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Abstract 

 

Chronic elevation of blood glucose levels have profound negative impacts on wound 

healing in diabetic patients, often leading to the development of diabetic foot ulcers 

(DFUs) which can become colonised by bacteria. Clinical wound infections, the major 

cause of lower extremity amputations in DFU patients, occur when bacterial growth is not 

kept in check by the patient’s immune system. Dietary fibres such as MGN3 (Biobran) show 

promise in counteracting the damaging effects of hyperglycaemia by reducing 

inflammation and enhancing immune responses such as phagocytosis. However, little is 

known about the broader impacts of MGN3 on wound repair processes under 

hyperglycaemic conditions. Thus, this study examined the effect of MGN3 on key wound-

healing activities in monocytes, macrophages, fibroblasts and keratinocytes cultured 

under chronic hyperglycaemic conditions. 

Wound healing (cell exclusion) assays (n = 12) using hyperglycaemia-exposed 

keratinocytes (HACATs) and human dermal fibroblasts (HDFs) assessed the in vitro effect 

of MGN3 on wound closure. Cell proliferation (n = 4) and propidium iodide (PI) flow 

cytometry (n = 5) assessments were used to evaluate the influence of MGN3 on cell growth 

and cytotoxicity following  hyperglycaemia. Metabolic effects in fibroblasts and 

keratinocytes were analysed via Seahorse metabolic analysis (n = 3). Flow cytometry (n = 

5) examined the effect of MGN3  on U937 monocyte differentiation and M1 macrophage 

polarisation under hyperglycaemic conditions. Host-pathogen assays (n = 18) were used 

to determine the effect of MGN3 on M1 macrophage-mediated clearance of 

Staphylococcus aureus and Pseudomonas aeruginosa biofilms. Chemotaxis assays (n = 8) 

assessed the effect of MGN3 on monocyte chemoattractant protein 1 (MCP-1) production 

and its subsequent effect on monocyte chemotaxis. Mechanistic investigations were 

incorporated within cell-based assays to determine key receptors and cellular pathways 

through which MGN3 acts in different cell types. Nuclear factor erythroid 2-related factor 

2 (NRF2) expression in keratinocytes (n = 10) was measured by flow cytometry. Thunder 

microscopy (n = 5) and enzyme-linked immunosorbent assays (ELISAs) (n = 6-15) were used 
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to visualise/quantify ECM components, secreted growth factors, chemokine secretion, 

transcription factor expression and antimicrobial mediator production.  

This study showed that MGN3 promoted wound closure under hyperglycaemic conditions 

primarily by enhancing keratinocyte and fibroblast migration rather than proliferation. 

MGN3 improved metabolism in fibroblasts and keratinocytes by stimulating mitochondrial 

respiration, particularly under hyperglycaemic conditions. MGN3 increased collagen-1 

(COL-1) secretion in fibroblasts, cell proliferation (fibroblasts and keratinocytes), and 

growth factors (epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2)) secretion 

in macrophages, fibroblasts and keratinocytes. MGN3 elevated MCP-1 levels whilst 

reducing excessive hyperglycaemia-induced transforming growth factor beta-1 (TGFβ1) 

secretion from keratinocytes. Additionally, MGN3 enhanced macrophage-mediated 

phagocytosis of MRSA and PA biofilms and stimulated antimicrobial mediator production 

of lysozyme, cathelicidin (LL37) and beta-defensin 2 (BD2). MGN3 also upregulated NRF2 

protein expression at pre-diabetic conditions and activated NRF2 at both pre-diabetic and 

hyperglycaemic conditions. Mechanistic investigation confirmed the effects of MGN3 on 

wound healing processes were partly mediated via by toll-like receptor (TLR) proteins, 

TLR2 and TLR4. 

In conclusion, MGN3 showed largely positive effects on a range of cell activities and 

processes involved in skin regeneration, reversing the detrimental impact of 

hyperglycaemia on cellular function. These findings provide an initial body of evidence 

suggesting the incorporation of MGN3 into hydrogel-based wound dressings might be a 

potential novel therapeutic strategy for non-infected and infected DFUs that warrants 

further investigation.   
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1.1 Diabetes 

 

Diabetes mellitus (DM) is a common chronic disease categorised by elevated blood glucose 

levels, hyperglycaemia (Chait and Bornfeldt, 2009; Shaw et al, 2010). DM is becoming a 

growing problem with estimates showing up to 550 million people could suffer from the 

disease by 2030 (Alam et al, 2014). It thought the driving forces behind this increase is an 

ageing population and poor lifestyle habits resulting in other illnesses such as obesity (Kaul 

et al, 2013).  

There are two common types of DM; type 1 and type 2. It is estimated type 1 DM makes 

up around 5-10% of all diabetes cases (Atkinson et al, 2014) and type 2 DM accounts for 

~90% of all cases (Alam et al, 2014). Type 1 DM is an autoimmune disease due to the 

destruction of pancreatic β cells by self-antibodies resulting in very low insulin production 

(Alam et al, 2014; Ozougwu et al, 2013). This type of DM usually occurs during early child 

development to early adolescence and scientists are yet to understand exactly why this 

occurs (Ozougwu et al, 2013). Patients who suffer from this form of DM can suffer from 

cognitive dysfunction and visual impairments due to the chronic hyperglycaemia 

(McCrimmon et al, 2012). The most common form of diabetes, type 2 DM, results from 

insulin resistance (Alam et al, 2014). This disease is usually the direct result of poor lifestyle 

choices resulting in illnesses such as obesity (McCrimmon et al, 2012; Kaul et al, 2013). 

Patients who suffer from type 2 DM have elevated free fatty acids (FFAs) in the blood, 

allowing FFAs to be used as biomarkers for early diagnosis of the disease (Sobczak et al, 

2019). FFAs under normal circumstances are stored as triglycerides within adipose tissue 

and can be used as an alternative energy source instead of glucose. Insulin regulates 

lipolysis which leads to the release of these triglycerides (Hussain et al, 2010; Campbell et 

al, 2006). 

Type 2 diabetes mellitus (DM) can often be managed by lifestyle changes such as an 

improved diet and increasing exercise, but such strategies may not always be effective (Tay 

et al, 2014; El-Kader, 2014). The alternative typically involves drug treatments such as 

sulfonylureas. However, these medicines can sometimes lead to lactic acidosis and 

hypoglycaemia (Bodmer et al, 2008; Van Dalem et al, 2016). The dietary fibre MGN3 has 

shown to have a positive impact on the immune system, ranging from activation of 
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different immune cell types (Ghoneum and Agrawal, 2011) to reducing 

Immunosenescence (Elsaid et al, 2018).   

 

1.1.1 The Effects of DM on the Innate Immune System  

 

The immune system plays a critical role in the protection and maintenance of the human 

body. Phagocytosis is a defence mechanism used by the innate immune system in 

response to invading pathogens (Hooper et al, 2012). In DM the immune response is 

increased because of elevated CD14 expression from inflammatory cells (Fernández-Real 

et al, 2011; Anas et al, 2010). According to studies, macrophages release high amounts of 

CD14 over long durations of chronic inflammation, resulting in elevated levels of 

proinflammatory markers (Fernández-Real et al, 2011; Anas et al, 2010). Type 2 diabetes 

is widely accepted to be linked to obesity, which is linked to chronic inflammation 

(McCrimmon et al, 2012). The link between insulin resistance causing chronic 

inflammation in adipose tissue and obesity was illustrated in a murine study carried out 

by Xu et al (2003). Chronic inflammation causes an overabundance of pro-inflammatory 

cytokines and damaging mediators (Segura-Egea et al, 2012). Chronic inflammation does 

not resolve, resulting in an uncontrollable flow of leukocytes to the infection/trauma site 

and subsequent tissue damage (Buckley et al, 2001). Chronic inflammation can develop in 

type 2 diabetes because of increased apoptosis and tissue damage (Donath and Shoelson, 

2011). 

It has been shown that hyperglycaemic conditions reduce the effectiveness of immune 

responses carried out by immune cells (Alasady et al, 2014).  Diabetic patients have a 

reduced chemotaxis and phagocytic activity by their monocytes (Waltenberger et al, 

2000). Similarly, less responsive polymorphonuclear leukocytes have been reported 

(Daniel et al, 2012; Lin et al, 2006) including reduced bactericidal activity, phagocytosis 

impairment, decreased release of lysosomal enzymes, and reduced generation of reactive 

oxygen species by diabetic neutrophils (Alba-Loureiro et al, 2007).  
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1.2 The Immune System 

 
The critical function of the immune system is to protect the host from external pathogens 

which may have the potential to cause disease (Janeway, 2001). This is done via a 

combination of specific and non-specific responses which occur on a cellular level 

(Bouman et al, 2004). The immune system branches into two main pathways (see Figure 

1. 1) including the initial response, known as innate immunity and the secondary response 

known as adaptive immunity (Chaplin, 2010). In some cases, the steps from the innate 

may be skipped and the adaptive response may be triggered resulting in a faster long-

lasting response (Cooper and Alder, 2006). 

The innate immune system has many ways in preventing external pathogens from 

bypassing the host defences in the form of physical and chemical barriers (Chaplin, 2010; 

Purnamasari and Hidayat, 2023; Sperandio et al, 2015). The largest organ on the body, the 

skin along with mucous lined membranes such as the nasal cavity provides an excellent 

physical barrier in the protection of external pathogens (Chaplin, 2010; Purnamasari and 

Hidayat, 2023; Sperandio et al, 2015). If pathogens were to enter via the mouth, they 

would be unable to survive the harsh acidic conditions of the stomach (Chaplin, 2010; 

Purnamasari and Hidayat, 2023; Sperandio et al, 2015). Under some circumstances 

pathogens may overcome the hosts’ physical and chemical barriers in the form of a wound 

or infection. In this situation the inflammatory response would be triggered by the release 

of histamines from mast cells, where a combination of specialized leukocytes which work 

together producing inflammatory cytokines such as TNFα and IFNγ to aid in the repair of 

wounds and fight infection (Thangam et al, 2018; Wojdasiewicz et al, 2014; Cavalcanti et 

al, 2012; Kin et al, 2008).   

The adaptive immune system is a specific response where subtypes of lymphocytes kill 

pathogens by external secretions and or engulfing pathogens via phagocytosis (Jutras and 

Desjardins, 2005).  In the presence of a pathogen some cells can undergo phagocytosis 

(Nagl et al, 2002). Examples of phagocytes are neutrophils, macrophages and dendritic 

cells (Dale et al, 2008; Nagl et al, 2002; Savina and Amigoren. 2007). Pathogens such as 

bacteria release chemo-attractants which are recognized by G-protein coupled receptors 
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(GPCRs) on phagocytes (Meena and Kimmel, 2017; Pan et al, 2016). Phagocytes engulf the 

bacteria and store them in a vacuole called a phagosome (Botelho and Grinstein, 2011). 

Hydrolytic enzymes called lysosomes are secreted by phagocyte into the phagosome to 

break up the pathogen (Botelho and Grinstein, 2011).  

Pathogens have unique surface markers called antigens which help to identify them 

(Deitsch et al, 2009). The pathogen antigens are then displayed on the surface of the 

phagocyte using specialized proteins called major histocompatibility complex 2 (MHCII) 

(Neefjes et al, 2011; Unanue et al, 2016). The phagocyte can now be referred to as an 

antigen presenting cell (APC). Lymphocytes produce the thymus gland; T lymphocytes are 

stimulated into T helper cells which detect the APC (Miller, 2002). The T helper cells detect 

the APC and attach to the MHCII on the APC using surface marker proteins on the T helper 

called CD4+ (Saalmüller et al, 2002; König and Zhou, 2004). The T helper cell then 

proliferates into multiple T helper cells to detect other APCs and secretes cytokines to 

trigger the humoral response (Rezende et al, 2018). The cytokines secreted by the T helper 

cells would result in B lymphocytes migrate to the site of the T cells (Antsiferova et al, 

2005). B lymphocytes are specialized cells produced in bone marrow (Paramithiotis and 

Cooper, 1997). The B lymphocytes then can differentiate into plasma cells which will 

produce antibodies specific to the antigen detected (LeBien and Tedder, 2008). The 

antibodies will attach to the antigens on the pathogen immobilizing them (LeBien and 

Tedder, 2008). Some of the plasma cells will remain in the blood should a future infection 

re-occur ie memory B cells (Paramithiotis and Cooper, 1997). Some healthy cells may have 

been infected by the pathogens and will display proteins on their surface via the major 

histocompatibility complex 1 (MHCI) (Croft et al, 2019). This would again be noticed by 

the T helper cells which can signal for cell mediated response by the stimulation of 

cytotoxic t cells (Broere and van Eden, 2019). Cytotoxic T cells bind to MHC I molecules via 

CD8+ proteins and release cytolytic enzymes into infected cells, inducing lysis and 

apoptosis (Saalmüller et al., 2002; Raskov et al., 2021). Some cytotoxic T cells may remain 

within the blood in the form of memory T cells, should the infection arise again (Löhning 

et al, 2002).   
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1.3 Wound Healing 

 

Wound healing refers to the process of tissue repair (Velnar, et al, 2009) and can be 

categorised into acute or chronic (Velnar, et al, 2009; Martin and Nunan, 2015). Acute 

wounds can heal without or with limited medical intervention, within a period of 5-30 days 

depending on the size of the wound (Velnar, et al, 2009; Martin and Nunan, 2015; Percival, 

et al, 2012).  Chronic wounds however, struggle to heal even after 2-3 months (Percival, et 

al, 2012; Velnar, et al, 2009). It thought this is due to elevated inflammatory markers and 

the wound healing process struggling to overcome the inflammatory phase (Frykberg and 

Banks, 2015; Martin and Nunan, 2015). Repeated tissue injury of chronic wounds (such as 

in the case of diabetic foot ulcers) leads to the constant stimulation of proinflammatory 

markers as well elevating protease levels which in turn damages the extracellular matrix 

thus leading to more inflammatory cells migrating to the wounds (Frykberg and Banks, 

2015; Velnar, et al, 2009). Some other factors resulting to chronic wounds failing to heal 

include infection, tissue hypoxia and necrotic tissue (Velnar, et al, 2009). One of the main 

obstacles in the way of wound healing is bacterial biofilms. Both acute and chronic wounds 

are susceptible to biofilm formation (Percival, et al, 2012). If the wounds are left untreated, 

Figure 1. 1: Schematic Illustration of the Immune System. The immune system branches into two pathways 

the innate immune response or the adaptive immune response. Figure based on information from Chaplin 

(2010), Thangam et al (2018), Wojdasiewicz et al (2014), Rezende et al (2018) and Broere and van Eden, 

(2019). 
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they can become infected with bacteria leading to biofilm formation (Westgate and 

Cutting, 2011). Biofilms are difficult to treat as they have a high resistance to conventional 

antibiotics (Wu et al, 2014; Simoes et al, 2009; Percival, et al, 2012). Biofilms found in 

chronic wounds seem to be densely packed with an extracellular outer layer unlike those 

found in acute wounds (James, et al, 2008).  

The wound healing process is dependent on the regenerative ability of the tissue 

(Giannoudis and Pountos, 2005; Nauta et al, 2011). It is important to note, human tissue 

consists of different cell types which have their own unique functions (Giannoudis and 

Pountos, 2005; Julier et al, 2017), due to this fact some tissues have better healing abilities 

than others (Ferreira et al, 2012; Krafts, 2010).  The process of wound healing can be 

categorised into four groups (shown in Figure 1.2); Haemostasis, Inflammation, 

Proliferation and Maturation (Akbik, et al, 2014; Wang, et al, 2019; Wilkinson, et al, 2020). 

The wound healing process is a complex process which requires multiple specialised cell 

types working together to heal a wound over a span of 10-12 days (Akbik, et al, 2014; 

Wang, et al, 2019; Wilkinson, et al, 2020). The main cell types involved in wound healing 

include monocytes, macrophages, fibroblasts, keratinocytes and endothelial cells, as well 

as others.    

The first stage of wound healing is coagulation and haemostasis. In some literature the 

coagulation and inflammation stages are combined (Wild et al, 2010). The coagulation 

phase occurs immediately after injury and involves platelet aggregation and blood clotting 

(Wild et al, 2010; Velner et al, 2009). The inflammation phase also occurs at this time and 

involves the migration of inflammatory cells to the site of injury, vasodilation and 

phagocytosis (Wild et al, 2010; Velner et al, 2009). These initial phases typically last a few 

days depending on the severity if the injury. The proliferation phase includes re-

epithelialisation to restore the epidermis, the migration of fibroblasts to the injury site to 

form matrix proteins (fibronectin and collagen) and angiogenesis (promotion of new 

capillaries) in the dermis (Enoch and Leaper, 2008; Wild et al, 2010; Velner et al, 2009). 

The final phase, remodelling, is where the collagen laid down by fibroblasts is continually 

turned over to form the mature scar tissue (Wild et al, 2010; Velner et al, 2009; Enoch and 
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Leaper, 2008). The wound healing process is complete once the dead or damaged tissues 

are replaced with new tissues (Buckley et al, 2001). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

1.3.1 Haemostasis 

 
Haemostasis is the first process which occurs in the event of vascular injury to prevent 

bleeding (Batty and Smith, 2010). The word haemostasis is derived from the Greek words 

"haem" which means "blood" and "stasis" which means "halt." (Palta, et al, 2014). There 

are four stages involved in haemostasis: vasoconstriction, the platelet plug, activation if 

the coagulation cascade and the fibrin plug formation.  

After an injury is sustained, some capillaries may be damaged. This would result in blood 

to pool around the site of the wound. After an injury the most important step is ensuring 

the blood flow at the site of the wound is stopped to prevent excess blood loss and starting 

the healing process. The blood is made up of many components; erythrocytes, 

thrombocytes, leukocytes among others which all play their own important role in the 

healing process (Garraud and Tissot; 2018; Palta, et al, 2014). 

The blood vessels around the site of injury initially will constrict or narrow, this process is 

known as vasoconstriction and results in the reduction of blood flow to the injury 

Figure 1. 2: Schematic Illustration of the Wound Healing Process. Following injury, the wound healing 

process is triggered in multiple stages, inflammation, proliferation and maturation. Figure based on 

information from Akbik, et al (2014), Wang, et al (2019) and Wilkinson, et al (2020). 
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(Periayah et al, 2017; Minors, 2007; Rodrigues et al, 2019). This process also helps to avoid 

heat loss form the internal blood particularly in the case of a severe injury (Charkoudian, 

2010; Alba et al, 2019). The process of vasoconstriction is followed by the process of 

vasodilation. Vasodilation increases vascular permeability and is the result of histamine 

release by damaged mast cells (Rodrigues et al, 2019; Ebeigbe and Talabi, 2014; Romero 

et al, 2017) along with other inflammatory mediators such as nitric oxide and endothelial 

derived hyperpolarizing factors (EDHF) (Ozkor and Quyumi, 2011). 

The next stage of haemostasis is the activation of the coagulation cascade (see Figure 1.3). 

