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ABSTRACT 

Gingivitis is a plaque-mediated, inflammatory periodontal disease of the gingival mucosa 

with high prevalence in the modern population. The gingival mucosa is covered by the 

gingival epithelium, which plays a significant role in the pathogenesis of periodontal diseases 

by instigating inflammatory signalling and recruiting immune cells in response to bacteria. 

Importantly, the gingival epithelia act as a barrier, maintaining homeostasis and preventing 

bacterial ingress into the deeper tissues. Gingivitis itself poses little risk to the patient but may 

progress to periodontitis in susceptible individuals. This is a hyperactive immune response to 

the plaque stimulus, leading to destruction of the deeper tissues and a loss of attachment of 

the tooth. This thesis aimed to study these inflammatory and barrier function responses to 

bacteria in vitro in monolayer cells and novel organotypic models, and then investigate the 

nuclear hormone receptor peroxisome proliferator activated receptor gamma (PPARγ) as an 

anti-inflammatory agent. 

RT-qPCR, transepithelial electrical resistance and fluorescent macromolecular tracer assays 

were employed to identify a suitable inducer of inflammation and barrier function failure for 

use in successive studies. Additionally, two reporter cell lines were generated to validate 

PPARγ agonists in epithelial cells, with western blotting and PCR performed to identify 

differential expression of PPARγ tissue isoforms. Finally, a novel culture device was 

designed, tested and utilised to generate organotypic gingival epithelial cultures, 

enabling comparison of the response of monolayer and organotypic cultures to an 

inflammatory agent and PPARγ agonists. 

Bacterial lipopolysaccharide (LPS) was shown to effectively induce pro-inflammatory 

cytokine expression. Treatment with a validated PPARγ agonist (GW1929) abrogated 
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this effect, reducing the expression of pro-inflammatory cytokines and increasing anti-

inflammatory cytokines. Barrier function was also significantly reduced by LPS, with this 

effect appearing to be partially abrogated by PPARγ treatment.  

The buoyant epithelial culture device (BECD) was shown to generate stratified, 

differentiated gingival epithelial mimics, with minimal user input compared to 

alternative approaches due to a unique floating design. BECD-cultured cells showed 

minimal pro-inflammatory cytokine expression following LPS treatment, indicating 

marked differences in inflammatory signalling compared to monolayer cultures. 

In conclusion, this thesis demonstrated the usage of LPS as an inducer of inflammation and 

barrier function failure, whilst showing that PPARγ agonists may pose significant utility in 

curbing inflammatory responses in gingival epithelia, with the potential to aid in the 

maintenance of epithelial barrier function. The efficacy of the novel BECD was also 

demonstrated by showing the marked difference in response between simple monolayer 

cultures and more complex organotypic cultures. This system may also find use in further 

studies of other stratified epithelial tissues.  
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1.1. Periodontal disease 

Gingival inflammation (gingivitis) is a form of periodontal disease with remarkable 

prevalence across the modern population, with upper estimates suggesting that 93.9% (Li et 

al., 2010) to 100% (Idrees et al., 2014) of adults present with mild to severe clinical 

gingivitis. This inflammation can range from slight changes in colour of the soft gum tissues, 

through to marked spontaneous bleeding and ulceration.  

Gingivitis can be reversed by removal of the pathogenic stimulus – plaque – while continued 

inflammation may progress to periodontitis in susceptible individuals. This is inflammation 

of, and damage to, the periodontal tissues – an irreversible and serious condition which may 

lead to the loss of the tooth (Flemmig, 1999). Furthermore, recent research has revealed 

evidence of correlation between periodontal disease and increased risk of serious systemic 

disease, including cancer (Dizdar et al., 2017; Michaud et al., 2017), coronary heart disease 

(Bahekar et al., 2007) and diabetes mellitus (Preshaw et al., 2012). Indeed, patients presenting 

with periodontal disease may show elevated systemic inflammatory markers (Nibali et al., 

2007; Hajishengallis, 2014), which may result in exacerbation of other inflammatory 

conditions such as atopic dermatitis and psoriasis (MacKlis et al., 2020).   

As gingivitis is almost entirely a plaque-driven pathology (Page, 1986) 
, strict oral hygiene 

routines are widely accepted as the best preventative approach (Chapple et al., 2015). 

Improved management of gingivitis may result in a reduction in the number of individuals 

showing progression to periodontitis, a more serious disease state. A great deal of research 

has been performed into both further preventative measures and possible treatments for 

gingivitis as additions to oral hygiene awareness and education; aiming to prevent the onset of 

gingivitis, or to reduce the degree of inflammation and periodontitis.  However, with the 
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extreme prevalence of the disease, and the increasing burden of gingivitis-mediated disease on 

health services, novel strategies are required to help in disease management. 

1.1.1. Periodontal tissues and plaque  

The periodontal tissues comprise the alveolar bone, covered in the gingival mucosa and 

connected to the cementum of the tooth by the periodontal ligament (Hassell, 1993). The 

gingival mucosa attaches to the tooth surface with the junctional epithelium, which prevents 

the ingress of microbes and particles into the periodontal ligament. Additionally, the external 

surface of the gingival mucosa is covered in gingival epithelium, a keratinised stratified 

epithelial tissue which acts to forms a barrier between the deeper tissues and the oral cavity 

(Takahashi et al., 2019). These periodontal tissues are constantly exposed to the oral 

environment, including its diverse microbiome. These bacteria typically form oral biofilms 

(plaque), which are multispecies communities of bacteria within a secreted extracellular 

matrix, which often inhabit the sub- and supra-gingival margin (Jakubovics et al., 2021). This 

close association between the periodontal tissues and plaque biofilm produces the potential 

for an inflammatory host response of the periodontal tissues.  

1.1.2. Symptoms, scoring and epidemiology of periodontal disease 

Periodontal disease describes an inflammatory disease process which may occur in both the 

soft tissues of the gums, and in the deeper periodontal tissues. Periodontal disease is typically 

divided into two stages – the earlier, reversible gingivitis, and the later, irreversible 

periodontitis. As previously discussed, gingivitis has been shown to affect a majority of the 

population at any given time and is widely seen and recognised both by dental professionals 

and the general public. To the lay person, the first indication of gingivitis is typically bleeding 

after brushing. However, to the dental professional, gingivitis can be identified by the 
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presence of redness, swelling, changes in gum appearance, bleeding on probing or exudate 

(Armitage, 2004). To screen for periodontal problems, practitioners use the basic periodontal 

exam (BPE) that utilises systematic probing and a defined scoring system. The BPE 

comprises dividing the dentition into 6 regions and walking a standardised examination probe 

around the margin between gingiva and tooth. Periodontal pocket probing depth, bleeding and 

calculus formation are recorded on a scale from 0-4, with 0 indicating no pocket formation 

and periodontal health, through to 4 indicating a probing depth greater than 5.5 mm (British 

Society of Periodontology, 2016). Additionally, gingival index (GI), for example with the 

Löe-Silness GI, can be documented to specifically record the inflammatory status of the 

gingiva by combining visual observations and mechanical stimulation by probing (Löe, 

1967). Once the BPE indicates potential for periodontitis (scores 3 &4) further investigation 

(radiographic assessment and detailed probing charts) is used to determine a diagnosis (The 

British Society of Periodontology, 2018). 

While periodontal disease is relatively common within the general population, several risk 

factors can significantly increase both the chance of periodontal disease occurring and the 

severity of the disease state. Poor oral hygiene has consistently been linked with increased 

periodontal disease risk, with a buildup of plaque and calculus leading to a greater burden of 

pathogenic biofilm (Timmerman and van der Weijden, 2006). Oral hygiene is generally a 

modifiable behaviour which may be improved by patient education in effective manual 

brushing and by professional interventions including supra and subgingival professional 

mechanical plaque removal (PMPR) to remove supra and sub-gingival calculus (Cugini et al., 

2000). Another such high-risk behaviour is smoking, which has long been correlated with a 

reduction in periodontal health (Peruzzo et al., 2016). In epidemiological studies, smoking has 

been shown to significantly increase attachment loss and the rate of tooth loss (Axelsson, 
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Paulander and Lindhe, 1998) and increase plaque scoring (Preber and Bergström, 1985). Early 

attempts to identify the mechanism of smoking-related periodontal disease often blamed the 

vasoconstrictive effect of nicotine (Clarke, Shephard and Hirsch, 1981). However, more 

recent evidence has shown that, while the vasoconstrictive effect of smoking may be 

overridden by a simultaneous increase in blood pressure, transient and repeated 

vasoconstriction may contribute to periodontal disease pathogenesis (Mavropoulos, Aars and 

Brodin, 2003). Smoking has also been associated with a reduction in viability of neutrophils, 

which are immune cells crucial to the innate immune response within the gingival crevice 

(Güntsch et al., 2006). Further ex vivo research has shown that cigarette smoke may inhibit 

the activation and immune responses of neutrophils, potentially contributing to the worsened 

periodontal health in smokers (White et al., 2018). 

However, while smoking and oral hygiene are modifiable behaviours, there is an increasing 

body of evidence suggesting a non-modifiable genetic and microbiome component to the 

severity of periodontal disease. An aberrant, overactive immune response to bacterial stimulus 

has been linked with polymorphisms of genes encoding inflammatory cytokines, leading to 

severe, chronic periodontal disease (Tarannum and Faizuddin, 2012; Kozak et al., 2020). 

Additionally, due to the important role of bacterial dysbiosis in periodontal disease, the oral 

microbiome is increasingly understood as a key contributor to individual disease risk. Early 

studies identified the presence of complexes of bacteria (widely referred to as Socransky 

complexes), which tightly correlate with periodontitis severity (Socransky et al., 1998). More 

recently, high throughput 16S ribosomal RNA sequencing has enabled the characterisation of 

these bacterial shifts in greater detail. The microbiome has been shown to differ greatly 

between individuals (Schwarzberg et al., 2014) and this may result in differences in 

susceptibility to the onset of periodontal disease. For example, studies of gingivitis 
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pathogenesis identified a marked increase in microbiome complexity in gingivitis sufferers 

compared with periodontally healthy subjects (Huang et al., 2014).  

In addition, neutrophil function has been shown to differ between healthy patients and those 

who are susceptible to periodontal disease, with hyperresponsive neutrophil function strongly 

associated with aggressive periodontitis (Kantarci, Oyaizu and Van Dyke, 2003). Studies have 

suggested a link between oral microbiome and neutrophil function, potentially impairing the 

neutrophil-mediated killing of pathogenic bacteria while simultaneously increasing 

neutrophil-mediated tissue destruction (Hajishengallis, 2020). 

Moreover, a growing body of evidence has shed light on the links between periodontal disease 

and systemic diseases, especially as gingival index has previously been shown to correlate 

with markers of systemic inflammation (Wohlfeil et al., 2009). For example, the metabolic 

disorder type II diabetes mellitus (T2DM) has long been linked with periodontitis. T2DM has 

been associated with overactive inflammatory pathways and greater oxidative stress 

(Iacopino, 2001; Brownlee, 2005), which in turn may lead to an increase in the rate and 

severity of periodontal damage in persons living with T2DM. While inflammatory pathways 

may be hyperactive due to the presence of a sub or supra-gingvial biofilm, neutrophil function 

may be impaired, as has been shown in diabetic patients, potentially reducing the microbial 

killing effect of these cells (Shetty, Thomas and Ramesh, 2008). The severity of periodontal 

damage in these patients has also been proposed to correlate with the degree of 

hyperglycaemia (Preshaw et al., 2012), highlighting the importance of both education 

regarding oral hygiene and blood glucose maintenance to minimise the severity of periodontal 

disease (Preshaw and Bissett, 2019). Interestingly, the elevation in systemic inflammation 

associated with periodontal disease has been shown to exacerbate T2DM by impairing insulin 
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signalling (Polak and Shapira, 2018), leading to a bi-directional relationship between 

periodontal disease and T2DM. 

Individual susceptibility to periodontal disease has been demonstrated to be complex and 

multifactorial. However, it is important to note that gingivitis acts as a useful indicator of 

general oral hygiene, and gingivitis is both reversible and easy to manage. Indeed, gingivitis 

may act to prime the local immune system to clear a bacterial challenge, with studies showing 

marked, transient increases in inflammatory signalling in gingivitis (Offenbacher et al., 2009). 

The progression of gingivitis to periodontitis is generally regarded as much more serious due 

to a loss of attachment of the tooth. For this reason, an understanding of the pathogenesis of 

gingivitis and its progression to periodontitis is important in the process of modelling or 

managing periodontal disease. 

1.1.3. Mechanism of gingival inflammation and progression to periodontitis  

Gingivitis is initially triggered by the response of oral keratinocytes to pathogenic oral 

bacteria. Gingival epithelial cells and gingival fibroblasts express membrane-linked pattern 

recognition receptors (PRRs), including those of the Toll-like receptor (TLR) family. These 

specialised receptors act to recognise components of pathogenic microbes, known as 

pathogen-associated molecular patterns (PAMPs), and trigger an inflammatory response, with 

the goal of removing the pathogenic stimulus (Groeger and Meyle, 2019). PAMPs, ranging 

from the bacterial endotoxin lipopolysaccharide (LPS) through to bacterial DNA, bind to 

PRRs and activate PRR response elements as part of the innate immune system. In 

keratinocytes, this innate immunity typically comprises activation and nuclear translocation of 

the transcription factor nuclear factor kappa beta (NFkβ) with subsequent upregulation of 

inflammatory cytokine production (Pivarcsi, Kemény and Dobozy, 2004). These cytokines act 

to guide specialised immune cells to the site of the bacterial insult, in addition to increasing 
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the permeability of blood vessels (Piipponen, Li and Landén, 2020). For example, the 

production of the pro-inflammatory cytokine interleukin 8 (CXCL8) encourages recruitment 

and migration of polymorphonuclear leukocytes, also known as neutrophils (De Oliveira, 

Rosowski and Huttenlocher, 2016). Neutrophils may kill bacteria by several mechanisms, 

including the release of neutrophil extracellular traps (Papayannopoulos, 2017) and by the 

generation of reactive oxygen species (ROS); typically the hydroxide radical ∙OH, superoxide 

radical O2
∙- or hypochlorous acid (HOCl) (Krumova and Cosa, 2016).  Additionally, 

neutrophils directly engage and engulf bacteria via the process of phagocytosis.  

ROS are characterised by an unpaired electron in the outer electron shell, which leads to 

extreme reactivity. While the exact mechanism of bacterial killing by ROS is not yet 

understood, ROS have been shown to damage cellular fatty acids, DNA and proteins, 

increasing oxidative stress and preventing normal cellular functions (Al-Shehri, 2021). 

However, these effects are not limited to bacteria, and ROS have long been understood to 

cause oxidative stress in eukaryotic cells, leading to cell death and tissue damage 

(Bandyopadhyay, Das and Banjeree, 1999). Unresolved early gingivitis may progress in 

severity as the innate immune response escalates and continues to damage epithelial tissues, 

eventually resulting in the formation of an ulcerated pocket and microbial invasion of the 

deeper tissues (Preethanath, Ibraheem and Anil, 2020). Persistent, untreated gingivitis has 

been identified as a crucial indicator of periodontal inflammation and loss of tooth attachment 

(Lang, Schätzle and Löe, 2009), as has increased pro-inflammatory cytokine expression (Ellis 

et al., 1998). 

Nonetheless, the host response to bacteria is ultimately initiated and propagated by the 

presence of plaque, a bacterial biofilm. As the oral cavity is a microbially densely populated 

environment, the balance of commensal and pathogenic bacteria is increasingly being 
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understood as an important factor in gingival health. Studies with gingival epithelial models 

have indicated that epithelia exposed to reconstructed, non-pathogenic bacterial biofilms have 

increased epithelial thickness, keratinocyte proliferation and keratinization compared with 

those not exposed to biofilm (Shang et al., 2018). These data suggested that the presence of a 

healthy, commensal bacterial microbiome improved epithelial maturity, in addition to 

preventing overgrowth of pathogenic bacteria (referred to as dysbiosis). Gingival microbiome 

analyses have previously shown that inflammatory gingival disorders may be marked by a 

distinct shift in the oral microbiome (Schincaglia et al., 2017). For example, a reduction in the 

abundance of Rothia dentocariosa and an increase in Fusobacterium nucleatum subsp. 

polymorphum has been associated with a shift from periodontal health to disease (Kistler et 

al., 2013). For this reason, treatment of gingivitis often focusses on rebalancing dysbiosis by 

mechanical removal of the pathogenic plaque biofilm, with limited usage of pharmaceuticals, 

especially antibiotic or antimicrobial therapies.  

1.1.4. Current approaches to prevention and treatment of periodontal diseases 

Prevention of gingivitis is largely driven by education of the patient in effective plaque 

removal by means of a suitable oral hygiene routine. Brushing of the teeth with an appropriate 

fluoridated dentifrice is widely accepted as the most effective tool to prevent periodontal 

disease by removal of bacterial plaque (Chapple et al., 2015). In addition to regular effective 

brushing, chemical mouthwashes are a commonly used adjunct to improve plaque removal, 

with chlorhexidine-based formulations generally recognised as the most effective (Van der 

Weijden et al., 2015). However, while gingivitis and periodontitis are bacteria-driven disease 

states, antibiotic therapy is rarely used in patients with chronic gingivitis. Indeed, studies of 

NHS general dental practitioners found that only 3% of respondents prescribed antibiotics for 

chronic gingivitis (Palmer et al., 2000). Overuse of antibiotic therapy may lead to the removal 



 

10 

 

of commensal bacteria, allowing for an overgrowth of biofilm-bound (and thus more 

antibiotic resistant) pathogenic bacteria. Therefore, systemic antibiotics are typically only 

prescribed in cases of acute necrotising ulcerative gingivitis (ANUG), an acute presentation of 

infective gingivitis (Summers, 2009; Malek et al., 2017). 

As previously discussed in Section 1.1.3, gingivitis is an appropriate response to bacterial 

insult, which may result in an excessive host response in susceptible individuals, leading to 

periodontitis. Modulation of this immune response by reducing pro-inflammatory cytokine 

production, reducing ROS production or improving host antioxidant defences may all act to 

reduce the collateral damage caused to the gingival tissues. Non-steroidal anti-inflammatory 

drugs (NSAIDs) pose an appealing treatment option, with readily available access, low cost 

and widely accepted safety. NSAIDs typically function by inhibition of cyclooxygenase 2 

(COX-2), which usually responds to circulating pro-inflammatory cytokines by the synthesis 

of prostaglandins, exacerbating the inflammatory response (Vane and Botting, 1998; Osafo et 

al., 2017).  

Systematic reviews of the literature have shown good evidence for the efficacy of systemic 

NSAIDs on gingival inflammation, both as single doses and adjuncts to conventional 

therapies (Polak et al., 2015). Regarding topical NSAID administration, studies in dogs 

(Howell et al., 1991) and humans (Sapna and Vandana, 2011; Funosas et al., 2012) have 

shown some reductions in gingival index and bleeding following probing in patients treated 

with topically applied NSAIDs when compared with control populations. However, NSAIDs 

are rarely used for the treatment of gingivitis due to undesirable side effects when applied 

systemically, and issues with application and absorption of a suitable dose when applied 

topically (Heasman and Hughes, 2014). Similarly, steroidal anti-inflammatory drugs, such as 

corticosteroids, are not used clinically to control gingivitis, with data linking chronic 
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corticosteroid use with increased incidence of periodontal disease (Brasil-Oliveira et al., 

2020), likely due to the immunosuppressive effect of these drugs enabling deeper bacterial 

invasion (Coutinho and Chapman, 2011). This association between steroidal drugs and 

periodontal disease highlights the fine, paradoxical balance of reducing inflammation without 

excessive immunosuppression, as would be required of potential novel drug treatments for 

gingivitis.  

Studies have also previously been performed to identify the role of diet on gingivitis, with 

clinical trials examining the use of an anti-inflammatory diet on gingival bleeding and 

inflammatory cytokine production. These data showed that changing to a diet rich in 

antioxidants, omega-3 fatty acids and vitamins generated a reduction in gingival bleeding 

scores, however no significant change in the production of inflammatory cytokines was 

observed (Woelber et al., 2019). Such studies highlight the close association between oral 

health and systemic wellbeing, diet and other sources of inflammation and disease, as 

discussed previously (Section 1.1).  

1.2. Gingival epithelia: structure and function 

Epithelia are a group of tissues ubiquitous throughout the internal and external bodily 

surfaces, including the skin, oral mucosa, cornea and gut. Within the oral cavity, there are two 

distinct sub-types of epithelial tissues; stratified non-keratinized (as found in buccal tissues 

and soft palate) and stratified keratinized (located in the gingiva and hard palate) (Presland 

and Jurevic, 2002).  
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Figure 1.1 – Diagrammatic representation of the architectural organisation of the gingival 

epithelia. Four distinct layers are shown, including the undifferentiated basal layer which 

characteristically expresses cytokeratins 5 and 14 and the terminally differentiated granular layer, 

which expresses involucrin and cytokeratins 1 and 10. Superficial to the granular layer sits the 

cornified layer, comprising anuclear cells which slough off with abrasion. IVL - involucrin, CK -

cytokeratin. Diagram created using BioRender.com. 

Stratified epithelia share a common substructure, with a collagenous basement membrane 

separating a proliferative basal epithelial layer from the deeper connective tissue and blood 

vessels. In the stratified keratinized epithelial subtype seen in the gingiva, successive layers of 

cells form above the basal cell layer, with these layers becoming increasingly differentiated 

towards the apex in a process of spatial differentiation. As depicted in Figure 1.1, cells 

directly adjacent to the basal cell layer form spinous cells (Lechler and Fuchs, 2005), which 

express cytokeratins 5 and 14, markers of undifferentiated epithelial cells (Koster and Roop, 

2007). Cells located at a further distance from the basement membrane exhibit a more mature 

phenotype, differentiating into granular and cornified cells, with a corresponding switch to 



 

13 

 

increased expression of cytokeratins 1 and 10 (Khan et al., 2012). The cornified layer, 

comprised of terminally differentiated, anuclear cells, provides resistance to physical and 

chemical attack. This uppermost cell layers slough off under physical stress, providing 

abrasion resistance and protection for the deeper tissues, thus constant replenishment of these 

differentiated layers is critical for the health of the deeper epithelium. Involucrin is a key 

marker of these terminally differentiated epithelial cells, forming a protein precursor for the 

insoluble cornified cell envelope (Banks-Schlegel and Green, 1981; Watt, 1983). 

Epithelia typically take on a protective, homeostatic role, with the multi-layered tissue 

architecture protecting against particle and fluid ingress, as well as abrasion (Steinert, 2000), 

and providing both a passive and active role in the immune system by preventing bacterial 

ingress and colonisation (Presland and Jurevic, 2002). The gingival epithelium (GE) is 

continually exposed to the microbe-rich environment of the oral cavity, necessitating the 

formation and maintenance of an effective protective barrier between the oral environment 

and the underlying periodontal tissues. This high microbial load also means that the onset of 

gingival inflammation can be rapid, with resultant failure of the gingival barrier leading to the 

ingress of bacteria and bacterial products, leading to inflammation in the deeper periodontal 

tissues. 

These protective, homeostatic roles are often termed barrier function, a defining property of 

stratified epithelia describing the function of these tissues to form a competent, water-tight 

barrier, through which the migration of molecules can be controlled (Kalinin, Kajava and 

Steinert, 2002). This barrier may be compromised by physical, chemical, and microbial 

insults, ranging from burns and abrasions to sustained bacterial infection. Failure of barrier 

function is likely to result in unchecked paracellular migration of molecules and microbes 

across the epithelial membrane, leading to a loss of homeostatic balance and the possible 



 

14 

 

infection of deeper tissues. Failure of gingival epithelial barrier function is also observed in 

the process of epithelial-mesenchymal transition (EMT), characterised by a change in both 

cell phenotype and genotype from epithelial to a more mesenchymal type, leading to a 

reduction in barrier function of the affected cells, as is described below. This pathological 

process has been shown to occur following exposure to both whole bacteria and LPS 

(Abdulkareem et al., 2018), highlighting the diverse impacts that bacterial colonisation may 

have on the oral soft tissues. 

1.2.1. Epithelial intercellular junctions 

Barrier function is maintained and regulated by intercellular junctions; highly specialised 

protein complexes bound to the epithelial plasma membrane (Green et al., 2010). Most 

important to barrier function are desmosomes, hemidesmosomes, adherens junctions and tight 

junctions, which have been shown to play different roles. Additionally, the lipid coating of the 

cornified cell layer also acts to regulate epithelial permeability in much the same way as in the 

epidermis, though with a lower lipid concentration, resulting in slightly higher permeability of 

the gingival epithelia than the skin (Wertz, 2021). 

1.2.1.1. Desmosomes and hemidesmosomes 

Desmosomes and hemidesmosomes are protein complexes which act to connect the cellular 

intermediate filaments at cell-cell and cell-substrate junctions, respectively (Green and Jones, 

1996). Desmosomes comprise an extracellular cadherin component, which interacts with the 

desmogleins (a family of cadherins) expressed by the neighbouring cell desmosomes. These 

desmogleins are linked to intermediate filaments by desmoplakin and plakophilin, forming a 

desmosome—intermediate filament complex (DIFC) (Garrod and Chidgey, 2008). 

Hemidesmosomes typically link intermediate filaments to integrins within the extracellular 

matrix (ECM) via a protein complex including plectin and collagen type XVII (de Pereda et 
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al., 2009). Hemidesmosomes are often associated more with the junctional epithelium 

(connecting between the gingiva and tooth surface) than the gingival epithelium, likely due to 

the requirement for a mechanically strong dento-epithelial connection (Hormia, Owaribe and 

Virtanen, 2001). However, hemidesmosomes are also present in the basal cell layer of the 

gingival epithelium, connecting this cell layer with the deeper ECM (Bartold, Walsh and 

Narayanan, 2000).  

While hemidesmosomes are crucial to the barrier function of epithelial tissues (Salas, Forteza 

and Mashukova, 2016), no studies identified have explored the possibility of hemidesmosome 

downregulation by bacteria. Desmosomes, however, have been shown to play a role in 

maintaining epithelial integrity in gingival epithelia which is susceptible to attack by bacterial 

infection. For example, studies of gingival epithelial cultures challenged with bacterial 

biofilm have shown marked downregulation of desmocollin-2 and desmoplakin, resulting in 

potential compromise in barrier integrity (Belibasakis et al., 2015). 

1.2.1.2. Adherens junctions 

Adherens junctions are responsible for coupling the actin cytoskeleton of adjacent cells to one 

another, controlling the intercellular adhesion which holds the epithelial tissues together 

(Brandner, Haftek and Niessen, 2010). Adherens junctions comprise a complex of α- and β-

catenin, which acts to bridge between actin cytoskeletal filaments intracellularly, and E-

cadherin extracellularly (Niessen, 2007). Competent adherens junction formation has been 

shown to be essential in life, due to the crucial role of these intracellular junctions in 

controlling ‘inside-out’ barrier function, preventing the unchecked paracellular migration of 

water and solutes from within an epithelial tissue to the outside (Tunggal et al., 2005). The 

same work showed that knockout of E-cadherin in mice resulted in perinatal death due to the 

inability of tissues to form an appropriate barrier to the external environment. Additionally, 
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these studies also identified the importance of E-cadherin expression in regulating the 

localization of tight junction proteins via a process of mechanotransduction (Rübsam et al., 

2017). This demonstrates the importance of E-cadherin in epithelial barrier function, with 

direct control over ‘inside-out’ barrier formation, and an influential role in the formation of 

‘outside-in’ barrier formation (mediated by tight junctions).  

1.2.1.3. Tight junctions 

 Tight junctions (TJs) are intra-cellular junctions found at the apical border of the lateral 

epithelial cell membrane and are responsible for forming a contiguous, sealed epithelial sheet 

with tightly apposed plasma membrane junctions, often referred to as kissing points 

(Brandner et al., 2002). 

TJs are typically described as having both a ‘fence function’ and ‘gate function’, both of 

which are critical to epithelial health. In combination, these functions enable the formation of 

a tight, selectively permeable epithelial layer with diffusion gradients maintained. These 

gradients enable the transepithelial migration of small molecules in a regulated manner, 

mediated by cell transport proteins (Omonijo et al., 2019).  

Epithelial fence function describes the role of TJs in forming and maintaining epithelial 

polarity. Gingival epithelial cells are highly polarised (Hodgkins, Watkins and Walker, 1978), 

with distinct functions and protein distributions between the apical, lateral and basal plasma 

membranes. The localisation of TJs to the apical edge of the lateral membrane effectively 

separates the apical and lateral membrane domains and forms two asymmetric membrane 

compartments, preventing the migration of membrane-bound proteins between these (Sawada, 

2013). This allows for the containment of specific functions to each domain, which is crucial 

in the maintenance of ion concentration gradients and the normal functioning of the epithelial 
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cell. Loss of epithelial polarity has been linked to pathological processes including aggressive 

carcinomas (Tanos and Rodriguez-Boulan, 2008) and to the process of EMT in carcinogenesis 

(Royer and Lu, 2011). This link to EMT is of relevance to periodontal disease, as EMT has 

been noted as a pathogenic mechanism in periodontitis (Abdulkareem et al., 2018b). 

 

Figure 1.2 - Diagrammatic representation of simplified tight junction structure in epithelial cells. 

Key proteins shown, with the apical edge of the epithelial cells located at the top of the figure. The 

membrane proteins claudin and occludin form epithelial tight junction pores, bound to the cellular 

cytoskeleton by the linker protein ZO-1  

JAM – Junctional adhesion molecule, ZO-1 – Zona occludens 1. Diagram created using 

BioRender.com. 

Epithelial gate function describes the ability of cells to directly control the paracellular 

migration of molecules (Giepmans and van IJzendoorn, 2009). This selective permeability is 

driven by the architectural arrangement of proteins (shown in  
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Figure 1.2) within the TJ complex, forming two separate pores. A charge-selective ‘small’ 

pore is formed by the tetraspanning transmembrane protein claudin. The claudin mediated 

pore is responsible for the regulation of paracellular ion migration (Krug, Schulzke and 

Fromm, 2014) and claudin-2 has also been shown to be involved in the formation of a 

paracellular water channel (Rosenthal et al., 2010). Conversely, a size-selective ‘large’ pore is 

formed by junctional adhesion molecules (JAMs), which allow for paracellular migration of 

larger molecules (>4 kDa) than would be permitted through a claudin-dependent pore (Otani 

et al., 2019). Additionally, a third protein – occludin – is commonly found in TJs, though it 

has been suggested that occludin may not be required for TJ assembly. Instead, research has 

shown that occludin may play a regulatory role in TJ function, with post-translational 

modification by phosphorylation modulating the interaction between occludin and ZO-1 (Rao, 

2009).  

The dual-action (size and charge selective) of the tight junction mediated by JAM-1 and 

occludin enables exclusion and defence against harmful macromolecules and microbes, while 

allowing controlled migration of immune cells, such as leukocytes (Ostermann et al., 2002). 

Simultaneously, charge-selective claudin pores enable the maintenance of concentration 

gradients, essential to the function of intramembrane ion channels and other transport 

systems. Disruption of epithelial tight junctions is suggested to have a significant effect on 

gradient-dependent processes and the overall tissue health (O’Neill and Garrod, 2011).   

In addition, the transmembrane protein ZO-1 (zona occludens 1 / tight junction protein 1), 

acts as a key bridging protein between claudin, occludin and JAM-1 and the cytoskeletal actin 

filaments (Fanning et al., 1998), as depicted in Figure 1.2. Disruption of ZO-1 expression 

resulted in delayed tight junction complex assembly, and continued suppression has been 

shown to lead to partial failure of the tight junction-mediated epithelial barrier (Roehlen et al., 



 

19 

 

2020; Kuo et al., 2021). Therefore, any stimulus which downregulates ZO-1 expression, or 

directly impacts ZO-1 integrity, is likely to cause a reduction in the barrier function of the 

epithelial tissue. However, there is also some indication that the TJs may not be critical to 

membrane integrity in cultured human gingival epithelial cells (Damek-Poprawa et al., 2013). 

However, such a finding may depend on the cell type or culture conditions, as other research 

shows appropriate localisation of TJ-associated proteins from cells cultured in vitro (Richter et 

al., 2016). Interestingly, protein expression of claudin, occludin and ZO-1 has been shown to 

vary from the basal to cornified cell layers, suggesting that the distribution of proteins within 

tight junctions may not be homogenous within different layers of the epithelia (Kirschner and 

Brandner, 2012). 

