from GenBank. 

The efficiency values shown represent how well each primer amplifies its target each PCR cycle with 2.0 denoting 100% efficiency. 

Gene name  Gene 

symbol 

Accession 

number 

Sequence (5’       3’) Product 

(bp) 

Efficiency 

Glyceraldehyde-3-

phosphate dehydrogenase 

GAPDH AJ005371 F-TCTAGACGGCAGGTCAGGTCC  

R-CCACCCATGGCAAATTCCATG 

1102 1.973 

E-cadherin CDH1 NM_004360 F-CAAGTGCCTGCTTTTGATGA  

R-GCTTGAACTGCCGAAAAATC 

339 2.144 

Cytokeratin-5 CK5 NM_000424.4 F-CCAAGCCAATTGCAGAACCA 

R-AAATTTGGGATTGGGGTGGG 

199 1.986 

Desmoplakin-1 DPI NM_001008844.3 F-TGCCCCAAAACCAAATTAAA 

R-AGCAACCACTCCCAACTGAC 

313 1.871 

N-cadherin CDH2 NM_001792. 3 F-GCCCGGTTTCATTTGAGGGCACA  

R-TGACGGCCGTGGCTGTGTTT  

418 1.887 

Snail-1 SNAI1 NM_005985. 3 F-CGGACCCACACTGGCGAGAAG  

R-CAGCTGCCCTCCCTCCACAGA 

433 2.132 

Snail-2 SNAI2 NM_003068. 4 F-CAACGCCTCCAAAAAGCCAA 

R- GGCCAGCCCAGAAAAAGTTG 

1145 2.071 

Vimentin VIM NM_003380. 3  

 

F-CGGGAGAAATTGCAGGAGGA  

R-ACGAAGGTGACGAGCCATTT 

588 2.076 
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Twist family bHLH 

transcription factor 1  

TWIST1 NM_000474  

 

F-AGACCTAGATGTCATTGTTTCCAGA  

R-CAGGCCAGTTTGATCCCAGT 

454 2.08 

Matrix 

metalloproteinases 9  

MMP-9 NM_004994. 2  

 

F-TTCGACGGGAAGGACGGGCT  

R-ACCGTCGAGTCAGCTCGGGT 

470 1.966 

Transforming growth 

factor-β1 

TGF-β1 NM_014266  

 

F- CGCCTTAGCGCCCACTGCTCCTGT  

R-GGGGCGGGACCTCAGCTGCAC 

533 1.897 

Interleukin-8 IL-8 NM_000584. 2 F-TAGCAAAATTGAGGCCAAGG  

R-GGACTTGTGGATCCTGGCTA 

205 2.046 

Interleukin-1β IL-1β NM_000576. 2 F-TCCAGGGACAGGATATGGAG  

R-TTCTGCTTGAGAGGTGCTGA 

2250 1.815 
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2.11 Cell migration assays 

This study utilised two different methods of gap generation to measure rate of oral epithelial 

cell migration after exposure with heat or oxygen-killed bacteria and the most suitable cell 

migration assay was selected based on creation of a consistent initial cell free gap area and 

uniformity of the wound. This allowed for more reliable comparisons between control and test 

wound areas ultimately improving assay reproducibility.  

2.11.1 Mitomycin C preparation and determining optimum mitomycin C concentration 

A 0.5mg/ml stock solution of mitomycin C (Roche, UK) was prepared in dH2O and filter 

sterilised using a 0.22µM pore size MF-Millipore™ membrane filter (Merck Millipore, 

Ireland) and needleless syringe (Terumo® corporation, Philippines) prior to storage in the 

dark at 4oC until needed. Mitomycin C has been used widely in epithelial cell migration 

studies to inhibit proliferation; therefore, closure of the wound would be due to migration and 

not proliferation (Yang et al., 2011; Glenn, Messner and Meldrum, 2016). H400 cells (1x104) 

were seeded in 6 well plates and grown to confluence and cells were then treated with 

differing mitomycin C concentrations of 0, 2, 4, 6, 8 and 10g/ml for 2 hours. The exposure 

period of 2 hours was selected because 5g/ml mitomycin C exposure for 2 hours has 

previously shown to inhibit proliferation without affecting cell viability (Shikatani et al., 

2012). Therefore, the optimum mitomycin C concentration was determined by selecting the 

highest concentration before a decrease in cell viability was observed which may indicate 

mitomycin C having a toxic effect (Kabiri et al., 2019; Varankar and Bapat, 2018). Cell 

viability was determined using the Trypan blue exclusion viability assay as outlined in 2.7.1.  
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2.11.2 Scratch wound assay 

H400 cells were initially grown in T75 flasks, passaged and re-seeded into 6-well plates at a 

cell seeding density of 1x104 per well with 5ml supplemented DMEM. Cells were then 

challenged with either heat or oxygen-killed bacteria for 8-days at an 100:1 multiplicity of 

infection (MOI). Cultures were then treated with 8 g/ml mitomycin C for 2 hours to inhibit 

proliferation before washing three times with PBS to completely remove mitomycin C. A 

scratch wound was introduced through the centre of the monolayer using a sterile 10µl pipette 

tip and was performed in one quick and steady movement to ensure a linear and even wound 

gap was produced. Cultures were then washed twice with PBS to remove any cell debris 

caused by scratching and 2ml serum free media was added and images captured at 0, 12 and 

24 hours using the 10X objective of an inverted Zeiss Primovert microscope with Axiocam 

ERc 5s HD camera attached (Zeiss, Germany). The correct reorientation of wound areas to be 

imaged were ensured by visible markings drawn on the bottom of the plate. 

2.11.3 Cell migration assay using culture-inserts 

H400 cells were seeded at 1x104 cells per well in a 6-well plate and exposed to heat or 

oxygen-killed bacteria for 8 days at a 100:1 MOI. After the exposure period, cells were 

trypsinised and 7.5x105 cells were reseeded into each well of two well tissue inserts (Ibidi, 

Germany), which were self-inserted using sterile forceps into a 6-well plate. Following 

attachment, cells were treated with 8g/ml mitomycin C for 2 hours to further inhibit 

proliferation. After treatment, media was aspirated, and cells cultures were washed three 

times with PBS to ensure full removal of mitomycin C. The inserts were then carefully 

removed using sterile forceps making sure cell cultures were not disrupted and 2ml serum free 

media was added to wells and images were captured at 0, 12, 24 and 48 hours using the 4x 

objective of the Nikon Eclipse TE300 phase contrast microscope (Nikon, Japan). The cell free 
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gap was measured using the MRI wound healing tool plug-in available on the open-source 

image analysis software ImageJ (Schneider, Rasband and Eliceiri, 2012) as shown in Figure 

2.5. Images were captured from 4 different areas for each time point and correct reorientation 

of wound areas was ensured by visible markings drawn on the bottom of the plate. 
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Figure 2.5: Cell culture images acquired for cell migration analysis using ImageJ. (a) Cell 

culture images were loaded into the image analysis software ImageJ, (b) the MRI wound 

healing tool as highlighted by the red circle was selected to measure the cell free gap area. The 

area measured was then shown by a yellow outline in (c). (d) displays a separate pop-up ‘results’ 

tab which includes cell free gap area shown in square pixels as highlighted by the red oval. 
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2.12 Trans-epithelial electrical resistance 

Trans-epithelial electrical resistance (TEER) measurements have been widely used in the last 

two decades as the most efficient way to evaluate growth and epithelial cell barrier integrity 

in 2D epithelial cell models in vitro (Srinivasan et al., 2015). The EVOM2™ epithelial ohm 

meter and STX2 electrodes (World Precision Instruments, USA) were used to measure 

resistance across epithelial monolayers challenged with either HK or OK bacteria as outlined 

in Figure 2.6. Loss of cell-cell attachment would lead to decreased resistance readings when 

compared with intact monolayers (control) as current passes more easily through intercellular 

spaces than a confluent epithelial sheet.   

2.12.1 TEER protocol 

H400 cells were seeded at 7x104 in 0.4m pore tissue culture inserts (Grenier, Bio-one, UK) 

placed in a 24 well plate. 200µl of supplemented DMEM media was added to inserts and 

500µl into the wells. Inserts containing media only were used as blanks. 20µg/ml E. coli LPS, 

HK or OK bacteria at 100:1 MOI were added to cultures and TEER readings were recorded 

daily from day 2 to day 8. The media in the insert and wells were replaced every 2 days as it 

was noted in initial studies that as media is utilised by cells, electrical resistance is also 

reduced. TEER readings were measured using the EVOM2™ epithelial ohmmeter and STX2 

electrodes. Before being used, both STX2 electrodes were disinfected by placing in 70% 

ethanol for 20 mins before rinsing with growth media and used for TEER readings. The outer 

electrode (outer pair) was carefully placed in the insert ensuring the cell monolayer was not 

disrupted and the inner electrode (inner pair) was placed in the well so that the electrode 

touched the base of the well each time to increase reproducibility of readings (see Figure 2.6). 

The outer electrode passes current through the cell monolayer which was detected by the 

inner electrode and resistance was recorded once stable values were displaying on the 
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EVOM2™ device. Both electrodes were held vertically and flexing or angling of the 

electrodes was avoided as this can affect resistance measurements. Electrodes were rinsed 

with growth media before taking readings from different samples to avoid contamination.  
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Figure 2.6: Diagram of how TEER was measured using the EVOM2™ epithelial voltohmmeter 

and STX2 electrodes. TEER was measured across an epithelial monolayer seeded within a 

tissue insert mounted in a 24 well plate (created with Biorender.com). 
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2.13 Immunofluorescence 

Immunofluorescence (IF) staining was performed to assess changes in protein levels of key 

EMT markers E-cadherin, snail and vimentin after HK or OK bacterial challenge. Initially, 

22mm glass coverslips (Chance Propper LTD., UK) were sterilized and placed in 6 well 

plates and 1x104 H400 cells seeded on top for 8-day culture with HK or OK bacteria as 

outlined in section 2.8 or without bacteria (media only control). The human EMT 3-colour 

immunocytochemistry kit (R&D systems, USA) consisting of fluorochrome-conjugated 

antibodies outlined in Table 2.5 were used to stain samples for E-cadherin, snail and 

vimentin. After 8-day challenge with bacteria, cell cultures were first fixed and then stained in 

non-sterile conditions. 

Table 2.5: Fluorochrome-conjugated antibodies provided in the R&D human EMT 3-colour 

immunocytochemistry kit used to stain for EMT markers E-cadherin, snail and vimentin.  

Antibody Fluorochrome- 

NorthernLights™ 

(NL) 

Absorption 

maximum 

(nm) 

Emission 

maximum 

(nm) 

Anti-human Snail NL557- 

Conjugated Goat IgG 

NL557 493  514 

Anti-human E-Cadherin 

NL637-Conjugated Goat IgG 

NL637 557 574 

Anti-human Vimentin 

NL493-Conjugated Rat IgG2A 

NL493 637 658 

 

2.13.1 Positive and negative controls  

The 3T3 fibroblast cell line is a mesenchymal cell line of murine embryonic origin (Todaro 

and Green, 1963) and was used as a positive control as it has been shown to express EMT 

markers snail (Francí et al., 2006) and vimentin (Feliksiak et al., 2020). As with the other 

assays, cells treated with 20µg/ml E. coli LPS were used as a positive control as LPS can 
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induce EMT in epithelial cells detected through increased vimentin and snail-1 expression 

whilst simultaneously decreasing E-cadherin expression (Jing et al., 2012; Abdulkareem et 

al., 2017).  

Negative control slides were prepared by cultures in media only and weren’t exposed to LPS 

or HK and OK bacteria. In addition, slides stained by excluding each primary antibody were 

utilised as negative controls. These slides would show no signal intensity when acquiring an 

image during confocal microscopy and was used for calibrating the microscope for future 

image analysis. This would also ensure that any non-specific binding and false-positive 

signals were excluded by the secondary antibody.  

2.13.2 Staining procedure 

In a fume hood (Premier Laboratory Systems, UK), cell culture media was removed using a 

VWR® plastic transfer pipette and 800µl 4% paraformaldehyde in PBS (PFA, Alfa-Aesar, 

USA) was added to each well for 10 mins ensuring complete coverage of the cover slips. PFA 

was then removed from each well using a transfer pipette and cultures were washed 3x with 

PBS making sure cells do not dry out as this can lead to unreliable staining intensities caused 

by an uneven spread of antibodies on the cell layer. To ensure staining of intracellular 

proteins snail and vimentin, cells were permeabilised with 0.5% Triton™ X-100 for 10 mins 

ensuring limited exposure as prolonged exposure of Triton™ X-100 can be toxic to cells. 

Cells were then washed 3x with PBS ensuring PBS was completely removed before addition 

of 800µl blocking solution into each well for 1 hour. Blocking solution was prepared by 

adding donkey serum to PBS in a 1:5 ratio. Blocking solution was then removed but samples 

were not washed with PBS after this step. Antibody diluent was then prepared using 20ml 

PBS, 0.6g BSA and 10µl Tween-20 (Thermo Fisher Scientific, UK) and all three antibodies 

(snail, E-cadherin and vimentin) supplied at 10x stock were diluted to working concentration 
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(1x) in antibody diluent. 100µl of antibodies were then added to each coverslip for 2 hours at 

room temperature in the dark. After 2 hours, coverslips were removed from the wells and 

mounted onto clear glass microscope slides (Fisherbrand, UK) using Invitrogen™ 

fluoromount mounting medium with DAPI (Thermo Fisher Scientific, UK). This was left to 

set for 1 hour or until the cover slip was fully mounted to the glass slide and stored at 4oC in 

the dark until needed. Images were then acquired using x63 oil immersion objective on the 

Zeiss LSM 710 confocal microscope (Zeiss, Germany).  

2.13.3 Determining localisation of snail-1 

To determine the localisation of snail in the nucleus after OK T. denticola exposure, H400 

cells were also stained with Invitrogen™ human upstream binding factor-1 (UBF-1) rabbit 

IgG polyclonal unconjugated antibody (Thermo Fisher Scientific, UK), which binds nucleolar 

organizer regions (NORs) in the nucleolus. This was applied to cells at a 1/100 dilution in 

antibody diluent alongside conjugated snail antibody outlined in Table 2.5. It was ensured that 

both primary antibodies were of different species as secondary antibodies will detect both 

conjugated and unconjugated primary antibodies leading to cross-reactivity. Cover slips were 

then washed 3x with PBS after 2 hour incubation with both conjugated and unconjugated 

primary antibodies. A volume of 100µl fluorescein isothiocyanate (FITC) labelled secondary 

goat anti-rabbit IgG antibody (Abcam, UK) was then applied to cover slips at 1/500 dilution 

in secondary antibody diluent which consisted of 0.05g BSA, 4.5ml PBS, and 500µl (10% of 

total volume) of AB plasma. Cells were stained with secondary antibody for 1 hour in the 

dark at room temperature and then washed 3x with PBS before being mounted onto clear 

glass microscope slides using Invitrogen™ fluoromount mounting medium with DAPI. 

Stained samples were stored at 4oC in the dark until needed and images were then acquired 
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using x63 oil immersion objective on the Zeiss LSM 710 confocal microscope (Zeiss, 

Germany).  

The same staining procedure described above (see 2.13.2), using the antibodies outlined in 

Table 2.5, was repeated on 3T3 cells, which was used as one of the positive controls in this 

study.  
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2.14 Curcumin addition to inhibit bacterial-induced EMT 

Curcumin is one of the main active ingredients in turmeric and it has been shown to inhibit 

EMT in many studies using epithelial cells (Hu et al., 2015; Lee et al., 2015; Xu et al., 2015). 

Curcumin was employed in this study to inhibit the migratory, gene expression and epithelial 

barrier changes seen after bacterial exposure. Curcumin is known to be poorly soluble in 

water but is soluble in organic solvents such as DMSO or bases such as sodium hydroxide 

(NaOH) (Farooqui and Farooqui, 2019; Kurien and Scofield, 2007). Therefore, curcumin was 

dissolved in two solutes DMSO with PBS and NaOH with PBS in this study. Both curcumin 

preparations were prepared and used in the dark due to its light sensitivity. Initially the effects 

of different curcumin concentration dissolved in DMSO with PBS on epithelial cell growth 

and viability were assessed. Data indicated that the use of DMSO with PBS resulted in cell 

toxicity, therefore curcumin dissolved in NaOH and PBS was used in further studies to inhibit 

EMT. Curcumin concentrations at 5µM (Chhunchha et al., 2011; Ferreira et al., 2015) and 

10µM (Hollborn et al., 2013; Platania et al., 2018) have shown to be effective in epithelial 

cells without affecting cell viability, therefore these were selected along with higher and 

lower concentrations to determine the optimum curcumin concentration needed for use in the 

8-day EMT model. 

2.14.1 Curcumin preparation and optimisation 

2.14.1.1 Curcumin dissolved in DMSO with PBS 

A 10mM solution of curcumin in 90% PBS/10% DMSO was prepared and the solution was 

mixed by vortexing and heated at 37oC a water bath (Gem Scientific, UK) to accelerate the 

solubilisation of curcumin. Curcumin was fully dissolved by indication of a dark orange 

solution without any precipitation. This solution was filter sterilised and distributed in 1ml 

aliquots and stored at -20oC in the dark until needed. Ten(mM) curcumin and filter sterilised 
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DMSO was then used to prepare 500µl master stocks of 0µM, 5µM, 10µM, 15µM, 20µM and 

50µM curcumin. Twenty-five(µl) of each concentration of curcumin was then added to cells 

creating a final DMSO concentration of 0.5%. Cell growth and viability was then measured 

using the method described in section 2.7.1 

2.14.1.2 Curcumin dissolved in NaOH with PBS 

To determine the optimum concentration of NaOH with PBS for use in oral epithelial cell 

cultures, concentrations ranging from 0.05M to 0.5M were prepared. NaOH was dissolved in 

PBS by vortexing and then filter sterilised to create concentrations of 0.05M, 0.1M, 0.15M, 

0.2M, 0.25M, 0.3M, 0.35M, 0.4M, 0.45M and 0.5M. A volume of 25µl of each concentration 

was added to cells. The Alamar Blue assay as described in section 2.14.1.2.1 was used to 

measure cell viability on day 8 cultures.  

The optimum concentration of 0.15M NaOH with PBS for 8-day oral keratinocyte exposure 

was determined by the Alamar Blue assay and subsequently used to dissolve curcumin for use 

in further studies. A 0.5M NaOH solution was initially prepared in 200ml dH2O. A 10mM 

solution of curcumin in 0.15M NaOH was prepared by 30% 0.5M NaOH/70% PBS and then 

filter sterilised and fully dissolved. From this, 500µl stock concentrations of 1µM, 2.5µM, 

5µM, 10µM, 15µM, 20µM curcumin were prepared by diluting in 0.15M NaOH with PBS 

and 25µl was added to each well. This ensured that equal amounts of NaOH with PBS were 

added to each well. Cell growth and viability was then measured from day 4-8 as described in 

section 2.7.1 and the Alamar Blue reagent assay was used to confirm cell viability as 

described below. 
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2.14.1.2.1 Measuring cell viability using Alamar Blue 

Resazurin, the active ingredient in Alamar Blue, changes from blue to red when added to 

viable cells, this colour change is caused by the reducing environment when viable cells are 

present. The magnitude of this colour change can be detected by measuring absorbance at 

570nm and 600nm wavelengths which measure the reduced and oxidised environment 

respectively. An amount of 0.015g of Invitrogen™ Resazurin (Thermo Fisher Scientific, UK) 

was dissolved by vortexing in 15ml PBS. This was then filter sterilised and stored at 4oC in 

the dark until needed. After 8 days, culture media was removed and 10% Alamar Blue in 2ml 

serum free media was added to each well for 4 hours and incubated in a humidified 

Heracell™ 150i CO2 incubator (Thermo Fisher Scientific, UK) at 37oC with 5% CO2. Serum 

free media was used as FBS has shown to interfere with the assay (Goegan, Johnson and 

Vincent, 1995). Absorbance was then measured at 570nm and 600nm using the Tecan 

Spark® and number of viable cells was calculated using Equation 2.1. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 =  
(𝑂2 𝑋 𝐴1) − (𝑂1 𝑋 𝐴2)

(𝑂2 𝑋 𝑃1) − (𝑂1 𝑋 𝑃2)
 ×  100 

Where: 

O1 = molar extinction coefficient (E) of oxidized Alamar Blue at 570nm which was 80586 

O2 = E of oxidized Alamar Blue at 600nm which was 117216 

A1 = absorbance of test wells at 570nm 

A2 = absorbance of test wells at 600nm 

P1 = absorbance of positive growth control well (Alamar Blue with cells and without test 

agent) at 570nm 

P2 = absorbance of positive growth control well (Alamar Blue with cells and without test 

agent) at 600nm  

 

Equation 2.1: Equation used to calculate % cell viability from 600nm and 570nm absorbance 

values attained by the Tecan Spark® after 4hrs staining with Alamar Blue.   
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2.15 Analysis of curcumin EMT inhibition 

Curcumin was applied to oral epithelial cell cultures 1-day after cell seeding along with OK 

bacteria as outlined in section 2.8 and cell growth/viability was initially assessed using the 

method described in section 2.7.1. The ability of curcumin to inhibit cell migration was then 

evaluated using the methodology for the 2-well insert wound migration assay described in 

section 2.11.3 and gene expression profiling for key EMT related genes was performed using 

the steps outlined for qRT-PCR in section 2.10. In addition, the effect of curcumin to increase 

TEER readings across an epithelial monolayer after bacterial challenge was evaluated using 

the method explained in section 2.12.  

2.16 Mass spectrometry of live, heat and oxygen-killed Treponema denticola  

The effects of heat and oxygen-killing T. denticola were further explored by quantitative mass 

spectrometry-based proteomics. This was performed on live, HK and OK T. denticola outer 

membrane proteins using Thermo Scientific tandem mass tags (TMT ™) which are isobaric 

compounds meaning they have the same mass and structure with a different number of heavy 

isotopes. Each mass tag/label has a signature mass peak which can be used for sample 

identification and to compare the relative abundance of target proteins. The outer membrane 

proteins were first isolated before being denatured, reduced, alkylated and digested with 

trypsin. Once digested with trypsin, peptides were TMT™ labelled live, HK or OK T. 

denticola in duplicate and then combined. Labelled proteins were then desalted for removal of 

salts and urea to improve peptide ionization efficiency during mass spectrometry analysis. 

After desalting, peptide samples were speed vacuum dried and sent to University of 

Birmingham’s advanced mass spectrometry facility for liquid chromatography tandem mass 

spectrometry analysis (LC-MS/MS).  
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2.16.1 Isolation of outer membrane 

T. denticola was cultured in 70ml mNOS medium by inoculating with 3-4 representative 

colonies under anaerobic conditions as previously described in section 2.1. Cultures were then 

either heat or oxygen-killed as described in section 2.3 and treated cultures were then stored 

in PBS at -20oC until needed. Prior to cell lysis, 350µl (1/200) protease inhibitor cocktail 

powder for use with bacterial extracts was added to cultures and mixed by inverting the tube. 

This was to improve the yield of intact proteins by inhibiting any unwanted enzyme activity. 

Protease inhibitor was initially prepared by adding 5ml DMSO and 20ml dH2O to the 

lyophilized powder. Cells were thoroughly re-suspended before being lysed in a Avestin 

EmulsiFlex-C3 high pressure homogenizer (Avestin, Inc., Canada) at 100 MPa and the 

sample collected on ice. This was performed three times with a further aliquot of 140µl 

protease inhibitor added after the first passage. Unbroken cells were then removed by 

centrifugation at 6000g for 15 mins at 4oC. The supernatant was the ‘cell soluble’ sample 

whilst the pellet was the ‘cell membrane’. The pellet was thoroughly re-suspended in 5ml 

cold PBS using a MSE Soniprep 150 ultrasonic processor (MSE, UK) connected to a 3mm 

tapered microtip at 21% amplitude for 2 mins. The suspension was then collected in a 15ml 

Falcon tube and stored at -80oC until needed.  

2.16.2 Bicinchoninic acid (BCA) assay 

The amount of protein in each sample was quantified using a BCA assay. Firstly, standards 

were prepared by adding bovine serum albumin (BSA) 2mg/ml protein standard to PBS as per 

the volumes outlined in Table 2.6 and added in duplicates into a 96 well plate. Samples were 

first diluted 1:10 with dH2O as visual cloudiness indicated high amounts of protein. Ten-µl 

diluted samples were loaded in triplicate into wells alongside the standards. BCA reagent was 

then prepared by adding bicinchoninic acid solution to copper sulphate solution in the ratio 
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50:1. A volume of 200µl reagent was then added to standards and samples and incubated for 

30 mins at 37oC and absorbances read at 570nm wavelength in a Tecan Spark® multimode 

microplate spectrophotometer (Tecan Group Ltd., Switzerland). A standard line was 

constructed by plotting absorbance (y-axis) against the known quantity in the standards (x-

axis) and the unknown sample absorbances were converted to µg of protein from the standard 

line.  

Table 2.6: Volumes of BSA and PBS needed to prepare standards for BCA assay to quantify 

amount of protein in each sample.   

Standard (µg) Volume of BSA (µl) Volume of PBS (µl) 

10 5 5 

8 4 6 

6 3 7 

4 2 8 

2 1 9 

0 0 10 

 

2.16.3 Filter-aided sample preparation (FASP) digestion 

One-ml per sample of urea (UA) was prepared by adding 8M urea in 0.1M Tris/HCl at pH 

8.5. A protein extract of 100µg was mixed with 200µl UA in the micron centrifugal filter 

ultracel PL-30 (Merck Millipore, Ireland) and centrifuged at 14,000 x g for 15 mins in an 

Eppendorf® 5418 R centrifuge (Eppendorf, Germany) to unfold protein. Another 200µl UA 

was added to filter units and centrifuged at 14,000 x g for 15 mins and flow-through was 

discarded from the collection tubes. A volume of 0.1M triethylammonium bicarbonate 

(TEAB) was prepared by adding 1M TEAB (Thermo Fisher Scientific, UK) to 9ml of dH2O 

and added to each filter unit which acted as a buffer to wash out UA from the filter. Tris (2-

carboxyethyly) phosphine (TCEP) at 200mM concentration was then prepared by adding 70µl 
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0.5M TCEP (Thermo Fisher Scientific, UK) to 70µl ultrapure water and 35µl 1M TEAB. 

Ten-µl of TCEP was then added to each filter and incubated at 55oC for 1 hour. Temperatures 

above 60oC were avoided as urea-based carbamylation of lysines and protein N-termini can 

occur. A volume of 0.1ml per 1 sample of indole-3-acetic acid (IAA) solution was then 

prepared by adding 0.05M iodoacetamide in UA. Then, 100µl IAA was added to each filter 

unit and combined at 600 rpm in an Eppendorf® 5350 thermomixer (Eppendorf, Germany) 

for 1 min and incubated without mixing for 20 mins in the dark. After incubation, filter units 

were centrifuged at 14,000 x g for 10 mins and then 100µl UA was added and centrifuged at 

14,000 x g for 15 mins, the addition of UA and centrifugation was repeated twice. A volume 

of 100µl of TEAB was then added to filter units and centrifuged at 14,000 x g for 10 mins and 

this was repeated twice. Then, 40µl TEAB with trypsin was added and mixed at 600 rpm in a 

thermomixer for 1 min and incubated in a wet chamber at 37oC for 18 hrs. Filter units were 

then transferred to new collection tubes and centrifuged at 14,000 x g for 10 mins. A volume 

of 40µl TEAB was then added and centrifuged at 14,000 x g for 10 mins and collected sample 

was made up to 100µl with TEAB in preparation for TMT labelling.  

2.16.4 Fluorometric peptide assay 

The Pierce quantitative fluorometric peptide assay kit (Thermo Fisher Scientific, UK) was 

used to perform the fluorometric peptide assay to quantify protein concentration present in 

samples. Firstly, kit components were equilibrated to room temperature before opening and 

loading. Peptide digest assay standards were serially diluted as per Table 2.7 so a standard 

curve (Fluorescence vs µg/ml) can be generated and unknown sample protein concentrations 

could be extrapolated. The standards were diluted using the same diluent in the sample which 

was TEAB in this study.  
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Table 2.7: Volumes of diluent and digest assay standard needed to prepare peptide digest assay 

standards for fluorometric analysis to determine sample protein concentrations. 

 

Centrifuge 

tubes 

Volume of 

diluent (µL) 

Volume of 

digest assay 

standard (µL) 

Final standard 

concentration for peptide 

mixture (µg/mL) 

A 0 150 of stock 1000 

B 75 75 of A 500 

C 75 75 of B 250 

D 75 75 of C 125 

E 75 75 of D 62.5 

F 75 75 of E 31.25 

G 75 75 of F 15.6 

H 75 75 of G 7.8 

Blank  75 0 0 

 

Ten-µl each standard or sample were loaded in duplicate into wells of a black, fluorescent-

compatible 96-well microplate (Thermo Fisher Scientific, UK). Then, 70µl fluorometric 

peptide assay buffer was added to each well, followed by 20µl fluorometric peptide assay 

reagent then incubated at room temperature for 5 mins. Fluorescence was then measured 

using excitation/emission at 390nm/475nm in a Tecan Spark® spectrophotometer and peptide 

concentrations of each unknown sample were calculated using the standard curve.  

2.16.5 TMT™ labelling protocol 

The TMTsixplex™ contains six labels which were used to label live, HK and OK T. denticola 

in duplicate as per Table 2.8. Immediately before use the TMTsixplex™ isobaric label reagent 

set, 1 x 0.8mg (Thermo Fisher Scientific, UK) TMT™ label reagents were equilibrated to 

room temperature and 41µl anhydrous acetonitrile was added to each tube. The reagent was 

allowed to dissolve for 5 mins with vortexing and then briefly centrifuged to combine all the 
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solution. Twenty-five-µg of each reduced and alkylated protein digest was carefully added to 

41µl of each TMT™ label reagent and incubated for 1 hour at room temperature. Eight-µl of 

5% hydroxylamine was added to each sample and incubated for 15 mins to quench the 

reaction. All samples were then combined in a new microcentrifuge tube before being 

desalted with a Sep-pak® C18 plus light cartridge filter (Waters, UK). 

Table 2.8: TMTsixplex™ mass tagging reagents (labels) used to label live, heat-killed and 

oxygen-killed T. denticola prior to LC-MS/MS analysis to identify and quantify target proteins. 

Label/Mass tag T. denticola 

TMT6 – 126 (yellow vial) Live  

TMT6 – 127 (red vial) Live  

TMT6 – 128 (blue vial) Heat-killed 

TMT6 – 129 (orange vial) Heat-killed 

TMT6 – 130 (purple vial) Oxygen-killed 

TMT6 – 131 (green vial) Oxygen-killed 

 

2.16.6 Desalting with Sep-pak filter 

After isolation of peptides, salts and buffers may still remain which can affect mass spec 

analysis. Desalting with Sep-pak® C18 plus light cartridge filter was utilised to capture 

peptides whilst salts and buffers were washed off. The Sep-pak cartridge was connected to a 

needleless syringe and initially washed with 4ml 100% acetonitrile (ACN). It was then 

conditioned with 1.5ml 50% ACN/0.5% acetic acid (HAcO) and equilibrated with 4ml 0.1% 

trifluoroacetic acid (TFA). The sample was then loaded and washed/desalted with 4ml 0.1% 

TFA. Following desalting, 1ml 0.5% HAcO was passed through to wash the sample before 

being eluted in 2ml 50% ACN/0.5% HAcO. Samples were transferred to Eppendorfs in 1ml 

aliquots and speed vacuum dried using an Eppendorf® concentrator plus speed vac 

(Eppendorf, Germany) until no liquid was present and then stored at -20oC until needed.  
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2.16.7 Liquid chromatography tandem mass spectrometry (LC-MS/MS) 

The TMT™ labelled sample was then processed for mass spectrometry 3 (MS3) analysis 

using a Thermo orbitrap eclipse mass spectrometer (Thermo Fisher Scientific, UK) equipped 

with a Advion TriVersa Nanomate® electrospray system (Advion Inc., USA) and Dionex™ 

direct nano-flow LC system (Dionex™, USA). Analysis was performed using a 1-hour LC 

gradient time and results were searched against the reviewed UniProt knowledgebase 

(UniProtKb) protein database (The UniProt Consortium) using the Proteome Discoverer™ 

version 2.4 software (Thermo Fisher Scientific, UK) and the Excel (Microsoft, US) file 

containing protein details and abundances was exported for analysis. 

 

2.17 Statistical analysis  

Statistical analysis for all data presented in this thesis was performed using GraphPad Prism 9 

software (GraphPad, USA). Significance between two data sets obtained from the same cell 

culture, such as manual vs automatic cell counts/cell viability, was evaluated by paired t-test. 

Also paired t-test was performed to determine significant difference between live vs HK or 

OK T. denticola protein abundance. Whereas significance between two data sets from 

different cultures, such as cell viability on different days was evaluated by unpaired t-test. 

Significance between multiple groups was performed by one-way analysis of variance 

(ANOVA) followed by a post-hoc Tukey Test. Significance was considered when P<0.05 and 

was expressed as follows * = P<0.05, ** = P<0.01 and *** = P<0.001.  
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3.1 Introduction 

This chapter aimed to describe a suitable long-term 2D-oral epithelium model for the 

induction of EMT by periodontal pathogens using an immortalized H400 cell line. Bacteria 

that have been strongly associated with periodontitis were investigated. Red complex 

pathogens P. gingivalis and T. denticola are highly prevalent in patients with periodontitis 

(Scapoli et al., 2012) and P. gingivalis has demonstrated the potential to induce EMT along 

with the orange complex pathogen, F. nucleatum (Abdulkareem et al., 2017). T. denticola was 

selected because of strong associations with periodontitis and investigated to identify if it 

induced EMT in oral epithelial cells as it has been previously shown to induce IL-8 secretion 

(Okuda et al., 2007) and increased IL-8 expression is known to promote EMT (Zhao et al., 

2017). Prior to undertaking cell-based studies, periodontal pathogens P. gingivalis, F. 

nucleatum and T. denticola were characterised by culture growth and colony morphology, 

Gram stain and PCR. This was to ensure use of non-contaminated stocks with the correct 

bacteria. 

Long-term cell culture models of periodontitis have commonly utilised heat-killed bacterial 

pathogens as opposed to live bacteria, because of issues with contamination and bacterial 

overgrowth in long-term models using live bacteria (Cross et al., 2004 and Kim et al., 2015). 

However, heat killing is damaging to bacteria (see section 1.6) meaning bacteria-epithelial 

cell interactions would be unrepresentative of the subgingival bacterial – host interaction. 

There is more likely to be strict anaerobic bacteria killed by oxygen rather than heat in the 

gingival crevice and oxygen-killing should theoretically be less disruptive to bacteria than 

heat-killing. Therefore, oxygen-killing of anaerobic pathogens as a potential alternative to 

heat-killing was investigated.   
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An immortal H400 oral epithelial cell line was used as it has been used in several studies 

(Abdulkareem et al., 2017, Milward et al., 2007 and Grant et al., 2010) and is well 

characterised with similarities to gingival epithelium (Prime et al., 1990) indicating its 

suitability for use in this model system. An 8-day model where media was replaced every 2 

days was selected based on previous experiments carried out by Abdulkareem et al. (2017) 

and that EMT was achieved in this time frame. However, during periodontitis there is 

cumulative release of cytokines in the sub-gingival pocket as a result of a persistent chronic 

inflammatory response (Yucel-Lindberg and Båge, 2013). This suggests a build-up of 

inflammatory markers and mediators in the sub-gingival region, therefore media 

replenishment in this cell culture model would suggest the removal of cytokines released at 

early stages and this would inaccurately represent the sub-gingival environment. Therefore, 

changes to media addition or using large volumes of media without replacing media were 

explored and effect on cell growth and cell viability were investigated.  