This process is triggered by the release of inflammatory cytokines like TNFα, released from 

around the site of injury (Schoenmakers et al, 2005; Witkowski et al, 2016). At the 

beginning of the coagulation cascade a change in vascular blood flow is detected by the 

glycoprotein von Willebrand factor which in turn connects platelet glycoproteins to 

damaged collagen fibres in effect to form a clot, this is known as a platelet plug. The 

clumped platelets then release signals such as platelet-derived growth factor (PDGF) 

which is found with the platelet granules (Krafts, 2010). This in turn act alongside other 

glycoproteins to trigger the coagulation cascade (Yun et al, 2016; Swieringa et al, 2018; 

Bye et al, 2016). The coagulation cascade is made of three pathways: Intrinsic, Extrinsic 

and Common (Schoenmakers et al, 2005, Minors, 2007). There are a group of 12 proteins 

involved in the coagulation cascade which are referred to as “factors”. The factors (F) are 

referred to using the roman numerical system and the activated versions of the factors are 

indicated using “a”, for example FIIa (Palta et al, 2014). The Intrinsic pathway is triggered 

when the skin surface is damaged and features FXII (Hageman factor), FXI (plasma 

thromboplastin antecedent), FIX (Christmas factor) and FVIII (antihemophilic factor) 

(Chaudhry et al, 2018; Roghani et al, 2014). The Extrinsic pathway is triggered from trauma 

or inflammation and features Tissue factor (TF), also known as FIII, and FVII (Proconvertin) 

(Roghani et al, 2014). These two factors can combine to make a TF-FVII complex that can 

activate FX (Stuart-prower factor). This is done when the TF-FVII complex combines with 

FVIII which in turn activates the common pathway via FX activation. Activated FX allows 

the protease prothrombin (FII) activation resulting in thrombin. The glycoprotein 

fibrinogen undergoes an enzymatic reaction involving thrombin resulting in fibrin strands 
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(Smith et al, 2015). The fibrin is then used in combination with platelets and erythrocytes 

to form a fibrin plug (Smith et al, 2015). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

1.3.2 Inflammation 

 

Inflammation is the result of inflammatory stimuli such as pathogens, triggering the 

synthesis of inflammatory mediators (Chen et al, 2018; Martin and Leibovich, 2005). 

Through interactions with cell surface receptors called Toll like receptors (TLRs) (El-Zayat 

et al, 2019). The activation of these receptors along with other receptors from the class of 

interleukins mediate the inflammation process and trigger other important intracellular 

signalling pathways (Chen et al, 2018; Kaminska, 2005). Examples of these additional 

signalling pathways include the Janus kinase (JAK)-signal transducer and activator of 

transcription (STAT) pathway, nuclear factor kappa-B (NF-Kβ), and mitogen-activated 

protein kinase (MAPK) (Chen et al, 2018; Henríquez-Olguín et al, 2015). 

Inflammation can be triggered inflammatory mediators such as PDGF and transforming 

growth factor beta (TGFβ) released from platelets around a wound (Martin and Leibovich, 

2005). The elevated cytokine and inflammatory mediators cause blood vessels around the 

Figure 1. 3: Schematic Illustration of the Haemostasis Stage of Wound Healing. Following injury, 

Haemostasis is the initial stage of restricting blood flow by vasoconstriction and the activation of the 

coagulation cascade. Figure based on information from; Bye et al (2016), Rodrigues et al (2019), Roghani et 

al (2014), Periayah et al (2017), Schoenmakers et al (2005), Smith et al (2015), Swieringa et al (2018) and 

Yun et al (2016). 
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wound to dilate (vasodilation) increasing blood flow to the wound and in turn recruiting 

more immune cells to wound area (Rodrigues et al, 2019). 

Under normal conditions, endothelial cells lining the blood vessels are tightly packed 

together. However, during inflammation, as more immune cells are recruited, gaps begin 

to form between the endothelial cells, allowing immune cells to exit the bloodstream. This 

is known as increased vascular permeability (Curry and Adamson, 2010 and Claesson-

Welsh, 2010). The endothelial cells are activated during proinflammatory cytokines such 

as IL-1β, tissue necrosis factor alpha (TNFα) and Interferon gamma (IFN ϒ) (Eming et al, 

2007). The activated endothelial cells then express cell surface markers known as cell 

adhesion molecules (CAMs). The molecules are detected by integrins on the surface of 

neutrophils some examples being CD11 and CD18 (Eming et al, 2007) (Figure 1. 4).  

Chemoattractants, such as interleukin-8 (IL-8) induce the circulating neutrophils in the 

blood to move out of the blood vessel into the wound area (Geering et al, 2013).   

Neutrophils are granulocytic polymorphonuclear leukocytes arrive at the wound area with 

a few minutes after an injury, making them among the first immune cell to arrive at the 

site of injury (Eming et al, 2007). The majority of cellular activity is undertaken by the 

neutrophils for the initial 24-48 hours after injury. They remove pathogens via 

phagocytosis and release of reactive oxygen species (ROS) (Sadik et al, 2011; Eming et al, 

2007). Monocytes from the blood differentiate into macrophages in the presence of 

chemoattractants such as macrophage chemoattractant protein 1 and macrophage 

inflammatory protein (Dipietro et al, 2001 and Maurer and Von Stebut, 2004). These 

macrophages then carry out phagocytosis of any remaining pathogens and apoptotic 

neutrophils (Rodero and Khosrotehrani, 2010).  
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1.3.2.1 Chronic Inflammation 

 

Under normal circumstances during the acute inflammatory phase several factors are 

involved to halt inflammation (Zhang and An, 2007).  Inflammatory cytokines levels IL-1β, 

IL-6 and TNFα reduce when there are no longer any inflammatory stimuli detected, this 

will in turn stop cell recruitment to the site of injury (Zhang and An, 2007). This is further 

assisted by the releasing anti-inflammatory cytokines such as IL-10 by T helper cells, 

macrophages and dendritic cells (Iyer and Cheng, 2012). Il-10 assists in the activation the 

cell mediated response (Iyer and Cheng, 2012; Shibata et al, 1998). IL-10 has also shown 

to suppress several inflammatory cytokines, mainly, TNF-α, IL-6 and IL-1 (Zhang and An, 

2007).  

Chronic inflammation can be categorized by two major factors: constant tissue damage 

and the presence of fibrous tissue (Medzhitov, 2008; Ueha et al, 2012). There are many 

causes of chronic inflammation, these include persistent infections, hypersensitive 

reactions and autoimmune diseases (Medzhitov, 2008; Furman et al, 2019; Uzzaman and 

Cho, 2012). Some bacteria such as mycobacterium tuberculosis are difficult to remove by 

the body resulting implications due to the chronic disease tuberculosis (Amaral et al, 2021; 

Zumla et al, 2015). Chronic inflammation can arise due to hypersensitive reactions such as 

bronchial asthma where the subject is deficient in IgE antibodies resulting in allergies 

toward things which normally don’t result in a severe reaction such as house dust mites 

Figure 1. 4: Schematic illustration of the Inflammatory Stage of Wound Healing. During Inflammation 

increased inflammatory cytokine levels result in increased vascular permeability. Figure based on 

information from Martin and Leibovich (2005) and Eming et al (2007). 
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(Ukena et al, 2008; Uzzaman and Cho, 2012). Autoimmune diseases such as DM can result 

to chronic inflammation due to constant high levels of glucose in the blood damaging 

surrounding tissue, causing the release of inflammatory cytokines and triggering the NF-

Kβ, MAPK, and JAK-STAT pathways (Chen et al, 2017; Lukens et al, 2011).  

Chronic inflammation is a problem because it lasts longer than normal acute inflammation 

ranging from a few weeks to years (Feghali and Wright, 1997). During this period there is 

constant cellular chemotaxis resulting in elevated levels of inflammatory cytokines 

(Feghali and Wright, 1997; Ptaschinski and Lukacs, 2018) These cytokines would then 

damage healthy tissue around the wound and lead to fibrosis (Ueha et al, 2012). Fibrous 

tissue is a major problem because it can reduce tissue function in the long-term resulting 

in chronic diseases such as DM (Ueha et al, 2012, Kingber et al, 2013).  

 

1.3.3 Proliferation 

 

The proliferative stage (see Figure 1. 5) can be summarized by multiple steps; 

Angiogenesis, formation of the extracellular matrix (ECM) and restoration of the 

epithelium (re-epithelialisation) (Eming et al, 2007).  

 

 

 

 

 

 

Angiogenesis is the formation of new blood vessels by the migration and proliferation of 

endothelial cells (Eming et al, 2007). Transforming growth factor beta (TGFβ), basic 

Figure 1. 5: Schematic Illustration of the Proliferation Stage of Wound Healing. During the proliferate stage 

new blood vessels form via angiogenesis due to the presence of TGFβ, FGF, PDGF and VEGF. These growth 

factors along with others promote fibroblasts to secrete proteins such as collagen and fibronectin which are 

necessary in the formation of granular tissue. Figure based on information from Eming et al (2007) and 

Greaves et al (2013). 
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fibroblast growth factor (bFGF), PDGF and vascular endothelial growth factor (VEGF) are 

all growth factors which help to promote angiogenesis (Eming et al, 2007). The presence 

of growth factors such as bFGF stimulates the migration and proliferation of endothelial 

cells by specialised cell surface receptors on the endothelial cells known as ligands, such 

as, alphavbeta3 (avb3) (Tonnesen et al, 2000; Greaves et al, 2013; Sahni and Francis, 2004). 

Endothelial cells form tube-like structures which branch into the wound area re-

establishing an oxygen and nutrient supply to the surrounding cells (Greaves et al, 2013). 

During proliferation, fibroblasts are attracted in the wound area by macrophage derived 

growth factors released by macrophages; PDGF, insulin-like growth factor 1 (IGF-1), VEGF 

and TGF-β1 (Krzyszczyk et al, 2018; Murray et al, 2011; Vannella et al, 2017; Wynn et al, 

2016). Fibroblasts play an important role in the formation of granular tissue because they 

synthesize proteins such as collagen, fibronectin and elastin (Halper and Kjaer, 2014). 

During this stage fibroblasts differentiate in the presence of TGF-β, into an activated 

fibrotic phenotype known as myofibroblasts (Plikus et al, 2021; Kendall and Feghali-

Bostwick, 2014). It has also been shown that myofibroblasts can be derived from other 

cell types such as endothelial and mononuclear cells (Watsky et al, 2010). Myofibroblasts 

play an important role in the production of the ECM and collagen (Hinz, 2016; Petrov et al, 

2002). The ECM is a glycoprotein made from proteins and carbohydrates, which binds to 

the collagen strands to form the granulation tissue in the wound area (Yue, 2014). The 

proteins produced by the fibroblasts combines with the ECM to form a type of connective 

tissue known as granulation tissue via fibroplasia (Greaves et al, 2013). This granulation 

tissue allows keratinocytes to migrate over the tissue and assist in closing the wound 

(Krzyszczyk et al, 2018). As the granulation tissue is forming a process called fibrinolysis 

occurs. This is where plasmin, a by-product of plasminogen breaks down fibrin strands 

within the fibrin plug (Chapin and Hajjar, 2015).  

 

1.3.4 Maturation  

 
The final stage of wound healing is the maturation stage. During this stage the granulation 

tissue turns into scar tissue (Harper et al, 2008). Fibroblasts interact with the surrounding 

ECM for wound contraction to occur (Enoch and Leaper, 2008). This influenced by several 
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cytokines, including TGF-β, PDGF and bFGF (Enoch and Leaper, 2008). Granulation tissue 

is broken down by specific enzymes, metalloproteinases produced by fibroblast and 

macrophages present within the wound (Enoch and Leaper, 2008). Over time the 

vascularity of the scar tissue will decrease resulting in an altered appearance, as well as 

structural changes due to the replacement of type 1 collagen with type 3 collagen (Harper 

et al, 2008). 

 

1.4 Impaired Wound Healing in Diabetes Mellitus   

 
There are several factors which can result in impaired or ineffective wound healing. These 

factors can be categorized into two main groups; local, which is easy to solve and systemic, 

which is difficult to solve (Gao and Di Pietro, 2010; Enoch and Leaper, 2008). Examples of 

local factors include poor blood circulation, infection and presence of foreign bodies. 

Systemic factors include poor diet/obesity, inflammatory diseases (e.g. diabetes mellitus 

or rheumatoid arthritis) and age/gender (Gao and Di Pietro, 2010; Enoch and Leaper, 

2008). 

DM is a chronic disease because of hyperglycaemia (Chait and Bornfeldt, 2009). It is 

thought the hyperglycaemic conditions occur due to ineffectiveness or insignificant insulin 

production (McCrimmon et al, 2012). DM leads to chronic inflammation and over 

production of pro-inflammatory cytokines, which in turn leads to ineffective bacterial 

clearance and poor wound healing (McCrimmon et al, 2012; Idriss and Naismith, 2000; 

Anas et al, 2010).  Diabetic foot ulcers (DFUs) are chronic wounds that result from 

peripheral ischaemic neuropathy due to hyperglycaemia-induced microvascular damage 

(Falanga, 2005).  DFUs often become infected with bacteria in the wound environment 

preventing key immune processes such as phagocytosis and chemotaxis (Falanga, 2005; 

Brem and Tomic-Canic, 2007).  

 

1.5 Bacterial Biofilms  
 
Bacterial cells combine to form multi-cellular colonies, increasing their chances of survival 

from antibiotics as well as the hosts immune defences (e.g. phagocytosis) (Hassan et al, 
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2011; O’Toole et al, 2000; Whitchurch et al, 2002). These bacterial colonies encase 

themselves in a polysaccharide layer to form a biofilm, making up ∼90% of the biofilm 

biomass (Kostakioti et al, 2013). The first record of biofilms dates to the 1670s when the 

Dutch scientist Antonie van Leuwenhoek observed biofilms taken from a human tooth 

(Garrett et al, 2008). Today it is common knowledge that a biofilm is an extracellular matrix 

made up of many components including extracellular polymeric substances, binding 

proteins, bacterial pili, flagella and extracellular DNA (Kostakioti et al, 2013; Tielker et al, 

2005; Ariciola et al, 2012; Yang et al, 2007; Whitchurch et al, 2002). Biofilms can adapt to 

fit their surrounding environment. Under normal conditions essential nutrients are stored 

within the biofilm but should these nutrients become scarce the bacteria secrete enzymes 

altering the biofilm composition. This allows the bacteria to migrate to new locations 

(Kostakioti et al, 2013; Sauer et al, 2004; Gjermansen et al, 2005).  

Bacteria can use a variety of mechanisms to form biofilms, these are often dependant on 

bacterial strain characteristics along with environmental factors (Lopez et al, 2010). Biofilm 

formation can be categorised into multiple stages; attachment, accumulation, maturation 

and detachment (Ariciola et al, 2012). The attachment of bacteria to surfaces depends on 

a multitude of factors including atomic interactions (e.g., Van der Waals forces) and the 

bacterium cell surface properties (Ariciola et al, 2012; Donlan, 2002). Bacteria have 

fimbriae and pili which contain hydrophobic proteins, meaning they are repelled by water 

(Donlan, 2002). This contributes towards the cell surface hydrophobicity and plays a key 

role in the attachment phase (Krasowska and Sigler, 2014). The next stages of the biofilm 

formation, accumulation and maturation, involve the bacteria sticking together forming 

multiple layers and changes in gene expression needed to form the extracellular matrix 

(Kostakioti et al, 2013; Ariciola et al, 2012). Cells within the biofilm communicate by gene 

expression using a system called quorum sensing (Subramani and Jayaprakashvel, 2019; 

Ariciola et al, 2012). The quorum sensing system consists of three components: a gene 

component (LuxI synthase homolog), signal molecules (acyl-homoserine-lactone (AHL)), 

and a receptor (LuxR receptor homolog) (Brackman et al, 2011; Dang et al, 2017). The final 

stage of biofilms, detachment, is when the bacterial cells disperse from the biofilm and 

migrate to a new location (Ariciola et al, 2012; Donlan, 2002). This could be due to particles 
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colliding within the biofilm or constant disturbance of the biofilm by removal small 

sections (Donlan, 2002).  

There are a variety of different bacteria which form biofilms, two well studied examples 

include opportunistic bacteria Staphylococcus aureus (SA) and Pseudomonas aeruginosa 

(PA) (Lopez et al, 2010; Rezzoagli et al, 2020). Biofilms can pose a threat to human health 

both internally and externally. This is a problem found in hospitals as methicillin-resistant 

Staphylococcus aureus (MRSA) biofilms are commonly found on surgical equipment and 

medical implants (Garrett et al, 2008; Ariciola et al, 2012). Both MRSA and PA biofilms can 

be found within acute and chronic wounds infections (e.g. diabetic foot ulcers) and are 

difficult to treat as they are resistant to multiple antibiotics (Garrett et al, 2008; Kirker et 

al, 2012; Vestby et al, 2020). It is thought that bacterial biofilms such as those caused by 

PA grow at the site of wounds due to impaired wound healing and release surfactants, 

known as rhamnolipids, which leads to chronic inflammation (Vestby et al, 2020; Percival 

et al, 2012; Klockgether and Tümmler, 2017).  

 

1.5.1 Biofilms in Chronic Wounds   

 

Chronic wounds arise due to impaired wound healing, often because of implications 

during the inflammatory phase of healing (Frykberg and Banks, 2015). An example of 

chronic wounds is diabetic foot ulcers (DFUs). This is the result of diabetic neuropathy; 

whereby diabetic patients do not feel the initial trauma on the foot and if the physical 

pressure is sustained several factors such as tissue ischemia, necrosis and inflammation 

can quickly lead to DFUs (Doupis et al, 2009; Boulton et al, 2020). DFUs are characterized 

by pronounced inflammation and prolonged tissue ischaemia (Alavi et al, 2014). DFUs 

typically get colonized by several opportunistic bacteria and can become infected if left 

untreated (Ogba et al, 2019; Percival et al, 2018; Piri et al, 2013). 

Biofilms play a crucial part within chronic wounds because they are said to be main reason 

behind the continuous inflammation with an estimate of <90% of chronic wounds 

containing some degree of biofilm formation (Attinger and Wolcott, 2012). Convectional 

antimicrobial therapies are said be significantly less effective against biofilms than they 
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are against planktonic bacteria, further hindering the recovery of chronic wounds (Omar, 

et al,2017). In DFUs a combination of hyperglycaemia and restricted oxygen supply leads 

to large amounts of necrotic tissue resulting in biofilms usually consisting of both aerobic 

and anaerobic bacteria (Pouget et al, 2020; Dowd et al, 2008; Oates et al, 2012) further 

complicating the use of convectional antimicrobial therapies.   

In a study conducted by Thurlow et al, 2011, it was shown that SA biofilms can evade 

bacterial recognition pathways as well the innate immune system. A murine model was 

used in which a biofilm infection was simulated using a catheter. In this study the activity 

of TLR2 and TLR9 was evaluated. The findings showed neither of the TLRs seemed to be 

affected by the presence of bacteria or inflammatory mediators along with low levels of 

cytokine levels; TNF-α, IL-1β.  

Bacterial colonies can produce extracellular polysaccharides matrix structures, called 

biofilms, protecting them as they stay attached to surfaces and share resources within 

their colony (Donlan, 2001; O’toole et al, 2000; Vu et al, 2009). Biofilms can occur on 

various surfaces in the human body; including medical implants, teeth in the form of 

dental plaques and chronic wounds in the form of diabetic foot ulcers (DFUs) (Frank et al, 

2007; Donlan, 2001; Fine et al, 2001). Biofilms can cause serious health problems if left 

untreated; for example, in dental plaques they can result in gum diseases (Fine et al, 2001). 

Moreover, biofilms are a major problem in DFUs. It is already understood that diabetic 

patients have impaired wound healing abilities due to weakened immune cells, resulting 

in a high susceptibility to wound infections like DFUs. This provides the ideal condition for 

biofilms to form within the wounds (Davies et al, 2006; Dowd et al, 2008). Bacteria inside 

biofilms have a greater likelihood of developing resistance to antimicrobial agents 

compared planktonic bacteria (Donlan, 2001; Frank et al, 2007).  