1.2.2. Interplay between inflammation and barrier function 

Bacterial infection may lead to a loss of barrier function due to both the direct influence of 

bacteria, and the host immune response. Bacterial LPS has not only been shown to trigger 

EMT, as discussed in Section 1.2.1, but also has been shown to directly impact the integrity of 

tight junctions in a range of epithelial cell types. For example, 1 µg/ml LPS has been shown 

to significantly downregulate claudin and occludin expression at both the gene and protein 

levels in intestinal epithelial cells, with a corresponding increase in barrier permeability (He et 

al., 2019). Studies in cultured oral epithelial cells have indicated similar reductions in 

occludin expression following 4 hours of exposure to LPS isolated from the 

periodontopathogenic bacterium Porphyromonas gingivalis, though no barrier permeability 

studies were performed in this work, preventing a direct comparison between gingival TJ 

gene expression and barrier function (Guo et al., 2018). In addition to modifying the 

expression of TJ-linked proteins, LPS has also been shown to increase epithelial cell 

apoptosis and directly disrupt ZO-1 protein complexes through a caspase-dependent 
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mechanism (Chin et al., 2006), though these studies were again performed in intestinal 

epithelial cells and used high doses of LPS (up to 50 µg/ml). 

Within the gingival epithelia, lipopolysaccharides from P. gingivalis have been shown to 

reduce the expression of E-cadherin, a key component of adherens junctions, with this 

downregulation correlating with reduced barrier function  (Abe‐Yutori et al., 2017). As 

previously discussed (Section 1.2.1.2), E-cadherin has been shown to play crucial roles in the 

formation and localisation of tight junctions, in addition to being directly involved in adherens 

junction formation. Studies examining the expression of E-cadherin in the gingival epithelia 

of periodontally healthy and diseased patients have revealed a significant reduction in E-

cadherin expression in diseased patients compared with healthy ones (Ye, Cheryl C. Chapple, 

et al., 2000; Nagarakanti et al., 2007). These investigations suggest that both the formation of 

both tight and adherens junctions may be compromised in periodontal disease, negatively 

affecting gingival barrier function.   

Aside from direct interactions with tight junctions, both by modifying expression of TJ 

proteins and by disrupting TJ complexes, bacterial challenge may also damage barrier 

function by triggering an immune response. Following bacterial insult, both epithelial and 

specialised immune cells may secrete pro-inflammatory cytokines such as tumour necrosis 

factor alpha (TNFα), which has been shown in endothelial cells to generate a rapid increase in 

the phosphorylation of the TJ protein occludin, corresponding with an increase in TJ 

permeability and downregulation of occludin expression (Ni et al., 2017). The increased 

epithelial permeability enabled leukocyte diapedesis, flooding bacterially challenged regions 

with immune cells which aim to destroy the invading pathogens. However, sustained or 

egregious inflammatory responses may ultimately lead to excessive tissue damage, leading to 
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a cycle of host cell and tissue damage and barrier compromise resulting in an exacerbated 

inflammatory response (Ivanov, Parkos and Nusrat, 2010).   

This host cell damage is often mediated by reactive oxygen species (ROS), (see Section 

1.1.3). This mechanism is a highly effective anti-microbial defensive mechanism generated by 

neutrophils but is also likely to damage host cells. Previous work has shown significant and 

marked increases in ROS production in oral epithelial cells following P. gingivalis LPS 

exposure, whilst also generating a significant reduction in epithelial barrier function 

(Maquera-Huacho et al., 2023). Additionally, ROS have been suggested as a key mechanism 

via which LPS exposure triggers a pro-inflammatory response in gingival fibroblasts, with 

overproduction of these ROS leading to damage to host cells and increased cellular stress (Li 

et al., 2016).  Continued inflammation and ROS-production may produce an accumulation of 

cellular damage, which may begin to extend from the gingival epithelia into the deeper and 

underlying tissues leading to periodontitis (Waddington, Moseley and Embery, 2008). 
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1.2.3. In vitro assessment of barrier function 

Significant research has been performed on assessing both treatments and preventative 

measures for barrier function, highlighting the importance of the use of repeatable, accurate in 

vitro and in vivo measurements of this defining property of epithelia.  

Typically, barrier function assays have identified changes in the transepithelial flux of an ion 

or macromolecule, as is employed in transepithelial electrical resistance (TEER) and 

macromolecular tracer assay (MMT) measurement. TEER has been used to identify changes 

in ion flux through a tissue section, with a reduction in TJ tightness increasing the ease with 

which ions can permeate the junctions and flow between the apical and basal aspects of the 

tissue. A decrease in TEER value (typically presented as ohms of resistance multiplied by the 

tissue surface area) has been shown to act as a marker of a reduction in barrier function 

(Srinivasan et al., 2015). TEER is widely used within the existing literature and has been 

validated in a range of cell types from cutaneous epithelial models (Guth et al., 2015) through 

to oesophageal tissues (Poenar et al., 2020).  

TEER measurement systems typically comprise a ‘chopstick’ style electrode pair and tissue 

culture insert as shown in Figure 1.3, with requirements for the operator to ensure exact, 

consistent placement of handheld electrodes, as changes in depth, angle or distance have been 

shown to lead to marked experimental variability (Srinivasan et al., 2015) . These factors may 

enable a substantial degree of bias – unconscious or otherwise – to occur with handheld 

‘chopstick’ style TEER electrodes. For this reason, alternative TEER measurement systems 

may be employed, including measurement cups and Ussing chambers (Thomson et al., 2019), 

which may provide a more reproducible and bias-free methodology. TEER electrodes have 

also been integrated into biochip / organ-on-a-chip systems in order to increase assay 

throughput (Poenar et al., 2020). 
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Figure 1.3 - Diagram depicting transepithelial electrical resistance (TEER) measurement system. 

Tissue culture inserts are used to provide two compartments separated by a semipermeable membrane. 

Cells are cultured on this membrane until confluent, or at the air-liquid interface until appropriately 

stratified. An appropriate conductive medium (typically phosphate buffered saline or culture media) is 

added to the top chamber, and a reading of electrical resistance across the membrane and cell layer is 

taken. Diagram created using BioRender.com. 

MMTs (shown in Figure 1.4) are often used as an alternative, or adjunct, to TEER assays, 

employing a tagged molecule which can migrate through the epithelial tissue. Historically, a 

range of macromolecules and tracers have been employed, including early studies using the 

enzyme horseradish peroxidase (Colony and Neutra, 1985), or radioisotope-tagged serum 

proteins in microvascular studies (Studer and Potchen, 1971). However, most contemporary 

methodologies utilize a fluorescently tagged molecule, commonly a fluorescein 

isothiocyanate (FITC)-tagged dextran, due to the ease with which these can be assessed with 

common laboratory multimode plate readers. When added to the top chamber of an 

equilibrated tissue culture insert and incubated, FITC-dextran concentration in the bottom 

chamber has been shown to be inversely proportional to the barrier integrity of the epithelial 
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cell layer (Srinivasan et al., 2015). 

 

Figure 1.4 – Diagram depicting a generic macromolecular tracer barrier function assay. As for 

TEER measurements, tissue culture inserts are used to provide two compartments separated by a 

semipermeable membrane, upon which cells are cultured. An appropriate tracer is added to the apical 

compartment, and incubated for a set period, after which media is taken from the bottom chamber and 

assessed for the presence of the macromolecular tracer. Diagram created using BioRender.com 

More complex macromolecular tracer assays have also been devised, using multiple tracer 

molecules to enable the tracking and imaging of tight junction permeability at the single cell 

level. This approach allows for the localisation of leaky TJs within the epithelia and 

improving understanding of the spatial characteristics of barrier function failure (Richter et 

al., 2016; Reiche, Schumann and Richter, 2018). 

1.2.4. Organotypic culture of gingival epithelia in vitro 

The production of stratified epithelial tissue in vitro provides a useful and robust model for 

studying the function of normal epithelium as well as the changes that accompany a wide 

range of epithelial diseases. It also allows for more representative cytotoxicity and 

biocompatibility testing than is provided by simple monolayer culture (Pezzulo et al., 2011), 
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as cell differentiation, morphology and signalling have been shown to represent in vivo cells 

or tissue more closely when cultured in 3D (Breslin and O’Driscoll, 2016; Tatara et al., 

2018). For this reason, organotypic oral mucosal equivalents (OMEs) are generally considered 

more advanced in the study of oral cancers, periodontal disease, drug absorption and in vitro 

drug efficacy studies.  

The generation of stratified epithelial in vitro typically makes use of air-liquid interface (ALI) 

cultures, wherein a monolayer of epithelial cells is supplied with culture media from the 

bottom, with the top surface exposed to air (Prunieras, Regnier and Woodley, 1983). While 

the exact mechanism of ALI-induced stratification is still not known, this approach is widely 

used as an effective method to produce stratified epithelia in the laboratory. One proposed 

mechanism is that direct exposure to oxygen in the air increases oxidative stress in epithelial 

cells, leading to increases in cellular glutathione levels and promoting cell growth and 

differentiation (Kameyama et al., 2009).   

A wide range of ALI induction techniques have been described, varying from the use of 

stainless steel meshes (MacCallum and Lillie, 1990) to tissue culture inserts as shown in 

Figure 1.5 (Bals et al., 2004) and microfluidic-based systems (Nalayanda et al., 2009; 

Alexander, Eggert and Wiest, 2018).  
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Figure 1.5 - Diagram of simple air-liquid interface (ALI) culture of keratinocytes in tissue 

culture inserts. Keratinocyte monolayers are seeded and grown to confluency on the semi-permeable 

membrane of the insert. Cell monolayers are supplied with culture media by diffusion from below the 

membrane, while the upper surface of cells is exposed to air. Several days or weeks of incubation at 

the ALI encourages the formation of a stratified (multi-layered) epithelium. 

ALI culture has been identified as an important tool in adequately recapitulating both the 

phenotype and gene expression of several cell types, including airway epithelial cells (Yeh et 

al., 2007; Pezzulo et al., 2011) and female reproductive tract cells (Chen and Schoen, 2019). 

Importantly, early studies also revealed the importance of ALI culture techniques in 

generating a stratified gingival epithelial tissue with expression of cytokeratins indicating 

epithelial differentiation (Delcourt-Huard et al., 1997). ALI cultures incorporating scaffolds 

or specific substrates have been widely used, including fibroblast-seeded hydrogels 

(Chinnathambi et al., 2003), de-epithelialized dermis (Colley et al., 2013) or traditional tissue 

culture plastics. Organotypic gingival epithelial cultures have been shown to differ widely in 

both cellular morphology and tissue architecture when cultured in/on different substrates 

(Khan et al., 2012). These architectural differences may result in a marked difference in cell 
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differentiation and response to stimuli, highlighting the importance of substrate choice in the 

generation of organotypic tissue equivalents.  

The generation of an appropriately stratified and terminally differentiated tissue equivalent 

may be highly important when studying inflammatory responses. For example, research has 

shown that the distribution of cell membrane pattern recognition receptors (responsible for 

detecting and responding to pathogenic microbes, as discussed in Section 1.1.3) is spatially 

dependent within stratified epithelia (Jiang et al., 2020). Failure to properly recapitulate this 

differentiation pattern in a model system may result in suppressed innate immune responses.  

1.3. Nuclear hormone receptors (NHRs) 

Nuclear hormone receptors (NHRs) are a family of intracellular, ligand-activated transcription 

factors, responsible for mediating the transcriptional control and influence of multiple species 

of small, lipophilic signalling molecules (Bain et al., 2007). These molecules are involved in a 

diverse range of processes relevant to metabolism, differentiation and reproduction of 

eukaryotic cells. Transcriptional regulation by NHRs occurs by direct interaction between the 

NHR and target sequences on DNA, referred to as hormone response elements (HREs) 

(Aranda and Pascual, 2001). 

 

Figure 1.6 - Nuclear hormone receptor schematic diagram. Ligand independent activation 

functions are controlled by the AF-1 domain within the variable A/B region. NHR-DNA binding 

occurs via the DNA binding domain (DBD) in the highly conserved C region, connected to the ligand 

binding domain (LBD, region E) by the variable linking region (D). The LBD contains the ligand-

dependent activation function (AF-2) domain, close to the C terminal of the protein. Diagram adapted 

from Aranda and Pascual, 2001. 
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NHRs typically comprise five regions (as depicted in Figure 1.6), with a variable A/B region 

at the NH2
 terminus containing the ligand-independent activation function (AF-1) domain. 

The roles of the AF-1 domain are as diverse as the NHR family, with evidence that residues in 

the AF-1 domain are targeted for post-translational modification by phosphorylation (Weigel, 

1996) and by SUMOylation (modification with the small ubiqutin-related modifier-1) 

(Treuter and Venteclef, 2011), with these modifications aiding in the regulation of NHR 

function. Additionally, the role of the AF-1 domain in interacting with both basal 

transcription machninery and co-activator proteins has been widely reported on (Lavery and 

Mcewan, 2005).  

In contrast to the variable A/B region, the C region is highly conserved between members of 

the NHR superfamily. This region contains the DNA binding domain (DBD), containing zinc-

finger binding motifs responsible for the recognition and binding of the NHR to HREs within 

promoters and thus exerting control over the transcription of target genes (Khorasanizadeh 

and Rastinejad, 2001). Binding of NHRs to DNA is dependent on the presence of a hexamer 

recognition sequence within the HRE. This sequence is typically either monomeric or 

dimeric, allowing for the attachment of both NHR hetero/homodimers and monomers (Helsen 

et al., 2012). The DBD has also been shown to function as a nuclear export signal in steroid 

receptors (particularly the glucocorticoid receptor), wherein NHRs are exported from the 

nucleus to the cytoplasm following removal of the NHR ligand (Black et al., 2001). 

The hinge region (region D) is a flexible link between the DBD and ligand binding domain 

(LBD), with increasing evidence demonstrating that it plays a role in regulating 

transcriptional activity via a range of post-translational modifications. For example, 

SUMOylation of the hinge region of the oestrogen receptor α (ERα) has been shown to be 

critical to enable ERα-dependent transcription (Sentis et al., 2005). Similarly, acetylation of 
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different residues within the ERα hinge region increases transactivation and hormone 

sensitivity (Wang et al., 2001). This highlights the complex pathway of activation, 

modification and downstream signalling required for effective NHR function.  

Crucial to the function of NHRs as a family of ligand-dependent transcription factors is the E 

region, comprising the ligand binding domain (LBD) and AF-2 domain. Binding of a suitable 

ligand to the LBD leads to the recruitment of co-activators or co-regulators, regulating 

binding to, and transcription of, target genes (Jin and Li, 2010). While the primary structure of 

the LBD is variable, structural features such as receptor domains are generally conserved 

across the NHR superfamily, suggesting that the activation mechanism is similar in all NHRs 

(as summarised by Nagy and Schwabe, 2004). Following ligand binding, recruited 

transcriptional co-activators/repressors bind to the ligand-dependent activation function (AF-

2) domain within the LBD (Moras and Gronemeyert, 1998; Westin, Rosenfeld and Glass, 

1999). 

The C-terminal F region varies in function within the NHR superfamily, with evidence that 

the F region is crucial to the activity of the oestrogen receptor (ERα). Truncation of this 

region has been shown to modify the activity of ERα-promoter transactivation and the 

sensitivity of ligand-receptor binding as well as altering the response of ERα to variations in 

coactivator availability (Koide et al., 2007).   

1.3.1. Nuclear hormone receptor classification and structure 

1.3.1.1. Class I nuclear hormone receptors 

Class I nuclear receptors, known as steroid hormone receptors, play fundamental roles in 

homeostatic and metabolic pathways. Examples of class I NHRs include the progesterone, 

glucocorticoid and androgen receptors (Bain et al., 2007). In a basal state, class I receptors are 
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anchored in the cytoplasm by chaperone proteins (as depicted in Figure 1.7). Binding of a 

suitable ligand to the ligand binding domain (LBD) triggers a conformational shift, leading to 

detachment of the chaperone protein. A nuclear receptor homodimer is then formed between 

two ligand-bound receptor molecules, providing a suitable target for the binding of a nuclear 

localisation sequence (NLS) (Picard and Yamamoto, 1987). Binding and activation of the 

NLS enables translocation of the homodimer-ligand complex into the nucleus, where DNA 

binding occurs. The DNA binding process is facilitated by recognition of inverted DNA 

repeats in the HRE by the DBD (Mangelsdorf et al., 1995). NHR-DNA binding is facilitated 

by nuclear co-activators, which may function by modification of chromatin accessibility, 

methylation or acetylation of HREs or by binding to RNA (McKenna and O’Malley, 2002). 

1.3.1.2. Class II nuclear hormone receptors  

Class II NHRs are defined as all non-steroid receptors with a known endogenous ligand, and 

include the thyroid hormone receptor, peroxisome proliferator activated receptor (PPAR) 

family and retinoid receptors. Unlike homodimer-forming class I receptors, class II receptors 

may bind DNA as monomers, homodimers or heterodimers, dependent on the orientation and 

spacing of the DNA HRE site (Forman et al., 1992). Most typically however, class II 

receptors form heterodimers with the retinoid X receptor (RXR), improving DNA binding 

stability (Bugge et al., 1992).  The class II receptor / RXR complex is found to bind to 

response elements in DNA via direct repeat sequences, in contrast to the inverted repeats 

bound to by Class I receptors (Rastinejad et al., 2013).  

Inactive NHR-RXR heterodimers are bound to DNA HREs, unlike class I NHRs which only 

translocate to the nucleus and bind to DNA upon activation by a ligand. However, the class II 

NHR-RXR heterodimer is also bound to by corepressor molecules, which act to maintain 

chromatin condensation, preventing access by the NHR. This leads to quenching of 
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transcriptional activity of the NHR as a form of gene silencing (Baniahmad, 2005). Ligand 

binding triggers dissociation of the corepressor molecules and replacement with coactivators 

(Kraus and Wong, 2002). NHR coactivators function by a wide range of mechanisms. 

However, one key group of coactivators are histone acetyl-transferases; enzymes responsible 

for manipulating and decondensing the structure of chromatin, potentially exposing relevant 

response elements in the genome (Sever and Glass, 2013).  

1.3.1.3. Class III and IV nuclear hormone receptors 

Whilst Class I and II nuclear receptors have known endogenous ligands, Classes III and IV 

receptors are those that share some structural homology with Class I and II receptors but have 

no known naturally present endogenous ligands (Safe et al., 2016).  

While initially not well studied, these orphan receptors have now been shown to have utility 

in the treatment of disease (Evans, 2005). The origin of these orphan receptors, and their 

coexistence with classical receptors (defined as classes I and II), is a widely discussed topic in 

the literature with no current consensus on their biological role (Escriva, Delaunay and 

Laudet, 2000; Owen and Zelent, 2000).  

Efforts to find synthetic ligands for these orphan nuclear receptors have identified therapeutic 

targets for anti-cancer therapies (Hermann-Kleiter et al., 2015; Wenzl et al., 2015), which 

have been shown to improve barrier function in gastrointestinal disease  (Klepsch et al., 2018) 

and may also have utility as anti-fibrotic treatments (Palumbo-Zerr et al., 2015).  
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Figure 1.7 - Diagrammatic representation of nuclear hormone receptor activation pathways. 

A) Class I and III nuclear hormone receptors (NHRs) are bound to the cytoplasm by chaperone 

proteins (CP). Binding of a suitable ligand (L) leads to the formation of an NHR homodimer and a 

conformational shift revealing a nuclear localisation signal (NLS). The homodimer translocates into 

the nucleus via nuclear pores, and bind to hormone response elements (HREs) on DNA strands. 

Activation then occurs via coactivator molecules and proteins.  

B) Typically, class II NHRs are bound to their hormone response elements as a heterodimer with the 

retinoid X receptor (RXR). Ligands (Ecl / IcL) translocate to the nucleus before binding to the NHR, 

triggering the successive dissociation of co-repressors and replacement with coactivator molecules and 

proteins.  

L = Ligand, NHR = Nuclear Hormone Receptor, CP = Chaperone Protein, RXR = Retinoid X 

Receptor, EcL = Extracellular Ligand, IcL = Intracellular Ligand, NLS = Nuclear Localisation Signal. 

Created with BioRender.com 

 

1.3.2. Peroxisome proliferator activated receptor gamma (PPARγ)  

1.3.2.1. PPARγ structure and function 

Peroxisome proliferator activated receptor gamma (PPARγ) is a class II nuclear hormone 

receptor, predominantly expressed in adipose tissue and pre-adipocytes (Chawla, 1994). 



 

33 

 

PPARγ typically functions as a regulator of insulin sensitivity and glucose metabolism by 

controlling fatty acid uptake into adipocytes (Montaigne, Butruille and Staels, 2021). 

Additionally, PPARγ (and other members of the PPAR family) have been shown to be closely 

involved in the differentiation of adipose and placental tissues during vertebrate development 

(Michalik et al., 2002). 

PPARγ is activated by a range of endogenous ligands, including micromolar concentrations of 

polyunsaturated fatty acids (Xu et al., 1999), likely linked to the endogenous role of PPARγ 

as an insulin sensitizing transcription factor. 15-deoxy-∆-12,14-prostaglandin-J2 (15d-PGJ2) 

was the earliest endogenous PPARγ ligand described and characterized (Forman et al., 1995), 

exerting anti-inflammatory, anti-tumour and antioxidant effects in a PPARγ-dependent 

manner (Li, Guo and Wu, 2019). Binding of a ligand to the PPARγ ligand binding domain 

(LBD) triggers the formation of a PPARγ-RXR heterodimer, facilitating the replacement of 

co-repressor molecules with co-activators, which enables chromatin remodelling. This 

activated PPARγ-RXR complex is then able to bind to PPARγ response elements (PPREs) in 

the promoter region of target genes, producing ligand-dependent transactivation (IJpenberg et 

al., 1997). Aside from this expected function, PPARγ has also been demonstrated to mediate 

ligand-dependent transrepression. In such a case, activation of PPARγ by a suitable ligand 

leads to antagonism of other transcription factors, further widening the widespread effects 

PPARγ may exert (Ghisletti et al., 2007).  

In addition, this transactivation and transrepression is further modified by alternative mRNA 

splicing of the PPARγ gene (PPARG), which gives rise to multiple transcript variants with 

different transcriptional potency due to differences in the activation function (AF-1) domain. 

This splicing generates parallel expression of two main protein isoforms, PPARγ1 and 

PPARγ2 (Zhu et al., 1995). PPARγ1, a 475 amino acid protein, is relatively widely expressed 
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in a range of cells and tissues, including epithelia, liver and skeletal muscle. Conversely, 

expression of PPARγ2, a 505 amino acid protein, is limited to adipose tissue (Mukherjee et 

al., 1997; Grygiel-Górniak, 2014). This tissue-specific expression is explained by studies 

showing that PPARγ2 is more specifically involved in the regulation of adipocyte deposition, 

differentiation and insulin sensitivity (Zhang et al., 2004), as these tissues are tightly involved 

in glucose metabolism. The modified AF-1 domain within the A/B region of PPARγ2 has 

been shown to be involved in recruiting cofactors and enabling transactivation of specific 

target genes which are not typically activated by PPARγ1 (Bugge et al., 2009), widening the 

potential targets of PPARγ2 beyond those activated by the more widely expressed variant. 

Additionally, the ability of PPARγ2 to stimulate downstream transcription has been shown to 

be up to 6-fold greater than the PPARγ1 isoform, suggesting that PPARγ2 is the more potent 

transcription factor (Fajas et al., 1997). This combination of multiple PPAR isoforms, 

multiple PPARγ splice variants and the potential for both transactivation and transrepression 

of response elements may explain the involvement of PPARγ in such a wide variety of tissues 

and pathways. 

1.3.2.2. PPARγ in health and disease 

PPARγ has been implicated in a range of important pathways regulating lipid and glucose 

homeostasis, with particular focus given to the role of PPARγ in insulin sensitization as a 

treatment for insulin-resistant (type II) diabetes mellitus (Rangwala and Lazar, 2004). 

Activation of PPARγ in adipocytes, liver and skeletal muscle by thiazolidinediones (TZDs) 

such as rosiglitazone has been shown to increase the oxidation of glucose and reduce free 

fatty acid content in the blood, improving sensitivity to insulin (Olefsky, 2000; Cha et al., 

2001). For this reason, rosiglitazone was widely used in the early 2000s as a powerful and 

effective tool for diabetic therapy in patients with insulin-resistant diabetes mellitus 
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(Malinowski and Bolesta, 2000). However, the strong influence of PPARγ on systemic 

pathways controlling lipid storage, lipid metabolism and insulin sensitivity (Grimaldi et al., 

2010), as well as the relatively widespread expression of PPARγ throughout the tissues of the 

body, led to concerns regarding its safety for the treatment of disease (Watkins et al., 2002). 

A host of undesirable side effects and potentially major adverse cardiac events were observed 

in patients treated with TZD-class drugs (Richter et al., 2007; Mittal et al., 2009), ultimately 

leading to the European Medicines Agency (EMA) issuing a ban on the use of rosiglitazone 

for this purpose (European Medicines Agency, 2010). These adverse events highlight the 

potential drawbacks of treating disease with systemically applied PPARγ ligands, as 

expression of PPARγ amongst a wide range of cell types, and involvement in many metabolic 

and signalling pathways, may produce increased risk of side effects. 

In addition to diabetes, PPARγ has wide-ranging effects on inflammation and wound healing. 

PPARγ has been reported to repress the activation of nuclear factor kappa beta (NFκβ), a 

major transcription factor involved in inflammatory signalling, by binding to and blocking the 

promoters of NFκβ response element (typically inflammatory response genes, including 

cytokines) (Pascual et al., 2005). This transrepression results in a PPARγ-dependent 

dampened inflammatory response, which has since been explored extensively. In 

macrophages, the expression of key inflammatory signalling molecules, including inducible 

nitric oxide synthase (iNOS) and matrix metalloproteinase-9 (MMP-9), have previously been 

shown to be markedly reduced following activation of PPARγ with both endogenous (15d-

PGJ2) and synthetic ligands (Ricote et al., 1998). Similarly, PPARγ activation has been 

demonstrated as an effective tool to reduce the synthesis of pro-inflammatory interleukins and 

improving in vivo survival in rat models of systemic sepsis (Zingarelli et al., 2003; Celinski et 

al., 2011). 
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In addition to reducing pro-inflammatory signalling, PPARγ stimulation has been shown to 

increase both the proliferation and migration of endothelial progenitor cells in vitro (Pistrosch 

et al., 2005). This indicates the potential utility of PPARγ ligands for improving wound 

healing. For this reason, PPARγ ligands have been explored as possible treatments for 

inflammatory skin conditions. For example, both psoriatic arthritis and dermal plaque-type 

psoriasis (both forms of auto-immune disorder) have been effectively treated in a clinical trial 

setting using pioglitazone, a thiazolidinedione class synthetic PPARγ ligand (Bongartz et al., 

2005; Mittal et al., 2009). Interestingly, clinical trials treating inflammatory skin disorders 

have shown significant differences in treatment efficacy between molecularly similar TZD-

class drugs, including rosiglitazone, troglitazone and pioglitazone (Kuenzli and Saurat, 2003; 

Shafiq et al., 2005).  

Of particular importance to the present work is the potential role of PPARγ stimulation in 

maintaining epithelial barrier function, especially in the gingiva. As has previously been 

discussed, bacterial challenge can lead to a reduction in gingival barrier function, leading to 

bacterial ingress and homeostatic imbalance. Previous work has shown that 24 hours of 

activation of PPARγ by 0.1 µM rosiglitazone significantly increased RNA and protein level 

expression of key tight junction proteins claudin and occludin in nasal epithelial cells 

(Ogasawara et al., 2010). Additionally, the observed regulatory changes translated to an 

increase in barrier function within 8 hours of PPARγ activation, as assessed by both TEER 

and macromolecular tracer assay.  

Investigations have also been performed examining the function of PPARγ-stimulation in 

mouse dermal models, assessing transepidermal water loss (TEWL) recovery following 

physical insult by tape stripping. TEWL is widely used in in vivo studies to assess barrier 

permeability in a similar manner to the use of TEER in vitro. Indeed, it has been shown that 
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TEWL recovered faster in tape-stripped mouse dermis treated with ciglitazone, a TZD-class 

PPARγ ligand, compared with control mice (Man et al., 2004). Ciglitazone has also been 

investigated in human foreskin-derived keratinocytes, where 24 hours of supplementation 

with 10mM ciglitazone generated significant upregulation of the aquaporin 3 (AQP3) gene 

(Jiang et al., 2011). AQP3 has previously been linked to epidermal barrier function, due to the 

role of these molecules in moderating water transport across barriers (Hara-Chikuma and 

Verkman, 2005). While relatively few specific studies have been performed on PPARγ as a 

target for treating or preventing the inflammatory signalling and reduction in barrier function 

associated with gingivitis, these studies suggest that PPARγ-activation may be therapeutically 

beneficial.  

However, many of the previous studies have employed either recombinant endogenous or 

TZD-class PPARγ ligands, which are likely to have non-specific or off-target effects. For 

example, both 15d-PGJ2 and ciglitazone have been shown to modulate the mitogen-activated 

protein kinase cascade in a PPARγ-independent manner (Lennon et al., 2002). This suggested 

that some of the anti-inflammatory and pro-barrier function effects observed in these studies 

may not be entirely PPARγ specific and may be due to activation of an alternative pathway. 

The use of specific PPARγ ligands with minimal cross-reactivity may improve the confidence 

in the data generated. For example, GW1929, first described in 1998, is a highly selective 

ligand for PPARγ with a greater potency than TZD-class ligands (Henke et al., 1998).  

1.4. Aims and objectives 

The present work aimed to explore the potential role of PPARγ stimulation in models of 

inflammation in gingival epithelia. It was hypothesized that PPARγ activation may lead to a 

reduction in pro-inflammatory cytokine expression, whilst increasing anti-inflammatory 



 

38 

 

cytokine expression, and improving or maintaining barrier function. An additional aim was to 

identify any potential differences between the response of gingivitis models in monolayer 

cultures and more complex organotypic models. These aims were addressed with the 

following objectives: 

Objective 1 – To identify a suitable stimulus to induce inflammation (defined here as an 

increase in pro-inflammatory cytokine expression and a reduction in barrier function) in 

monolayer-cultured oral epithelial cells. 

Objective 2 – Develop a reporter system to identify suitable ligands to activate PPARγ in 

keratinocytes in vitro. The sensitivity of this system was optimised by comparison with other 

cell lines and a range of reporter systems trialled. Following this, the system was applied to 

selected compounds commonly found in cosmetic and oral care products, screening for 

PPARγ-agonist or antagonist activity. 

Objective 3 – Develop a methodology to produce stratified, differentiated gingival epithelial 

equivalents in vitro. Confirm epithelial differentiation and quantify epithelial thickness at 

multiple timepoints in order to identify suitable culture periods for further studies.  

Objective 4 – Trial PPARγ ligands as anti-inflammatory treatments in oral keratinocyte 

model systems, cultured as both monolayer and 3D-culltured epithelial equivalents. Efficacy 

was assessed by using RT-qPCR to identify changes in expression of cytokines and barrier 

function-related genes, barrier function assays and enzyme linked immunosorbent assays 

(ELISAs).  
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2. MATERIALS AND METHODS 
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2.1. Cell culture 

All cell culture was performed aseptically in a ScanLaf Mars Class 2 microbiological safety 

cabinet, and cultures incubated in a HeraCell 150i CO2 incubator (Thermofisher, UK) at 37°C 

and 5% CO2. Unless stated otherwise, H400 oral squamous cell carcinoma (ECACC 

06092006) cells were cultured in 1:1 Hams F12 nutrient mix and Dulbecco modified Eagle’s 

media (DMEM) (11330-032, Gibco, USA), supplemented to final concentrations of 10% 

foetal calf serum (FCS), 100U /ml penicillin, 100 µg/ml streptomycin and 1mM L-glutamine 

– referred to as ‘supplemented HamsF12:DMEM’. 

Murine 3T3 Fibroblasts (ECACC 93061524) and HaCaT (300493, Cell Lines Services, 

Germany) were cultured in DMEM (D5796, Sigma, USA), supplemented to final 

concentrations of 10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin and 1mM L-

glutamine. 