The automatic cell counting method using the Tecan Spark® and Cell chips™ provides 

quicker results compared with the traditional method of manual cell counting using the 

haemocytometer. In addition, automated methods remove the issue of subjectivity that occurs 

with manual cell counting where variations in counts can occur between individuals. 

Therefore, cell number and cell viability readings were validated against the gold standard 

which is haemocytometer counting to determine if the automated approach could be utilised 

in on-going experiments.  

It is known that established subgingival plaque mostly consists of anaerobic bacteria, 

suggesting that the periodontal pocket environment is anaerobic and previous studies have 

elucidated the oxygen tension (pO2) within this region to be hypoxic at 1.8% oxygen 
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(Mettraux, Gusberti and Graf, 1983). Therefore, H400 cells cultured in 1.8% oxygen would 

provide similarities with the periodontal pocket environment and represent physiological 

conditions more closely than growing cells in atmospheric oxygen (21%). Considering this, 

H400 cell growth and viability were compared in cultures grown in hypoxia and normoxia to 

clarify whether hypoxic conditions could be used to better mimic the in vivo situation.   

These characterisation steps to better mimic the clinical environment and the use of oxygen-

killed bacteria would provide a more suitable and clinically relevant alternative to using heat-

killed bacteria in inducing EMT in an 8-day 2D oral epithelial model. 
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3.2 Periodontal pathogen characterisation 

3.2.1 Identification by culture 

Periodontal pathogens P. gingivalis, F. nucleatum and T. denticola were grown on respective 

agars as outlined in section 2.1 until bacterial cultures were formed. This step would provide 

an initial basis for the identification of bacteria and would help confirm purity of the bacterial 

stock. 

3.2.1.1 Analysis of bacterial cultures 

Figure 3.1 shows cultures of a) P. gingivalis ATCC 33277 and b) F. nucleatum ATCC 10953 

grown on horse blood agar and c) T. denticola ATCC 35405 which was grown in a universal 

tube containing mNOS semi-solid agar. Cultures of P. gingivalis showed classical, black-

pigmented colonies after 5-7 days growth in anaerobic conditions with β-haemolysis 

occurring in blood agar (zone of red cell lysis). F. nucleatum produced classic grey 

translucent colonies on horse blood agar with no signs of haemolysis (γ-haemolysis) after 2-3 

days anaerobic growth. T. denticola produced typical white colonies in groups after 5-7 days 

anaerobic growth around the site of loop insertion 
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Figure 3.1: Photographs of periodontal pathogen cultures grown in anaerobic conditions at 

37oC. (a) P. gingivalis ATCC 33277 produced black-pigmented colonies with β-haemolysis 

and (b) F. nucleatum ATCC 10953 produced grey translucent colonies with no haemolysis 

occurring on horse blood agar. (c) T. denticola ATCC 35405 produced white grouped colonies 

in mNOS semi-solid agar. Scale bars = 10 mm. 
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3.2.2 Characterisation by Gram stain 

To further confirm the identity of pathogens, Gram staining was performed to determine the 

microscopic bacterial morphology (shape and cell wall composition). The pathogens used in 

this study were all Gram-negative.  

 

3.2.2.1 Analysis of Gram stains 

Cultures proposed to be P. gingivalis stained red/pink and showed coccobacilli morphology (a 

shape intermediate between cocci (sphere) and bacilli (rod)) (Figure 3.2a). F. nucleatum also 

stained red/pink with long spindle-shaped rod morphology (Figure 3.2b) and T. denticola 

stained pink with long helical-shaped rod morphology (Figure 3.2c). In all the cultures 

examined, morphology and Gram staining supported that these were the correct bacteria and 

that there was no evidence of bacterial contamination.  
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Figure 3.2: Representative Gram stain images of (a) P. gingivalis ATCC 33277, (b) F. 

nucleatum ATCC 10953 and (c) T. denticola ATCC 35405. A single colony of bacteria was 

acquired from the agar plate and emulsified in 50l saline on glass slides. All three Gram 

negative bacteria stained red/pink with P. gingivalis having coccibacilli morphology whilst F. 

nucleatum morphology showed long, spindle shaped rods with sharp pointed ends. T. denticola 

morphology showed long helical-shaped rods. Scale bars = 10m. 
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3.2.3 Characterisation by PCR 

PCR was performed on P. gingivalis, F. nucleatum and T. denticola using the amplification 

conditions and species-specific primers outlined in section 2.4.2. This aimed to determine if 

the bacteria were indeed correct and to look at possible contamination with other bacterial 

species. 

 

3.2.3.1 Analysis of PCR results 

From Figure 3.3 bands were present at 350, 300 and 550bp for a) P. gingivalis, b) F. 

nucleatum and c) T. denticola respectively, these bands were consistent with the primers 

specific to the individual bacterial strains, there were also no signs of additional bands which 

would signify contamination with other bacterial species. Results from these experiments 

(culture, morphology and PCR) provided confidence that the bacteria used were indeed the 

bacteria to be investigated and that no contamination was present. As a result, the bacteria 

were suitable for use in subsequent experimentation.  
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a)          b)    c) 
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Figure 3.3: PCR amplification of species-specific genomic sequences in bacteria. 8l of PCR 

product was electrophoresed on a 1.5% agarose gel stained with Invitrogen™ SYBR™ safe 

DNA gel stain. L represents the Quick-Load® DNA ladder and lane 1 contains PCR product of 

bacteria plus bacterial primer pairs only. Successful identification of bacteria by PCR is seen in 

(a) P. gingivalis ATCC 33277, (b) F. nucleatum ATCC 10953 and (c) T. denticola ATCC 35405 

with bands present at 350, 300 and 550bp respectively. Lane 2 contains PCR product of 

bacterial primer pairs plus a different bacterium other than the one expected ((a) F. nucleatum 

ATCC 10953, (b) P. gingivalis ATCC 33277 and (c) P. gingivalis ATCC 33277) to test for 

contamination. Lane 3 contains PCR product of bacterial primer pairs plus molecular grade 

water which acts as a negative control. 
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3.3 Periodontal pathogen growth curves  

The growth curves of bacteria were established to determine CFU/ml in bacterial stocks. The 

correct volume of bacteria could then be applied to epithelial cells to achieve a 100:1 

bacterium to oral epithelial cell ratio. Growth curves were determined by measuring liquid 

culture media turbidity (OD readings) over a 72-hour growth period and using the Miles and 

Misra (Miles, Misra and Irwin, 1938) method to plate and enumerate bacteria at each time 

point. 

 

3.3.1 Analysis of growth curves  

Figure 3.4 shows OD600nm readings over a 72-hour period for P. gingivalis, F. nucleatum and 

T. denticola after inoculation of respective broths with 2 – 3 representative colonies of 

bacteria. The spectrophotometer was initially zeroed using respective growth media before 

reading samples with an increase in OD600nm indicating increased bacterial growth. All three 

pathogens showed increasing OD, i.e., growth over a 72-hour period with T. denticola 

showing a longer lag phase of 24 hours as compared with 8 and 4 hours for P. gingivalis and 

F. nucleatum, respectively. F. nucleatum entered the decline or ‘death’ phase after 24 hours 

growth, whereas P. gingivalis and T. denticola did not enter this phase within 72 hours. 

Simultaneously, the Miles and Misra method of plating bacteria was utilised at each time 

point to determine the CFU/ml for each pathogen. These CFU/ml values were obtained and 

plotted against OD600nm to produce a standard curve and linear regression equation for each 

bacterium as seen in Figure 3.5. The CFU/ml for new bacterial suspensions were 

subsequently calculated by reading the OD and using the equations in Figure 3.5 to solve for 

‘y’.  
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3.4 Oxygen-killing of periodontal pathogens  

The detrimental effects of using heat-killing of bacteria have been previously reported (see 

section 1.6). An alternative method to bacterial killing for use in long term epithelial cell 

cultures was explored to better preserve bacteria morphology and protein integrity, with the 

aim of creating a model better representing the in vivo situation. Oxygen killing was used as it 

is known that anaerobic bacteria cannot survive in the presence of oxygen, therefore initial 

experiments investigated the optimum time taken for each pathogen to be killed in the 

presence of oxygen, which would ultimately be used in on-going experiments.  

 

3.4.1 Analysis of periodontal pathogen killing by exposure to oxygen  

The oxygen tolerance of all pathogens was observed over a 72-hour period and experiments 

performed in triplicate. Results indicated that P. gingivalis was killed after 8-24 hours 

exposure (Figure 3.6) to atmospheric oxygen in a shaking incubator at 37oC. The streaked 

agar plates showed no observable growth of P. gingivalis occurring after the 8-hour time 

point. Furthermore, the orange complex pathogen F. nucleatum was killed between 2-4 hours 

exposure to atmospheric oxygen which is apparent in Figure 3.7 where there was no 

observable growth of F. nucleatum on blood agar plates after the 2-hour time point. The 

oxygen tolerance of T. denticola was similar to P. gingivalis, where it was killed between 8-

24 hours exposure to atmospheric oxygen (Figure 3.8). T. denticola absorbance readings were 

also read at each time point and the readings at 24, 48 and 72 hour time points were ‘0’ 

indicating no growth of T. denticola, further confirming killing by atmospheric oxygen (Table 

3.1). 
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Figure 3.6: 1x108 P. gingivalis cells in 10ml TSB exposed to atmospheric oxygen in a shaking 

incubator (N-Biotek) at 37oC for 72 hours. A disposable inoculating loop of 5µl volume was 

used to streak cultures at 0, 2, 4, 6, 8, 24, 48 and 72 hours on horse blood agar and allowed to 

grow in anaerobic conditions. P. gingivalis was killed between 8 and 24 hours exposure to 

atmospheric oxygen. Images were captured using a Nikon D5100 camera with 18-55 mm lens 

and images shown are representative of experiments performed in triplicate. Scale bars = 10 

mm.  
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Figure 3.7: 1x108 F. nucleatum cells in 10ml TSB exposed to atmospheric oxygen in a shaking 

incubator (N-Biotek) at 37oC for 72 hours. A disposable inoculating loop of 5µl volume was 

used to streak cultures at 0, 2, 4, 6, 8, 24, 48 and 72 hours on horse blood agar and allowed to 

grow in anaerobic conditions. F. nucleatum was killed between 2 and 4 hours exposure to 

atmospheric oxygen. Images were taken using a Nikon D5100 camera and images shown are 

representative of experiments performed in triplicate. Scale bars = 10 mm.  
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Figure 3.8: 1x108 T. denticola cells in 10ml mNOS medium exposed to atmospheric oxygen in 

a shaking incubator (N-Biotek) at 37oC for 72 hours. A disposable inoculating loop of 5µl 

volume was used to inoculate 10ml pre-conditioned mNOS medium at 0, 2, 4, 6, 8, 24, 48 and 

72 hours and allowed to grow overnight in anaerobic conditions. T. denticola was killed 

between 8 and 24 hours exposure to atmospheric oxygen. Images were taken using a Nikon 

D5100 camera and images shown are representative of experiments performed in triplicate. 

Scale bars = 10 mm. 
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Table 3.1: Overnight OD600nm absorbance readings of T. denticola cultures after inoculation 

from 1x108 T. denticola culture in 10ml mNOS medium after  0, 2, 4, 6, 8, 24, 48 and 72 hours 

exposure to atmospheric oxygen in a shaking incubator (N-Biotek) at 37oC for 72 hours. No 

absorbance was observed after 24 hours exposure to atmospheric oxygen, n=3. 

 

Hours 
OD600nm Absorbance 

readings 

0 0.462667 

2 0.428 

4 0.439667 

6 0.477 

8 0.406667 

24 0 

48 0 

72 0 

 

3.5 Effects of heat and oxygen-killing on pathogen morphology by Gram stain 

With the negative effects of heat-killing on bacteria previously being reported (see section 

1.6) the effects of oxygen killing on bacterial cell morphology were also explored. The 

morphology of P. gingivalis, F. nucleatum and T. denticola were assessed by Gram stain after 

heat and oxygen-killing and compared with live bacterial cultures.  

 

3.5.1 Analysis of Gram stain images after heat and oxygen-killing  

Heat or oxygen-killing of P. gingivalis resulted in no observable changes in morphology 

compared with viable control bacterial cultures, however there was a suggestion of more 

bacterial clumping after oxygen-killing (Figure 3.9). The straight, rigid rod structure of F. 

nucleatum cells was distorted with visible increases in curvature noticed after heat and 

oxygen-killing as seen in Figure 3.10. Heat-killing also resulted in loss of T. denticola helical 

shaped structure; however oxygen-killing did not cause any observable change in morphology 

(Figure 3.11).  
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Figure 3.9: Representative Gram stain images of (a) live P. gingivalis, (b) heat-killed P. 

gingivalis and (c) oxygen-killed P. gingivalis. Bacterial cultures were emulsified in 50l saline 

on glass slides. Effects of heat and oxygen killing on P. gingivalis morphology were 

indistinguishable through Gram staining however oxygen-killing resulted in more clumping of 

bacteria.  
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Figure 3.10: Representative Gram stain images of (a) live F. nucleatum, (b) heat-killed F. 

nucleatum and (c) oxygen-killed F. nucleatum. Bacterial cultures were emulsified in 50l saline 

on glass slides. Heat and oxygen-killing resulted in increases in curvature to F. nucleatums’ 

straight rigid rod structure.  
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a)          b) 
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Figure 3.11: Representative Gram stain images of (a) live T. denticola, (b) heat-killed T. 

denticola and (c) oxygen-killed T. denticola. Bacterial cultures were emulsified in 50l saline 

on glass slides. Heat-killing resulted in loss of T. denticola helical shaped structure whereas 

structure was maintained with oxygen-killing. 
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3.6 Effects of heat and oxygen-killing on pathogen morphology by scanning electron 

microscopy 

As the effects of heat or oxygen killing were not clearly apparent following Gram staining, 

SEM was utilised to further explore the morphological changes brought about by these two 

methods of killing. SEM was performed on bacterial cultures grown on artificial saliva coated 

Thermanox® cover slips (explained further in section 2.5 and 2.5.1) and live bacteria were 

used as a control to compare differences after heat and oxygen-killing.  

 

3.6.1 Analysis of scanning electron microscope images after heat and oxygen-killing of 

pathogens 

Analysis of SEM images showed that heat-killing of P. gingivalis appeared to produce 

additional background debris when compared with live and oxygen-killed P. gingivalis as 

shown in Figure 3.12. In addition, oxygen-killing of P. gingivalis caused clumping of 

bacterial cultures which was also shown by Gram staining (Figure 3.9c). However, clumping 

was not present in viable bacteria and after heat-killing of P. gingivalis and there was no 

visible effect on structural morphology in SEM images (Figure 3.12). Heat-killing of F. 

nucleatum also generated bacterial debris which was not visible in live and oxygen-killed F. 

nucleatum SEM images shown in Figure 3.13. The effects of heat-killing on bacteria 

morphology were however more apparent with T. denticola as shown in Figure 3.14, where 

heat-killing resulted in loss of T. denticola helical shaped morphology, but this structure was 

maintained after oxygen-killing, which further supports Gram stain results (Figure 3.11). In 

addition, heat-killing also resulted in bacterial debris when compared with live and oxygen-

killed T. denticola which was also observed with P. gingivalis and F. nucleatum.   
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Figure 3.12: Representative SEM images captured of (a) live (b) heat-killed and (c) oxygen-

killed P. gingivalis. Heat-killing of P. gingivalis resulted in bacterial debris (indicated by red 

arrows) as opposed to live and oxygen-killed P. gingivalis. Oxygen-killing of P. gingivalis 

resulted in clumping of bacteria (indicated by orange arrows) with no effect on morphology. 
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Figure 3.13: Representative SEM images captured of (a) live (b) heat-killed and (c) oxygen-

killed F. nucleatum. Heat-killing of F. nucleatum resulted in bacterial debris (indicated by red 

arrows) as opposed to live and oxygen-killed F. nucleatum.  
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Figure 3.14: Representative SEM images captured of (a) live (b) heat-killed and (c) oxygen-

killed T. denticola. Heat-killing of T. denticola resulted in bacterial debris (indicated by red 

arrows) and loss of its helical shaped morphology when compared with live and oxygen-killed 

T. denticola.  
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3.7 Manual (haemocytometer) vs Automatic (Tecan Spark) cell counts/viability  

Automatic cell counting using the Tecan Spark® can offer a more time efficient method for 

high-throughput cell counts and for calculation of percentage cell viability in a sample when 

compared with manual cell counting, resulting in the ability to increase output of data. The 

consistency of cell counts and percent of viable cells readings using the automated method 

were initially determined by comparing against the conventional cell counting method of 

using a haemocytometer, to determine the validity of the automated method for use in 

subsequent studies. Cell counts and viability for both automated and manual approaches were 

attained using methods outlined in section 2.7. 

 

3.7.1 Analysis of manual and automatic counting on cell counts/viability 

Cell number was significantly lower with the automated cell counting method when compared 

with manual counting on days 6 (P<0.01), 7 and 8 (P<0.001) after performing paired t-test 

statistical analysis (Figure 3.15a). In addition, percent of viable cells was significantly lower 

with the automated method compared with manual counting across all days (P<0.001) as 

shown in Figure 3.15b. The standard deviations (SD) with automatic cell counting were larger 

on each day when compared with manual cell counting when measuring both cell number and 

percentage cell viability. For example, the SD on day 8 with manual cell counting was 50,129 

compared with 108,913 with automatic cell counting which is more than double the deviation. 

As a result of these data and the inaccuracies highlighted in cell counts and percentage cell 

viability, measurements were performed manually and the automatic method using the Tecan 

Spark® was not utilised in future experiments. 
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Figure 3.15: Comparison of the manual (haemocytometer) and automated (Tecan Spark®) 

methods to obtain (a) cell counts and (b) % cell viability. The automatic cell count method 

resulted in significantly lower cell counts on day 6, 7 and 8 compared with manual cell counting. 

Percentage cell viability was also significantly lower across all days with the automated method 

compared with manual. Significance was evaluated by paired t-test and error bars shown as SD. 

n=3, ** = P<0.01 and *** = P<0.001. 
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3.8 Development of a 2D oral epithelial model for EMT analysis 

For ongoing experiments both heat and oxygen-killed bacteria were utilised to compare if the 

mode of killing used influenced induction of the EMT response in oral keratinocytes. Before 

this could be investigated, a suitable 8-day oral epithelial cell culture model that aimed to 

better represent the periodontal pocket epithelium environment was developed. An 8-day 

model originally proposed by Abdulkareem et al. (2017) was modified to better replicate the 

in vivo situation (see section 3.1). Initial experiments investigated the optimum cell seeding 

density needed in 6-well plates to reach a confluency of 85-90% after 8-days of incubation. 

Once the optimum cell seeding density was established, different cell growth models were 

developed with alterations to the cell culture media to determine effects on cell growth and to 

better mimic the subgingival environment. 

 

3.8.1 Optimising cell seeding density with percentage cell confluency 

A suitable cell culture 6-well plate-based model for H400 cells was identified to optimise 

growth and survival conditions so a semi-confluent monolayer could be established. This 

approach would then provide the basis for initial pathogen challenge and further 

experimentation. It was important for cells to not reach full confluence and to avoid media 

exhaustion at day 8 as this would lead to changes in cell phenotype (Pavel et al., 2018) and 

media pH (Trajkovic et al., 2019). In addition, excessive cell growth would lead to build-up 

of metabolic waste products and less space for cells to grow. Ultimately, these factors would 

induce cellular stress and toxicity leading to cell death (Vis, Ito and Hofmann, 2020). It was 

also important to ensure sufficient viable cells were present at each time-point in order to 

identify EMT related changes. Therefore, the aim was to generate a cell monolayer with 85-
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90% confluence after 8 days growth and to ensure media was not exhausted so cell viability 

was not affected.   

 

3.8.1.1 Effects of increasing cell density on cell confluency 

Increasing the initial cell seeding density resulted in greater levels of cell confluency in 6-well 

plates across days 4-8 (see Figure 3.16). Wells that were seeded at 5000 cells in 2ml media 

and replaced every 2 days attained 81% cell confluency after 8-days growth, just below the 

optimal target range. However, doubling cell seeding density to 10,000 cells resulted in 90% 

confluency which was in the desired cell confluency range of 85-90% after 8-days. However, 

increasing cell seeding densities further results in excess levels of confluence on day 8 

(15,000 and 20,000 resulted in confluency of 93% and 97%, respectively) which may suggest 

induction of cell stress and death. From the results obtained it was decided that an initial 

seeding density of 10,000 cells in 6 well plates would be utilised for subsequent EMT 

experiments. 
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Figure 3.16: Representative well images showing cell confluence and % confluency values obtained using the Tecan Spark® multiplate 

reader. Six well plates were seeded with oral keratinocytes at 5000, 10000, 15000 and 20000 cells in 2ml supplemented DMEM media and 

media replenished every 2 days. Images were taken each day between day 4-8 and images displayed are representative of 3 images taken at 

each time point.
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3.8.2 Cell growth models 

After determining that 10,000 cells per well provided the optimum cell seeding density to 

generate the desired level of confluence on day 8, experiments were performed to measure 

cell number and viability over 8-days growth which were measured by performing manual 

cell counts and using the Trypan blue exclusion viability assay (see section 2.7.1). Cell 

growth and viability of cultures grown with media replacement every 2 days were initially 

investigated. However, as this would lead to an inaccurate representation of the sub-gingival 

pocket (see section 3.1), alterations to addition and amount of cell culture media used were 

made and cell growth and viability assessed.   

 

3.8.2.1 Effects of alterations to cell culture media on cell growth and viability 

Cell growth curve and % cell viability of H400 cells over a 10-day period with 2ml media 

supplemented with 10% FBS and change of media every 2 days are shown in Figure 3.17. 

H400 cell number increased slowly from 10,000 +/- 500 to 83,000 +/- 22,000 cells from 

initial seeding to day 5 and then cells entered the log phase of growth where cell numbers 

increased exponentially from 83,000 +/- 22,000 to 1,361,000 +/- 140,000 cells from day 5 to 

day 10 (Figure 3.17a). The number of dead cells at each time-point were also obtained by 

using the Trypan blue exclusion viability assay to determine any effects on cell viability over 

the 10-day growth period. Percentage cell viability decreased from 100% on day 1 to its 

lowest at 95.37% +/- 3.86% on day 5 and then increased to 99.15% +/- 1.07% on day 10 

(Figure 3.17b). However, this reduction in % cell viability was not significant when compared 

with day 1 after performing unpaired t-test statistical analysis. 

 



 134 

Cell growth and viability was then investigated in another model that aimed to better mimic 

the clinical situation. In this model growth media was not changed during the 8 days of the 

study, rather additional media was added. This was to recreate the sub-gingival pocket 

environment of patients with chronic periodontitis where a local accumulation of cytokines is 

observed. To account for the nutritional requirements bought about by increase in cell 

number, 1ml of complete media was added every two days from the day of cell seeding. Cell 

number increased slowly from the day of seeding to day 5 (Figure 3.18a), which was similar 

to the model where media was replaced every two days. However, cell numbers increased at a 

slower rate from 10,000 +/- 500 to 44,000 +/- 19,000 cells which showed a reduction of 

39,000 cells at day 5 when compared with the media replacement every 2 days approach. Cell 

numbers then increased exponentially from 44,000 +/- 19,000 to 562,000 +/- 45,000 cells 

from day 5 to day 8. However, there was 716,000 +/- 100,000 cells at day 8 for cells grown 

with media replacement which showed a reduction of 153,000 cells compared with those 

grown without media replacement but addition of media every two days. It was observed that 

% cell viability reduced to its lowest at 96.03% +/- 3.69% on day 5, however this reduction in 

cell viability was not significant after performing unpaired t-test statistical analysis (Figure 

3.18b). 

 

An initial volume of 2ml media and addition of 1ml media every two days resulted in reduced 

cell growth compared with replacing media every two days. Therefore, another model was 

investigated which used a greater starting volume of media in an attempt to remove the need 

for additional media change or supplementation whilst ensuring sufficient cell nutrition 

throughout the 8 days study period. The highest volume of media that is recommended for use 

in 6-well plates is 5ml, therefore this volume was selected for the eight-day cell growth 



 135 

model. H400 cell number increased from 10,000 +/- 700 to 26,000 +/- 16,000 within 3 days, 

then cells entered the log phase of growth where cell number increased exponentially from 

26,000 +/- 16,000 to 758,000 +/- 50,000 cells from day 3 to day 8 (Figure 3.19a). This is an 

increase of 42,000 cells when compared with the day 8 cell number of 716,000 +/- 100,000 in 

Figure 3.17a where media was replaced every two days. In addition, this cell number was also 

greater than the day 8 cell number of 562,000 +/- 45,000 cells in Figure 3.18a, where media 

was not replaced but 1ml was added every two days. The number of dead cells at each time-

point were also determined to analyse whether there was any effect on % cell viability over 

the eight days. Percentage cell viability decreased from 100% on day 1 to its lowest at 96.67% 

+/- 3.91% on day 2, however this reduction in % cell viability was not significant when 

compared with the 100% cell viability observed on day 1 after performing unpaired t-test 

statistical analysis (Figure 3.19b). H400 cultures grown in 5ml supplemented DMEM media 

with no media change are shown at day 4 and 8 in Figure 3.20. As this model resulted in a 

greater final cell number compared with the other two models with no significant effect on % 

cell viability, it was used for downstream studies in which oral keratinocytes were challenged 

with periodontal pathogens and EMT-related changes assessed.  
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Figure 3.17: (a) Growth curve and (b) % cell viability of H400 cells over a 10-day period 

cultured in 2ml DMEM media supplemented with 10% FBS. Wells were seeded at an initial 

seeding density of 1x104 and media was changed every 2 days. Cell number increased as the 

number of days increased and % cell viability was not significantly changed. Significance was 

evaluated by unpaired t-test and error bars shown as SD, n=3.  
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Figure 3.18: (a) Growth curve and (b) % cell viability of H400 cells over 8 days cultured in 

2ml DMEM media supplemented with 10% FBS. Wells were seeded at an initial seeding 

density of 1x104 and media was not changed every 2 days. However, 1ml of supplemented 

DMEM media was added every 2 days. The cell number increased with the days of culture and 

% cell viability was not significantly changed. Significance was evaluated by unpaired t-test 

and error bars shown as SD, n=3.  
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Figure 3.19: (a) Growth curve and (b) % cell viability of H400 cells over 8 days cultured in 

5ml DMEM media supplemented with 10% FBS. Wells were seeded at an initial seeding 

density of 1x104 and media was not changed during the 8 days. Cell number increased as the 

number of days increased and % cell viability was not significantly changed. Significance was 

evaluated by unpaired t-test and error bars shown as SD, n=3.  
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Figure 3.20: Representative light microscope images of H400 cells seeded at 10,000 cells in 6 

well plates. Cells were grown in 5ml media supplemented with 10% FBS and images captured 

after 4 and 8 days growth. Media was not replaced every 2 days but kept the same throughout 

the 8-days. Day 4 image shows less degree of culture confluency when compared with the day 

8 image which suggests an increase in cell number. Scale bars = 100m.  
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3.8.3 Using hypoxic conditions for H400 growth  

The subgingival pocket is reported to be hypoxic where atmospheric oxygen concentration 

can be low as 1.8% (see section 3.1). Cell cultures were therefore grown in 1.8% oxygen to 

simulate conditions of the subgingival region providing a more relevant model. Cell growth 

and viability were measured by manual cell counting and using the Trypan blue exclusion cell 

viability assay and readings were compared to cultures grown in atmospheric oxygen 

(normoxia, 21% oxygen) which was used as the control.  

 

3.8.3.1 Effects of hypoxia on cell growth and viability 

The effects of hypoxic and normoxic conditions on cell number and cell viability after 4-8 

days growth are shown in Figure 3.21. Hypoxia significantly reduced cell number across days 

4, 6 (P<0.01), 7 and 8 (P<0.001) when compared with cultures grown in normoxic conditions 

(Figure 3.21a). Cell viability was also significantly reduced in cultures grown in hypoxic 

conditions in comparison with normoxic conditions across all days (P<0.05 to P<0.001) and 

significance was tested using unpaired t-test (Figure 3.21b). This lower cell number was also 

evident in the representative light microscope images in Figure 3.22, where there was less 

confluency in cultures grown in hypoxic conditions compared with normoxic. As hypoxic 

conditions of 1.8% oxygen resulted in significant cellular death it was not appropriate for use 

in ongoing studies and therefore normoxic conditions were used in further experiments.  
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Figure 3.21: H400 cells grown in atmospheric oxygen (normoxic – 21% oxygen) and hypoxic 

conditions (1.8% oxygen) over 8 days and (a) cell number and (b) percent of viable cells 

assessed from day 4-8. Cell number was significantly lower in cultures grown in hypoxic 

conditions compared with normoxic on days 4, 6, 7 and 8. Also percent of viable cells was 

significantly lower in cultures grown in hypoxia compared with normoxia. Significance was 

evaluated by unpaired t-test and error bars shown as SD. n=3, * = P<0.05, ** = P<0.01 and *** 

= P<0.001. 
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Figure 3.22: Representative light microscope images of H400 cells after 8-days growth in 

atmospheric conditions (normoxia – 21% oxygen) and hypoxia (1.8% oxygen). Cells were 

grown in 5ml media supplemented with 10% FBS and images captured using an inverted Zeiss 

Primovert microscope. Cultures in the normoxia image show a higher degree of confluency 

compared with cultures grown in hypoxic conditions. Images displayed are representative of 3 

images captured. Scale bars = 100m. 

 

 

3.9 Discussion 

3.9.1 Characterisation of periodontal pathogens by culture, Gram stain and PCR 

The periodontal pathogen P. gingivalis produced typical black pigmented colonies on blood 

agar plates after 5-7 days growth (How, Song and Chan, 2016) in common with other strains 

of P. gingivalis such as the W83 strain (Moreno and Contreras, 2013). In Figure 3.1b, F. 

nucleatum produced white translucent colonies as previously observed by Gharbia and Shah, 

(1990). The clouds of colonies observed after T. denticola growth is also consistent with 

findings observed by Chi, Limberger and Kuramitsu, (2002). As different strains of the same 

bacterial species share similar colony morphologies with each other, it was not sufficient to 

confirm correct bacterial strain by colony morphology only. Therefore, additional 

confirmatory investigations were required, Gram staining was performed to further 

distinguish between strains and to analyse for any contamination. P. gingivalis displayed a 
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coccobacilli morphology which was consistent with previous findings (Brunner et al., 2010), 

whilst F. nucleatum demonstrated typical morphology with long, spindle shaped rods 

(Nwaokorie et al., 2011). Morphologically, T. denticola are long helical-shaped rods typical 

of oral spirochetes (Ng et al., 2019). All three bacteria stained Gram negative and there were 

no bacteria which stained purple, suggesting that cultures were not contaminated with Gram-

positive bacteria. A common environmental bacterial contaminant found in microbiology 

labs, that were not detected in the bacterial stocks used here, are Staphylococci (Ghayoor et 

al., 2015) which are Gram-positive facultative anaerobes, therefore the likelihood of this 

bacteria being present in cultures was high and identifying it was essential. The use of PCR 

on bacteria using species-specific primers is a widely used technique to confirm bacterial 

species, therefore it was used to further characterise bacteria. The PCR band present at 350bp 

for P. gingivalis (Figure 3.3a) are similar to previous findings (Lu et al., 2018). F. nucleatum 

showed bands at 300bp (Palmer, 2010) and T. denticola at 550bp (Külekçi et al., 2001) with 

no presence of contamination across all three bacteria. It is vital to correctly identify and 

characterise bacteria to check for contamination and ensure the right pathogen is used. P. 

gingivalis, F. nucleatum and T. denticola were successfully characterised by culture 

identification, Gram stain for morphological identification and PCR using species specific 

primers. Therefore, all three bacteria were used in ongoing experiments to challenge H400 

cells and to assess for EMT-related changes.  

 

3.9.2 Pathogen growth curves 

Establishing the number of bacteria during growth is important so that the required volume of 

bacteria can be isolated for use in the tissue culture studies and to maintain the 100:1 bacterial 

oral epithelial cell ratio reported in the subgingival region. The growth of P. gingivalis in this 
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study showed similar growth patterns seen in a previous study where there was a lag phase of 

12 hours and then a stationary phase of growth after 48 hours was achieved (Grenier et al., 

2001). In addition, F. nucleatum showed similar growth (He et al., 2016), with a lag phase of 

6 hours, but reached stationary phase of growth after 36 hours compared with the 24 hours 

seen in this study. This could be due to experimental differences e.g., growth media used as F. 

nucleatum was grown in brain heart infusion as opposed to the TSB used in this study. T. 

denticola also demonstrated similar growth to published data (Abiko et al., 2014), however 

the lag phase of growth was 18 hours compared with 24 hours in this study. Again, this is 

most likely due to different experimental conditions, e.g., T. denticola was grown in mNOS 

medium supplemented with 10% rabbit serum as opposed to 2% used in this study and this 

increase in serum concentration may accelerate growth. It was also observed that T. denticola 

reached the stationary phase of growth after 96 hours in Abiko et al. (2014) study, but this 

could not be determined here as OD600nm values were still increasing and the experiment 

would need to be performed for longer than 72 hours. All three bacterial growth curves 

produced here showed similarities to those in the literature. Therefore, these growth curves 

were utilised to determine CFU/ml in cultures so that the correct number of bacteria could be 

isolated for use in on-going cell culture studies. 

 

3.9.3 Oxygen killing of bacterial pathogens 

The obligate anaerobes P. gingivalis and T. denticola were tolerant to oxygen between 8-24 

hours of exposure whereas the facultative anaerobe, F. nucleatum was killed between 2-4hrs 

exposure to oxygen. This suggested that F. nucleatum is less tolerant to atmospheric oxygen 

than P. gingivalis and T. denticola as it is killed more rapidly. Previous studies have shown F. 

nucleatum tolerance to atmospheric oxygen to be 1 hour (Rolfe et al., 1978) as compared with 
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the 2-4 hours identified in this study. However, the present study used a higher bacterial 

concentration of 1 x 108 when compared with 1 x 107  used in the study of Rolfe et al. (1978). 

This may explain the longer oxygen tolerance observed here as there was a higher initial 

bacterial concentration. A previous study has also observed T. denticola to be viable for up to 

80 mins exposure to atmospheric oxygen which is less than the tolerance of 8-24 hours 

reported here. However, the concentration of bacteria used was not stated and it may be due to 

the fact that a lower starting concentration of T. denticola was used (Loesche, 1969). The 

length of time P. gingivalis is tolerant to atmospheric oxygen has not been previously 

reported, therefore this data provides novel information for P. gingivalis oxygen tolerance.  

 

It is expected that obligate anaerobes, such as P. gingivalis and T. denticola, would be less 

tolerant to oxygen than facultative anaerobes such as F. nucleatum, due to their strict 

requirements for an anaerobic environment (Johnson and Hug, 2019). This suggests possible 

oxidative stress resistance responses present in P. gingivalis and T. denticola that are not 

present in F. nucleatum which enable them to survive longer in oxygen. One mechanism 

which may be responsible for this in P. gingivalis involves a unique hemin layer present on 

the bacterial surface, which acts as a buffer against reactive oxygen species (ROS) such as 

hydrogen peroxide and it has been shown that hydrogen peroxide can damage bacterial 

proteins, lipids, RNA and DNA (Strand et al., 2010). The hemin layer of P. gingivalis 

produces μ-oxodimers which can initiate catalytic degradation of hydrogen peroxide enabling 

protection and longer survival in aerobic conditions (Smalley, Birss and Silver, 2000). One of 

these mechanisms in T. denticola involves Hydrogen Sulphide (H2S) which is found in deep 

periodontal pockets and is a metabolic end-product of the T. denticola enzymes gamma-

glutamyltransferase, cysteinylglycinase and cystalysin. It was observed that higher 
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concentrations of H2S decreased oxygen concentration in growth cultures generating a micro-

anaerobic environment ideal for T. denticola growth and survival (Lai and Chu, 2008). As 

CFU/ml was kept the same for each bacterium, it further implies that the longer survival time 

of P. gingivalis and T. denticola in oxygen was due to oxidative stress resistance responses 

and not because of a higher concentration of bacteria.  