 

1.5.2 Biofilm Treatments 

 

Staphylococcus aureus (SA) and Pseudomonas aeruginosa (PA) infections can typically be 

treated with conventional antibiotics; however, biofilm-associated infections are 

significantly more difficult to eradicate. This is because antibiotics primarily target 
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bacterial colonies on the outer layers of the biofilm, while deeper-seated colonies remain 

protected within the biofilm matrix (Singh et al., 2010). Biofilms are typically large in 

structure, ≈ 35 – 55µm (Odegaard et al, 2000) compared to phagocytic immune cells, such 

as macrophages ≈ 21µm (Fuchs et al, 2016). This means that normal immune defence 

mechanisms, such as phagocytosis, cannot occur.  

Once a biofilm is established it is extremely difficult to treat them with conventional 

antibiotics due to increased bacterial antibiotic resistance (Wu et al, 2014; Simoes et al, 

2009) and the treatment is limited to surgical removal (Zimmerli et al, 2012). Biofilms don’t 

usually become symptomatic until the quorum sensing system is formed during the 

maturation stage (Aparna and Yadav, 2008). At this stage it is already too late for treatment 

as the biofilm has already formed. As a result, the chance of deep tissue infections (e.g. 

diabetic foot ulcers) is largely increased.   

It has been suggested that disrupting the social interactions of bacteria within biofilms 

could potentially stop biofilms forming. This could be done by targeting biofilm virulence 

factors, by encourage bacterial strains to mix as a result they would compete for shared 

molecule and thus virulence would be reduced (Rezzoagli et al, 2020; Zimmerli et al, 2012). 

However, the obvious problem with this is that one strain would outcompete with the 

other and form its own biofilm. Another way of disrupting the social interactions is using 

quorum sensing inhibitors. If the quorum sensing system was disrupted it would allow 

antibiotics to target the bacteria (Rezzoagli et al, 2020; Brackman et al, 2011). Another 

strategy is to target the external and the internal structure of biofilms. Bacteria specific 

viruses have been used to form bacteriophages to disrupt exopolysaccharides (Sharma et 

al, 2014; Morello et al, 2011; Alemayehu et al, 2012) and antimicrobial peptides have been 

used to disrupt protein synthesis within PA biofilms (Sharma et al, 2014; Kapoor et al, 

2011). 

The problem with these treatment methods is that the bacterial biofilms would need to 

be treated during the early stages of their development i.e., during the maturation stage 

before or whist the quorum sensing system is being formed. This may be difficult in the 
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case of diabetic patients as the elevated blood glucose would cause vascular damage 

leading to peripheral neuropathy. 

 

1.6 Dietary Fibres 

 
Dietary fibres are natural plant-derived polymers, in the form of oligosaccharides or 

polysaccharides (Elleuch et al, 2011). Dietary fibres have been suggested as a therapeutic 

alternative to modern antibiotics for the treatment of DFU infections. The reasons for this 

include the potential effects of dietary fibres on stimulating wound healing (Al-Ghazzewi 

et al, 2015), reducing inflammatory markers (Weickert et al, 2008) and increasing 

phagocytosis (Schley and Field, 2002).  

There are two types of dietary fibres, β-glucans and celluloses. The β-glucans are 

frequently derived from oat and barley grains (El Khoury et al, 2012) and celluloses are 

typically derived from plant cell walls (Scheller and Ulyskov, 2010). When consumed as 

part of the diet, β-glucans have been found to increase immunological activity in both 

human and animal models (Tzianabos, 2000; Volman et al, 2008).  

Xylans are hemicellulose polymers found within plant cell walls typically made up of 1,4-

linked β-D-xylopyranosyl backbone (Hsieh and Harris, 2019). The structure of xylans can 

be altered; for example, if arabinose sugars are attached to xylans they become 

arabinoxylans (Scheller and Ulyskov, 2010). Arabinoxylans are cereal derived fibres which 

have demonstrated a positive impact on both the innate and adaptive immune systems 

(Zhang et al,2015). A commonly studied example of an arabinoxylan is biobran, otherwise 

known as MGN3.  

 

1.6.1 Biobran (MGN3) 

 

MGN3 is an abbreviation of the surnames of the scientists who developed this dietary 

fibre; Maeda, Ghoneum and Ninomiya. It was the third polymer they developed; hence 

the fibre was designated with the number 3 (Masood et al, 2013). MGN3 is an 

arabinoxylan polymer derived from rice bran which is hydrolysed using enzymes from 
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shitake mushrooms (Figure 1. 6) (Ooi et al, 2018). MGN3 has shown to have many positive 

effects on the immune system. These include activation of immune cells such as T cells 

and monocytes (Ghoneum and Agrawal, 2011), increased dendritic cell activation 

(Ghoenum and Agrawal, 2011) and reduced immunosenescence of natural killer (NK) cells 

(Elsaid et al, 2018).   

 

 

  

 

 
 
 
 
 
 
 

 

1.7 The Effects of MGN3 on Wound Healing 

 

Clinical trials involving MGN3 have shown it can stimulate NK cell activity (Elsaid et al, 

2018) and cognitive functions in the older population (Elsaid et al, 2020).  It has also been 

shown that MGN3 can stimulate peripheral lymphocytes to increase their interleukin-2 (IL-

2) production (Giese et al, 2008) as well as reducing proinflammatory cytokine levels (Ali 

et al, 2012). This is further supported by in vivo models where MGN3 has been shown to 

improve the phagocytic function of M0 macrophages (Asif, 2020; Tan, 2018). Asif (2020) 

showed that MGN3 promoted bacterial clearance in vitro. MGN3 also significantly (P < 

0.05) reversed the impaired phagocytic function induced by elevated glucose 

concentrations.   In an earlier study done by Tan, 2018, it was shown that MGN3 increased 

macrophage-induced phagocytosis of MRSA by acting on TLR-4 and dectin-1 receptors. 

MGN3 increased the phagocytosis of yeast by murine macrophages (Ghoneum and 

Figure 1. 6: The chemical structure of the arabinoxylan hemicellulose component of MGN3. Polysaccharide 

taken from rice bran, broken down using shitake mushrooms enzymes to obtain the arabinoxylan molecule 

named Biobran, also known as MGN3 (Biobran, 2022). 
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Matsuura, 2004) and the phagocytosis of Escherichia coli by human monocytes and 

neutrophils (Ghoneum et al, 2008).  

MGN3 has several characteristics that indicate it could be used as a successful topical 

treatment for wound management. MGN3 is already ingested as a common dietary 

supplement (Elsaid et al, 2018) and has a safe toxicology record (Ghoneum et al, 2013). 

Moreover, MGN3 is known to be highly soluble in water (Kamiya et al, 2014), making it 

easy to add to hydrogels typically utilized in aqueous topical wound dressings (Uraloğlu et 

al, 2014). However, to date the use of MGN3 as a potential topical treatment to promote 

healing and/or clear bacterial infections in chronic wounds has not been evaluated, 

highlighting the urgent need to carry out such investigations.  

 

1.8 Aim and Objectives:   

 

The overarching aim of the project was to investigate the potential use of MGN3 to 

enhance tissue repair processes and host immune responses to biofilm infections under 

hyperglycaemic conditions using in vitro models of human wound healing.  

The objectives include:  

• Determining the effect of MGN3 on the cellular activities of different skin cell types 

(including cell viability, proliferation, migration, chemotaxis, differentiation, 

phagocytosis and inflammatory marker expression) under hyperglycaemic 

conditions. 

• Determining the effect of MGN3 on wound closure under hyperglycaemic 

conditions using in vitro cell exclusion assays. 

• Performing host-pathogen interaction assays using biofilm models of typical 

diabetic wound infections to determine the effect of MGN3 on bacterial clearance 

under hyperglycaemic conditions. 

• Visualising host-pathogen interactions by confocal/thunder microscopy.  

• Investigating the effect of MGN3 on cell metabolism of dermal cell types 

(keratinocytes and fibroblasts) under hyperglycaemic conditions using Seahorse 
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technology (cytosolic calcium and adenosine triphosphate (ATP) production 

assessments).  

• Performing receptor-binding investigations using pharmacological inhibitors 

and/or neutralising antibodies to determine the key receptors and cellular 

pathways through which MGN3 acts in different cell types.   

• Perform flow cytometry and enzyme-linked immunosorbent assays (ELISAs) to 

assess downstream mediators of MGN3 activated pathways at pre-diabetic and 

hyperglycaemic conditions. 
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2.1 Materials  

 

Alexa Fluor 488 Anti-NRF2 monoclonal antibody (Abcam, UK) 

Anti-beta 2 defensin (BD2) antibody (Ab9871) (Abcam, UK) 

Antigen Affinity-purified Polyclonal Goat IgG Human EGF antibody (R&D systems, USA)  

Anti-Human KGF/FGF-7 Antibody (R&D systems, USA) 

Anti-mouse Alexa Fluor 488 secondary antibody (Thermofisher, UK) 

Anti-mouse Alexa Fluor 568 secondary antibody (Thermofisher, UK) 

Anti-rabbit Alexa Fluor 647 secondary antibody (Thermofisher, UK) 

Beta-defensin 2 (BD2) human peptide (Hycult Biotech, Netherlands) 

Bovine Serum Albumin (BSA) (Sigma-aldrich, UK) 

Cathelicidin (LL37) monoclonal mouse antibody (Thermofisher, UK) 

Collagen 1 monoclonal mouse antibody (COL-1) (Thermofisher, UK) 

Cytochalasin D (Sigma-aldrich, UK) 

D (+) Glucose (Sigma-aldrich, UK) 

Dulbecco Modified Eagle Medium (DMEM) (thermofisher, UK) 

Dulbecco phosphate buffered saline (DPBS) (Sigma-aldrich, UK)  

EnzChek Lysozyme Assay Kit (Thermofisher, UK) 

Ethanol (Fisher Scientific, UK) 

Fluorescein isothiocyanate (FITC)-conjugated anti-human CD11b antibody (BioLegend, 

UK) 

Fluorescein isothiocyanate (FITC)-conjugated anti-human CD197 (CCR7) antibody 

(BioLegend, UK) 

Foetal Bovine serum (FBS) (Lonza, UK) 

HACAT human keratinocyte cell line 
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Halt protease and phosphatase inhibitor cocktail (100x) (Thermofisher, UK) 

Human BD-2 Standard ABTS ELISA Development Kit (Peprotech/ thermofisher, UK) 

Human CCL2/MCP-1 ELISA kit DY279 (R&D systems, USA)  

Human Dermal Fibroblasts (HDF) cell line  

Human EGF ELISA kit DY236 (R&D systems, USA)  

Human FGF basic/FGF2/bFGF ELISA kit DY233-05 (R&D systems, USA)  

Human KGF/FGF-7 ELISA kit DY251 (R&D systems, USA)  

Human LL-37 ELISA kit HK321 (Hycult Biotech, Netherlands) 

Human NRF2 ELISA kit ab277397 (Abcam, UK) 

Human Pro-collagen I α 1 ELISA kit DY6220-05 (R&D systems, USA)  

Human TGF beta 1 ELISA Kit ab100647 (Abcam, UK) 

Human TGF beta 1 ELISA Kit DY240-05 (R&D systems, USA) 

Human total MMP-1 ELISA kit DY901B-05 (R&D systems, USA)  

In Vitro Toxicology Assay Kit – MTT Based (Sigma, USA) 

Lipopolysaccharide (LPS) from the membrane of Escherichia coli (Sigma-Aldrich, UK) 

LL37 (Cathelicidin) protein (Biotechne-R&D systems, USA)  

LL37/CAP-18 human monoclonal antibody (Hycult Biotech, Netherlands) 

Methicillin Resistant Staphylococcus aureus strain 11 (Hospital isolates, Manchester, UK) 

MGN3/Biobran (Revital, UK) 

Mitomycin C (Sigma-aldrich, UK) 

ML 385 NRF2 Inhibitor (R&D systems, USA) 

M-PER Mammalian protein extraction reagent (Thermofisher, UK) 

Nutrient agar (Oxoid, UK) 

Recombinant Anti-Nrf2 (phospho S40) antibody [EP1809Y] (ab76026) (Abcam, UK) 
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Seahorse XF glucose (Agilent Technologies, USA) 

Seahorse XF L-Glutamine (Agilent Technologies, USA) 

Seahorse XF Pyruvate (Agilent Technologies, USA) 

Seahorse XF Real-Time ATP Rate Assay Kit – contains Oligomycin and Rotenone + 

Antimycin A mix (Agilent Technologies, USA) 

Seahorse XF RPMI medium (Agilent Technologies, USA) 

Seahorse XFp FluxPak – containing 12 XFp sensor cartridges, 12 XFp cell culture 

miniplates and Seahorse calibrant solution (Agilent Technologies, USA)  

Sodium nitrate (Sigma-Aldrich, UK) 

TGF Beta-1 Monoclonal mouse antibody (TB21) (Thermofisher, UK) 

Trypsin-versene mixture (Lonza, UK) 
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2.2 Methods  

 

2.2.1 Media 

 

Complete RPMI medium (RPMI CM): RPMI-1640 media with L-Glutamine, and 25mM 

HEPES, supplemented with 10% FBS and 2% penicillin-streptomycin.  

Antibiotic-free (AB-) medium: RPMI-1640 media with L-Glutamine, 25mM HEPES, 

supplemented with 10% FBS.  

Complete DMEM medium (DMEM CM): DMEM media with 1g glucose, L-glutamine, and 

sodium pyruvate, supplemented with 10% FBS and 2% (v/v) penicillin-streptomycin. 

Glucose-supplemented RPMI media: D-(+)-glucose dissolved in RPMI CM, or AB- 

medium to give a final concentration of 461.1mM and then used to prepare additional 

glucose-supplemented media with final glucose concentrations of 15, 20 or 30mM by 

serial dilution.  

Glucose-supplemented DMEM media: D-(+)-glucose dissolved in DMEM CM medium to 

give a final concentration of 455.55mM (DMEM) and then used to prepare additional 

glucose-supplemented media with final glucose concentrations of 11, 20 or 30mM by 

serial dilution. 

MGN-3 supplemented medium: MGN-3 dissolved in RPMI CM/ DMEM CM or AB-free 

medium to a concentration of 2mg/ml. 

Seahorse medium: XF RPMI Medium (w/o Phenol Red) + Seahorse XF Glucose (1M) + 

Seahorse XF Pyruvate (100mM) + Seahorse XF L-Glutamine (200mM)  

 

2.2.2 Cell Culture 

 

U937 monocytes were cultured at 0.5x10⁶ viable cells/ml in RPMI CM at 37°C and 5% 

CO2. Cell viability checks and media changes were performed every 2 days on a Biorad 

27 TC10 automated cell counter using the trypan blue staining method (Crowley et al, 

2016). 

HDF fibroblasts and HACAT keratinocytes were cultured until 80% confluency was 

reached with medium changes every 2 days. When 80% confluency was reached, cell 
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viability was checked using a biorad 27 TC10 automated cell counter via the trypan blue 

method. The cells were detached from their flasks with the use of trypsin-versene 

mixture (2ml), incubated for 10 minutes at 37°C and 5% CO2 and then the trypsin was 

neutralised by adding DMEM CM (2ml) to the flask.    

A hyperglycaemic model was simulated by increasing glucose concentrations in an 

incremental manner. In the case of U937 monocytes, the glucose was increased in 

subsets from 11mM to 15mM, to 20mM, to 30mM after 7-day intervals. This process 

allowed for 4 sets of U937 cells to be generated simultaneously. A similar process was 

used for HDF and HACAT cells, generating 3 sets of cells cultured under 11, 20 and 30mM 

glucose. In all cases the cells were allowed to grow in the appropriate glucose 

concentrations for 2 weeks and reaching cell viabilities of 85% or higher before starting 

experiments. 

 

2.2.3 U937 Monocyte Differentiation into M0 Macrophages 

 

U937 monocytes were re-suspended in RPMI CM (11, 15, 20, or 30mM glucose) media 

at a density of 1x10⁶ cells/ml. PMA (50ng/mL) was administered to the U937 monocytes 

to induce differentiation into adherent U937 M0 macrophages. The monocytes were 

incubated at 37°C and 5% CO₂ for 24 hour and replaced with glucose supplemented 

medium for a further 48hours allowing the M0 macrophages to rest. PMA is routinely 

utilised in this methodology because it induces differentiation of monocytic cells into 

macrophage-like cells through the activation of protein kinase receptors and changes 

cell gene expression transcription factors such as activator protein-1 (Song et al, 2015). 

 

2.2.4 CD11b Analysis 

 

M0 macrophage differentiation was confirmed by assessing CD11b cell marker 

expression using flow cytometry. U937 were treated with or without PMA 

(undifferentiated negative control; NC). After differentiation (see section 2.2.3), the cells 

were washed with DPBS and  trypsin EDTA was added to each well for 5 minutes at 37°C 

and 5% CO2. The trypsin was then neutralised by adding 50µl of RPMI media. The cells 

were then centrifuged at 500g for 5 minutes and the cell pellet washed in DPBS. After 

centrifugation, cells were fixed with 200µl of 4% paraformaldehyde at room temperature 

for 10 minutes. The cells were centrifuged, washed and re-suspended triton x-100 (0.1%) 
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in DPBS for 5 minutes. The cells were centrifuged, washed and re-suspended in blocking 

buffer (3% BSA in DPBS) for 1 hour at room temperature. The cells were washed and 

FITC-conjugated CD11b antibody diluted 1:5 with wash buffer [1:10 FBS in DPBS] was 

added. The cells incubated in the fridge for 24 hours. The cells were washed a final time 

with DPBS and analysed on a BD Accuri C6F1 flow cytometer to determine the 

expression of the CD11b cell surface marker. The cytometer analysed 10,000 individual 

cell events using BD Accuri C6 Software in the FSC and FL1-A. The data collected were 

displayed as the mean fluorescence intensity (MFI) compared to the NC 

(undifferentiated U937 monocytes).      

 

2.2.5 M0 Macrophages Differentiation into M1 Macrophages 

 

U937 monocytes were differentiated in M0 macrophages (see section 2.2.3).  The M0 

macrophages were treated with a combination of LPS (100ng/mL) and IFN γ (20ng/mL) 

in glucose supplemented media for 24hours to generate classically activated M1 

macrophages (Orecchioni et al, 2019). After 24 hours the media was removed and 

replaced with glucose supplemented medium and the cells were incubated for a further 

96 hours, with the media changed again after 48 hours. LPS is routinely used in this 

methodology because it activates macrophages by acting through the TLR4 receptor, 

which then triggers a cascade of signaling events that enhances the production of 

inflammatory mediators (Fang et al, 2004). IFN-γ is routinely used because it assists in 

macrophage activation by priming macrophages to be less responsive anti-inflammatory 

cytokines such as type I IFNs and IL-10, and more responsive to pro-inflammatory STAT1-

dominated cytokines (Hu et al, 2008). 