Routine cell culture was performed in filtered T75 flasks (Nunc EasYFlask, ThermoFisher, 

UK). Cell passaging was performed whenever cell confluency approached 80%, with cell 

dissociation performed by incubation (37°C, 5% CO2) in trypsin solution (0.25% trypsin-

EDTA, 25200056, Gibco, USA) for 10 minutes. Mycoplasma testing was performed every 6 

months by PCR using a commercially available testing kit (EZ-PCR mycoplasma testing kit, 

Geneflow, UK). All mycoplasma tests performed throughout the course of the present work 

were negative. 
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2.2. Culture treatments and stock solutions 

2.2.1. Escherichia coli lipopolysaccharide supplementation 

To produce stock solutions, 1mg O127:B8 Escherichia coli lipopolysaccharide (LPS) (Sigma 

Aldrich, UK) was reconstituted in 1 ml HamsF12:DMEM, producing a 1 mg/ml stock 

solution. From this, a 1:10 dilution was also performed to produce a 100 µg/ml stock solution 

for use at a lower final concentration when required. Siliconized, low retention 

microcentrifuge tubes (Eppendorf, USA) and pipette tips were used for all handling steps with 

LPS to maximise sample recovery. 

Table 2.1 - Final concentration of O127:B8 E.coli LPS in culture media, and volume of LPS 

stock added to 3 ml supplemented HamsF12:DMEM. 

Final concentration of LPS (ng/ml) Volume of LPS stock added to 3 ml media 

0 No LPS added 

20 0.6 µl of 100µg/ml LPS 

200 0.6 µl of 1mg/ml LPS 

2000 6 µl of 1mg/ml LPS 

 

2.2.2. PPARγ agonists and antagonists 

3ml aliquots of HamsF12:DMEM supplemented with 10% FCS and 1mM L-glutamine were 

prepared, and test compounds added to final concentrations as shown (Table 2.2), with one 

compound per aliquot. All test compounds were dissolved in cell culture grade 

dimethylsulfoxide (DMSO) (Hybri-Max DMSO, Sigma Aldrich, UK). All media aliquots 

were then supplemented with DMSO as required to ensure the final DMSO concentration was 

consistent in all samples.  
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Table 2.2 - Volumes of test compounds and DMSO added to 3 ml of supplemented HamsF12 

culture media for PPARγ studies. 

Test 

compound  

Stock 

concentration 

Volume of stock 

added 

Volume of 

DMSO 

Manufacturer 

reference 

Control group N/A 0 µl 30 µl N/A 

1µM GW1929 

(Agonist)  

1mM 3 µl 27 µl 2057-5, 

Cayman 

Chemical, 

USA 

5µM GW1929 

(Agonist) 

1mM 15 µl 15 µl 2057-5, 

Cayman 

Chemical, 

USA 

10µM 

GW9662 

(Antagonist) 

10mM 3 µl 27 µl M6191, Sigma 

Aldrich, UK 

1µM 

rosiglitazone 

(Agonist) 

15mM 0.6 µl 29.4 µl R2408, Sigma 

Aldrich, UK 

 

2.2.3. Cosmetic compounds under investigation as PPARγ agonists 

Samples of pterostilbene, hydroxystearic acid, palmitoylethanolamide (PEA), MAXnolia™, 

vitamin E acetate, chia oil, SabiWhite™, sulfradex and retinol were received as gifts from 

Haleon, UK as part of the working agreement of the PhD studentship, and are detailed in 
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Table 2.4. Candidate compounds (Table 2.3) were selected following a literature search, 

either for activation of other members of the PPAR family (α or δ) or for evidence of interplay 

with the molecular pathways controlling epithelial barrier function and/or inflammation. 

Many of these compounds are classified as being ‘generally recognised as safe’ (GRAS), and 

so regulatory approval for use may be more easily achieved. 

Table 2.3 – GRAS compounds used in cosmetics and oral care products which were selected for 

screening for PPARγ activation. 

2.2.1. Compound 
Justification 

Palmitoylethanolamide 

(PEA) 

Fatty acid amide which binds to PPARα (LoVerme et al., 2005), 

interaction with PPARα and δ has also been reported in 

neuronal cells, producing an anti-inflammatory effect 

(Paterniti et al., 2013). 

Pterostilbene / 

pTeropure® 

Reported as activating PPARα in vitro and lowering serum 

cholesterol in vivo in Syrian hamsters in a PPARα-dependent 

manner (Rimando et al., 2005). 

Hydroxystearic acid 

(HSA) 

Isomers of HSA have been previously investigated as PPARα 

agonists (Rawlings et al., 2021), and so were included in the 

present work to identify any cross-activation of PPARγ. 

Retinol (vitamin A) Shown to be crucial to epithelial barrier function, and highly 

dependent on the presence of the retinoic acid receptor 

(RARγ) and retinoic X receptor (RXRα) (Kubota et al., 2001). 

RXRα has been widely described as a key coactivator to 

PPARγ, with the two proteins forming a heterodimer prior to 
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binding to DNA response elements (Aranda and Pascual, 

2001).  

Sulfradex Sulfradex, a cyclodextrin-stabilised sulforaphane, has been 

reported to modulate PPARγ signalling (Patel, Mann and 

Chapple, 2018). 

MAXnolia Honokiol (a derivate of magnolia bark) has been shown both 

in silico and in vitro to activate PPARγ-dependent signalling 

pathways without the adipogenic side effects often 

associated with synthetic thiazolidinedione-class PPARγ 

agonists (Atanasov et al., 2013). MAXnolia® is a stabilised 

magnolia bark extract suited to use in cosmetics. 

SabiWhite® Curcumin (a constituent of the spice turmeric) has been 

shown to exert anti-inflammatory effects in vivo and in vitro, 

with a suggested PPARγ-dependent mechanism (Jacob et al., 

2007). Due to this, SabiWhite®, a colourless curcumin 

derivative intended for use in cosmetics, was included in the 

present work.  

Chia oil 

 

Vitamin E acetate 

(tocopherol acetate) 

Expression of PPARγ has been shown to be upregulated in 

vivo by chia oil (Batista et al., 2023), and by vitamin E (α-

tocopherol) both in vivo in mice (Hsieh, Huang and Lin, 

2006) and in vitro in human keratinocytes (De Pascale et al., 

2006). Increased PPARγ expression may lead to increased 
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PPARγ activation by endogenous or exogenous ligands, 

enhancing the effects of PPARγ ligands.  

 

10 mg/ml stock solutions of each were prepared in DMSO and vortexed to ensure complete 

dissolution of the material before sterilisation with a 0.22 µm syringe filter. All compounds 

except for MAXnolia and PEA showed excellent dissolution – MAXnolia and PEA produced 

slightly turbid solutions. These solutions were warmed to 37°C prior to filter sterilising and 

complete dissolution was noted. For each cosmetic compound tested, a 10 µg/ml solution was 

prepared via a 1:1000 dilution of stock (10 mg/ml) solution in culture media. Following 

aspiration of culture media, 100 µl of 10 µg/ml stock was added to the first test column, and 

serially diluted into the remaining columns to produce dilutions of 1000, 100, 10, and 1 

ng/ml. All dilutions were performed to generated equal final volumes of culture media in all 

wells. Identical dilutions were also performed for control wells containing no cells, allowing 

later calculation to compensate for any differences in absorbance caused by the test 

compounds. 

2.2.2. Cell counting kit 8 (CCK-8) cytotoxicity assay 

Subconfluent H400 cells were trypsinised and diluted 1:1 with trypan blue (0.4% solution, 

Gibco, UK). Viable cells were counted with a haemocytometer and diluted to a concentration 

of 5x105 cells / ml in supplemented HamsF12:DMEM. 100 µl of this cell suspension was 

added to the required wells of four 96 well cell culture plates and incubated overnight at 37˚C, 

5% CO2. Media was then aspirated, and all wells washed with 100 µl OptiMEM (Gibco, USA) 

three times to ensure removal of all traces of FBS-supplemented media. 100 µl of OptiMEM 
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was then added to each well to initiate a serum starvation period. Cells were then incubated 

for a further 24 hours at 37°C, 5% CO2.  

Following addition of test compounds as described in Section 2.2.3, cells were incubated for a 

further 24 hours at 37°C, 5% CO2. 10 µl of cell counting kit 8 (CCK-8) reagent (Abcam, UK) 

was then added to each well and incubated again at 37°C, 5% CO2 for 1 hour. Absorbance at 

450 nm was recorded using a BioTek ELx800 plate reader (BioTek, USA). Absorbance of 

each well was calculated as: 𝐹𝑖𝑛𝑎𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =  𝐴𝑏𝑠(𝑐𝑒𝑙𝑙𝑠 + 𝑚𝑒𝑑𝑖𝑎 + 𝑡𝑒𝑠𝑡 𝑎𝑔𝑒𝑛𝑡) −

𝐴𝑏𝑠(𝑚𝑒𝑑𝑖𝑎 + 𝑡𝑒𝑠𝑡 𝑎𝑔𝑒𝑛𝑡). 

2.2.3. Combined LPS and PPARγ agonist treatment  

Two aliquots of media were prepared and assigned to either control or LPS challenge groups. 

The latter was supplemented with 2 µg/ml LPS as per Table 2.1. Cultures were then treated 

with control or LPS challenge media and incubated for 24 hours as a ‘pre-challenge’ prior to 

treatment with PPARγ agonists.  

LPS-supplemented (2 µg/ml) or control media was prepared again and split into four groups 

(A-D) to receive either supplementation with the known PPARγ agonist GW1929 or DMSO 

as a solvent control, in addition to LPS, as shown in Table 2.4. Cultures selected for PPARγ 

agonist treatment were supplemented with GW1929 at a final concentration of 5 µM (as 

described in Section 2.2.2), with non-GW1929 cultures supplemented with the same volume 

of DMSO. LPS was again supplemented at 2 µg/ml if required. Cultures were incubated 

(37°C, 5% CO2) for a final 24 hours prior to assay. 
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Table 2.4 - Culture designation matrix, showing supplementation with GW1929 or LPS 

 Culture designation 

 A B C D 

GW1929 in DMSO - - 5 µM 5 µM 

LPS  - 2 µg/ml - 2 µg/ml 

DMSO only  + + - - 

 

2.3. H400 cell growth and viability curves  

Subconfluent H400 cells were dissociated with trypsin, and cell suspensions diluted 1:1 with 

trypan blue (0.4% solution, Gibco, UK). Viable cells were counted using a haemocytometer 

and diluted to a concentration of 1.66x103 cells/ml. 3 ml of this cell suspension was added to 

each well of a six well plate, with three technical replicate wells per condition. Cells were 

incubated overnight at 37˚C, 5% CO2 to allow for attachment. Following incubation, aliquots 

of supplemented HamsF12:DMEM were treated with LPS to final concentrations of 20, 200 

and 2000 ng/ml, or left untreated (control group). Culture media was aspirated from the 

culture plates and replaced with LPS-supplemented media. Culture media were aspirated and 

replaced at 48hr intervals with freshly produced LPS-supplemented media. Control group 

media was aspirated and replaced with supplemented HamsF12:DMEM without LPS at the 

same intervals.  

Cells were counted at 48-hour intervals, with culture media aspirated to labelled falcon tubes 

to include both detached and dead cells. Monolayers were washed with 500 µl trypsin, which 

was then aspirated to the same Falcon tube as the culture supernatant. 500 µl of trypsin was 

then added and incubated for 15 minutes at 37˚C, 5% CO2, with complete removal of all 
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attached cells confirmed using phase contrast microscopy. Cell suspensions were then 

centrifuged at 180 x g for 5 minutes (5804R centrifuge, Eppendorf, USA), the supernatant 

removed to waste, and cell pellets resuspended in 100 µl culture media. 100 µl trypan blue 

was added, the suspension briefly vortexed, and incubated at room temperature for 10 

minutes.  For counts on days 7 and 9 post-LPS addition, 600 µl of sterile PBS was also added 

to trypan blue treated cell suspension after the 10-minute incubation period to reduce the 

counted cell numbers. Cell suspensions were vortexed briefly again and counted in Tecan Cell 

Chips using a Tecan Spark multimode plate reader (Tecan, Switzerland). 

2.4. Production of PPARγ reporter cell lines in H400 oral squamous cell 

carcinoma cells 

2.4.1. Stable genetic transfection with PPRE-H2B-eGFP reporter  

2.4.1.1. Extraction and purification of PPRE-H2B-eGFP plasmid DNA from DH5α E. coli  

DH5α Escherichia coli containing PPRE-H2B-eGFP plasmid DNA were obtained from the 

non-profit plasmid repository AddGene. DH5α E. coli were plated to LB Agar containing 50 

µg/ml kanamycin antibiotic (ThermoFisher, UK) and incubated for 48 hours at 37°C, 5% 

CO2, 100% relative humidity. Isolated colonies were selected and used to produce overnight 

cultures in 4 Falcon tubes containing 50 ml LB Broth (produced from LB broth base 

(ThermoFisher, UK) and supplemented with 50 µg/ml kanamycin) to produce 200 ml of total 

culture volume and incubated for 18 hours in a shaking incubator (NB-205, N-Biotek Inc., 

South Korea) at 37˚C and 100 RPM. 

Overnight cultures were centrifuged at 3500RPM for 5 minutes (Jouan R35i, AB50.10 rotor), 

producing bacteria pellets, which were thoroughly mixed in PureLink resuspension buffer 

(ThermoFisher, UK) and individual Falcon tubes combined together. Bacteria were then lysed 
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and plasmid DNA eluted following manufacturers specifications (PureLink HiPure Plasmid 

Miniprep Kit, ThermoFisher, UK), with the exception of using elution buffer warmed to 50˚C 

for the elution step instead of the recommended room temperature. Following elution in a 15 

ml centrifuge tube, 3.5 ml chilled molecular biology grade isopropanol (Sigma Aldrich, UK) 

was added, and the solution cooled at -80˚C for 30 minutes.  This solution was centrifuged at 

12000 x g for 30 minutes at 4˚C, before removing the supernatant to waste. 3 ml of chilled 

70% ethanol was added and centrifuged at 12000 x g for 30 minutes, 4˚C. A white DNA 

pellet was identified, and the supernatant gently pipetted off, tube opened and allowed to air 

dry for 15 minutes before resuspending in 200 µl TE buffer (ThermoFisher, UK).  

Purity and concentration of isolated plasmid DNA was quantified via spectrophotometry 

(Genova Nano spectrophotometer, Jenway) providing 𝐴𝑏𝑠
260

280
 and 𝐴𝑏𝑠

260

230
 ratios of 1.927 and 

2.237 respectively, with a concentration of 357 µg/ml. 

2.4.1.2. Diagnostic restriction enzyme digest of PPRE-H2B-eGFP plasmid DNA 

Three single cutting restriction enzymes were employed to perform a diagnostic digest of the 

plasmid DNA, as shown in Table 2.5. 

Table 2.5 - FastDigest restriction enzymes employed in producing a diagnostic digest of plasmid 

DNA. ^ = enzyme cut site. 

Restriction Enzyme  Manufacturer Reaction temperature (˚C) 5’-3’ Cut Site 

FastDigest VspI 

(AseI Isoschizomer) 

ThermoFisher 37 AT^TAAT 

FastDigest NheI ThermoFisher 37 G^CTAGC 

FastDigest BamHI ThermoFisher 37 G^GATCC 
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Manufacturer’s specifications were followed to perform a diagnostic digest, with 5 minutes of 

incubation at 37˚C (Veriti 96-well thermal cycler, Applied Biosystems, California, USA). 

Reaction mixtures for single and double restriction enzyme digests comprised 1 µl of each 

restriction enzyme, 2 µl Green FastDigest buffer (ThermoFisher) and 2 µl of DNA, made up 

to a final volume of 20 µl with water. Triple enzyme digests (NheI/VspI/BamHI) used 4 µl of 

DNA to improve the intensity of the resulting agarose gel electrophoresis band. 

Following incubation, 6 µl of each sample was loaded onto a 1% agarose gel and 

electrophoresis performed at 120 V for 1 hour. Uncut plasmid DNA was also loaded onto the 

gel, using 2.7 µl DNA with 0.6 µl Green FastDigest buffer as a loading dye.  

2.4.1.3. Transfection of H400 oral squamous carcinoma cells with PPRE-H2B-eGFP 

plasmid 

H400 oral squamous carcinoma cells were cultured for 2 passages without addition of 

penicillin / streptomycin to the culture media. These cells were then trypsinised and seeded to 

6 well plates at 1x104 cells/well and incubated at 37˚C, 5% CO2 until approximately 75% 

confluent. Culture media was then aspirated, and cultures rinsed twice with sterile, un-

supplemented Opti-MEM (31985062l, ThermoFisher, UK). 800 µl of Opti-MEM was then 

added to each well.  

‘High’ and ‘low’ concentration dilutions of Lipofectamine 3000 transfection reagent 

(L3000001, ThermoFisher, UK) were prepared, with 22.5 µl and 11.3 µl Lipofectamine added 

to 375 µl Opti-MEM respectively. Solutions were then mixed by brief vortexing. 

A DNA mastermix was prepared with 1.5 ml Opti-MEM, 30 µg plasmid DNA and 60 µl 

P3000 transfection reagent (L3000001, Thermofisher, UK), giving a ratio of 2 µl P3000 per 

1µg of DNA. This diluted DNA mastermix was added to the two lipofectamine dilutions in a 
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1:1 ratio (375 µl DNA mastermix to 375 µl diluted lipofectamine). This DNA-Lipofectamine 

solution was then incubated for 15 minutes at room temperature, after which 250 µl of the 

solution added dropwise to each well designated for transfection. Untransfected control wells 

were untreated with DNA-lipid complexes. Cultures were then incubated at 37˚C, 5% CO2. 

Following 4 hours of incubation, Opti-MEM media was aspirated and replaced with 

HamsF12:DMEM culture media (supplemented to a final concentration of 10% FCS). A 

greater number of detached, floating cells were noted in the cultures treated with high 

concentration Lipofectamine, though some cells remained attached to the culture surface. 

2.4.1.4. Culture of H400:PPRE-H2B cells 

Genetically modified H400 cells were cultured in HamsF12:DMEM, supplemented to final 

concentrations of 10% FCS, 1 mM L-Glutamine, and 500 µg/ml Geneticin G418 antibiotic 

(10131027, Gibco, UK). No penicillin or streptomycin were supplemented to avoid 

competitive inhibition of G418. 

2.4.1.5. Selection of transfected cells for stable plasmid integration into H400 cell genome 

48 hours post-transfection, all wells were trypsinised and individually transferred to T25 

flasks for expansion. This expansion step employed HamsF12:DMEM, supplemented with 

10% FCS, 1 mM L-Glutamine, 1.372 µM sodium hydrocortisone and 500 µg/ml Geneticin 

G418 antibiotic. 

All cultures were maintained separately, with daily monitoring via phase contrast microscopy 

to identify the formation of G418-resistant cell islands and the death of non-resistant cells. 

Cell islands were identified in transfected cultures after 3 days of culture while the 

untransfected control cultures resulted in no viable, attached cells as seen by phase contrast. 

Once cultures were observed to have formed islands of ~100 cells, these were then passaged 
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and expanded into T75 flasks until near-confluent, and stocks frozen in cryogenic media (final 

concentrations of 70% HF12:DMEM, 20% FCS, 10% DMSO) for storage in liquid nitrogen. 

2.4.1.6. Initial verification of eGFP fluorescence in transfected H400:PPRE-H2B-eGFP 

cells 

Following expansion of transfected H400 cultures into T25 flasks, one flask of each 

transfection condition (high and low concentration Lipofectamine reagent) was stimulated 

with a known PPARγ agonist, GW1929, at a final concentration of 1µM as described in 

Section 2.2.2. After 24 hours of incubation with GW1929, the cultures were examined using a 

phase contrast / fluorescence microscope (Nikon Eclipse TE300, Nikon, Japan) with an LED 

excitation system (CoolLED pE-100) and an excitation wavelength of 490nm. 

2.4.1.7. Polyclonal to monoclonal selection of PPRE-H2B-eGFP transfected cells 

A limiting dilution was performed by seeding H400:PPRE-H2B-eGFP cells to a 96 well plate 

at a concentration of 10 cells per ml, with 100 µl of suspension added to each well. Following 

24 hours of incubation, each well was inspected using phase contrast microscopy. The number 

of cells and locations within the wells were noted, and cells cultured for a further 4 days. 

These cultures were examined again with phase contrast microscopy, noting wells containing 

a single colony of cells. Next, all wells were treated with complete growth media containing 1 

µM GW1929 hydrate and incubated for 24 hours. Cultures were examined as previously 

described by both phase contrast and fluorescence microscopy, imaging all single-colony 

wells (Nikon D3000 DSLR) with identical camera settings. The well showing the most eGFP 

fluorescence was noted and selected for further expansion. This well was allowed to grow to 

~50% confluency, after which it was dissociated with 100 µl of trypsin-EDTA and the cell 

population subcultured by transferring to 12 well plates for expansion.  
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These cells were then used for further validation of reporter activity in response to GW1929, 

seeded at a density of 1x105 cells/well in a 96-well opaque black, clear bottomed optical 

culture plate (Nunclon, ThermoFisher, UK). Culture media comprised HamsF12:DMEM, 

containing 10% FCS, 1 mM L-glutamine, no penicillin or streptomycin and 500 µg/ml G418. 

Following seeding of cells, cultures were incubated for 24 hours prior to addition of GW1929 

in DMSO (Section 2.2.2).  

2.4.2. Transient transfections with PPRE-pNL1.3 reporter system 

2.4.2.1. Extraction and purification of PPRE-pNL1.3 plasmid DNA from DH5α E.coli 

DH5α Escherichia coli containing PPRE-pNL1.3 plasmid DNA were obtained from the non-

profit plasmid repository AddGene. DH5α E.coli were plated to LB Agar containing 

100µg/ml ampicillin antibiotic and incubated for 48 hours at 37˚C, 5% CO2. Isolated colonies 

were selected and used to produce overnight cultures in 8 Falcon tubes containing 40 ml LB 

Broth (supplemented with 100µg/ml ampicillin) to produce 320 ml of total culture volume. 

Cultures were incubated for 18 hours in a shaking incubator at 37°C and 120RPM. 

Cell lysis was performed as previously described for the PPRE-H2B-eGFP reporter system 

(Section 482.4.1.1), with the overnight cultures pooled following resuspension. Plasmid 

isolation and precipitation protocols required modification to produce an acceptable yield. A 

PureLink MaxiPrep kit (K210007, ThermoFisher, UK) was employed, following 

manufacturer’s specifications. It was deemed critical to use warmed elution buffer (40°C) and 

avoid drying of the column membrane at any point. 10.5 ml of molecular biology grade 

isopropanol (I9516, Sigma Aldrich, UK) was added to the eluate at room temperature, mixed 

by repeated inversion and passed through a PureLink HiPure plasmid filter (K210016, 

ThermoFisher, UK). 500 µl of warmed (40°C) TE buffer was then used to elute plasmid 

DNA, with this flowthrough then passed back through the HiPure filter once more to improve 
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the yield. Purity and concentration of isolated plasmid DNA was quantified via 

spectrophotometry (Genova Nano spectrophotometer, Jenway) providing and 𝐴𝑏𝑠
260

280
 ratio of 

1.895, with a concentration of 493.38 µg/ml. 

2.4.2.2. Diagnostic restriction enzyme digest of PPRE-pNL1.3 plasmid DNA 

Four single cutting restriction enzymes were employed to perform a diagnostic digest of the 

plasmid DNA, as shown below (Table 2.6). 

Table 2.6 - FastDigest restriction enzymes employed in producing a diagnostic digest of PPRE-

pNL1.3 plasmid DNA. ^ = enzyme cut site. 

Restriction Enzyme  Manufacturer Reaction temperature (˚C) 5’-3’ Cut Site 

FastDigest KpnI  ThermoFisher 37 GGTAC^C 

FastDigest BglII ThermoFisher 37 A^GATCT 

FastDigest BamHI ThermoFisher 37 G^GATCC 

FastDigest HindIII ThermoFisher 37 A^AGCTT 

Manufacturer’s specifications were followed to perform a diagnostic digest, with 10 minutes 

of incubation at 37˚C (Veriti 96-well thermal cycler, Applied Biosystems, California, USA). 

Reaction mixtures for single and double restriction enzyme digests comprised 1 µl of each 

restriction enzyme, 2 µl Green FastDigest buffer (B72, ThermoFisher, UK) and 5 µl of DNA, 

made up to a final volume of 20 µl with water.  

Following incubation, 6 µl of each sample was loaded onto a 1% agarose gel and 

electrophoresis performed at 100 V for 115 minutes. Uncut plasmid DNA was also loaded 

onto the gel, using 2.7 µl DNA with 0.6 µl Green FastDigest buffer as a loading dye. For 

quadruple enzyme digests (BamHI/BglII/HindIII/KpnI), 12 µl of reaction product was loaded 

into the agarose gel to increase the intensity of the resulting agarose gel electrophoresis bands. 
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2.4.2.3. Transfection of H400 Oral Squamous Carcinoma cells with PPRE-pNL1.3 plasmid 

Transient transfection with isolated PPRE-pNL1.3 plasmid DNA (pDNA) was performed at 

the point of seeding cells to 96 well assay plates, to minimise variability in plasmid DNA 

uptake. Prior to seeding, H400 cells were cultured in HamsF12, supplemented with 10% FCS, 

1mM L-glutamine, with no addition of penicillin or streptomycin. At 80% confluency, H400 

cells were trypsinised, resuspended and counted. A dilution to 5x105 cells/ml was prepared in 

HamsF12, +10% FCS, 1mM L-glutamine, with sufficient media for 100 µl per well of a 96 

well plate. Transfection reagents (L3000001, Thermofisher, UK) were prepared as shown 

below. 

Table 2.7 - Volumes of Lipofectamine 3000 reagents and OptiMEM media used for transfection 

of H400 cells with pNL1.3. Volumes per well of a 96 well plate. 

Reagent  Volume /well 

OptiMEM for each lipofectamine dilution  5 µl 

Lipofectamine 3000 (High concentration)  0.3 µl 

Lipofectamine 3000 (Low concentration) 0.15 µl 

OptiMEM for DNA dilution 5 µl 

P3000 Reagent 0.2 µl 

Plasmid DNA – 0.1µg/well 0.2 µl 

Total volume per well of cells to be transfected 10.85 µl 

 

DNA-lipid complexes were produced by mixing Lipofectamine reagents, plasmid DNA and 

OptiMEM as per manufacturer’s instructions, and incubated at room temperature for 15 

minutes. 10.85 µl of DNA-lipid complexes was added to the prepared cell suspensions for 

every required well of a 96 well plate. 100 µl of transfected cell suspension was then added to 
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each well (resulting in a seeding density of 5x104 cells/well) and incubated for 18 hours at 

37°C, 5% CO2. These cells were then used for analysis of the reporter response to PPARγ 

agonists (Section 2.2.2) and cosmetic compounds (Section 2.2.3) using a NanoGlo 

nanoluciferase assay (Promega, UK).  

2.4.2.4. NanoGlo nanoluciferase assay 

Following 18 hours of incubation of H400 cells with DNA-lipid complexes, culture media 

containing DNA-lipid complexes were aspirated and replaced with 100 µl test compound-

supplemented media per well, and incubated overnight at 37°C, 5% CO2. This same approach 

was employed both for studies on known PPARγ agonists, and studies investigating cosmetic 

compounds as PPARγ agonists. Culture plates were then placed on a shaker table for 3 

minutes at room temperature to evenly distribute any local accumulations of secreted 

nanoluciferase. 10 µl of culture media was removed from each well and added to an opaque 

white 96 well plate (ThermoFisher, UK), and diluted with 40 µl of deionised water. A Nano-

Glo nanoluciferase assay system (N1120, Promega, UK) was then prepared, with 50 µl of 

assay reagent prepared per well, following manufacturers protocols for the dilution of Nano-

Glo substrate in assay buffer. 50 µl of assay reagent was then applied to each well of diluted 

culture supernatant and incubated for 5 minutes at room temperature. Where lytic Nano-Glo 

assays were performed, 100 µl of Nano-Glo substrate in buffer was added directly to cells, 

mixed by pipetting and 100 µl of the media then added to an opaque white 96 well plate. 

Luminescence was then recorded with a Tecan Spark multimode plate reader (Tecan, 

Switzerland), with 1000ms integration time and a 5 second orbital shaking step prior to 

reading. 
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2.5. Development of a novel 3D printed device for the culture of gingival 

epithelial equivalents 

The following methods were published in part in a publication, entitled “A novel 3D printed 

buoyant device for in vitro generation of stratified epithelial rafts at the air-liquid interface” 

(Hewitt et al., 2022).  

2.5.1. Buoyant epithelial culture device (BECD) design and fabrication 

ALI culture devices were developed to fit within a standard 6-well plate culture dish using a 

computer aided design (CAD) package (Fusion 360, Autodesk, USA) with an internal 

diameter of 15mm and outer diameter of 33mm. STL (stereolithography) files for the devices 

were exported by slicing into. gcode format (Ultimaker Cura 4.6, Ultimaker, Netherlands). 

Engineering drawings and 3D renderings of the devices were generated within the same CAD 

package (Fusion 360, Autodesk, USA). 

BECDs and submerging rings were fabricated on a bespoke fused filament fabrication (FFF) 

system with a brass 0.6mm diameter nozzle (E3D, United Kingdom), 0.5mm initial layer 

height, 0.32mm successive layer height, 40mm/s print speed, 240˚C extrusion temperature, 

and 80˚C bed in 1.75mm PP filament (UltraFuse / BASF, Netherlands). Three top layers and 

one skin layer were incorporated to reduce the risk of voids forming in the upper surface, 

which could allow media ingress. The heated borosilicate bed was covered with 

polypropylene (PP) tape for increased part adhesion.  

Following printing, BECDs and submerging rings were immersed in 70% ethanol overnight 

to aid in removal of any build surface residue and begin the decontamination process prior to 

sterilisation (Figure 2.1 A-C). 25mm wide Kapton tape (RS Electronics, UK) was applied 
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across the base of the BECD to prevent leakage during the collagen matrix gelling process 

(Figure 2.1 D). The submerging rings and BECDs – with tape in situ – were then autoclaved 

(MLS-3781L, Sanyo, Japan) at 121˚C, 101kPa for 15 minutes. 

 

Figure 2.1 - Schematic diagrams depicting the steps involved in the production and processing of 

3D printed BECDs. 

(A) 3D printing via fused filament fabrication with polypropylene material on a heated borosilicate 

glass bed. Heated bed was coated in polypropylene (PP) tape for increased part adhesion.  

(B) Construct with polypropylene (PP) tape removed.  

(C) Immersion in 70% ethanol for removal of tape residue and initial decontamination.  

(D) Addition of Kapton polyamide tape before sterilisation by autoclave. Kapton tape provided a 

sealing film, preventing the leakage of collagen solution prior to gelling. 

Figure used with permission from publisher (Hewitt et al., 2022). 

 

2.5.2. Production of stratified epithelia using BECDs 

To prepare the necessary stock solutions for generating collagen hydrogels, 10x reconstitution 

buffer was produced by addition of 1.1g NaHCO3 and 2.385g HEPES (both Sigma Aldrich, 

UK) to 50 ml dH2O. 10x DMEM (Gibco, UK) and 10x reconstitution buffer were sterilised by 

passing through a 0.22 µm syringe filter. 1 ml 3 mg/ml rat tail collagen (ThermoFisher, UK) 

was then added to 100 µl 10x DMEM and 100 µl 10x reconstitution buffer. 1M NaOH was 

added dropwise to produce a pink coloured solution, at pH 6.9, measured using a Beckman 

Φ40 pH meter (Beckman Coulter, USA). Viable 3T3 fibroblasts were counted using a 

haemocytometer and trypan blue dye exclusion. 3T3 fibroblasts were added to the solution 
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immediately after preparation to a final concentration of 5x104 cells/ml and the solution mixed 

well by pipetting on ice. 

Devices were placed in 6-well plates and 1.2 ml buffered collagen solution with fibroblasts 

was added per BECD (Figure 2.2A). Devices were incubated at 37˚C, 5% CO2 for 90 minutes 

until a firm gel had formed, Kapton tape was aseptically removed and devices were placed 

into a new 6-well plate (Figure 2.2B). 3ml DMEM was added to each well. The BECDs were 

then incubated at 37˚C, 5% CO2 for 24 hours to allow initial growth of 3T3 fibroblasts (Figure 

2.2C).  

Culture medium was replaced with 2ml supplemented Hams F12:DMEM. H400 cells were 

counted and diluted to a final concentration of 8x104 cells/ml, with 1 ml of suspension added 

to the upper gel surface, to a final 3ml total media volume. Submerging rings were placed on 

top of the BECDs submerging the devices once the plate lid was applied (Figure 2.2 D), and 

incubated for 72 hours at 37˚C, 5% CO2. 