 

Although it has been identified that a period of 8-24 hours is required to kill P. gingivalis and 

T. denticola by atmospheric oxygen, the introduction of more time points would determine 

the exact amount of time it takes to be killed. In conclusion, exposing P. gingivalis, F. 

nucleatum and T. denticola to atmospheric oxygen provides a suitable method to kill 

anaerobic bacteria and the exposure times observed here were used in later experiments. 

 

3.9.4 Effects of heat and oxygen-killing on bacterial morphology 

The effects of heat and oxygen-killing on P. gingivalis morphology were not clearly 

observable from Gram staining in Figure 3.9, however it was noted that oxygen-killing 

resulted in aggregation of colonies which was also further confirmed by SEM analysis in 

Figure 3.12c. A previous study has noted the effects of aggregation on oxygen concentration 

and it was shown that atmospheric oxygen concentration was lower in larger aggregated 

colonies of Pseudomonas aeruginosa compared with smaller aggregates (Wessel et al., 2014). 

Although P. aeruginosa is an aerobic bacterium the same concept of aggregation still applies 

to anaerobic bacteria. Therefore, this may provide evidence for a possible survival mechanism 

in P. gingivalis where colonies aggregate to try and recreate an anaerobic environment 

necessary for their survival.  
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Gram staining of F. nucleatum after heat and oxygen-killing showed a change of rod shape 

from its straight structure to visible increases in curvature. It has been previously noted that 

heat-killing can damage the bacterial lipid bilayer leading to rupturing of cells and loss of 

structure (Russell, 2003). However, the effects of oxygen-killing on F. nucleatum 

morphology have not been previously reported and the Gram stain here suggests that oxygen 

exposure can alter F. nucleatum morphology. Further analysis by SEM demonstrated no 

change in morphology when compared with live F. nucleatum suggesting that oxygen-killing 

did not alter the shape of every F. nucleatum cell but only a select few (Figure 3.13c). 

 

T. denticola along with most other oral spirochetes have a helical-shaped structure which 

enables its motility (Ryan and Ray, 2003). As observed from the Gram stains in Figure 3.11 

and SEM images in Figure 3.14, heat-killing results in loss of T. denticola helical shaped 

morphology. This may be due to the periplasmic flagella located between the outer membrane 

and the peptidoglycan layer in T. denticola which plays a significant role in maintaining its 

helical shape (Charon et al., 2012). Therefore, heat-killing may denature flagella which leads 

to loss of T. denticola helical structure observed here. Interestingly, oxygen-killing does not 

alter T. denticola morphology and it maintains its helical shape, suggesting that heat exposure 

is responsible for these alterations in morphology. 

 

All three bacteria had more debris present after heat killing as evident in the SEM images 

when compared with live and oxygen-killed cultures (Figures 3.12, 3.13 and 3.14). Similar 

results have been noticed in a previous study which investigated the effects of heat-killing 

Salmonella enterica on bacterial morphology by transmission electron microscopy. There was 

increased formation of blebbing and vesicle formation and release of intracellular contents to 
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the surroundings. The lipid and cell envelope were also compromised leading to a loss of 

structural complexity and cell lysis (Correa et al., 2019). In addition, surface blebbing has also 

been observed with heat-killing of E. coli cells in another study (Katsui et al., 1982). 

Therefore, this may suggest that the debris present in all three heat-killed bacteria images are 

either external or internal constituents of bacteria which have fragmented due to thermal 

denaturation.   

 

In conclusion oxygen-killing anaerobic bacteria appears to be preserving bacteria morphology 

more so than heat-killing and the data here provides an alternative method to kill anaerobic 

bacteria for use in cell culture models of periodontitis and to better simulate physiology. As 

heat-killed bacteria is the standard inactivated form of bacteria used in models of 

periodontitis, it was still used alongside oxygen-killed bacteria in ongoing studies to see how 

they compare.   

 

3.9.5 Manual vs automatic cell counting 

The automatic cell counting method using the Tecan Spark® and Cell chips™ provides faster 

result generation and reduces issues of subjectivity when compared with manual cell counting 

using an haemocytometer. Therefore, its potential use in providing cell count and % cell 

viability data were explored. Automatic cell counting resulted in significantly lower cell 

counts on days 6, 7 and 8 and significantly lower percentage cell viability across all days 

compared with manual cell counting. In addition, there was larger variance between readings 

obtained with the Tecan compared with manual readings (Figure 3.15). This contradicts the 

technical data supplied by the manufacturer which suggested comparable results to manual 

cell counting, alongside offering much higher reproducibility (Tecan, 2017). Although the 
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size of the cells needed to be detected were inputted (13 µm), the Tecan may still detect 

additional sample debris which are of similar size to H400 cells leading to false readings. This 

may explain the lower percentage cell viability readings observed with the Tecan compared 

with the manual counting method (Figure 3.15b). For these reasons, cell counts and % cell 

viability measurements were performed manually in all subsequent experiments. 

 

3.9.6 Percentage cell confluency in different cell models 

As the H400 cell line is well-characterised in our laboratory and widely reported in the 

literature, it was deemed unnecessary to re-characterise this cell line. H400 cells also have a 

doubling time of 24 - 48 hours, are generally easy to grow, express oral epithelial markers and 

are reported to be representative of gingival epithelium (Prime et al., 1990) making them 

suitable for use in the studies reported in this thesis. The desired percentage cell confluence of 

85%-90% in 6 well plates after 8-days growth was achieved with a cell seeding density of 

10,000 cells, therefore this seeding density was subsequently used in investigating different 

cell growth models. Figure 3.17 demonstrates a H400 growth curve with 2ml media and 

media replenishment every 2 days to compensate for media depletion and ensuring cultures 

receive the required nutritional requirements for optimal growth. Cultures were robust in this 

model with the rate of growth increasing up until day 10 and no significant effect on cell 

viability was observed. As media replacement would be an inaccurate representation of the 

sub gingival pocket during periodontitis (see section 3.1), a new model was explored where 

media was not replaced but 1ml media was added every 2 days (Figure 3.18) to compensate 

for nutritional demands brought on by increased cell growth. The decrease in cell growth 

observed with addition of 1ml media and no media replacement may be because 1ml media is 

not sufficient to meet demands of increased cell growth and addition of more volume of 
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media may overcome this issue. However, as handling and manipulation of cell culture plates 

every 2 days increases the risk of contamination, another model where media would not need 

to be replaced was explored to decrease this risk. As cells are grown for an extended period, 

they will also require high amounts of media to meet the demands of increased cell growth. 

The highest volume of media that is recommended for use in 6-well plates is 5ml, therefore 

growth and viability of cells grown in this amount of volume were explored. Cell cultures 

grown in 5ml (Figure 3.19) media grew similarly to cell cultures grown where media was 

replaced every 2 days. This approach showed no significant decrease in percentage cell 

viability, therefore providing a suitable model for use in downstream studies. The initial cell 

seeding density of 10,000 cells with 5ml media supplemented with 10% FBS and no media 

replacement was used in subsequent experiments where cell monolayers were challenged with 

periodontal pathogens and E. coli LPS.  

 

3.9.7 Normoxia vs Hypoxia 

The subgingival pocket is hypoxic with an pO2 of 1.8% providing a suitable environment for 

anaerobic bacteria to grow and survive (Mettraux, Gusberti and Graf, 1983). Cell cultures 

were grown in these hypoxic conditions to better simulate physiological conditions and were 

compared with cultures grown in normoxic conditions. The decrease in cell number and % 

cell viability observed with hypoxia may be due to activation of hypoxia-inducible factor-1α 

(HIF-1α) which is the main transcription factor activated in hypoxic conditions (De lima et 

al., 2014). HIF-1α can initiate p53-independent apoptosis pathways including genes of the 

BCL-2 family (Vaupel and Mayer, 2007). This may explain the decrease in viable cells which 

ultimately leads to lower cell numbers observed in Figure 3.21. In conclusion, H400 cultures 
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grown in 1.8% oxygen resulted in cellular death, therefore normal atmospheric oxygen 

conditions of 21% were used in further experiments. 

 

The following chapter investigated the potential of HK and OK P. gingivalis, F. nucleatum 

and T. denticola to induce EMT-related changes in oral keratinocytes using the 8-day model 

described here.  
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4.1 Introduction 

This chapter focuses on the potential of HK and OK P. gingivalis, F. nucleatum and T. 

denticola to induce EMT in H400 cells after 8-day exposure. The periodontal pathogens used 

in this study were killed prior to epithelial cell stimulation. However, it is known that HK 

pathogens are still able to elicit similar cellular responses in epithelial cells as viable bacteria 

(Laheij et al., 2013). Some of these responses can be detrimental to epithelial cell growth (Shi 

et al., 2016) and viability (Basso et al., 2015) therefore, initial experiments investigated the 

impact of bacterial stimulation (HK and OK) on epithelial cell growth and viability.  

 

It has been shown previously that HK P. gingivalis and F. nucleatum could induce EMT-

related responses in OSCC cells (Abdulkareem et al., 2017). However, previous experiments 

here have shown heat-killing to be detrimental to bacterial morphology (see section 3.5.1 and 

3.6.1). The changes as a result of heat killing may result in the loss of EMT induction 

potential. Conversely, oxygen-killing of anaerobes has been shown to preserve bacterial 

morphology (see section 3.5.1 and 3.6.1), therefore stimulating epithelial cells with OK 

pathogens would provide interactions that better simulate physiology and any subsequent 

EMT responses will be more clinically relevant. To investigate whether EMT-related 

responses changed, epithelial cells were stimulated with HK and OK bacteria and results 

compared to determine the EMT induction of respective stimulants. 

 

EMT is a multi-faceted process which is implicated in a range of diseases including fibrosis 

of the liver, lung, heart and kidney, tumour metastasis and Crohn’s disease (see section 1.3.1). 

Its progression is typically associated with a loss of epithelial phenotype and acquisition of 

mesenchymal characteristics. One of the hallmarks of EMT is the cadherin switch which 
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involves the replacement of epithelial adherens junction, including E-cadherin with N-

cadherin (Loh et al., 2019). The gene expression of these markers and other EMT associated 

markers in epithelial cells after HK and OK pathogen challenge were therefore assessed by 

qRT-PCR analysis. IF staining was also performed to detect protein expression and 

localisation of these EMT-related markers specifically, E-cadherin, vimentin and snail-1. 

Another EMT associated feature is the loss of epithelial cell-cell adhesion allowing cells to 

detach and migrate into underlying tissues. A breakdown of epithelial integrity has been 

associated with initiation and propagation of periodontitis. A technique to determine this 

breakdown, widely reported in the literature is TEER, which was employed in this study to 

measure electrical resistance across epithelial monolayers as a surrogate marker of epithelial 

monolayer breakdown following stimulation with HK and OK pathogens. 

 

As a result of EMT, cells gain migratory properties (explained further in section 1.3.2.2) and 

cell migration associated with gingival epithelial cells would lead to breakdown of the 

epithelium and loss of surrounding tissue. Therefore, migratory ability of H400 cells was 

initially assessed in cultures challenged to HK pathogens by scratch wound migration assay. 

However, traditional scratch wound assays have issues with reproducibility of the scratch 

wound producing variable wound areas. In order to mitigate against this the Ibidi 2-well insert 

method (refer to section 2.11.3) was used to perform migration assays in HK and OK 

pathogen exposed cultures.  

 

In addition, any EMT-related responses after pathogen exposure in this study may be due to 

elevated levels of pro-inflammatory cytokines (explained further in section 1.3.5). For these 
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reasons, secreted levels of IL-1β, IL-8 and TGF-β1 in collected supernatants from H400 

cultures exposed to HK and OK pathogens were measured by ELISA.  

 

HK periodontal pathogens, P. gingivalis and F. nucleatum, have been shown to trigger host 

inflammatory responses and induce EMT in OSCC cells. This chapter therefore explores the 

potential of another periodontal pathogen, T. denticola, to induce EMT in OSCC cells and to 

identify whether OK bacteria offer a different stimulatory EMT potential compared with HK 

pathogens.  

  

4.2 Effect of heat-killed and oxygen-killed periodontal pathogens on epithelial cell 

growth and viability 

The effect of HK and OK pathogens on H400 growth and viability were assessed using the 8-

day H400 growth model described in the previous chapter (see section 3.8). These were 

performed to identify any cytotoxic effects that HK and OK pathogens may generate in cell 

culture. Cell number and viability were determined using manual cell counts and Trypan blue 

(see section 2.7.1).  

 

4.2.1 Analysis of heat-killed and oxygen-killed periodontal pathogens on epithelial cell 

growth and viability 

Cell growth was significantly increased in cell cultures challenged with HK P. gingivalis on 

days 6) (P<0.001) and 7 (P<0.01) when compared with unstimulated cultures. Likewise, OK 

P. gingivalis also significantly increased cell growth on days 6 (P<0.001) and 7  (P<0.001) in 

comparison with media only control (Figure 4.1). However, HK and OK stimulants of P. 

gingivalis did not significantly affect cell growth in comparison with each other. Interestingly, 
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OK P. gingivalis exposure resulted in greatest final cell number after 8-days stimulation when 

compared with all other cultures. In addition, cell growth near the end of the experimental 

period (day 7 to 8) was declining in HK and OK P. gingivalis exposed cultures. Cell viability 

of all pathogen exposed cultures displayed non-significant decreases across all days. 

 

OK F. nucleatum exposure significantly decreased cell number compared with cultures 

exposed to HK F. nucleatum (P<0.01) and media only cultures (P<0.05) on day 5 (Figure 

4.2). It was observed that E. coli LPS, HK and OK F. nucleatum exposure resulted in lower 

final cell number in comparison with media only. In a similar manner to HK and OK P. 

gingivalis, HK and OK F. nucleatum did not significantly affect cell viability across all days 

in comparison with media only.  

 

 

Cultures exposed to HK T. denticola (P<0.05) and OK T. denticola significantly increased 

cell number when compared with media only cultures after 8-days stimulation (Figure  4.3). 

HK T. denticola exposure resulted in the highest final cell number, although this was non-

significant in comparison with cultures exposed to OK T. denticola. In addition, cell viability 

was non-significantly decreased with HK and OK T. denticola exposure across all days when 

compared with media only  

 

Overall, HK and OK pathogens and E. coli LPS were non-toxic to oral keratinocytes as 

demonstrated by non-significant changes in cell viability, with HK and OK P. gingivalis 

significantly increasing cell growth after 6- and 7-days and HK and OK T. denticola after 8-

days exposure. In addition, there was no significant differences in cell growth when 
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comparing HK and OK stimulants except on day 5, where OK F. nucleatum significantly 

decreased cell growth in comparison with HK F. nucleatum.  
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Figure 4.1: Cell growth of oral keratinocytes over 8-days incubation with media only or 

challenged with E. coli LPS and heat or oxygen-killed P. gingivalis. Significant increases in 

cell counts were observed in cultures challenged with heat and oxygen-killed P. gingivalis on 

days 6 and 7 in comparison with media only. Error bars shown as standard deviations and n=3, 

** = P<0.01 and *** = P<0.001. Statistical analysis was ANOVA followed by a post-hoc Tukey 

Test. 
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Figure 4.2: Cell growth of oral keratinocytes over 8-days incubation with media only or 

challenged with E. coli LPS and heat or oxygen-killed F. nucleatum. Results showed significant 

decreases in cell counts between media only and cultures challenged with oxygen-killed F. 

nucleatum on day 5. Cell counts significantly decreased in cultures challenged with oxygen-

killed F. nucleatum compared with cultures exposed to heat-killed F. nucleatum on day 5. Error 

bars shown as standard deviations and n=3, * = P<0.05 and ** = P<0.01. Statistical analysis 

was ANOVA followed by a post-hoc Tukey Test. 
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Figure 4.3: Cell growth of oral keratinocytes over 8-days incubation with media only or 

challenged with E. coli LPS and heat or oxygen-killed T. denticola. Significant increases in cell 

counts were observed in cultures exposed with heat and oxygen-killed T. denticola on day 8 in 

comparison with media only control. Error bars shown as standard deviations and n=3, * = 

P<0.05. Statistical analysis was ANOVA followed by a post-hoc Tukey Test. 
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4.3 Real-time PCR analysis of EMT related markers after heat and oxygen killed 

pathogen challenge 

An efficient method to assess for induction of EMT was to perform gene expression analysis 

using qRT-PCR. qRT-PCR is a widely used sensitive technique that provides reproducible 

outcomes (Bustin, 2000). The induction of EMT after HK and OK pathogen exposure was 

assessed by gene expression profiling using genes characteristic of the epithelial and 

mesenchymal phenotype. In addition, gene expression of transcription factors and pro-

inflammatory cytokines known to induce EMT were analysed. Analysis for each gene was 

performed on day-8 cultures separately for both HK and OK pathogens and results are 

displayed in separate graphs. A summary of gene expression ratios of the EMT related 

markers after heat and oxygen-killed pathogen exposure is provided in Table 4.1. 

 

4.3.1 Gene expression of epithelial markers in oral keratinocytes  

The down-regulation of adherens junction genes such as E-cadherin (and others associated 

with desmosome assembly such as desmoplakin-1) destabilises cell-cell epithelial attachments 

as is reported in the early stages of EMT. In addition, loss of cytoskeletal intermediate 

filaments, such as cytokeratins, are also associated with EMT (Huang, Guilford and Thiery, 

2012), therefore the expression of these markers after HK and OK pathogen exposure were 

assessed by qRT-PCR analysis.  

 

4.3.1.1 Effects of pathogen exposure on epithelial marker gene expression  

E. coli LPS presented significant down-regulation (P<0.001) of E-cadherin (0.17-fold) for 

both experiments (Figures 4.4a and 4.5a). HK P. gingivalis (0.39-fold) and F. nucleatum 

(0.51-fold) significantly down-regulated E-cadherin expression, but HK T. denticola (1.57-
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fold) significantly increased expression in comparison with media only (P<0.001) (Figure 

4.4a). However, all OK pathogens significantly decreased (P<0.001) E-cadherin expression 

with the greatest reduction associated with OK F. nucleatum (0.003-fold) exposure followed 

by P. gingivalis (0.05-fold) and OK T. denticola (0.13-fold) (Figure 4.5a). OK pathogens 

resulted in greater E-cadherin down-regulation in comparison with HK pathogen exposure. 

 

Cytokeratin 5 expression was significantly down-regulated (P<0.01 and P<0.001) with E. coli 

LPS (0.67 - 0.71-fold) exposure (Figures 4.4b and 4.5b). Also, all HK pathogens significantly 

down-regulated (P<0.001) cytokeratin 5 expression (0.27 – 0.49-fold) with greatest reduction 

noted with HK F. nucleatum exposure in comparison with media only control (Figure 4.4b). 

Also, all OK pathogens (0.28 – 0.69-fold) significantly down-regulated (P<0.01 and P<0.001) 

cytokeratin 5 gene expression, with OK T. denticola resulting in greatest down-regulation 

compared with unstimulated cultures (Figure 4.5b). 

 

Expression of desmoplakin-1 was also significantly decreased (P<0.01 and P<0.001) with E. 

coli LPS (0.22 - 0.31-fold) exposure in both experiments (Figures 4.4c and 4.5c). Exposure 

with all HK pathogens (0.27 – 0.7-fold) significantly decreased (P<0.001) desmoplakin-1 

gene expression, with HK F. nucleatum (0.27-fold) causing greatest down-regulation of 

desmoplakin-1 in comparison with media only (Figure 4.4c). Similarly, all OK pathogen 

exposures (0.13 - 0.75-fold) significantly reduced (P<0.05, P<0.01 and P<0.001) 

desmoplakin-1 expression, however greatest down-regulation was associated with OK T. 

denticola exposure when compared with control (Figure 4.5c). 
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Overall, stimulation of oral keratinocytes with either HK or OK pathogens significantly 

down-regulated expression of EMT-related epithelial markers except for HK T. denticola 

which up-regulated E-cadherin expression. All OK pathogens induced early EMT-associated 

changes and could down-regulate E-cadherin expression more so than HK counterparts, 

therefore qRT-PCR analysis was continued for mesenchymal associated genes to further 

assess EMT induction. 
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a) b)  
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Figure 4.4: Gene expression ratios (relative to GAPDH) of epithelial markers for (a) E-

cadherin, (b) Cytokeratin 5 and (c) Desmoplakin-1 as determined by quantitative real-time PCR 

on day-8 H400 cultures challenged with heat-killed P. gingivalis, F. nucleatum and T. 

denticola. The values obtained from each sample were normalised to GAPDH. All cultures 

challenged with heat-killed bacteria significantly down-regulated expression of epithelial 

markers E-cadherin, Cytokeratin 5 and Desmoplakin-1 when compared with unstimulated 

cultures. However, heat-killed T. denticola resulted in significantly increased E-cadherin 

expression. Error bars shown are standard deviations and experiments were performed in 

triplicate, *** = P<0.001. 
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Figure 4.5: Gene expression ratios (relative to GAPDH) of epithelial markers for (a) E-

cadherin, (b) Cytokeratin 5 and (c) Desmoplakin-1 as determined by quantitative real-time PCR 

on day-8 H400 cultures challenged with oxygen-killed P. gingivalis, F. nucleatum and T. 

denticola. All cultures challenged with oxygen-killed bacteria significantly down-regulated 

expression of epithelial markers E-cadherin, Cytokeratin 5 and Desmoplakin-1 when compared 

with unstimulated cultures. The values obtained from each sample were normalised to GAPDH 

and error bars shown are standard deviations and experiments were performed in triplicate. * = 

P<0.05, ** = P<0.01 and *** = P<0.001. 
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4.3.2 Gene expression of mesenchymal markers in oral keratinocytes 

The up-regulated expression of N-cadherin and intermediate filament composition changes, 

where vimentin expression is increased enables cell motility and are key features of EMT 

(Huang, Guilford and Thiery, 2012). In addition, up-regulation of proteolytic enzymes such as 

MMP-9 can degrade extracellular matrix (ECM) components facilitating cell migration 

(Makela et al., 1994). Therefore, up-regulated expression of these markers would suggest 

induction of EMT and were therefore selected for qRT-PCR gene expression analysis after 8-

day exposure to HK and OK pathogens.  

 

4.3.2.1 Effects of pathogen exposure on mesenchymal marker gene expression 

Expression of N-cadherin was significantly up-regulated (P<0.001) with E. coli LPS (3.25 - 

8.6-fold) exposure in both experiments in comparison with media only control (Figures 4.6a 

and 4.7a). HK pathogens (1.42 - 6.75-fold) also significantly up-regulated (P<0.05 and 

P<0.001) N-cadherin expression, with greatest increase associated with HK F. nucleatum 

exposure when compared with media only control (Figure 4.6a). N-cadherin was also 

significantly up-regulated (P<0.05 and P<0.01) after OK pathogen exposure (2.16 - 4.33-fold) 

with OK T. denticola causing the highest increase (Figure 4.7a).  

 

Vimentin expression was also significantly up-regulated (P<0.05 and P<0.001) after E. coli 

LPS (1.6 - 1.74-fold) exposure in comparison with controls (Figures 4.6b and 4.7b). 

Similarly, vimentin was significantly up-regulated (P<0.001) with all HK pathogens (4.01 - 

6.12-fold) with HK F. nucleatum stimulation resulting in the highest level of up-regulation 

(Figure 4.6b). OK pathogens (2.45 - 7.63-fold) also significantly increased (P<0.05, P<0.01 
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and P<0.001) vimentin expression, however OK T. denticola was responsible for greatest up-

regulation in comparison with control (Figure 4.7b).  

 

E. coli LPS exposure (5.41 - 7.75-fold) presented significant up-regulation (P<0.001) of 

MMP-9 in both experiments in comparison with media only control (Figure 4.6c and 4.7c). 

MMP-9 was also significantly up-regulated (P<0.001) after HK pathogen exposure (3.73 - 

10.83-fold) with HK F. nucleatum being responsible for greatest up-regulation of MMP-9 

(Figure 4.6c). Stimulation by OK pathogens (6.1 - 11.16-fold) also significantly (P<0.001) 

increased MMP-9 expression with OK P. gingivalis exposure resulting in greatest up-

regulation in comparison with media only control (Figure 4.7c) 

 

Amongst the HK pathogens, HK F. nucleatum caused the greatest up-regulation of 

mesenchymal genes, whilst OK T. denticola proved most effective in up-regulating both N-

cadherin and vimentin amongst the OK pathogens. In conclusion, all HK and OK pathogens 

may induce EMT-associated phenotypic changes through up-regulated mesenchymal gene 

expression.  
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Figure 4.6: Gene expression ratios (relative to GAPDH) of mesenchymal markers for (a) N-

cadherin, (b) vimentin and (c) MMP-9 as determined by quantitative real-time PCR on day-8 

H400 cultures challenged with heat-killed P. gingivalis, F. nucleatum and T. denticola. All 

cultures challenged with heat-killed bacteria significantly up-regulated expression of 

mesenchymal markers N-cadherin, vimentin and MMP-9. The values obtained from each 

sample were normalised to GAPDH. Error bars shown are standard deviations and experiments 

were performed in triplicate. * = P<0.05 and *** = P<0.001. 
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Figure 4.7: Gene expression ratios (relative to GAPDH) of mesenchymal markers for (a) N-

cadherin, (b) vimentin and (c) MMP-9 as determined by quantitative real-time PCR on day-8 

H400 cultures challenged with oxygen-killed P. gingivalis, F. nucleatum and T. denticola. All 

cultures challenged with oxygen-killed bacteria significantly up-regulated expression of 

mesenchymal markers N-cadherin, vimentin and MMP-9. The values obtained from each 

sample were normalised to GAPDH and error bars shown are standard deviations. Experiments 

were performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001. 
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4.3.3 Gene expression of EMT-related transcription factors in oral keratinocytes 

The regulation of epithelial and mesenchymal genes is controlled by the activation or 

inactivation of EMT-related transcription factors. The activation of transcription factors snail-

1, snail-2 and twist-1 are commonly associated with regulating expression of many epithelial 

and mesenchymal related genes (Peinado, Olmeda and Cano, 2007). Therefore, these 

transcription factors were selected for qRT-PCR gene expression analysis in oral 

keratinocytes following HK and OK pathogen exposure. 

 

4.3.3.1 Effects of pathogen exposure on EMT-related transcription factor gene 

expression 

Snail-1 was significantly up-regulated (P<0.001) after E. coli LPS (3.44 - 7.16-fold) exposure 

in both experiments when compared with controls (Figures 4.8a and 4.9a). In addition, the 

HK pathogens T. denticola (36.97-fold) and F. nucleatum (13.33-fold) significantly up-

regulated (P<0.001) snail-1 expression, whilst exposure with HK P. gingivalis (0.22-fold) 

resulted in significant down-regulation of expression in comparison with media only control 

(P<0.001) (Figure 4.8a). However, all OK pathogens (3.11 - 4.54-fold) significantly up-

regulated (P<0.05 and P<0.01) snail-1 expression with highest up-regulation associated with 

OK F. nucleatum (Figure 4.9a).  

 

E. coli LPS exposure (1.64-fold) also significantly increased (P<0.05) snail-2 expression 

across both experiments in comparison with media only controls (Figures 4.8b and 4.9b). 

Snail-2 was significantly up-regulated (P<0.01 and P<0.001) with all HK pathogens (3.18 - 

6.49-fold) with P. gingivalis exposure resulting in greatest up-regulation when compared with 

media only (Figure 4.8b). The OK stimulant of T. denticola (3.1-fold) also significantly up-
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regulated (P<0.001) snail-2, whilst F. nucleatum exposure did not significantly up-regulate 

snail-2 when compared with control. However, OK P. gingivalis (0.53-fold) significantly 

down-regulated (P<0.05) snail-2 expression (Figure 4.9b).  

 

Twist-1 gene expression was significantly up-regulated (P<0.01 and P<0.001) after E. coli 

LPS (5.74-fold) exposure in comparison with media only control (Figure 4.8c and 4.9c). 

Twist-1 was significantly up-regulated (P<0.01 and P<0.001) with all HK pathogen exposures 

(5.01 - 9.76-fold) with highest up-regulation as a result of HK P. gingivalis exposure (Figure 

4.8c). All OK pathogens (1.02 - 9.3-fold) up-regulated twist-1 gene expression, however 

significant (P<0.001) and greatest up-regulation was associated with OK T. denticola 

exposure in comparison with media only control (Figure 4.9c).  

 

Stimulation of oral keratinocytes with all HK and OK pathogens up-regulated expression of 

all EMT-related transcription factors, except HK and OK P. gingivalis which presented down-

regulation of snail-1 and snail-2, respectively. In conclusion, HK and OK pathogens may 

induce EMT through up-regulated activity of key transcription factors.   
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Figure 4.8: Gene expression ratios (relative to GAPDH) of EMT-related transcription factors 

for (a) snail-1, (b) snail-2 and (c) twist-1 as determined by quantitative real-time PCR on day-

8 H400 cultures challenged with heat-killed P. gingivalis, F. nucleatum and T. denticola. The 

values obtained from each sample were normalised to GAPDH. All cultures challenged with 

heat-killed bacteria significantly up-regulated expression of snail-1, snail-2 and twist-1 when 

compared with unstimulated cultures. However, exposure with heat-killed P. gingivalis 

significantly decreased snail-1 expression. Error bars shown are standard deviations and 

experiments were performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001. 
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Figure 4.9: Gene expression ratios (relative to GAPDH) of EMT-related transcription factors 

for (a) snail-1, (b) snail-2 and (c) twist-1 as determined by quantitative real-time PCR on day-

8 H400 cultures challenged with oxygen-killed P. gingivalis, F. nucleatum and T. denticola. 

All cultures challenged with oxygen-killed bacteria up-regulated expression of snail-1, snail-2 

and twist-1 with T. denticola stimulation causing significant up-regulation of all three 

transcription factors in comparison with unstimulated cultures. However, exposure with 

oxygen-killed P. gingivalis significantly decreased snail-2 expression. The values obtained 

from each sample were normalised to GAPDH. Error bars shown are standard deviations and 

experiments were performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001. 
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4.3.4 Gene expression of EMT-inducing pro-inflammatory cytokines in oral 

keratinocytes 

Epithelial exposure to periodontal pathogens elicits a host-inflammatory response where pro-

inflammatory cytokines are released. The pro-inflammatory cytokines IL-1β, IL-8 and TGF-

β1 are associated with inducing EMT (see section 1.3.5), therefore gene expression of these 

cytokines was measured in oral keratinocytes after 8-day exposure to HK and OK pathogens. 

 

4.3.4.1 Effects of pathogen exposure on EMT- inducing pro-inflammatory cytokine gene 

expression 

IL-1β was significantly up-regulated (P<0.001) with E. coli LPS (8.18 - 8.25-fold) exposure 

in both experimental studies when compared with media only control (Figures 4.10a and 

4.11a). Exposure with all HK pathogens (3.63 - 5.99-fold) significantly up-regulated (P<0.01 

and P<0.001) IL-1β expression after 8-days stimulation (Figure 4.10a) with greatest up-

regulation associated with HK F. nucleatum exposure in comparison with media only control. 

Significant up-regulation (P<0.01) of IL-1β was also associated with OK T. denticola (3.67-

fold) exposure (Figure 4.11a).  

 

Expression of IL-8 after E. coli LPS (18.14 - 18.21-fold) exposure was significantly up-

regulated (P<0.001) in comparison with media only control (Figures 4.10b and 4.11b). The 

HK stimulants (2.22 - 7.6-fold) also significantly increased (P<0.05 and P<0.01) IL-8 

expression when compared with control and the greatest IL-8 increase amongst the HK 

pathogens was associated with P. gingivalis (Figure 4.10b). However, only the OK stimulant 

of T. denticola (25.11-fold) significantly increased (P<0.001) IL-8 gene expression (Figure 

4.11b). 
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E. coli LPS (2.12 - 2.18-fold) exposure also significantly up-regulated (P<0.05 and P<0.01) 

expression of TGF-β1 after 8-days stimulation in comparison with control (Figures 4.10c and 

4.11c). TGF-β1 was also significantly up-regulated (P<0.05, P<0.01 and P<0.001) with all 

HK pathogen exposures (1.26 - 2.94-fold) with greatest increase associated with HK P. 

gingivalis (Figure 4.10c). However, only OK pathogens T. denticola (6.58-fold) (P<0.001) 

and F. nucleatum (1.54-fold) (P<0.05) significantly up-regulated TGF-β1 expression in 

comparison with media only control (Figure 4.11c).  

 

Gene expression of the pro-inflammatory cytokines IL-1β, IL-8 and TGF-β1 were all up-

regulated in both HK and OK pathogen exposed cultures apart from OK P. gingivalis which 

down-regulated IL-1β and TGF-β1 expression. OK T. denticola was responsible for greatest 

up-regulation of IL-8 and TGF-β1 amongst all HK and OK pathogens. In conclusion, HK 

pathogens or OK F. nucleatum and T. denticola induced up-regulated pro-inflammatory 

cytokine gene expression possibly leading to increased pro-inflammatory cytokine release, 

which may have facilitated induction of EMT. To further confirm this, oral keratinocytes were 

exposed to HK and OK pathogens and amount of secreted IL-1β, IL-8 and TGF-β1 were 

measured by ELISAs.  
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Figure 4.10: Gene expression ratios (relative to GAPDH) of pro-inflammatory cytokines for 

(a) IL-1β, (b) IL-8 and (c) TGF-β1 as determined by quantitative real-time PCR on day-8 H400 

cultures challenged with heat-killed P. gingivalis, F. nucleatum and T. denticola. All cultures 

challenged with heat-killed bacteria significantly up-regulated expression of IL-1β, IL-8 and 

TGF-β1 when compared with unstimulated cultures. The values obtained from each sample 

were normalised to GAPDH. Error bars shown are standard deviations and experiments were 

performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001. 
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Figure 4.11: Gene expression ratios (relative to GAPDH) of pro-inflammatory cytokines for 

(a) IL-1β, (b) IL-8 and (c) TGF-β1 as determined by quantitative real-time PCR on day-8 H400 

cultures challenged with oxygen-killed P. gingivalis, F. nucleatum and T. denticola. Cultures 

challenged with oxygen-killed T. denticola significantly up-regulated expression of IL-1β, IL-

8 and TGF-β1 when compared with unstimulated cultures, whilst oxygen-killed F. nucleatum 

only significantly up-regulated TGF-β1 expression. The values obtained from each sample were 

normalised to GAPDH. Error bars shown are standard deviations and experiments were 

performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001. 
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4.4 Pro-inflammatory cytokine expression by Enzyme-linked immunosorbent assay  

It has been noted that patients with periodontitis exhibit elevated levels of IL-1β, IL-8 and 

TGF-β1, which are key cytokines involved in the initiation of EMT (see section 1.3.5). Data 

here showed gene transcripts of these cytokines to be increased in epithelial cells after 

exposure to HK and OK pathogens (see section 4.3.4.1). This may have translated into 

increased cytokine secretion, therefore ELISAs were utilised to measure cytokine levels in 

collected supernatants from cultures stimulated by HK and OK pathogens. The cytokine 

levels presented for media only and E. coli LPS for each cytokine were kept constant, as 

ELISAs were performed collectively with all HK and OK pathogens.  

 

4.4.1 Analysis of IL-1β secretion 

IL-1β secretion was significantly increased (P<0.001) in cultures exposed to HK P. gingivalis 

(4.19 pg/ml) after 1-day stimulation when compared with media only (3.73 pg/ml) and OK P. 

gingivalis (3.68 pg/ml) stimulated cultures (Figure 4.12a). On day 5, all stimulated cultures 

significantly up-regulated (P<0.05 and P<0.001) IL-1β secretion when compared with 

unstimulated cultures, with E. coli LPS (5.28 pg/ml) resulting in the highest level of IL-1β 

secretion followed by HK P. gingivalis (4.11 pg/ml) and OK P. gingivalis (4.05 pg/ml). This 

was also observed on day 8, where E. coli LPS (8.2 pg/ml), OK P. gingivalis (6.85 pg/ml) and 

HK P. gingivalis (5.35 pg/ml) exposure significantly increased (P<0.001) IL-1β secretion in 

comparison with media only (4.17 pg/ml). Also, OK P. gingivalis resulted in significantly 

increased IL-1β secretion when compared with its HK stimulant after 8-days exposure 

(P<0.001) (Figure 4.12a).   