 

2.2.6 CD197 Analysis 

 

M1 macrophage differentiation was confirmed by assessing CD197 cell marker 

expression using flow cytometry. U937 were differentiated into M0 macrophages (see 

section 2.2.3) and then polarized into M1 macrophages (see section 2.2.5).  M1 

macrophages were then washed with DPBS and detached from wells using 50µl trypsin 

EDTA incubation for 5 minutes at 37°C and 5% CO2. The trypsin was then neutralised by 

adding 50µl of RPMI media and cells were centrifuged at 500g for 5 minutes prior to 

washing the cell pellet in DPBS. After centrifugation, cells were fixed with 200µl of 4% 
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paraformaldehyde at room temperature for 10 minutes. The macrophages were 

centrifuged, washed in DPBS and re-suspended triton x-100 (0.1%) in DPBS for 5 

minutes. The cells were centrifuged, washed in DPBS, and re-suspended in blocking 

buffer (3% BSA in DPBS) for 1 hour at room temperature. Following washing in DPBS, 

macrophages were incubated with FITC-conjugated CD197 antibody diluted 1:5 with 

wash buffer [1:10 FBS in DPBS] at room temperature for 1 hour in the dark. The cells 

were washed a final time in DPBS and analysed on a BD Accuri C6F1 flow cytometer to 

determine the expression of the CD197 cell surface marker. The cytometer analysed 

10,000 individual cell events using BD Accuri C6 Software in the FSC and FL1-A. The data 

collected were displayed as the mean fluorescence intensity (MFI) compared with the 

NC (undifferentiated U937 monocytes) and M0 macrophages.      

 

2.2.7 Bacteria Preparation 

 

This project utilised methicillin-resistant MRSA strain II and PA strain I (PA01). Both 

bacterial strains were defrosted from frozen stores (at -80°C) and cultured separately in 

nutrient broth (NB) for 3 days at 37°C before a small quantity (1mL) of broth was spread 

on nutrient agar (NA) and incubated for a further 24 hours. After 24 hours, a streak plate 

was prepared to allow for bacterial colony isolation. The streak plates were stored at 4°C 

and replaced every 4-6 weeks.  

When the bacteria were required for experiments, bacterial colonies were taken from 

the streak plate and incubated in fresh NB at 37°C for 24 hours. The bacterial broths 

were centrifuged at 3500rpm for 10 minutes and the bacterial was washed and 

resuspended in saline. This was repeated twice before performing serial dilutions. Serial 

dilutions (ten-fold) were performed in saline and aliquots (100ul) were spread on 

duplicate NA plates, which were then incubated for 24 hours at 37°C.  After the 

incubation the colony forming units (CFU) were counted and bacterial densities 

(CFU/mL) were calculated. The bacterial density of 2x104 CFU/mL was used for 

experimentation and bacteria was aliquoted on membranes and incubated at 37 °C and 

5% CO2 for 24 hours to allow bacterial biofilms to form. 
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2.2.8 Host-pathogen Interaction (HPI) Assay 

 

M1 macrophages were generated from U937 monocytes (see section 2.2.5) on 

polycarbonate membranes  (n=6) in 24 well plates (at 1x106 cells/mL). The macrophages 

were grown on membranes so that they could be easily transferred and interact with 

bacterial biofilms. The medium was removed, and macrophages treated with AB-

medium (UC) (11, 15, 20 or 30mM), RS in AB-medium (2mg/mL), LPS in AB- medium 

(5mg/ml) and MGN3 in AB- medium (0.5, 1 and 2mg/mL). Multiple plates were created 

for the different glucose concentrations (11, 15, 20 and 30mM). The plates were then 

incubated at 37 °C and 5% CO2 for 24 hours. Following removal of treatments and 

washing in DPBS, macrophage-bound membranes were exposed to membranes 

containing bacterial biofilms (MRSA or PA01) and incubated in AB-media at 37 °C and 5% 

CO2 for 1 hour. The supernatant was collected and diluted 1:1000 before plating on NA 

and incubated at 37 °C and 5% CO2 for 24 hours. The bacterial recovery from the NA 

plates was collected the following day. 

This was repeated with and without (w/o) TLR receptor inhibitors (TLR2 and TLR4) for 

the highest (30mM) and lowest (11mM) glucose concentrations to determine the 

pathways through which MGN3 may act. As separate controls, the direct effect of 

glucose (11, 15, 20 and 30mM) and the direct effect of MGN3 on MRSA and PA01 

bacterial biofilm growth was evaluated using the HPI method performed in the absence 

of macrophages. 

 

2.2.9 Wound Healing (Cell Exclusion) Assay 

 

HDF fibroblasts and keratinocytes (5 × 10⁴ cells/mL) were cultured in cell exclusion 

inserts within 24-well plates at glucose concentrations of 11, 20, and 30mM. Fibroblasts 

were incubated for 4 days, and keratinocytes for 3 days, at 37 °C with 5% CO₂.  

This allowed for the formation of an empty fixed cell exclusion zone (gap width 500µm) 

within the lawn of cultured fibroblasts and keratinocytes in each well through which the 

cells could later migrate and proliferate into following removal of the inserts. After 

incubation the cell-exclusion inserts were removed, creating a defined 500μm-wide gap 

(‘wound’) in the monolayer. Fibroblasts were washed twice with DPBS before treatment 

(n=3) with or without LPS (5μg/mL) or MGN3 (2mg/mL), then placed on the Phase 
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Holographic Imaging (Phiab) Holomonitor live-cell imaging system, housed in a standard 

5% CO₂ incubator at 37 °C for 60 hours. Images across the wound (n=12) were captured 

every hour and individually analysed using the Holomonitor software to generate 

percentage wound closure graphs and perform data analysis. The same procedure was 

applied to keratinocytes after treatments and the keratinocytes were imaged using the 

Holomonitor system under identical incubator conditions for 24 hours. Images (n=12) 

were captured every 45 minutes and analysed to assess wound closure over time. 

Additional treatments (n=3) were prepared in the presence/absence of 200um TLR2 

(TL2-C29 InvivoGen) or TLR4 (TLR4-IN-C34 InvivoGen) inhibitor, along with/without an 

inhibitor for cell migration (10ug/ml cytochalasin D; C8273 Sigma-Aldrich) following a 2 

hour pre-treatment incubation with/without an inhibitor of cell proliferation (20ug/ml 

mitomycin C; 50-07-7 Sigma-Aldrich). 

To optimise mitomycin C (MC) concentration for effective inhibition of cell proliferation 

prior to migration assays, fibroblasts and keratinocytes were seeded in 24-well plates at 

5 × 10⁴ cells/mL and incubated at 37 °C with 5% CO₂ until ~50% confluency. The 

supernatant was discarded, and cells were treated with or without MC at varying 

concentrations (2, 5, 10, 20μg/mL) for 2 hours. After treatment, cells were washed with 

DMEM CM, and initial cell counts (n=3) were taken using the trypan blue exclusion 

method (see Section 2.2.2). Fibroblasts were further incubated for 72 hours, with cell 

counts recorded at 24, 48, and 72 hours, while keratinocytes were incubated for 24 hours 

only. The % inhibition of cell proliferation in MC-treated fibroblasts/keratinocytes (+MC) 

compared to the negative untreated controls (NC) lacking MC exposure was calculated 

at each time point for all MC concentrations using the equation: 

% Inhibition of Cell Proliferation = (CPNC – CP+MC) / CPNC * 100 

…..where Cell Proliferation (CP) = Cell Count [at time T]  -  Initial Cell Count 

 

2.2.10 Seahorse Technology Analysis 

 

Fibroblasts and keratinocytes were seeded at 1x105 cells/ml in low and glucose and 

incubated at 37°C and 5% CO₂ for 24 hours. The fibroblasts were then treated (n=3) 

with/without LPS (5ug/ml) or MGN3 (2mg/ml) for 24 hours at 37°C and 5% CO₂. Further 
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replicates were generated that had the presence of TLR2 or TLR4 inhibitors (200ng/ml) 

added to fibroblasts for 1 hour before adding LPS/MGN3 treatments. A sensor cartridge 

(Agilent Seahorse XFp FluxPak) was prepared one day before starting the seahorse 

analysis. This preparation consisted of taking an empty senor cartridge adding seahorse 

calibrant in the outer wells (400µl), main wells (200µl) and incubating the cartridge 

overnight at 37°C without CO₂. On the day of the analysis the seahorse assay medium 

was prepared under sterile conditions (9.7ml XF RPMI Medium (w/o Phenol Red) + 100ul 

Seahorse XF Glucose (1M Solution) + 100ul Seahorse XF Pyruvate (100mM solution) + 

100ul Seahorse XF L-Glutamine (200mM)). The seahorse analysis antibiotics: Oligomycin 

and Rotenone+Antimycin A were prepared. Oligomycin (O) (1.5µM) and 

Rotenone+Antimycin A (RA) (0.5µM) dilutions were prepared in seahorse assay medium 

(300ul). The media was removed from the first cell culture plate and the fibroblasts were 

washed with seahorse assay medium (100ul), fresh seahorse assay medium was added 

to the fibroblasts (100ul) and they were incubated at 37°C without CO₂ for 30 minutes. 

Whilst the fibroblasts were in the incubator, the sensor cartridge was prepared for 

calibration. This was done by adding 20ul of O to all A ports and 22ul of RA to all B ports 

and the cartridge was placed into an Agilent seahorse analyser for calibration which 

lasted for 15-20 minutes. this preloaded the analyser with O and RA for the analysis. 

After the calibration the cell culture plate was removed from the incubator and the 

media in the wells was replaced with fresh seahorse assay medium (180ul) and the 

fibroblasts were analysed on an Agilent seahorse analyser to measure their oxygen 

consumption rate (OCR), extracellular acidification rate (ECAR) and real time ATP 

production. The assay lasted approximately 55 minutes, and the antibiotics were 

automatically added by the analyser at predesignated times (O was added after 15 

minutes and RA was added after 35 minutes). After the cell counts were taken for data 

normalisation. 

 

2.2.11 Glucose Utilisation 

 

Medium-supplemented glucose utilisation was evaluated for each cell type (U937-

derived M1 macrophages, HDF and HACAT cells) to determine its effect on cell growth 

and viability.  
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U937 monocytes (2.5x105 cells/mL) were grown in RPMI CM at different glucose 

concentrations (11, 15, 20 and 30mM). Whilst cells were cultured for 8 days without 

medium changes, the glucose concentration in the RPMI CM medium were measured 

using a glucose monitor on days 0, 2, 5 and 8, alongside corresponding cell counts.  

A separate set of U937 cells were grown in RPMI CM and differentiated to M1 

macrophages (see section 2.2.5). The glucose concentration was recorded on day 0, 

together with glucose levels before and after PMA treatment during the M0 

differentiation process. Medium levels of glucose concentration were then measured 

over 14 days, and M1 macrophage cell counts were determined on the final day (day 

14).    

Two sets of HDF and HACAT (1x105 cells/mL) were grown in DMEM CM at multiple 

glucose concentrations (11, 20 and 30mM). One set was grown for 7 days and the other 

for 14 days, with the medium changed on day 7. Glucose readings were recorded on days 

0, 2, 4, 7, 10, 12 and 14. Corresponding cell counts were taken from the first set of cells 

on day 7 and the second set on day 14.    

 

2.2.12 MTT Assay 

 

The MTT test was used to determine any cytotoxic effects of MGN3 treatment on HDF 

and HACAT growth and viability.  The MTT assay is used to measure cellular metabolic 

activity in the form of cell viability, proliferation, and cytotoxicity (Borra et al, 2009). MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) is a positively 

charged salt which can pass through the inner mitochondrial membranes, where it is 

then reduced to a violet-coloured molecule, called formazan (Ghasemi et al, 2021; Van 

meerloo et al, 2011). These formazan crystals can then be dissolved and analysed to 

determine the cytotoxic effects of treatments, as well cellular activity such as 

proliferation (Van meerloo et al, 2011).   

Both HDF and HACAT cells were seeded at 1x105 cells/mL in 96 well plates in DMEM CM 

at multiple glucose concentrations (11, 15, 20 and 30mM) and incubated for 24 hours at 

37°C and 5% CO2. The next day the cells were treated with LPS (5ug/mL) or MGN3 (0.5, 

1.0 and 2.0 mg/mL) for another 24 hours. An untreated control (UC) group was also 

prepared where the cells were grown in DMEM CM. After incubation the medium was 



 

~ 36 ~ 
 

removed from wells and MTT solution (5%) was added to each well. The plate was 

incubated for 3 hours at 37°C with 5% CO2 prior to incubation with MTT solvent on an 

orbital shaker for 10 minutes. Absorbance readings of each well were then taken at 

590nm.     

 

2.2.13 Visualising Mediators of Wound Healing 

 

2.2.13.1 Fluorescence microscopy 

 

Cell mediators were observed in macrophages, HDF and HACAT by fluorescence 

microscopy and the assistance of thunder technology. The cell mediators investigated 

included collagen 1 and TGFβ1 in HDFs, and TGFβ1, LL37 and TGFβ1 in HACATs. All 

antibodies used for this microscopy work were fluorescently tagged monoclonal 

antibodies (Table 2.1).  

 

HDF and HACAT cells (5x104 HDF/ml and 1x105 HACAT/ml) were grown on coverslips at 

11, 20 and 30mM glucose for 24 hours at 37°C with 5% CO2. The cells were then treated 

with LPS (5ug/ml) and MGN3 (2mg/ml) for 24 hours. The next day the cell supernatants 

were stored for ELISAs, and the cells were fixed with PFA (4%) for 10 minutes. The cells 

were washed with DPBS and treated with triton x-100 (0.05%) for 5 minutes. The cells 

were washed with DPBS and then incubated in blocking buffer (BB) 4% goat serum in 

DPBS) at room temperature for 45 minutes. The cells were washed with DPBS and 

primary antibody (1:100 in BB) was added to half of the wells (n = 12), whilst BB was 

added to the other half (unstained control). Plates were incubated overnight at 4°C, 

washed with DBPS and a secondary antibody (1:400) (see Table 2.1 for details) was 

added to all wells. Cells were incubated in the dark at room temperature for 1 hour, 

washed with DPBS, and phalloidin (1:800) added to all the wells for 45 minutes. The cells 

were washed and DAPI stain was added (1:800) for 10 minutes. The cells were washed 

with DPBS, and coverslips were attached to microscopes with vector shield mounting 

Table 2. 1: A list of antibodies used for Thunder microscopy staining. The table lists the antibodies which 
were used for thunder microscopy in HDFs (COL-1 and TGFβ1) and HACATs 
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medium. The coverslips were allowed to dry prior to observation by fluorescence 

microscopy. The microscope used was a Leica model equipped with Thunder Imaging 

capabilities, capturing five images per treatment at a 60x magnification.  

 

2.2.13.2 Enzyme Linked Immunosorbent Assays 

 

Multiple sandwich ELISAs were completed for each cell type. Fibroblast supernatant was 

used to measure transforming growth factor beta 1 (TGFβ1) (ab100647 TGF beta 1 

Human ELISA Kit, Abcam) collagen 1 (COL-1) (Human Pro-collagen I α 1 ELISA kit DY6220-

05, R&D systems), matrix metallopeptidase 1 (MMP-1) (Human total MMP-1 ELISA kit 

DY901B-05 R&D systems), Keratinocyte growth factor (KGF) (Human KGF/FGF-7 ELISA kit 

DY251, R&D systems), epidermal growth factor (EGF) (Human EGF ELISA kit DY236, R&D 

systems), fibroblast growth factor 2 (FGF2) (Human FGF basic/FGF2/bFGF ELISA kit 

DY233-05, R&D systems) and monocyte chemoattractant protein 1 (MCP-1) (Human 

CCL2/MCP-1 ELISA kit DY279, R&D systems). Keratinocyte supernatant was used to 

measure TGFβ1 (Human TGF beta 1 ELISA Kit DY240-05, R&D systems), MCP-1 (Human 

CCL2/MCP-1 ELISA kit DY279, R&D systems), EGF (Human EGF ELISA kit DY236, R&D 

systems), FGF2 (Human FGF basic/FGF2/bFGF ELISA kit DY233-05, R&D systems) and 

nuclear factor erythroid-2 related factor 2 (NRF2) (ab277397 Human Nrf2 ELISA Kit, 

Abcam). Keratinocyte cell lysates were used to measure beta 2 defensin (BD2) (Human 

BD-2 Standard ABTS ELISA Development Kit, Peprotech) and cathelicidin (LL37) (Human 

LL-37 HK321, Hycult Biotech). Macrophage supernatant was used to measure FGF2 

(Human FGF basic/FGF2/bFGF ELISA kit DY233-05, R&D systems), EGF (Human EGF ELISA 

kit DY236, R&D systems) and MCP-1 (Human CCL2/MCP-1 ELISA kit DY279, R&D 

systems). Macrophage cell lysates were used to measure LL37 (Human LL-37 HK321, 

Hycult Biotech).      

Fibroblasts were seeded at 5x104 cells/ml and keratinocytes and M1 macrophages at 

1x105 cells/ml in low or high glucose DMEM CM for 48 hours at 37°C and 5% CO₂.  After 

the incubation, fibroblasts were treated (n=6) with/without LPS (5ug/ml) or MGN3 

(2mg/ml) in the presence/absence TLR2/TLR4 (200um) for 24 hours at 37°C and 5% CO₂.  

Each ELISA was carried out according to the manufacturer’s instructions. The general 

ELISA protocol briefly involved coating a 96 well plate with a carrier protein overnight at 

room temperature. The next day the carrier protein was removed, and the plate was 
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washed with wash buffer (0.05% tween 20 in DPBS). Blocking buffer (1% BSA in DPBS) 

was added to the plate for 1 hour. The plate is washed again before adding samples and 

standards to the plate. The plate was incubated at room temperature for 1-2 hours, 

washed and detection antibody was added to the plate for 1-2 hours. The plate was 

washed again and streptavidin-HRP was added for 20 minutes prior to incubation at 

room temperature in the dark. The plate was washed and substrate solution (1:1 H2O2 

and Tetramethylbenzidine) added for 20 minutes at room temperature in the dark. Stop 

solution was added and the plate absorbance readings were taken at 450nm with 

background correction at 570nm in all cases in accordance with the ELISAs protocol 

manuals, except for the BD2 ELISA kit which recommended initial absorbance readings 

to be taken at 405nm with background correction at 650nm.   

In some cases, cell lysates were used for ELISA analysis. There were two lysis reagents 

used, RIPA buffer and MPER protein extraction buffer. In the case of RIPA buffer lysis, 

cells were washed with DPBS (200ul) and detached using trypsin (50ul) incubation at 

37°C with 5% CO2 for 10 minutes. An equal volume of medium was added (50ul) to 

neutralise the trypsin and the cells were centrifuged at 500g for 5 minutes. The 

supernatant was removed, and RIPA buffer solution was added to the cell pellet (200ul). 

The RIPA buffer solution consisted of 10ul phosphatase inhibitor and 10ul of protease 

inhibitor for every 1ml of RIPA buffer. The cells were then stored at -80°C for 30 minutes 

and centrifuged again at 12000g for 5 minutes after defrosting. The cell lysates were 

plated on to a 96 well plate to analyse the protein concentration per sample using a BCA 

protein assay kit (Thermofisher, UK) according to the manufacturer’s instructions. Briefly, 

a working solution consisting of sodium bicinchoninate (reagent A) and cupric sulphate 

(reagent B) (1:50) was added to wells (200ul), along with BSA standards to generate a 

standard curve. The plate was then incubated at 37°C with 5% CO2. for 30 minutes before 

reading the absorbance at 562nm. M-PER protein extraction buffer (M-PER) was used as 

an alternative to RIPA buffer in some cases because it is less likely to cause denaturation 

of membrane-bound protein receptors (Arya et al, 2023). In the M-PER buffer lysis, cells 

were washed with DPBS (200ul), detached with trypsin (50ul) and the trypsin neutralised 

by adding an equal volume of medium (50ul). M-PER was added to cells (100ul), in 

addition with protease and phosphatase inhibitors (1:100), and the plate was placed on 

a rocker for 15 minutes. The samples were then centrifuged at 12000g for 5 minutes and 
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the supernatant was stored. The protein concentration was again determined using the 

BCA kit as described above.  