The submerging rings were removed and BECDs transferred to a plate containing 3 ml of 

Hams F12:DMEM per well. Removal of the submerging rings allowed the devices to float on 

the culture media, exposing the confluent H400 cell layer to air (Figure 2.2 E). Devices were 

cultured at the ALI for 7, 14 or 21 days, with media changes every second day. Five 

independent biological replicates were produced, with two technical replicates (BECD 

cultured rafts) for each biological replicate and timepoint.  
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Figure 2.2 - Steps applied for the use of BECDs in establishing a fibroblast-seeded collagen gel 

and seeding keratinocytes on the surface for stratification via ALI culture.   

A) Addition of 1.2ml fibroblast seeded collagen. 

B) 90 min incubation to allow for gelling, followed by removal of Kapton tape.  

C) Overnight incubation in supplemented DMEM.  

D) Addition of H400 cells onto surface to final concentration of 8x104 cells /ml, followed by 3-day 

submersed incubation using 3D printed forced submersion ring.  

E) Removal of submersion ring to enable ALI culture.  

F) Incubation at 37°C, 5% CO2 to enable epithelial stratification. Diagrams are not to scale. 

Figure used with permission from publisher (Hewitt et al., 2022). 

Cultures were then processed by fixation, dehydration, embedding, sectioning and H&E 

staining as described in Section 2.6.4. 

2.5.3. Histological processing  

Hydrogels were fixed in 10% neutral buffered formalin (CellStor, CellPath, UK) for 24 hours, 

followed by dehydration in 10% graded solutions of ethanol, starting at 10% and finishing at 

100% (10 minutes each). This 100% step was repeated three times, followed by two 10-

minute immersions in xylene (Sigma Aldrich, UK). Samples were then impregnated with 

paraffin wax overnight at 60°C, moved into fresh paraffin wax after 18 hours, and then 

embedded at 60°C. A rotary microtome (RM2035, Leica Instruments, Germany) was used to 

cut 4 µm sections, which were floated onto glass slides and dried at room temperature. 

Immediately prior to staining, slides were heated in a 60°C oven for 1 hour, dewaxed in 
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xylene and stained with haematoxylin and eosin (H&E), following standard protocols 

(Feldman and Wolfe, 2014). 

Sections of healthy gingival tissue were used as control samples for comparison with BECD 

cultured tissues and were sectioned and H&E stained as previously described. Ethical 

approval for studies with human waste surgical tissue was provided by NHS South West-

Central Bristol Research Ethics Committee (code 19/SW/0198). 

2.5.4. Immunofluorescence staining  

Sections were dewaxed as described above, and cells permeabilised by exposure to 0.25% 

Triton X-100 (Sigma Aldrich, USA) in phosphate buffered saline (PBS), 10 minutes, at room 

temperature (RT), washed with PBS and blocked with goat serum (Sigma Aldrich, UK) 

diluted 1:5 in PBS for 10 minutes at RT. Primary antibodies were diluted (Table 2.8) in 

PBST-BSA (10 mg/ml BSA in PBS with 0.1% Tween 20 (P1379, Sigma Aldrich, UK)), 

applied to samples and incubated at RT for 1 hour, prior to washing 3x in PBST for 5 minutes 

each. Fluorophore-conjugated secondary antibodies were diluted (Table 2.8) in PBST-BSA 

supplemented to a final concentration of 10% type AB human plasma. Samples were 

incubated with secondary antibodies for 1 hour at RT, washed three times in PBST for 2 

minutes each and mounted in Fluoroshield mounting media containing DAPI (Ab104139, 

Abcam, UK). 
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Table 2.8 - Antibodies used for immunofluorescence staining. Manufacturer reference and dilution 

from stock shown. 

Primary antibodies 

Antibody  Manufacturer reference Dilution from stock 

Anti-E-cadherin, 

recombinant rabbit anti-

human, monoclonal 

Ab76319 1:100 

Anti-involucrin, mouse, 

monoclonal 

Ab80530 1:100 

Anti-cytokeratin 5, 

recombinant rabbit anti-

human, monoclonal 

Ab52635 1:100 

Secondary antibodies 

Antibody  Manufacturer reference Dilution from stock 

Anti-rabbit IgG, goat, 

polyclonal, Alexa Fluor 488 

conjugated 

Ab150077 1:200 

Anti-mouse IgG, goat, 

polyclonal, Alexa Fluor 488 

conjugated 

Ab150113 1:1000 

 

Samples were imaged using a Zeiss LSM700 confocal microscope, maintaining the same 

imaging settings for all samples. 
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2.5.5. Image processing and analysis 

Following H&E staining, sections were imaged using a Nikon D3000 camera (Nikon, Japan) 

and inverted microscope (Nikon Eclipse TE300, Nikon, Japan). Images were processed using 

Fiji (Schindelin et al., 2012), with the simple interactive object extraction (SIOX) plugin 

utilised for segmentation of the epithelial cell layer. A SIOX preset was generated and applied 

to all images, ensuring unbiased segmentation. Approximately 5% of SIOX-segmented 

images presented some regions with false-positive selection and segmentation was manually 

modified in these cases for these regions only. 

The SIOX image was then processed via a macro within Fiji, wherein any holes in the 

segmented epithelium were filled and the Euclidean Distance Transform (EDT) was used to 

compute the distance from each epithelial tissue pixel to the closest epithelial boundary (i.e. 

superficial or basal). Since the maximum value of the EDT occurs at the thickest location(s) 

in the epithelium and its position is equidistant to both superficial and basal tissue boundaries, 

the EDT value was multiplied by 2 to give the maximal epithelial thickness and a 

precalculated pixel:µm calibration factor applied to produce thickness measurements in 

micrometres. 

2.5.6. Replicate definitions for BECD validation studies 

For each biological replicate, two devices were cultured per time point, established with the 

same population of cells to provide technical replicates. 

Two slides were produced for each technical replicate at each time point, with one section 

obtained ~2 mm and a second section obtained ~10 mm from the block face. This approach 

was employed to identify any changes in epithelial thickness across the diameter of the 
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hydrogel. Data from both sections were incorporated into the final average for each biological 

replicate, giving four total technical replicates. 

2.6. Gene expression analysis 

2.6.1. RNA isolation 

2.6.1.1. Monolayer cells 

RNA isolation of cell monolayers was performed using a RNeasy plus mini kit (Qiagen, 

Germany), following manufacturer’s instructions. Briefly, cell monolayers were washed twice 

with PBS, lysed with 350 µl RLT buffer and an equal volume 70% molecular grade ethanol 

added. Lysate was then applied to the gDNA eliminator spin column and centrifuged at 

12,000 x g for 30 seconds. Flowthrough was then applied to an RNeasy spin column and 

centrifuged at 12,000 x g for 30 seconds. Flowthrough was discarded, the column washed 

with 350 µl buffer RW1 and centrifuged again. Flowthrough was again discarded and the 

column washed twice with buffer RPE, with centrifugation and flowthrough removal between 

washings. The columns were then centrifuged 13,200 x g for two minutes to dry the 

membrane, with 40 µl RNase free water then added and the column centrifuged again at 

12,000 x g for 30 seconds. RNA purity and concentration was quantified (Jenway Genova 

spectrophotometer, Fisher Scientific, UK). 

2.6.1.2. Organotypically cultured cells 

Cells cultured in hydrogels required a different approach for RNA isolation to ensure 

appropriate tissue homogenisation and cell disruption. TRI reagent (Sigma Aldrich, UK) was 

added to each BECD-cultured hydrogel (1 ml each) and homogenised via repeated  mixing in 

sterile 5 ml syringes fitted with 18-gauge blunt fill needles (BD Microlance, Appleton Woods, 
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UK). 200 µl chloroform (Sigma Aldrich, UK) was then added to each sample, each tube 

capped and shaken vigorously and allowed to stand at room temperature for 5 minutes before 

being centrifuged at 12,000 x g for 15 minutes at room temperature. The upper organic phase 

was then removed, an equal volume of 70% molecular-grade ethanol (Sigma Aldrich, UK) 

added, mixed by pipetting, and the solution then applied to a RNeasy RNA mini extraction kit 

(Qiagen, Germany). The manufacturer-provided protocol was followed, using a 40 µl RNA 

elution volume.  

2.6.2. cDNA synthesis 

cDNA was synthesised using a Tetro cDNA synthesis kit (Meridian Bioscience, USA) 

following manufacturers protocols for oligo (dT)18 primers. Each reaction was carried out on 

ice using 2 µg of RNA and made up to a final volume of 20 µl with molecular biology grade 

water (Corning, USA). The reaction mixture was maintained at 45°C for 1 hour and the 

reaction terminated at 85°C for 5 minutes, using a Biometra TAdvanced Twin 48G 

thermocycler (Analytik Jena, Germany).  

2.6.3. RT-qPCR 

A reaction mastermix of each primer was produced, comprised 100 µl SYBR Green I Master 

(50-720-3180, ThermoFisher, USA), 78 µl molecular biology grade water (W4502, Sigma, 

UK) and 1 µl of each of the forward and reverse primers, at a stock concentration of 100 µM. 

10 µl reaction volumes were used, comprising 9 µl reaction mastermix and 1 µl of cDNA. 

qPCR was performed with a LightCycler 480 II (Roche, USA), with reaction conditions 

shown in Table 2.10. 

 



 

66 

 

Table 2.9 - Primer sequences used for RT-qPCR throughout the present work, detailing target 

gene, gene symbol, product size and forward and reverse primer sequences.  

Gene Gene  

Symbol 

Size 

(bp) 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Peroxisome 

proliferator 

activated 

receptor gamma 

PPARG 132 AGCCCAAGTTTGAGTTTGCT TGTCTTCAATGGGCTTCACA 

Aquaporin 3 AQP3 99 GGGGCTCTGCAGTCTTCA TCAGCTGGTACACGAAGACA 

Glyceraldehyde 

3-phosphate 

dehydrogenase 

GAPDH 104 GACAGTCAGCCGCATCTTCT GCGCCCAATACGACCAAATC 

Beta Actin ACTB 70 CCTCGCCTTTGCCGATCC CGCGGCGATATCATCATCC 

Tyrosine 3-

Monooxygenase/

Tryptophan 5-

Monooxygenase 

Activation 

Protein Zeta 

YWHAZ 132 AGACGGAAGGTGCTGAGAAA CTTGTGAAGCATTGGGGATCA 

Tight junction 

protein 1 / zona 

occludens 1 

TJP1 101 GGCGTGCTGAGTTCCATAGA TCCCGGCAGACCTTGAAATA 

Occludin OCLN 134 GAGGAATTTTGACACTGGCCT CAGCAGCCATGTACTCTTCAC 

Nuclear factor 

kappa beta 

NFKB 121 AGCAATCACAACACTGGCTG AACGTAGCAGAGGGACAACA 

Transforming 

growth factor 

beta 1  

TGFB1 108 GCTGTACATTGACTTCCGCA  TCCAGGCTCCAAATGTAGGG 

E-cadherin CDH1 89 TGAAGAAGGAGGCGGAGAAG  CGTTACGAGTCACTTCAGGC 
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Matrix 

metalloproteinas

e 1 

MMP1 112 CGACAGAGATGAAGTCCGGT  TCTAGGGAAGCCAAAGGAGC 

 

Prostaglandin-

endoperoxide 

synthase 2 

PTGS2 
 

ATCACAGGCTTCCATTGACC GAGTGCTTCCAACTCTGCA 

Interleukin 6 IL6 125 AGACAGCCACTCACCTCTTC AGTGCCTCTTTGCTGCTTTC 

Interleukin 8 CXCL8 132 TCCAAACCTTTCCACCCCAA CCAGTTTTCCTTGGGGTCCA 

Caspase 3 CASP3 146 AGCGAATCAATGGACTCTGGA GCTGCATCGACATCTGTACC 

Interferon 

gamma 

IFNG 150 CAGATGTAGCGGATAATGGA

ACT 

CACTCTTTTGGATGCTCTGGT 

Tumour necrosis 

factor alpha 

TNFA 123 AACCCCGAGTGACAAGCC TGGTTATCTCTCAGCTCCACG 

Involucrin IVL 150 GCACTCCACCAAAGCCTCT TGGGTATTGACTGGAGGAGG 

Cytokeratin 10 KRT10 107 AGCCTCGTGACTACAGCAAA GGCATTGTCGATCTGAAGCA 

Ribosomal 

protein L27 

RPL27 133 ATGGGCAAGAAGAAGATCGC AGACATCCTTATTGACGACAGTT 

Ribosomal 

protein S20 

RPS20 135 GCGACTCATTGACTTGCACA CTCAAAGTGTACTGCTGGCC 

Interleukin 11 IL11 115 GAGTTTCCCCAGACCCTCG CCGTCAGCTGGGAATTTGTC 
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Tight junction 

protein 2 / zona 

occludens 2 

TJP2 146 ATCAGTCCTGGGCAAAGTCA GCGTTTTGATTGGAACTGCA 

Claudin CLDN1 112 CTATGACCCTATGACCCCAGT GGAACAGCAAAGTAGGGCAC 

Junctional 

adhestion 

molecule (JAM) 

1 

JAM1 211 CTTTGATCCCCTGTCAGCCT ATCAGGGTTACAAGGACGGC 

Junctional 

adhestion 

molecule (JAM) 

3 

JAM3 185 CTGATCACGTTGGGCATCTG TGGTTTCCCTGGGTTCTTGT 

 

All reactions were carried out with triplicate technical replicates (wells of the same sample 

and primer, pipetted identically), with all biological replicates dispensed on the same plate, 

and all plates contained negative template controls (NTCs) and positive template controls 

(PTCs) for each primer tested. Each plate also contained a housekeeping gene (GAPDH) as an 

inter-plate calibrator (IPC), with this reaction performed with both undiluted pooled cDNA 

and the same cDNA diluted 1:10. NTCs were produced by combining 9 µl of the reaction 

mastermix with 1 µl molecular grade water. PTCs were produced by combining 9 µl reaction 

mastermix with 1 µl undiluted, pooled cDNA, as used for generating efficiency values via 

standard curves. IPCs used 9 µl GAPDH housekeeping gene mastermix and 1µl undiluted, 

pooled cDNA. All RT-qPCR reaction mixes were prepared in 96-well PCR plates 

(04729692001, Roche, USA) sealed with LightCycler 480 sealing foil (04729757001, Roche, 

USA), and reactions performed using a LightCyler 480 II (Roche, USA).  
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Table 2.10 - LightCycler 480 II (Roche, USA) reaction conditions used for RT-qPCR throughout 

the present work. 

Reaction step Temperature 

(°C) 

Ramp rate 

(°C/s) 

Hold time 

(mm:ss) 

Cycles 

1 – Preincubation 95 4.4 05:00 1 

2 - Amplification - - - 45 

     2a  90 4.4 00:10 - 

     2b 60 2.2 00:10 - 

     2c 72 4.4 00:10 - 

3 – Melting Curve  - - - 1 

     3a 95 4.4 00:05 - 

     3b 65 2.2 01:00 - 

     3c – Acquisition (5 

acquisitions / °C) 

65-97 0.11 - Continuous 

4 - Cooling 4 2.2 30:00 1 

 

Data analysis was performed by generating Cp (crossing point) values within the LightCycler 

480 software (Roche, USA) via the second derivative method. Cp values were imported into 

QBase+ (Biogazelle, Belgium) for analysis using the calibrated normalised relative quantity 

(CNRQ) method. Crossing point (Cp) values greater than 40 amplification cycles were taken 

as zero expression of the gene of interest, and any reactions meeting these criteria were 

repeated at least once to eliminate the possibility of operator error. 
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Five housekeeping genes were assessed with the geNorm algorithm within QBase+, and the 

three housekeeping genes with the lowest variability were used as reference genes for sample 

normalisation.  

2.6.4. Sequencing of GW9662-modifiable region of PPARG ligand binding domain 

2.6.4.1. Reverse transcription PCR and DNA electrophoresis 

PCR was performed on cDNA produced from unstimulated, sub-confluent H400 cells. Primer 

mastermix was produced by dilution of 10 µl forward primer and 10 µl reverse primer in 60 

µl molecular biology grade water, resulting in primers at a concentration of 12.5 µM.  

Reaction mixtures (per reaction) comprised 12.5 µl MyTaq Red mix (BIO-25043, Meridian 

Bioscience, USA), 9.5 µl molecular biology grade water (W4502, Sigma, UK), 2 µl primer 

set mastermix and 1 µl cDNA. PCR was then performed in duplicate at 25 and 32 cycles to 

optimise PCR conditions, with no template controls (NTCs) for each reaction. PCR was 

performed on a Biometra TAdvanced twin 48G (Analytik Jena, Germany), with reaction 

conditions described in Table 2.11. 
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Table 2.11 - RT-PCR conditions for amplification of PPAR ligand binding domain, prior to 

sequencing. 

Reaction step Temperature 

 (°C) 

Ramp rate 

(°C/s) 

Hold time 

(mm:ss) 

Cycles 

1 – Preincubation 94 6 05:00 1 

2 - Amplification - - - 25/32 

     2a  94 6 00:20 - 

     2b 60.5 6 00:20 - 

     2c 68 6 00:20 - 

3 – Termination 72 6 10:00 1 

3 - Cooling 4 6 Infinite 1 

 

DNA electrophoresis was performed using a 1.5% (w/v) agarose gel. Agarose (16500500, 

ThermoFisher, UK) was dissolved in Tris-acetate EDTA buffer (TAE) (J63931.K2, 

ThermoFisher, UK) and heated until molten, and stained with SYBR safe DNA gel stain 

(S33102, ThermoFisher, UK) diluted 1:10,000. 25 µl of PCR product was added to each well, 

in addition to 6 µl of 1kb ladder (SM0311, ThermoFisher, UK) and 6 µl of 100bp ladder 

(SM0241, ThermoFisher, UK) and electrophoresis performed at 120 V for 30 minutes. 

Imaging of DNA electrophoresis gels was performed using a GBox imaging system 

(Syngene, UK).   

2.6.4.2. PCR product gel extraction  

Following imaging, PCR products were dissected out of the agarose gel, weighed and added 

to microcentrifuge tubes, with two wells of 32 cycle PCR product combined. A DNA gel 
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extraction kit (Monarch T1020, New England Biolabs, USA) was used to extract DNA 

following the manufacturer’s protocol. Gel dissolution was performed using a thermal mixer 

(13687711, ThermoFisher, UK) at 50°C for 10 minutes. 15 µl of molecular biology grade 

water was used to elute DNA, with the eluate then passed back through the column a second 

time to maximise DNA yield. All centrifugation steps were performed at 10,000 x g for 1 

minute. DNA concentration was then quantified (Jenway Genova spectrophotometer, Fisher 

Scientific, UK).  

Table 2.12 - PCR primers used for amplification and sequencing of the PPARG ligand binding 

domain region of interest. 

Primer Size 

(bp) 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

PPARG 

 LBD  

298 AGGGCGATCTTGACAGGAAA AGGAGGCCAGCATTGTGTAA 

 

2.6.4.3. Preparation of samples for sequencing 

PCR product sequencing was performed using a third-party (Source Bioscience, Cambridge, 

UK). Extracted DNA was diluted in molecular biology grade water to a final concentration of 

10 ng/µl, and forward sequencing primer (Table 2.10) diluted to a concentration of 10 

pMol/µl. 6 µl of each was added to microcentrifuge tubes, sealed and delivered to the 

sequencing supplier (Source Bioscience, UK). Following receipt of sequencing data, 

alignments were performed with Benchling (Biology Software, 2023). 

2.6.5. Semi-quantitative RT-PCR of PPARγ transcript variants 

RNA was isolated from healthy, control H400 cells, cDNA synthesised and 1 µl of cDNA 

used in an RT-PCR reaction as previously described (Section 2.6.4.1). Specific 
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oligonucleotide primers were designed for PPARγ1 and γ2, shown in Table 2.13. PCR 

reaction conditions were the same as shown in Table 2.11, but employing 35 amplification 

cycles. DNA electrophoresis was performed as previously described in Section 2.6.4.1. Band 

intensity was then quantified, calibrated to a housekeeping gene (GAPDH) and an expression 

ratio between PPARγ1 and γ2 calculated. 

Table 2.13 – Primers used for isoform-specific RT-sqPCR in H400 cells. 

Primer Size 

(bp) 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

PPARγ1 71 TGAAAGAAGCCAACACTAAACCA CGTTAAAGGCTGACTCTCGT 

PPARγ2 134 TCCTATTGACCCAGAAAGCGA TTACGGAGAGATCCACGGAG 

 

2.7. Protein expression analysis  

2.7.1. Western blotting  

2.7.1.1. Protein isolation and quantification 

Western blotting was performed for 2D cultured cells only. Culture medium was removed and 

stored at -80°C, with technical replicates pooled. Cells were washed twice with ice cold (4°C) 

DPBS (D8537, Sigma Aldrich, UK), and 300 µl of radioimmunoprecipitation assay (RIPA) 

lysis buffer (produced as shown in Table 2.14) was added to each well, incubated for 15 

minutes on ice.  
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Table 2.14 – Constituents of RIPA buffer for protein isolation. 

Stock solution Volume of stock (ml) 

5M NaCl 3 

0.5M EDTA, pH 8.0 1 

1M Tris, pH 8.0 5 

Triton X-100 1 

10% sodium deoxycholate  5 

10% SDS 1 

dH20 84 

cOmplete protease inhibitor tablets (Roche, 

USA) 

x2 tablets 

Final volume 100 ml  

 

Cell lysis was ensured using scrapers and the cell lysate pooled before removal into sterile 

microcentrifuge tubes with combined technical replicates. These tubes were incubated for 1 

hour on a rotator at 4°C, before centrifugation to pellet cellular debris (13,000 x g, 30 

seconds). Supernatant (containing isolated protein in suspension) was aliquoted into 

microcentrifuge tubes for long term storage at -80°C.  

Protein solution was then quantified using a Qubit protein assay (Q33211, ThermoFisher, 

UK) and a Qubit Flex Fluorometer (ThermoFisher, UK) following manufacturer’s 

instructions. 
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2.7.1.2. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

10 well, 12% Bis-tris mini-PAGE gels (NP0341BOX, ThermoFisher, UK) were prepared by 

washing in 1x MOPS-SDS running buffer, prepared from 20x NuPAGE MOPS-SDS running 

buffer concentrate (NP0001, ThermoFisher, UK), supplemented with 1ml of NuPAGE 

antioxidant (NP0005, ThermoFisher) per litre of running buffer. Reducing protein-buffer 

solutions were prepared as shown in Table 2.15. 

Table 2.15 - Components of protein-buffer mixtures for SDS-PAGE. 

Component Volume (µl) 

Protein sample (5 µg) x 

NuPAGE LDS Sample Buffer 4x 

(NP0007, ThermoFisher, UK) 

5 µl 

NuPAGE Reducing agent 

(NP0004, ThermoFisher, UK) 

2 µl 

dH20 Adjusted to give final volume of 20 µl 

Total volume 20 µl 

 

Protein-buffer solutions were mixed by pipetting and incubated at 70°C for 10 minutes 

(Biometra TAdvanced 48g, Analytik Jena, Germany) before loading 20 µl of each sample into 

the prepared PAGE gel, in addition to a dual colour protein standard ladder (1610374, 

BioRad, USA). 1x MOPS-SDS running buffer with antioxidant was then added. 

Electrophoresis was performed at 180 V for 70 minutes in an XCell SureLock electrophoresis 

system (ThermoFisher, UK) using a VWR electrophoresis power supply (VWR, USA). 
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2.7.1.3. Protein transfer to western blot membrane 

PAGE gels were opened and washed with 1x transfer buffer, prepared from 20x NuPAGE 

transfer buffer (NP0006, ThermoFisher, UK). A transfer stack was prepared, which comprised 

one nitrocellulose blotting membrane (Whatman Protran BA85, 0.45 um, Whatman, UK) and 

two western blotting filter papers (84784, ThermoFisher, UK) in an XCell II blot module 

(ThermoFisher, UK). The blot module was filled with 1x transfer buffer, and electrophoresis 

performed at 25 V for 1 hour, utilising the same power supply and tank as SDS-PAGE.  

2.7.1.4. Ponceau staining 

The efficiency of protein transfer from the PAGE gel to western blotting membranes was 

qualitatively assessed using Ponceau staining. Briefly, membranes were immersed in Ponceau 

stain for 10 minutes before washing three times in distilled water, 2 minutes per wash. 

Table 2.16 - Constituents of Ponceau staining solution, as used for assessing protein transfer to 

western blotting membranes. 

Glacial acetic acid 25 ml 

Ponceau S tetrasodium salt 0.5 g 

Distilled water 475 ml 

Total volume 500 ml 

 

Stained membranes could then be reviewed and imaged as required. De-staining was then 

performed by washing twice in distilled water, 10 minutes per wash. 
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2.7.1.5. Immunodetection 

Tris-buffered saline (TBS) was prepared as a 10x solution as described in Table 2.17. 

Table 2.17- Constituents of 10x Tris-buffered saline (TBS) 

Component Quantity 

Tris-HCl 24 g 

NaCl 88 g 

Tris Base 5.6 g 

HCl (12N) to pH 7.6 

H20 to 1000 ml final volume 

 

10x TBS was diluted 1:10 in distilled water and TWEEN-20 (P1379, Sigma Aldrich, UK) 

added to a final concentration of 0.1% (v/v) to produce 1x Tris-buffered saline with TWEEN 

20 (TBST). 

Membranes were blocked at room temperature for 1 hour in 5% (w/v) skimmed milk powder 

(Sainsburys, UK) dissolved in TBST, with constant agitation. Each membrane was exposed to 

the desired primary antibody, diluted as described, in 5ml 5% (w/v) skimmed milk in TBST. 

Incubation took place either overnight at 4°C or for 1 hour at room temperature, with constant 

agitation in a sealed, sterile container. Three TBST washes were then performed at room 

temperature, 15 minutes each. Secondary antibody was diluted 5ml 5% (w/v) skimmed milk 

in TBST and the membrane incubated in antibody solution for 1 hour at room temperature, 

again with constant agitation. Three TBST washes (10 minutes each) were performed at room 

temperature with constant agitation, before the dropwise addition of 200 µl chemiluminescent 

substrate (WesternSure Premium, 926-95000, Licor, USA) per manufacturer instructions. 

Imaging was then performed using a LiCor C-DiGit blot scanner (Licor, USA). 
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Table 2.18 - Antibodies used for western blotting. 

Antibody  Manufacturer reference Dilution from stock 

Anti-PPARγ, Rabbit anti-

human, polyclonal 

Abcam, Ab59256 1:1000 

Anti-beta actin, recombinant 

rabbit anti-human, 

monoclonal 

Abcam, Ab213262 1:10,000 

Goat anti-rabbit IgG-HRP 

conjugated 

Abcam, Ab6721 1:5000 

Anti-claudin-1, recombinant 

rabbit anti-human, 

monoclonal 

Abcam, Ab211737 1:1000 

Anti-occludin, recombinant 

rabbit anti-human, 

monoclonal 

Abcam, Ab216327 1:1000 

Anti-ZO-1, recombinant 

rabbit anti-human, 

monoclonal 

Abcam, Ab216880 1:1000 

 

Western blot data were analysed within Licor Image Studio (Licor, USA). Target protein band 

intensity was quantified and normalised to loading control band intensity (beta actin) for each 

sample. 
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2.7.2. Enzyme-linked immunosorbent assays (ELISAs) for interleukins 6 and 11 

Culture supernatant was removed to centrifuge tubes, centrifuged at 5000 x g for 5 minutes, 

and the cell debris pellet discarded. Culture supernatant was then applied to ELISAs as per 

manufacturer’s instructions (Table 2.19). Four technical replicates were performed and 

averaged, with each plate (MaxiSorb ELISA plates (ThermoFisher, UK)) containing a five-

point standard curve prepared from protein standard provided within the ELISA kit.  

Table 2.19 - ELISA kits and manufacturer details used to assess changes in interleukins 6 and 11 

production in H400 cells. 

Target  Kit Manufacturer Supernatant dilution 

Interleukin 6 

(IL-6) 

Human IL-6 DuoSet 

ELISA, DY206 

BioTechne, 

USA 

None 

Interleukin 11 

(IL-11) 

Human IL-11 DuoSet 

ELISA, DY218 

BioTechne, 

USA 

None 

 

Following completion of the manufacturers recommended protocol, optical density was 

recorded at 450 nm and 540 nm using a Tecan Spark plate reader (Tecan, Switzerland), 

subtracting the latter from the former. Interpolation of standard curves was performed using a 

simple linear regression within GraphPad Prism (GraphPad Software, San Diego, California 

USA). 

2.8. Epithelial barrier function assays  

2.8.1. Transepithelial electrical resistance (TEER) assay 

Cultured media were aspirated and cells washed twice with warmed (37°C) PBS. 500 µl 

warmed PBS was then added to both the upper and lower chambers of each Transwell insert. 
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Initial pre-treatment TEER measurements were then taken using an EVOM2 epithelial 

voltohmeter with STX2 chopstick electrodes (both World Precision Instruments, UK), with 

the electrodes pre-cleaned by 20 minutes of immersion in 70% ethanol. Electrodes were 

immersed and washed in PBS between each measurement. Each well was measured three 

times and the average TEER reading recorded per well. Following initial readings, PBS was 

aspirated and 500 µl of LPS-supplemented HamsF12:DMEM added to the lower chamber of 

each Transwell, with LPS added as per Table 2.1. 

Following a further 24-hour incubation period at 37°C, 5% CO2, media was aspirated, wells 

washed twice with warmed (37°C) PBS, and 500 µl PBS added to both chambers of each 

Transwell. TEER readings were then taken as per the pre-treatment reading protocol detailed 

previously. TEER values for technical replicates (identical wells) were averaged, and the 

TEER value of a blank well subtracted to account for the electrical resistance of the 

membrane and PBS. 

2.8.2. Fluorescein-isothiocyanate (FITC) tagged dextran macromolecular tracer assay  

100 mg of FITC-tagged, 40 kDa dextran (Sigma Aldrich, UK) was resuspended in 10 ml of 

PBS to produce a 10mg/ml stock solution. Following a 24-hour incubation with LPS (+/- 

GW1929) and TEER readings being acquired, media in the lower tissue culture insert 

chamber was aspirated and replaced with 1 ml of HamsF12, with 500 µl HamsF12 added to 

the top chamber. Cells were then incubated at 37°C, 5% CO2 for 30 minutes to allow for 

equilibration of hydrostatic pressure between the two chambers.  

50 µl of 10 mg/ml FITC-dextran stock was then added to the top chamber and incubated again 

at 37°C, 5% CO2.  After 90 minutes of incubation, 100 µl of culture media was removed from 

the lower chamber and added to a black, clear bottomed 96-well plate (Corning, USA). 
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Fluorescence was recorded using a Tecan Spark multimode plate reader (Tecan, Switzerland), 

at an excitation wavelength of 485 nm and emission wavelength of 544 nm with a 20nm 

bandwidth for both.  

2.8.3. Barrier function assays in organotypically cultured tissues 

Following culture and treatment with LPS and PPARγ agonist, BECD-cultured hydrogels 

were removed from culture and carefully placed on a petri dish, with care taken to maintain 

the orientation of the hydrogel raft (Figure 2.3 A and B). A 7 mm inside diameter biopsy 

punch (WellTech Rapid-Core 7.0, WellTech, Taiwan) was then used to take a core biopsy 

from the centre of the hydrogel (Figure 2.3 C), with this sample then deposited into a 24-well 

tissue culture insert (662641 ThinCert 0.4 µm PET, Greiner BioOne, UK) (Figure 2.3 D). 

Each raft was then checked for gaps between the outside diameter of the hydrogel and inside 

wall of the tissue culture insert (Figure 2.3 E). 

 

Figure 2.3 - Photographs of steps involved in organotypic gingival epithelium sample 

preparation for barrier function assays.  

A) BECD removed from culture, with hydrogel in situ.  

B) Hydrogel removed from BECD onto plastic petri dish.  

C) 7mm biopsy taken from centre of hydrogel.  

D) Hydrogel inserted into 24-well tissue culture insert.  

E) Sample in place in tissue culture insert and checked for gaps around margin. 

 

Both TEER and FITC-dextran assays were performed as described for monolayer epithelial 

cells (Sections 2.8.1 and 2.8.2), following washing of the hydrogel section with 100 µl 

warmed PBS.  
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2.9. Combined LPS challenge and PPARγ activation in H400 cells 

2.9.1. Epithelial barrier function: identifying optimal concentration of LPS  

Prior to the introduction of a PPARγ agonist, a range of concentrations of LPS was trialled in 

barrier function assays. 1x104 H400 cells were seeded in 1 ml of supplemented 

HamsF12:DMEM to the upper chamber of 12mm diameter, 0.4µm polycarbonate membrane 

Transwell devices (CLS3401-48EA, Corning, USA) in 12 well culture plates. 1 ml 

supplemented HamsF12:DMEM was added to the lower chamber, and cells incubated for 72 

hours at 37°C, 5% CO2. Culture media was aspirated, replaced and incubated for a further 24 

hours under the same conditions. LPS was then added as described in Section 2.2.1 and 

incubated for 24 hours prior to testing with barrier function assays. 