 

HK and OK F. nucleatum significantly induced IL-1β secretion on day 1 when compared with 

unstimulated cultures (P<0.001), with OK F. nucleatum resulting in 6.08 pg/ml secretion 
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compared with 6.06 pg/ml after HK F. nucleatum exposure (Figure 4.12b). On day 5 IL-1β 

levels (P<0.001) were still significantly greater in OK F. nucleatum (7.02 pg/ml) and HK F. 

nucleatum (6.75 pg/ml) exposed cultures in comparison with cultures in media only (3.81 

pg/ml). Also, this secretion was significantly higher in cultures treated with OK F. nucleatum 

compared with its HK analogue (P<0.05). Significant levels (P<0.001) of IL-1β were also 

detected on day 8 after stimulation with HK (21.57 pg/ml) and OK F. nucleatum (17.04 

pg/ml) when compared with unstimulated cultures (4.17 pg/ml). The HK stimulant of F. 

nucleatum however, resulted in significantly greater IL-1β secretion compared with its OK 

stimulant (P<0.001) (Figure 4.12b).  

 

On day 1, cultures stimulated with HK (3.94 pg/ml) (P<0.01) and OK T. denticola (4.51 

pg/ml) (P<0.001) significantly induced IL-1β secretion in comparison with cultures in media 

only (Figure 4.12c). This increased secretion was also significantly higher with OK T. 

denticola stimulation compared with its HK stimulant (P<0.001). After 5-days stimulation, 

IL-1β secretion was significantly reduced with HK T. denticola (3.3 pg/ml) (P<0.001) 

exposure and significantly increased with OK T. denticola (5.39 pg/ml) (P<0.001) exposure 

when compared with media only (3.81 pg/ml). Also, OK T. denticola exposure resulted in 

significantly higher IL-1β secretion in comparison with its HK stimulant (P<0.001). On day 8, 

IL-1β levels were significantly greater in OK T. denticola (19.52 pg/ml) challenged cultures 

compared with cultures in media only (P<0.001) and cultures exposed to HK T. denticola 

(4.29 pg/ml) (P<0.001) (Figure 4.12c).  

 

All stimulated cultures increased IL-1β secretion after 8-days exposure with greatest secretion 

detected after HK F. nucleatum exposure and least after HK P. gingivalis exposure. OK 
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stimulants of P. gingivalis and T. denticola significantly increased IL-1β secretion when 

compared with their HK stimulants. In conclusion, oxygen-killed bacteria may stimulate 

greater IL-1β cytokine release when compared with heat-killed bacteria, possibly leading to 

greater induction of EMT.   
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a)                                                                       b)  
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Figure 4.12: H400 cultures challenged with E. coli LPS, (a) heat and oxygen-killed P. 

gingivalis, (b) heat and oxygen-killed F. nucleatum, (c) heat and oxygen-killed T. denticola for 

IL-1β ELISA analysis on supernatants collected on day 1, 5 and 8. All cultures challenged with 

pathogens showed significantly increased IL-1β secretion after 8-days exposure except heat-

killed T. denticola when compared with media only control. Error bars shown are standard 

deviations and n=9. * = P<0.05 and *** = P<0.001. Significance was tested using one-way 

ANOVA followed by a post-hoc Tukey test. 
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4.4.2 Analysis of IL-8 secretion 

After 1 day stimulation E. coli LPS significantly increased IL-8 secretion when compared 

with unstimulated cultures (P<0.001) (Figure 4.13a). On day 5, E. coli LPS (7.54 µg/ml) and 

both HK P. gingivalis (5.39 µg/ml) and OK P. gingivalis (7.3 µg/ml) exposed cultures 

significantly increased IL-8 secretion (P<0.001) in comparison with unstimulated cultures. 

This secretion was significantly greater amongst cultures stimulated with OK P. gingivalis 

compared with its HK stimulant (P<0.001). After 8-days, E. coli LPS (8.66 µg/ml), HK (8.49 

µg/ml) and OK P. gingivalis (7.34 µg/ml) exposure increased IL-8 secretion, with E. coli LPS 

and HK P. gingivalis resulting in significant release (P<0.001) when compared with cultures 

in media only (Figure 4.13a). 

 

HK and OK F. nucleatum also significantly induced a greater IL-8 secretion on day 5 when 

compared with unstimulated cultures (P<0.001). IL-8 secretion was also significantly higher 

(P<0.001) in HK F. nucleatum challenged cultures (4.57 µg/ml) when compared with the OK 

stimulant (2.28 µg/ml) on day 5 (Figure 4.13b). However, on day 8 cultures stimulated with 

OK F. nucleatum resulted in greater IL-8 secretion of 6.91 µg/ml compared with 5.46 µg/ml 

secretion after HK F. nucleatum challenge.  

 

On day 5, cultures stimulated with OK T. denticola (0.47 µg/ml) resulted in greater IL-8 

secretion when compared with media only control (0.12 µg/ml), whereas HK T. denticola 

(0.11 µg/ml) exposure non-significantly decreased secretion. On day 8 however, IL-8 

secretion was increased by both HK and OK T. denticola when compared with unstimulated 

cultures. Also, the HK analogue (7.98 µg/ml) resulted in significantly greater IL-8 secretion 

compared with the OK stimulant of T. denticola (5.53 µg/ml) (P<0.001) (Figure 4.13c).  
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In general, IL-8 release was increased after 8-days stimulation with pathogens, with HK P. 

gingivalis exposure resulting in greatest secretion and lowest after HK F. nucleatum challenge 

amongst the HK and OK pathogens used. Therefore, increased secretion of IL-8 after 

pathogen exposure may be responsible for triggering EMT-related responses in oral 

keratinocytes.  
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Figure 4.13: H400 cultures challenged with E. coli LPS, (a) heat and oxygen-killed P. 

gingivalis, (b) heat and oxygen-killed F. nucleatum, (c) heat and oxygen-killed T. denticola for 

IL-8 ELISA analysis on supernatants collected on day 1, 5 and 8. All pathogen stimulated 

cultures showed increased IL-8 secretion after 8-days when compared with media only control. 

Error bars shown are standard deviations and n=9. * = P<0.05 , ** = P<0.01 and *** = P<0.001. 

Significance was tested using one-way ANOVA followed by a post-hoc Tukey test. 
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4.4.3 Analysis of TGF-β1 secretion 

TGF-β1 secretion was significantly increased (P<0.001) in cultures exposed to OK P. 

gingivalis (15.29 ng/ml) after 1 day stimulation when compared with media only (6.43 ng/ml) 

(Figure 4.14a). Also, detection of TGF-β1 in cultures exposed to the OK stimulant of P. 

gingivalis was significantly higher than its HK stimulant (4.68 ng/ml) (P<0.001). After 5-

days, TGF-β1 levels were still significantly higher in OK P. gingivalis exposed cultures 

(13.52 ng/ml) (P<0.001) in comparison with control (P<0.001) and HK P. gingivalis 

(P<0.001). TGF-β1 levels were also still raised after E. coli LPS (13 ng/ml) exposure and 

significantly more than cultures in media only (P<0.001). HK P. gingivalis also raised TGF-

β1 (6.36 ng/ml) levels in cultures after 5-day stimulation. Levels of TGF-β1 were still 

significantly raised (P<0.001) in cultures exposed to OK P. gingivalis (8.07 ng/ml) and E. coli 

LPS (5.83 ng/ml) after 8-days stimulation in comparison with media only (3.08 ng/ml). These 

TGF-β1 levels were also significantly higher in cultures exposed to the OK analogue of P. 

gingivalis when compared with its HK stimulant (3.42 ng/ml) (P<0.001) (Figure 4.14a).    

 

TGF-β1 levels detected in cultures exposed to HK (9.04 ng/ml) and OK F. nucleatum (168.69 

ng/ml) were significantly raised after 1 day exposure in comparison with media only 

(P<0.001) (Figure 4.14b). After 5-days these TGF-β1 levels were still significantly higher in 

cultures exposed to HK (10.98 ng/ml) (P<0.01) and OK F. nucleatum (126.57 ng/ml) 

(P<0.001) when compared with cultures in media only (4.91 ng/ml). On day 8, TGF-β1 levels 

were still significantly higher (P<0.001) in comparison with media only after HK (34.4 ng/ml) 

and OK F. nucleatum (187.17 ng/ml) exposure. In addition, exposure to the OK analogue of F. 

nucleatum resulted in significantly higher (P<0.001) TGF-β1 levels when compared with its 

HK stimulant across all days (Figure 4.14b).  
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Similarly, TGF-β1 levels were significantly raised (P<0.001) after exposure to HK (18.28 

ng/ml) and OK T. denticola (61.76 ng/ml) in comparison with media only on day 1 (Figure 

4.14c). After 5 days these levels were still significantly higher (P<0.001) in HK (45.68 ng/ml) 

and OK T. denticola (60.59 ng/ml) cultures compared with media only (4.91 ng/ml). The 

TGF-β1 levels detected after 8-days exposure showed similar findings where HK (48.48 

ng/ml) and OK T. denticola (50.65 ng/ml) significantly raised levels compared with cultures 

in media only (3.08 ng/ml) (P<0.001). Like OK P. gingivalis and OK F. nucleatum, the OK 

stimulant of T. denticola significantly increased TGF-β1 levels when compared with its HK 

analogue for all days except day 8.  

 

TGF-β1 levels were raised in all stimulated cultures after 8-days exposure in comparison with 

media only and greatest increase was associated with OK F. nucleatum exposure, whilst the 

least was with HK P. gingivalis exposure. OK analogues of P. gingivalis and F. nucleatum 

were able to significantly induce greater TGF-β1 secretion in comparison with HK stimulants 

across all days. This could have suggested greater EMT-related responses initiated by OK P. 

gingivalis and F. nucleatum, possibly through the activation of TGF-β mediated pathways.  
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Figure 4.14: H400 cultures challenged with E. coli LPS, (a) heat and oxygen-killed P. 

gingivalis, (b) heat and oxygen-killed F. nucleatum, (c) heat and oxygen-killed T. denticola for 

TGF-β1 ELISA analysis on supernatants collected on day 1, 5 and 8. All cultures challenged 

with pathogens showed significantly increased TGF-β1 secretion after 8-days except HK P. 

gingivalis when compared with media only control. All oxygen-killed pathogens resulted in 

greater TGF-β1 secretion across all days when compared with cultures challenged by heat-

killed stimulants. Error bars shown are standard deviations and n=9. * = P<0.05, ** = P<0.01 

and *** = P<0.001. Significance was tested using one-way ANOVA followed by a post-hoc 

Tukey test. 
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4.5 Immunofluorescence for E-cadherin, Vimentin and Snail-1 proteins in oral 

keratinocytes after stimulation with heat and oxygen-killed pathogens 

Previous data in the present study has shown that HK and OK periodontal pathogens can alter 

gene expression of E-cadherin (see section 4.3.1.1), vimentin (see section 4.3.2.1) and snail-1 

(see section 4.3.3.1), in relation to EMT. As proteins affect cell function, immunofluorescence 

staining was utilised on oral keratinocytes cultures to detect protein expression and 

localisation of these markers after 8-day exposure to HK and OK pathogens. 

 

4.5.1 Effects of heat and oxygen-killed pathogens on E-cadherin, Vimentin and Snail-1 

protein expression in oral keratinocytes 

The epithelial marker E-cadherin was expressed in oral keratinocyte cultures in media only 

but lacked expression of the mesenchymal markers vimentin and snail-1 which is expected of 

epithelial cells (Figure 4.15a). However, E. coli LPS exposure caused decreased E-cadherin 

expression and increased expression of the mesenchymal markers vimentin and snail-1 

(Figure 4.15b). In addition, both HK and OK analogues of P. gingivalis, F. nucleatum and T. 

denticola increased the expression of vimentin and snail-1 after 8-days exposure (Figure 4.15 

c-h) ii) and iii)). Expression of E-cadherin was also down-regulated in all stimulated cultures, 

except for cultures exposed to HK and OK P. gingivalis and OK F. nucleatum. The 3T3 

fibroblast cell line is a mesenchymal cell line which was used as an additional positive control 

in this study. IF staining of this cell line showed expression of vimentin covering the 

cytoplasm and snail-1 expression in the nucleus of all cells, however E-cadherin was not 

expressed (Figure 4.15j). The distribution of vimentin was similar in all challenged cultures 

except for OK T. denticola which had a vimentin distribution similar to 3T3 fibroblasts. 

Snail-1 distribution was similar in HK P. gingivalis and F. nucleatum stimulated cultures 
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where staining covered a large circular area and this was also observed in 3T3 fibroblasts. 

However, OK P. gingivalis and F. nucleatum exposure resulted in snail-1 being localised at 

multiple sites within a cell (Figure 4.15 d and f) iii)). However stimulation with E. coli LPS 

and OK T. denticola exhibited both snail-1 structures with snail-1 being localised at more 

sites after OK T. denticola exposure (Figure 4.15 b and h) iii)). 

 

Data here indicated that exposure of epithelial cells to HK and OK periodontal pathogens 

could up-regulate expression of the cytoskeletal marker vimentin and also increase expression 

of the key EMT-related transcriptional factor snail-1. However, exposure to E. coli LPS, OK 

P. gingivalis, F. nucleatum and T. denticola showed snail-1 to be localised at multiple sites in 

comparison with the mesenchymal 3T3 cell line. Therefore, the location of snail-1 in oral 

keratinocytes after exposure to OK T. denticola was further explored.  
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Figure 4.15: Representative IF images of day-8 H400 cell cultures stained for (i) E-cadherin, 

(ii) Vimentin and (iii) Snail-1 after exposure to (a) media only, (b) E. coli LPS, (c) – (d) heat 

and oxygen killed P. gingivalis, (e) – (f) F. nucleatum and (g) – (h) T. denticola. (j) 3T3 

fibroblast cells were also stained and used as a positive control. E-cadherin expression was 

down-regulated in all stimulated cultures except after heat-killed and oxygen-killed P. 

gingivalis and oxygen-killed F. nucleatum exposure. Expression of the mesenchymal markers 

snail-1 and vimentin was greater in cell cultures challenged with heat and oxygen-killed 

bacteria when compared with media only control. Images displayed are representative of 

experiments performed in triplicate. Scale bars = 20 µm. 
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4.5.1.1 Localisation of Snail-1 in oral keratinocytes after oxygen-killed T. denticola 

exposure 

Snail-1 was expressed differently in oral keratinocytes after exposure to E. coli LPS, OK P. 

gingivalis, F. nucleatum and T. denticola where snail-1 was distributed in many localised sites 

within the cell (see Figure 4.15 iii)). This was more prevalent in cultures which were exposed 

to T. denticola, therefore the localisation of snail-1 in epithelial cells after OK T. denticola 

exposure was further investigated. Nuclear staining using DAPI with snail-1 staining of oral 

keratinocytes after OK T. denticola challenge revealed that snail-1 was localised in the 

nucleus. Interestingly, snail-1 seemed to be present in the nucleoli represented by the dark 

voids of the nuclei stained with DAPI. This was further confirmed by staining for upstream 

binding factor-1 (UBF-1) which stains the UBF protein found in nucleolar organizer regions 

(NORs) of the nucleolus. Staining with UBF-1 revealed that snail-1 was co-localised in the 

nucleolus of oral keratinocytes after exposure to OK T. denticola for 8-days (Figure 4.16).  
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Figure 4.16: (i) DAPI, (ii) snail-1 and (iii) upstream binding factor-1 (UBF-1) 

immunofluorescent staining of H400 cells to determine localisation of snail-1 after 8 days 

challenge with (a) oxygen-killed T. denticola. Upstream binding factor-1 (UBF-1) stains the 

UBF protein which binds nucleolus organizer regions (NOR) which is key for nucleolus 

formation. Snail-1 and UBF-1 staining of oral keratinocytes shows that the key EMT 

transcription factor snail-1 was localised at NORs in the nucleolus after 8-days challenge with 

oxygen-killed T. denticola. Images displayed are representative of experiments performed in 

triplicate. Scale bars = 20 µm. 
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4.6 Cell migration of oral keratinocytes after exposure to heat and oxygen-killed 

periodontal pathogens 

The down-regulation of cell-cell adhesion molecules, including E-cadherin and desmoplakin 

and replacement of keratin with vimentin aids cell motility, which is associated with EMT. As 

EMT advances, cells gain migratory properties, therefore the migratory ability of H400 cells 

was initially assessed in cultures challenged to HK P. gingivalis and F. nucleatum by utilising 

a scratch wound migration assay.  

 

4.6.1 Optimising mitomycin C concentration for inhibition of proliferation  

To measure wound migration, it is important to also inhibit cell proliferation as wound 

closure may also be caused by increased cell proliferation (Leoni et al., 2015). A commonly 

used inhibitor of proliferation is mitomycin C (MMC), which acts by inhibiting DNA 

synthesis (Grada et al., 2017), this was applied to oral keratinocytes prior to assessing the 

wound migratory ability of cells exposed to pathogens. However, the optimum MMC 

concentration for use on H400 cells needed to be established due to reported epithelial cell 

toxicity at higher concentrations (Kabiri et al., 2019; Varankar and Bapat, 2018). The MMC 

concentrations of 2, 4, 6, 8 and 10 µg/ml were initially selected and applied to H400 cells for 

2 hours and cell toxicity assessed by measuring cell viability using the Trypan blue exclusion 

viability assay.  

 

4.6.1.1 Effects of increasing mitomycin C concentration on epithelial cell viability 

Cell viability was not significantly decreased in cultures exposed to 2-8 µg/ml MMC (97.48% 

- 98.1%) but increasing to 10 µg/ml (89.11%) resulted in a significant decrease (P<0.001) of 

the percentage of viable cells in comparison with cultures in media only (Figure 4.17a). This 
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was further confirmed in representative light microscope images where there was increased 

presence of dead cells after 10 µg/ml MMC treatment as distinguished by rounded up 

morphology and detachment from cell culture substrate (Figure 4.17b). As 8 µg/ml was the 

highest MMC concentration identified that did not reduce oral keratinocyte viability, it was 

used in subsequent experiments to inhibit proliferation so cell migratory ability could be 

assessed in pathogen stimulated cultures.  
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Figure 4.17: Oral keratinocyte cultures treated with 2, 4, 6, 8 and 10 µg/ml mitomycin C 

(MMC) for 2 hours and (a) percentage cell viability assessed to determine optimum MMC 

concentration to inhibit proliferation without causing cell toxicity. Cultures treated with 10 

µg/ml resulted in significant decrease in % cell viability when compared with media only 

control. (b) Cell culture images captured after 2 hours treatment with varying concentration of 

MMC and images were captured using an inverted Zeiss Primovert microscope. Images 

displayed are representative of experiments performed in triplicate. *** = P<0.001 and scale 

bars = 100 µm. 

M
ed

ia
 o

nl
y

2 
ug

/m
l

4 
ug

/m
l

6 
ug

/m
l

8 
ug

/m
l

10
 u

g/
m

l

0

20

40

60

80

100

120

Day 8 

%
 C

e
ll
 V

ia
b

il
it

y

Media only 2 mg/ml 4 mg/ml

6 mg/ml 8 mg/ml 10 mg/ml

***



 198 

4.6.2 Cell migration of oral keratinocytes after heat-killed P. gingivalis and F. nucleatum 

exposure using scratch wound assay  

 

The scratch wound assay is a commonly used technique to measure the cell migratory ability 

of cells (Liang, Park and Guan, 2007). As the assay requires a mechanical scratch with a 

pipette tip it is a relatively resource-free method, however it necessitates the need for a steady 

hand to create a consistent equal sized gap. The assay is a straightforward and economical 

method to study cell migration and was therefore initially chosen to investigate cell migration 

of oral keratinocytes exposed to HK P. gingivalis and F. nucleatum.  

 

4.6.2.1 Analysis of oral keratinocyte wound gap closure after heat-killed pathogen 

exposure  

The cell free gap areas at 0 hours showed varying measurements (1,199,000 – 1,872,000 

square pixels) between cultures with significant differences (P<0.001) when compared with 

media only (1,461,000 square pixels) (Figure 4.18a) and these differences in wound areas 

were also visible in the scratch wound images (Figure 4.18b). This showed that producing a 

consistent cell free gap using the scratch method to assess cell migration was unreliable.  

 

The scratch wound assay produced inconsistent initial cell-free gap areas in cultures, meaning 

it would be difficult to distinguish if changes in wound gap areas are due to increased cell 

migration brought on by pathogen stimulation or because of a smaller initial gap area. 

Therefore, another method to measure cell migration was investigated, where a consistent cell 

free gap area can be produced so any observed reductions in wound gap area would be due to 

increased cell migration. 
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Figure 4.18: (a) Wound gap closure areas over 24 hours of H400 cell cultures after 8 days 

stimulation with heat-killed P. gingivalis, F. nucleatum and E. coli LPS. Cells were treated with 

mitomycin c (8ug/ml) for 2 hours before a scratch wound was introduced manually using a 10µl 

pipette tip and (b) images captured at 0, 12 and 24 hours. Initial wound gap areas at 0 hrs were 

significantly different in comparison with media only meaning that scratch wounds produced 

were inconsistent and any cell migration observed would be unreliable. Error bars shown are 

standard deviations and n=4. *** = P<0.001 and scale bars = 100 µm.  
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4.6.3 Cell migration of oral keratinocytes after heat and oxygen-killed pathogen 

exposure using Ibidi 2-well culture insert method  

The Ibidi 2-well culture insert has been widely used to produce consistent wound gap areas 

for the analysis of cell migration (Fukuda et al., 2019; Liu et al., 2018; Mohan et al., 2018). 

Therefore, it was also employed in this study to overcome the inconsistency issue faced with 

producing wound gap areas by manual means of a scratch. Consistent wound gap areas were 

produced by Ibidi inserts and oral keratinocyte cell migration was assessed over 48 hours after 

being initially stimulated with E. coli LPS, HK or OK periodontal pathogens for 8-days. 

 

4.6.3.1 Analysis of oral keratinocyte wound gap closure after heat-killed and oxygen-

killed pathogen exposure  

The stimulation of oral keratinocyte cultures with pathogens increased the migratory ability of 

cells as seen by greater wound gap closure at all time points (Figure 4.19). The percentage 

wound gap area at 0 hours was calculated in relation to total area and values were similar to 

each other (18.51-20.43%) with non-significant differences indicating that the culture inserts 

produced consistent 500 µm gaps and any significant changes observed in gap closure would 

therefore be pathogen related. Wound closure at subsequent time points 12, 24 and 48 hours 

was greater in all stimulated cultures compared with media only control. After 48 hours, 

wound gap closure was significantly increased (P<0.05 and P<0.001) in all stimulated 

cultures (45% - 56.15%) except in OK P. gingivalis (42.81%) and HK F. nucleatum (39.53%) 

exposed cultures where wound gap closure was not significantly increased in comparison with 

media only control (32.92%). The greatest oral keratinocyte wound gap closure was 

associated with cultures exposed to OK T. denticola (56.15%) and least with HK F. 

nucleatum after 48 hours (Figure 4.19).  
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The wound gap closure between cultures stimulated with HK and OK stimulants of the same 

bacteria were then compared with cultures in media only and E. coli LPS controls to see if 

type of bacterial killing altered cell migratory ability. Wound gap closure values in media 

only cultures and E. coli LPS exposed cultures were the same in Figures 4.20, 4.21 and 4.22 

as data was collected at the same time. Wound gap closure of cultures stimulated with HK P. 

gingivalis (54.45%) were significantly greater (P<0.05) in comparison with its OK stimulant 

(42.81%) 48 hours post insert removal (Figure 4.20b). However, wound gap closure in 

cultures exposed to OK F. nucleatum (45%) was not significantly greater after 48 hours in 

comparison with cultures exposed to its HK equivalent (39.53%) (Figure 4.21b). The OK 

stimulant (56.15%) of T. denticola however, significantly increased (P<0.05) wound gap 

closure after 48 hours in comparison with its HK equivalent (46.68%) (Figure 4.22b). 

 

Oral keratinocyte migration increased after stimulation by HK and OK pathogens with 

greatest wound gap closure occurring following OK T. denticola stimulation in comparison 

with all HK and OK pathogens. The OK stimulant of T. denticola appeared to be more 

effective in promoting cell migration in comparison with its HK stimulant, but the converse 

was true for P. gingivalis where the HK stimulant was more effective than its OK equivalent. 

Overall, cell migration associated with EMT could be induced by HK and OK periodontal 

pathogens with the type of killed pathogen differentially inducing cell migration.  
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Figure 4.19: Percentage wound gap closure over 48 hours of H400 cells after 8 days stimulation 

with heat-killed and oxygen-killed P. gingivalis, F. nucleatum, T. denticola and E. coli LPS. 

Cultures stimulated with the heat-killed P. gingivalis and T. denticola and oxygen-killed F. 

nucleatum and T. denticola and E. coli LPS significantly increased wound gap closure, with 

oxygen-killed T. denticola resulting in greatest gap closure in comparison with media only after 

48 hours. Error bars shown are standard deviations and n=3. * = P<0.05, ** = P<0.01 and *** 

= P<0.001. 
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Figure 4.20: H400 cultures were stimulated for 8-days with heat-killed and oxygen-killed P. 

gingivalis and E. coli LPS prior to assessing cell migration. (a) Captured images of H400 cell 

migration at 0, 12, 24 and 48 hours post insert removal and (b) Percentage wound gap closure 

at 0, 12, 24 and 48 hours calculated by measuring wound gap area using ImageJ analysis. Heat-

killed P. gingivalis challenged cultures resulted in significantly increased cell migration when 

compared with cultures challenged with oxygen-killed P. gingivalis after 48 hours. Error bars 

shown are standard deviations. Images displayed are representative of experiments performed 

in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001 and scale bars = 500 µm. 



 204 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 

 

 

 

b) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 4.21: H400 cultures were stimulated for 8-days with heat-killed and oxygen-killed F. 

nucleatum and E. coli LPS prior to assessing cell migration. (a) Captured images of H400 cell 

migration at 0, 12, 24 and 48 hours post insert removal and (b) Percentage wound gap closure 

at 0, 12, 24 and 48 hours calculated by measuring wound gap area using ImageJ analysis. 

Oxygen-killed F. nucleatum challenged cultures resulted in non-significant increase in cell 

migration when compared with heat-killed F. nucleatum exposed cultures after 48 hours. Error 

bars shown are standard deviations. Images shown are representative of experiments performed 

in triplicate. * = P<0.05 and *** = P<0.001. Scale bars = 500 µm. 
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Figure 4.22: H400 cultures were stimulated for 8-days with heat-killed and oxygen-killed T. 

denticola and E. coli LPS prior to assessing cell migration. (a) Captured images of H400 cell 

migration at 0, 12, 24 and 48 hours post insert removal and (b) Percentage wound gap closure 

at 0, 12, 24 and 48 hours calculated by measuring wound gap area using ImageJ analysis. 

Oxygen-killed T. denticola stimulation resulted in increased cell migration across all time 

points, with significant increase occurring after 48 hours when compared with its heat-killed 

equivalent. Error bars shown are standard deviations. Images displayed are representative of 

experiments performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001 and scale bars 

= 500 µm. 



 206 

4.7 Trans-epithelial electrical resistance of oral keratinocyte monolayers after heat and 

oxygen-killed pathogen exposure 

 

During EMT, epithelial cells lose cell-cell adhesions through down-regulation of tight 

junctions, adherens junctions and desmosomes (Lamouille, Xu and Derynck, 2014). This 

study has shown that most HK and OK pathogens could down-regulate the gene transcripts of 

E-cadherin and desmoplakin-1 (see section 4.3.1.1). TEER is a routinely employed technique 

to measure electrical resistance across an epithelial monolayer, with these values being strong 

indicators of epithelial barrier integrity (Srinivasan et al., 2015). Therefore, TEER was used to 

measure electrical resistance in oral keratinocyte monolayers stimulated with HK and OK 

pathogens for 8-days. 

 

4.7.1 Effects of pathogen exposure on trans-epithelial electrical resistance in oral 

keratinocyte monolayers 

TEER analysis was initially performed on cultures using the model developed in this study 

where culture media was not changed throughout the 8-day period and was initially tested on 

a range of cell seeding densities. TEER decreased as the number of days increased in all 

cultures and greater TEER readings were associated with higher cell seeding densities across 

all days (Figure 4.23a). It was observed that media levels were reduced in all tissue culture 

inserts as the days progressed possibly due to media consumption by cells. This suggested 

that media levels affect TEER and levels needed to be kept constant to avoid disparity and to 

determine true effect of pathogens on TEER. Therefore, another model was investigated 

where media was replaced in the insert and wells every 2-days to keep media levels 

consistent. Replacing media every 2-days resulted in a general increase in TEER in all 

cultures which was expected due to increase in cell growth (Figure 4.23b). Therefore, for 
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ongoing experiments with HK and OK pathogen exposure, media was replaced and pathogens 

added simultaneously every 2 days. 

 

Cell cultures challenged with HK pathogens decreased TEER across all days in comparison 

with media only, apart from HK F. nucleatum on day 4 and E. coli LPS on day 6, where an 

increase was noticed. Significant decrease in TEER readings were associated with HK T. 

denticola exposure (46 Ω) (P<0.01) on day 2 and HK F. nucleatum exposure (155.78 Ω) 

(P<0.05) on day 8 in comparison with media only (Figure 4.24a). Interestingly, lowest TEER 

in cultures was related to HK T. denticola exposure in 4 of the 7 days tested. Similarly, OK 

pathogens also reduced TEER at all days with all stimulated cultures significantly decreasing 

resistance on days 2 and 7 (P<0.01 and P<0.001) in comparison with media only. 

Interestingly, OK F. nucleatum was responsible for lowest TEER in 4 days of the 7 days 

tested. After 8-days stimulation, significant reductions in resistance were associated with OK 

P. gingivalis (306.61 Ω) (P<0.05) and F. nucleatum (258.78 Ω) (P<0.001) exposure when 

compared with cultures in media only (435.44 Ω) (Figure 4.24b).  

 

Stimulation of oral keratinocytes with HK and OK pathogens decreased TEER in all cultures 

when compared with unstimulated cultures. This suggested that periodontal pathogens could 

have compromised epithelial barrier integrity possibly through loss of epithelial cell-cell 

contacts, which promoted EMT.  
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Figure 4.24: Trans-epithelial electrical resistance (TEER) readings from day 2-8 of oral 

keratinocyte monolayers challenged with (a) heat-killed P. gingivalis, F. nucleatum and T. 

denticola and (b) oxygen-killed P. gingivalis, F. nucleatum and T. denticola. TEER readings 

significantly decreased after heat-killed T. denticola exposure on day 2 and heat-killed F. 

nucleatum on day 8. All oxygen-killed bacteria resulted in decreased TEER readings across all 

days with significant decrease occurring with all pathogens on days 2 and 7 when compared 

with unstimulated cultures. Error bars shown are standard deviations and experiments 

performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001. 
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4.8 Discussion 

4.8.1 Effect of heat and oxygen-killed pathogens on epithelial cell growth and viability 

As shown in Figures 4.1 and 4.2, HK and OK P. gingivalis and F. nucleatum did not 

significantly alter cell number after the 8-day experimental period, although there were 

significant increases in cell number on day 6 and 7 with HK and OK P. gingivalis. This may 

have been due to P. gingivalis enhancing cell division through the S-phase in epithelial cells 

which would lead to increased epithelial cell proliferation ultimately leading to greater cell 

number (Kuboniwa et al., 2008). However, these effects maybe be short-lived as cell numbers 

were not significantly higher at the end of the experimental period. It was also observed that 

cell number increase was less leading up to the end of the experimental period and this may 

be due to reduced area in the well brought about by increased cell number. This decrease in 

well area would mean there is not sufficient room for cells to grow and expand, therefore 

leading to reduced growth near the end of the experimental period.    

 

The effects of OK F. nucleatum on cell growth have not been previously reported but HK F. 

nucleatum has previously shown to reduce cell number in oral keratinocytes after 5-days 

stimulation (Abdulkareem et al., 2018), which was also observed at days 6, 7 and 8 in this 

study (Figure 4.2). A previous study has also shown F. nucleatum to down-regulate cell cycle 

genes such as cyclin1, CDK2 and CDK4 (Bhattacharya et al., 2014). This would lead to 

decreased cell proliferation and division and it may provide an explanation for the reduced 

cell number seen in this study.  

 

Out of the pathogens tested, both stimulants of T. denticola significantly increased cell 

number after 8-days stimulation (Figure 4.3). Previous studies have shown that exposure of 

epithelial cells to T. denticola activated MAP kinases ERK1 and ERK2 which are responsible 
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for controlling cell proliferation (Leung et al., 2002). Therefore, both HK and OK T. denticola 

may also have activated these kinases in oral keratinocytes leading to increased proliferation 

and the greater cell growth observed on day 8.   

 

In conclusion this data provides novel information for the effects of OK pathogens on oral 

keratinocyte growth and viability. Overall, it was found that both HK and OK periodontal 

pathogens did not have any toxic effect on oral keratinocytes as cell viability was not 

negatively affected. As a result, both HK and OK periodontal pathogens were used in 

subsequent experiments to potentially induce EMT.  

 

4.8.2 Heat and oxygen-killed periodontal pathogens compromise epithelial integrity  

The down-regulated gene expression of E-cadherin with HK P. gingivalis and F. nucleatum 

exposure after real-time PCR analysis has been previously reported (Abdulkareem et al., 

2017). This decreased E-cadherin expression after P. gingivalis exposure observed here may 

be due to virulence factors such as gingipains which have been shown to degrade E-cadherin 

expression (Katz et al., 2002). The F. nucleatum virulence factor, FadA, has also 

demonstrated its ability to internalise E-cadherin and it therefore may also play a role in 

down-regulating the E-cadherin gene expression seen here (Rubinstein et al., 2013). 

Interestingly, OK P. gingivalis and F. nucleatum elicited a similar response to HK equivalents 

suggesting that these virulence factors were still present and inducing these changes. The OK 

stimulant of T. denticola also down regulated E-cadherin gene expression, however the effects 

of T. denticola on E-cadherin expression have not been previously reported in the literature. 

This down-regulated E-cadherin expression may be due to the significantly increased 

secretion of IL-1β observed after OK T. denticola exposure, as it has been shown that IL-1β 
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can down-regulate expression of several epithelial markers including E-cadherin (Li et al., 

2020). In addition, the T. denticola virulence factor dentilisin has demonstrated an ability to 

down-regulate expression of the tight junction protein, ZO-1, therefore it may also down-

regulate expression of other junctional markers such as E-cadherin (Chi, Qi and Kuramitsu, 

2003). Interestingly, HK T. denticola increased gene transcripts of E-cadherin, which may 

suggest that oxygen-killing is preserving certain proteins or virulence factors which may be 

responsible for down-regulating E-cadherin. Whilst heat-killing may be releasing components 

of T. denticola which can up-regulate E-cadherin expression. The effects of heat and oxygen 

killing on T. denticola will be explored later in this thesis (Chapter 6). In addition, reduction 

in E-cadherin gene expression after pathogen exposure was also supported by IF imaging of 

E-cadherin protein, where expression was reduced after HK F. nucleatum exposure. 