 

2.2.13.3 Lysozyme Assay 

 

Macrophage cell lysates were prepared (see section 2.2.13.2) to measure the lysozyme 

concentrations. Lysozyme substrate was prepared in DPBS (1ml) containing sodium azide 

(2mM). When needed, 40ul of reconstituted lysozyme substrate was added to 760ul of 

1x reaction buffer. Samples were added to a 96 well plate (50ul) along with the lysozyme 

substrate (50ul) to all wells. A lysozyme stock solution was also prepared (1000U/ml) to 

act as standards, ranging from 500U/ml down to 0U/ml. The plate was incubated at 37°C 

with 5% CO2 for 30 minutes. The fluorescence intensity was then measured at 495nm 

and background at 520nm. 

 

2.2.14 Mechanistic Investigations  

 

2.2.14.1 Cathelicidin Assay 

 

The antibacterial cathelicidin (LL37) activity of MGN3-treated HACAT cells and M1 

macrophages (M1) were tested against MRSA and PA01.  

HACAT (2x105 cells/ml) and M1 macrophages (2x106 cells/ml) were cultured in 11/30mM 

DMEM CM and 11/30mM RPMI respectively.  Multiple 24-well plates were prepared for 

both cell types (3x HACAT and 4x M1 macrophages) and incubated at 37°C with 5% CO2 

for 24 hours. MRSA and PA01 bacterial broths were prepared (see section 2.2.7). The 

next day M1 macrophages (n = 24) were treated with LPS (5ug/ml), MGN3 (2mg/ml) or 

RS (2mg/ml) for 24 hours. Both cell lines also had a set number (n = 24) of untreated 

control cells that were also incubated for 24 hours. Bacterial dilutions were also carried 

out on the same day (see section 2.2.7). Supernatant was collected and stored for later 

ELISA use and 4 wells from each plate were used to obtain cell counts, whilst the 

remaining cells were lysed in their wells using M-PER protein extraction buffer (see 

section 2.2.13.2). After the lysis process half of the wells (n = 10) on each plate were 

treated with 2ug/ml LL37/CAP-18 blocking antibody (Hycult Biontech) made up in 

dilution buffer (1% BSA in PBS), and the remaining 10 wells were treated with dilution 

buffer. An extra control plate containing no M1 cells was prepared with 12 negative 

control wells containing 50ul DPBS,  and the remaining 12 positive controls wells (PC) 
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containing 10ug/ml LL37 recombinant protein (Biotechne). Subsequently, 2ug/ml 

LL37/CAP-18 blocking antibody (50ul) was added to half the NC wells (n = 6) and half the 

PC wells (n=6). Dilution buffer (50ul) was added to the 6 remaining NC and 6 remaining 

PC wells. All the plates were incubated at 37°C with 5% CO2 for 2 hours to allow antibody 

binding. After the incubation period, 100ul MRSA (2x104 cells/ml) were added to half (n 

= 5) the wells containing the LL37/CAP-18 blocking antibody and half (n = 5) of all the 

wells lacking the blocking antibody. This was repeated with PA01 (2x104 cells/ml), adding 

100ul PA01 to half (n = 5) the wells containing blocking antibody and half (n = 5) the wells 

lacking the blocking antibody. The 24-well plates were incubated for a further 3 hours at 

37°C with 5% CO2. Well contents were diluted 1:100 and plated onto duplicate NA plates 

incubated at 37°C for24 hour to determine bacterial recovery based on colony counts. 

 

2.2.14.2 Beta-2 Defensin (BD2) Assay 

 

The antibacterial beta-2 defensin (BD2) activity of MGN3-treated HACAT cells was 

evaluated against MRSA and PA01.  

HACAT cells (2x105 cells/ml) were cultured in 11 and 30mM DMEM CM in 24-well plates 

for 24 hours at 37°C with 5% CO2 for 24 hours. MRSA and PA01 bacterial broths were also 

prepared (see section 2.2.7). Cells were then treated (n = 24) with LPS (5ug/ml), MGN3 

(2mg/ml) or DMEM CM (untreated control) for 24 hours at 37°C with 5% CO2. The 

supernatant was collected and stored for later ELISA use, 4 wells from each plate were 

used to obtain cell counts and the remaining cells were lysed (see section 2.2.13.2). 

Following cell lysis, half the remaining wells (n = 10) on each plate were treated with the 

10ug/ml anti-BD2 antibody (ab9871, Abcam) and the rest were treated with dilution 

buffer. An additional control plate lacking HACAT cells was set up containing DPBS (50ul) 

to half of the plate (n = 12, NC) and 100ng/ml BD2 peptide (ab9872, Abcam) to the other 

half (n = 12, PC). Then anti-BD2 antibody was added (50ul) to half (n = 6) the NC and half 

(n=6) the PC wells. Dilution buffer (50ul) was added to the remaining NC and PC wells 

prior to incubation  of all plates at 37°C with 5% CO2 for 2 hours to allow antibody 

binding. After the incubation period 100ul MRSA (2x104 cells/ml) was added to half (n = 

5) of all the wells containing the blocking antibody and half (n = 5) of all the wells lacking 

the blocking antibody. This was repeated with PA01 (2x104 cells/ml), adding 100ul PA01 

to half (n = 5) of all the wells containing the blocking antibody and half (n = 5) of the 
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wells lacking the blocking antibody. The 24-well plates were incubated for a further 3 

hours at 37°C with 5% CO2. Well contents were diluted 1:100 and plated onto duplicate 

NA plates incubated at 37°C for24 hour to determine bacterial recovery based on colony 

counts. 

     

2.2.14.3 Keratinocyte Growth Factor (KGF) Assay 

 

This assay was used to investigate the influence of MGN3-induced production of HDF-

derived keratinocyte growth factor (KGF) on HACAT proliferation, with mechanistic 

confirmation via neutralisation of secreted KGF activity, with or without TLR inhibition.  

HDF cells (5x104 cells/ml) were cultured seeded in 24-wells plates in low (11mM) or high 

(30mM) DMEM CM (n = 12) and incubated for 24 hours at 37°C with 5% CO2. The HDFs 

were then treated (n=4) with/without LPS (5ug/ml) or MGN3 (2mg/ml) in the 

presence/absence of 200mM TLR inhibitors (TLRi), TLR2i or TLR4i. Plates were incubated 

for 1 hour at 37°C with 5% CO2 to allow inhibitor binding. On the same day, HACAT cells 

(1X105 cells/ml) were seeded in 24-well plates in 11mM or 30mM DMEM CM (n = 12) 

and incubated for 24 hours at 37°C with 5% CO2.  

The HACAT supernatant was removed and replaced with corresponding HDF 

supernatant, adding 10ug/ml anti-human KGF antibody to half the wells receiving each 

corresponding HDF-derived cell supernatant. The HACAT cells were then incubated for 

for 1 hour at 37°C with 5% CO2 to allow antibody binding, prior to taking cell counts and 

performing  the MTT assay to assess cell proliferation. The MTT assay was conducted by 

resuspending the HACAT cells in serum-free glucose-supplemented DMEM CM, adding 

MTT reagent (0.263mg/ml) to all the wells and  incubating for 3 hours at 37°C with 5% 

CO2 . After the incubation the supernatant was removed from the wells, and MTT 

solubilization solution was added (50ul) to each well to dissolve the formazan crystals, 

placing the plate on a rocker to ensure complete solubilization. The absorbance was then 

measured on a FLUOstar Omega microplate reader  at 570nm with subtraction of 

background readings at 690nm.   

 

2.2.14.4 Fibroblast Growth Factor 2 (FGF2) Assay 

 

This assay was used to investigate the influence of MGN3-induced production of M1-, 

HDF- and HACAT-derived fibroblast growth factor 2 (FGF2) on HDF and HACAT 
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proliferation, with mechanistic confirmation via neutralisation of secreted FGF2 activity 

and TLR inhibition.  

M1 (5x105 cells/ml), HDF (5x104 cells/ml) and HACAT (1x105 cells/ml) were cultured in 

24-well plates using 11/30mM RPMI and DMEM CM and then treated with/without LPS 

or MGN3 (n = 3) in the presence/absence (+/-) of TLR2i/TLR4i (see section 2.2.14.1). On 

the same day, untreated HDF (5x104 cells/ml) and HACAT (1x105 cells/ml) were cultured 

onto 24-well plates for 24 hours at 37°C with 5% CO2 prior to removal of medium and 

replacement with supernatant collected from treated M1, HACAT or HDF cells. Anti-FGF2 

antibody (0.6ug/ml) made up in appropriate glucose supplemented DMEM CM was 

added to half the wells receiving each corresponding M1/HDF/HACAT-derived cell 

supernatant. Plates were incubated for another 24 hours at 24 hours at 37°C with 5% 

CO2 prior to taking cell counts and performing the MTT assay to assess cell proliferation. 

The MTT assay was conducted by resuspending the HDF/HACAT cells in serum-free 

glucose-supplemented DMEM CM, adding MTT reagent (0.263mg/ml) to all the wells 

and incubating for 3 hours at 37°C with 5% CO2. After the incubation the supernatant 

was removed from the wells, and MTT solubilization solution was added to each well to 

dissolve the formazan crystals, placing the plate on a rocker to ensure complete 

solubilization. The absorbance was then measured on a FLUOstar Omega microplate 

reader at 570nm with subtraction of background readings at 690nm.   

 

2.2.14.5 Epidermal Growth Factor (EGF) Assay 

 

This assay was used to investigate the influence of MGN3-induced production of M1-, 

HDF- and HACAT-derived epidermal growth factor (EGF) on subsequent HDF and HACAT 

proliferation, with mechanistic confirmation via neutralisation of secreted EGF activity 

and TLR inhibition.  

The process was the same as the KGF assay (see section 2.2.14.4) but involved the use 

of anti-EGF antibody (0.6ug/ml).  

 

2.2.14.6 Monocyte Chemoattractant Protein-1 (MCP-1) Assay 

 

A chemotaxis assay was used to evaluate the influence of M1-, HDF- and HACAT-derived 

monocyte chemoattractant protein-1 (MCP-1) on U937-derived monocyte chemotaxis 
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following treatment of M1, HDF or HACAT cells with MGN3, with mechanistic 

confirmation via neutralisation of secreted MCP-1 activity.  

M1 (5x105 cells/ml), HDF (5x104 cells/ml) and HACAT (1x105 cells/ml) were cultured in 

24-well plates using 11/30mM RPMI and DMEM CM. M1, HDF and HACAT supernatants 

were collected following treatment with/without LPS or MGN3 (n = 3) in the 

presence/absence of TLR inhibition (TLR2i/TLR4i) for 24 hours at 37°C with 5% CO2 (see 

section 2.2.14.4). Suspension U937 monocytes were cultured (1x106 cells/ml) at 11 and 

30mM RPMI CM and seeded onto the upper chambers of 96-well chemotaxis plates and 

then set aside. Appropriate lower chambers of the 96-well chemotaxis plates were 

loaded with 100ul recombinant MCP-1 protein (60ng/ml) or 100ul collected supernatant 

from each treatment. A further 50ul anti-MCP-1 blocking antibody (1ug/ml) made up in 

RPMI CM was added to half the lower chambers corresponding to each treatment, and 

the remaining chambers received 50ul RPMI CM. The plate lids were replaced, and lower 

chambers of chemotaxis plates were incubated for 1 hour to allow for antibody binding. 

The cultured U937 monocytes in the upper chambers of the chemotaxis plates were 

then returned and lids replaced. The plates were incubated for 4 hours at 37°C with 5% 

CO2 to allow chemotaxis to take place. After incubation monocyte cell counts were taken 

in the lower chamber wells and the lower chamber was centrifuged at 500g for 5 

minutes to pellet the monocytes. The supernatants were removed and MTT solution 

(50ul) was added to all lower chamber wells. The plates were incubated for 3 hours and 

then MTT solubilization (50ul) solution was added. Absorbance readings were taken at 

570nm on a FLUOstar Omega microplate reader , subtracting background readings at 

690nm. 

 

2.2.14.7 Nuclear Factor Erythroid-2 Related Factor 2 (NRF2) Assay 

 

This assay was used to assess the contribution of HACAT-derived nuclear factor 

erythroid-2 related factor 2 (NRF2) on HACAT synthesis of nitric oxide (NO) and 

monocyte-chemoattractant protein-1 (MCP-1) following treatment with MGN3. 

HACAT cells (1x105 cells/ml) were cultured in 24 well plates using 11/30mM DMEM CM 

for 24 hours at 37°C with 5% CO2. The supernatant from each well was collected 

following subsequent treatment with/without 5ug/ml LPS or 2mg/ml MGN3 (n=4), 

with/without 5uM NRF2 inhibitor (NRF2i) for 24 hours at 37°C with 5% CO2.  Cell lysates 



 

~ 44 ~ 
 

were also obtained from each well using MPER protein extraction buffer (see section 

2.2.13.2).  

Supernatants and cell lysates were used to measure NO levels using the Griess method 

and MCP-1 levels by ELISA (see section 2.2.13.2). Sodium nitrate standards were 

prepared for the Griess assay, ranging from 0 to 120uM. An equal volume of Griess 

reagent was added to all standards and supernatant/cell lysate samples. Following 

incubation in the dark for 20 minutes, the absorbance at 540nm was then measured on 

a FLUOstar Omega microplate reader.  

Activated (phosphorylated) NRF2 was also measured via flow cytometry, along with cells 

counts, following treatments. Cells were washed with 250ul DMEM CM and detached 

via trypsinization (see section 2.2.2). Cells were resuspended in DMEM CM and cell 

counts performed by the trypan blue method (see section 2.2.2). The cells were pelleted 

by centrifugation at 500g for 5 minutes and fixed via incubation in 4% paraformaldehyde 

(PFA) for 10 minutes. Cells were then washed three times in DPBS, and 0.1% triton X-100 

added for 10 minutes and then washed three times in DPBS. Blocking buffer (3% BSA in 

DPBS) was added for 1 hour and supernatant discarded following centrifugation at 500g 

for 5 minutes. Cells were then stained for 24 hours in the fridge with and without 

recombinant anti-NRF2 (phospho S40) antibody diluted 1:80 in wash buffer (10% FBS in 

DPBS). Following two steps of pelleting and washing in DPBS, cells were resuspended in 

anti-rabbit Alexa Fluor 647 secondary antibody for 2 hours in the dark. Samples were 

then centrifuged at 500g for 5 minutes, washed and resuspended twice in DPBS before 

analysis by flow cytometry (see section 2.2.4).   

 

2.2.15 Data Analysis 

 

The data collected from the experiments was normalised against the cell counts and 

analysed (depending on the number of means) using IBM SPSS software for one-way 

ANOVAs and/or independent t-tests.   

 

 

 

 



 

~ 45 ~ 
 

 

 

 

 

 

 

Chapter 3: The Impact of Chronic 

Hyperglycaemia on Cell Function  
 

 

 

 

 

 

 

 

 

 

 

 

 



 

~ 46 ~ 
 

3.1 Introduction 

 

3.1.1 Glucose Metabolism 

 

3.1.1.1 Glucose  

 

Glucose can be referred to as a simple carbohydrate known as a monosaccharide and 

can be classified as aldehydes or ketones with two or more hydroxyl groups (Wang et al, 

2024; Genova et al, 2007). Glucose levels for random tests of <11.1mM are said to be 

within the normal range and >11.1mM is classed as hyperglycaemia as defined by 

Diabetes UK and the National Institute of Health and Care Excellence (Seery, 2022; NICE, 

2024). Chronic hyperglycaemia can result in type 2 diabetes and usually is due to insulin 

resistance (Petersen and Shulman, 2018; Laville and Nazare, 2009). Insulin resistance can 

occur when there is not enough insulin produced, or the insulin is no longer effective 

(Petersen and Shulman, 2018). 

 

3.1.1.2 Insulin Signalling Pathway 

 

Blood glucose levels are maintained by insulin. Insulin is a hormone which is released by 

β cells in the islet of Langerhans within the pancreas (Eliasson et al, 2008; Omar-Hmeadi 

and Idevall-Hagren, 2021; Rorsman and Ascroft, 2018). High glucose levels result in 

elevated Ca2+ (Smogorzewski et al, 1998), this increase in intracellular Ca2+ within β 

cells triggers the release of insulin (Rorsman and Ascroft, 2018; Eliasson et al, 2008).  

Insulin binds to its receptor on the cell surface, initiating a signalling cascade that enables 

glucose uptake (Figure 3.1). This activates insulin receptor substrate (IRS), which recruits 

phosphatidylinositol 3-kinase (PI3K), leading to the activation of protein kinase B 

(PKB/AKT) (Arneth et al, 2019; Han et al, 2016; Lankatillake et al, 2019). AKT promotes 

the translocation of glucose transporter type 4 (GLUT4) to the cell membrane, facilitating 

glucose entry (Cong et al, 1997; Manna and Jian, 2013). AKT also phosphorylates and 

inhibits glycogen synthase kinase 3-beta (GSK-3β), relieving its suppression of glycogen 

synthase, which converts UDP-glucose to glycogen (Andeva-Andany et al, 2016). 

Additionally, insulin-stimulated protein kinase (ISPK) activates protein phosphatase 1 

(PP1/PP1G), enhancing glycogen synthase activity and preventing glycogen breakdown 

(Suzuki et al, 2001; Hansen et al, 1999). Thus, glucose is either used for ATP production 
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or stored as glycogen. It is understood that type 2 diabetes can result in insulin 

resistance, but the question is why this happens. It has been reported in diabetic patients 

who have insulin resistance also display signs of defective IRS proteins, in particular IRS-

1 (Sesti et al, 2001). Hyperglycaemia has also shown to alter the function of pancreatic 

β cells which can lead to part or full inhibition of insulin release (Toschi et al, 2002).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.1.1.3 ATP Production 

 

Once glucose is taken up or stored in the cells it can be used to produce adenosine 

triphosphate (ATP) which is the main energy source for the cell (Patergnani et al, 2014). 

ATP is made up of a nitrogenous base called an adenine attached to a ribose sugar and 

three phosphate groups (Mahoney et al, 2018). ATP production follows two pathways, 

an anaerobic route known as glycolysis and an aerobic route known as mitochondrial 

respiration (Shen et al, 2024) (see Figure 3.2).  

Glycolysis generates a net gain of two ATP molecules per glucose (TeSlaa & Teitell, 2014). 

Upon entering the cell, glucose is phosphorylated by hexokinase (HK) to form glucose-6-

phosphate (G-6-P), using one ATP (Tan & Miyamoto, 2015). G-6-P is isomerized to 

fructose-6-phosphate (F-6-P) by glucose-6-phosphate isomerase (GPI) (Wu et al, 2005), 

Figure 3. 1: Insulin triggers a cascade which allows glucose to enter a cell. Extracellular glucose triggers 
insulin release which binds to IRS. PI3K binds to the IRS activating PKB and AKT. The PKB/AKT pathway 
allows for the translocation of GLUT4 to cell surface to allow the uptake of glucose within the cell. PKB 
allows GSK-3β with the addition of ISPK to undergo glycogen synthesis. Schematic based on information 
from, Arneth et al, 2019; Han et al, 2016: Lankatillake et al, 2019; Hansen et al, 1999 
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then phosphorylated by phosphofructokinase (PFK) to fructose-1,6-bisphosphate (F-1,6-

BP), consuming another ATP (Wu et al, 2005). F-1,6-BP is split by aldolase into 

dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate (G-3-P), which 

can interconvert via triose phosphate isomerase (TPI) (Luo et al, 2022; Wang et al, 2024). 