2.9.2. Epithelial barrier function: combined LPS stimulation and PPARγ agonist 

treatment 

Due to the unavailability of the 12mm diameter, 0.4 µm polycarbonate membrane Transwell 

devices (Corning, USA) used for identifying the optimal LPS concentration for barrier 

function challenge (Section 2.9.1), 0.4 µm PET, 24-well ThinCerts (662641 Greiner Bio-One, 

UK) were used for the following assays. 5x104 H400 cells were seeded to the upper chamber 

of 24-well ThinCerts (Greiner Bio-One, UK) in 100 µl supplemented HamsF12, with 1 ml 

supplemented HamsF12 added to the lower chamber.  Cells were incubated at 37°C, 5% CO2 

for 72 hours, culture media aspirated and replaced and incubated for a further 24 hours under 

the same conditions. Cultures were then supplemented as described in Section 2.2.3, and 

barrier integrity assessed with both TEER and a macromolecular tracer assay, described in 

Sections 2.8.1 and 2.8.2 respectively. 
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2.9.3. Culture setup for gene and protein expression analysis following combined LPS 

and PPARγ agonist exposure 

2.9.3.1. 2D cultured H400 OSCC cells 

1x105 H400 cells were seeded to each well of a 6 well plate in 3 ml HamsF12:DMEM with 

duplicate technical replicates. Within each biological replicate, one group of cells was plated 

for RT-qPCR analysis, and another plated for ELISA / western blot analysis. These two 

groups were treated and supplemented identically. Cultures were designated into 4 groups; 

control, LPS only, GW1929 only and LPS + GW1929. Culture groups were treated as 

described in Section 2.2.3 and then processed according to the assigned assay.  

2.9.3.2. 3D culture of stratified H400 OSCC cells with BECD system 

Organotypic H400 cultures were established as previously described (Section 2.5.2) with the 

modification of using a 48-hour submersion to produce confluent a H400 cell layer, instead of 

the 72 hours previously used. A 14-day ALI period was employed, counted from the day of 

ALI-induction to the day of first LPS treatment, and culture media was changed every second 

day.  

Following 14 days of ALI culture, cultures were split into four groups (in duplicate technical 

replicates, with each technical replicate defined as a separate epithelial raft cultured in the 

same plate) and exposed to LPS-treated culture media as appropriate. Cultures were treated as 

described in Section 2.2.3, with treated media added to wells containing BECDs. Cultures 

designated for both RT-qPCR and histological analysis were supplemented identically. 

Following supplementation, both hydrogel and monolayer cultures were lysed for RNA 

extraction, as described in Section 2.6.1. 
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2.10. Statistical analysis and replicate definitions 

All statistical analysis was carried out using GraphPad Prism (GraphPad Software, San Diego, 

California USA), with versions ranging from 8.7.0 to 10.1.0 over the course of the research. 

Within the present work, biological replicates were depicted as separate experimental 

cultures, established from different cell passages on different days. Technical replicates were 

depicted as experimental cultures treated identically within the sample culture plate. Within 

technical replicates, the mean of measured values was used as the value for that biological 

replicate. Unless stated otherwise, data displayed in figures are the mean of multiple 

biological replicates with standard deviation shown. Details of specific statistical tests 

performed are shown in all figure legends. 
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3. CHARACTERISING THE RESPONSE OF ORAL 

EPITHELIAL CELLS TO BACTERIAL 

LIPOPOLYSACCHARIDE 
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3.1. Introduction 

The bacterial endotoxin lipopolysaccharide (LPS) has been widely used to instigate the 

production of inflammatory cytokines in cells, ex vivo models and in vivo (Angrisano et al., 

2010; Chae, 2018; He et al., 2019). This chapter describes the response of H400 oral 

squamous cell carcinoma (OSCC) cells to E.coli 0127:B8 LPS, with a focus on inflammatory 

cytokines and monolayer barrier function. While LPS has been extensively used for in vitro 

studies of inflammation, toxicity, and barrier function, these responses may differ between 

models (Pezzulo et al., 2011). Therefore, initial work was performed to identify a suitably 

non-toxic concentration (using growth curves and viability assays) which also produced a 

reduction in barrier function (TEER and MMT assays) and an increase in pro-inflammatory 

cytokine expression (RT-qPCR). LPS concentrations from 20 to 2000 ng/ml were selected 

initially based upon previous publications (Loryman and Mansbridge, 2008; Nishio et al., 

2013; Zheng, Zhang and Hu, 2018). Continuous exposure of H400 cells to LPS throughout 

the 9-day culture period was tested to screen for toxicity after chronic exposure, more closely 

mimicking the clinical scenario, as gingival epithelial cells are continuously exposed to 

bacteria and bacterial products, as opposed to a single acute challenge.  

An extensive panel of genes was assessed by RT-qPCR, which included a range of 

inflammation associated, barrier function-linked and PPARγ-related transcripts. This selection 

of genes allowed for validation of the role of LPS on the expression of pro-inflammatory 

signalling molecules (IFNG (Kim and Moudgil, 2008; Zaidi, 2019), IL6 (Scheller, Garbers 

and Rose-John, 2014), CXCL8 (Celik et al., 2016), TNFa (Kim and Moudgil, 2008) and 

TGFB1 (Takahara et al., 2022)), a wound repair gene (MMP1 (Stevens and Page-McCaw, 

2012)), an inflammatory linked transcription factor (NFKB (Yamamoto and Gaynor, 2005)) 
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and apoptosis marker (CASP3 (Asadi et al., 2022)). In addition, genes known to be regulated 

by PPARγ (PTGS2 (Hotta et al., 2010) and AQP3 (Jiang et al., 2011)) were assessed to 

identify any potential impact of LPS exposure on their expression. The expression of key 

barrier genes (CDH1 (Van Roy and Berx, 2008), OCLN (Feldman, Mullin and Ryan, 2005), 

TJP1 (Fanning et al., 1998)) were also analysed. 

Due to the intended application of PPARγ agonists to models of gingival inflammation 

induced with LPS, PPARγ expression was confirmed with RT-qPCR and western blotting, as 

failure to choose a PPARγ-expressive cell line could result in sub-optimal responses to 

receptor stimulation. Overall, these steps aimed to provide an initial understanding of the 

effect of LPS on the H400 cell line when cultured in a monolayer and generate an evidence 

base for further studies incorporating LPS and PPARγ agonists to study the possible anti-

inflammatory role of PPARγ. 

 

3.2. Growth curves and cytotoxicity testing 

Growth curves from H400 cells exposed to LPS indicated no significant difference in live cell 

number between the control and any LPS-treated population at any of the tested timepoints or 

LPS concentrations (Figure 3.1).  
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Figure 3.1 - H400 oral squamous cell carcinoma cell growth plot, comparing cells exposed to 

LPS at three different concentrations to untreated controls. No statistically significant difference 

was identified between any tested concentration and untreated control at any timepoint. 

N=3, mean ±SD, two-way ANOVA with Tukey’s multiple comparisons post-hoc test (all to control). 

From the same cell populations, cell viability data again showed no significant difference 

between cells exposed to the tested concentrations of LPS and untreated controls at any 

timepoint (Figure 3.2). Initial cell viability at day 1 post-LPS addition was variable between 

biological replicates, with the mean fraction of viable cells ranging from 85% (200 ng/ml 

LPS) to 90% (2000 ng/ml LPS). Cell viability appeared to peak and plateau at approximately 

97% for all tested concentrations on day 5. 
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Figure 3.2 - H400 oral squamous cell carcinoma cell viability plot, showing cell viability over 9 

days of LPS treatment. No statistically significant difference was identified between any tested 

concentration and untreated control at any timepoint. 

N=3, mean ±SD, two-way ANOVA with Dunnett’s multiple comparisons post-hoc test (all to control). 

 

3.3. Modification of epithelial barrier function with LPS: TEER and 

macromolecular tracer assays 

TEER testing prior to LPS exposure showed no significant difference between wells 

designated as control (no LPS) and those designated for treatment with 20, 200 and 2000 

ng/ml LPS. After 24 hours of exposure to LPS at the same concentrations, a statistically 

significant reduction in TEER was detected between the control and cultures exposed to all 

test concentrations of LPS. Mean TEER reduced from 158.8 Ω.cm2 to 150.3 (p = 0.0006), 152 

(p = 0.002) and 151 Ω.cm2 (p = 0.0009) for LPS concentrations of 20, 200 and 2000 ng/ml 

respectively (Figure 3.3).  
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The greatest reduction in mean TEER was identified with 20 ng/ml LPS, however there was 

no statistically significant difference in TEER value between the LPS-exposed cultures (p > 

0.05). These data do not suggest a dose-dependent relationship between LPS concentration 

and TEER at the concentrations of LPS used. 

 

Figure 3.3 - Transepithelial electrical resistance (TEER) measurements of designated wells A) 

prior to LPS addition and B) after 24 hours of LPS exposure. LPS treated cells show a significant 

reduction in TEER relative to control at all tested concentrations. 

N=3, mean ±SD, one-way ANOVA with Tukey’s multiple comparisons post-hoc test (all to all). NS = 

not significant (p > 0.05), ** = p < 0.01. *** = p < 0.001. 

 

Due to a shortage of the devices used for this assay, only one biological replicate of the MMT 

assay was possible. These N=1 MMT results are included as the data directed future work, 

indicating the utility of such an assay in combination with TEER. Recorded fluorescence 

increased for all LPS-exposed cultures compared with controls, from 513.3 to 610, 584.7 and 

591.7 RFU at 20, 200 and 2000 ng/ml LPS respectively (Figure 3.4).  
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Figure 3.4 - FITC-dextran macromolecular tracer assay of LPS exposed (24 hours) H400 cells.  

H400 OSCC cells treated with 20, 200 and 2000 ng/ml LPS generated an increase in recorded 

fluorescence compared with untreated control cells. Cell layers exposed to FITC-dextran (40 kDa) for 

90 minutes prior to measurement of fluorescence. N=1, no statistical analysis performed due to sample 

size of 1. 
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3.4. Analysis of LPS treatment induced changes in gene expression  

H400 cells were treated with three LPS concentrations for 24 hours prior to RNA extraction. 

RT-qPCR analysis demonstrated that treatment with LPS statistically significantly increased 

the expression of interleukin 8 (CXCL8) and decreased aquaporin 3 expression(AQP3) 

relative to untreated controls (Figure 3.5).  

Calibrated normalised relative quantity (CNRQ) of CXCL8 increased from 3.13 to 22.45 and 

28.90 with 200 and 2000 ng/ml LPS respectively (p < 0.0001 for both). (Figure 3.5A). AQP3 

CNRQ decreased from 1.66 to 0.897 with 2000 ng/ml LPS (p < 0.05) (Figure 3.5 B).  

PPARG expression is present and consistent between the control and LPS-exposed groups. 

No other tested genes showed a statistically significant change expression between the control 

and any LPS-exposed treatment group.  
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Figure 3.5 – RT-qPCR analysis of RNA extracted from H400 cell cultures exposed to E.coli LPS 

for 24 hours at 20, 200  and 2000 ng/ml. A) Inflammatory cytokines B) PPARγ and barrier 

function related genes.  

All data normalised and scaled to control group, displayed with log10 y-axis.  

IFNG – Interferon gamma, CXCL8 – Interleukin 8, IL6 – interleukin 6, TNFa – tumour necrosis factor 

alpha, MMP1 – matrix metalloproteinase 1, NFKB – nuclear factor kappa beta, CASP3 – caspase 3, 

PPARG – peroxisome proliferator activated receptor gamma, PTGS2 - prostaglandin-endoperoxide 

synthase 2, AQP3 – aquaporin 3, CDH1 – e-cadherin, OCLN – occludin, TJP1 – zona occludens 1, 

YWHAZ - Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta, ACTB 

– beta actin, GAPDH - Glyceraldehyde 3-phosphate dehydrogenase.  

N=3, mean calibrated normalised relative quantity (CNRQ) ±SD, two-way ANOVA with Dunnett’s 

multiple comparisons post-hoc test (all to control). * = p < 0.05.  **** = p < 0.0001. 
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3.5. Verification of PPARγ expression in H400 OSCC cells 

Following initial confirmation of PPARγ expression by qPCR (as shown in Figure 3.4), 

isoform specific semiquantitative RT-PCR analysis for PPARγ1 (PPARG-217, 

ENST00000651735.1) produced a markedly higher signal than for PPARγ2 (PPARG-201, 

ENST00000287820.10) (Figure 3.6 C), in a statistically significant ratio of 3:1 (p = 0.0007) 

(Figure 3.6 D). PCR products also matched the expected product size for the oligonucleotide 

primers used.  Western blotting of protein isolated from untreated control H400 OSCC cells 

revealed two distinct bands above 50 kDa in size. The lower molecular weight band, of 

approximately 55 kDa, closely matched the predicted molecular weight of PPARγ1 (UniProt 

E9PFV2, 54.4 kDa). A second, higher molecular weight band was noted closer to 60 kDa and 

was suspected to be the PPARγ2 isoform (UniProt P3721-1, 57.6 kDa). Semi quantitative 
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analysis of these two fragments showed a statistically significant expression differential 

between PPARγ1 and γ2 (p = 0.0226) at a ratio of 2.6:1 (Figure 3.6 B).  

 

Figure 3.6 – Comparison of the expression of PPARγ transcript variants γ1 and γ2 at the RNA 

level by semiquantitative RT-PCR (A, B) and protein level by western blot (C, D). 

A) Annotated DNA electrophoresis of RT-PCR products. Primers specific to PPARγ1 and PPARγ2 

were used, in addition to GAPDH product used as a housekeeping loading control. 

B) Semi-quantitative analysis of isoform expression as measured by RT-PCR. Expression of γ1 and γ2 

fragments normalised to GAPDH expression.  

C) Annotated, unedited western blot for PPARγ and β-actin loading control. Two PPARγ fragments 

were noted, with a higher signal lighter fragment and lower signal heavy fragment. 

D) Semi-quantitative analysis of PPARγ isoform expression. Expression of γ1 and γ2 fragments 

normalised to loading control (β-actin) expression.  
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N=3 for all, mean ±SD. Statistical analyses performed with two-tailed, unpaired t-tests, *=p < 0.05, 

***=p < 0.001. 

3.6. Discussion 

The work described in this chapter aimed to characterise the response of H400 OSCC cells to 

bacterial LPS, in order to identify a suitable pro-inflammatory stimulus for use in further 

studies. These data indicated that E.coli LPS treatment exerted no statistically significant 

change in cell growth (Figure 3.1) or viability (Figure 3.2) after a maximum of 9 days of 

exposure at 20, 200 and 2000 ng/ml concentrations. This finding was consistent with the 

literature, with concentrations as high as 1 µg/ml (He et al., 2019) to 200 µg/ml (Sharifi, Hoda 

and Noor, 2010) used with no significant cytotoxicity observed. However, it is likely that 

different cell types have unique tolerances or susceptibility to LPS exposure, though such 

information is rarely reported in the literature, so characterisation of growth rates and 

cytotoxicity for each cell line is important to ascertain.  

With evidence that the tested LPS concentrations were not cytotoxic, it was then important to 

identify if the pro-inflammatory stimulus influenced epithelial barrier function and the 

expression of pro-inflammatory cytokines. LPS is a well characterised pro-inflammatory 

stimuli, with evidence that some cells may be responsive to concentrations in the tens of 

picogram per millilitre range (Chae, 2018). However, as with cell growth and viability 

studies, cells are likely to vary in response to LPS – especially when comparing a cell line in 

vitro to cells in vivo. 

TEER data showed a statistically significant reduction in epithelial resistance at all tested 

concentrations of LPS compared with unexposed cells, indicating an increase in the 

paracellular flux of ions (Srinivasan et al., 2015). TEER is a commonly used tool for in vitro 

barrier function studies, and E.coli LPS has been shown to effectively reduce TEER in 
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intestinal epithelial cells at 1 µg/ml (He et al., 2019) and previously in H400 oral squamous 

cell carcinoma cells (OSCC) at 20 µg/ml (Abdulkareem et al., 2018a). Data in Figure 3.3 

show significant reductions in TEER values of H400 OSCC cells with three orders of 

magnitude (20 ng/ml) lower LPS concentration than used by Abdulkareem et al., (2018a), 

suggesting that even low-dose LPS effectively reduces TEER.  

However, while the data in Figure 3.3 show a significant reduction in TEER value with LPS 

stimulation, this reduction was only a relatively small proportion of the overall TEER reading 

(ranging between 4.5% (200 ng/ml LPS) and 5.5% (20 ng/ml LPS)) below the control. It is 

likely that the reduction in TEER is unique to the model system, stimuli and cells used; 

studies with differentiated intestinal epithelial cells showed a decrease in TEER of 

approximately 50% with a 1 µg/ml LPS stimulus (He et al., 2019) and 30% in lung 

endothelial cells with 5 µg/ml LPS (McClenahan et al., 2008).  

Data within this chapter used an H400 OSCC monolayer as a simple model with high ease of 

use, but these findings may vary when applied in more complex model systems. Tight 

junctions are present through all levels of stratified epithelia except for the upper most 

keratinised layer (stratum corneum), but the distribution and localisation of relevant TJ-linked 

proteins varies spatially (Kirschner and Brandner, 2012). Consequently, more exhaustive 

studies of barrier function may require recapitulation of this stratified epithelium. It is 

expected that the use of a stratified, differentiated epithelium would result in both a greater 

absolute TEER value and increased percentage reduction with LPS stimulation, due to a 

higher number of tight junctions being present with multiple epithelial layers. 

In addition to TEER data, preliminary FITC-dextran macromolecular data (Figure 3.4) 

indicated an increase in FITC-dextran flux at these same concentrations of LPS. This 
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indicates that LPS may have increased the paracellular flux of both ions (indicated by a 

reduction in TEER (Srinivasan et al., 2015)) and FITC-dextran – suggesting an overall 

reduction in epithelial barrier function with LPS stimulation.  

With an understanding of the effect of LPS on H400 cell growth, viability and monolayer 

barrier function, RT-qPCR was employed to begin to develop a mechanistic understanding of 

these effects and identify changes in cytokine production indicating an inflammatory 

response. Pro-inflammatory cytokine interleukin 8 (CXCL8) showed a statistically significant 

upregulation at two the tested LPS concentrations, relative to unstimulated cells. LPS has 

been widely documented to significantly increase the expression of inflammatory markers in a 

variety of cell types, including IL8 in dental pulp cells (He et al., 2013) and gingival 

keratinocytes (Johnson et al., 2010), and IL6 and TNFA are reportedly increased in gingival 

keratinocytes (Hagiu et al., 2019).  

With regards to barrier function gene expression, Figure 3.5 shows that LPS may have an 

effect on the expression of genes responsible for intercellular junction function, as expression 

of both E-cadherin (CDH1) and tight junction protein 1 / ZO-1 (TJP1) showed a slight trend 

towards reduction with LPS treatment, though this was non-significant. LPS has previously 

been shown to downregulate the expression of ZO-1 (TJP1) (Bein et al., 2017; Zou et al., 

2022) and claudin (CLDN1), which encodes the charge-selective tight junction protein (Bein 

et al., 2017). Notably, research has shown significant reductions in claudin expression and 

TEER in vivo in rats, employing an LPS-exposed periodontal epithelium as a model of 

chronic periodontitis (Fujita et al., 2012). Studies with cultured oral epithelial cells exposed to 

1 µg/ml P. gingivalis LPS indicated reductions in ZO-1 and occludin gene expression (Guo et 

al., 2018). However, this study examined gene expression after 4 hours of LPS exposure, 

compared to the 24 hours of exposure in the present work (Figure 3.5). The relatively limited 
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response of TJ-linked gene expression to LPS shown in the present work may be due to the 

timepoints used and further work may aid in elucidating the optimal timepoint for such 

studies. 

Finally, due to the intended application of LPS-stimulated H400 OSCC cells in models of 

gingivitis treated with PPARγ agonists, confirmation of expression of PPARγ was required. 

PPARγ has previously been reported to be predominantly expressed in adipose tissue 

(Chawla, 1994) and thus expression may be lower in a non-adipose tissue such as the gingival 

epithelium. The use of RT-PCR and western blotting enabled confirmation of PPARγ 

expression in H400 OSCC cells at both the transcript and protein levels respectively. 

Additionally, two isoforms were identified with western blotting. Alternative splicing of 

PPARγ has been shown to lead to the generation and expression of two key tissue isoforms – 

PPARγ1 and PPARγ2 (Elbrecht et al., 1996; Ren et al., 2002). Western blotting and RT-PCR 

of H400 OSCC cells revealed differential expression of these two isoforms (Figure 3.6) in a 

ratio of 2.62:1 (western blotting) and 2.97:1 (RT-PCR) (both ratios γ1:γ2). These two 

isoforms have been shown to have different activation function 1 (AF-1) domains, with the 

PPARγ2 variant having an additional 30 amino acids at the N-terminal end (Bateman et al., 

2023). This co-expression may result in unexpected responses to PPARγ ligands, as will be 

discussed in further detail (Chapter 6). 

In summary, the data presented in the current chapter, combined with the existing literature, 

indicate that E.coli LPS reliably induced inflammatory cytokine production in H400 OSCC 

cells and resulted in reductions in TEER in these cells, as a marker of epithelial barrier 

function. This reduction in TEER may occur via downregulation of genes coding for key tight 

junction proteins, though further work across additional timepoints and LPS concentrations 

may make this relationship clearer. Additionally, PPARγ expression was confirmed 
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experimentally in H400 OSCC cells, enabling the use of LPS-challenged H400 cells as a 

model of PPARγ agonist-treated gingivitis.  
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4. DEVELOPMENT AND APPLICATION OF PPARγ 

REPORTER SYSTEMS IN ORAL EPITHELIAL 

CELLS 
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4.1. Introduction 

The present chapter describes studies undertaken to identify a PPARγ reporter system suitable 

for screening potential PPARγ ligands. Two systems were assessed; PPRE-H2B-eGFP and 

PPRE-pNL1.3 (Degrelle, Shoaito and Fournier, 2017). Initial studies were performed with the 

PPRE-H2B-eGFP reporter, which utilised a human apolipoprotein CIII promoter as a PPARγ 

response element (PPRE), with activation of this response element leading to expression of an 

eGFP gene. Additionally, the presence of a selection gene (NeoR) enabled the generation of 

stably transfected cell populations, though this presented considerable challenges. For this 

reason, PPRE-pNL1.3 was also investigated, in which the same PPRE controlled expression 

of a secreted nanoluciferase. This system is characterised by high sensitivity and allows for 

higher throughput quantification of PPARγ activation (Degrelle, Shoaito and Fournier, 2017).  

Bacterial transformation with plasmids can be unstable, with the likelihood and rate of 

plasmid loss depending on plasmid size and culture conditions (Smith and Bidochka, 1998). 

Therefore, restriction enzyme digestion were performed to identify that the correct plasmid 

was present and contained key inserts and transgenes. Function was confirmed by exposure of 

transfected cells to GW1929, a known PPARγ agonist (Degrelle, Shoaito and Fournier, 2017), 

to induce expression of the PPRE-linked eGFP. A stable transfectant was generated by 

supplementing cultures with G418, a cytotoxic antibiotic to which resistance is conferred by 

the NeoR gene included in the PPRE-H2B-eGFP plasmid.  

Initial verification of the PPRE-pNL1.3 reporter system was performed in both H400 cells 

(H400:PPRE-pNL1.3) and HaCaT cells, a spontaneously immortalised skin keratinocyte cell 

line (HaCaT:PPRE-pNL1.3), to identify how transfection efficiency varied between 

keratinocyte cell lines. The TZD-class PPARγ agonist rosiglitazone (Camp et al., 2000) was 
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included in these studies, in addition to GW1929 as used in previous studies, both acting as 

positive controls. The PPARγ antagonist GW9662 (Seargent, Yates and Gill, 2004) was also 

included to identify the effect of blocking activation of PPARγ on the expression of the 

reporter. Finally, charcoal-stripped serum (CSS) was also trialled. CSS is commonly used in 

the study of steroid hormones and steroid receptors, containing fewer endogenous hormones 

which may interfere with treatments (Cao et al., 2009; Sikora et al., 2016).  

Validated PPARγ reporter systems were then applied to the testing of compounds commonly 

used in cosmetic or oral care products. Cytotoxicity testing of these compounds was 

performed using a CCK-8 assay (Ishiyama et al., 1996), relying on a redox-based chemistry 

similar to MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay 

(Ciapetti et al., 1993; Supino, 1995). 

Following studies of H400 cells transfected with PPRE-pNL1.3, evidence of paradoxical 

activation of PPARγ by the antagonist GW9662 was observed. Therefore, PCR-product 

Sanger sequencing was performed to confirm the nucleotide sequence and predicted primary 

structure of the PPARγ ligand binding domain (LBD) in H400 OSCC cells (Section 4.6). 

4.2. PPRE-H2B-eGFP and PPRE-pNL1.3 plasmid validation with 

restriction enzyme digests 

Upon receipt, PPRE-H2B-eGFP and PPRE-pNL1.3 plasmids were expanded in DH5α E.coli, 

isolated and purified, as described previously (Section 2.4). 

A plasmid map (  

Figure 4.1) was used to identify insert and transgene position and expected fragment sizes. 

Restriction enzyme digests performed on purified PPRE-H2B-eGFP with three single-cutting 
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enzymes (NheI, VspI and BamHI) in isolation produced single, distinct bands following DNA 

electrophoresis between 5 and 6 kb (Figure 4.2, lanes 3-5), and these were of the expected 

plasmid size of 5.5 kb when in a linear conformation, as shown in lane 2.  

Dual digestion with NheI and VspI (an AseI isoschizomer) was performed to isolate the 

apolipoprotein C3 (ApoCIII) insert, a response element promoter activated by PPARγ The 

ApoCIII insert spanned from base 95 to 1236, an expected product size of 1141 bp, with a 

resultant 4519 bp backbone fragment. As expected, dual digestion produced two bands of 

approximately 1.1 and 4.5 kb (Figure 4.2, lane 6).  

Triple digestion with NheI, VspI and BamHI was performed to identify both the ApoCII 

sequence and the histone 2B (H2B) sequence, responsible for localisation of the produced 

eGFP to the cell nucleus. Expected fragments included the ApoCIII insert from base 95 to 

1236 (1141 bp fragment), the H2B sequence from base 1302 to 1679 (377bp) and a backbone 

of 4080bp. Accordingly, RE digestion produced three bands of approximately 400 bp, 1.1 kb 
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and 4.1 kb (Figure 4.2, lane 7). 

  

Figure 4.1 - Plasmid map of PPRE-H2B-eGFP, showing restriction enzyme recognition sites and 

key features or inserts. Restriction enzymes used for digestion in the present work are highlighted in 

gold. Generated with SnapGene Viewer (GSL Biotech, USA). 
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Figure 4.2 – Gel image of restriction enzyme digestion of PPRE-H2B-eGFP isolated from 

cultured, transformed DH5α E.coli. Approximate fragment sizes shown, 1% agarose gel, stained 

with Sybr safe DNA stain. All expected fragments were present, with correct sizing.   

Lane 1: 1kb DNA ladder. 

Lane 2: Uncut, native conformations of PPRE-H2B-eGFP plasmid. 

Lanes 3 -5: Fragments resulting from digestions with single restriction enzymes (NheI, VspI, BamHI).  

Lane 6: Fragments resulting from combined, dual digestions (NheI and VspI). 

Lane 7: Fragments from a triple digest (NheI, VspI and BamHI). 

 

 

Similarly, a plasmid map of PPRE-pNL1.3 was then used to identify expected fragment sizes 

following RE digestion (Figure 4.3). Digestion performed on PPRE-pNL1.3 with all four REs 

alone (BglII, KpnI, HindII and BamHI) produced single, distinct bands of approximately 4.5 

kilobases (kb) in size (Figure 4.4, lanes 4-7), similar to the 4.3 kb size of the PPRE-pNL1.3 

plasmid in a linear conformation. 
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A dual restriction enzyme digest was performed with BglII and KpnI, targeting RE 

recognition sites at either side of the ApoCIII insert (base 1112 to 4278). A plasmid map 

(Figure 4.3) was used to determine expected fragment sizes post-digestion, calculated as 1.14 

kb for the PPRE ApoCIII insert and 3.2 kb for the remaining backbone. These predictions 

were matched experimentally, with a dual digest with BgIII and KpnI producing two bands of 

approximately 1.2 kb and 3.2kb (Figure 4.4, lane 8). 

A dual digest with HindII and BamHI was performed to isolate the plasmid fragment 

containing the NLuc sequence (bases 1253 to 1766), responsible for producing a secreted 

nanoluciferase. Calculation of expected fragment sizes generated predictions of 906 bp for the 

NLuc sequence and 3.4 kb for the remaining plasmid. Dual digest with BamHII and HindII 

yielded fragments of approximately 3.5 kb and 1 kb (Figure 4.4, lane 9). 

A quad digest was performed with BglII, KpnI, BamHII and HindII to identify that all 

plasmid fragments from previous dual digests could be produced from one single reaction. 

Approximate expected fragment sizes were a 1.2 kb PPRE ApoCIII insert, 900 bp NLuc 

sequence, a 2.3 kb backbone and small, 19 bp fragment from between the HindII and BglII 

sites. Quad digestion produced fragments of approximately 1.2, 1 and 2.5 kb (Figure 4.4, lane 

10). 
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Figure 4.3 - Plasmid map of PPRE-pNL1.3, showing restriction enzyme recognition sites and key 

features or inserts. Restriction enzymes used for digestion in the present work are highlighted in 

gold. Generated using SnapGene Viewer (GSL Biotech, USA). 
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Figure 4.4 - Restriction enzyme digestion of PPRE-pNL1.3 isolated from cultured, transformed 

DH5α E.coli. Approximate fragment sizes shown following electrophoresis on a 1% agarose gel, 

stained with Sybr safe DNA stain.  

Lane 1: 1kb DNA ladder. 

Lane 2: 100bp DNA ladder. 

Lane 3: Uncut, native conformations of PPRE-pNL1.3 plasmid.  

Lanes 4 -7: Fragments resulting from digestions with single restriction enzymes.  

Lanes 8 and 9: Fragments resulting from combined, dual digestions. 

Lane 10: Fragments from a quad digest.  
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4.3. H400:PPRE-H2B-eGFP reporter line generation and testing 

Purified PPRE-H2B-eGFP was then transfected into H400 OSCC cells, incubated for 18 

hours, and exposed to the PPARγ agonist GW1929 at 1 µM for a further 24 hours (Section 

2.4.1.6). Combined phase contrast and epifluorescence microscopy imaging transfected and 

PPARγ stimulated cells showed bright green fluorescence in a small proportion of cells, with 

varied intensity between cells. Qualitatively, cells appeared slightly rounded with some bleb 

formation, suggesting that either the transfection process or excitation with 405 nm light for 

epifluorescence microscopy were exerting cytotoxicity. 

 

Figure 4.5 -Merged widefield epifluorescence and phase contrast photomicrograph of H400 cells 

transiently transfected with PPRE-H2B-eGFP plasmid. Cells exposed to 1 µM GW1929 for 24 

hours prior to imaging. Green fluorescence can be seen in a small proportion of cells, matching the 

expected outcome. Fluorescence intensity is seen to vary between cells. Scale bar 50 µM. 

 



 

111 

 

Following initial verification of the transfection protocol as discussed above, growth curves 

were generated for both untransfected and PPRE-H2B-eGFP transfected H400 cells exposed 

to 500 µg/ml G418 (Section 2.3). 

PPRE-H2B-eGFP transfected H400 cells exposed to 500 µg/ml G418 increased in number 

from day 0 to day 3, with further increases between day 3 and days 5 and 7. Cell number then 

decreased slightly at day 9. Conversely, untransfected H400 cells (Figure 4.6, blue datapoints) 

showed a flat growth profile, with a small increase in live cell number from day 0 to day 3, 

followed by a reduction to cells at day 5, and zero live cells thereafter. 

 

Figure 4.6 – Cell growth curves of untransfected (blue) and PPRE-H2B-eGFP transfected (red) 

H400 cells, exposed to 500 µg/ml Geneticin G418. A small increase in untransfected cells is shown, 

with a reduction to zero viable cells by day 7. This suggests strong toxicity from G418 in 

untransfected cells. In contrast, transfected cells appeared viable in G418-supplemented media, 

producing increases in cell number up to a maximum of 9.8x105 at day 7, suggesting that successful 

transfection of the NeoR gene occurred. 