Similarly, E-cadherin protein expression has been shown to be down-regulated after live (Ma 

et al., 2018) and HK F. nucleatum (Abdulkareem et al., 2017) exposure. The protein 

expression of E-cadherin was also reduced in OK T. denticola exposed cultures in agreement 

with the gene expression data. However, gene expression of E-cadherin did not match protein 

expression levels after IF analysis in both stimulants of P. gingivalis, HK T. denticola and OK 

F. nucleatum exposed cultures. It is known that transcriptional levels do not always correlate 

with the amount of protein translation (de Sousa Abreu et al., 2009) and this could be due to 

regulatory systems such as post-transcriptional modifications (Vogel and Marcotte, 2012) and 

protein degradation (Koussounadis et al., 2015). These regulatory systems may be responsible 

for non-corresponding gene and protein expression data seen here. 

 

Desmosomes connect to the intermediate filament, keratin, through desmoplakin and loss of 

either desmoplakin or keratin would lead to breakdown of epithelial cell-cell adhesion and 
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epithelial cytoskeletal structure (Lamouille, Xu and Derynck, 2014). Cytokeratin 5 gene 

transcripts were significantly down-regulated in all HK and OK pathogen stimulated cultures. 

Similarly, HK P. gingivalis has previously been shown to decrease cytokeratin 5 gene 

expression in H400 cells (Milward et al., 2007) although this was after 24 hours exposure in 

comparison with the 8-days used in this study. Cytokeratin 5 is highly expressed in squamous 

cell carcinoma cells (Chu and Weiss, 2002) and its down-regulation in some of these cultures 

may have been associated with increased gene expression of snail-1. Snail-1 has previously 

been shown to down-regulate expression of other cytokeratins such as cytokeratin 18 (Guaita 

et al., 2002) and it therefore may be responsible for the down-regulation of cytokeratin 5 seen 

in this study. Interestingly, gene transcripts of desmoplakin-1 were significantly down-

regulated in HK and OK periodontal pathogen exposed cultures after qRT-PCR analysis. 

Desmoplakin is a major component of the desmosome structure and has two main isoforms, 

DPI and DPII (Green, Goldman and Chisholm, 1988). The N-terminal of desmoplakin is 

responsible for localisation to desmosomes whilst the C-terminal is associated with binding to 

intermediate filaments such as cytokeratin (Favre et al., 2018). It has been noted that the C-

terminal of desomplakin-1 specifically binds to the head domain of cytokeratin 5 (Kouklis, 

Hutton and Fuchs, 1994), therefore down-regulation of either desmoplakin-1 or cytokeratin 5 

after bacterial exposure would weaken this link leading to loss of cell-cell junctions and 

integrity of the epithelial barrier. Loss of cell-cell junctions was also supported by TEER data, 

where HK and OK periodontal pathogens decreased electrical resistance in epithelial 

monolayers when compared with unstimulated cultures. TGF-β1 was also detected at higher 

levels in stimulated cultures and TGF-β1 has previously shown to reduce TEER readings 

(Sume et al., 2010). Therefore, reduced TEER readings observed after HK and OK pathogen 

exposure may have been due to the increased TGF-β1 secretion that was observed across all 
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stimulated cultures. A supporting study has also reported that T. denticola can reduce TEER 

readings in epithelial cells through activity of its virulence factor, dentilisin (Chi, Qi and 

Kuramitsu, 2003). Although their study used live bacteria it could be interpreted that HK or 

OK T. denticola still maintain this virulence factor which may be responsible for the 

decreased TEER readings observed here.  

 

4.8.3 Heat and oxygen-killed periodontal pathogens promote mesenchymal phenotype  

The cadherin switch is considered a hallmark of EMT where the epithelial marker E-cadherin 

is replaced by the mesenchymal marker N-cadherin (Loh et al., 2019). This cadherin switch 

was observed in all stimulated cultures except after HK T. denticola exposure, which 

presented both high levels of E-cadherin and N-cadherin after real-time PCR analysis. It has 

been previously observed that HK P. gingivalis and F. nucleatum could promote this cadherin 

switch (Abdulkareem et al., 2017). Another study has reported this cadherin switch after P. 

gingivalis exposure mediated by TGF-β1, through activation of the TGF-β/Smad signalling 

pathway with the P. gingivalis virulence factor, fimbriae, playing an important role (Qi et al., 

2020). Interestingly, the virulent outer membrane vesicles (OMVs) of F. nucleatum have 

shown to decrease E-cadherin whilst simultaneously increasing N-cadherin expression, 

suggesting that this may be responsible for the switch observed in this study (Munshi, 2017). 

However, the cadherin switch has not been previously reported in epithelial cells after OK T. 

denticola exposure. The increased N-cadherin gene expression after HK and OK T. denticola 

exposure may have been due to increased TGF-β1 secretion which has been reported to up-

regulate N-cadherin expression (Araki et al., 2011). Interestingly, OK stimulants produced 

similar responses to HK stimulants with HK T. denticola being an exception as it increased E-

cadherin expression, whilst OK T. denticola decreased expression. This may suggest that 
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heat-killing is denaturing or altering T. denticola protein and/or virulence factors responsible 

for causing E-cadherin down-regulation, whilst oxygen-killing preserves these structures.  

 

Vimentin is a key cytoskeletal structure which replaces the epithelial intermediate filament 

keratin as EMT progresses (Liu et al., 2015). qRT-PCR analysis showed vimentins expression 

to be significantly up-regulated in cultures exposed to all pathogens. HK P. gingivalis and F. 

nucleatum have also previously been shown to increase vimentin expression after 8-day 

exposure (Abdulkareem et al., 2017) and data in the present study suggested that T. denticola 

could also induce vimentin expression. The transcription factor snail-1 has many gene 

regulatory targets and one of these is vimentin, therefore up-regulated gene expression of 

vimentin may be associated with the increased snail-1 expression observed here (Cano et al., 

2000). IF analysis also showed increased vimentin protein expression across all stimulated 

cultures suggesting that the increased transcription of this gene was being translated to the 

protein level. IF staining was also performed on 3T3 fibroblasts which express mesenchymal 

markers such as vimentin (Feliksiak et al., 2020). Interestingly, OK T. denticola exposed 

cultures expressed vimentin distribution similarly to 3T3 fibroblasts and indeed mesenchymal 

stem cells (Mathews et al., 2017). This distribution of vimentin covered the cytoplasm of the 

cell, whereas cultures exposed to the other pathogens resulted in ball or knot-like structures 

which have been observed previously in cells at early stages of cell spreading (Terriac, Schütz 

and Lautenschläger, 2019), which may have suggested that vimentin in these cultures were in 

an early structural form, whilst vimentin in OK T. denticola exposed cultures were more 

mature. It can also be noted that vimentin gene expression (7.63-fold) was the greatest in OK 

T. denticola exposed cultures after real-time PCR analysis which suggested that the increased 

gene transcription was being translated to the protein level. Ultimately, OK T. denticola may 
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be progressing the formation of this cytoskeletal structure more rapidly than its HK stimulant 

and indeed the other periodontal pathogens.  

 

MMP-9 gene expression was significantly up-regulated in cultures exposed to both HK and 

OK pathogens after qRT-PCR analysis. Similarly, increased expression of MMP-9 after HK 

P. gingivalis and F. nucleatum exposure has been previously observed (Abdulkareem et al., 

2017). Interestingly, keratinocytes extracted from patients with periodontitis had up-regulated 

MMP-9 expression (Makela et al., 1994), suggesting that EMT-related responses may be 

occurring in these cells. The presence of T. denticola has also been linked with increased 

MMP-9 levels in gingival crevicular fluid (GCF) of patients with periodontitis (Yakob et al., 

2013). In addition, the T. denticola virulence factor dentilisin has also shown to increase gene 

expression of the structurally similar MMP-2 in human periodontal ligament cells (Ganther et 

al., 2021), suggesting that dentilisin may be also causing increased MMP-9 gene expression 

observed here. Interestingly, the OK stimulant of T. denticola resulted in greater MMP-9 

expression in comparison with its HK stimulant, suggesting that oxygen-killing is preserving 

virulence factors such as dentilisin more so than heat-killing, therefore resulting in greater 

MMP-9 gene up-regulation.  

 

4.8.4 Heat or oxygen-killed pathogens can activate EMT related transcription factors  

Snail-1 is a key EMT transcriptional factor which regulates many target genes associated with 

the progression of EMT. In this study, snail-1 gene expression was up-regulated in all 

exposed cultures except after HK P. gingivalis exposure in qRT-PCR analysis. This is in 

contrast with previous findings where live P. gingivalis (Lee et al., 2017) and HK P. 

gingivalis (Abdulkareem et al., 2017) exposure induced snail-1 up-regulation. The OK 
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analogue of P. gingivalis however increased snail-1 gene expression suggesting that heat-

killing in this instance was proving detrimental to proteins or virulence factors responsible for 

snail-1 up-regulation. However, IF data shows the opposite effect with snail-1 protein 

expression present in all cultures even after HK P. gingivalis exposure. The pro-inflammatory 

cytokine TGF-β1 has been associated with inducing snail-1 expression (Peinado, Quintanilla 

and Cano, 2003) regulated via smad and non-smad pathways (Aomatsu et al., 2011) and may 

be responsible for the up-regulated snail-1 expression seen here. Interestingly, TGF-β1 levels 

were significantly lower after HK P. gingivalis exposure in comparison with its OK stimulant 

on day 8, suggesting that the HK stimulant was not consistently inducing TGF-β1 secretion 

resulting in down-regulated snail-1 gene expression. In addition, post-translational 

modifications or protein degradation may explain the differences between decreased snail-1 

gene expression and increased protein expression observed here after HK P. gingivalis 

exposure. Interestingly, protein expression of snail-1 after HK P. gingivalis and F. nucleatum 

stimulation showed similarities to snail-1 expression in 3T3 fibroblasts, where snail-1 

expression seemed to be covering the vicinity of the nucleus, although further nucleus 

staining with DAPI would be needed to confirm this. This type of snail-1 protein expression 

has been shown elsewhere in 3T3 cells (Francí et al., 2006) and indeed in epithelial cells 

which have undergone EMT (Singla et al., 2018), suggesting that these cells were possibly at 

a later stage of EMT. Snail-1 was localised at multiple sites in the nucleus in all other 

stimulated cultures and further co-staining with UBF-1 revealed snail-1 to be localised in the 

nucleoli. Ribosome biogenesis occurs in the nucleolus and is a key process involved in cell 

growth, proliferation and is involved in EMT. Snail-1 has shown to recruit to the nucleolus 

during ribosome biogenesis to assist with ribosomal RNA synthesis (Prakash et al., 2019), 

which may explain nucleolar localisation of snail-1 after pathogen exposure. E. coli LPS and 
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OK T. denticola presented both structures suggesting that snail-1 was being recruited to the 

nucleolus whilst still being expressed in the nucleus. 

 

Another member of the snail family of transcription factors, snail-2 or slug has been 

implicated in regulating EMT (Assani and Zhou, 2018). Both HK and OK pathogens 

significantly up-regulated snail-2 gene expression, with the exception of OK P. gingivalis 

which down-regulated expression after qRT-PCR analysis. This is consistent with a previous 

study where HK P. gingivalis increased snail-2 gene expression (Abdulkareem et al., 2017) 

and live P. gingivalis was shown to increase snail-2 protein expression after Western blot 

analysis (Lee et al., 2017). In addition, HK F. nucleatum exposure for 8-days has also shown 

to up-regulate gene transcripts of snail-2 (Abdulkareem et al., 2017). Studies exploring the 

effect of T. denticola on snail-2 gene expression have yet to be performed, but a possible 

reason for snail-2 up-regulated gene expression may be connected with increased levels of 

secreted TGF-β1 observed after T. denticola exposure, as TGF-β1 has been shown to up-

regulate snail-2 gene expression (Morita, Mayanagi and Sobue, 2007). In addition, up-

regulated snail-2 transcription may be linked to the increased twist-1 activity as reported in 

this study, as twist-1 can bind to the snail-2 promoter to activate its transcription (Casas et al., 

2011). Interestingly, OK P. gingivalis did not up-regulate snail-2 gene expression, suggesting 

that oxygen-killing maybe altering surface virulence factors responsible for snail-2 induction. 

One of these factors could be LPS which can up-regulate NF-kB expression (Diomede et al., 

2017) which in turn activates snail-2 (Wang et al., 2013). Therefore, alterations to P. 

gingivalis LPS by oxygen-killing may be responsible for the lack of snail-2 gene expression 

observed here.  
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Twist-1 is part of the basic-helix-loop-helix (bHLH) family of transcription factors (Zhu et 

al., 2015) and its up-regulation is associated with inducing EMT (Wang et al., 2016). 

Interestingly, twist-1 gene expression was up-regulated in all stimulated cultures after qRT-

PCR analysis. The up-regulation of twist-1 has also been previously observed after HK P. 

gingivalis and F. nucleatum exposure (Abdulkareem et al., 2017). This increased twist-1 gene 

expression after F. nucleatum exposure may be associated with F. nucleatums’ virulent 

OMVs, which have shown to increase mRNA expression of twist-1 in epithelial cells 

(Munshi, 2017). Virulence factors of P. gingivalis may also be responsible for up-regulated 

twist-1 gene expression, as P. gingivalis LPS has shown to increase twist-1 gene expression 

in epithelial cells (Liu et al., 2021). As discussed in the previous paragraph, P. gingivalis LPS 

may be implicated in up-regulated snail-2 expression and changes to LPS, brought about by 

oxygen-killing may alter this response. Interestingly, both stimulants of P. gingivalis were 

able to up-regulate twist-1 gene expression, suggesting that oxygen-killing does not alter 

certain proteins or components on LPS that are responsible for inducing twist-1 expression. 

The effects of T. denticola on twist-1 gene expression have not been previously explored, but 

its up-regulation may be linked to the increased TGF-β1 secretion seen here after pathogen 

exposure, as it has been shown that TGF-β1 can induce twist-1 expression through the STAT3 

signalling pathway (Cho et al., 2013).  

4.8.5 Oxygen-killed pathogens promote greater expression of EMT-related pro-

inflammatory cytokines  

The pro-inflammatory cytokine, IL-1β has been associated with inducing EMT through 

changes in epithelial and mesenchymal marker expression (Li et al., 2020; Masola et al., 

2019). The gene expression of IL-1β was up-regulated in all stimulated cultures after qRT-

PCR analysis except in OK P. gingivalis exposed cultures. However, IL-1β ELISA data 
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shows that all stimulated cultures had increased IL-1β on day 8 in comparison with 

unstimulated cultures. Increased transcription and secretion of IL-1β has also been noted 

elsewhere, although this was after exposure with live cultures of P. gingivalis (Ding et al., 

2020a) and F. nucleatum (Bui et al., 2016). In addition, HK P. gingivalis and F. nucleatum 

have also shown to increase the transcription of IL-1β in epithelial cells after 24 hours 

exposure (Milward et al., 2007). Furthermore, T. denticola has previously shown to increase 

the transcription and secretion of IL-1β after 24 hours exposure (Miyamoto, Ishihara and 

Okuda, 2006), therefore data here suggests that prolonged exposure up to 8-days of epithelial 

cells to P. gingivalis, F. nucleatum and T. denticola can still induce an IL-1β response. It was 

also interesting to see that OK stimulants resulted in greater IL-1β secretion compared with 

their HK stimulants, although this was the opposite with F. nucleatum. The significantly 

increased IL-1β secretion with OK P. gingivalis exposure compared with its HK stimulant 

may be associated with the actions of the surface virulence factor, fimbriae. The virulence 

factor fimbriae can induce IL-1β secretion (Amano et al., 2004) and heat-killing may be 

considerably altering the actions of this virulence factor, whilst oxygen-killing potentially 

maintains original fimbriae structure, leading to greater IL-1β secretion.  

 

The pro-inflammatory cytokine IL-8 has shown to induce cell proliferation, migration, 

invasion and EMT which promotes tumour progression (Zhao et al., 2017). In this study, IL-8 

gene transcripts were up-regulated in HK and OK pathogen exposed cultures after qRT-PCR 

analysis, which was also supported by ELISA analysis where levels of IL-8 were greater in all 

stimulated cultures. HK P. gingivalis has previously shown to up-regulate IL-8 gene 

transcripts (Milward et al., 2007), whilst both live and HK P. gingivalis have been shown to 

induce IL-8 secretion in epithelial cells and it was determined that P. gingivalis related IL-8 
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secretion was dependent on cell type (Yee et al., 2014). The IL-8 induction seen here by both 

HK and OK P. gingivalis may be associated with the proteinase Arg-gingipain, which has 

been shown to induce IL-8 gene transcription and secretion (Oido-Mori et al., 2001). The up-

regulated transcripts (Milward et al., 2007) and secretion (Koike et al., 2020) of IL-8 after HK 

F. nucleatum exposure is in line with previous findings, however the effects of OK F. 

nucleatum on IL-8 have not been previously explored. The FadA virulence factor of F. 

nucleatum can up-regulate IL-8 gene expression (Rubinstein et al., 2013), therefore increased 

IL-8 transcripts observed here after HK and OK F. nucleatum exposure may be due to actions 

of FadA. It also suggests that both heat-killing and oxygen-killing does not alter this virulence 

factor as IL-8 was up-regulated in cultures exposed to both stimulants. In contrast to data 

here, T. denticola has been shown to not induce IL-8 transcription and secretion in epithelial 

cells (Brissette et al., 2008). However, cells were only stimulated by T. denticola for 24 hours 

when compared with the 8-day time point here, suggesting that longer exposure of epithelial 

cells to T. denticola induces up-regulated IL-8 gene expression and secretion. Interestingly it 

has also been noted that activation of twist-1 can up-regulate IL-8 production (Li et al., 2012) 

and twist-1 gene expression was up-regulated across all stimulated cultures here, suggesting 

that increased IL-8 gene transcripts and secretion observed here could have been due to 

activities of twist-1. 

 

In this study, gene expression of TGF-β1 was up-regulated in all pathogen exposed cultures 

except after OK P. gingivalis exposure following qRT-PCR analysis. However, ELISA 

showed increased levels of secreted TGF-β1 across all HK and OK pathogen exposed 

cultures. This agreed with previous findings where gene transcripts and secretion of TGF-β1 

were up-regulated after 8-day exposure to HK P. gingivalis and F. nucleatum exposure 
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(Abdulkareem et al., 2017). However, OK P. gingivalis and F. nucleatums’ ability to induce 

TGF-β1 transcription and secretion have not been previously explored. The OK stimulants of 

pathogens stimulated greater TGF-β1 release compared with HK stimulants, with this being 

significantly greater after P. gingivalis and F. nucleatum exposure. This greater TGF-β1 

response with OK P. gingivalis compared with its HK stimulant may be associated with 

cysteine proteases, as cysteine protease deficient P. gingivalis (Kgp- and Rgp-) were unable to 

induce a TGF-β1 response like their wild-type counterparts (Bengtsson, Khalaf and Khalaf, 

2015). Interestingly, live P. gingivalis can elicit a greater TGF-β1 response than HK P. 

gingivalis (Palm, Khalaf and Bengtsson, 2014), implying that heat-killing is denaturing these 

proteins or indeed other proteins responsible for inducing TGF-β1. The induction of TGF-β1 

by F. nucleatum may be associated with its LPS, which has been shown to induce secretion of 

other pro-inflammatory cytokines such as: IL-6, IL-1β and TNF-α (Karpiński, 2019), 

although this needs to be confirmed with further studies. If F. nucleatum LPS role in inducing 

TGF-β1 is confirmed, then oxygen-killing may be preserving F. nucleatum LPS more so than 

heat-killing, leading to the greater TGF-β1 induction seen in the present study with the OK 

stimulant. TGF-β1 secretion after T. denticola exposure in epithelial cells has not been 

previously examined in human cells, although up-regulated gene expression (2.5-fold) has 

been reported in soft tissue and calvarial bone in mice (Bakthavatchalu et al., 2010). The up-

regulated TGF-β1 detected in the present study may be associated with lipooligosaccharide 

(LOS) present on the surface of T. denticola, which has previously been shown the ability to 

activate secretion of other pro-inflammatory cytokines such as TNF-α (Rosen et al., 1999), 

however further studies are needed to confirm this.  
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4.8.6 Heat and oxygen-killed periodontal pathogens promote oral keratinocyte cell 

migration 

As epithelial cells undergo EMT, motility is enhanced and an ability to migrate through the 

basement membrane is acquired (Aiello et al., 2018). The cell migratory ability of epithelial 

cells after periodontal pathogen exposure was measured using a 2-well insert wound 

migration assay. All stimulated cultures increased the rate of cell migration compared with 

unstimulated controls. Increased cell migration after HK P. gingivalis and F. nucleatum 8-day 

exposure of epithelial cells has also been previously observed (Abdulkareem et al., 2018). In 

addition, long term exposure (23-weeks) to live P. gingivalis at an MOI of 1:1 also increases 

epithelial cell migratory ability (Geng et al., 2017). The virulence factors gingipain of P. 

gingivalis have been shown to be involved in inducing cell migration in microglial cells 

(Nonaka and Nakanishi, 2020). Although this was in microglial cells, gingipains may still 

induce cell migration in epithelial cells leading to the increased cell migration observed in the 

present study. Exposure of colorectal cancer cells to live F. nucleatum for 24 hours has also 

been shown to increase cell migration in a scratch wound assay (Li et al., 2021). In addition, 

in another study, 2 hours exposure of oral squamous cell carcinoma (OSCC) cells to live P. 

gingivalis, F. nucleatum and T. denticola could increase cell migration via integrin/focal 

adhesion kinase (FAK) signalling. Furthermore, it was identified in this study that OSCC 

treatment with LOS and LPS derived from T. denticola, P. gingivalis and F. nucleatum 

promoted OSCC cell migration (Kamarajan et al., 2020), suggesting that the increased H400 

cell migratory ability seen here could be due to these bacterial components. Interestingly, all 

stimulated cultures in the present study expressed higher levels of MMP-9 compared with the 

control and MMP-9 has been reported to breakdown epithelial cell-cell and cell-ECM 

contacts (Lin et al., 2011), possibly leading to the increased cell migration seen here. In this 
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study periodontal pathogen exposure decreased TEER readings, further suggesting breakdown 

of epithelial cell contacts which would facilitate cell migration.  

 

It was also interesting to note that OK F. nucleatum and T. denticola had a greater effect on 

cell migratory ability than their HK equivalents and OK P. gingivalis. As TGF-β1 can 

promote cell migration (Xu, Lamouille and Derynck, 2009), increased migratory rate seen 

here may be due to higher levels of TGF-β1 secreted in OK F. nucleatum and T. denticola 

stimulated cultures, where 187.17 ng/ml and 50.65 ng/ml of TGF-β1 were detected compared 

with 8.07 ng/ml in OK P. gingivalis exposed cultures. Although OK F. nucleatum resulted in 

highest levels of TGF-β1 it did not result in greatest cell migration which was identified in 

cultures exposed to OK T. denticola. Therefore, this suggested there were other factors that 

resulted in this increased cell migratory ability in OK T. denticola exposed cultures and one of 

these factors may be increased snail-1 protein expression seen in Figure 4.15 h) iii). Snail-1 

has been shown to increase cell migratory ability (Smith et al., 2014). In addition, gene 

transcripts of cytokeratin 5 and desmplakin-1 were less abundantly expressed in cultures after 

OK T. denticola exposure in comparison with the other OK pathogens. Therefore, greater 

down-regulation of these components that maintain epithelial cell-cell contacts, by OK T. 

denticola exposure may lead to the increased cell migration seen in this study. The 

mesenchymal markers N-cadherin (Wang et al., 2015) and vimentin (Battaglia et al., 2018) 

are also implicated in promoting cell migration. Interestingly, gene expression of these two 

markers was greatest after OK T. denticola exposure when compared with the other OK 

pathogens, therefore promoting the greater rate of cell migration identified in this study. In 

conclusion, a combination of down-regulated epithelial markers and up-regulated 
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mesenchymal markers results in a greater rate of cell migration observed in OK T. denticola 

exposed cultures.  

 

Data in this chapter suggests that both HK and OK periodontal pathogens can differentially 

promote EMT-related changes in oral keratinocytes after 8-days exposure.  

 

The following chapter looks at the potential of a known EMT inhibitor (Curcumin) to block 

EMT related changes in the oral keratinocyte model system presented in this thesis. 
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5.1 Introduction 

Naturally derived and synthetic compounds have been widely used to inhibit EMT by 

targeting different mediators and pathways providing potential therapies for fibrosis and 

cancer (see section 1.7). Out of these EMT inhibitors, curcumin was selected to inhibit 

periodontal pathogen induced EMT as it is a naturally derived compound that possesses a 

wide array of anti-inflammatory properties (see section 1.7.1.1) and has been extensively used 

to inhibit EMT (see Table 1.4). Data presented in the previous chapter indicated that HK and 

OK periodontal pathogens could induce EMT-related changes in oral keratinocytes (H400 

cells) after 8 days stimulation (Chapter 4). It was also established that oxygen-killing 

preserved bacterial structural morphology (see sections 3.5.1 and 3.6.1), suggesting that OK 

pathogens would provide disease relevant EMT-related responses. Therefore, the potential of 

curcumin to inhibit OK periodontal pathogen induced EMT was investigated. Initially, 

experiments focused on determining the most appropriate solute for curcumin and optimum 

curcumin concentration required which does not affect cell viability for use in the established 

8-day EMT. Therefore, any effects on cell growth and toxicity were determined by manual 

cell counting and Trypan blue exclusion/Alamar blue viability assays.    

 

It was observed that OK T. denticola significantly increased H400 cell number (see section 

4.2.1) and this could have been due to increased cell proliferation (see section 4.8.1). 

Curcumin has been shown to inhibit epithelial cell proliferation in a number of studies (Liu et 

al., 2020; Sun and You, 2014; Zhou et al., 2017). Therefore, curcumins’ potential to inhibit 

OK T. denticola induced cell growth was explored by cell counts and changes to cell viability 

due to both OK T. denticola and curcumin exposure. 
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As EMT progresses, cells gain migratory properties and all OK periodontal pathogens were 

found to induce oral keratinocyte cell migration (see section 4.6.3.1). Previous research has 

indicated that curcumin can inhibit cell migration (Deng et al., 2020; Gallardo et al., 2019 and 

Yang et al., 2012). Curcumin may also prevent EMT associated cell migration in gingival 

epithelial cells and this may be important in the maintenance of epithelial barrier function, 

thereby prevent bacterial invasion into the underlying connective tissue. Consequently, the 

potential of curcumin to inhibit OK pathogen induced oral keratinocyte migration was 

investigated after 8-days stimulation.  

 

The exposure of oral keratinocytes to OK pathogens was shown to elicit EMT-associated 

gene expression changes (see section 4.3). These changes have been shown to be inhibited 

with curcumin treatment in a number of studies (Cao et al., 2017; Mukherjee et al., 2014; 

Ohnishi et al., 2020). Therefore, curcumins’ potential to inhibit EMT-related gene expression 

changes brought about by OK pathogens after 8-days stimulation were explored by qRT-PCR 

analysis.  

 

OK periodontal pathogens can induce a range of changes to gingival epithelial cells 

suggestive of EMT induction and this chapter reports how curcumin may impact on these 

changes.  
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5.2 Curcumin solubilised in DMSO for oral keratinocyte exposure  

Curcumin has been shown to be dissolved in DMSO and successfully applied to epithelial 

cells at a final concentration of 0.5% (Kössler et al., 2012). Therefore, DMSO solubilisation 

was initially used to prepare a range of curcumin concentrations (5, 10, 15, 20 and 50µM) and 

applied to oral keratinocyte cultures with a 0.5% final DMSO concentration. DMSO only 

(vehicle control) and media only were used as controls. Cell growth and viability were 

assayed daily from day 4-8 using manual cell counts and Trypan blue exclusion cell viability 

analysis. 

 

5.2.1 Effects of DMSO and curcumin concentrations on cell growth and viability  

Cell counts of cultures exposed to DMSO only (P<0.01) and all curcumin concentrations (5, 

10, 15, 20 and 50µM) were significantly lowered (P<0.001) after 8-days exposure in 

comparison with media only control (Figure 5.1a). These lower cell numbers were associated 

with significantly decreased cell viability (P<0.001) in cultures exposed to DMSO only 

(71.7% cell viability) and all curcumin concentrations (0% - 48.3% cell viability) in 

comparison with media only (97.5% cell viability) (Figure 5.1b). Curcumin concentrations 

10µM and higher significantly reduced cell number (P<0.001) from day 4 onwards, whereas 

DMSO only control and 5µM curcumin significantly reduced cell number (P<0.01 and 

P<0.001) from day 6 onwards when compared with media only. Cell viability was 

significantly reduced by 20 and 50µM curcumin (P<0.001) from day 4 onwards, whereas 

DMSO only control and all other curcumin concentrations significantly reduced cell viability 

from day 5 onwards (P<0.001) in comparison with media only control.  
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The DMSO only control at 0.5% final concentration, in which curcumin was dissolved, was 

toxic to H400 cells after 8-days incubation, with cell viability being significantly decreased 

(P<0.001) by 27.84%. For these reasons DMSO was not used to dissolve curcumin and an 

alternative option was investigated. 
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a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Effect of media only control, DMSO only (vehicle control), 5, 10, 15, 20 and 50µM 

concentrations of curcumin dissolved in DMSO on (a) H400 cell growth and (b) percentage 

cell viability after 4-8 days exposure. The vehicle control and all curcumin concentrations 

significantly decreased cell number on days 6-8 and percentage cell viability was significantly 

decreased from day 5-8. Error bars shown are standard deviations and n=3, ** = P<0.01 and 

*** = P<0.001. Statistical test was ANOVA followed by a post-hoc Tukey Test.  
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5.3 Curcumin solubilised in NaOH for oral keratinocyte exposure 

As data indicated that DMSO showed toxicity to H400 cell cultures over 8-day exposure, an 

alternative solvent was used as a carrier for curcumin. A literature review identified that 

NaOH has been reported to successfully dissolve curcumin (Akkawi et al., 2019; Kurien et 

al., 2010; Kurien and Scofield, 2007). However, the optimum concentration of NaOH which 

doesn’t affect H400 cell viability over 8-days needed to be initially determined, therefore cell 

viability of H400 cultures subjected to a range of NaOH concentrations were initially 

analysed using an Alamar blue assay after 8-days exposure.  

 

5.3.1 Effects of NaOH concentrations on oral keratinocyte cell viability  

Cell cultures exposed to 0.45M (72.5% cell viability) and 0.5M (85.5% cell viability) NaOH 

significantly reduced the (P<0.01) percentage cell viability of oral keratinocytes after 8-day 

exposure in comparison with media only control (100%). The lower concentrations of 0.4M - 

0.2M (93.9% - 95.4% cell viability) also significantly decreased (P<0.05) cell viability when 

compared with media only. However, cultures exposed to 0.15, 0.1 and 0.05M (99.4% - 

99.8% cell viability) NaOH did not significantly decrease cell viability after 8-days (Figure 

5.2). The highest concentration of NaOH which did not significantly reduce cell viability was 

0.15M and curcumin was successfully dissolved in this concentration, therefore that 

concentration was used in further experiments to determine optimum curcumin concentration 

needed for use in the 8-day model. 
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Figure 5.2: Percentage cell viability of day-8 H400 cultures exposed to increasing 

concentrations of sodium hydroxide (NaOH) determined by Alamar blue assay. H400 cell 

viability was significantly decreased in cultures exposed to concentrations of 0.2M NaOH and 

above when compared with media only control. Ethanol-killed cells were used as a positive 

control in this experiment. Error bars shown are standard deviations and n=3, * = P<0.05, ** = 

P<0.01 and *** = P<0.001. Statistical test was ANOVA followed by a post-hoc Tukey Test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

M
ed

ia
 o

nl
y

0.
05

M
0.

1M

0.
15

M

0.
20

M

0.
25

M
0.

3M

0.
35

M

0.
40

M

0.
45

M
0.

5M

E
th

an
ol
 k
ill
ed

 c
el
ls

0

20

40

60

80

100

120

Day 8 

%
 C

e
ll
 v

ia
b

il
it

y

Media only 0.05M 0.1M 0.15M

0.20M 0.25M 0.3M 0.35M

0.40M 0.45M 0.5M Ethanol killed 
cells

* * * * *

**
**

***



 234 

5.4 Optimising curcumin concentration for use on oral keratinocytes 

The optimum concentration of curcumin for use on oral keratinocytes over 8-days needed to 

be determined by establishing any adverse effects on cell viability. Therefore, the effects of a 

range of curcumin concentrations on epithelial cell growth were measured by cell counts and 

cell viability analysis using the Trypan blue exclusion cell viability assay from day 4-8.  

Alamar blue assay was also performed to further confirm any changes in cell viability.  

 

5.4.1 Effects of increasing curcumin concentrations on H400 cell growth and viability 

Cell cultures exposed to 10 - 50µM curcumin concentrations significantly reduced (P<0.001) 

cell number from day 4-8 when compared with media only controls (Figure 5.3a). This 

reduction in cell number was due to loss of cell viability in all cultures exposed to 10µM 

curcumin and above, with significant reduction (P<0.001) in number of viable cells observed 

on days 7 and 8 in comparison with media only controls (Figure 5.3a). Cell viability was 

significantly decreased (P<0.001) in these cultures on days 7 and 8 in comparison with media 

only control (Figure 5.3b). Significant reduction (P<0.001) in cell numbers were also 

observed in cultures exposed to 5µM curcumin from day 6 – 8 when compared with media 

only controls (Figure 5.3a). However, cell viability was not significantly reduced with 

exposure to 5µM curcumin at all days suggesting that this concentration was not resulting in 

loss of viability observed with higher concentrations (Figure 5.3b). Alamar blue assay of day 

8 cultures exposed to all curcumin concentrations also confirmed significant loss (P<0.001) of 

cell viability with exposure to 10µM curcumin concentrations and above in comparison with 

media only controls (Figure 5.4). Also, similarly with Figure 5.3b, 5µM curcumin exposure 

did not significantly affect cell viability of H400 cells after performing Alamar blue assay 

(Figure 5.4)   
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In light of these data (sections 5.3.1 and 5.4.1) 5µM curcumin solubilised in 0.15M NaOH 

was selected for use with the 8-day H400 EMT model system developed to investigate the 

potential for inhibiting EMT in cells stimulated with OK periodontal pathogens.  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Effect of NaOH only (vehicle control), 5, 10, 15, 20 and 50µM concentrations of 

curcumin dissolved in NaOH on (a) H400 cell growth and (b) percentage cell viability after 4-

8 days exposure. The vehicle control did not significantly decrease cell number at all days 

except day 6 and all curcumin concentrations significantly decreased cell number from day 6-

8. Cell viability was significantly lowered after 20 and 50µM curcumin exposure at all days 

whilst 10 and 15µM curcumin significantly decreased cell viability on days 7 and 8. However, 

cell viability was not significantly affected by 5µM curcumin exposure at all days. Error bars 

shown are standard deviations and n=3, * = P<0.05, ** = P<0.01 and *** = P<0.001. Statistical 

test was ANOVA followed by a post-hoc Tukey Test. 

4 5 6 7 8

0.0

2.0×105

4.0×105

6.0×105

8.0×105

1.0×106

1.2×106

1.4×106

Days

C
e
ll
 n

u
m

b
e
r 

Media only NaOH only 5mM

10mM

***
***

***
***

*

15mM 20mM

50mM

***
***

***
***

***
***

***
***

***

***
***
***

***
***

***
***
***

***
***



 237 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Percentage cell viability of day-8 H400 cultures exposed to increasing 

concentrations of curcumin dissolved in NaOH as determined by Alamar blue assay. Cell 

viability was significantly decreased in cultures exposed to curcumin concentrations of 10, 15, 

20 and 50µM, whilst 5µM did not significantly affect H400 cell viability in comparison with 

media only control. Ethanol-killed cells were used as a positive control in this experiment. Error 

bars shown are standard deviations, n=3 and significance was tested in comparison with media 

only control (*** = P<0.001). Statistical test was ANOVA followed by post-hoc Tukey Test. 
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5.5 Curcumin and oxygen-killed T. denticola exposure of oral keratinocytes  

Findings in section 4.2.1 showed that OK T. denticola stimulation significantly increased oral 

keratinocyte cell growth after 8-days exposure. Curcumin has previously been shown to 

inhibit epithelial cell proliferation which in turn can reduce cell growth (see section 5.1) 

Consequently, curcumin was applied at the same time as OK T. denticola and its potential to 

inhibit increased H400 cell growth was explored and any effects on cell viability were also 

determined.  