G-3-P is oxidized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to 1,3-

bisphosphoglycerate (1,3-BPG), producing NADH from NAD+ (Dan’shina et al, 2003; Xiaio 

et al, 2018). 1,3-BPG donates a phosphate to ADP via phosphoglycerate kinase (PGK), 

forming 3-phosphoglycerate (PGA) and ATP (Wang et al, 2024). PGA is converted to 2-

phosphoglycerate (2PG) by phosphoglycerate mutase-1 (PGAM1), then to 

phosphoenolpyruvate (PEP) by enolase (Fukushi et al, 2022). Finally, pyruvate kinase (PK) 

catalyzes the conversion of PEP to pyruvate, generating two ATP (Ricci, 2000). Pyruvate 

may then be reduced to lactate or enter mitochondria for the Krebs cycle (Korla et al, 

2015). 

 

Pyruvate from glycolysis is oxidized to acetyl-CoA, initiating the Krebs cycle (Figure 3.2). 

Also known as the citric acid or tricarboxylic acid (TCA) cycle, this mitochondrial process 

oxidizes acetyl-CoA to generate ATP (Gasmi et al, 2021). Acetyl-CoA combines with 

oxaloacetate to form citrate via citrate synthase (Lacobazzi & Infantino, 2014), which is 

then reversibly converted to isocitrate by aconitase (Lushchak et al, 2014). Isocitrate is 

oxidatively decarboxylated by isocitrate dehydrogenase to produce α-ketoglutarate (α-

Figure 3. 2: Glucose is used in the production of ATP. After glucose enters the cell, it is used to produce 
ATP anaerobically via glycolysis and/ or aerobically via mitochondrial respiration. Both pathways result in 
a combined total of 38 ATP molecules produced. Schematic based on information from, Wu et al, 2005; 
Wang et al, 2024; Fukushi et al, 2022; Korla et al, 2015; Lushchak et al, 2014; Gasmi et al, 2021 
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KG), yielding NADH (Gasmi et al, 2021). α-KG is further converted to succinyl-CoA by α-

KG dehydrogenase, also producing NADH (Ryan & O’Neil, 2020). Each glucose molecule 

yields 10 NADH and 2 FADH₂ through glycolysis and the Krebs cycle, which feed into the 

electron transport chain (ETC) for ATP production. 

The ETC also known as oxidative phosphorylation, uses NADH and FADH₂ to drive a series 

of redox reactions, creating an electron gradient for ATP production (Kennett & Kuchel, 

2003; Davies et al, 2011). Located in the inner mitochondrial membrane, the ETC 

includes complexes I–IV and ATP synthase (Davies et al., 2011). Complex I oxidizes NADH, 

releasing electrons and protons (H⁺), and pumps H⁺ into the intermembrane space (Titov 

et al, 2016; Sazanov, 2015). To minimize oxidative stress, electrons are transferred to 

coenzyme Q10 (CoQ10), which also receives electrons from FADH₂ via complex II, 

producing FAD and H⁺ (Duberley et al, 2014; Gnaiger, 2023). CoQ10 then delivers 

electrons to complex III, enabling further H⁺ pumping, followed by transfer to 

cytochrome c (CytoC), which carries them to complex IV (Musatov & Robinson, 2012). 

Complex IV continues proton pumping and transfers electrons to oxygen, forming water 

as a by-product (Chen et al, 2004). The resulting proton gradient drives ATP synthase to 

convert ADP and phosphate into ATP (Chen et al, 2004). 

In diabetes, hyperglycaemia disrupts ATP production through multiple mechanisms. 

Mitochondrial transcription factor A (TFAM) regulates mitochondrial DNA (mtDNA) 

expression (Larsson et al, 1998), and its deletion induces a diabetic phenotype in mice 

(Silva et al, 2000). High glucose levels can cause mtDNA deletions, leading to instability 

in mtDNA-encoded proteins, including those in the electron transport chain (ETC) 

(Maechler & Wollheim, 2001). Type 2 diabetes involves both insulin resistance and 

impaired insulin secretion (Polonsky et al, 1996). ETC-derived ATP production is reduced 

by 50% in diabetic skeletal muscle (Maechler & Wollheim, 2001), and mtDNA levels in 

peripheral blood are decreased by 35% in type 2 diabetics (Lee et al, 1998). Accelerated 

tissue aging in diabetes is linked to mtDNA mutations (Michikawa et al, 1999). 

Mitochondria produce reactive oxygen species (ROS) due to inefficient electron 

transport, which is worsened by age-related increases in ROS and mtDNA damage 

(Beckman & Ames, 1998). Aging also reduces antioxidant enzymes like catalase, 

especially in β cells, heightening oxidative stress (Tiedge et al., 1997; Maechler et al, 

1999). This contributes to impaired insulin secretion in type 2 diabetes (Coordt et al, 
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1995). Dysfunctional β cell metabolism is a key driver of disease progression, as shown 

in diabetic patient β cells (Segerstolpe et al, 2016), human β cells exposed to high glucose 

(Brun et al., 2015), and murine models displaying glycogen (Brereton et al, 2016) and 

stearoyl carnitine accumulation (Adam et al., 2017), both of which impair insulin 

production. 

 

3.1.2 The Effect of Hyperglycaemia on Macrophage Function 

 

Macrophages originate from blood monocytes and can differentiate into various 

phenotypes: inactive (M0), pro-inflammatory (M1), and anti-inflammatory (M2) 

(Epelman et al, 2014; Orekhov et al, 2019). M0 macrophages are highly plastic and 

respond to stimuli—IFN-γ/LPS induces M1 differentiation, while IL-4/IL-13 promotes M2 

activation (Tarique et al, 2015; Wager & Wormley, 2014). M1 macrophages secrete pro-

inflammatory cytokines (TNFα, IL-1/6, NO) and express markers CD197 and CD86 

(Magatti et al, 2017; McWhorter et al, 2015; Kadomoto et al, 2021). In contrast, M2 

macrophages reduce inflammation via IL-10 and TGFβ and express CD163 and CD206 

(Magatti et al, 2017; Tarique et al, 2015). 

At pre-diabetic conditions, M1 macrophages produce proinflammatory cytokines and 

clear pathogens via phagocytosis (Savina & Amigorena, 2007). However, 

hyperglycaemia impairs macrophage function. Diabetic patients show reduced 

phagocytic activity compared to non-diabetics (Lecube et al, 2011), and macrophages 

exposed to high glucose (22mM) demonstrate decreased mycobacterial phagocytosis 

compared to low glucose (5mM) conditions (Vance et al, 2019). High glucose also 

downregulates surface markers such as CX3CR1 and CD169 (Vance et al, 2019). 

Additionally, hyperglycaemia alters cytokine profiles, increasing levels of GM-CSF, KC, 

TNF-α, and MCP-1 in diabetic mice (Awad et al., 2015; Koulmanda et al, 2012). It also 

promotes macrophage polarization, with elevated CD11c expression observed under 

high glucose (15mM) conditions (Torres-Castro et al, 2016). 

 

3.1.3 The Effect of Hyperglycaemia on Fibroblast Function 

 

Fibroblasts are spindle-shaped cells that produce ECM components like collagen and 

fibronectin (McAnulty, 2007; Younesi et al, 2024). When activated by TNFα, ILs, and 
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PDGF, fibroblasts transform into myofibroblasts, which have a stellate shape due to an 

enlarged Golgi and extensive endoplasmic reticulum for ECM production (McAnulty, 

2007; Iwaisako et al, 2012). Fibroblasts primarily produce collagen type I (COL-1), which 

makes up 90% of the body’s collagen (Hwang et al, 2021). Human dermal fibroblasts 

(HDFs) are crucial for wound healing, migrating to injury sites, becoming activated, and 

secreting actin bundles (Singer & Clark, 1999; Pilkus et al, 2021). HDF motility relies on 

cytokines and growth factors such as FGF, TGFβ1, EGF, and PDGF (Singer & Clark, 1999; 

Park et al, 2000). 

Diabetic patients usually present with impaired wound healing resulting in chronic 

wounds (e.g. DFUs). These chronic wounds have been linked to reduced ECM and 

fibronectin production in fibroblasts (Stoffels et al, 2013; Hamed et al, 2011). It has been 

shown diabetic wounds 5 days after injury, tend to have very low levels of fibrosis genes 

such as, COL1 and MMP2 (Haas et al, 2021). It was also shown there were low levels of 

spinocerebellar ataxia type 1 (SCA1) and high levels of CD29 in the wounds indicating 

impaired myofibroblasts function (Haas et al, 2021). 

 

3.1.4 The Effect of Hyperglycaemia on Keratinocyte Function 

 

Keratinocytes are the primary cellular constituents of the epidermis (Pastar et al, 2008; 

Pipponen et al, 2020) and play a key role in the inflammatory and maturation stages of 

wound healing (Wojtowicz et al, 2014; Pipponen et al, 2020). Keratinocytes are 

important in wound healing because they express multiple TLRs for example TLR4 which 

with the help of CD14 recognises LPS (Pipponen et al, 2020). HACAT cells are 

immortalised human keratinocytes which contain keratins commonly found in the 

epidermis making them useful for in vivo trials (Seo et al, 2012).   

Impaired keratinocyte migration due to hyperglycaemia is thought to pay a major role in 

defective diabetic wound healing (Li et al, 2019). Hyperglycaemia has shown to 

significantly reduce keratinocyte cell viability and cell migration in vitro (Kruse et al, 

2016). It has been shown chronic hyperglycaemia results in the downregulation of the 

P38/MAPK pathway as the inactivation of autophagy which in turn restricts keratinocyte 

migration (Li et al, 2019; Jiang et al, 2014). It has also been suggested impaired wound 

healing in diabetes maybe caused due an increase and/or prolonged IL-6 expression by 

keratinocytes (Lee et al, 2019).     
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3.2 Aims and Objectives 

 

3.2.1 Aim 

 

To investigate the impact of chronic hyperglycaemia on the cellular function of U937 

macrophages, fibroblasts and keratinocytes. 

 

3.2.2 Objectives   

 

• To assess the impact of hyperglycaemia on macrophage differentiation through 

the evaluation of cell surface marker expression 

• To monitor glucose uptake by assessing glucose depletion, usage and change in 

U937 macrophages, fibroblasts and keratinocytes    

• To evaluate the effect of hyperglycaemia on cellular metabolism in fibroblasts 

and keratinocytes 
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3.3 Methods 

 

3.3.1 Generation of M1 Macrophages  

 

U937 monocytes were cultured at different glucose concentrations (11, 15, 20 and 

30mM) for over a minimum of 2 weeks prior to experimental use (see section 2.2.5). 

U937 monocytes were differentiated into M0 and M1 macrophages as shown in sections 

2.2.3 and 2.2.5.  

 

3.3.2 CD11b/ CD197 Analysis 

 

M0 macrophages and M1 macrophages were prepared at different glucose 

concentrations (see sections 2.2.3 and 2.2.5) and the expression of CD11b in M0 

macrophages and CD197 in M1 macrophages was confirmed using flow cytometry as 

shown in sections 2.2.4 and 2.2.6 

 

3.3.3 Glucose Evaluation 

 

Monocytes and macrophages were cultured at varying glucose concentrations, with 

glucose depletion monitored using a blood sugar monitor over 8 days. Fibroblasts and 

keratinocytes were cultured similarly for 14 days (see section 2.2.11).  

The glucose usage/utilisation was calculated as follows: 

Change in glucose concentration {in presence of cells} – Change in glucose 

concentration {in absence of cells*} 

* i.e. just medium alone placed inside incubator without any cells   

Whereby change in glucose concentration = glucose level measured at start (i.e. day 

zero; d0) – glucose level measured at end point (e.g. day; d14) 

 

3.3.4 Seahorse Analysis 

 

Fibroblasts (HDFs) and keratinocytes (HACATs) were analysed to measure the oxygen 

consumption rate (OCR), extracellular acidification rate (ECAR) and real-time ATP 

production (see section 2.2.10)  
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3.4 Results 

 

3.4.1 Differentiation of U937 Monocytes to M0 Macrophages  

 

U937 monocytes were cultured at different glucose concentrations and then 

differentiation into M0 macrophages (see section 2.2.3). After differentiation, the 

macrophages were assessed for CD11b cell marker expression using flow cytometry 

(Figure 3.3). 

The flow cytometry results confirmed that the differentiation of U937 monocytes to M0 

macrophages indicated by the increased expression in CD11b+ macrophages relative to 

CD11b+ monocytes for all glucose concentrations. Figure 3.3A and 3.3B illustrate that as 

glucose increased there was a small shift between the holograph peaks. There was a 

difference of 52.1% in CD11b expression in CD11b+ monocytes as compared to CD11b+ 

M0 macrophages for the 11mM data. As compared to 38.9%, 29.6% and 23.8% for 15, 

20 and 30mM glucose respectively. This indicates that as glucose concentration is 

increased there was a decrease in CD11b expression.  

Statistical analysis by t-tests, illustrated by the mean relative fluorescence (MRF) in 

Figure 3.3C, showed there was a significant increase in all cases (P < 0.01) for CD11b 

expression in M0 macrophages relative to the corresponding undifferentiated (NC) 

monocytes cultured at the same glucose concentration. The analysis also showed a 

significant decrease (P < 0.01) in all cases as the glucose concentration increased, 

indicating that elevated glucose has an inhibitory effect on the differentiation of U937 

monocytes into M0 macrophages.        
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A) B) C) 

Figure 3. 3: Differentiation of U937 Monocytes into M0 macrophages. Flow cytometry charts showed the percentage of CD11b positive cells increases in PMA-differentiated M0 
macrophages compared to monocytes in all glucose concentrations (A). As the glucose concentration increased the CD11b expression decreased in M0 macrophages compared to 
monocytes illustrated by a smaller shift in the holograph peaks (B). As glucose concentration increased there was a significant decrease (** P < 0.01 determined by t-tests; n = 5) in 
CD11b expression as the glucose concentration increased, but a significant increase (## P < 0.01 determined by t-tests; n = 5) in CD11b expression relative to CD11b+ monocytes (B). 
The MRF values are relative to levels detected in CD11b+ monocytes (MRF =1). Columns and error bars indicate the MRF ± standard error of the mean (SEM) in all cases. 
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3.4.2 Differentiation of U937 Monocytes to M1 Macrophages  

 

U937 monocytes were cultured at different glucose concentrations and then 

differentiated into M1 macrophages (see section 3.3.1). After differentiation, the 

macrophages were assessed for CD197 cell marker expression using flow cytometry 

(Figure 3.4). 

The flow cytometry results confirmed the differentiation of U937 monocytes to M1 

macrophages for all glucose concentrations. Figure 3.4A and 3.4B illustrate that as 

glucose increased there was a large shift between the holograph peaks. There were 

increases of 23.8%, 23.3%, 15.4% and 15.3% in CD197+ M0 macrophages cultured at 11, 

15, 20 and 30mM glucose respectively when compared to corresponding CD197+ 

monocytes cultured at the same glucose concentration. There were further increases of 

23.5%, 31.2%, 42.7% and 60.1% in CD197+ M1 macrophages compared to corresponding 

CD197+ M0 macrophages cultured at the same glucose concentration. 

Statistical analysis by t-tests showed a significant increase (P < 0.01 for 11, 15 and 20mM 

and P = 0.042 for 30mM) in MRF (Figure 3.4C) of CD197 expression in M0 macrophages 

relative to corresponding untreated (NC) monocytes cultured at the same glucose 

concentration. Similarly, there was a significant increase (P < 0.01 in all cases) in CD197 

in M1 macrophages relative to corresponding untreated (NC) monocytes and M0 

macrophages cultured at the same glucose concentration. Moreover, compared to M0 

macrophages cultured at 11mM glucose, there was a significant stepwise decrease in 

CD197 MRF in M0 macrophages cultured at 15mM (P = 0.01), 20mM (P < 0.01) and 

30mM (P = 0.038) glucose. However, an alternative picture was seen for M1 

macrophages, with a stepwise significant increase (P < 0.01) in CD197 MRF between M1 

macrophages cultured at 15, 20 and 30mM glucose when compared to M1 macrophages 

cultured at 11mM.   
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A) B) C) 

Figure 3. 4: Differentiation of U937 monocytes into M1 macrophages. Flow cytometry charts showed the percentage of CD197 positive cells increases in PMA-differentiated M0 and 
M1 macrophages compared to monocytes in all glucose concentrations (A and B). As the glucose concentration increased there was a significant increase (* P < 0.05 and ** P < 0.01 
determined by t-tests; n = 5) in CD197 expression in CD197+ M0 macrophages and M1 macrophages (## P < 0.01 determined by t-tests; n = 5) relative to the corresponding monocytes. 
There was also a significant increase ($$ P < 0.01 determined by t-tests; n = 5) in CD197+ M1 macrophages compared to the corresponding CD197+ M0 macrophages in all cases. 
Significant decreases were seen (& P < 0.05 and && P < 0.01 determined by t-tests; n = 5) between the M0 macrophage group when compared to the 11mM M0 and a significant 
increase (!! P < 0.01 determined by t-tests; n = 5) between the M1 macrophage group when compared to 11mM M1 macrophages. The MRF values are relative to levels detected in 
CD197+ monocytes (MRF =1). Columns and error bars indicate the MRF ± standard error of the mean (SEM) in all cases. 
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3.4.3 The Effect of Glucose on Cell Viability  

 

U937 monocytes were differentiated into M1 macrophages at 11 and 30mM glucose and 

then propidium iodide (PI) was added to assess cell viability (Figure 3.5) by flow 

cytometry. PI is used for the detection of dead or damaged cells because of its ability to 

bind cellular DNA (Rosenberg et al, 2019). 

Flow cytometry analysis (Figure 3.5A) showed there was a higher level of dead or 

damaged cells (PI) present at high glucose (30mM) compared to low glucose (11mM). 

Mean fluorescence intensity (MFI)  of PI expression (Figure 3.5B) was significantly (P < 

0.01) higher in M1 macrophages at 30mM glucose (79.8) compared to M1 macrophages 

at 11mM glucose (56.1), indicating chronic hyperglycaemia results in higher rates of cell 

death. 
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A) B) 

Figure 3. 5: Effect of Glucose on Cell Viability. Increased glucose concentration resulted in higher propidium iodide (PI) expression in M1 Macrophages (A). A significant increase (** 
P < 0.01 determined by t-tests; n = 5) in Mean fluorescence intensity (MFI) of PI was observed in 30mM M1 macrophages compared to 11mM M1 macrophages (B), with data 
representing the mean MFI ± standard error of the mean (SEM).  
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3.4.4 Cellular Glucose Uptake  

 

3.4.4.1 Monocyte Glucose Uptake 

 

U937 monocytes were seeded at 2.5x105 cells/ml in glucose-supplemented (11, 15, 20 

or 30mM) RPMI medium and then incubated at 37°C and 5% CO₂ for a total of 8 days 

without changing the medium to monitor glucose uptake by monocytes. Glucose levels 

remaining in the media was measured to monitor glucose utilisation as well as the effect 

of glucose on monocyte cell counts and appearance.  

 

3.4.4.1.1 Glucose Degradation in RPMI Medium 

 

RPMI medium at different glucose concentrations (11, 15, 20 and 30mM) was incubated 

at 37 °C and 5% CO2 for 14 days. The data showed a gradual decrease in glucose in all 

media, with a significant glucose depletion detected from day 4 onwards compared to 

the starting glucose concentrations on day 0. (Figure 3.6). 