N=1, no statistical tests performed. 
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Following monoclonal selection and expansion of transfected cells shown to express eGFP, 

cellular fluorescence was quantified via a multimode plate reader, following exposure to a 

range of concentrations of GW1929 for 24 hours (Section 2.4.1.7). Unstimulated cells showed 

a slightly higher (13%) mean measured fluorescence, indicating a degree of basal eGFP 

expression. Treatment with GW1929 at 1, 10 and 20 µM led to small, dose-dependent 

increases of 3.75%, 7.44% and 11.5% in relative fluorescence units (RFU) compared with the 

transfected unstimulated control. However, variability between technical replicates was high, 

with overlap between multiple treatment groups. Further biological replicates were not 

performed due to replacement of the PPRE-H2B-eGFP reporter with the PPRE-pNL1.3 

system. The limited sample size (N=1) of these data prevented statistical analyses, however 

qualitative assessment of the technical replicate variability and of the mean fluorescence 

provided an indication of the lack of utility of this assay. 
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Figure 4.7 – eGFP fluorescence of untransfected control and PPRE-H2B-eGFP transfected H400 

cells exposed to GW1929 at indicated concentrations. Violin plot represent technical replicates 

(n=6). Transfected H400 fluorescence (Ex 488, Em 522 nm) can be seen increasing slightly in a dose-

dependent manner with increasing GW1929 concentration. High background fluorescence is noted, 

and high basal expression of eGFP in transfected but untreated H400s. 

N=1, no statistical analysis performed.  

4.4. H400:PPRE-pNL1.3 reporter line generation and testing  

H400 and HaCaT cells were transfected with PPRE-pNL1.3 plasmid as described in Section 

2.4.2. Following 24 hours of incubation post-transfection, the cells were exposed to agonists 

GW1929 and rosiglitazone, and antagonist GW9662 for 24 hours, prior to quantification of 

secreted luciferase activity. Control (untreated) H400 OSCC cells transfected with PPRE-

pNL1.3 (Figure 4.8 A) generated a statistically significant increase in nanoluciferase activity 

compared with untransfected controls (p < 0.0001). Cells exposed to the PPARγ agonist 1 µM 
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GW1929 did not generate a significant change in luminescence (p = 0.2427), whilst 5 µM 

GW1929 led to a significant increase in luminescence of 36.7% (p = 0.0077). The 

thiazolidinedione-class PPARγ agonist rosiglitazone also produced a non-significant increase 

in luminescence of 16.0% (p = 0.3302). Unexpectedly, a statistically significant increase in 

luminescence of 37.9% was noted with the PPARγ antagonist GW9662 (p = 0.0057). 

Control HaCaT cells transfected with PPRE-pNL1.3 (Figure 4.8 B) displayed a markedly 

different response to the selected test compounds. Whilst transfected control HaCaT cells 

showed a significant increase in luciferase activity compared with untransfected HaCaT cells 

(p < 0.0001), none of the treated cell populations showed a significant change in luciferase 

activity, with high variability between biological replicates. Interestingly, rosiglitazone did 

not generate a significant response in luminescence. 
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Figure 4.8 - Analysis of PPARγ activation using H400 cells (left, black) and HaCaT cells (right, 

orange) transfected with PPRE-pNL1.3.  

Cells stimulated for 24 hours with known PPARγ agonists (GW1929 - PPARγ agonist, or 

rosiglitazone – thiazolidinedione class PPARγ agonist) or antagonists (GW9662 – irreversible 

inhibitor of PPARγ activation). Significant increases in PPARγ activation can be seen in H400 cells 

following 5 µM GW1929 and GW9662 stimulation, with smaller non-significant increases with 1 µM 

GW1929 and rosiglitazone stimulation. In contrast, transfected HaCaT cells showed minimal changes 

in PPARγ activation with all tested agents.  
N=3, mean %difference in luminescence relative to transfected control ±SD, separate one-way 

ANOVAs with Dunnet’s multiple comparisons post-hoc test (all to control).  

* = p < 0.05.  ** = p < 0.01. *** = p < 0.001. **** = p < 0.0001. 

 

Transfected H400 cells were then cultured in media supplemented with charcoal stripped 

serum, as opposed to the foetal calf serum used in prior studies in this work. In the presence 

of CSS, all treatment groups of cells in CSS supplemented culture media showed marked 

differences in luminescence signal confirming activation of the nanoluciferase reporter, 

however with high inter-replicate variability (Figure 4.9). Mean luminescence relative to 

control cells appeared greater in CSS-supplemented cells treated with 5 µM GW1929 

(50.1%), GW9662 (68.5%) and rosiglitazone (74.2%) than in FCS-supplemented cells (Figure 
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4.8 A). However, these two datasets were not directly comparable and thus no statistical 

analysis was performed. 

Figure 4.9 - PPARγ activation in H400:PPRE-pNL1.3 cells in charcoal stripped serum (CSS) 

supplemented media. 

Cells stimulated for 24 hours with known PPARγ agonists (GW1929 - PPARγ agonist, or 

rosiglitazone – thiazolidinedione class PPARγ agonist) or antagonists (GW9662 – irreversible 

inhibitor of PPARγ activation). High mean PPARγ activation was noted with 5 µM GW1929, 

GW9662 and rosiglitazone, but high inter-replicate variability led to no statistical significance being 

detected. 

N=3, mean %difference in luminescence relative to transfected control ±SD, separate one-way 

ANOVA with Dunnet’s multiple comparisons post-hoc test (all to control).  

4.5. Screening of compounds for PPARγ agonist activity  

Following the generation and testing of PPARγ reporter systems, compounds commonly 

found in cosmetic and oral care products (Table 2.3) were screened for PPARγ activity. H400 

cells transfected with PPRE-pNL1.3 were used as a reporter. However, cytotoxicity testing 

was first undertaken, exposing H400 cells to a range of concentrations between 1x10-3 µg/ml 

and 1x101 µg/ml of each compound for 24 hours. In these studies, a redox-based CCK8 
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assays was performed, in which a reduction in absorbance correlates with a reduction in 

viable cell number.  

Only the highest concentration of 10 µg/ml produced statistically significant reductions in 

absorbance of four of the compounds; Hydroxystearic acid (HSA), pTeroPure®, 

palmitoylethanolamide (PEA) and SabiWhite®. Treatment with 10 µg/ml HSA generated a 

reduction in absorbance (450 nm) from 0.501 to 0.232 (p = 0.0366), pTeroPure® a reduction 

from 0.441 to 0.196 (p = 0.0366), PEA from 0.457 to 0.182 (p = 0.0164) and SabiWhite® 

from 0.472 to 0.239 (p = 0.0449), as shown in Figure 4.10.  

The remaining compounds did not produce statistically significant reductions in absorbance 

compared with the control group when tested at 10 µg/ml, or at any other concentrations . 

 

Figure 4.10 – CCK-8 cytotoxicity assay of cosmetic compounds under investigation as PPARγ 

agonists, following 24 hours of exposure. Each compound was tested at 1x10-3, 1x10-2, 1x10-1, 1 and 

1x101 µg/ml in culture media. Test agents were dissolved in DMSO, and the control samples were 

exposed to maximum concentration of DMSO (0.1% v/v). CCK-8 reagent incubated for one hour at 

room temperature. Statistically significant (p < 0.05) reduction in absorbance was only noted at the 

highest (10 µg/ml) concentration of HSA, pTeroPure®, PEA and SabiWhite®, with no marked 

toxicity seen in any other tested concentrations. 

HSA = hydroxystearic acid, PEA = palmitoylethanolamide. 

N=4, mean ±SD, two-way ANOVA with Dunnett’s multiple comparisons post-hoc test (all to control). 

* = p < 0.05. 
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Cosmetic compounds were applied to the H400:PPRE-pNL1.3 assay. Based upon the 

previously discussed cytotoxicity testing, a concentration of 1 µg/ml of each compound was 

selected to assess PPARγ activation. 

Luminescence (proportional to PPARγ activation) in untransfected control (UTC) H400 cells 

was lower by 94.6% when compared with transfected control (CTRL) cells (p < 0.0001) 

(Figure 4.11 A) and by 96.7% when using the lysed cell assay (p = 0.0001) (Figure 4.11 B). 

Similarly, blank wells (culture media only) showed a reduction of 94.2% (p = 0.0001) and 

97.0% (p = 0.0005) with the secreted and lytic systems, respectively.  

Treatment of H400 cells with GW1929 (5 µM) resulted in marked increases in luminescence 

relative to unstimulated control cells. In the secreted luciferase assay, a statistically significant 

increase of 59.3% was recorded (p = 0.0007), with no significant increase noted with the 

lysed cell NanoGlo assay.  

When assessed using the secreted NanoGlo assay (Figure 4.11A), none of the tested cosmetic 

compounds produced statistically significant changes in luminescence relative to unstimulated 

control cells.  Similarly, no significant differences in mean luminescence occurred following 

stimulation with any tested cosmetic compound when assessed with the luciferase assay as 

performed on cell lysis products (Figure 4.11 B). Qualitatively, inter-replicate variability 

appeared greater than that in the secreted NanoGlo assay (Figure 4.11 A), shown by the larger 

standard deviation.  
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Figure 4.11 – NanoGlo assay of H400 cells transfected with PPRE-pNL1.3 reporter and treated 

with cosmetic compounds for 24 hours (1 µg/ml for all), showing that no tested compound 

generated a significant increase in PPARγ activation. A) NanoGlo performed on culture 

supernatant only and B) on the same cell population following lysis.  
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A) Significant reductions in luminescence relative to transfected control cells were detected in 

untransfected control (UTC) H400 cells and blank (culture media only) wells, while a significant 

increase occurred with 5 µM GW1929.  

B) Significant reductions in luminescence relative to control were detected in UTC H400s and blank 

wells. No significant increase is produced following GW1929 treatment, though a relatively large non-

significant increase was noted. 

No significant increases or decreases in luminescence (relative to transfected, control H400 cells) were 

produce by any test compound cells at the tested concentration in either assay approach (secreted or 

lytic assay).  

UTC = untransfected control, HSA = hydroxystearic acid, PEA = palmitoylethanolamide. 

N=3, mean ±SD, one-way ANOVA with Dunnett’s multiple comparisons post-hoc test (all to control). 

*** = p < 0.001, **** = p < 0.0001. 

4.6. Investigation of paradoxical PPARγ activation by the irreversible 

antagonist GW9662  

With previous studies within this project identifying paradoxical activation of PPARγ by the 

antagonist GW9662 (Figure 4.8 A), it was hypothesised that this aberrant response may have 

been generated by mutation of the PPARγ ligand binding domain (LBD), with particular 

interest in the site covalently bound to by GW9662 (Leesnitzer et al., 2002). PCR-product 

Sanger sequencing was undertaken to verify the correct nucleotide sequence was present 

within this region of the PPARγ LBD in H400 cells.  

PCR amplification of the PPARγ LBD after 25 PCR amplification cycles produced a single 

band of low intensity with a size of approximately 300 bp (Figure 4.12, lane 4), increasing to 

a higher intensity after 32 PCR cycles (Figure 4.12, lane 6) on a DNA electrophoresis gel. No 

signal was seen in either no template control (NTC) well (Figure 4.12, lanes 3 and 5).   
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Figure 4.12 - DNA electrophoresis of PCR products for sequencing of the GW9662-modifable 

region of the PPARγ ligand binding domain in H400 cells. DNA ladder fragment labels shown in 

basepairs (bp). 2% agarose gel, stained with Sybr safe DNA dye.  

Lane 1: 1kb DNA ladder. 

Lane 2: 100bp DNA ladder. 

Lane 3: 25 PCR cycles, reaction mix no template control. 

Lane 4: 25 PCR cycles, 1 µl H400 cell cDNA. 

Lane 5: 32 PCR cycles, reaction mix no template control. 

Lane 6: 32 PCR cycles, 1 µl H400 cell cDNA. 

 

PCR products were subjected to Sanger sequencing, and alignment of the resultant Sanger 

sequence with the canonical PPARG coding sequence (transcript variant PPARG-217) 

revealed no mismatches in the nucleotide sequence and no change in the predicted amino acid 

sequence of the translated protein (Figure 4.13).  
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Figure 4.13 – Sanger sequencing of PCR product aligned to canonical PPARG-217 coding 

sequence (CDS). Top sequence: PPARG-217, with nucleotide sequence and translated primary 

protein structure. Bottom sequence: Sanger sequenced product following alignment, with called 

nucleotides shown.  

Grey rectangles above PPARG-217 CDS depict no mismatch, white rectangles depict uncalled bases 

in sequence and mismatches are marked by red rectangles. Figure generated using Benchling (Biology 

Software, 2023).  

4.7. Discussion 

The work described in present chapter aimed to produce and verify PPARγ reporter systems 

in relevant cell lines, to enable the screening of potential PPARγ ligands for further study. 

This resulted in the successful generation and validation of the H400:PPRE-pNL1.3 reporter 

system. 

Initial work was undertaken to verify the identity of both the PPRE-H2B-eGFP and PPRE-

pNL1.3 plasmids by restriction enzyme digestion (Section 4.2). Electrophoresis of digestion 

products revealed well defined bands for all fragments, which matched the expected fragment 

size calculated from plasmid maps (  
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Figure 4.1 and Figure 4.3). This suggested that both plasmids were correctly supplied from 

the repository and that relevant inserts were present. Colony PCR may be used to improve 

confidence in plasmid identity if required, employing oligonucleotide primers specific to the 

insert and allowing for verification of the successful cloning of the insert sequence. However, 

whilst being experimentally simple, colony PCR may fail to confirm the addition of the 

cloned sequence to the plasmid backbone, so backbone- or orientation-specific primers are 

often used to confirm a correctly oriented ligation of the insert to the backbone (Lu, 2003). 

Additionally, plasmids have widely been sequenced by Sanger sequencing (Zagursky et al., 

1985) for confirmation of plasmid identity. The plasmids employed in the present work were 

characterised by next-generation sequencing (NGS) upon deposition into the plasmid 

repository, producing an experimentally confirmed plasmid map. For this reason, diagnostic 

restriction enzyme digestion was suitable to rapidly provide sufficient evidence of the identity 

of the supplied plasmids.  

Following successful verification of both plasmids, initial trials with the H400:PPRE-H2B-

eGFP system were performed. Transfection of H400 oral squamous cell carcinoma cells with 

PPRE-H2B-eGFP (Section 4.3) was initially successful, with a proportion of these cells 

producing green fluorescence in response to 24 hours of stimulation with 1 µM GW1929 

(Figure 4.5). The varied intensity of this fluorescent response may have been due to 

variability in the uptake of the PPRE-H2B-eGFP plasmid. Transfection efficiency with 

cationic lipids, as used in the present work, has been shown to be dependent on the 

experimental setup, with cell density, culture media constituents and DNA concentration 

leading to marked changes in efficiency (Dalby et al., 2004). Whilst all these factors were 

controlled in the present work, verification of cell cycle position was not. Cell cycle has been 

shown to play a significant role in determining the efficiency of non-viral transfection, with 
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30-500 fold increases in efficiency when performed in S or G2 phases of the cell cycle, 

compared with G1 (Brunner et al., 2000). 

To reduce the variability of PPRE-dependent eGFP synthesis in transfected H400 cells, 

monoclonal selection and expansion was performed to produce a stably transfected cell line. 

The presence of a neomycin resistance gene (neoR) within the PPRE-H2B-eGFP plasmid (  

Figure 4.1) enabled selection of transfected cells by exposure to Geneticin G418, killing non-

resistant cells and allowing only transfected cells to survive. As an additional benefit, stable 

transfection would also enable the use of the reporter line in organotypic co-cultures, as stable 

transfection negated the need for constant G418 exposure. This antibiotic, while required to 

maintain reporter transgene expression in transiently transfected cultures, would be toxic to 

other cells present, such as fibroblasts. Transiently transfected DNA has been shown to 

modify gene transcription for only 24-96 hours (Kim and Eberwine, 2010), insufficient for 

organotypic cultures which may require several weeks to differentiate and mature.  

Previous work has shown that G418 exposure results in a 50% reduction in cell viability in a 

range of adherent mammalian cells at concentrations between 69 and 483 µg/ml, with the 

cytotoxic concentration heavily dependent on the cell line (Delrue et al., 2018). Preliminary 

data from H400 cells exposed to 500 µg/ml G418 (Figure 4.6) while limited by the sample 

size of a single biological replicate, provided adequate evidence that G418, at the tested 

concentration of 500 µg/ml, was sufficient to trigger cell death in untransfected cells, 

providing a suitable approach for the selection of transfected cells. 

Following selection and expansion to produce a stably transfected, monoclonal cell line, the 

synthesis of eGFP in response to GW1929 was assessed quantitatively using a fluorescence 

plate reader (Figure 4.7). Interestingly, unstimulated transfected cells showed an increase in 



 

125 

 

fluorescence compared with untransfected control cells. This suggested that PPRE-dependent 

eGFP production occurred even in the absence of an exogenous PPARγ agonist (GW1929, in 

this assay), indicating relatively high basal levels of PPARγ activation in these cells. Previous 

studies have also reported constitutive activation of PPARγ, likely by endogenous ligands 

such as fatty acids (Wang et al., 2002; Zoete, Grosdidier and Michielin, 2007). Treatment of 

PPRE-H2B-eGFP-transfected H400 cells with 1 µM GW1929 produced no change in 

fluorescence, though a relatively small increase was detected with 10 and 20 µM treatments. 

However, recorded fluorescence was highly variable across technical replicates (as shown in 

Figure 4.7) and these data were unable to be reproduced due to high inter-replicate variability. 

Ultimately, high levels of variability and difficulties with quantifying the fluorescence, led to 

rejection of the H400:PPRE-H2B-eGFP cell line as a viable PPARγ reporter system.  

The lack of utility of the H400:PPRE-H2B-eGFP reporter may have been caused by a range 

of factors, including issues with the PPARγ receptor, the stable transfection and selection 

process or due to experimental setup. H400 cells may have low levels of PPARγ expression, 

with endogenous ligands saturating all available PPARγ receptors, resulting in minimal 

increases in fluorescence following GW1929 stimulus. Similarly, depletion of cofactors and 

co-activators involved in PPARγ-dependent response element activation may reduce eGFP-

mediated fluorescence, as these cofactors have been shown to be crucial to PPARγ function 

(Katsouri, Blondrath and Sastre, 2012). 

Alternatively, it is possible that integration of the reporter plasmid into the H400 cell genome 

led to insertional mutagenesis or modification of DNA methylation, both of which have been 

reported to cause significant phenotypic changes with a wide range of viral and non-viral 

transfection systems (Baum et al., 2006; Doerfler, 2011). Insertional mutations may have 

reduced transgene stability, resulting in gradual loss over successive passages of transfected 
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cells, explaining the data presented in Figure 4.7 were unable to be reproduced. In addition, 

variation in cell cycle, cell number and culture conditions prior to transfection may lead to 

insertion of the transgene at different locations and/or result in different levels of expression 

(Baum et al., 2006). If monoclonal selection was then improperly performed by 

unintentionally culturing a population derived from more than a single cell, a cell population 

may have been produced within which reporter production (eGFP) differed.  

 

However, while the H400:PPRE-H2B-eGFP system was deemed non-viable, an alternative 

reporter system was produced by transient transfection of H400 cells with PPRE-pNL1.3 

(Section 4.4). Initially, both H400 and HaCaT cells were transfected to assess whether the 

choice of cell line played a significant role in the transfection success. As shown in Figure 

4.8, a statistically significant increase in luminescence was observed between untransfected 

control and transfected cells in both H400 and HaCaT cells. These data indicated a high level 

of basal nanoluciferase expression, similar to that observed in the H400:PPRE-H2B-eGFP 

system; likely due to activation of PPARγ by endogenous ligands. However, unlike the 

H400:PPRE-H2B-eGFP reporter system, treatment of PPRE-pNL1.3-transfected H400 cells 

with 5 µM GW1929 produced a significant increase in luminescence compared with 

transfected control cells. Non-significant increases were also noted following stimulation with 

1 µM GW1929 and with rosiglitazone, a known thiazolidinedione-class PPARγ agonist.  

These results suggested that transient transfection with PPRE-pNL1.3 enabled successful 

nanoluciferase-mediated reporting of PPARγ activation in H400 cells. HaCaT cells appeared 

unsuitable for use in a PPARγ reporter system, demonstrating no marked change in 

luminescence relative to transfected controls. As was suggested for the H400:PPRE-H2B-

eGFP reporter, it was possible that a low expression of PPARγ in HaCaT cells led to 
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saturation of all available receptors by endogenous ligands, suppressing the effects of the 

exogenous ligands.  

In addition to investigating both HaCaT and H400 OSCC cells for use as PPARγ reporter cell 

lines, charcoal stripped serum (CSS) was also trialled as an alternative to FCS. CSS is widely 

used in nuclear receptor studies due to the prevalence of endogenous ligands in FCS, 

particularly fatty acids (Cao et al., 2009). Removal of these ligands has been proposed to 

reduce basal activation of nuclear receptors. Application of CSS to the H400:PPRE-pNL1.3 

reporter system (Figure 4.9 B) indeed resulted in greater mean increases in luminescence 

following treatment with 5 µM GW1929, GW9662 and rosiglitazone, however the data also 

showed much higher variability (Figure 4.9 A). For this reason, FCS-supplemented media 

was used in all successive applications of the PPRE-pNL1.3 reporter system.  

Whilst H400:PPRE-pNL1.3 cells demonstrated responses to GW1929 and rosiglitazone 

which indicated PPARγ activation, unexpected significant increases in luminescence were 

also produced following stimulation with GW9662 (Figure 4.8). Initially, this was attributed 

to human error, but replacement of all agonist and antagonist stocks with newly purchased 

stocks (from different manufacturer batches) yielded a similar outcome. GW9662 is a potent, 

selective, irreversible antagonist of PPARγ, acting to covalently modify the ligand binding 

domain and prevent PPARγ activation (Leesnitzer et al., 2002). Previous reports have 

indicated a slight reduction in PPARγ activation in 24-hour GW9662-stimulated villous 

cytotrophoblasts (VCTs) transfected with both PPRE-H2B-eGFP and PPRE-pNL1.3 

(Degrelle, Shoaito and Fournier, 2017), suggesting that this paradoxical activation was not a 

failure of the reporter transgene.  
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Characterisation of the antagonist action of GW9662 has revealed that modification of the 

single cysteine residue in the LBD via covalent bonding inhibited ligand binding (Leesnitzer 

et al., 2002). It was hypothesised that single point mutation of nucleotides coding for this 

residue may inhibit the binding and antagonistic activity of GW9662.  

Sanger sequencing of the GW9662-modifiable region of the PPARγ ligand binding domain 

(LBD) (Figure 4.13) showed no single nucleotide polymorphisms or mutations within the 

small (~280bp) sequenced region. This cysteine residue (initially designated Cys285 but 

moved to Cys283 in more recent genome assemblies) was present in the sequenced PCR 

product from H400 cells. However, it is possible that mutation of other residues outside of the 

sequenced region may have changed the accessibility of the LBD to GW9662, preventing 

GW9662-dependent antagonism.  

As previously shown (Figure 3.6), western blotting and RT-PCR of H400 OSCC cells 

revealed differential expression of two isoforms, PPARγ1 and γ2, due to alternate splicing of 

the PPARγ transcript. PPARγ2 has been shown to contain an extra 30 amino acids at the N-

terminal end, within the A/B domain ligand-independent activation function (AF-1) (Bugge et 

al., 2009). No previous work has been performed in which the response of PPARγ1 and γ2 to 

irreversible antagonists was characterised. However, the γ1 and γ2 variants have been 

suggested to have unique roles in lipid metabolism and insulin response (Omi et al., 2005). 

These PPARγ isoforms have also been shown to have contradicting roles in prostate epithelial 

cell cancer, with expression of the γ1 isoform providing a proliferative stimulus, whilst γ2 has 

been shown to inhibit proliferation (Salgia et al., 2019). Additionally, studies of PPARγ 

isoform expression in a range of tissues from goats have shown markedly greater γ1:γ2 ratios 

than the ~3:1 ratio shown here, suggesting that PPARγ2 expression in H400 OSCCs may be 

higher than other cell types (Li et al., 2013). Unfortunately, no studies of PPARγ isoform 
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expression ratios in epithelial cells could be identified, preventing direct comparison to other 

epithelial cell types. However, it is highly possible that the antagonistic effect of GW9662 

was modified in the presence of the first 30 additional amino acids in PPARγ2 (505 AAs, 

compared to 475 AAs for PPARγ1), especially if the expression ratio of γ2 to γ1 is higher 

than in other cell types. As these extra amino acids reside in the N-terminal activation 

function 1 (AF-1) domain, this may result in differences in activation of the longer γ2 variant 

compared with the γ1 variant. As previously discussed, the AF-1 domain is crucial in the 

interaction of the nuclear receptor with the basal transcriptional machinery, and in post-

translation modification (Section 1.3). Indeed, previous studies of these two PPARγ isoforms 

identified a distinctly greater activation potency of the longer γ2 variant compared with γ1, 

even though the additional 30 amino acids possessed no activation capability in isolation 

(Werman et al., 1997). Additional work would be required to further understand the 

paradoxical activation of PPARγ by the antagonist GW9662 shown here in what is clearly a 

complex interplay of two co-expressed isoforms. For example, isoform specific siRNA or 

CRISPR-Cas9 knock-down/out of PPARγ1 or γ2 transcripts may aid in identifying if the 

antagonistic effect of GW9662 is isoform-specific. However, even considering paradoxical 

GW9662-dependent PPARγ activation, H400 cells transfected with PPRE-pNL1.3 reporter 

still showed significant activation with the agonist GW1929, suggesting that this cell line was 

still suitable as a component in a PPARγ reporter system.  

With a body of evidence that FCS-supplemented H400 cells transfected with PPRE-pNL1.3 

presented a reproducible and suitably sensitive PPARγ reporter system, these cells were then 

utilized to test PPARγ-activation of compounds widely used in cosmetic formulations and 

oral care products. Prior to application to the reporter system, cytotoxicity testing was 

undertaken to establish the maximum non-toxic dose of each compound. Four tested 
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compounds (SabiWhite®, PEA, pTeroPure® and HSA) generated significant reductions in 

measured CCK-8 absorbance at 10 µg/ml, understood to correlate with a reduction in cell 

viability. All other tested compounds produced large but statistically insignificant reductions 

at the same concentration (Figure 4.10). The use of the colourimetric CCK-8/WST-8 cell 

viability assay enabled high-throughput screening of many compounds at a wide range of 

concentrations. However, colourimetric assays have been shown to have drawbacks compared 

with other methods of assessing cell viability. These assays have shown to inconsistently 

measure cell viability in cultures containing particulates, as these may cause optical 

interference or changes in absorption (Jiao et al., 2015).  The present work, however, required 

the testing of eight compounds with five concentrations (and one control) each, necessitating 

a high-throughput approach. Therefore, colourimetric testing was deemed more suitable than 

microscopy-based cell counts. Colourimetric testing typically uses redox-based reactions, 

wherein a reagent is reduced by metabolically active cells producing an insoluble salt 

(Berridge, Herst and Tan, 2005). While significantly more rapid and less subjective than 

microscopy-based cell counts with trypan blue, colourimetric testing results may be 

confounded by changes in cell metabolism induced by test agents or treatments (Ghasemi et 

al., 2021) or by the presence of particulates in the culture media (Jiao et al., 2015). However, 

the CCK-8 assay described in the present work was calibrated for possible optical interference 

from test compounds by the inclusion of appropriate control wells.  

Following cytotoxicity testing, all test compounds were applied to the PPRE-pNL1.3 PPARγ 

reporter system at 1 µg/ml. Sulfradex was included at this stage without prior cytotoxicity 

testing and was applied to PPARγ activation studies at the same concentration (1 µg/ml) as all 

other compounds. None of the tested compounds produced statistically significant increases in 

measured luminescence, serving as an indicator of increased PPARγ activation. However, 
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several compounds produced modest but statistically non-significant increases, using assays 

for both secreted luciferase (Figure 4.11 A) and luciferase from lysed cells (Figure 4.11 B). 

While the PPRE-pNL1.3 system utilises a secreted nanoluciferase (England, Ehlerding and 

Cai, 2016), cell lysis was also trialled to ensure that a failure in protein packaging or export 

was not reducing assay sensitivity. This approach resulted in no marked change in recorded 

luminescence (representing PPARγ activation), suggesting that secretion of the nanoluciferase 

was not impeded, while GW1929 (acting as a positive control) produced increases in 

luminescence in both assay approaches used. 

The lack of significant changes in PPARγ activation by the tested cosmetic compounds may 

have been due to a real effect or may be disguised by potentially low assay sensitivity. As 

previously discussed with respect to the H400:PPRE-H2B-eGFP reporter system, high basal 

PPARγ activation may have produced near-saturation of all available PPARγ receptors, 

reducing or masking the observed effect of supplementation with these compounds. To 

address this issue, future work may include the use of a cell line with lower basal PPARγ 

activity, enabling more pronounced activation of receptors by exogenous ligands, which may 

augment the sensitivity of the PPRE-pNL1.3 reporter system. Additionally, the sensitivity of a 

reporter in a specified application may be highly dependent on experimental design. It has 

previously been reported that the sensitivity of the nanoluciferase reporter transgene has 

significantly greater sensitivity than other luciferase-based bioluminescence assays (Hall et 

al., 2012). However, further optimisation of timepoints, cell density and transfection protocols 

may improve the utility of the H400:PPRE-pNL1.3 reporter system in identifying novel 

PPARγ ligands with low activity. 
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In summary, the present work has described the generation and use of a PPARγ reporter 

system, comprising PPRE-pNL1.3-transfected H400 OSCC cells. The reporter system was 

used to identify a suitable ligand and ligand concentration to produce significant PPARγ 

activation in H400 cells, resulting in the selection of 5 µM GW1929 as a suitable stimulus for 

further work incorporating LPS-challenged H400 cells. This reporter was also applied to 

cosmetic compounds for the screening of PPARγ activation of these GRAS materials, 

showing that no tested compounds exhibited PPARγ ligand activity similar to GW1929.  
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5. DEVELOPMENT OF A NOVEL 3D PRINTED 

DEVICE FOR THE ORGANOTYPIC CULTURE 

OF GINGIVAL EPITHELIA EQUIVALENTS  
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5.1. Introduction 

The following chapter was published in part as a publication, entitled “A novel 3D printed 

buoyant device for in vitro generation of stratified epithelial rafts at the air-liquid interface” 

(Hewitt et al., 2022).  

Monolayer cultures are widely used for in vitro studies on cellular responses, molecular 

pathways and cytocompatibility. These relatively simple cultures require short culture periods 

and may provide useful preliminary data but can fail to appropriately recapitulate the in vivo 

environment (Pezzulo et al., 2011; Breslin and O’Driscoll, 2016). Previously described 

organotypic epithelia culture systems utilize Transwell inserts (Aufderheide and Mohr, 2000; 

Lin et al., 2007) or a stainless-steel mesh, raising the cell scaffold from the surface of the 

culture flask to the air-liquid interface (ALI) (Prunieras, Regnier and Woodley, 1983; 

Bernstam, Vaughan and Bernstein, 1986). However, ALI maintenance requires frequent 

adjustments of media volume to account for both media evaporation and shrinkage of 

scaffolds due to fibroblast contraction. Any variation in ALI exposure of the epithelial layer 

between replicates may reduce experimental reproducibility, with the potential for resultant 

differences in differentiation or stratification. Mitigation of these variables is therefore needed 

if scientific rigour is to be maintained. 

The novel approach described in this chapter comprised a 3D printed buoyant epithelial 

culture device (BECD), fabricated in polypropylene via a fused filament fabrication process. 

The BECD device had several key design requirements; to retain the fibroblast-seeded 

hydrogel without loss, to be easily sterilised and to continue to float (and thus maintain the 

ALI) even after prolonged periods of submersion. This unique approach enabled automatic 

maintenance of the ALI, thereby minimising variability between experimental replicates. 
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Additionally, a 3D-printed submerging ring was produced, used to force the device below the 

ALI to enable the generation of a confluent epithelial monolayer, prior to induction of the ALI 

by removal of the ring.  