 

5.5.1 Effects of curcumin on oxygen-killed T. denticola induced oral keratinocyte cell 

growth and viability 

After 8-days exposure to OK T. denticola, cell numbers significantly increased (P<0.01) in 

comparison with media only (Figure 5.5). However, cultures exposed to both OK T. denticola 

and curcumin resulted in significantly lower (P<0.05) cell numbers compared with cultures 

exposed to OK T. denticola only at day 8. In addition, cell number from these cultures was 

reduced and was similar to media only cell counts. Curcumin exposure resulted in lower cell 

number at all days except day 8 with significant reduction (P<0.01 and P<0.001) observed on 

days 5, 6 and 7 in comparison with media only. Cell viability of stimulated cultures was not 

significantly affected when compared with unstimulated cultures at all days. 

 

The increased epithelial cell growth after OK T. denticola exposure was significantly 

decreased with 5µM curcumin after 8-days exposure, suggesting curcumins’ ability to inhibit 

pathogen-induced oral keratinocyte cell growth whilst maintaining high levels of viability. In 

view of the results obtained the role of 5µM curcumin on EMT associated cell migration and 

marker expression was investigated.  
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Figure 5.5: Cell growth of oral keratinocytes incubated with media only or challenged with E. 

coli LPS and oxygen-killed T. denticola +- 5µM curcumin from day 4-8. Cell growth was 

significantly increased after oxygen-killed T. denticola exposure on day 8. However, cultures 

exposed to oxygen-killed T. denticola and 5µM curcumin showed significantly lower cell 

number when compared with cultures exposed to oxygen-killed T. denticola on its own. Error 

bars shown are standard deviations and n=3, * = P<0.05, ** = P<0.01 and *** = P<0.001. 

Statistical test performed was ANOVA followed by a post-hoc Tukey Test. 
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5.6 Oxygen-killed pathogen induced cell migration of oral keratinocytes and curcumin 

It was previously established that oral keratinocyte cell migration was increased after 8 days 

exposure  to OK P. gingivalis, F. nucleatum and T. denticola (see section 4.6.3.1). Previous 

studies from the literature have shown curcumin to inhibit migratory ability of cells (see 

section 5.1), therefore its potential to inhibit OK pathogen induced cell migration was 

investigated using the 2-well insert wound migration assay as described in section 2.11.3. 

 

5.6.1 Analysis of curcumin on oxygen-killed pathogen induced oral keratinocyte wound 

gap closure 

Wound gap closure data of cultures in media only +/- curcumin, E. coli LPS +/- curcumin and 

NaOH only (vehicle control) were the same in Figures 5.6, 5.7 and 5.8 as data was collected 

at the same time. Cultures exposed to NaOH only and 5µM curcumin only for 8-days did not 

significantly alter wound gap closure after 12, 24, and 48 hours post-insert removal (Figures 

5.6, 5.7 and 5.8). Wound gap closure in cultures exposed to E. coli LPS (45.2%) was 

significantly increased (P<0.05) after 48 hours when compared with media only. The addition 

of curcumin non-significantly decreased E. coli LPS stimulated wound gap closure (42.7%) 

(Figures 5.6, 5.7 and 5.8).  

 

OK P. gingivalis exposure significantly increased (30.1%) (P<0.01) wound gap closure when 

compared with media only controls (20.2%) after 12 hours post-insert removal. The presence 

of curcumin significantly reduced OK P. gingivalis induced wound gap closure at 12 hours to 

22.7% (P<0.05) (Figure 5.6). OK F. nucleatum exposure significantly increased wound gap 

closure observed after 48 hours (to 45%) (P<0.05) when compared with media only controls. 

However, curcumin addition did not inhibit OK F. nucleatum induced wound gap closure 
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(Figure 5.7). Cultures exposed to OK T. denticola significantly increased (P<0.01 and 

P<0.001) wound gap closure at 12, 24 and 48 hours in comparison with media only. 

Curcumin addition significantly inhibited (P<0.01 and P<0.001) OK T. denticola induced 

wound gap closure after 12, 24 and 48 hours when compared with cultures exposed to OK T. 

denticola only (Figure 5.8). 

 

Curcumin addition inhibited OK P. gingivalis and T. denticola induced wound gap closure, 

but it did not inhibit OK F. nucleatum induced wound gap closure. It was hypothesised that 

curcumin may have inhibited expression of genes associated with migration in OK P. 

gingivalis and T. denticola but not F. nucleatum exposed cultures. In order to investigate this 

possibility qRT-PCR was performed on cell cultures exposed to OK pathogens with curcumin 

for genes associated with migration and other EMT-related genes.   
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b) 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: (a) Captured images at 0, 12, 24 and 48 hours post-insert removal of H400 cultures 

after 8 days challenge with NaOH only control (vehicle control), media only +/- 5µM curcumin, 

E. coli LPS +/- 5µM curcumin and oxygen-killed P. gingivalis +/- 5µM curcumin. (b) 

Percentage wound gap closure determined by measuring wound gap area using ImageJ analysis 

observed significantly increased wound gap closure with oxygen-killed P. gingivalis exposure 

after 12 hours. However, addition of curcumin significantly decreased wound gap closure in 

comparison with cultures exposed to oxygen-killed P. gingivalis only. E. coli LPS exposure 

significantly increased wound gap closure when compared with media only controls after 48 

hours. Error bars shown are standard deviations. Images displayed are representative of 

experiments performed in triplicate. * = P<0.05, ** = P<0.01 and scale bars = 500 µm.   
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b) 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: (a) Captured images at 0, 12, 24 and 48 hours post-insert removal of H400 cultures 

after 8 days challenge with NaOH only control (vehicle control), media only +/- 5µM curcumin, 

E. coli LPS +/- 5µM curcumin and oxygen-killed F. nucleatum +/- 5µM curcumin. (b) 

percentage wound gap closure determined by measuring wound gap area using ImageJ analysis 

observed significantly increased wound gap closure in E. coli LPS and oxygen-killed F. 

nucleatum +/- curcumin exposed cultures after 48 hours when compared with media only. Error 

bars shown are standard deviations. Images displayed are representative of experiments 

performed in triplicate. * = P<0.05 and scale bars = 500 µm.
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Figure 5.8: (a) Captured images at 0, 12, 24 and 48 hours post-insert removal of H400 cultures 

after 8 days challenge with NaOH only control (vehicle control), media only +/- 5µM curcumin, 

E. coli LPS +/- 5µM curcumin and oxygen-killed T. denticola +/- 5µM curcumin. (b) 

percentage wound gap closure determined by measuring wound gap area using ImageJ analysis 

observed significantly increased wound gap closure in cultures exposed to oxygen-killed T. 

denticola when compared with media only at 12, 24 and 48 hours. However, cultures exposed 

to both oxygen-killed T. denticola and curcumin significantly reduced wound gap closure when 

compared with cultures exposed to oxygen-killed T. denticola only at all time points. Error bars 

shown are standard deviations. Images displayed are representative of experiments performed 

in triplicate. * = P<0.05, ** = P<0.01, *** = P<0.001 and scale bars = 500 µm.  

 

 



 248 

5.7 EMT-related gene expression changes in oral keratinocytes stimulated with oxygen-

killed pathogens and curcumin 

qRT-PCR was utilised on cultures challenged with OK pathogens with curcumin to assess 

whether curcumin can inhibit EMT-related gene expression changes and to better understand 

curcumins’ differential effect in inhibiting OK pathogen induced cell migration (see section 

5.6.1). Gene expression analysis was performed on day-8 cultures. A summary of gene 

expression ratios of the EMT related markers after oxygen-killed pathogen exposure with and 

without curcumin is provided in Table 5.1. 

 

5.7.1 Gene expression of epithelial markers  

The OK pathogens, P. gingivalis, F. nucleatum and T. denticola have previously 

demonstrated a capacity to down-regulate the expression of epithelial-related genes (see 

section 4.3.1.1). Exposure of epithelial cells to curcumin has been shown to inhibit this down-

regulation (see section 5.1), therefore qRT-PCR was performed on cultures exposed to OK 

pathogens with or without curcumin.  

 

5.7.1.1 Effects of curcumin on oxygen-killed pathogen induced epithelial-related gene 

expression changes 

The expression of E-cadherin was significantly down-regulated in all cultures exposed to E. 

coli LPS (0.17-fold) and OK pathogens (0.003 – 0.13-fold) after 8-days when compared with 

media only controls (P<0.01 and P<0.001). However, curcumin addition to pathogen exposed 

cultures significantly increased E-cadherin expression (5.1- 17.4-fold) in comparison with 

pathogens only (P<0.001) (Figure 5.9a). E. coli LPS (0.7-fold) and OK pathogens (0.28 – 

0.69-fold) also significantly decreased expression of cytokeratin 5 compared with media only 



 249 

exposure (P<0.05 and P<0.001). Similarly, to E-cadherin, curcumin addition (4.15 – 152.5-

fold) significantly up-regulated cytokeratin-5 expression compared with pathogen exposure 

only (P<0.01 and P<0.001) (Figure 5.9b). In addition, expression of desmoplakin-1 was 

significantly down-regulated in all pathogen exposed cultures (0.13 – 0.41-fold) when 

compared with media only (P<0.05, P<0.01 and P<0.001), except for OK P. gingivalis 

exposure when it was not significantly down-regulated. Similar to the effects on E-cadherin 

and cytokeratin 5 expression, curcumin significantly up-regulated desmoplakin-1 expression 

(0.96 – 12.45-fold) when compared with cultures exposed to pathogens only (P<0.05, P<0.01 

and P<0.001) (Figure 5.9c). Both vehicle control (12.45-fold) and curcumin only (4.48-fold) 

exposed cultures significantly up-regulated (P<0.01) cytokeratin 5 expression (Figure 5.9b). 

However, desmoplakin-1 expression was significantly down-regulated (P<0.001) with vehicle 

control (0.13-fold) (Figure 5.9c). 

 

Overall, curcumin was able to inhibit OK pathogen induced down-regulation of the epithelial 

markers E-cadherin, cytokeratin 5 and desmoplakin-1 after 8 days incubation, therefore 

potentially preventing progression of EMT. To further confirm this, curcumins’ potential in 

downregulating mesenchymal-related gene expression changes was investigated.   
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Figure 5.9: Gene expression ratios (relative to GAPDH) of epithelial markers for (a) E-

cadherin, (b) Cytokeratin 5 and (c) Desmoplakin-1 determined by quantitative real-time PCR 

on day-8 H400 cultures challenged with E. coli LPS, oxygen-killed P. gingivalis, F. nucleatum 

and T. denticola +/- curcumin. The values obtained from each sample were normalised to 

GAPDH. All OK pathogens and E. coli LPS decreased epithelial marker expression however 

curcumin addition to pathogen stimulated cultures significantly increased expression above 

basal levels. Error bars shown are standard deviations and experiments were performed in 

triplicate. * = P<0.05, ** = P<0.01 *** = P<0.001. 
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5.7.2 Gene expression of mesenchymal markers 

The mesenchymal markers N-cadherin, vimentin and MMP-9 all exhibited significantly 

increased gene expression after E. coli LPS and OK pathogen exposure (see section 4.3.2.1). 

These findings along with curcumins’ potential to inhibit EMT (see section 5.1), suggested 

that curcumin may inhibit pathogen-induced mesenchymal marker expression. Therefore, 

gene expression of these markers was assessed in cultures exposed to OK pathogens with 

curcumin using qRT-PCR analysis.   

 

5.7.2.1 Effects of curcumin on oxygen-killed pathogen induced mesenchymal-related 

gene expression 

Expression of N-cadherin was significantly up-regulated (P<0.05, P<0.01 and P<0.001) in E. 

coli LPS (8.57-fold) and OK pathogen (2.16 - 4.33-fold) exposed cultures in comparison with 

media only. However, cultures exposed to both pathogens and curcumin (0.06 – 5.37-fold) 

presented down-regulated expression, with curcumin significantly down-regulating N-

cadherin expression following E. coli LPS (P<0.01) and OK T. denticola (P<0.001) exposure 

when compared with pathogen exposed cultures only (Figure 5.10a). Similarly, vimentin 

expression was significantly up-regulated (P<0.05 and P<0.001) in all pathogen exposed 

cultures (1.74 – 7.63-fold) compared with media only control. Curcumin significantly down-

regulated (P<0.05 and P<0.001) vimentin expression (0.073 – 2.53-fold) for all cultures 

except OK F. nucleatum (Figure 5.10b). As observed with N-cadherin and vimentin 

expression, MMP-9 was significantly up-regulated for all OK pathogen stimulated cultures 

(5.41 – 11.16-fold) compared with media only (P<0.01 and P<0.001). However, curcumin 

treatment significantly decreased expression of MMP-9 (0.098 – 6.59-fold) in all cultures 

when compared with pathogen exposed cultures only (P<0.05, P<0.01 and P<0.001) (Figure 
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5.10c). Furthermore, the vehicle control significantly up-regulated (P<0.01) N-cadherin 

expression (3.43-fold) (Figure 5.10a) but significantly down-regulated (P<0.05) MMP-9 

expression (0.27-fold) (Figure 5.10c) when compared with media only. In addition, curcumin 

only exposure significantly up-regulated vimentin expression (5.99-fold) (Figure 5.10b) in 

comparison with controls (P<0.001). Curcumin provided to be most effective in inhibiting up-

regulated OK T. denticola induced N-cadherin, vimentin and MMP-9 expression by 4.28, 5.1 

and 6.71-fold decreases, respectively.  

 

In general, curcumin inhibited OK pathogen induced up-regulated gene expression of the 

mesenchymal markers N-cadherin, vimentin and MMP-9, with curcumin having significant 

effects on MMP-9 expression for all pathogen exposed cultures. Therefore, curcumin may 

have inhibited OK pathogen-induced EMT by supressing expression of mesenchymal-related 

genes. qRT-PCR was undertaken for EMT-related transcription factors to further deduce 

curcumins’ downregulation of OK pathogen-induced EMT. 
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a) b)  
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Figure 5.10: Gene expression ratios (relative to GAPDH) of mesenchymal markers for (a) N-

cadherin, (b) Vimentin and (c) MMP-9 determined by quantitative real-time PCR on day-8 

H400 cultures challenged with E. coli LPS, oxygen-killed P. gingivalis, F. nucleatum and T. 

denticola +/- curcumin. The values obtained from each sample were normalised to GAPDH. 

All cultures challenged with oxygen-killed pathogens significantly up-regulated expression of 

all mesenchymal markers and expression was decreased with curcumin addition. Curcumin 

significantly decreased E. coli LPS and oxygen-killed T. denticola induced up-regulation of all 

mesenchymal markers. Error bars shown are standard deviations and experiments were 

performed in triplicate. * = P<0.05, ** = P<0.01 and *** = P<0.001. 
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5.7.3 Gene expression of EMT-related transcription factors 

The transcription factors snail-1, snail-2 and twist-1 are associated with regulating several 

genes associated with EMT (Peinado, Olmeda and Cano, 2007). Expression of these 

transcription factors in oral keratinocytes were generally up-regulated after OK pathogen 

exposure (see section 4.3.3.1) and curcumin has previously demonstrated its potential to 

inhibit EMT-related gene expression changes (see section 5.1). Therefore, qRT-PCR was 

performed on cultures exposed to OK pathogens with curcumin to assess curcumins’ potential 

to inhibit pathogen-induced EMT transcription factor gene expression changes. 

 

5.7.3.1 Effects of curcumin on oxygen-killed pathogen induced expression of EMT-

related transcription factors 

Expression of snail-1 was significantly up-regulated (P<0.001) after exposure to all pathogens 

(3.11 – 7.16-fold) compared with media only controls. However, curcumin addition (0.18 – 

4.23-fold) significantly down-regulated (P<0.01 and P<0.001) snail-1 expression when 

compared with cultures exposed to the pathogens only (Figure 5.11a). Snail-2 expression was 

up-regulated for all pathogen exposed cultures (1.2 – 3.1-fold) except OK P. gingivalis (0.53-

fold) (P<0.01), with significant up-regulation (P<0.01) occurring with E. coli LPS and OK T. 

denticola exposure compared with media only. Curcumin significantly (P<0.05 and P<0.01) 

supressed E. coli LPS (1.16-fold) and OK T. denticola (2.3-fold) induced snail-2 expression. 

However, curcumin significantly up-regulated snail-2 expression (1.35-fold) in OK P. 

gingivalis stimulated cultures compared with cultures exposed to OK P. gingivalis only 

(P<0.01) (Figure 5.11b). Expression of twist-1 was up-regulated for all pathogen exposed 

cultures (1.02 – 9.3-fold) with E. coli LPS (P<0.01) and OK T. denticola (P<0.001) 

significantly up-regulating expression compared with media only. Curcumin significantly 
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(P<0.01 and P<0.001) reduced E. coli LPS (1.39-fold) and OK T. denticola (2.99-fold) 

induced twist-1 expression. In contrast, curcumin significantly up-regulated twist-1 

expression in cultures exposed to OK F. nucleatum (3.11-fold) compared with cultures 

exposed to OK F. nucleatum only (P<0.05) (Figure 5.11c). The vehicle control significantly 

down-regulated (P<0.05 and P<0.001) snail-1 (0.13-fold) (Figure 5.11a) and twist-1 (0.4-fold) 

(Figure 5.11c) expression and expression of all genes was significantly down-regulated by 

curcumin only exposure (0.0002 - 0.21-fold) in comparison with media only control 

(P<0.001).  

 

Overall, curcumin was able to significantly inhibit the expression of all three EMT 

transcription factors in cultures exposed to E. coli LPS and OK T. denticola, but curcumin 

differentially affected snail-2 and twist-1 gene expression in OK P. gingivalis and F. 

nucleatum exposed cultures, therefore possibly highlighting a mechanism through which 

curcumin exerted its EMT-inhibitory effects. Curcumins’ potential to supress up-regulated 

gene expression of pro-inflammatory cytokines related to EMT induction was explored next.    
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a) b) 
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Figure 5.11: Gene expression ratios (relative to GAPDH) of EMT-related transcription factors 

for (a) snail-1, (b) snail-2 and (c) twist-1 determined by quantitative real-time PCR on day-8 

H400 cultures challenged with E. coli LPS, oxygen-killed P. gingivalis, F. nucleatum and T. 

denticola +/- curcumin. The values obtained from each sample were normalised to GAPDH. 

All cultures challenged with oxygen-killed bacteria up-regulated expression of all genes except 

oxygen-killed P. gingivalis which decreased snail-2 expression in comparison with control. 

Curcumin significantly decreased E. coli LPS and oxygen-killed T. denticola induced 

expression of all mesenchymal markers. However, curcumin exposure resulted in differential 

responses in all genes after oxygen-killed P. gingivalis and F. nucleatum stimulation. Error bars 

shown are standard deviations and experiments were performed in triplicate. * = P<0.05, ** = 

P<0.01 and *** = P<0.001. 
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5.7.4 Gene expression of EMT-inducing pro-inflammatory cytokines 

The pro-inflammatory cytokines IL-1β, IL-8 and TGF-β1 have been linked with inducing 

EMT (see section 1.3.5) and data here showed that E. coli LPS and OK pathogens could up-

regulate gene expression of these cytokines (see section 4.3.4.1). Curcumin has been shown to 

possess anti-inflammatory properties (Cho, Lee and Kim, 2007; Mohankumar et al., 2015), 

therefore curcumin was supplemented into OK pathogen exposed cultures and its potential to 

inhibit pathogen-induced pro-inflammatory cytokine gene expression was analysed by qRT-

PCR. 

 

5.7.4.1 Effects of curcumin on oxygen-killed pathogen induced EMT-related pro-

inflammatory cytokine gene expression 

IL-1β expression was significantly up-regulated in cultures exposed to E. coli LPS (8.25-fold) 

(P<0.001) and OK T. denticola (3.67-fold) (P<0.01) in comparison with media only controls. 

Curcumin significantly decreased E. coli LPS (3.91-fold) (P<0.001) and OK T. denticola (1.7-

fold) (P<0.05) induced IL-1β gene expression compared with cultures exposed to pathogens 

only. Conversely, curcumin had the opposite effect in cultures exposed to F. nucleatum (2.65-

fold) (P<0.05), where expression was significantly increased (Figure 5.12a). Expression of 

IL-8 however was increased in all pathogen stimulated cultures (1.13 – 25.11-fold) with E. 

coli LPS, OK P. gingivalis and T. denticola resulting in significant up-regulation compared 

with media only controls (P<0.05 and P<0.001). However, IL-8 expression was significantly 

decreased (P<0.05, P<0.01 and P<0.001) in these cultures with the addition of curcumin 

(0.017 – 8.2-fold) (Figure 5.12b). Cultures stimulated with E. coli LPS (2.18-fold), OK F. 

nucleatum (1.54-fold) and T. denticola (6.57-fold) significantly increased TGF-β1 expression 

in comparison with media only control (P<0.05, P<0.01 and P<0.001). Curcumin addition 
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(0.46 – 0.92-fold) significantly decreased all pathogen-induced TGF-β1 expression (P<0.05, 

P<0.01 and P<0.001), except in OK P. gingivalis (1.95-fold) exposed cultures where 

expression was significantly increased compared with cultures exposed to pathogens only 

(P<0.05) (Figure 5.12c). The vehicle control did not affect cytokine expression but curcumin 

only exposure (0.61-fold) significantly decreased TGF-β1 expression compared with media 

only (P<0.05) (Figure 5.12c).  

 

Overall, curcumin significantly inhibited the expression of all three pro-inflammatory 

cytokines in cultures exposed to E. coli LPS and OK T. denticola but demonstrated 

differential responses in OK P. gingivalis and F. nucleatum stimulated cultures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 259 

a) b) 
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Figure 5.12: Gene expression ratios (relative to GAPDH) of pro-inflammatory cytokines for 

(a) IL-1β, (b) IL-8 and (c) TGF-β1 determined by quantitative real-time PCR on day-8 H400 

cultures challenged with E. coli LPS, oxygen-killed P. gingivalis, F. nucleatum and T. denticola 

+/- curcumin. The values obtained from each sample were normalised to GAPDH. Expression 

of all cytokines were significantly increased after E. coli LPS and oxygen-killed T. denticola 

exposure in comparison with control, however addition of curcumin significantly decreased 

expression in these cultures. Curcumin addition in oxygen-killed P. gingivalis and F. nucleatum 

exposed cultures resulted in differential expression across all cytokines. Error bars shown are 

standard deviations and experiments were performed in triplicate. * = P<0.05, ** = P<0.01 and 

*** = P<0.001. 
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5.8 Trans-epithelial electrical resistance of oral keratinocyte monolayers exposed to 

oxygen-killed T. denticola and E. coli LPS with curcumin 

Previous findings here have shown decreased TEER readings after OK T. denticola and E. 

coli LPS exposure in oral keratinocyte cultures (see section 4.7.1). Curcumin has been shown 

to prevent loss of epithelial adhesion molecule gene expression in these cultures (see section 

5.7.1.1), therefore TEER was performed on cultures exposed to OK T. denticola and E. coli 

LPS with curcumin, to further confirm whether curcumin may maintain epithelial integrity.  

 

5.8.1 Analysis of curcumin on trans-epithelial electrical resistance in oxygen-killed T. 

denticola and E. coli LPS exposed monolayers 

TEER readings were not significantly different at all days in cultures exposed to E. coli LPS 

when compared with media only controls. The addition of curcumin to E. coli LPS stimulated 

cultures increased TEER for all days except day 3 where readings decreased in comparison 

with cultures stimulated with E. coli LPS only. OK T. denticola exposure significantly 

decreased TEER readings at all days except day 4 and 5 when compared with media only 

controls (P<0.05 and P<0.01). Curcumin exposure non-significantly decreased TEER values 

further for all days in OK T. denticola exposed cultures compared with cultures exposed to 

OK T. denticola only. TEER readings were significantly lower in OK T. denticola and 

curcumin exposed cultures in comparison with media only at all days except day 4 (P<0.05, 

P<0.01 and P<0.001) (Figure 5.13).  

 

Overall, curcumin appeared to partially restore E. coli LPS induced loss of epithelial cell-cell 

adhesion as shown by increased TEER readings but, was ineffective in cultures exposed to 

OK T. denticola. 
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Figure 5.13: Trans-epithelial electrical resistance (TEER) readings of oral keratinocyte 

monolayers from day 2-8 challenged with E. coli LPS and oxygen-killed T. denticola +/- 

curcumin. E. coli LPS and oxygen-killed T. denticola exposure reduced TEER readings in 

comparison with media only control. E. coli LPS with curcumin resulted in greater TEER 

readings compared with E. coli LPS exposure only at all days except day 3. However, curcumin 

addition to oxygen-killed T. denticola stimulated cultures decreased TEER readings when 

compared with oxygen-killed T. denticola exposure only at all days. Error bars shown are 

standard deviations and experiments performed in triplicate. * = P<0.05, ** = P<0.01 and *** 

= P<0.001. 
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5.9 Discussion 

5.9.1 Curcumin inhibits oxygen-killed T. denticola induced oral keratinocyte growth 

Oral keratinocyte stimulation by OK T. denticola significantly increased cell growth and 

addition of curcumin was able to significantly inhibit this cell growth after 8-days exposure. 

Curcumin’s inhibition of OK T. denticola induced cell growth has not been previously 

explored. It was determined from the literature that epithelial cell exposure to T. denticola 

activates cell proliferation pathways, MAP kinases ERK1 and ERK2, leading to increased cell 

division and growth (see section 4.8.1). Five-µM curcumin can decrease phosphorylation of 

ERK1/2 induced by TGF-β2 in epithelial cells after 48 hours exposure (Liu et al., 2020), 

therefore curcumin inhibition of OK T. denticola induced cell growth is potentially due to 

decreased activity of the cell proliferation pathways, ERK1/2.  

 

A previous study has shown 5µM curcumin inhibited cell growth in normal and immortalized 

oral keratinocytes after 3-days exposure (Chakravarti et al., 2010). It was also observed in this 

study that protein levels of cyclin D1 were downregulated after curcumin exposure. Cyclin 

D1 binds to CDK4 and CDK6 to form active complexes that promote cell cycle progression 

through the G1 to S phase (Alao, 2007). Therefore, decreased cyclin D1 activity would 

decrease cell proliferation leading to the significantly lower cell number seen here after 

curcumin exposure. As cell growth was inhibited after 8-days exposure in the study, it was 

proposed that curcumin was able to exert its inhibitory effects over a longer period than 3-

days. Further studies would be needed however to determine the exact mechanism through 

which curcumin inhibits OK T. denticola induced cell growth.  
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5.9.2 Curcumin inhibits oxygen-killed P. gingivalis and T. denticola induced oral 

keratinocyte cell migration 

The exposure of oral keratinocytes to OK P. gingivalis, F. nucleatum and T. denticola 

significantly increased cell migration of oral keratinocytes, however the addition of curcumin 

was able to significantly inhibit OK P. gingivalis and T. denticola induced cell migration at 

some of the time points tested. The gingipains of P. gingivalis have been noted to induce cell 

migration in microglial cells (see section 4.8.6). Curcumin has been shown to significantly 

inhibit the activity of P. gingivalis gingipains in a dose-dependent manner (Singh et al., 

2018), therefore curcumin inhibition of OK P. gingivalis induced cell migration observed here 

may be related to reduced activity of gingipains. The decreased OK T. denticola induced cell 

migration seen here with curcumin treatment may be associated with significant inhibition of 

N-cadherin gene expression. It is known that N-cadherin can promote cell motility (see 

section 4.8.6), however previous studies have not explored the ability of curcumin to inhibit 

N-cadherin gene up-regulation in oral epithelial cells. Interestingly, curcumin can inhibit N-

cadherin gene expression in breast cancer cell lines (Gallardo and Calaf, 2016a) and N-

cadherin protein expression in lung cancer cell lines (Deng et al., 2020). Data here may imply 

that curcumin was also able to inhibit N-cadherin gene up-regulation in oral epithelial cells, 

possibly leading to significant inhibition of OK T. denticola induced cell migration as was 

observed here. Interestingly, curcumin treatment did not inhibit OK F. nucleatum induced cell 

migration. This may have possibly related to vimentin gene expression which was 

significantly downregulated with curcumin addition in OK P. gingivalis and T. denticola 

stimulated cultures, but not in OK F. nucleatum stimulated cultures. Vimentin is a 

mesenchymal cytoskeletal structure that facilitates cell motility during EMT (Huang, Guilford 
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and Thiery, 2012), therefore findings here may suggest a role for vimentin in enabling cell 

motility for oral keratinocytes in vitro.  

 

5.9.3 Curcumin inhibits oxygen-killed pathogen induced epithelial marker repression 

The epithelial markers E-cadherin, cytokeratin 5 and desmoplakin-1 were all down-regulated 

with OK pathogen stimulation, however addition of curcumin to these pathogen exposed 

cultures inhibited and significantly up-regulated expression of these markers. Curcumin can 

up-regulate protein expression of E-cadherin in OSCC cells (Lee et al., 2015; Ohnishi et al., 

2020) and E-cadherin gene expression in breast cancer cell lines (Mukherjee et al., 2014). In 

addition, curcumin significantly inhibited up-regulated EMT-related transcription factor, 

snail-1, for all OK pathogen stimulated cultures in the present study. Snail-1 is well known to 

directly repress E-cadherin expression (Kaufhold and Bonavida, 2014), therefore, curcumin 

may inhibit OK pathogen-induced E-cadherin gene expression through a snail-1 mediated 

pathway. Curcumins effects on cytokeratin 5 have not been previously explored however it 

has been shown to promote cytokeratin gene expression after TGF-β1 induced EMT in kidney 

epithelial cells, possibly through suppression of the Akt/mTOR pathway (Zhu et al., 2017). In 

addition, the ability of curcumin to restore desmoplakin-1 expression has not been previously 

investigated. Snail-1 can repress expression of other desmosomal components, such as 

plakophilin-2, in colorectal cells (De Craene et al., 2005), therefore snail-1 may potentially be 

involved in the repression of similar components such as desmoplakin-1. Consequently, the 

up-regulation of desmoplakin-1 gene expression observed here after curcumin addition maybe 

through repressed activity of snail-1. It would be expected that TEER would therefore 

increase with up-regulated expression of these epithelial cell adhesion markers after curcumin 

treatment. Interestingly, curcumin addition to pathogen stimulated cultures did not 
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significantly increase TEER readings, which suggested gene transcription was not being 

translated to the protein level possibly due to post-transcriptional regulatory systems as 

discussed in section 4.8.2.  

 

5.9.4 Curcumin potentially inhibits oxygen-killed pathogen-induced mesenchymal gene 

expression 

The addition of curcumin to E. coli LPS and OK T. denticola exposed cultures significantly 

inhibited N-cadherin gene expression and supporting data has shown curcumin to inhibit gene 

expression of N-cadherin in breast cancer cell lines (Gallardo and Calaf, 2016a). However, 

curcumin was ineffective at inhibiting OK P. gingivalis and F. nucleatum induced N-cadherin 

gene up-regulation and this may have been due to significantly up-regulated TGF-β1 and IL-

1β gene expression observed in these cultures after curcumin addition when compared with 

pathogen only exposed cultures. Both TGF-β1 (Araki et al., 2011) and IL-1β (Li et al., 2020) 

have been shown to increase N-cadherin expression, therefore curcumin’s ability to repress 

OK P. gingivalis and F. nucleatum induced N-cadherin gene up-regulation maybe 

counteracted by increased activity of these cytokines.  

 

Curcumin significantly inhibited up-regulated gene expression of vimentin brought about by 

OK P. gingivalis and T. denticola stimulation. Curcumin has previously been shown to inhibit 

vimentin expression after hepatocyte growth factor induced EMT in OSCC cells, possibly 

through downregulation of the c-Met/ERK pathway (Ohnishi et al., 2020). In addition, 

another study observed repression of vimentin expression by curcumin, through suppression 

of the Akt/mTOR pathway after TGF-β1 induced EMT in kidney epithelial cells (Zhu et al., 

2017). However, curcumin was ineffective in significantly inhibiting OK F. nucleatum 



 267 

induced vimentin gene expression. Curcumin supplementation in OK F. nucleatum exposed 

cultures resulted in significantly increased gene expression of the EMT-related transcription 

factor twist-1. Overexpression of twist-1 has been implicated in inducing vimentin expression 

in previous investigations (Bulzico et al., 2018; Meng et al., 2018; Zhang et al., 2015b), 

therefore inhibition of OK F. nucleatum induced vimentin gene up-regulation by curcumin 

may be counteracted by twist-1 overexpression.  

 

The up-regulated gene expression of MMP-9 after exposure with all OK pathogens was 

significantly inhibited by curcumin treatment. Curcumin has previously been shown to inhibit 

MMP-9 gene up-regulation in OSCC cells (Lee et al., 2015; Zhen et al., 2014) and gingival 

epithelial cells (Toraya et al., 2019). Urokinase-type plasminogen activator/receptor (uPA/R) 

signalling plays an important role in ECM destruction, which promotes EMT and it was 

previously observed that expression of uPA/R was simultaneously down-regulated along with 

MMP-9 expression after curcumin exposure in OSCC cells (Zhen et al., 2014). This may 

suggest that OK pathogen-induced MMP-9 gene expression observed here may be inhibited 

by curcumin potentially through uPA/R signalling.  

 

5.9.5 Curcumin selectively inhibits oxygen-killed pathogen induced gene expression of 

EMT-related transcription factors 

The up-regulated gene expression of snail-1 after OK pathogen exposure was significantly 

inhibited following curcumin treatment. A previous study has shown curcumin to down-

regulate snail-expression in OSCC cells after 24 hours treatment in a dose dependent manner 

(Lee et al., 2015). Findings in the present study suggested that curcumin was still effective in 

inhibiting snail-1 expression over an extended period of 8-days. Another study has shown that 
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curcumin represses snail-1 expression via suppression of the Smad2 pathway in epithelial 

cells (Cao et al., 2017). Therefore, inhibition of OK pathogen-induced snail-1 gene up-

regulation detected here after curcumin treatment, may possibly have been due to the activity 

of the Smad2 pathway, although further investigations are needed to confirm this.   

 

Snail-2 upregulation by OK T. denticola exposure was significantly inhibited with curcumin 

supplementation. Curcumins’ repression of snail-2 expression in oral epithelial cells has not 

been previously reported. Although, supporting studies have shown snail-2 (slug) gene 

(Gallardo and Calaf, 2016b) and protein expression (Deng et al., 2020; Thacker and 

Karunagaran, 2015) to be inhibited by curcumin in breast, cervical and lung cancer cell lines. 

Wnt/β-catenin is involved in activating snail-2 (Moon, Lee and Lim, 2021) and it was 

deduced that curcumin was able to repress β-catenin and inhibit the Wnt/β-catenin pathway 

leading to snail-2 down-regulation in epithelial cells (Thacker and Karunagaran, 2015). This 

pathway may be involved in curcumin inhibition of OK T. denticola induced snail-2 up-

regulation observed here, however further investigations are needed to confirm this. In 

contrast, snail-2 was significantly up-regulated by curcumin addition in OK P. gingivalis 

stimulated cultures. This could have been related to the significantly increased gene transcript 

of TGF-β1 observed in these cultures after curcumin exposure, as TGF-β1 can up-regulate 

snail-2 gene transcription (Morita, Mayanagi and Sobue, 2007). 

 

Curcumin also significantly inhibited the up-regulated twist-1 expression after OK T. 

denticola exposure. A study demonstrating curcumins’ inhibition of EMT in OSCC cells 

showed twist-1 to be down-regulated by curcumin in a dose-dependent manner via a p53-

dependent signalling pathway (Lee et al., 2015). It was also identified that TGF-β1 could up-
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regulate twist-1 expression through the STAT3 signalling pathway (Cho et al., 2013). 