 

There were no significant differences detected on day 2 (P = 0.051 for 11mM; P = 0.055 

for 15mM and P = 0.211 for 20 and 30mM) when compared to day 0. Significant 

differences were seen on day 4 (P = 0.001 for 11mM; P = 0.029 for 15mM, P = 0.003 for 

Figure 3. 6: Glucose Depletion in RPMI Medium. Glucose supplemented medium (11, 20, 15 and 30mM) 
was incubated for a span of 14 days to monitor the rate of glucose degradation in RPMI medium. A 
significant decrease (* P < 0.05, ** P < 0.01 and *** P < 0.001 determined by t-tests; n = 3) in glucose 
concentration was seen from day 4 onwards in all cases compared to day 0.  Columns and error bars 
indicate the glucose concentration (mM) ± the standard error of the mean (SEM) in all cases. 



 

~ 61 ~ 
 

20mM and P = 0.027 for 30mM), day 7 (P = 0.002 for 11mM; P = 0.001 for 15mM, P = 

0.030 for 20mM and P = 0.024 for  30mM), day 9 (P = 0.001 for 11mM; P < 0.001 for 

15mM, P = 0.001 for 20 and 30mM), day 11 (P < 0.001  for 11mM; P = 0.001 for 15, 20 

and 30mM) and day 14 (P < 0.001 for 11mM; P = 0.001 for 15mM, P = 0.002 for 20mM 

and P = 0.005 for 30mM) when compared to initial glucose concentrations on day 0. 

 

3.4.4.1.2 Monocyte-Mediated Change in Medium Glucose Levels  

 

Data showed a gradual decrease in glucose in all glucose-supplemented medium from 

day 0 to day 8 (Figure 3.7).   

 

There was a significant (P<0.05) glucose depletion in all glucose concentrations occurring 

from day 1 onwards compared to day 0. Over the span of 8 days of monocyte culture the 

total glucose decreased by 5.5, 8.5, 12. and 19.4mM in RPMI medium supplemented 

with 11, 15, 20 and 30mM glucose respectively. Medium levels of glucose significantly 

decreased on day 1 (P = 0.018 for 11mM; P = 0.004 for 15mM, 0.002 for 20mM and P = 

0.001 for 30mM), day 5 (P < 0.001  for 11mM; P = 0.001 for 15mM, P < 0.001  for 20 and 

30mM) and day 8 (P = 0.001 for 11mM; P < 0.001 for 15,  20 and 30mM) (Figure 3.7).  

Figure 3. 7: Monocyte-Mediated Change in Medium Glucose Levels. Glucose usage was monitored in 
glucose-supplemented (11, 20, 15 and 30mM) RPMI medium containing U937 monocytes for a span of 8 
days. Significant decreases (* P < 0.05, ** P < 0.01 and *** P < 0.001 determined by t-tests; n = 3) in glucose 
concentration was observed in all groups from day 1 onwards compared to day 0. Columns and error bars 
indicate the glucose concentration (mM) ± the standard error of the mean (SEM) in all cases. 
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3.4.4.1.3 Monocyte Glucose Utilisation 

 

As the glucose concentration of the RPMI medium increased there was a corresponding  

increase in glucose utilisation by monocytes (Figure 3.8).     

 

 

 

 

 

 

 

 

 

 

 

 

There was an increase in glucose usage (101.5mM) by monocytes cultured in 30mM 

RPMI after 8 days compared to those cultured in all other glucose-supplemented RPMI 

media (12.8mM for 11mM RPMI, 27.5mM for 15mM RPMI and 47.9mM for 20mM 

RPMI). Compared to monocyte cultured in 11mM RPMI medium, there was a significant 

increase in glucose utilisation by monocytes cultured in all other RPMI media (P = 0.001 

for 15mM RPMI and P < 0.001 for 20 and 30mM RPMI). There was also a significant (P < 

0.001) increase in glucose usage by monocytes cultured in 20 and 30mM RPMI media 

compared to those cultured in 15mM RPMI medium, and by monocytes cultured in 

30mM RPMI medium compared to those cultured in 20mM RPMI medium. 

Figure 3. 8: U937 Monocyte Glucose Utilisation. The glucose uptake was monitored in RPMI medium 

containing U937 monocytes cultured at different glucose concentration (11, 20, 15 and 30mM) for a span 

of 8 days. There was a significant increase (** P < 0.01 and *** P < 0.001 determined by t-tests; n = 3) in 

glucose usage by monocytes as the glucose concentration increased. There was a significant increase (### 

P < 0.001 determined by t-tests; n = 3) in glucose usage by monocytes cultured in 20 and 30mM media 

compared to those cultured in 15mM, as well as an increase ($$$ P < 0.001 determined by t-tests; n = 3) 

in glucose usage by monocytes cultured at 30mM when compared to those cultured 20mM. Columns and 

error bars indicate the glucose usage (mM) per 2.5x105 viable monocytes ± the standard error 



 

~ 63 ~ 
 

3.4.4.1.4 Effect of Glucose on Monocyte Count 

 

There was a small increase in monocyte cell counts in all glucose concentrations on day 

3 compared to starting monocyte cell counts on day 0 however, the cell counts 

decreased on days 5 and 8 with the largest decreases seen in at the highest glucose 

concentrations (Figure 3.9).  

 

The monocyte counts significantly increased in all glucose-supplemented media  on day 

3 compared with day 0 (P = 0.024 for 11mM RPMI; P = 0.037 for 15mM RPMI; P = 0.029 

for 20mM RPMI; P = 0.019 for 30mM RPMI), with the largest increase seen in monocytes 

cultured in 30mM RMPI. Also, on day 3 there was a significant increase in monocyte 

counts when cultured in 30mM RPMI (P = 0.014) compared to monocytes grown in 

11mM RPMI. On day 5 however, there was an overall fall in cell counts with significant 

decreases seen in monocytes cultured in RPMI supplemented with the higher glucose 

concentrations (P = 0.019 for 20mM RPMI and P = 0.017 for 30mM RPMI when compared 

with those cultured in 11mM RPMI. On day 8 a similar trend was observed again 

compared to day 5, with a significant (P = 0.005) decrease in cell counts observed for 

those monocytes cultured in 30mM RPMI. 

Figure 3. 9: Effect of Glucose on U937 Monocyte Cell Count. Cell counts were conducted on monocytes 
cultured in RPMI medium supplemented with different glucose concentrations (11, 20, 15 or 30mM) for a 
span of 8 days. There were significant differences when comparisons were made between the 11mM on 
Day 0 (*P < 0.05 and **P < 0.01 determined by t-tests; n = 3), corresponding glucose concentrations on 
day 3 compared to day 0 (#P < 0.05 determined by t-tests; n = 3), corresponding glucose concentrations on 
day 5 compared to day 3 ($P < 0.05 determined by t-tests; n = 3) and corresponding glucose concentrations 
on day 8 compared to day 5 (!!P < 0.01 determined by t-tests; n = 3). Columns and error bars indicate 
monocyte cell counts ± the standard error of the mean (SEM) in all cases. 



 

~ 64 ~ 
 

3.4.4.1.5 Effect of Glucose on Monocyte Appearance  

 

Images were taken of monocytes at 11mM and 30mM glucose with a Leica microscope 

(40x magnification) on days 0 and 8 (Figure 3.10). 

 

On day 0, both sets had a cell viability of 95%. The monocytes cultured in 11mM RPMI 

were morphologically similar in size and symmetrical in shape. In contrast, monocytes 

cultured in 30mM RPMI had varied morphologies, ranging in shape and size. 

On day 8, both groups had visibly reduced viability, with trypan blue confirming a 

percentage viability of 45% for monocytes cultured in 11mM RPMI and 25% viability for 

those grown in 30mM RPMI. There was a significant (P = 0.037) increase in day 8 cell 

counts for monocytes cultured in 11mM RPMI compared to day 0 and significant (P = 

0.034) decrease in day 8 cell counts for monocytes cultured in 30mM RPMI compared to 

day 0.    

Figure 3. 10: Effect of Glucose on Monocyte Appearance. U937 monocytes were cultured in RPMI at 11 
and 30mM and incubated for 8 days without medium changes. Pictures were captured on day 0 and day 8 
at 40x magnification. On day 0 monocytes grown at 11mM glucose were consistent in size and symmetrical 
in shape whereas those cultured at 30mM had irregular sizes and shapes. On day 8, both sets of monocytes 
had visibly reduced cell viability, with those cultured at 30mM showing the greatest reduction in viability 
when stained with trypan blue. 
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3.4.4.2 M1 Macrophage Glucose Uptake 

 

U937 monocytes were differentiated to M1 macrophages in glucose-supplemented  (11, 

15, 20 an 30mM) RPMI medium and then incubated at 37°C and 5% CO₂ for a total of 8 

days without changing the medium. Glucose levels remaining in the media was 

measured to monitor glucose utilisation as well as the effect of glucose on macrophage 

cell counts and appearance.  

 

3.4.4.2.1 Macrophage-Mediated Change in Medium Glucose Levels  

 

There was a gradual decrease in glucose concentration in all groups over the span of 8 

days compared to the starting glucose concentrations on day 0 (Figure 3.11).  

 

There was a significant (P < 0.05) glucose depletion occurring from day 1 onwards. Over 

the span of 8 days the total glucose decreased by 2.3, 3.3, 4.5, and 6.9mM in RPMI 

medium supplemented with 11, 15, 20 and 30mM glucose respectively. Medium levels 

of glucose significantly decreased on day 1 (P = 0.012 for 11mM; P = 0.002 for 15mM, 

0.002 for 20mM and P = 0.000 for 30mM), day 5 (P < 0.01 for all groups) and day 8 (P = 

0.001 for 11mM; for 15mM,  for 20mM and P = 0.000 30mM) when compared when 

median glucose levels on day 0.  

Figure 3. 11: Macrophage-Mediated Change in Medium Glucose Levels. The glucose uptake was 
monitored in RPMI medium containing M1 macrophages cultured at different glucose concentration (11, 
20, 15 and 30mM) for a span of 8 days. Significant decreases (* P < 0.05, ** P < 0.01 and *** P < 0.001 
determined by t-tests; n = 3) in glucose concentration were observed in all groups from day 1 onwards 
compared to day 0. Columns and error bars indicate the glucose concentration (mM) ± the standard error 
of the mean (SEM) in all cases. 
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3.4.4.2.2 Macrophage Glucose Utilisation 

 

As the glucose concentration increased there was an increase in glucose usage (18.7mM) 

by macrophages cultured in 30mM RPMI after 8 days compared to those cultured in all 

other glucose-supplemented RPMI media (1mM for 11mM RPMI, 6.7mM for 15mM 

RPMI and 11.3mM for 20mM RPMI) (Figure 3.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared to macrophages cultured in 11mM RPMI medium, there was a significant 

increase in glucose utilisation by macrophages cultured in all other RPMI media (P = 

0.000 for all cases). There was also a significant (P < 0.001) increase in glucose usage by 

macrophages cultured in 20 and 30mM RPMI media compared to those cultured in 

15mM RPMI medium, and by macrophages cultured in 30mM RPMI medium compared 

to those cultured in 20mM RPMI medium.  

 

Figure 3. 12: Macrophage Glucose Utilisation. The glucose uptake was monitored in RPMI medium 
containing M1 macrophages cultured at different glucose concentrations (11, 20, 15 and 30mM) for a span 
of 8 days. There was a significant increase (** P < 0.01 and *** P < 0.001 determined by t-tests; n = 3) in 
usage as the glucose concentration increased. There was a significant increase (### P < 0.001 determined 
by t-tests; n = 3) in glucose usage in macrophages cultured at 20 and 30mM compared to those cultured 
at 15mM, as well as an increase ($$$ P < 0.001 determined by t-tests; n = 3) in macrophages cultured at 
30mM when compared to 20mM. Columns and error bars indicate the glucose usage (mM) per 2.5x105  
viable monocytes ± the standard error of the mean (SEM) in all cases. 
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3.4.4.2.3 Effect of Glucose on Macrophage Count 

 

Macrophages were seeded at 1x105 cells/ml in glucose-supplemented (11, 15, 20 or 

30mM) RPMI medium and then incubated at 37°C and 5% CO₂ for a total of 8 days 

without changing the medium. Cell counts were taken over the 8 days (Figure 3.13). 

 

The macrophage counts significantly increased in glucose-supplemented media  on day 

8 compared with 11mM (P =0.015 for 20mM RPMI; P = 0.008 for 30mM RPMI), with the 

largest increase seen in macrophage cultured in 30mM RPMI. Also, on day 8 there was 

a significant increase in macrophage counts when cultured in 20mM RPMI (P = 0.008) 

and 30mM  (P = 0.013) compared to 15mM.  

 

 

 

 

Figure 3. 13: Effect of Glucose on Macrophage Count. Macrophage counts were monitored when cultured 
at multiple glucose concentrations (11, 20, 15 and 30mM) for a span of 8 days. There were significant 
increases in macrophage counts (*P < 0.05 determined by t-tests; n = 3) when cultured in 20 and 30mM 
(**P < 0.01 determined by t-tests; n = 3) glucose on day 8 when compared to those cultured in 11mM 
RPMI, as well as significant increases in macrophage counts when grown in 20 or 30mM RPMI (# P <0.05 
and ## P <0.01 determined by t-tests; n = 3) when compared to 15mM RPMI. Columns and error bars 
indicate macrophage counts ± the standard error of the mean (SEM) in all cases. 
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3.4.4.2.4 Effect of Glucose on Macrophage Appearance 

 

Images were taken of M1 macrophages at 11mM and 30mM glucose with a Leica 

microscope (40x magnification) on days 0 and 8 (Figure 3.14).  

  

On day 0 M1 macrophages cultured in 11mM RPMI formed multiple larger monolayer 

clusters adjacent to one another using the whole surface of the plate whereas 

macrophages cultured in 30mM RPMI accumulated in small multilayer clusters 

(illustrated by the blue arrow in figure 15). On day 8 there was reduction in cluster sizes 

in both cases however 11mM RPMI macrophages appeared to stay around the areas 

where the clusters had originally formed whereas 30mM RPMI macrophages appeared 

to be more scattered. There was a significant increase (P = 0.008) in 30mM RPMI cell 

counts when compared to the 11mM RPMI. 

Figure 3. 14: Effect of Glucose on Macrophage Appearance. M1 macrophages were cultured at 11 and 
30mM and incubated for 8 days. Pictures were captured on day 0 and day 8at 40x magnification. On day 
0 macrophages grown in 11mM RPMI formed large monolayer clusters whereas macrophages cultured at 
30mM formed smaller clusters and cells appeared to grow at multiple layers. On day 8 there was a visible 
reduction in clusters in both groups.   
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3.4.4.3 Fibroblasts glucose evaluation 

 

HDF fibroblasts were seeded at 1x105 cells/ml in glucose-supplemented (11, 20 an 

30mM) DMEM medium and then incubated at 37°C and 5% CO₂ for a total of 14 days 

without changing the medium.  Glucose levels remaining in the media was measured to 

monitor glucose utilisation as well as the effect of glucose on fibroblast cell counts and 

appearance. 

 

3.4.4.3.1 Glucose Degradation in DMEM Medium 

 

DMEM medium was incubated at 37 °C and 5% CO2 in glucose supplemented medium 

(11, 20 and 30mM) for 14 days. Glucose levels remaining in the media were measured 

glucose degradation from different starting glucose concentrations. The data showed a 

gradual decrease in glucose at all media with significant glucose depletion from day 2 

onwards (Figure 3.15).  

 

Significant differences were seen from day 2 in the 20 and 30mM groups (P = 0.037,  P = 

0.01) but no significance was seen in the 11mM group (P = 0.065) and on day 4 there 

was significant decrease in glucose in all groups (P = 0.019 11mM; P = 0.016 20mM and 

Figure 3. 15: Glucose Depletion in DMEM Medium. Glucose supplemented medium (11, 20 and 30mM) 
was incubated for a span of 14 days to monitor the rate of glucose degradation in DMEM medium. A 
significant decrease (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 3) in glucose concentration for 
all cases was seen from day 2 onwards compared to day 0. Columns and error bars indicate the glucose 
concentration (mM) ± the standard error of the mean (SEM) in all cases. 
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P = 0.007 30mM) compared to day 0.  There was also a significant decrease seen on day 

7 (P = 0.035 11mM, P = 0.008 20mM and P = 0.003 30mM), day 10 (P = 0.036 11mM, P 

= 0.038 20mM and P = 0.013 30mM), day 12 (P = 0.001 11mM, P = 0.022 20mM and P = 

0.003 30mM), and day 14 (P = 0.001 11mM, P = 0.003 20mM and P = 0.001 30mM) 

compared to day 0.  

 

3.4.4.3.2 Fibroblast-Mediated Change in Medium Glucose Levels 

 

Data showed a gradual decrease in glucose in all glucose supplemented media over a 

span of 14 days. (Figure 3.16). 

   

There was a significant (P < 0.01) glucose depletion in all glucose concentrations from 

day 1 onwards compared to day 0. Over the span of 14 days of fibroblast culture the 

total glucose decreased by 7.6, 9.4 and 7.1mM in DMEM medium supplemented with 

11, 20 and 30mM glucose respectively. Medium levels of glucose significantly decreased 

on day 1 (P < 0.01 for all cases), day 5 (P = 0.002  for 11mM; P = 0.000 for 20mM and P 

= 0.001  for 30mM), day 8 (P < 0.01 for all cases) and day 14 (P = 0.000 for 11mM; P = 

0.000 for  20 and P = 0.001 for 30mM) when compared to day 0.  

 

Figure 3. 16: Fibroblast-Mediated Change in Medium Glucose Levels. The glucose uptake was monitored 
in DMEM medium containing HDFs cultured at different glucose concentration (11, 20 and 30mM) for a 
span of 14 days. Significant decreases (* P < 0.05, ** P < 0.01 and *** P < 0.001 determined by t-tests ; n 
= 3) in glucose concentration were observed in all groups from day 1 onwards compared to day 0. Columns 
and error bars indicate the glucose concentration (mM) ± the standard error of the mean (SEM) in all cases. 
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3.4.4.3.3 Fibroblast Glucose Utilisation 

 

As the glucose concentration of the DMEM medium increased there was a 

corresponding increase in glucose utilisation by fibroblasts (Figure 3.17). 

 

 

 

 

 

 

 

 

 

 

 

 

There was an increase in glucose usage by fibroblasts cultured in 20mM (52.7mM) and 

30mM (47.3mM) DMEM after 14 days compared to those cultured in all 11mM 

(33.1mM). Compared to fibroblasts cultured in 11mM DMEM medium, there was a 

significant increase in glucose utilisation by monocytes cultured in all other DMEM 

media (P = 0.003 for 20mM DMEM and P = 0.015 for 30mM DMEM).  

 

 

 

Figure 3. 17: Fibroblast Glucose Utilisation. The glucose uptake was monitored in DMEM medium 
containing HDFs cultured at different glucose concentration (11, 20 and 30mM) for a span of 14 days. 
There was a significant increase (** P < 0.01 determined by t-tests; n = 3) in glucose usage in fibroblasts 
cultured in 20mM and 30mM DMEM (* P < 0.05 determined by t-tests; n = 3) compared to fibroblasts 
cultured in 11mM DMEM. There was also a significant decrease (## P < 0.01 determined by t-tests; n = 3) 
in glucose usage in fibroblasts cultured in 30mM DMEM compared to fibroblasts cultured in 20mM DMEM.  
Columns and error bars indicate the glucose usage (mM) per 1x105 fibroblasts ± the standard error of the 
mean (SEM) in all cases. 
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3.4.4.3.4 Effect of Glucose on Fibroblast Count 

 

Over the span of 14 days there was a decrease in fibroblast cell counts with the largest 

decrease seen at the highest glucose concentrations  (Figure 3.18).  