Potential materials for device fabrication were screened for a lack of reported cytotoxicity and 

a melting temperature suitable for FFF extrusion between 170-250°C. Four materials were 

chosen for initial characterisation with printing trials and autoclave testing: polypropylene 

(PP) (Fatou, 1971; Roy and Fleischman, 2003), poly-lactic acid (PLA) (Garlotta, 2001; Tsou 

et al., 2017), polyethylene terephthalate-glycol modified (PETG) (Arany et al., 2021; Hsueh 

et al., 2021) and polycarbonate (PC) (Melo Pithon et al., 2009; Greene, 2021). Subsequently, 

sterilised devices were exposed to HamsF12:DMEM for 14 days (or until failure, if this 

occurred before 14 days) to evaluate if constant exposure to culture media at 37°C caused 

failure of the polymer. Within these tests, failure was defined as the generation of cracks or 

voids, leading to media ingress and device submersion. 

Following these trials, PP (BASF, Netherlands) was chosen for BECD fabrication in 

subsequent experiments, with the aim of identifying if the device geometry successfully 

generated stratified epithelia. PP-based BECDs were used to culture collagen hydrogels with 

an epithelial cell layer, which was then analysed histologically with Haematoxylin and eosin 

(H&E) staining (Fischer et al., 2008) was used to assess epithelial architecture and cell 

viability. Consideration was given to the possibility of variability in epithelia thickness 

between independent biological replicates, or across the diameter of each raft.  

In addition to stratification, epithelial tissues exhibit distinct patterns of spatial differentiation, 

key to the function of these tissues (Franke et al., 1981). For this reason, immunofluorescence 

staining was used to provide a qualitative comparison of both the expression and localisation 
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of key differentiation markers in tissue cultured using the BECD system with healthy human 

control gingival tissue. These control tissues proved suitable for assessing epithelial 

differentiation markers, however, gingival tissue is highly differentiated, with a thick and 

distinct cornified layer and well demarcated spinous and granular layers (Oubayoun et al., 

1985). Artificial organotypic cultures generated using cancer cells were not expected to 

develop such a high level of maturation, but differentiation marker expression and localisation 

could still be compared. 

5.2. BECD design and geometry  

BECD design and geometry was produced to fit within standard 6-well plate culture dishes 

and to retain a collagen hydrogel, while containing an adequate volume of air within the 

device to float and maintain the ALI, as required to meet the design considerations. 

Engineering drawings (Figure 5.1) show relevant dimensions and features. Additionally, a 3D 

rendering of the complete BECD with submerging ring in-situ, as would be used for the three-

day submersion period, is shown in Figure 5.1 G.  
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Figure 5.1 – Engineering drawings depicting the features and geometry of the BECD system. 

A, C, E) Engineering drawings of the BECD construct with cross section, top-down and isometric 

views respectively.  

B, D, F) Engineering drawings of the BECD submerging ring with cross section, top-down and 

isometric views respectively.  

G) 3D rendering of the BECD with submerging ring in place. All units shown in millimetres. 

 

5.3. Material selection trials and generation of stratified epithelia at the ALI 

Polylactic acid (PLA) BECDs were produced successfully but exhibited a small amount of 

deformation immediately after sterilisation, with separation of printed walls and changes in 

device geometry (Figure 5.2 A). These geometry changes led to non-concentric or warped 

devices, which may have caused variation in the resultant size and shape of the collagen 

hydrogels. Delamination of some walls was also noted, which could lead to leakage of the 



 

138 

 

devices. Exposure to culture media for 7 days resulted in apparent crack formation, leading to 

a complete failure of structural integrity (Figure 5.2 B) and media ingress, at which point 

devices failed to maintain the ALI.  

 

Figure 5.2 - PLA-based BECDs, demonstrating the two different failure modes observed in this 

study.  

A) Deformation of inner chamber ring due to autoclave sterilisation, leading to a non-concentric inner 

chamber. Delamination of the inner chamber walls was also noted, marked by an orange arrow.  

B) Cracking and delamination of the bottom surface of the device, following autoclaving and 

submersion in culture media for 7 days. Scale bars 5mm. 

 

PETG BECDs exhibited significant issues with deformation following sterilisation, leading to 

unusable devices (data not shown) and PETG was therefore not used for further studies. PC 

was difficult to reliably print due to issues with adhesion to the printing bed, and not 

advanced beyond early printing trials (data not shown). The melting point of PP enabled both 

extrusion in consumer-grade FFF systems and autoclave sterilisation did not result in 

construct deformation. PP withstood relatively long periods (greater than 21 days) of 

incubation at 37˚C without obvious embrittlement, structural failure, or media absorption, as 

shown in Figure 5.3 C.  
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Figure 5.3 – Images of polypropylene (PP) 3D-printed BECD as used for in vitro trials. 

A) PP BECD prior to use in in vitro trials, perspective view. 

B) The same PP BECD shown in a top-down view. 

C) PP BECD following 21 days of exposure to HamsF12 culture media at 37°C, bottom view. 

Minimal media ingress is noted, with no cracking or failure of the device. Scale bars 5mm where 

shown. 

Following initial printing trials, the suitability of polypropylene-based BECDs (Figure 5.4 A-

B) for epithelial cultures was assessed. Organotypic cultures using H400 OSCC cells and 

collagen-embedded 3T3 fibroblasts were established (as described in Section 582.5.2) and 

immersed in media for 72h using the submerging ring (Figure 5.4 C). After ring removal, the 

BECDs were allowed to float on the media surface at the ALI for 7, 14 and 21 days. The 

BECDs showed minimal media ingress and effective ALI maintenance at 21 days in culture 

(Figure 5.4 D), suggesting that the chosen geometry was appropriate for use in vitro.  

 

Figure 5.4 - Images of steps involved in the production and use of BECDs for stratified epithelial 

culture.  

A) BECD with Kapton tape in-situ, prior to sterilisation by autoclave, bottom view.  

B) BECD with Kapton tape in-situ, perspective view.  

C) BECDs in culture with submerging ring in place for 3-day submersed incubation step.  

D) BECD following 21 days of ALI culture. Minimal media ingress to BECD structure was noted, 

with the ALI appearing well maintained. Scale bars are 5mm where shown. 

 

Following 7 days of ALI culture, a thin stratified epithelium was visible on the upper surface 

of collagen gels (Figure 5.5 A-B). There was an apparent increase in epithelial thickness from 
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7 to 14 days of ALI culture (Figure 5.5 C-D) and a further marked increase from 14 to 21 

days (Figure 5.5 E-F), which indicated effective maintenance of the ALI when using the 

BECDs. However, no keratinization was noted after 21 days of culture at the ALI. BECD-

cultured H400 cells kept at the ALI for 7 days showed some irregular stratification, which 

was noticeably reduced after 14 days culture at the ALI. Fibroblasts were observed 

throughout the collagen hydrogel and showed a homogenous distribution when observed by 

microscope. SIOX segmentation and thresholding of the H&E-stained micrographs enabled 

extraction of the epithelial tissue component with minimal false-positive selection when 

evaluated by microscope (Figure 5.5 B, D, F).  
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Figure 5.5 - Representative photomicrographs of H&E-stained sections of BECD-cultured H400 

cells on a collagen-3T3 fibroblast gel for 7 (A), 14 (C) and 21 (E) days. B, D, F: The corresponding 

SIOX segmented image is shown for each micrograph, isolating the layers of epithelium shown in 

white. Scale bars = 100µm. 
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The output of material printing trials, autoclave sterilisation and in vitro use are summarised 

in Table 5.1.  

Table 5.1 - Materials selection matrix depicting the outcome of printing, sterilisation and in vitro 

trials of PLA, PC, PETG and PC. N/A = Not tested due to failure in prior tests. 

Material Printing Sterilisation In vitro use 

Polylactic acid 

(PLA) 

Pass 

Pass, with minor 

deformation 

Fail - cracking 

Polycarbonate (PC) Fail N/A N/A 

Polyethylene 

terephthalate, 

glycol modified 

(PETG) 

Pass Fail - deformation N/A 

Polypropylene (PP) Pass Pass Pass 

 

5.4. Assessment of BECD-cultured epithelial tissue thickness and 

reproducibility 

While previous data (Figure 5.5) indicated a qualitative increase in epithelial thickness over 

time, quantitative measurement of these epithelia using SIOX and image analysis macros 

enabled statistical analysis of the response of H400 cells to the BECD system. To assesses 

epithelial thickness, epithelial cells were cultured on the upper surface of collagen hydrogels 

in BECDs for 7, 14 and 21 days. H&E staining, imaging and segmentation using SIOX were 

performed and the maximal epithelial thickness (MET) of each sample was analysed using an 

ImageJ macro, reducing bias and improving measurement reproducibility.  
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There was a significant increase in MET from 7 to 14 days of culture (p < 0.05), with an 

average MET of 50.34 µm, increasing to 91.66 µm after 14 days of culture (Figure 5.6 A). 

After 21 days, a further significant increase in MET was observed (p < 0.01), with the average 

MET being 137.04 µm. The range of MET values in the technical replicates was seen to 

increase at 14 and 21 days of ALI culture and indicated more variability during prolonged 

periods of culture, as expected.   

To identify possible variability in MET between the central (inner) region of the hydrogel and 

the outer edges, sections were compared across the width of the BECD-cultured hydrogels 

(Figure 5.6 B). No significant difference was observed between the MET values of inner and 

outer hydrogel sections at the timepoints analysed (p > 0.05).  

These data indicated that the BECD system successfully produced a stratified epithelial tissue 

using H400 cells and 3T3 fibroblasts in a collagen matrix and the thickness increased 

significantly at 7, 14 and 21 days of culture.  
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Figure 5.6 – A) Maximum epithelial thickness (MET) ‘superplot’ for H400 cells cultured at the 

ALI using BECDs. Biological replicates (triangle symbols) are colour matched with their respective 

technical replicates (small circle symbols).  

N=5, 4 technical replicates per time point, mean ±SD, one-way ANOVA and Tukey’s multiple 

comparisons test (all to all).  * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

B) MET comparison between histological sections from the inner region of the hydrogel (blue 

triangle symbols) and outer regions (red triangle symbols).  

N=5, with 4 technical replicates from per timepoint, all technical replicates shown, with mean ±SD. 

Statistical analysis performed using two-way ANOVA and Šídák's multiple comparisons test. Ns = no 

significance. 

5.5. Assessment of BECD-cultured epithelial tissue differentiation 

Immunofluorescence staining for key epithelial differentiation markers was performed in both 

BECD-cultured tissues, and healthy gingival tissues obtained from oral surgery (Section 

2.5.4). Staining for involucrin, a key marker of terminal epithelial cell differentiation, 

revealed expression in both control tissue and in BECD-cultured tissue by 21 days at the ALI 

(Figure 5.7 A, B). As expected, in control tissue involucrin expression was localised to the 

upper layers of the stratified epithelia, with limited fluorescence detected in the cells 

immediately above the basal epithelial cell layer. A similar pattern was observed in BECD-

cultured tissue after 21 days at the ALI, with increased density of staining more distant from 

the basal layer. This localisation suggested terminal differentiation of epithelial cells in 
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BECD-cultured stratified epithelia was comparable with that observed in vivo. Cytokeratin 5 

expression in control tissue (Figure 5.7 C) was limited to cells immediately adjacent to the 

basal cell layer and decreased in intensity as distance from the basal cell layer increased. 

Minimal expression was apparent in the uppermost cell layers. BECD-culture tissue (Figure 

5.7 D) showed a similar trend, with the upper-most layers of cells showing minimal 

cytokeratin 5 expression, whilst cells adjacent to the basal layer showed highest expression. 

The transmembrane protein E-cadherin was selected as a marker of cell adhesion, with both 

control (Figure 5.7 E) and BECD-cultured tissues (Figure 5.7 F) showing staining for E-

cadherin, localised to intercellular junctions. Expression was consistent from the basal cell 

layers to the more superficial cornified layers. These data indicated that H400-derived 

epithelial tissue cultured using the BECD system demonstrated similar differentiation patterns 

as the control gingival tissue. 
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Figure 5.7 - Confocal micrographs of control human gingival tissue (A, C, E) and epithelia 

cultured in BECDs for 21 days (B, D, F). Involucrin was present and localised to the upper layers of 

the epithelia in control (A) and BECD-cultured H400s (B). In contrast, cytokeratin 5 was localised to 

the bottom layers of both control (C) and BECD-cultured cells (D).  E-cadherin was also localised to 

intercellular junctions in both micrographs (E, F). AF488 (green) indicates protein of interest being 

stained, with DAPI (blue) used as a nuclear counterstain. Scale bars = 50 µm. 
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5.6. Discussion 

The work described in this chapter aimed to develop and assess the utility of a novel device to 

produce epithelial tissue using easily fabricated devices and to reduce technique-sensitivity 

compared with existing methodologies. The buoyant epithelial culture device (BECD) 

enabled i) the establishment of epithelial cultures when immersed in media using the 

submerging ring, ii) a smooth and easy transition to the ALI environment, and iii) long term 

ALI cultures to be automatically maintained by floating on the media surface. BECDs 

considerably simplified typically highly technique-sensitive ALI culture, which has been 

shown to have high levels of inter-laboratory variability (Barosova et al., 2021). It is also 

hypothesised that ALI culture is likely to have problematic levels of inter-user variability due 

to its technique sensitivity.  

CAD and FFF technologies were jointly employed for the design and fabrication of BECDs, 

allowing for rapid amendment of the basic design, including simple geometry modifications, 

or more complex changes to include inserts or measurement probes, for example trans-

epithelial electrical resistance readings for barrier function assessment. FFF has been 

increasingly used in laboratories with more ‘open’ and accessible approaches to science, often 

employed as a step in the production of in vitro devices (Yang et al., 2016; Herreros-Pomares 

et al., 2021), or for direct use in vitro, as described here. In addition, 3D bioprinting has been 

employed for use in developing tissue constructs and models (Vanderburgh, Sterling and 

Guelcher, 2016; Samavedi and Joy, 2017), though these approaches are markedly different 

compared with producing in vitro culture devices from polymers. The chosen design and 

device geometry (Figure 5.1) was printed with minimal errors and was sufficiently buoyant to 

maintain the ALI. The submerging ring effectively forced the device below the ALI to enable 

the formation of a confluent cell monolayer prior to ALI induction. 
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The selection of polymers for printing was primarily based on melting temperature and 

published cytotoxicity data. PC and PETG were subsequently excluded after initial trials of 

printing and sterilising the chosen design geometry. PC exhibited a prohibitively high melting 

temperature for the FFF 3D printer, producing issues with print quality and bed adhesion. 

Inversely, the lower melting temperature of PETG led to deformation following autoclave 

sterilisation. PLA was also trialled, passing initial printing and sterilisation trials with a small 

degree of deformation following autoclave treatment. Although PLA is used more widely than 

PP for consumer-grade FFF 3D-printing applications (Jones et al., 2011), in vitro trials 

showed that PLA BECDs were prone to embrittlement and cracking after prolonged (14 day) 

periods immersed in culture media. PLA has been shown to be degraded by hydrolysis, 

leading to the formation of lactic acid, even in the absence of any catalytic enzymes (Garlotta, 

2001). This hydrolysis may lead to device cracking and failure as noted (Figure 5.2 B), and 

the formation of lactic acid monomers may lead to cytotoxicity. There is a limited amount of 

research on the cytotoxicity of 3D-printed PLA constructs, but studies with human breast 

cancer cells grown in printed scaffolds showed no significant impact on cell viability 

(McAllister et al., 2021). However, the noted issues with device cracking and structural 

failure led to the elimination of PLA for printing the devices. 

Therefore, out of the four tested materials, only PP passed initial testing, and thus was used to 

fabricate BECDs and culture organotypic gingival epithelial equivalents. PP demonstrated a 

suitable melting temperature to enable extrusion by the FFF 3D printing system but avoided 

softening or melting at autoclave temperatures (Fatou, 1971). PP is also widely used in the 

production of in vitro cell cultureware, with high stability and low cytotoxicity (Roy and 

Fleischman, 2003).  
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Following selection of an appropriate material and design, 3D printed BECDs enabled growth 

of stratified epithelial tissues comparable with those obtained using traditional ALI 

methodologies including Transwell inserts (Rosdy and Clauss, 1990; Wang et al., 2018) or 

stainless-steel mesh to raise the culture rafts (Prunieras, Regnier and Woodley, 1983; 

Bernstam, Vaughan and Bernstein, 1990). Previous work (Khan et al., 2012) employing ALI-

cultured H400 cells on a raised collagen gel demonstrated a similar epithelial tissue 

morphology and architecture following H&E staining compared with that presented in this 

study. It also showed no evidence of the generation of a cornified, keratinized apical cell layer 

following 21 days of ALI culture of H400 cells on a collagen hydrogel, similarly to the data 

presented in the current work. However, the use of DED as a substrate was shown to generate 

this cornified cell layer, suggesting that the scaffold used influences the degree of epithelial 

maturation. Modification of this scaffold material to more closely mimic epithelial dermis 

may be beneficial if this maturation is necessary or desired. 

 

Thickness of the stratified epithelium produced with BECDs was studied at 7, 14 and 21 days 

of ALI culture. SIOX quantification provided a rapid, unbiased thresholding and 

segmentation technique to quantify the thickness of these epithelial cultures and thus this 

technique was subsequently used to automate the process of epithelial thickness assessment.  

The increasing thickness of the epithelial layer was apparent and statistically significant 

between these timepoints (Figure 5.5 and Figure 5.6A). BECDs did not appear to exert any 

cytotoxic effect on the cells, as cultures showed stratification and no marked changes in 

morphology. Additionally, the absence of a significant difference in MET between epithelia at 

the outer margin and inner sections of the hydrogels (Figure 5.6B) showed that epithelial 

thickness was constant across the width of the raft. 
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The thickness of the obtained epithelial tissues generated demonstrated reproducibility within 

both technical and biological repeats, which likely reflects the consistent ALI maintenance in 

BECDs. A minor increase in variability between replicates was noted at 14 and 21 days of 

culture (Figure 5.6A), which could be due to the shrinkage of the fibroblast-collagen matrix 

pulling some regions of epithelia below the ALI. Further work may identify a more 

dimensionally stable hydrogel replacement, reducing shrinkage in long term cultures 

(Bacakova et al., 2019). Variability may also be reduced further by optimising print settings, 

leading to fewer voids through which media ingress may occur after prolonged submersion. 

The nature of FFF as a layer-by-layer additive manufacturing process means that water-tight 

components can prove challenging to fabricate. Higher resolution 3D printers and smaller 

diameter nozzles are likely to provide an improvement and reduce variability further. 

Additionally, the system is more economical than Transwell devices, with each BECD costing 

a fraction of these commercially available devices. Raw material cost for a complete system 

of a single BECD and submerging ring is in the order of £0.03 per device, about twenty times 

cheaper than a similar Transwell system. 

Following initial histological assessments using H&E staining, immunofluorescence (Figure 

5.7) was applied to produce a qualitative assessment of the expression and localisation of key 

epithelial markers.  These were all detected in the cultured epithelial tissue, indicating that the 

differentiation shown in BECD-cultured tissue was similar to that of the control tissue. 

Involucrin expression in both control tissue and BECD-cultured tissue was localised 

predominantly to the uppermost layers of the stratified epithelium, a finding consistent with 

previous reports (Watt, 1983; Ekanayake-Mudiyanselage et al., 1998). Involucrin is a widely 

used marker of terminal epithelial differentiation, playing a key role in barrier function in 
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healthy epithelia (Ye et al., 2000), suggesting this function was likely to be maintained in 

these BECD-cultured tissues as is observed in vivo.  

Expression of cytokeratin 5 was noted in BECD-cultured epithelial tissues, with maximal 

expression in the basal cells, though this localisation was not as clearly defined in cultured 

samples as in control tissue. These data, however, indicated that localisation of cytokeratin 5 

was similar to that of in vivo tissues.  

E-cadherin expression was also observed in BECD-cultured tissue. E-cadherin has been 

shown to be crucial for normal cell adhesion processes, spanning the intercellular space and 

providing a junction between adjacent cells via its transmembrane domains (Van Roy and 

Berx, 2008). The presence and localisation of E-cadherin in BECD-culture tissues provided 

evidence that cell adhesion was maintained as observed in control tissues.  

Some variation in the demarcation and localisation of differentiation markers was expected 

when using ALI-based systems, which are relatively simple compared with the complex in 

vivo environment. It was notable that correctly stratified epithelia were developed despite the 

using the H400 cell line, which was derived from an alveolar process squamous cell 

carcinoma. The immortal, rapidly dividing nature of this cell line is useful for research 

purposes, however the differentiation and architectural arrangement of these cancer cells 

varies from the primary healthy human tissue (Prime et al., 1990), or from tissues obtained 

with primary cells. 

In summary, BECDs provide an economical and user-friendly approach to ALI culture with 

the potential to reduce variability within ALI-cultured tissues. This culturing approach is 

easily adaptable, allowing for rapid, reliable induction of ALI in any volume of culture media. 

A buoyant, self-levelling device is likely to reduce technique sensitivity with the possibility of 
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improved reproducibility compared with conventional methodologies, enhancing the 

suitability of the system for high-throughput applications.  

BECDs may be used to elucidate the mechanisms of epithelial tissue disorders, or trial drug 

candidates in a more biomimetic system compared with a relatively simple monolayer culture, 

with application to periodontal disease, bacterial and viral infections and oral cancers. This 

system may be further used for the generation of other ALI-cultured tissues by modification 

of the cell types used, including cutaneous and bronchial epithelial tissues (Lin et al., 2007). 

In addition to in vitro studies, the BECD system may also have utility in clinical tissue 

engineering applications, due to the versatility and ease of generation of stratified epithelial 

tissue. The devices could be increased in scale and throughput to enable the generation of oral 

mucosal or skin equivalents for use in vivo, for example replacing tissue lost to trauma, 

disease, burns or surgical intervention.  

  



 

153 

 

6. THE ROLE OF PPARγ ACTIVATION IN 

REDUCING THE EFFECTS OF LPS ON ORAL 

EPITHELIAL CELLS  
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6.1. Introduction 

Following characterization of the effects of LPS on H400 OSCC gene expression and barrier 

function (Chapter 3), and development and testing of a PPARγ reporter system (Chapter 4), 

studies were conducted to identify the role of PPARγ stimulation in a model of gingival 

inflammation. While a range of PPARγ agonists exist, including TZD-class anti-diabetics and 

endogenous ligands such as 15d-PGJ2 (Li, Guo and Wu, 2019), the synthetic PPARγ agonist 

GW1929 was chosen for these studies. GW1929, when used at a concentration of 5 µM, had 

previously been shown to significantly increase PPARγ activation in the H400 OSCC reporter 

system (Section 4.4).  

PPARγ activation has previously been shown to exert a wide variety of effects, suppressing 

inflammatory cytokine signalling in a variety of cell types (Jacob et al., 2007; Martin, 2009) 

and upregulating tight junction-related genes (Ogasawara et al., 2010). However, no studies 

have examined the role of PPARγ activation in improving barrier function following LPS 

challenge in gingival epithelial cells. For this reason, quantitative PCR was initially used to 

identify changes in the expression of genes relevant to inflammation, PPARγ signalling, 

barrier function and epithelial differentiation. H400 cells were then exposed to 2 µg/ml LPS 

for 24 hours, followed by 5 µM GW1929 with 2 µg/ml LPS. Control groups comprised 

vehicle control (DMSO solvent only), LPS only and GW1929 only. Following this, enzyme 

linked immunosorbent assays (ELISAs) were applied to monolayer cultured H400 cells to 

identify if interesting changes in the gene expression of two relevant cytokines translated to 

the protein level, and western blotting was performed to examine possible changes in tight 

junction related gene expression.  
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It was also hypothesized that responses to both LPS and PPARγ agonists may be different 

between epithelial cells cultured in simple monolayers, and those cultured in organotypic 

models. With previous data validating the generation of differentiated, stratified gingival 

epithelial models, the BECD system (as described in Chapter 5) was used to generate 

organotypic gingival epithelia. H400 OSCC cells were cultured at the ALI for 14 days in the 

BECD system and stimulated with the same concentrations of LPS and GW1929 as used for 

monolayer cultures. This approach enabled direct comparison of gene expression between 

these two approaches to gingival epithelial cell culture.  

Additionally, barrier function analysis with TEER was performed on H400 OSCC cells 

cultured with both systems, and a FITC-dextran macromolecular tracer assay (Bischoff et al., 

2016) performed on monolayer cells. This approach allowed for analysis of the flux of ions 

and macromolecules through H400 cell layers, and RT-qPCR was performed to aid in 

developing a mechanistic understanding of the possible effect of PPARγ stimulation on 

barrier function. 

6.2. Analysis of gene and protein expression in LPS-challenged H400 cells 

treated with PPARγ agonists 

RT-qPCR, ELISAs and western blots were performed on monolayer and organotypically 

cultured H400 cells to identify changes in expression of genes and cytokine relevant to 

inflammation, barrier function and PPARγ signalling. Both groups of cells were exposed to 

LPS (1 µg/ml) for 24 hours, followed by LPS (2 µg/ml) and GW1929 (5 µM) for a further 24 

hours prior to RNA / protein isolation.  
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6.2.1. LPS/GW1929 double treatment in monolayer H400 OSCC cells 

RT-qPCR (shown in Figure 6.1) revealed that mean calibrated normalised relative quantity 

(CNRQ) for the pro-inflammatory cytokine interleukin 8 (CXCL8) showed no statistically 

significant increase between the control and any other treatment condition (p > 0.05). 

However, CXCL8 CNRQ was significantly increased between GW1929-treated cells (mean 

CNRQ = 0.7) and cells exposed to LPS only (CNRQ = 3.52, p = 0.0148) and LPS+GW1929 

(CNRQ = 3.45, p = 0.0183). 

Pro-inflammatory cytokine interleukin 6 (IL6) was significantly increased from a mean 

CNRQ of 1.76 in the control population to 6.75 following LPS stimulation alone (p < 0.0001). 

Expression was significantly downregulated in cells exposed to both LPS and GW1929 when 

compared to LPS alone (CNRQ = 1.44, p < 0.001). Treatment with GW1929 in the absence of 

LPS produced no significant difference in IL6 CNRQ relative to control cells (p = 0.9721).  

Conversely, expression of interleukin 11 (IL11), an anti-inflammatory cytokine, was only 

significantly upregulated in H400 cells exposed to LPS and GW1929, increasing from a mean 

CNRQ of 0.919 in control populations to 4.29 with LPS and GW1929 (p = 0.0023). No 

significant changes in IL11 CNRQ were detected following treatment with LPS or GW1929 

in isolation (CNRQ = 1.86, p = 0.7328 and CNRQ = 1.55, p = 0.8978, respectively). 

Expression of tumour necrosis factor alpha (TNFa) and nuclear factor kappa beta (NFKB) 

were not significantly altered in any of the tested conditions compared to control cell 

populations (p > 0.05). Expression of interferon gamma (IFNG) was found to be very low, 

with CP values exceeding 40 amplification cycles, even after repetition to mitigate possible 

experimental error.  

Within the group of genes relevant to PPARγ function and signalling, no significant changes 

in CNRQ of PPARγ (PPARG), prostaglandin-endoperoxide synthase 2 (PTGS2 / COX2) or 
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aquaporin 3 (AQP3) were detected. PPARG expression remained stable, with a slight increase 

in populations exposed to GW1929 (both in isolation and with LPS), but with no significant 

differences between any experimental groups.  

Barrier function related genes occludin (OCLN), claudin (CLDN1) and zona occludens 1/2 

(TJP1/2), junctional adhesion molecule 1 and 3 (JAM1 / JAM3) and differentiation markers 

involucrin (IVL) and keratin-10 (KRT10) also showed no relevant statistically significant 

differences. E-cadherin (CDH1) only showed one significantly different change in expression, 

with a greater expression following LPS exposure than following GW1929 exposure (CNRQ 

= 4.78 and 2.14 respectively, p = 0.0026). 
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Figure 6.1 - RT-qPCR analysis of gene expression in monolayer cultured H400 cells, stimulated 

with LPS (2 µg/ml) and treated with GW1929 (5 µM). 

CXCL8 = Interleukin 8, IL6 = interleukin 6, IL11 = interleukin 11, TNFa = tumour necrosis factor 

alpha, NFKB = nuclear factor kappa beta, IFNG = interferon gamma, PPARG = peroxisome 

proliferator activated receptor gamma, PTGS2 = prostaglandin-endoperoxide synthase 2, AQP3 = 

aquaporin 3, CDH1 = e-cadherin, OCLN = occludin, CLDN1 = claudin, TJP1 = zona occludens 1, 

TJP1 = zona occludens 2, JAM1 = junctional adhesion molecule 1, JAM3 = junctional adhesion 

molecule 3, IVL = involucrin, KRT10 = cytokeratin 10 
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N=3, mean calibrated normalised relative quantity (CNRQ) ±SD, two-way ANOVA with Tukey’s 

multiple comparisons post-hoc test (all to all). * = p <  0.05.  ** = p <  0.01. *** = p <  0.001. **** = 

p < 0.0001. 

 

RT-qPCR analysis of H400 cells stimulated with LPS and treated with GW1929 showed 

significant changes in the expression of interleukins 6 and 11. Therefore, enzyme-linked 

immunosorbent assays (ELISAs) were performed to identify if the noted changes in gene 

expression led to a change in protein expression by quantifying secreted IL-6 and IL-11 in the 

culture media. IL-6 ELISA showed cytokine production was below the limit of quantification 

(LOQ) of the assay system under all tested treatment conditions and across all biological 

replicates. A standard curve was produced with recombinant human IL-6 (from 9.38 to 600 

pg/ml) and data fitted a quadratic polynomial, generating an R2 value of 0.9992 (Figure 6.2). 

Recorded absorbance values for all samples are shown in  

 

Table 6.1. 
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Figure 6.2 - Human IL-6 ELISA standard curve. Datapoints are mean of triplicate technical 

replicates. Data fit performed with a quadratic polynomial , R2 = 0.9992. 

 

 

Table 6.1 - Human IL-6 ELISA, recorded absorbance values of sample wells (450 - 570 nm). 

Mean of 3 technical replicates. Mean of biological replicates (±SD) shown.  

 N1 N2 N3 Mean SD 

A – Control 0.002 0.003 0.001 0.002 0.001 

B – LPS (2 µg/ml) 0.006 0.005 0.004 0.005 0.001 

C – GW1929 (5 µM) 0.003 0 0 0.001 0.002 

D – LPS and GW1929 0.003 0.003 0.003 0.003 0.000 
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ELISAs performed for IL-11 secreted by H400 OSCC cells generated no statistically 

significant change in expression in cells exposed to LPS and GW1929 compared with the 

control (p > 0.05) (Figure 6.3 B). Quadratic polynomial regression of standard curves 

generated for these assays produced a R2 value of 0.9942 following linear regression (Figure 

6.3 A) 

 

Figure 6.3 - IL-11 ELISA performed on H400 cells exposed to LPS and GW1929.  

A) Standard curve generate from recombinant IL-11 protein standard, datapoints are mean of triplicate 

technical replicates. Quadratic poylnomail regression applied, R2 = 0.9942.  

B) Interpolated ELISA results, revealing a statistically significant increase in IL-11 expression 

between the control population and cells exposed to LPS (2 µg/ml) and GW1929 (5 µM).  

N=3, mean concentration (pg/ml) ±SD, one-way ANOVA with Tukey’s multiple comparisons post-

hoc test (all to all). * = p <  0.05.   

 

Whilst no statistically significant changes in expression of barrier function related genes was 

noted in RT-qPCR studies, western blotting was also performed to examine if any such 

changes occurred at the protein level. Due to constraints imposed by the size of SDS-PAGE 

gels, experiment group C (GW1929 only) was omitted from these data. 
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A western blot for zona occludens-1 (ZO-1), shown in Figure 6.4 A, generated one distinct 

band greater than 75 kDa in size, matching the expected size of ZO-1 (UniProt Q07157-1, 195 

kDa). A second band was detected with a molecular weight of approximately 50 kDa, as 

expected for the beta actin loading control (41.7 kDa). No marked differences in expression of 

ZO-1 were observed in any treatment group. Quantification of band intensity was performed 

(Figure 6.4 B) and showed no significant changes in expression of ZO-1 between any tested 

treatment condition. 

Similarly, western blotting for claudin-1 (Figure 6.4 C) generated a single band with a 

molecular weight of less than 25 kDa, matching the expected size of claudin-1 (UniProt 

O95832, 22.7 kDa), in addition to the beta actin loading control. Quantification of band 

intensity (Figure 6.4 D) showed no statistically significant change in claudin-1 expression (p 

= 0.4609).  