Curcumin inhibited OK T. denticola induced TGF-β1 gene expression here, which may 

potentially have indicated decreased TGF-β1 secretion, therefore leading to reduced STAT3 

signalling and down-regulated twist-1 gene expression. However, curcumin had opposite 

effects on twist-1 gene expression in OK F. nucleatum stimulated cultures, where it 

significantly up-regulated expression. This outcome may have been associated with the 

increased IL-1β gene expression seen in these cultures after curcumin treatment, which could 

suggest increased IL-1β protein secretion. IL-1β is implicated in inducing twist-1 expression 

in epithelial cells (Jiménez-Garduño et al., 2017), therefore curcumins’ inhibition of OK F. 

nucleatum induced twist-1 maybe counteracted by increased activity of IL-1β.  

 

5.9.6 Curcumin selectively inhibits oxygen-killed pathogen induced gene expression of 

EMT promoting pro-inflammatory cytokines  

Curcumin treatment was able to significantly prevent OK T. denticola induced IL-1β gene up-

regulation. Curcumin has previously been shown to inhibit IL-1β secretion in epithelial cells 

(Wang, Ghosh and Ghosh, 2017a) and gene expression in human keratinocytes (Cho, Lee and 

Kim, 2007). In contrast, curcumin addition significantly increased expression of IL-1β in OK 

F. nucleatum stimulated cultures and this may have been associated with F. nucleatums’ LPS 

which can induce IL-1β secretion (Martinho et al., 2016). Therefore, findings here suggested 

that curcumin may be ineffective or even promote the activity of F. nucleatum LPS resulting 

in increased IL-1β gene up-regulation.  

 

Curcumin exposure significantly inhibited up-regulated gene transcripts of IL-8 after OK P. 

gingivalis and T. denticola exposure. Curcumin has been reported to down-regulate gene 
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expression of IL-8 in oesophageal epithelial cells (Rafiee et al., 2009) and OSCC cells (Cohen 

et al., 2009) and to initiate its effects via inhibition of Iκβ-kinase activity in the NF-κβ 

pathway (Cohen et al., 2009). Therefore, OK P. gingivalis and T. denticola induced IL-8 gene 

up-regulation may be inhibited by curcumin through NF-κβ signalling, although further 

studies are needed to confirm this.   

 

TGF-β1 gene expression was significantly inhibited with curcumin addition in OK F. 

nucleatum and OK T. denticola exposed cultures. The effects of curcumin in supressing TGF-

β1 gene up-regulation in oral epithelial cells has not been previously investigated. However, 

supporting data shows that curcumin can inhibit TGF-β1 secretion in breast epithelial cells via 

the NF-κB pathway (Mohankumar et al., 2015). The transcription factor snail-1 was 

significantly inhibited in the present study after curcumin addition and it is known that snail-1 

can increase expression of TGF-β pathway genes via a positive feedback mechanism 

(Dhasarathy et al., 2011). Therefore, inhibition of the snail-1 transcription factor may lead to 

the down-regulation of TGF-β1 gene expression observed here. In contrast, curcumin 

significantly up-regulated TGF-β1 gene expression in OK P. gingivalis stimulated cultures. It 

was identified from the literature that cysteine proteases of P. gingivalis can induce a TGF-β1 

response (Bengtsson, Khalaf and Khalaf, 2015), therefore curcumin may be promoting 

cysteine protease activity leading to the increased TGF-β1 gene expression observed here. 

 

The next chapter focused on further understanding different EMT responses with HK and OK 

T. denticola stimulation by performing quantitative mass spectrometry-based proteomics on 

isolated T. denticola outer membrane proteins. These analyses may provide further insight 
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into the effects of heat and oxygen-killing on T. denticola and identify potential T. denticola 

membrane proteins which may promote EMT. 
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6. Mass spectrometry analysis of live, 
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6.1 Introduction 

From the present study it was observed that oxygen-killing preserved T. denticola  helical 

structure more so than heat-killing (see sections 3.5.1 and 3.6.1) and OK T. denticola 

generally stimulated greater EMT-related responses in oral keratinocytes when compared with 

HK T. denticola (see Chapter 4). It was hypothesised that heat-killing maybe denaturing 

proteins responsible for these changes. Therefore, quantitative mass spectrometry-based 

proteomics on isolated T. denticola outer membrane proteins was performed to further 

understand the effects of heat and oxygen-killing on T. denticola and identify potential T. 

denticola membrane proteins which may be important in stimulating EMT. 

 

The database for annotation, visualization and integrated discovery (DAVID) knowledgebase 

(Dennis et al., 2003) was utilised to identify enriched biological themes of identified proteins 

based on gene ontology (GO) terms. GO is a bioinformatics attempt to organise knowledge  

about gene and gene products and allow functional analysis of data using term enrichment 

analysis (The Gene Ontology Consortium, 2016). Enriched GO terms were used to identify 

cellular components (location), biological processes (pathways and programs) and molecular 

functions of individual gene products. The Kyoto encyclopaedia of genes and genomes 

(KEGG) pathway database is an assortment of molecular pathway maps and it was utilised 

here to group genes into known pathways (Kanehisa et al., 2016). To further understand the 

relationships between proteins, the search tool for the retrieval of interacting genes/proteins 

(STRING) database was used to assess protein-protein interactions (Szklarczyk et al., 2016). 

These interactions were based on experimental evidence and information in curated databases.  
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6.2 Isolated T. denticola outer membrane proteins 

Mass spectrometry analysis and searches of the reviewed UniProt knowledgebase 

(UniProtKb) protein database identified a total of 132 proteins in T. denticola, of which 10 

were identified but not quantified (see appendices Table 9.1). These 10 proteins were not 

quantified because abundance levels were too low. Consequently, analysis of proteins was 

focused on the 122 identified and quantified proteins. To further understand the role of these 

122 proteins, DAVID was utilised to perform GO term enrichment analysis to identify 

cellular components, biological processes and molecular functions of individual gene 

products. The genes were searched using existing data for T. denticola and any unrecognised 

genes after GO term enrichment analysis may be due to lack of available information for T. 

denticola.  

6.2.1 Analysis of T. denticola outer membrane proteins 

Using GO term enrichment analysis, it was found that the cellular component of 88 genes 

were enriched whilst 34 were not. From these 88 genes, 48 were identified to be located in the 

cytoplasm, 29 in the ribosome, 6 in the small ribosomal unit and 5 in the large ribosomal unit 

Table 6.1). GO analysis also revealed 49 genes which were attributed to biological processes 

whilst the remaining 73 genes were not identified with any biological processes. Out of these, 

42 genes were involved in protein translation, 4 in glycolytic process and 3 in plasma 

membrane ATP synthesis coupled proton transport (Table 6.2). The molecular function of 85 

genes were also identified whilst the remaining 37 genes were not. From the 85 genes, 39 

were a structural ribosome constituent, 27 in rRNA binding, 9 in tRNA binding, 4 in 

translation elongation factor activity, 3 in proton-transporting ATP synthase activity and 

rotational mechanism and 3 in aminoacyl-tRNA editing activity (Table 6.3). DAVID also 

utilises the KEGG pathway database to identify pathways that proteins were involved in. Out 
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of the 122 genes, a total of 62 genes were recognised to be involved in pathways. Forty of 

these 62 were related with pathways involved in the ribosome function, 17 in aminoacyl-

tRNA biosynthesis and 5 in RNA degradation (Table 6.4). 

 

Further analysis by STRING was performed to establish interactions between proteins (Figure 

6.1). The light blue lines (links or edges) between proteins (nodes) represented known 

interactions from curated databases whilst the pink lines represented known interactions from 

experimental results and were collectively known as protein associations. A total of 1022 

protein associations were identified. The 44 nodes in red represented proteins in the network 

that were annotated with the search term ‘ribosome’ and most interactions between proteins 

were between ribosomal components signified by the density of light blue and pink lines 

between these red nodes (see Figure 6.1).  
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Table 6.1: Gene ontology (GO) term enrichment analysis of 122 T. denticola genes revealed 

the cellular component of 88 genes (shown by accession numbers). Refer to appendices Table 

9.1 for protein description. 

 

Cellular component Accession numbers 

Cytoplasm/cytosol 

(n=48) 

Q73K92, Q73QZ3, Q73NX6, Q73JR4, Q73M76, Q73NV3, 

Q73P70, Q73MV2, Q73MZ2, Q73M27, Q73P66, P61188, 

Q73J26, Q73MC2, Q73LG6, Q73R87, Q73RS4, Q73P28, 

Q73JM9, Q73PD8, Q73NH7, Q73RJ6, Q73NW1, Q73NB9, 

Q73RR5, P62221, Q73M39, Q73NT9, Q73Q56, Q73MP4, 

P62421, Q73P31, P62042, Q73JN2, Q73NR2, Q73RN8, 

Q73MD3, P62646, Q73QJ5, Q73KB2, Q73JB2, Q73KJ8, 

Q73QJ2, Q73KH5, Q73P19, P61339, P60920, Q73PN3 

 

Ribosome (n=29) Q73PE7, Q73PK9, Q73KR3, P61070, Q73PM1, Q73PM0, 

Q73M02, Q73PK7, P62239, Q73P09, Q73PM3, Q73PB4, 

Q73PL9, Q73NW2, Q73LW1, Q73PL0, Q73PN2, Q73PN1, 

Q73N16, Q73PN0, P62443, Q73JJ0, Q73M34, Q73PL8, Q73PL7, 

Q73PL6, Q73JJ6, Q73JL8, Q73JJ5 

 

Small ribosomal unit 

(n=6) 

Q73NV5, Q73NV4, Q73LC2, Q73PM6, Q73K75, Q73PL5 

Large ribosomal unit 

(n=5) 

Q73JJ4, Q73PM9, Q73PM7, Q73PL3, Q73PM2 

 

 

 

Table 6.2: A total of 49 genes (shown by accession numbers) were attributed to biological 

processes after gene ontology (GO) term enrichment analysis of 122 T. denticola genes. Refer 

to appendices Table 9.1 for protein description. 

 

Biological process Accession numbers 

Protein translation 

(n=42) 

Q73PE7, Q73PK9, Q73NV4, Q73KR3, Q73K75, P61070, 

Q73PM1, Q73PM0, Q73Q68, Q73M02, Q73PK7, P62239, 

Q73PM9, Q73LC2, Q73PM7, Q73P09, Q73PM6, Q73PM3, 

Q73PM2, P61348, Q73PB4, Q73PL9, Q73NW2, Q73LW1, 

Q73PL0, Q73JJ4, Q73PN2, Q73PN1, Q73N16, Q73PN0, 

P62443, Q73JJ0, Q73M34, Q73NV5, Q73PL8, Q73PL7, 

Q73PL6, Q73PL5, Q73PL3, Q73JJ6, Q73JL8, Q73JJ5 

 

Glycolytic process (n=4) P62421, Q73QV3, Q73P50, Q73NB9 

 

Plasma membrane ATP 

synthesis coupled 

transport (n=3) 

Q73M29, Q73M28, Q73MX5 
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Table 6.3: The molecular function of 85 T. denticola genes (shown by accession numbers) were 

identified after gene ontology (GO) term enrichment analysis of 122 genes. Refer to appendices 

Table 9.1 for protein description. 

 

Molecular function  Accession numbers 

Structural constituent 

of ribosome (n=39) 

Q73PE7, Q73PK9, Q73NV4, Q73KR3, Q73K75, P61070, 

Q73PM1, Q73PM0, Q73M02, Q73PK7, P62239, Q73PM9, 

Q73LC2, Q73PM7, Q73P09, Q73PM6, Q73PM3, Q73PM2, 

Q73PB4, Q73PL9, Q73NW2, Q73LW1, Q73PL0, Q73JJ4, 

Q73PN2, Q73PN1, Q73N16, Q73PN0, P62443, Q73JJ0, Q73M34, 

Q73NV5, Q73PL8, Q73PL7, Q73PL6, Q73PL5, Q73PL3, Q73JJ6, 

Q73JL8 

 

rRNA binding (n=27) Q73PK9, Q73NV4, Q73KR3, P61070, Q73PM1, Q73PM0, 

Q73M02, Q73PM9, Q73LC2, Q73PM7, Q73PM6, Q73PM3, 

Q73PM2, Q73PL9, Q73NW2, Q73LW1, Q73PL0, Q73JJ4, 

Q73PN1, Q73PN0, Q73M34, Q73NV5, Q73PL8, Q73PL7, 

Q73PL6, Q73PL5, Q73PL3 

 

tRNA binding (n=9) Q73JJ4, Q73PL0, Q73PN2, Q73NT9, Q73PM0, Q73NV5, 

Q73NV4, Q73JB2, Q73R87 

 

Translation elongation 

factor activity (n=4) 

Q73P31, Q73NV3, P61339, Q73PN3 

Proton-transporting 

ATP synthase activity, 

rotational mechanism 

(n=3) 

Q73M29, Q73M28, Q73MX5 

aminoacyl-tRNA 

editing activity (n=3) 

Q73JB2, Q73KJ8, Q73MZ2 
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Table 6.4: A total of 62 genes (shown by accession numbers) were recognised to be involved 

in molecular pathways out of the 122 T. denticola genes after searches in the KEGG pathway 

database. Refer to appendices Table 9.1 for protein description. 

 

KEGG pathways  Accession numbers 

Ribosomal pathways 

(n=40) 

Q73PE7, Q73PK9, Q73NV4, Q73KR3, Q73K75, P61070, 

Q73PM1, Q73PM0, Q73M02, Q73PK7, P62239, Q73PM9, 

Q73LC2, Q73PM7, Q73P09, Q73PM6, Q73PM3, Q73PM2, 

Q73PB4, Q73PL9, Q73NW2, Q73LW1, Q73PL0, Q73JJ4, 

Q73PN2, Q73PN1, Q73N16, Q73PN0, P62443, Q73JJ0, Q73M34, 

Q73NV5, Q73PL8, Q73PL7, Q73PL6, Q73PL5, Q73PL3, Q73JJ6, 

Q73JL8, Q73JJ5 

Aminoacyl-tRNA 

biosynthesis (n=17) 

Q73PD8, Q73M65, Q73RJ6, Q73MZ2, Q73RR5, Q73NT9, 

Q73Q68, Q73NR2, Q73MC2, Q73KB2, Q73JB2, Q73KJ8, 

Q73P19, Q73R87, P60920, Q73P28 and P61348 

RNA degradation 

(n=5) 

Q73NH7, Q73P50, Q73R54, Q73NW1, Q73Q16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 279 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: STRING visualization of 122 T. denticola proteins (shown by accession number) 

to establish interactions between proteins. The light blue lines between proteins (shown as 

nodes) represented known interactions from curated databases whilst the pink lines represented 

known interactions from experimental results and were collectively known as protein 

associations. A total of 1022 protein associations were identified and the 44 nodes in red 

represented proteins in the network that were annotated with the search term ‘ribosome’. Most 

interactions occurred between ribosomal proteins as indicated by the density of light blue and 

pink, highlighting the complexity of interactions between these red nodes. 
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6.3 Analysis of T. denticola proteins 

The abundance of T. denticola proteins after heat or oxygen killing was then compared with 

live T. denticola and presented using volcano plots. Proteins which were altered by a fold 

change of 2 or more (log2 = |1|) and above p<0.05 (-log10 p value = 1.3) were considered to 

be significantly altered and significance was tested using a paired t-test. These significantly 

altered proteins were outlined as red data points in the volcano plots with accession numbers 

present (see Figures 6.2 and 6.5).  

 

6.3.1 Live vs heat-killed T. denticola protein analysis 

After plotting log2 fold change against -log10 p values, it was observed that the abundances 

of 26 proteins were significantly altered after heat-killing when compared with live T. 

denticola (Figure 6.2). From these 26, the abundance of 15 proteins were significantly 

decreased (Table 6.5) whilst 11 were significantly increased (Table 6.6). Out of these 15 

significantly lower abundance proteins, 13 were located in the cytoplasm whilst 2 were 

transmembrane proteins as marked by ☨ in Table 6.5. From these 13 cytoplasmic proteins, 8 

were ribosomal proteins ‡  and 2 were nucleoid components ¥ and 3 in the cytosol §. The 

abundance of membrane protein insertase YidC (Q73JM1) (-2.079 - fold) was decreased the 

greatest after heat-killing T. denticola, whilst DNA-directed RNA polymerase subunit beta’ 

(Q73JJ8) (-1.005 - fold) was decreased the least.    

 

The 11 significantly higher abundance proteins consisted of 3 ribosomal proteins ‡ and 8 

cytosolic proteins § and no proteins associated with the membrane were significantly 

increased after heat-killing. The protein abundance of 50S ribosomal protein L21 (Q73LW1) 
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(2.990 - fold) was increased the greatest after heat-killing, whilst elongation factor G 2 

(Q73NV3) (1.170 - fold) was increased the least (Table 6.6). 

 

STRING analysis of significantly lower abundance T. denticola proteins after heat-killing 

revealed that the membrane protein insertase YidC (Q73JM1) interacted with 50S ribosomal 

protein L3 (Q73PN1) and 50S ribosomal protein L2 (Q73PM9). Both these ribosomal 

proteins interact with each other and the other 6 ribosomal proteins. In addition, DNA-

directed RNA polymerase subunit beta’ (Q73JJ8) interacts with DNA-directed RNA 

polymerase subunit alpha (Q73PK8) and the alpha subunit also interacts with 50S ribosomal 

protein L2 (Q73PM9). The proteins glycerol-3-phosphate dehydrogenase [NAD(P)+] 

(P61748), ribonuclease Y (Q73R54), ornithine carbamoyltransferase, catabolic (Q73P70) and 

valine--tRNA ligase (Q73MZ2) were not recognised to have any known interactions with 

each other or the other lower abundance proteins (Figure 6.3).  

 

STRING analysis for significantly higher abundance T. denticola proteins after heat-killing 

showed that the 50S ribosomal protein L21 (Q73LW1) interacts with elongation factor G 2 

(Q73NV3). In addition, deoxyribose-phosphate aldolase (Q73QJ5) has been shown to interact 

with fructose-bisphosphate aldolase class 1 (Q73QV3). However, 7 proteins (accession 

numbers: P62421, Q73K92, Q73QI7, Q73RR5, Q73RS2, Q73M39 and Q73M83) did not 

have any known interactions with each other or the other higher abundance proteins (Figure 

6.4).  

 

 

 





 283 

Table 6.5: The abundances of 15 proteins were significantly decreased (p<0.05) after heat-

killing of T. denticola when compared with live T. denticola. From these proteins, 8 were 

ribosomal proteins ‡, 3 were cytosolic §, 2 were nucleoid components ¥ and 2 were 

transmembrane proteins ☨. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Accession number Protein description 

 

Fold change 

Q73JM1☨  Membrane protein insertase YidC  -2.079 

Q73PM6 ‡ 30S ribosomal protein S3  -2.020 

Q73PM9 ‡ 50S ribosomal protein L2  -1.778 

Q73MZ2 § Valine--tRNA ligase -1.746 

P61748 § Glycerol-3-phosphate dehydrogenase [NAD(P)+]  -1.743 

Q73PL0 ‡ 30S ribosomal protein S13  -1.664 

Q73NV5 ‡ 30S ribosomal protein S12  -1.664 

Q73JL8 ‡ 50S ribosomal protein L34  -1.588 

Q73R54☨ Ribonuclease Y -1.577 

Q73PN1 ‡ 50S ribosomal protein L3  -1.572 

Q73PL9 ‡ 30S ribosomal protein S14 type Z  -1.349 

Q73P09 ‡ 50S ribosomal protein L28  -1.263 

Q73PK8 ¥ DNA-directed RNA polymerase subunit alpha -1.165 

Q73P70 § Ornithine carbamoyltransferase, catabolic  -1.092 

Q73JJ8 ¥ DNA-directed RNA polymerase subunit beta’   -1.005 
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Figure 6.3: STRING visualization for protein interactions for the 15 significantly lower 

abundance T. denticola proteins (shown by accession number) affected by heat-killing. Light 

blue lines between proteins (shown as nodes) represented known interactions from curated 

databases whilst pink lines represented known interactions from experimental results. 

Membrane protein insertase YidC (Q73JM1) interacts with 50S ribosomal protein L3 

(Q73PN1) and 50S ribosomal protein L2 (Q73PM9). All 8 ribosomal proteins (accession 

numbers: Q73PL0, Q73PN1, Q73NV5, Q73PL9, Q73PM9, Q73PM6, Q73P09, Q73JL8) 

interact with each other. Also, DNA-directed RNA polymerase subunit beta’ (Q73JJ8) interacts 

with DNA-directed RNA polymerase subunit alpha (Q73PK8). This alpha subunit also interacts 

with 50S ribosomal protein L2 (Q73PM9). 
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Table 6.6: A total of 11 proteins abundance were significantly increased (p<0.05) after heat-

killing of  T. denticola when compared with live T. denticola. Out of these, 8 were cytosolic 

proteins §  and 3 were ribosomal proteins ‡.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Accession number/gene Protein description 

 

Fold change 

Q73NV3 ‡ Elongation factor G 2  1.170 

Q73QJ5 § Deoxyribose-phosphate aldolase  1.191 

Q73K92 § Chaperone protein ClpB  1.197 

Q73M39 ‡ Trigger factor 1.360 

Q73RS2 § Bifunctional protein FolD  1.368 

Q73M83 § Glycine cleavage system H protein  1.525 

P62421 § Phosphoglycerate kinase  1.714 

Q73QI7 § Pyridoxal 5'-phosphate synthase subunit PdxS  1.745 

Q73QV3 §  Fructose-bisphosphate aldolase class 1  2.256 

Q73RR5 § Glycine-tRNA ligase 2.432 

Q73LW1 ‡ 50S ribosomal protein L21  2.990 
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Figure 6.4: Eleven significantly higher abundance T. denticola proteins affected by heat-killing 

visualised by STRING analysis to identify protein-protein interactions. The 50S ribosomal 

protein L21 (Q73LW1) interacts with elongation factor G 2 (Q73NV3), whilst deoxyribose-

phosphate aldolase (Q73QJ5) has shown to interact with fructose-bisphosphate aldolase class 

1 (Q73QV3). Seven proteins (accession numbers: P62421, Q73K92, Q73QI7, Q73RR5, 

Q73RS2, Q73M39 and Q73M83) did not have any known interactions with each other or the 

other up-regulated proteins. 
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 6.3.2 Live vs oxygen-killed T. denticola protein analysis  

The abundances of 12 T. denticola proteins were significantly altered after oxygen-killing 

when compared with live T. denticola (Figure 6.5). Out of these 12, the membrane protein 

insertase YidC (Q73JM1) was the only significantly decreased protein. Whilst 11 proteins 

were significantly increased after oxygen-killing (Table 6.7). From these 11 increased 

proteins, 7 were cytosolic proteins § and 4 were ribosomal proteins ‡. The highest increased T. 

denticola protein after oxygen-killing was DNA ligase (Q73MH0) (1.645 – fold), whilst D-

alanine-D-alanine ligase (Q73JN2) (1.101 – fold) was increased the least (Table 6.7).  

 

As only 1 protein, membrane protein insertase YidC (Q73JM1), was significantly decreased 

in T. denticola after oxygen-killing (-1.11 - fold), it was not possible to perform string 

analysis for this. However, STRING analysis for the significantly higher abundance proteins 

revealed that the 50S ribosomal protein L11 (P62443), 50S ribosomal protein L25 (Q73N16) 

and 50S ribosomal protein L5 (Q73PM0) all interact with each other. In addition, serine-

tRNA ligase (Q73KB2) and acyl carrier protein (Q73NX6) have known interactions. 

However, it was evident that 6 proteins (accession numbers: Q73NT9, Q73NV3, Q73PD8, 

Q73MH0, Q73RR5 and Q73JN2) did not have any known interactions with each other or the 

other higher abundance proteins (Figure 6.6). 

 

 

 

 

 

 





 289 

Table 6.7: The abundance of eleven proteins were significantly increased (p<0.05) after 

oxygen-killing T. denticola in comparison with live T. denticola. From these, 7 were cytosolic 

proteins § and 4 were ribosomal proteins ‡. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Accession number Protein description 

 

Fold change  

Q73JN2 § D-alanine-D-alanine ligase 1.101 

Q73PM0 ‡ 50S ribosomal protein L5  1.126 

Q73N16 ‡ 50S ribosomal protein L25  1.135 

Q73NV3 ‡ Elongation factor G 2 1.136 

Q73NX6 § Acyl carrier protein  1.156 

Q73NT9 § Methionine-tRNA ligase 1.196 

Q73KB2 § Serine-tRNA ligase 1.238 

Q73PD8 § Tyrosine-tRNA ligase  1.386 

Q73RR5 § Glycine-tRNA ligase  1.498 

P62443 ‡ 50S ribosomal protein L11  1.583 

Q73MH0 § DNA ligase  1.645 
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Figure 6.6: STRING was utilised to identify and visualise protein-protein interactions between 

the 11 significantly higher abundance proteins after oxygen-killing T. denticola. The 50S 

ribosomal protein L11 (P62443), 50S ribosomal protein L25 (Q73N16) and 50S ribosomal 

protein L5 (Q73PM0) all interact with each other. Also, serine-tRNA ligase (Q73KB2) and acyl 

carrier protein (Q73NX6) have known interactions. However, 6 proteins (accession numbers: 

Q73NT9, Q73NV3, Q73PD8, Q73MH0, Q73RR5 and Q73JN2) did not have any known 

interactions with each other or the other higher abundance proteins.  
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6.4 Discussion 

The STRING analysis of identified and quantified proteins (Figure 6.1) revealed that most 

interactions occurred between the 44 ribosomal protein (red nodes) that were detected. It was 

interesting to see a number of ribosomal associated proteins even though only the membrane 

of T. denticola was isolated. The STRING analysis also revealed that the membrane protein 

YidC (Q73JM1) had interactions with many of these ribosomal proteins. It has been 

previously reported that YidC is able to interact with translating ribosomes forming a 

complex that enables protein insertion into the membrane (Kedrov et al., 2013; Wickles et al., 

2014). Previous findings have also revealed that YidC binding to the ribosome is distributed 

over the large and small ribosomal subunits (Welte et al., 2012) and the C terminus of YidC is 

required for binding (Kohler et al., 2009). Therefore, presence of ribosomal proteins even 

after isolating the membrane maybe due to the C terminus of YidC which can bind to 

ribosomal components.  

 

Data indicated that heat-killing of T. denticola resulted in significant changes in the 

abundance of 26 proteins, whereas oxygen-killing only significantly altered the abundance of 

12 proteins, potentially revealing the damaging effects of heat-killing on T. denticola proteins. 

In addition, it also suggested that oxygen-killing was not as damaging to T. denticola proteins 

and preserved T. denticola components more than heat-killing. Heat-killing of T. denticola 

also resulted in decreased abundance of 15 proteins compared with only 1 after oxygen-

killing. Previous findings have reported that high temperatures can result in protein 

denaturation in bacteria (Allwood and Russell, 1970; Harries and Russell, 1967) and this is 

due to breaking of hydrogen bonds (Cooper, 2005) which are key for protein folding and 

structure (Sheu et al., 2003). Therefore, decreased abundance of more proteins after heat-
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killing is due to protein denaturation and findings also suggest that heat-killing was 

denaturing more proteins than oxygen-killing. Two of these proteins were membrane proteins 

whilst the rest were found in the cytoplasm which implied that heat-killing was damaging 

both surface and inner protein components of T. denticola. Eight of these lower abundance 

proteins after heat-killing consisted of ribosomal proteins. The ribosome is responsible for 

translating genetic information encoded in messenger RNAs (mRNA) into proteins 

(Korostelev, 2011). Therefore, this suggested that heat-killing was detrimental to T. denticola 

mRNA translational machinery possibly resulting in lack of protein synthesis essential for 

normal function and survival. 

 

However, both heat and oxygen-killing resulted in the increased abundance of 11 cytoplasmic 

proteins each. Out of these, only 2 proteins (elongation factor G2 and glycine-tRNA ligase) 

were increased by both heat and oxygen-killing whilst the other 9 were different to each other, 

suggesting that the type of killing influenced the increased abundance of different T. denticola 

proteins.  

 

6.4.1 Proteins involved in T. denticola structure  

The inner membrane protein insertase YidC is a member of the evolutionary conserved 

YidC/Oxa1/Alb3 protein family (Saller et al., 2012) and its structure consists of five core 

transmembrane helices (Kumazaki et al., 2014). YidC plays key and versatile roles in the 

insertion of proteins into the inner membrane (Dalbey et al., 2014; Serek et al., 2004), folding 

of proteins (Nagamori, Smirnova and Kaback, 2004) and assembly of membrane protein 

complexes (van der Laan et al., 2003). The abundance of this essential structural membrane 

component was significantly decreased after both heat and oxygen-killing. However, heat-
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killing (-2.079 – fold) resulted in greater decreases of YidC abundance in comparison with 

oxygen-killing (-1.11 - fold), suggesting that heat-killing was more damaging to YidC and 

therefore the structural integrity of T. denticola. The loss of T. denticolas’ helical structure 

observed in SEM image analysis after heat-killing T. denticola (see section 3.6.1) may have 

been due to the denaturing of membrane structural components such as YidC. However, 

oxygen-killing maintained T. denticolas’ helical structure (see section 3.6.1), suggesting the 

decrease in abundance of YidC after oxygen-killing was not sufficient to cause structural 

changes.  

 

Another protein that was significantly decreased after heat-killing was Ribonuclease Y 

(RNase Y). RNase Y is a transmembrane protein bound to the inner membrane of T. denticola 

(Hamouche et al., 2020) and plays important roles in degradation of mRNA to regulate the 

amount of protein produced from each mRNA and to recycle ribonucleotides for use in new 

RNA molecules (Laalami, Zig and Putzer, 2013). This is an essential requirement for adapting 

to a rapidly changing environment where quick production of proteins is vital for survival 

(Hui, Foley and Belasco, 2014). Although RNase Y is not intrinsically linked with T. 

denticola structure, it may potentially be linked with other constituents of the membrane 

which maintain structure. Therefore, the loss of T. denticolas’ helical shaped structure after 

heat-killing may be associated with the thermal denaturation of RNase Y.   

 

6.4.2 Proteins involved in heat shock response   

The accumulation of aggregated proteins brought about by heat stress can negatively affect 

cell machinery ultimately leading to cell death (Basta et al., 2020). In the present study, the 

abundance of chaperone protein ClpB (Q73K92) was significantly increased after heat-killing 
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of T. denticola in comparison with live T. denticola. ClpB is a highly conserved protein in 

bacteria that has been shown to provide protection against various forms of stress, in 

particular against heat shock (Alam et al., 2021). Findings in the present study agree with a 

previous study, where levels of clpB gene expression were increased at elevated temperatures 

in the Campylobacter species, C. coli and C. lari (Riedel et al., 2020). ClpB can facilitate the 

disaggregation of heat-stress damaged proteins to an aggregated state via its disaggregase 

activity (Lee et al., 2003). Studies investigating the activity of ClpB revealed that deletion of 

the clpB gene in Francisella tularensis resulted in lower bacterial survival rates at increased 

temperatures (Alam et al., 2018; Meibom et al., 2008). In addition, a clpB mutant of the 

pathogen Pseudomonas putida was unable to disaggregate aggregated proteins and was vital 

for cell survival after heat-stress (Ito et al., 2014). Therefore, this suggested that T. denticola 

responds to heat-stress by up-regulating ClpB production which plays a crucial role in 

disaggregating aggregated proteins and is essential in T. denticolas’ survival.  

 

The glycine cleavage system H protein (Q73M83) was significantly increased after heat-

killing of T. denticola in comparison with live T. denticola. This protein is part of the glycine 

cleavage system which catalyses the synthesis of glycine in anaerobic bacteria (Kikuchi et al., 

2008). The production of glycine is increased after heat-stress as it is needed for the synthesis 

of proteins responsible for the disaggregation of damaged proteins after heat-shock (Lüders, 

Fallet and Franco-Lara, 2009). One of these proteins may include glycine betaine which has 

previously been shown to protect against thermodenaturation in E. coli cells (Caldas et al., 

1999). Therefore, significant increase of glycine system H protein after heat-killing of T. 

denticola may play a role in protecting T. denticola from heat stress. 
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6.4.3 Proteins potentially involved in oxidative stress response   

D-alanine-D-alanine ligase is one of the key enzymes involved in the biosynthesis of 

peptidoglycan, catalysing the condensation of two D-Ala molecules using ATP (Kitamura et 

al., 2009). Peptidoglycans in T. denticola are responsible for cell architecture and for 

maintaining its coil configuration (Izard et al., 2008). It is known that exposure of bacterial 

cells to reactive oxygen species (ROS) can damage cellular components including membrane 

lipids and proteins. In addition, the peptidoglycan containing bacterial envelope is particularly 

prone to oxidative damage because of the outer membranes’ high permeability to hydrophilic 

low-molecular-weight oxidants (Ezraty et al., 2017). D-alanine-D-alanine ligase was 

significantly increased after oxygen-killing of T. denticola, suggesting increased production 

of peptidoglycan to help repair damage imposed by oxygen exposure. Findings here may 

bring to light a potential oxidative stress response within T. denticola previously not reported.   

 

6.4.4 Proteins potentially involved in EMT responses   

RNase Y has been reported to play a key role in the activation of virulence genes in 

Staphylococcus aureus (Marincola et al., 2012). In addition, RNase Y has shown to affect the 

production of virulence factors in S. aureus through expression of the agr gene (global 

virulence regulator) or independently (Nagata, Kaito and Sekimizu, 2008). Furthermore, 

deletion of the RNase Y gene encoded by CfVA in Streptococcus pyogenes resulted in down-

regulation of virulence genes and that RNase Y was necessary for the pathogenesis of S. 

pyogenes (Kang, Caparon and Cho, 2010). RNase Y may also be responsible for expression 

of virulence genes in T. denticola such as dentilisin. Dentilisin can stimulate EMT-associated 

changes by down-regulating expression of tight junction proteins such as ZO-1 (Chi, Qi and 

Kuramitsu, 2003) and up-regulating the expression of proteolytic enzymes such as MMP-2 
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(Ganther et al., 2021). The abundance of RNase Y was significantly decreased after heat-

killing T. denticola, therefore possibly down-regulating virulence factors such as dentilisin 

and leading to the reduced EMT responses seen with HK T. denticola exposure in comparison 

with OK T. denticola.  

 

D-alanine-D-alanine ligase has shown to activate NF-kB through the pathogen recognition 

receptor (PRR), Nod1 (Brandt et al., 2005). NF-kB activation has been shown to increase 

gene expression of EMT transcription factors such as snail-2 (Wang et al., 2013) and can 

induce the release of EMT-inducing pro-inflammatory cytokines IL-8 (Su et al., 2015b) and 

IL-1β (Milward et al., 2007; Lee et al., 2014). In addition, it has been shown that expression 

of the proteolytic enzyme MMP-9 can be promoted by IL-1β through NF-kB activation in 

epithelial cells (Tseng et al., 2013). Therefore, significant increases in D-alanine-D-alanine 

ligase after oxygen-killing of T. denticola may activate NF-kB. This may result in the 

production of EMT-inducing factors such as snail-2, IL-8 and IL-1β and may provide an 

explanation for the greater EMT responses observed after OK T. denticola exposure in 

comparison with HK T. denticola. 

 

Ultimately, oxygen-killing preserved T. denticola proteins more so than heat-killing and the 

greater EMT responses observed in oral keratinocytes after OK T. denticola exposure in 

comparison with HK T. denticola may be associated with its structural integrity and the 

maintenance of EMT-inducing membrane proteins such as RNase Y and D-alanine-D-alanine 

ligase.  
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7. Conclusions and future work 
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7.1 Main conclusions 

A key finding from the present study revealed that heat-killing was responsible for loss of T. 

denticolas’ typical helical shaped structure, whilst oxygen-killing maintained T. denticola 

morphology following SEM analysis. Also, heat-killing resulted in increased bacterial debris 

(all pathogens) which would suggest loss of bacterial components due to thermal denaturation 

(Chapter 3). This is the first study to report the effects of heat and oxygen-killing on P. 

gingivalis, F. nucleatum and T. denticola structural morphology. Further elucidation of the 

effects of heat and oxygen-killing on T. denticola by quantitative mass spectrometry-based 

proteomics, revealed heat-killing resulted in significant alterations to 26 proteins whereas 

oxygen-killing had a less severe effect with 12 proteins altered. Novel data presented here 

also revealed a structural membrane protein, insertase YidC, to be less abundant after heat-

killing than after oxygen-killing (Chapter 6). It was concluded that insertase YidC may play 

an integral part in maintaining the helical structure of T. denticola. Whilst previous authors 

have utilised proteomics on live T. denticola outer membrane proteins (Veith et al., 2019), the 

present study is the first to use and describe the effects of heat and oxygen-killing on the outer 

membrane proteins. Findings here now provide evidence for the potential benefits of using 

oxygen-killing to inactivate anaerobic pathogens rather than heat-killing for use in cell culture 

models of periodontitis that would better simulate the in vivo situation.  

 

Preliminary investigations revealed novel evidence that both HK and OK T. denticola were 

able to significantly increase H400 cell number after 8-days exposure. Another key finding  

was that both HK and OK pathogens stimulated pro-inflammatory cytokine release (IL-1β, 

IL-8 and TGF-β1). Consequently, expression of EMT-related transcription factors (snail-1, 

snail-2 and twist-1) was increased in all stimulated cultures leading to down-regulated 



 299 

expression of epithelial cell-cell adhesion and cytoskeletal markers (E-cadherin, desmoplakin-

1 and cytokeratin 5). Molecular changes were confirmed with functional changes in the 

epithelial barrier, where electrical resistance (TEER data) in all stimulated epithelial 

monolayers was also decreased (Chapter 4). Novel data here provides evidence that OK P. 

gingivalis, OK F. nucleatum and both HK and OK T. denticola can induce relatively early 

EMT-associated changes and can compromise epithelial barrier integrity. This may translate 

clinically to the possible initiation and propagation of periodontitis by this mechanism. 

 

Furthermore, data here showed that HK and OK periodontal pathogens can increase 

expression of mesenchymal-associated cell-surface (N-cadherin), cytoskeletal (vimentin) and 

ECM (MMP-9) components that can promote a migratory phenotype. Increased expression of 

mesenchymal markers may have been initiated by increased presence of pro-inflammatory 

cytokines which can activate EMT transcription factors that ultimately target these 

mesenchymal markers. Notably, EMT-associated molecular changes were affirmed by 

increased cell migration in all stimulated cultures (Chapter 4), providing evidence that 

periodontal pathogens may initiate EMT leading to epithelium breakdown, therefore possibly 

promoting the progression of periodontitis. 

 

Initial studies showed that the naturally occurring EMT-inhibitor curcumin could suppress 

OK T. denticola induced cell growth after 8-days treatment. The present study is the first to 

demonstrate inhibition of OK T. denticola induced oral keratinocyte growth. Furthermore, 

findings here revealed that curcumin was able to inhibit OK pathogen induced down-

regulation of epithelial markers (E-cadherin, desmoplakin-1 and cytokeratin 5) and inhibit up-

regulated expression of mesenchymal markers (N-cadherin, vimentin and MMP-9). Curcumin 
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also inhibited expression of pro-inflammatory cytokines resulting in down-regulated snail-1 

expression, therefore leading to attenuated EMT. Notably, curcumin inhibited OK P. 

gingivalis and T. denticola induced oral keratinocyte migration possibly through inhibition of 

vimentin and N-cadherin expression (Chapter 5). For the first time, it has now been shown 

that curcumin has the potential to inhibit OK periodontal pathogen induced EMT through 

associated changes to EMT-related markers in oral keratinocytes. Curcumin could 

theoretically be utilised as a therapeutic for the management of periodontitis by inhibiting 

EMT and maintaining the epithelial barrier, therefore preventing bacterial invasion into the 

underlying connective tissue and downstream inflammation of the periodontal tissues.  

 

OK T. denticola generally stimulated greater EMT-related responses in oral keratinocytes in 

comparison with HK T. denticola (Chapter 4). Quantitative mass spectrometry-based 

proteomics on isolated T. denticola outer membrane proteins revealed two proteins, RNase Y 

(decreased abundance in HK T. denticola) and D-alanine-D-alanine ligase (increased 

abundance in OK T. denticola) to be implicated in promoting EMT (Chapter 6). Novel data 

here suggested that greater EMT responses observed in oral keratinocytes after OK T. 

denticola exposure in comparison with HK T. denticola may have been associated with 

membrane proteins such as RNase Y and D-alanine-D-alanine ligase. Findings here also 

provide evidence for the use of oxygen-killed anaerobic pathogens as opposed to heat-killed 

to better mimic the in vivo situation for EMT induction.  
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7.2 Limitations and future work 

This thesis provides novel data on EMT induction by key periodontal pathogens in oral 

keratinocytes and the potential of curcumin to inhibit EMT. These findings provide a basis for 

future research however there are several limitations which are discussed below.  

 

• One of the main limitations was the exposure of oral keratinocytes to only single 

pathogens to assess EMT. The subgingival biofilm consists of a multitude of 

pathogens which interact with each other and the epithelium, leading to an array of 

host cell responses. Therefore, exposing oral keratinocytes to a combination of 

periodontal pathogens or indeed multi-species biofilms would provide more relevant 

EMT responses. However, this would still be limited and further improvements to 

replicate physiology could be obtained by use of subgingival biofilms directly 

obtained from patients with periodontitis.  

 

• In addition, the model developed here used killed pathogens to induce EMT. Although 

effects of heat killing on pathogens was mitigated by using oxygen-killing, 

interactions between epithelial cells and OK pathogens would not truly replicate 

physiology, as it is known that the subgingival biofilm consists of a combination of 

live and dead bacteria (Loesche et al., 1985). Therefore, future work could investigate 

the use of both live and killed periodontal pathogens to induce EMT to provide a more 

realistic model. As long-term exposure to live pathogens may result in cell culture 

infection and oxygen-killing can still alter proteins in pathogens, alternative methods 

to kill pathogens may provide better models and should be explored.  
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• The model developed here utilised an immortal cancer cell line and their continued 

culture can result in genotypic and phenotypic alterations (Burdall et al., 2003). Use of 

primary cells at an early stage of passage would likely provide a more realistic culture 

model. Furthermore, the cell culture model used here was based on an oral 

keratinocyte monolayer and was 2D in structure, therefore any EMT-related cell 

responses were restricted to bi-directional movements and this is not representative of 

the in vivo tissue architecture. The periodontium is a complex 3D structure which has 

many cellular layers and components, therefore models replicating this structure 

would provide a more clinically relevant situation. 3D organotypic cell culture models 

have been widely used (Hayden and Harbell, 2020) and may be utilised in future work 

to replicate the periodontium and periodontitis and to study more relevant EMT 

responses. 

 

• This thesis describes EMT using published and accepted markers, i.e., E-cadherin, N-

cadherin, vimentin and snail-1. Although the genes analysed were integral to EMT 

induction, many other genes such as ZO-1, β-catenin, fibronectin and -SMA are 

linked with EMT associated changes and future work could study these. This work 

could also shed light on mechanisms and pathways through which periodontal 

pathogens induce EMT. The ability of cells to gain invasive properties is a feature of 

EMT and can be measured by a transwell invasion assay (Justus et al., 2014). As the 

scope of investigations here did not cover oral keratinocyte tissue invasivity after 

periodontal pathogen exposure, further experiments could be performed to determine 

if oral keratinocytes acquire this property. 
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• Another limitation of this study was that multiple testing correction was not 

considered when performing multiple comparisons statistical analysis and correction 

may have affected the statistical significance reported for a number of comparisons. 

One of the simplest and most widely used multiple testing correction methods is the 

Bonferroni adjustment (Noble, 2009) which may have been used in the study here to 

further confirm significant results. 

 

• Although curcumin was able to decrease some of the EMT responses brought about by 

OK periodontal pathogen exposure, further studies are needed to determine its ability 

to inhibit EMT-related protein expression and pro-inflammatory cytokine release. The 

use of curcumin therapeutically may provide challenges due to its strong colouration,  

solubility issues and low bioavailability (Lee et al., 2013). Other naturally occurring 

EMT inhibitors such as resveratrol (Zhang et al., 2015a; Choi et al., 2016; Dermani et 

al., 2016 and Xu et al., 2017a) and ergone (Hong et al., 2017) may provide better 

therapeutic solutions, depending on their efficacy in inhibiting periodontal pathogen 

induced EMT.  

 

7.3 Concluding remarks 

In conclusion, this thesis provides evidence for the benefits of using oxygen-killing to 

inactivate anaerobic pathogens rather than heat-killing for use in bacterial – cell stimulation 

models. It also provides evidence that periodontal pathogens can induce EMT in oral 

keratinocytes, through associated molecular and functional changes and lead to compromised 

epithelial barrier integrity. The naturally occurring EMT inhibitor curcumin can inhibit 

periodontal pathogen induced EMT-associated changes and maintenance of the epithelial 
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barrier. These findings offer the potential for further investigation of possible therapeutic use 

of EMT inhibitors in the management of periodontitis.  
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9.1 List of proteins and abundances of isolated live, heat and oxygen-killed T. denticola outer membrane proteins  

 

Table 9.1: Abundances of isolated T. denticola outer membrane proteins (live, heat and oxygen-killed) after performing quantitative mass 

spectrometry-based analysis using tandem mass tags (TMT™) and searched against the UniProt knowledgebase (UniProtKb) protein 

database. A total of 132 proteins were identified from which 10 were identified but not quantified and were highlighted in red at the bottom 

of the table. These 10 proteins were not quantified because abundance levels were too low.    

Accession Description 

Abundances 

(grouped): 

126 (live T. 

denticola) 

Abundances 

(grouped): 

127 (live T. 

denticola) 

Abundances 

(grouped): 

128 (heat-

killed T. 

denticola) 

Abundances 

(grouped): 

129 (heat-

killed T. 

denticola) 

Abundances 

(grouped): 

130 (oxygen-

killed T. 

denticola) 

Abundances 

(grouped): 

131 (oxygen-

killed T. 

denticola) 

Q73KH5 

Copper homeostasis protein CutC 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=cutC PE=3 SV=1 31.8 36.5 68.1 66 21.5 21.1 

Q73QJ5 

Deoxyribose-phosphate aldolase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=deoC PE=3 SV=1 38.8 43.3 89.4 98 63.1 70 

Q73N77 

UPF0340 protein TDE_1278 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=TDE_1278 

PE=3 SV=1 42.5 82.3 98.4 102.2 54.4 77.9 

P61748 

Glycerol-3-phosphate dehydrogenase 

[NAD(P)+] OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=gpsA PE=3 SV=1 45.2 55.2 12.5 17.5 46.4 50.8 

Q73M65 

Methionyl-tRNA formyltransferase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=fmt PE=3 SV=1 50.9 55.1 32.8 32.7 67.6 79.5 

Q73MZ2 

Valine--tRNA ligase OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=valS PE=3 SV=1 56.5 60.6 17.8 17.1 44.5 38.5 
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Q73MV2 

Phosphoribosylformylglycinamidine synthase 

subunit PurQ OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=purQ PE=3 SV=1 60.1 53.6 80 80.3 124.4 150.8 

Q73MH0 

DNA ligase OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=ligA PE=3 SV=1 60.8 51.2 86 81.3 171 179.2 

Q73M29 

V-type ATP synthase beta chain 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=atpB PE=3 SV=1 61.3 200.6 279.9 241.2 77.2 68.4 

Q73JM9 

ATP-dependent Clp protease proteolytic 

subunit 2 OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=clpP2 PE=3 SV=1 67.6 67 163 180.1 104.8 90.5 

Q73NB9 

Triosephosphate isomerase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=tpiA PE=3 

SV=1 70.8 82.1 140.8 145.6 130.3 105.2 

P62239 

30S ribosomal protein S16 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsP PE=3 

SV=1 73.1 64.4 88.5 85.3 62.8 76.5 

P62042 

Probable transcriptional regulatory protein 

TDE_1487 OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=TDE_1487 PE=3 SV=1 74.8 97.4 60.3 70.9 41.4 31.6 

Q73NV3 

Elongation factor G 2 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=fusA2 PE=3 

SV=1 75 92.5 184.4 192.4 181.8 186.2 

Q73QK5 

Queuine tRNA-ribosyltransferase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=tgt PE=3 SV=1 77.7 72.9 154.7 138.4 152.3 163 

Q73PK7 

50S ribosomal protein L17 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 77.7 76.9 59.6 61.2 116.7 89.5 
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DSM 14222) OX=243275 GN=rplQ PE=3 

SV=1 

Q73JB2 

Isoleucine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=ileS PE=3 

SV=1 78.4 56.5 46.1 37.9 91.2 100.6 

P60974 

Phosphatidylglycerol--prolipoprotein 

diacylglyceryl transferase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=lgt PE=3 

SV=1 96.2 71.4 29.6 28.4 64.1 55.6 

Q73PN2 

30S ribosomal protein S10 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsJ PE=3 

SV=1 97 110.3 96.5 105.8 245.9 205.6 

Q73KB2 

Serine--tRNA ligase OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=serS PE=3 SV=1 97.2 114.9 169.5 179.4 248.6 251.6 

Q73LW1 

50S ribosomal protein L21 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplU PE=3 

SV=1 97.9 88.7 738.3 743.8 160 124.7 

Q73N16 

50S ribosomal protein L25 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplY PE=3 

SV=1 101.4 129.8 169.6 161.7 238.2 269.4 

Q73JJ0 

50S ribosomal protein L33 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpmG PE=3 

SV=1 103.7 113.1 61.5 71.4 110.2 104 

Q73PM2 

50S ribosomal protein L14 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplN PE=3 

SV=1 107.4 148.5 145.3 160.8 235.1 230.3 

Q73RJ6 

Cysteine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=cysS PE=3 

SV=1 108.5 102.1 189.7 185.2 150.6 168.4 
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Q73R87 

Glutamate--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=gltX PE=3 

SV=1 109.1 124 186.8 192.3 147.4 154.4 

P61348 

Aspartyl/glutamyl-tRNA(Asn/Gln) 

amidotransferase subunit B OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=gatB PE=3 

SV=1 110.5 126.6 218.6 238.7 125.3 199.1 

Q73PM7 

50S ribosomal protein L22 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplV PE=3 

SV=1 114.2 99 134.6 134.5 144.1 135.9 

Q73Q47 

Trans-2-enoyl-CoA reductase [NADH] 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=fabV PE=1 SV=1 125.8 189.8 275.2 245.5 154.7 165.6 

Q73RR5 

Glycine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=glyQS PE=3 

SV=1 134.5 169.7 803.5 838.2 426.4 432.6 

Q73PL0 

30S ribosomal protein S13 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsM PE=3 

SV=1 135.7 120.7 42.1 38.8 178.6 157.9 

Q73KR3 

50S ribosomal protein L20 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplT PE=3 

SV=1 147.1 123.2 123.6 122.3 249.2 263.6 

Q73MC2 

Aspartate--tRNA(Asp/Asn) ligase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=aspS PE=3 SV=1 153.3 162.8 185.7 199.8 147.5 172.3 

Q73MD3 

tRNA-2-methylthio-N(6)-

dimethylallyladenosine synthase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=miaB PE=3 SV=1 158.6 165.9 117.5 114.4 253.9 258.4 
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P62443 

50S ribosomal protein L11 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplK PE=3 

SV=1 162.3 140.2 150.9 138.8 484.6 421.8 

Q73K92 

Chaperone protein ClpB OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=clpB PE=3 

SV=1 172 157 373.5 380.7 152.5 180.3 

Q73PD8 

Tyrosine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=tyrS PE=3 

SV=1 184.7 163 151 150.1 473.3 435.5 

Q73KJ8 

Proline--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=proS PE=3 

SV=1 198.9 215.7 365.5 359.3 318.9 345.4 

Q73PK9 

30S ribosomal protein S11 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsK PE=3 

SV=1 200.6 158.3 71.9 75.6 137.1 156.4 

P61339 

Elongation factor Ts OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=tsf PE=3 SV=1 203.4 235.8 261.5 255.9 96.6 110.4 

Q73MP4 

SsrA-binding protein OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=smpB PE=3 

SV=1 205.5 253.4 160.5 167.7 247.9 234.1 

Q73M02 

30S ribosomal protein S20 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsT PE=3 

SV=1 209.7 189.7 249.4 239.5 267.4 266 

Q73PM3 

30S ribosomal protein S17 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsQ PE=3 

SV=1 211.2 196.9 154.2 141.5 325.2 274 

Q73Q68 

Glutamyl-tRNA(Gln) amidotransferase 

subunit A OS=Treponema denticola (strain 231.8 210.8 98.2 101 158.1 194 
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ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=gatA PE=3 SV=1 

P62221 

Protein RecA OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=recA PE=3 SV=1 234.5 276 350.9 349.6 249.3 314.2 

Q73R54 

Ribonuclease Y OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=rny PE=3 SV=1 238.8 258.7 84.2 82.5 133.4 136 

Q73JR4 

S-adenosylmethionine synthase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=metK PE=3 SV=1 265.2 336.1 369 395.9 273.5 349.1 

Q73PL8 

30S ribosomal protein S8 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsH PE=3 

SV=1 272.2 352 353.7 363.5 590.7 448.1 

Q73NW1 

Polyribonucleotide nucleotidyltransferase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=pnp PE=3 SV=1 277.9 293.1 509.4 537.7 183.2 216 

Q73MX5 

V-type ATP synthase subunit E 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=atpE PE=3 SV=1 279.1 275 319.6 309 183.2 167.8 

Q73LC2 

30S ribosomal protein S4 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsD PE=3 

SV=1 288.8 308.5 266.1 284.7 315 347.8 

Q73PM1 

50S ribosomal protein L24 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplX PE=3 

SV=1 310.1 337.4 223.1 220.3 384.5 357.1 

P60920 

Histidine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=hisS PE=3 

SV=1 316 321.3 688 636.2 605.4 623.8 

P62646 

Protein-glutamate methylesterase/protein-

glutamine glutaminase OS=Treponema 327.1 381.7 916.2 874.6 792.7 744.9 



 360 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=cheB PE=3 

SV=1 

P61191 

Glutamate mutase sigma subunit 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=glmS PE=3 SV=1 327.9 364.1 341.4 332.1 432.3 456.9 

Q73KS3 

UPF0597 protein TDE_2144 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=TDE_2144 

PE=3 SV=1 332.6 336.7 198.7 202.3 444.2 482.7 

Q73J26 

GTPase HflX OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=hflX PE=3 SV=1 350.6 389.1 459.1 455.3 351.2 349.4 

Q73NV4 

30S ribosomal protein S7 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsG PE=3 

SV=1 356.1 325.9 360 1171.9 508.8 458.7 

Q73PB4 

50S ribosomal protein L19 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplS PE=3 

SV=1 376.5 435.5 235.3 231.9 483.5 464.5 

Q73PE7 

50S ribosomal protein L13 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplM PE=3 

SV=1 392.3 350.7 612.9 589 465 467 

Q73RB6 

Pyrrolidone-carboxylate peptidase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=pcp PE=3 SV=1 411.2 506.1 831.2 769.9 442.8 1709.5 

Q73M39 

Trigger factor OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=tig PE=3 SV=1 415.4 443.1 1123 1080.5 447.2 483.9 

Q73NX6 

Acyl carrier protein OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=acpP PE=3 SV=1 427.6 351.8 354.9 335.6 933.1 803.6 

Q73M76 

Citrate lyase acyl carrier protein 

OS=Treponema denticola (strain ATCC 35405 427.9 588.8 390.5 383.1 295.8 377.4 
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/ CIP 103919 / DSM 14222) OX=243275 

GN=citD PE=3 SV=1 

P61188 

Chaperone protein HtpG OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=htpG PE=3 

SV=1 430.2 371 435.8 440.9 328.8 336 

Q73LG6 

Protein translocase subunit SecA 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=secA PE=3 SV=1 449.4 463.4 454.8 460.2 605.9 617.4 

Q73QJ2 

Arginine deiminase OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=arcA PE=3 SV=1 491.9 525.8 579.9 570.7 613.5 521.4 

Q73NT9 

Methionine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=metG PE=3 

SV=1 497.8 527.1 949.4 933.2 1144.5 1203.4 

Q73M28 

V-type ATP synthase alpha chain 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=atpA PE=3 SV=1 502.3 537.7 766.8 782 710.2 771 

Q73PQ2 

Glycine/sarcosine/betaine reductase complex 

component A OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=grdA PE=3 SV=2 518.2 491.4 397.1 389.1 341.1 381.7 

Q73P09 

50S ribosomal protein L28 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpmB PE=3 

SV=1 534.9 498.1 223.6 206.9 464.2 440.9 

Q73JN2 

D-alanine--D-alanine ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=ddl PE=3 

SV=1 555.2 550.7 682.9 679.8 1229.9 1142.3 

Q73J84 

CTP synthase OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=pyrG PE=3 SV=1 575.3 639.4 718.2 698.8 875 885.5 

Q73P19 

Asparagine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 598.5 607.2 594.8 628 872 782.6 
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DSM 14222) OX=243275 GN=asnS PE=3 

SV=1 

Q73JJ4 

50S ribosomal protein L1 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplA PE=3 

SV=1 628.5 620.1 310.7 317.2 661 673.9 

Q73Q56 

Histidine ammonia-lyase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=hutH PE=3 

SV=1 696.9 626.9 1281 1273.3 728.8 730 

Q73PL3 

50S ribosomal protein L15 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplO PE=3 

SV=1 703.8 737.3 711.2 738.5 541.4 573.4 

Q73PN0 

50S ribosomal protein L23 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplW PE=3 

SV=1 723.9 745.2 387.5 382.6 1139.1 1097.2 

Q73PL9 

30S ribosomal protein S14 type Z 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=rpsZ PE=3 SV=1 748.6 708.7 284 288.1 572.1 595 

Q73RN8 

Imidazolonepropionase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=hutI PE=3 

SV=1 750.4 666.3 1183.1 1127 655 685.1 

Q73M34 

30S ribosomal protein S18 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsR PE=3 

SV=1 802.1 738.2 1011 1056.6 596.6 504.4 

Q73JL8 

50S ribosomal protein L34 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpmH PE=3 

SV=1 825.7 864 278.8 283.1 488.4 460.3 

Q73PK8 

DNA-directed RNA polymerase subunit alpha 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=rpoA PE=3 SV=1 866.7 894.3 391.9 393.4 585 585.1 
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Q73JM1 

Membrane protein insertase YidC 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=yidC PE=3 SV=1 873.8 886.5 200.5 216.2 400 413.2 

Q73PL6 

50S ribosomal protein L18 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplR PE=3 

SV=1 888.3 858.8 530.4 503.6 1207.1 1138.3 

Q73PM0 

50S ribosomal protein L5 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplE PE=3 

SV=1 901.1 974 1563.5 1577 2043 2049.9 

Q73RS4 

Peroxiredoxin OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=TDE_0011 PE=3 

SV=2 902.1 791.8 444.5 437.1 943.6 917.5 

Q73QV3 

Fructose-bisphosphate aldolase class 1 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=fda PE=3 SV=1 903.4 988.9 4584.1 4457.1 1654.2 1593.5 

Q73QI7 

Pyridoxal 5'-phosphate synthase subunit PdxS 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=pdxS PE=3 SV=1 919.3 851.6 2933.4 3002.5 1005.8 1063.3 

Q73RS2 

Bifunctional protein FolD OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=folD PE=3 

SV=1 966.3 917 2376.7 2485.6 1319.5 1331.6 

Q73M27 

Adenine phosphoribosyltransferase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=apt PE=3 SV=1 969.2 912.4 617.3 656.1 675.8 791.7 

Q73NW2 

30S ribosomal protein S15 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsO PE=3 

SV=1 983.2 1081.8 747.1 761.5 1158.5 1151.2 

Q73NV5 

30S ribosomal protein S12 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 1004.3 992.2 314.5 315.6 721.7 756.5 
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DSM 14222) OX=243275 GN=rpsL PE=3 

SV=1 

P61070 

50S ribosomal protein L4 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplD PE=3 

SV=1 1023.8 1110 674 730.4 1126.2 1191.9 

P62421 

Phosphoglycerate kinase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=pgk PE=3 

SV=1 1025.5 1266.8 3823.7 3696.6 1435 1467.2 

Q73PM9 

50S ribosomal protein L2 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplB PE=3 

SV=1 1075.4 965.6 300.8 294.2 458.4 495.7 

Q73PL7 

50S ribosomal protein L6 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplF PE=3 

SV=1 1077.2 2269.4 157.9 155.3 321 315 

Q73JJ7 

DNA-directed RNA polymerase subunit beta 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=rpoB PE=3 SV=1 1391.2 1315.6 855.2 818.9 1352.1 1295.2 

Q73K75 

30S ribosomal protein S2 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsB PE=3 

SV=1 1446.5 1317 984.8 952.1 2350.2 2205.2 

Q73P31 

Elongation factor P OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=efp PE=3 SV=1 1462.4 1212.1 615.1 553.9 711 692.1 

Q73JJ8 

DNA-directed RNA polymerase subunit beta' 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=rpoC PE=3 SV=1 1634.6 1719.7 829.2 842.3 1212.3 1239.4 

Q73JJ5 

50S ribosomal protein L10 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplJ PE=3 

SV=1 1755.6 2026.4 575.4 594.1 2035.8 1876.4 
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Q73PN1 

50S ribosomal protein L3 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplC PE=3 

SV=1 1792.7 1651.1 589.5 569.1 1335.2 1185.4 

Q73P28 

Arginine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=argS PE=3 

SV=1 1861.7 1387.5 201.3 192.6 1604.2 1215.7 

Q73P50 

Enolase OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=eno PE=3 SV=1 1936.5 2096.9 2821.1 2974.2 2214.8 2129.4 

Q73PL5 

30S ribosomal protein S5 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsE PE=3 

SV=1 2099.6 1888.3 671.8 686.1 1796.6 1730.6 

Q73M83 

Glycine cleavage system H protein 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=gcvH PE=3 SV=1 2157.8 2159.6 6276 6146.5 3623.5 4026.6 

Q73P66 

Acetate kinase OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=ackA PE=3 SV=1 2444.4 2430.7 4286.2 4309.1 3058.8 3041.5 

Q73NR2 

Threonine--tRNA ligase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=thrS PE=3 

SV=1 2506.3 2411.1 1470.2 1432.7 2918.3 2826 

Q73QZ3 

Probable cytosol aminopeptidase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=pepA PE=3 SV=1 2524.4 2354.7 3038.7 3020.9 2704.9 2667.3 

Q73JJ6 

50S ribosomal protein L7/L12 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rplL PE=3 

SV=1 2575 3177.1 1037.5 1030.7 2867.3 3645.7 

Q73RR6 

Formate--tetrahydrofolate ligase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=fhs PE=3 SV=1 2645.6 2594.7 3522.3 3700 2657 2644.6 
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Q04595 

Protein PyrBI OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=pyrBI PE=3 SV=3 2967.4 3072.5 2480.8 2422.2 1941 2089.1 

Q73KM3 

8-amino-7-oxononanoate synthase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=TDE 2194 PE=3 SV=1 3458.6 3523.2 6731.9 6494.3 4758.1 4662.3 

Q73KI2 

Glutamate mutase epsilon subunit 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=glmE PE=3 SV=1 4695.7 4623.3 4779.5 4788.4 4523.4 4479 

Q73Q16 

Chaperone protein DnaK OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=dnaK PE=3 

SV=1 4977.2 5059.6 5542.5 5552.6 6126.1 6391.6 

Q73NH7 

60 kDa chaperonin OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=groL PE=3 SV=1 5290.7 6263.3 7548.5 7751.9 2843.4 3591 

Q73KL7 

L-methionine gamma-lyase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=megL PE=1 

SV=1 5348.8 5273.4 5665.6 5687.6 3100.7 3343.2 

Q73PN3 

Elongation factor Tu OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=tuf PE=3 SV=1 5572.5 5670.1 7839.7 7674.5 6599.2 6393 

Q73PM6 

30S ribosomal protein S3 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=rpsC PE=3 

SV=1 8230.3 7524.9 1942.6 1941.9 6810.5 6247.9 

Q73P70 

Ornithine carbamoyltransferase, catabolic 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=arcB PE=3 SV=1 8270.3 8189.6 3960.6 3761.9 4839.9 4380.2 

P62031 

Probable glycine dehydrogenase 

(decarboxylating) subunit 2 OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=gcvPB PE=3 

SV=1 15293.1 13435.5 10299.4 9987.8 13864.4 12810.5 
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Q73QV6 

Glucosamine-6-phosphate deaminase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=nagB PE=3 SV=1             

Q73R77 

Cyclic di-GMP binding protein TDE_0214 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=TDE_0214 PE=1 SV=1             

Q73L91 

UDP-N-acetylglucosamine--N-acetylmuramyl-

(pentapeptide) pyrophosphoryl-undecaprenol 

N-acetylglucosamine transferase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=murG PE=3 SV=1             

P60794 

Elongation factor 4 OS=Treponema denticola 

(strain ATCC 35405 / CIP 103919 / DSM 

14222) OX=243275 GN=lepA PE=3 SV=1             

P60941 

Undecaprenyl-diphosphatase OS=Treponema 

denticola (strain ATCC 35405 / CIP 103919 / 

DSM 14222) OX=243275 GN=uppP PE=3 

SV=1             

Q73PH4 

UDP-N-acetylmuramyl-tripeptide synthetase 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=murE PE=3 SV=1             

Q73KN7 

tRNA modification GTPase MnmE 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=mnmE PE=3 SV=1             

Q73KT5 

Putative ABC transporter ATP-binding protein 

TDE_2132 OS=Treponema denticola (strain 

ATCC 35405 / CIP 103919 / DSM 14222) 

OX=243275 GN=TDE 2132 PE=3 SV=1             

P61038 

Apolipoprotein N-acyltransferase 2 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=lnt2 PE=3 SV=1             
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Q73NP6 

Translation initiation factor IF-2 

OS=Treponema denticola (strain ATCC 35405 

/ CIP 103919 / DSM 14222) OX=243275 

GN=infB PE=3 SV=1             
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9.2 Conference abstracts  

 

1. Shoker, S. S., Milward, M. R., Landini, G., Shelton, R. M., Cooper, P. R., Ling, M. 

and Pratten, J., 2019. Periodontal pathogens induce epithelial-mesenchymal transition 

in a periodontitis model (Poster). British Society for Oral and Dental Research 

(BSODR), University of Leeds, UK, 3-5 September. 

 

Objective: Bacteria associated with subgingival plaque may initiate periodontitis 

through a persistent inflammatory response via epithelial-mesenchymal transition 

(EMT) signalling. This study aimed to determine the effects of periodontal pathogens 

on oral keratinocyte proliferation and viability and to investigate whether pathogen 

challenge increased EMT inducing pro-inflammatory cytokine release and associated 

changes in gene expression.  

Methods: Porphyromonas gingivalis (P.gingivalis), Fusobacterium nucleatum (F. 

nucleatum), Campylobacter rectus (C. rectus) and Treponema denticola (T. denticola) 

were cultured anaerobically and characterised by culture, Gram staining and PCR. 

Bacteria were then heat-inactivated (HI) at 80oC for 1 hour or oxygen-inactivated (OI) 

in atmospheric conditions and applied to oral keratinocyte cultures in a 100:1 bacteria 

to epithelial cell ratio. Enzyme-linked immunosorbent assay (ELISA) was performed 

for IL-1β and TGF-β1 on culture supernatants collected at days 1, 5 and 8. Semi-

quantitative reverse transcriptase-polymerase chain reaction (Sq-RT-PCR) was 

performed for epithelial and mesenchymal markers at 8-day cultures. 

Results: OI F. nucleatum challenge reduced keratinocyte growth significantly 

(1.06x106 to 6.6x105 cells) and viability significantly (99.2% to 92.4%) when 
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compared with control. Cultures challenged with HI P. gingivalis and HI F. nucleatum 

caused significant increase in TGF-β1 (282.6ng/ml to 414.6ng/ml) and IL-1β 

(116.1pg/ml to 155.8pg/ml) secretion. OI F. nucleatum caused significant release of 

IL-1β (62.5pg/ml to 102.7pg/ml) compared with control. HI F. nucleatum down-

regulated epithelial marker E-cadherin expression (1-fold) and up-regulated 

mesenchymal marker N-cadherin expression (1-fold). HI P. gingivalis and F. 

nucleatum significantly upregulated expression of the key-EMT transcriptional factor, 

Snail-1 (1-2-fold).  

Conclusion: Oral keratinocyte exposure to HI periodontal pathogens caused 

significant release of pro-inflammatory cytokines IL-1β and TGF-β1 and up-regulated 

expression of Snail-1, which is a strong repressor of E-cadherin. This loss of E-

cadherin and increased N-cadherin after HI F. nucleatum exposure may lead to EMT 

induction characterised by breakdown of epithelium cell adhesion and loss of 

associated barrier function in periodontitis. 
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2. Shoker, S. S., Milward, M. R., Landini, G., Shelton, R. M., Cooper, P. R., Ling, M. 

and Pratten, J., 2021. Epithelial-mesenchymal inhibitors may have a role in inhibiting 

pathogen-induced EMT (Oral Presentation). British Society for Oral and Dental 

Research (BSODR), University of Birmingham, UK, 1-3 September.  

 

Objective: Subgingival plaque bacteria can initiate periodontitis by eliciting a 

persistent, excessive host inflammatory response caused by bacterial invasion into 

host tissue. This may induce an epithelial-mesenchymal transition (EMT) that 

compromises the epithelial barrier. This study aimed to determine the effects of 

periodontal pathogens on potential induction of oral keratinocyte EMT, migration and 

gene expression changes and to investigate potential EMT inhibitors for prevention or 

management of disease. 

Methods: Porphyromonas gingivalis (PG), Fusobacterium nucleatum (FN) and 

Treponema denticola (TD) were cultured anaerobically, then oxygen-killed (OK) in 

atmospheric conditions at 37oC and applied to oral keratinocyte cultures in a 100:1 

bacterium to epithelial cell ratio. 5µM curcumin was dissolved in 0.15M sodium 

hydroxide (NaOH) and sterilised PBS before addition to cell cultures. Cell counts 

were determined manually and cell migration was assessed in a 500µm wound area 

formed by Ibidi® 2-well inserts. Quantitative real-time polymerase chain reaction 

(qRT-PCR) was performed for epithelial and mesenchymal markers after 8-days in 

culture.  

Results: Cell numbers of keratinocytes grown in the presence of OK TD were 

significantly increased (P<0.01) but increased keratinocyte cell numbers were 

significantly reduced by addition of curcumin after 8-day exposure (P<0.05). 
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Curcumin significantly reduced OK TD induced % wound gap closure from 56.15% to 

29.54% (P<0.001) after 48hrs. Significant down-regulation of epithelial markers E-

cadherin, Cytokeratin-5 and Desmoplakin-1 after 8-day exposure to OK PG, FN and 

TD were significantly inhibited by curcumin addition after qRT-PCR analysis (P<0.05 

to P<0.001). Simultaneously, up-regulation of mesenchymal markers, Snail-1, N-

cadherin, Vimentin and MMP-9 was significantly inhibited by curcumin (P<0.05 to 

P<0.001).  

Conclusion: OK periodontal pathogens promote an EMT response in oral 

keratinocytes through gene expression changes leading to increased cell growth and 

migration. Curcumin appears to inhibit the responses eliciting EMT by periodontal 

pathogens, providing a potential therapeutic role in preventing or managing 

periodontitis progression by maintaining epithelial barrier integrity. 