A western blot for occludin (Figure 6.4 E) generated a single band of a molecular weight 

below 75 kDa, but greater than the 41.7 kDa beta-actin loading control. This fragment 

matched the expected size of occludin (UniProt Q16625-1, 59.1 kDa). Quantification of band 

intensity generated no statistically significant changes in expression in any tested condition 

(Figure 6.4 F). 
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Figure 6.4 – Western blots and quantification of protein expression for tight junction proteins 

ZO-1 (A, B), claudin (C, D) and occludin (E, F). H400 cells exposed to LPS (2 µg/ml) and PPARγ 

agonist GW1929 (5 µM) prior to lysis and protein isolation. Quantification of protein expression was 

performed relative to loading control β-actin. No significant differences in tight junction protein 

expression were observed following treatment with LPS or LPS combined with GW1929. Western 

blots presented are unmodified except for the inclusion of annotations shown in black. 

N=3, mean ±SD, one-way ANOVA with Tukey’s multiple comparisons post-hoc test (all to all).  
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6.2.2. LPS/GW1929 double treatment in organotypically cultured H400 OSCC cells 

Organotypically cultured H400 cells generated low gene expression responses following LPS 

treatment and GW1929 exposure, both in isolation and when combined. However, JAM3 

expression was significantly lower in control, LPS and GW1929-treated cultures than in 

combined LPS/GW1929 cultures. Expression fell from a CNRQ of 45.97 in LPS/GW1929 

double treated cultures to 20.93 in the control (p = 0.0070), 20.68 in LPS treated cells (p = 

0.0064), and 8.43 in GW1929 treated cells (p < 0.0001 for all). No other genes showed 

statistically significant expression changes between any tested conditions.  
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Figure 6.5 - RT-qPCR analysis of gene expression in BECD cultured H400 cells (14 days ALI), 

stimulated with LPS (2 µg/ml) and treated with GW1929 (5 µM). 

CXCL8 = Interleukin 8, IL6 = interleukin 6, IL11 = interleukin 11, TNFa = tumour necrosis factor 

alpha, NFKB = nuclear factor kappa beta, IFNG = interferon gamma, PPARG = peroxisome 

proliferator activated receptor gamma, PTGS2 = prostaglandin-endoperoxide synthase 2, AQP3 = 

aquaporin 3, CDH1 = e-cadherin, OCLN = occludin, CLDN1 = claudin 1, TJP1 = zona occludens 1, 

TJP2 = zona occludens 2, JAM1 = junctional adhesion molecule 1, JAM3 = junctional adhesion 

molecule 3, IVL = involucrin, KRT10 = cytokeratin 10 

N=3, mean calibrated normalised relative quantity (CNRQ) ±SD, two-way ANOVA with Tukey’s 

multiple comparisons post-hoc test (all to all). ** = p < 0.01,  **** = p < 0.0001. 
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6.2.3. Comparison of gene expression between monolayer- and organotypically 

cultured cells 

RT-qPCR was then used to directly compare the gene expression between H400 OSCC cells 

cultured in monolayer (2D) and organotypically (3D), with the same LPS challenge and 

PPARγ ligand (GW1929) treatments as described previously.  

Interleukin 6 (IL6, Figure 6.6 B) expression appeared highly downregulated in 3D-cultured 

cells, but only GW1929-treated cells generated a significant difference in IL6 CNRQ, from 

1.36 to 0.00 in 3D-cultured cells (p = 0.0010). TNFα (TNFA, Figure 6.6 D) expression 

appeared greater in 3D-cultured cells than in 2D, though these results were not statistically 

significant under any tested condition. Expression of interleukin 8 (CXCL8, Figure 6.6 A), 

interleukin 11 (IL11, Figure 6.6 C) and nuclear factor kappa beta (NFKB, Figure 6.6 E) was 

not found to be significantly different between 2D and 3D-cultured cells in any treatment 

group, and appeared relatively consistent between monolayer and 3D cultured cells. 

Whereas IL6 expression was markedly greater in 2D cultured cells than 3D, interferon gamma 

(IFNG, Figure 6.6 F) showed the opposite trend, with expression of IFNG appearing highly 

suppressed in 2D-cultured cells. Untreated control cells showed a statistically significant 

increase in CNRQ from 0.001 in 2D to 1.00 in 3D (p = 0.0004), and in combined LPS / 

GW1929-exposed cells (CNRQ = 0.0045 in 2D and 0.57 in 3D, p = 0.0273).  
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Figure 6.6 – Comparison of inflammation-related gene expression in monolayer (blue) and 

organotypic (red) H400 cells. 

A) CXCL8 (interleukin 8)  

B) IL6 (interleukin 6) 

C) IL11 (interleukin 11) 

D) TNFA (tumour necrosis factor alpha) 
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E) NFKB (nuclear factor kappa beta) 

F) IFNG (interferon gamma)  

N=3, mean calibrated normalised relative quantity (CNRQ) ±SD, multiple unpaired t-tests with Holm-

Šídák method. Alpha = 0.05. * = p < 0.05.   

Expression of the peroxisome proliferator activated receptor gamma (PPARG, Figure 6.7 A) 

appeared relatively stable between 2D and 3D-cultured H400 cells at all tested conditions, 

with no statistically significant difference detected. Aquaporin (AQP3, Figure 6.7 B) 

expression was only significantly different in LPS and GW1929-stimulated cultures, where 

3D-cultured cells showed greater expression (CNRQ = 1.69) than those cultured in 2D 

(CNRQ = 0.37) (p = 0.0199). Expression of prostaglandin-endoperoxide synthase 2 (PTGS2, 

Figure 6.7 C) was only statistically significant in cells exposed to GW1929, increasing from a 

CNRQ of 0.15 in 2D to 2.79 in 3D (p = 0.0040). 
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Figure 6.7 - Comparison of PPARγ and PPRE gene expression in monolayer (blue) and 

organotypic (red) H400 cells. 

A) PPARG (peroxisome proliferator activated receptor gamma)  

B) AQP3 (aquaporin 3) 

C) PTGS2 (prostaglandin-endoperoxide synthase 2) 

N=3, mean calibrated normalised relative quantity (CNRQ) ±SD, multiple unpaired t-tests with Holm-

Šídák method. Alpha = 0.05. * = p < 0.05.   
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Expression of E-cadherin (CDH1) was significantly lower in organotypically cultured cells 

than monolayer cultured cells, in both the control group and cells exposed to LPS. In control 

cells, expression decreased from a CNRQ of 3.76 to 0.285 (p = 0.0367), and in LPS exposed 

cells expression decreased from a CNRQ of 4.78 to 0.52 (p = 0.0367). No significant change 

in expression was recorded for cells exposed to GW1929 and combined LPS / GW1929 

treatment (p = 0.2525 for both). Occludin (OCLN) expression was shown to be significantly 

greater in organotypic cultures when exposed to LPS and GW1929 than in monolayer 

cultures, with an increase in CNRQ from 0.73 to 1.66 (p = 0.0161). JAM3 expression (Figure 

6.8 F) appeared highly suppressed in 2D cultured cells compared with 3D cultures, though 

this was not a statistically significant finding (p >0.05). No other tested barrier function genes 

showed statistically significant changes in expression between monolayer and organotypic 

cultures across any treatment condition. 
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Figure 6.8 - Comparison of barrier function related gene expression in monolayer (blue) and 

organotypic (red) H400 cells. 

A) CLDN1 (claudin 1) 
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B) OCLN (occludin) 

C) TJP1 (tight junction protein 1 / zona occludens 1) 

D) TJP2 (tight junction protein 2 / zona occludens 2) 

E) JAM1 (junctional adhesion molecule 1) 

F) JAM3 (junctional adhesion molecule 3) 

G) CDH1 (e-cadherin) 

N=3, mean calibrated normalised relative quantity (CNRQ) ±SD, multiple unpaired t-tests with Holm-

Šídák method. Alpha = 0.05. * = p < 0.05.   

 

A reduction in expression of cytokeratin 10 (KRT10) was only statistically significant in the 

control group (Figure 6.9 A), where expression fell in 3D cultures from a CNRQ of 1.82 to 

0.63 (p = 0.0384). Changes in expression of involucrin (IVL) was not statistically significant 

in any treatment group (Figure 6.9 B).  

 

Figure 6.9 - Comparison of epithelial differentiation marker gene expression in monolayer (blue) 

and organotypic (red) H400 cells. 

A) KRT10 (Cytokeratin 10)  

B) IVL (Involucrin) 

N=3, mean calibrated normalised relative quantity (CNRQ) ±SD, multiple unpaired t-tests with Holm-

Šídák method. Alpha = 0.05. * = p < 0.05.   
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6.3. Barrier function assays in LPS-challenged H400 cells treated with a 

PPARγ agonist 

Following the studies of gene and protein expression in monolayer and organotypically 

cultured H400 OSCC cells, barrier function studies were conducted. TEER and FITC-dextran 

macromolecular tracer (MMT) assays were performed on cells again challenged as previously 

described with LPS (2 µg/ml) for 24 hours, and then treated with LPS (2 µg/ml) in 

conjunction with the PPARγ agonist GW1929 (5 µM) for a further 24 hours. MMT and TEER 

assays were limited by a sample size of 2, preventing statistical analysis. 

MMT assays performed on monolayer (2D) cell cultures indicated a 34% increase in tracer 

flux (measured as fluorescence) in LPS stimulated cells compared with the control (Figure 

6.10 A). TEER performed on the same cells (Figure 6.10 B) showed a 30% reduction in mean 

electrical resistance from 192 Ω.cm2 in control cells, to 151 Ω.cm2 following LPS stimulation. 

This impact on barrier function was not reduced in cells exposed to LPS and GW1929 when 

assessed by MMT, with similar recorded fluorescence levels for LPS and LPS+GW1929 

cells. However, TEER values for cells exposed to LPS+GW1929 returned to close to the 

baseline set by the control, indicating a recovery of barrier function.  
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Figure 6.10 – Barrier function assays performed in monolayer H400 cells exposed to 2 µg/ml 

LPS and the PPARγ agonist GW1929 (5 µM). Cells were exposed to LPS for 24 hours, followed by 

a further 24 hours of LPS +/- GW1929 exposure.  

A) FITC-dextran macromolecular tracer assay (MMT), showing a slight increase in fluorescence in 

LPS-treated cells compared with the control, with a similar level of fluorescence recorded in cells 

exposed to LPS and GW1929. 

B) Transepithelial electrical resistance (TEER) measurements performed on the same samples. A 

decrease in TEER is noted in cells exposed to LPS alone, compared to control cells. An increase is 

also noted from LPS-exposed cells to cells treated with LPS and GW1929, suggesting a recovery in 

barrier function with GW1929 treatment.   

N=2, mean ±SD, no statistical tests performed due to sample size.  

TEER assays performed on organotypically (3D) cultured H400 cells using the BECD system 

reflected the same trends shown in TEER performed on monolayer H400 cells. TEER in 

untreated control cultures was recorded as 319 Ω.cm2, falling to 305 Ω.cm2 following LPS 

exposure. Cell cultures exposed to LPS and GW1929 generated TEER readings of 329 Ω.cm2. 
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Figure 6.11 - TEER assay performed on organotypically cultured H400 cells exposed to 2 µg/ml 

LPS and the PPARγ agonist GW1929 (5 µM). Cells were exposed to LPS for 24 hours, followed by 

a further 24 hours of LPS +/- GW1929 exposure.  

N=1, no statistical tests performed due to sample size.  

 

6.4. Discussion 

RT-qPCR of monolayer-cultured H400 cells exposed to E. coli LPS and the PPARγ agonist 

GW1929 (Figure 6.1) revealed interesting changes in inflammation-linked gene expression in 

monolayer H400 cells. The pro-inflammatory cytokine interleukin 6 (IL6) was significantly 

upregulated in LPS-treated H400 cells compared to control H400 cells, with PPARγ 

activation reducing this back to baseline levels, suggesting that PPARγ activation may act to 

ameliorate some of the inflammatory signalling induced by LPS. This finding was supported 

by previous studies showing that interleukin 6 gene expression can be significantly reduced 
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by PPARγ activation in LPS-stimulated cutaneous keratinocytes (Mastrofrancesco et al., 

2014).  

Inversely, expression of the anti-inflammatory cytokine interleukin 11 (IL11) was shown to 

be significantly upregulated in H400 cells exposed to LPS and GW1929 simultaneously when 

compared with both untreated control cells and LPS-only cells. Interleukin 11 has been shown 

to strongly dampen the inflammatory response, reducing the expression of TNFA and IL6 in 

macrophages (Schwertschlag et al., 1999), though no effect was seen on TNFα expression in 

the present work. No studies were identified which directly examined the influence of PPARγ 

activation on interleukin 11 expression, though interleukins 6 and 11 have been shown to 

exist within the same family and share activation pathways (Garbers and Scheller, 2013), 

suggesting that PPARγ may modulate the expression of both interleukins via a common 

mechanism. 

Enzyme-linked immunosorbent assays (ELISAs) were performed to identify how the changes 

in IL6 and IL11 gene expression translated to expression at the protein level. Unfortunately, 

IL6 ELISA failed to quantify IL6 protein across multiple repetitions of the protocol and any 

tested culture condition (Figure 6.2 and  

 

Table 6.1). This observation has previously been reported when studying IL6 production in 

H400 OSCC cells stimulated with heat killed bacteria (Grant et al., 2023 - supplemental 

information), suggesting an issue with the export of IL6 protein from H400 cells, or a failure 

of the ELISA antibodies to detect IL6 produced by these cells. Such an issue was not noted 

with IL11 ELISAs, but no significant change in expression was noted with any tested 

condition. Overall, RT-qPCR studies for interleukins 6 and 11 suggested that PPARγ 

stimulation with GW1929 may reduce pro-inflammatory cytokine gene expression, while 
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simultaneously increasing anti-inflammatory cytokine expression in monolayer H400 cells. 

However, the possible immunomodulatory effect of PPARγ activation was not reflected in the 

gene expression of CXCL8 and TNFA, as has been reported in both cutaneous keratinocytes 

(Mastrofrancesco et al., 2014) and other cells (Ohama et al., 2008). These distinctions may be 

due to differences in CXCL8 and TNFA expression and regulation in oral gingival epithelial 

cells, or due to the study design, including differences in the inflammatory stimulus or PPARγ 

agonists used. 

 

Interestingly, the gene expression responses shown by CXCL8, IL6 and IL11 cultured as a 

monolayer (Figure 6.1) were not seen in H400 cells cultured organotypically in the BECD 

system (Chapter 5) with no significant differences between any tested conditions in any gene 

(Figure 6.5). Comparison of inflammation-linked gene expression in monolayer (2D) and 

organotypic (3D) culture (Figure 6.6) suggests a marked difference in response to the LPS 

stimulus between these models. For example, IL6 expression appeared heavily suppressed in 

3D-cultured cells (Figure 6.6 B), while inversely interferon gamma (IFNG) expression was 

found to be significantly suppressed in 2D-cultured cells (Figure 6.6 F). Indeed, IFNG is not 

typically expressed in keratinocytes (Jiang et al., 2020), suggesting that organotypic culture 

may have altered the transcriptional profile of the tested H400 OSCC cells. This effect was 

also shown in the expression of PTGS2, a possible response element of PPARγ (Hotta et al., 

2010). These data suggested that the transcriptional response of monolayer and 

organotypically cultured H400 cells to LPS was markedly different, and the LPS 

concentration used in these assays failed to produce a suitably strong inflammatory stimulus 

in organotypic cell cultures. 
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It is possible that the concentration of LPS used was too low to induce inflammatory 

signalling due to the greater number of cells found in organotypic cultures than monolayers, 

resulting from the more complex tissue architecture found in these models. Moreover, 

previous work has shown that the innate immune responses of airway epithelial cells are 

dependent on cellular differentiation state (Chan et al., 2010). It is possible that the presence 

of differentiated epithelial cells in ALI cultures (as shown in Chapter 5, Section 5.5) may lead 

to modified immune responses compared to undifferentiated monolayer epithelial cells. 

Furthermore, the collagen hydrogel itself may act as a reservoir by absorbing LPS and 

reducing the concentration of LPS accessible by epithelial cells. It is suggested that further 

studies in LPS-exposed organotypic cultures may benefit from screening a wider range of 

LPS concentrations to identify how organotypic models may reduce the efficacy of LPS as an 

inflammatory stimulus, when compared with monolayer cells.   

In addition to using a relatively low LPS concentration, a further limitation of the present 

work was the use of long treatment periods prior to RNA isolation for RT-qPCR. The studies 

performed in Sections 6.2 and 6.3 employed a 24-hour LPS pretreatment, followed by a 

further 24 hours of LPS with PPARγ agonist exposure, mimicking the possible clinical 

application of PPARγ agonists to treat inflamed gingival epithelial tissues in vivo. This 

relatively long period of LPS exposure prior to RNA or protein isolation may result in a 

failure to detect changes in the expression of some genes, wherein expression has begun to 

normalise, so shorter treatment periods may be more appropriate in future studies. The use of 

48 hours of overall LPS exposure also prevents any comparison between the studies presented 

in the present chapter and Chapter 3.  

With regards to epithelial barrier function, E-cadherin (CDH1) occludin (OCLN), claudin 

(CLDN1), junctional adhesion molecule 1 (JAM1) and zona occludens 1 and 2 (ZO-1/2, 
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TJP1/2) showed no significant changes in expression under any tested treatment condition, in 

both monolayer (Figure 6.1) and organotypic culture (Figure 6.5). However, in 3D cultures, 

expression of JAM3 was significantly greater following dual LPS/GW1929 treatment than in 

any other condition. Direct comparison between expression of barrier function genes in 

monolayer and organotypic cultures (Figure 6.8) revealed significantly greater expression of 

E-cadherin (CDH1) in monolayers than stratified epithelia. This finding was unexpected, as it 

was hypothesised that stratified epithelia would show greater CDH1 expression due to the 

involvement of E-cadherin both stratification beyond 5-7 cell layers (Jensen et al., 1997) and 

tight junction formation in the epidermis (Tunggal et al., 2005). However, this finding may be 

explained by the close proximity between near-confluent cells leading to the initial formation 

of intracellular junctions, upregulating E-cadherin.  

It was also hypothesised that expression of some or all tight junction genes (claudin, ZO-1/2 

and occludin) would be greater in organotypic cultures than monolayer due to the formation 

of a greater number of tight junctions throughout the epithelial layers. However, no significant 

difference was seen in transcript expression, or in protein expression, as assessed using 

western blots and depicted in Figure 6.4 (excluding ZO-2, for which western blotting was not 

performed). This finding may be due to the presence of a consistent ratio of tight junctions per 

cell between monolayer and organotypically cultured epithelial cells, resulting in no 

significant difference when expression was normalised to expression of housekeeping genes 

or loading control proteins. Expression of ZO-1 RNA has previously been shown to be 

significantly downregulated by 1 µg/ml LPS in endothelial cells (Zou et al., 2022), but not in 

intestinal epithelial cells treated with the same LPS concentration (He et al., 2019) or at 10 

µg/ml (Omonijo et al., 2019), suggesting such a response may be dependent on cell type. No 

studies of ZO-1 expression following PPARγ stimulation were identified, particularly in 
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epithelial cells. However, in vivo studies in rats identified an increase in peritoneal epithelial 

cell ZO-1 expression following injection with rosiglitazone, a TZD-class PPARγ agonist 

(Zhang et al., 2018), a finding which was not reflected in the present work. Expression of 

occludin (Guo et al., 2018; He et al., 2019) and claudin (Wu et al., 2020) have been shown to 

be significantly reduced in intestinal epithelial cells following treatment with LPS. Studies of 

rat periodontal sulcular epithelium exposed to LPS have shown reduced expression of claudin 

and a corresponding reduction in TEER (Fujita et al., 2012). While no studies were identified 

examining the effect of PPARγ stimulation following LPS exposure, studies of nasal 

epithelial cells demonstrated upregulation of both occludin and claudin following treatment 

with PPARγ agonists (Ogasawara et al., 2010). These studies suggest that treatment with 

PPARγ agonists may upregulate barrier function genes in some models. Whilst this effect was 

not observed in RT-qPCR or western blot studies in the present work, previous studies 

employing 50 µg/ml LPS have shown modification of the spatial arrangement of ZO-1 within 

tight junctions, correlating with increased TJ permeability (Richter et al., 2016), suggesting 

that LPS may physically disrupt TJs. This suggests that the anti-barrier function effect of LPS 

may not be mediated purely by LPS-induced downregulation of TJ-critical genes, thought this 

possible TJ rearrangement has not been explored in the present work. 

 

Nonetheless, even in the absence of significant changes in barrier function genes and proteins, 

TEER barrier function assays in monolayer cells suggested an amelioration of LPS-induced 

barrier function damage in cells exposed to PPARγ agonist (Figure 6.10 B). TEER was seen 

to decrease in LPS-exposed cells (suggesting a reduction in barrier function), but cells 

exposed to LPS and the PPARγ agonist GW1929 generated a TEER value close to that seen 

in the control cell population, suggesting barrier function was maintained. This effect may 
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have been reflected in TEER assays performed in organotypically cultured H400 cells, as 

shown in Figure 6.11, though the N = 1 data prevent any useful conclusions. TEER values for 

organotypic cultures were generally greater than those generated by monolayer cell cultures 

by approximately 100 Ω.cm2, as was expected due to the presence of a stratified epithelium 

and a collagen hydrogel. Again, TEER was greater in cells exposed to LPS and GW1929 than 

in cells exposed to LPS alone, suggesting that PPARγ activation may reduce LPS-induced 

epithelial barrier function damage.  

Interestingly, while this trend was consistently noted throughout TEER studies in both 

monolayer and organotypic cultures, it was not observed in FITC-dextran MMT assays on 

monolayer cells. As shown in Figure 6.10 A, MMT fluorescence was recorded as being 

approximately equal in LPS and LPS+GW1929 cultures, suggesting that PPARγ activation 

had no impact on LPS-induced reduction in barrier function. However, these data should be 

cautiously analysed due to the use of only two biological replicates. This trend in barrier 

permeability was also shown in an MMT assay of organotypically cultured H400 cells (Figure 

6.11), though the single biological replicate of this experiment limits the usefulness of these 

data. It has been suggested that the dual-mode action of tight junctions in forming both charge 

and size-selective channels (Krug, Schulzke and Fromm, 2014) may lead to different 

observed responses in TEER (assessing ion flux) and MMT assays (assessing macromolecule 

flux). Further work may be performed with a range of different inflammatory stimuli or 

incorporating macromolecular tracers of different sizes, aiming to identify how this may 

influence experimental outcomes. For example, lucifer yellow has been widely used for MMT 

assays (Zhao et al., 2019) in the same way that FITC-dextran was applied in the present work. 

With a molecular weight of 457 Da (Gomes et al., 2016), it is possible that barrier function 
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assays with lucifer yellow may generate different responses than assays performed with larger 

molecules such as FITC-dextran. 

In conclusion, studies conducted within the present chapter have identified the possible role of 

PPARγ activation in reducing pro-inflammatory cell signalling and barrier function damage in 

LPS-stimulated gingival epithelial cells. However, the mechanism for the pro-barrier effect of 

PPARγ in the present work is still unclear and may be elucidated with further work. These 

studies have also highlighted the importance of studies comparing the responses between 

organotypically cultured cells and simple monolayers, with the present work showing marked 

differences shown in the immune response to bacterial LPS between these conditions.  
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7. CONCLUSIONS AND FUTURE WORK 
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7.1. Summary of findings 

Gingivitis and periodontitis are highly prevalent periodontal diseases, causing a reduction in 

quality of life and requiring significant resources from healthcare systems (Batchelor, 2014). 

These periodontal diseases are inflammatory in nature, triggered by a build-up of plaque 

biofilm, but perpetuated by an aberrant, overactive host immune response. Conventional 

treatment options for the early stage of gingivitis prior to progression to periodontitis typically 

involve patient education of proper oral hygiene routines. The success of patient education is 

highly variable and dependent on the quality of advice given by the dental professional 

(Newton and Asimakopoulou, 2015). Pharmacological interventions for gingivitis are 

remarkably rare. For example, antibiotic therapy is typically only prescribed in cases of 

necrotizing ulcerative gingivitis (Malek et al., 2017). NSAIDs have been studied to reduce 

gingival inflammation with the goal of preventing the inflammatory damage to deeper tissues, 

though issues with dose application and side effects have been noted (Heasman and Hughes, 

2014).  

The present work aimed to initially model and characterise gingival inflammation in vitro, 

using simple monolayer cultures and bacterial LPS. The nuclear hormone receptor PPARγ, 

implicated in a diverse range of inflammatory pathways, was chosen as a potential therapeutic 

target, with the aim of identifying the role of PPARγ activation on both inflammation and 

barrier function. Initial studies presented in Chapter 2.10 showed no change in growth rate or 

viability was noted at any of the tested LPS concentrations, even with chronic exposure for up 

to 9 days, suggesting the tested concentrations are non-toxic. Barrier function testing showed 

a reduction in TEER and increase in macromolecule flux (assessed by FITC-dextran MMT 

assay), suggesting a reduction in barrier function with LPS stimulation. Gene expression 
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analysis with RT-qPCR indicated increases in pro-inflammatory cytokine gene expression, 

and a possible reduction in barrier function-linked genes.  

With strong evidence that LPS induced inflammation and reduced barrier function in H400 

OSCC cells, studies were then conducted to identify the function of PPARγ in ameliorating 

some of this damage. Prior to combing LPS-stimulated cells with PPARγ agonists, it was 

important to first verify that the chosen cell line expressed PPARγ, as expression has 

previously been shown to be highly tissue specific (Chawla, 1994; Fajas et al., 1997). 

Analysis with western blotting and semi-quantitative RT-PCR identified expression of two 

isoforms of PPARγ, γ1 and γ2 (Section 0). Two PPARγ reporter cell lines were then 

generated by genetic modification with plasmid transfection, introducing PPARγ-response 

element promoters linked to nuclear-localised eGFP (PPRE-H2B-eGFP, Section 4.3) and 

secreted luminescent (PPRE-pNL1.3, Section 4.4) protein expression. Studies with the PPRE-

H2B-eGFP reporter system were halted due to issues with quantification, but PPRE-pNL1.3-

transfected cells were successfully used to show that the synthetic PPARγ ligand GW1929 

significantly activated PPARγ in H400 cells.  

Following this, LPS-challenged monolayer H400 cells were treated with GW1929, generating 

a reduction in pro-inflammatory cytokine gene expression, an increase in anti-inflammatory 

gene expression (Section 6.2), and a possible reduction in damage to epithelial barrier 

function compared with cells exposed to LPS alone (Section 6.3). These findings further 

validated the hypothesis that PPARγ stimulation could act to reduce the negative effects of 

LPS in gingival epithelial cells.  

Additional work was then performed to identify how the response of such cells may differ 

when cultured organotypically, compared with simple monolayer assays. Previous work has 
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shown that organotypic culture is important for generating representative genotypical models 

of epithelial tissue (Pezzulo et al., 2011), which are typically cultured using an air-liquid 

interface (ALI) model. As part of the present work, a novel ALI culture device was 

conceptualised and developed for use in in vitro. This 3D-printed buoyant epithelial culture 

device (BECD) was designed to float in culture media whilst retaining a fibroblast-seeded 

collagen hydrogel, mimicking the sub-dermal tissues, with an epithelial layer seeded atop. 

These devices eliminated the requirement for manual ALI maintenance and aimed to improve 

both ease of use and experimental reproducibility. The device design and geometry was 

extensively tested (Section 5.2) and trialled with a variety of polymers to identify a suitable 

material for device fabrication. Polypropylene was found to be the most suitable polymer, 

both mechanically following autoclave sterilisation, and biologically, generating highly 

stratified epithelia after ALI culture (Section 5.3). Automated extraction and quantification 

revealed these epithelia significantly increased in epithelial thickness between 7, 14 and 21 

days of ALI culture, with no significant variation between epithelial thickness as the edge of 

the hydrogel (Section 5.4). Immunofluorescence staining of these sections revealed 

appropriately localised expression of key epithelial differentiation markers involucrin, 

cytokeratin 5 and E-cadherin (Section 5.5). These studies suggested that the BECD system 

enabled the production of highly stratified, well differentiated organotypic models of the 

gingival epithelia.   

These organotypic models were then applied to the same LPS-challenged, PPARγ-agonist 

treatments as previously described for monolayer studies. Interestingly, quantitative RT-PCR 

demonstrated minimal pro-inflammatory cytokine production following LPS addition, 

suggesting marked differences in immune response between monolayer and organotypic 

cultures (Section 6.2.3). These studies indicated that higher LPS doses may be required to 
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offset the higher cell numbers found in organotypic cultures compared with monolayers, or 

that differentiated epithelial cultures may respond differently to LPS than undifferentiated 

monolayers. Whilst preventing in-depth analysis of cytokine expression in organotypic 

cultures, this interesting finding may be explored in future work.  

Overall, the present work provides evidence of the involvement of PPARγ in models of LPS-

induced gingivitis and presents a translational opportunity to identify how the inclusion of 

PPARγ ligands in oral care projects could limit gingival inflammation.  

7.2. Future work 

Whilst the present work has provided evidence for the role of PPARγ in reducing gingival 

inflammation and improving barrier function, there remain some limitations and the potential 

for further studies to be undertaken: 

• Within the present work, the role of LPS as an inducer of inflammation was 

extensively explored. However, LPS is one of many such pro-inflammatory agents 

implicated in periodontal disease, and other agents may alter the response of inflamed 

gingival epithelia to PPARγ stimulation, as described throughout this thesis. The 

inclusion of relevant planktonic bacteria or bacterial biofilm may generate a more 

representative model of the periodontal environment in vivo. 

• While the generation of a PPARγ reporter system in oral epithelial cells was 

successful, paradoxical activation of PPARγ with a widely documented PPARγ 

antagonist (GW9662) was also observed. Although this did not appear to interfere 

with the ability of the reporter system to respond to agonists, this was still an 

unexpected finding. Initial analyses of this problem by sequencing the relevant section 

of the PPARγ gene did not find any mutation or frameshifts, suggesting that further 
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investigation is needed. Studies with other PPARγ antagonists may be performed to 

identify if this effect is specific to GW9662. Additionally, the present work identified 

a higher-than-expected ratio of expression between PPARγ isoforms γ1 and γ2. As 

these two isoforms have been shown to have differences in their activation function 

domains, isoform specific knock-down of one isoform would enable studies to identify 

the role of these two isoforms in models of gingivitis. 

• Within PPARγ reporter studies, basal PPARγ activity was consistently high, 

potentially masking the effects of cosmetic compounds screened for PPARγ 

activation. The use of a cell type with lower basal PPARγ activity may provide a more 

suitable system for screening such compounds.  

• Throughout the present work, H400 oral squamous cell carcinoma cells were the 

predominant cell line studied due to their relevancy and ease of use in the laboratory. 

While these cells were initially isolated from the alveolar mucosa, H400 cells are 

cancer derived, which may generate non-representative findings. Further work may 

employ either a more suitable immortalised gingival cell line, or primary cells derived 

from patient tissue.  

• Finally, the overarching goal of the present work was to identify how the response of 

gingival epithelial cells differs between monolayer cultures and stratified, organotypic 

models. Initial work identified PPARγ activation was able to reduce the expression of 

LPS-induced inflammatory cytokines and reduce barrier function damage. However, 

replication of these data in organotypic models was limited by the generation of a sub-

optimal inflammatory response. Further work could investigate this phenomenon by 

exploring higher concentrations of LPS, adding whole bacteria, or attempting to 
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identify how differentiated epithelial cells may respond differently to inflammatory 

stimuli than undifferentiated cells.  

7.3. Concluding remarks 

In conclusion, this work has generated evidence that bacterial lipopolysaccharide stimulates a 

significant immune response and reduction in barrier function in monolayer gingival epithelial 

cells. Additionally, activation of the nuclear hormone receptor PPARγ was shown to reduce 

these inflammatory markers and reduce LPS-induced barrier function damage. A novel, 3D-

printed in vitro culture system was developed within the present work. These buoyant 

epithelial culture devices (BECDs) were shown to generate stratified, organotypic gingival 

epithelia with epithelial differentiation markers present and correctly localised. This system 

has significant utility in a range of in vitro studies of stratified epithelial tissues. Within the 

present work, it was applied to the same LPS-challenge trials as used for monolayer cultures. 

Interestingly, LPS generated a sub-optimal inflammatory response in these organotypic 

cultures, suggesting a marked difference in response compared with monolayer cultures. 

These findings may provide the basis for the use of isoform specific, topically applied PPARγ 

agonists in the treatment of gingivitis, reducing the excessive immune inflammatory response 

and loss of barrier function which can lead to periodontal ligament damage and eventual tooth 

loss.  
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9. APPENDICES 

9.1. Publications arising from this thesis 

This chapter comprises research completed during the course of study for this PhD, for which 

I am the major contributor and first author. This article is reused under license from the 

publisher, Mary Ann Liebert, Inc.  
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