 

The fibroblast counts significantly increased in fibroblasts cultured at 11mM DMEM (P = 

0.032) on day 7 and day 14 (P = 0.016 11mM, P = 0.01 20mM and P = 0.017 30mM) when 

compared to day 0. There were significant decreases in 20mM DMEM (P = 0.021) on day 

14 and decrease in 30mM DMEM on days 7 (P = 0.022) and day 14 (P = 0.011) when 

compared to the 11Mm DMEM. There was also a significant decrease seen in 30mM 

DMEM on day 14 (P = 0.003) when compared to the 20mM DMEM. 

 

 

Figure 3. 18: Effect of Glucose on Fibroblast Count. Fibroblast cell counts were monitored when cultured 
at multiple glucose concentrations (11, 20 and 30mM) for a span of 14 days. There were significant 
increases in fibroblast counts at day 7 and/or 14 when compared to the corresponding day 0  counts of 
fibroblasts cultured at 11mM (*: P < 0.05; **: P < 0.01 determined by t-tests; n = 3),  20mM (#: P < 0.05 
determined by t-tests; n = 3) or 30mM  ($$: P < 0.01 determined by t-tests; n = 3). Columns and error bars 
indicate fibroblast counts ± the standard error of the mean (SEM) in all cases. 
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3.4.4.3.5 Effect of Glucose on Fibroblast Appearance 

 

Images of fibroblasts at 11mM and 30mM glucose were taken with a Leica microscope 

(40x magnification) on day 14 (Figure 3.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fibroblasts grown at 11mM appeared as long thin spindle structure (shown by arrow 

in figure 20, 11mM panel) with a few stellate shapes and little to no sign of stress. The 

fibroblasts grown at 30mM appeared as larger tightly packed stellate shapes indicating 

the cells were undergoing a stress response (shown by arrow in figure 20, 30mM panel).  

Figure 3. 19: Effect of Glucose on Fibroblast Appearance. HDFs were cultured at 11 and 30mM and 
incubated for14 days. Pictures were captured on day 14 at 40x magnification. HDFs cultured at 11mM had 
long spindle-like shapes with a few stellate shapes whereas those cultured at 30mM group were very 
tightly packed with large stellate and very few spindle structures.     
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3.4.4.4 Keratinocytes Glucose Evaluation 

 

Keratinocytes (HACAT) were seeded at 1x105/ml in glucose-supplemented (11, 20 and 

30mM) DMEM medium and then incubated at 37°C and 5% CO₂ for a total of 14 days 

without changing the medium. Glucose levels remaining in the media was measured to 

monitor glucose utilisation as well as the effect of glucose on keratinocyte cell counts 

and appearance. 

 

3.4.4.4.1 Keratinocyte-Mediated Change in Medium Glucose Levels 

 

Data showed a gradual decrease in glucose in all glucose supplemented media over a 

span of 14 days. (Figure 3.20).   

 

There was a significant (P < 0.05)  glucose depletion from day 1 onwards compared to 

day 0. Over the span of 14 days of keratinocyte culture the total glucose decreased by 

11, 17.1, and 21.9mM in DMEM medium supplemented with 11, 20 and 30mM glucose 

respectively. Medium levels of glucose significantly decreased on day 1 (P = 0.002 for 

11mM; P = 0.002 for 20mM and P = 0.004 for 30mM), day 5 (P = 0.001  for 11mM; P = 

Figure 3. 20: Keratinocyte-Mediated Change in Medium Glucose Levels. The glucose uptake was 
monitored in DMEM medium containing HACATs at different glucose concentration (11, 20 and 30mM) for 
a span of 14 days. Significant decreases (** P < 0.01 and *** P < 0.001 determined by t-tests; n = 3) in 
glucose concentration was observed in all groups from day 1 onwards compared to day 0. Columns and 
error bars indicate the glucose concentration (mM) ± the standard error of the mean (SEM) in all cases. 
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0.000 for 20 and P = 0.000 for 30mM) and days 8, 12 and 14 (P < 0.001 in all cases) when 

comparisons were made against day 0. 

 

3.4.4.4.2 Keratinocyte Glucose Utilisation 

 

As the glucose concentration of the DMEM medium increased there was a 

corresponding increase in glucose utilisation by keratinocytes (Figure 3.21). 

 

 

 

 

 

 

 

 

 

 

 

 

There was an increase in glucose usage (98.7mM) by keratinocytes cultured in 30mM 

DMEM after 14 days compared to those cultured in all other glucose-supplemented 

DMEM media (40.8mM for 11mM DMEM and 42.9mM for 20mM DMEM). Compared to 

keratinocytes cultured in 11mM RPMI medium, there was a significant increase in 

glucose utilisation by keratinocytes cultured in all other DMEM media (P = 0.000 for 20 

and 30mM DMEM). There was also a significant (P < 0.01) increase in glucose usage by 

keratinocytes cultured in 30mM DMEM media compared to those cultured in 20mM 

DMEM medium. 

 

Figure 3. 21: Keratinocyte Glucose Utilisation. The glucose uptake was monitored in DMEM medium 
containing HACATs at different glucose concentration (11, 20 and 30mM) for a span of 14 days. There was 
a significant increase (*** P <0.001 determined by t-tests; n = 3) in glucose usage as the glucose 
concentrations increased. There was also a significant increase (### P < 0.001 determined by t-tests; n = 
3) in the 30mM when compared to the 20mM group. Columns and error bars indicate the glucose usage 
(mM) per 100000 keratinocytes ± the standard error of the mean (SEM) in all cases. 
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3.4.4.4.3 Effect of Glucose on Keratinocyte Count 

 

Over the span of 14 days there was a decrease in keratinocyte cell counts with the largest 

decrease seen at the highest glucose concentrations  (Figure 3.22).  

 

The keratinocyte counts significantly increased in keratinocytes cultured in all media (P 

= 0.05) on day 7 and day 14 (P = 0.005 11mM, P = 0.017 20mM and P = 0.039 30mM) 

when compared to day 0. There were significant decreases in 20mM DMEM (P = 0.039) 

and 30mM DMEM (P = 0.012) on day 14 when compared to 11mM DMEM. There was 

also a significant decrease seen in 30mM DMEM on day 7 (P = 0.003) and day 14 (P = 

0.004) when compared to the 20mM DMEM 

 

 

 

 

 

 

Figure 3. 22: Effect of Glucose on Keratinocyte Count. Cell counts were monitored at multiple glucose 
concentrations (11, 20 and 30mM) for a span of 14 days. There were significant increases when compared 
to the corresponding day 0 counts (*P < 0.05, **P < 0.001 determined by t-tests; n = 3), 11mM controls (#P 
< 0.05 determined by t-tests; n = 3) and 20mM controls ($P < 0.05, $$P < 0.001 determined by t-tests; n = 
3). Columns and error bars indicate the cell counts per 100,000 keratinocytes ± the standard error of the 
mean (SEM) in all cases. 
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3.4.4.4.4 Effect of Glucose on Keratinocyte Appearance 

 

Images of keratinocytes at 11mM and 30mM glucose were taken with a Leica microscope 

(40x magnification) on day 14 (Figure 3.23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On day 14 keratinocytes cultured in 11mM DMEM formed small monolayered clusters 

whereas keratinocytes cultured in 30mM DMEM formed larger tightly packed clusters, 

and, in some areas, multilayered clusters were seen. It was also noted that the DMEM 

medium at 30mM had turned yellow. This indicates the cells in this group where 

proliferating at a faster rate than the 11mM and there producing more waste products 

resulting in the medium colour change.  

 

Figure 3. 23: Effect of Glucose on Keratinocyte Appearance. HACATs were cultured at 11 and 30mM and 
incubated for14 days. Pictures were captured on day 14 at 40x magnification. The 11mM HACATs were 
seen to form monolayered clusters whereas the 30mM group were very tightly packed with some 
multilayered clusters. 
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3.4.5 Effect of Glucose on Cellular Metabolism      

 

3.4.5.1 Fibroblast Metabolism 

 

Fibroblasts (HDFs) were cultured at a density of 1x105 cells/ml in DMEM supplemented 

with 11, 20 or 30mM glucose and incubated at 37°C and 5% CO₂ for 24 hours. After the 

incubation, the cells were analysed by an Agilent seahorse analyser to measure 

fibroblast oxygen consumption rate (OCR), extracellular acidification rate (ECAR) and 

real-time ATP production.  

The results were displayed in three sections, pre-antibiotic (P/A), post oligomycin (O) and 

post-[rotenone + antimycin A] (RA). Statistical analysis was performed on the mean OCR 

measurements from the three timepoints in each section for each glucose concentration 

(Figure 3.24A). There were significant differences in P/A OCR seen between HDFs 

cultured at 20 and 30mM (P = 0.001) compared to control HDFs cultured at 11mM 

glucose, and between HDFs cultured at 30mM (P = 0.006) and those cultured at 20mM 

glucose. In section O, significant differences were seen between HDFs cultured at 30mM 

and control HDFS cultured at 11mM (P = 0.053), and between HDFs cultured at 30mM 

and those cultured at 20mM glucose (P = 0.04). In the final RA section, there were 

significant differences seen between HDFs cultured at 20mM (P = 0.021) or 30mM (P = 

0.022) and control HDFs cultured at 11mM glucose, and between HDFs cultured at 

30mM (P = 0.026) and those cultures at 20mM glucose.  

Statistical analysis was performed on the mean ECAR measurements from the three 

timepoints in each section for each glucose concentration (Figure 3.24B). There were 

significant differences seen in P/A ECAR between HDFs cultured at 20mM (P = 0.042) and 

30mM (P = 0.002) compared to control HDFs cultured at 11mM glucose, and between 

HDFs cultured at 30mM (P = 0.018) and those cultured at 20mM glucose. In section O 

significant differences in ECAR were seen between HDFs cultured at 20mM (P = 0.000) 

or 30mM (P = 0.003) and control HDFs cultured at 11mM glucose, and between HDFs 

cultured at 30mM (P = 0.019) and those cultured at 20mM glucose. In section RA there 

were significant differences seen between HDFs cultured at 20mM (P = 0.001) or 30mM 

(P = 0.004) and control HDFs cultured at 11mM glucose.  

As glucose levels increased ATP production decreased, with HDFs switching to mainly 

mitochondrial respiration (mitoATP) rather than ATP production via the glycolysis 
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pathway (glycoATP) (Figure 3.24C). At 11mM the total ATP production was 184 

pmol/min/1x105 fibroblasts with 63% of the energy produced by mitoATP and 37% by 

glycoATP. This reduced by 21.4 pmol/min/1x105 fibroblasts at 20mM, with a 

mitoATP:glycoATP percentage ratio of 67%:33%. Total ATP production then reduced by a 

further 64.4 pmol/min/1x105 fibroblasts at 30mM, with a mitoATP:glycoATP percentage 

ratio of 75%:25%.  

There was a significant decrease in mitoATP production by HDFs cultured at 30mM 

compared to control HDFs cultured at 11mM (P = 0.033) or those cultured at 20mM 

glucose (P = 0.005). There were significant decreases in glycoATP production by HDFs 

cultured at 20mM (P = 0.041) or 30mM (P = 0.004) compared to control HDFs cultured 

at 11mM glucose. There was also a significant decrease in glycoATP production by HDFs 

cultured at 30mM (P = 0.033) compared to those cultured at 20mM glucose.  
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Figure 3. 24: Fibroblast Cellular Metabolism. The OCR, ECAR and Real time ATP production of HDFs was analysed via seahorse analysis. There was a significant decrease in OCR (A) 
(*P <0.05 determined by t-tests; n = 3) as the glucose concentration increased when compared to HDFs cultured at 11mM. Significant differences (# P <0.05 determined by t-tests; n 
= 3) were also detected between HDFs cultured at 30mM and those cultured at 20mM glucose. There was a significant increase (*P <0.05; ** P <0.01, *** P <0.001 determined by t-
tests; n = 3) in ECAR (B) as the glucose increased when compared with HDFs cultured at 11mM. Significant differences were also detected (# P <0.05, ## P <0.01 determined by t-tests; 
n = 3) between HDFs cultured at 30mM and those cultured at 20mM glucose. There was a significant decrease (*P <0.05 and ** P <0.01 determined by t-tests; n = 3) in ATP production 
(C) as glucose concentration increased when compared with HDFs cultured at 11mM. A significant decrease in ATP production was also detected between HDFs cultured at 30mM 
and those cultured at 20mM glucose (## P <0.01 determined by t-tests; n = 3). Timepoints and error bars indicate the OCR and ECAR, columns and error bars indicate the ATP production 
rate (pmol/min/100,000 Fibroblasts) ± the standard error of the mean (SEM) in all cases. 
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3.4.5.2 Keratinocyte Metabolism 

 

Keratinocytes (HACAT) were cultured at a density of 1x105 cells/ml in DMEM 

supplemented with 11, 20 or 30mM glucose and incubated at 37°C and 5% CO₂ for 24 

hours. After the incubation, the cells were analysed by an Agilent seahorse analyser to 

measure fibroblast oxygen consumption rate (OCR), extracellular acidification rate 

(ECAR) and real-time ATP production.  

Statistical analysis was performed on the mean OCR measurements from the three 

timepoints in each section for each glucose concentration (Figure 3.25A). There were 

significant differences in P/A OCR seen between HACATs cultured at 20 and 30mM (P < 

0.01) and control HACATs cultured at 11mM glucose, and between HACATs cultured at 

30mM (P = 0.05) and those cultured at 20mM glucose. In section O, significant 

differences were seen between HACATs cultured at 20mM and 30mM compared to 

control HACATs cultured at 11mM (P < 0.01), and between HACATs cultured at 30mM 

and those cultured at 20mM glucose (P = 0.006). In the final RA section, there were 

significant differences seen between HACATs cultured at 20mM (P = 0.001) or 30mM (P 

= 0.000) and control HACATs cultured at 11mM glucose, and between HACATs cultured 

at 30mM (P = 0.002) and those cultures at 20mM glucose.  

There were significant differences seen in P/A ECAR between HACATs cultured at 20mM 

(P = 0.001) and 30mM (P = 0.008) compared to control HACATs cultured at 11mM glucose 

(Figure 3.25B). In section O significant differences in ECAR were seen between HACATs 

cultured at 20mM (P = 0.000) or 30mM (P = 0.003) and control HACATs cultured at 11mM 

glucose, and between HACATs cultured at 30mM (P = 0.041) and those cultured at 20mM 

glucose. In section RA there were significant differences seen between HACATs cultured 

at 20mM (P = 0.03) or 30mM (P = 0.001) and control HDFs cultured at 11mM glucose, 

and between HACATs cultured at 30mM (P = 0.001) and those cultured at 20mM glucose.  

As glucose levels increased ATP production increased, with HACATs switching to mainly 

glycolysis pathway (glycoATP) rather than ATP production via mitochondrial respiration 

(mitoATP) (Figure 3.25C). At 11mM the total ATP production was 451 pmol/min/1x105 

keratinocytes with 61% of the energy produced by mitoATP and 39% by glycoATP. This 

increased by 66.7 pmol/min/1x105 keratinocytes at 20mM, with a mitoATP:glycoATP 

percentage ratio of 43%:57%. Total ATP production then increased by a further 133.3 
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pmol/min/1x105 keratinocytes at 30mM, with a mitoATP:glycoATP percentage ratio of 

36%:64%.  

There was a significant decrease in mitoATP production by HACATs cultured at 20mM (P 

= 0.005) and 30mM (P = 0.044) compared to control HACATs cultured at 11Mm. There 

were significant increases in glycoATP production by HACATs cultured at 20mM (P = 

0.002) or 30mM (P = 0.001) compared to control HACATs cultured at 11mM glucose. 

There was also a significant increase in glycoATP production by HACATs cultured at 

30mM (P = 0.003) compared to those cultured at 20mM glucose.  
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Figure 3. 25: Keratinocyte Cellular Metabolism. The OCR, ECAR and Real time ATP production of HACATs was analysed via seahorse analysis. There were significant decrease (**P 
<0.01, ***P <0.001; n = 3) in OCR (A) as the glucose increased when compared to the 11mM control group. Significant differences were seen (# P <0.05, ## P <0.01; n = 3) when 
comparisons were made against the 20mM group (A). There was a significant increase (*P <0.05; ** P <0.01, *** P <0.001; n = 3) in ECAR (B) as the glucose increased when compared 
to the 11mM control group. Significant differences were seen (# P <0.05, ## P <0.01; n = 3) when comparisons were made against the 20mM group.  There was a significant increase 
(*P <0.05 and ** P <0.01;  n = 3) in ATP production (C) as glucose increased when compared to the 11mM control group as well as a significant increase when compared against the 
20mM group (## P <0.01; n = 3). Timepoints and error bars indicate the OCR and ECAR, columns and error bars indicate the ATP production rate (pmol/min/100,000 Fibroblasts) ± the 
standard error of the mean (SEM) in all cases. 
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3.5 Discussion 
 

This study assessed the effect of hyperglycaemia on differentiation and polarisation of U937 

monocytes into M1 macrophages by the detection of CD11b and CD197 cell surface 

markers. Glucose uptake and utilisation  was monitored in multiple cell types (monocytes, 

macrophages, fibroblasts and keratinocytes) along with the effect on cell counts and 

viability. Finally, cellular metabolism pathways were also monitored to determine the 

impact of hyperglycaemia on ATP production by keratinocytes and fibroblasts.  

The expression of CD11b was elevated in PMA-differentiated M0 macrophages compared 

the U937 monocytes cultured at the corresponding glucose concentration. Published data 

by Serra et al, (2012) has confirmed an overall increase in CD11b expression in M0 

macrophages compared with monocytes. However, there was a significant concentration-

dependent decrease in the expression of CD11b in M0 macrophages as glucose 

concentration increased (Figure 3.3) indicating that hyperglycaemia impairs the 

differentiation of U937 monocytes into M0 macrophages. In line with these findings, Serra 

et al, (2012) also showed a significant reduction of CD11b in diabetic mice compared to non-

diabetic controls. However, a study by Torres-Castro et al, (2016) showed that 

hyperglycaemia results in higher expression of CD11c in macrophages, so responses may be 

context-specific. When CD197 expression was analysed (Figure 3.4) there was increased 

CD197 expression in M0, and particularly M1 macrophages, compared to U937 monocytes. 

CD197 expression also decreased in M0 macrophages as the concentration of glucose 

increased, suggesting hyperglycaemia has a tendency to retain U937 cells in a more 

monocyte-like phenotype by hampering both cell differentiation and polarisation. In 

contrast, there was concentration-dependent increase in CD197 expression in M1-directed 

macrophages as the glucose concentration increased, suggesting hyperglycaemia drives 

enhanced and/or premature M1 polarisation once cells have been stimulated with LPS/IFN-

γ. It is thought that hyperglycaemia primes macrophages, resulting in increased production 

of cytokines such as TNFα, IL-1β and IL-6, that are characteristic of a more proinflammatory 

M1-like phenotype (Pavlou et al, 2018; El-Mahmoudy et al, 2005; Moganti et al, 2017).  
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Chronic hyperglycaemia induced a statistically higher percentage of damaged or dead 

macrophages (Figure 3.5). Zhoa et al, (2023) also found that elevated glucose results in 

increased macrophage cell membrane damage by inducing pore formation, particularly 

following LPS stimulation, which was detected by propidium iodide staining. In concurrence 

with these findings, macrophages grown in high glucose have shown to illustrate signs of 

metabolic stress as well increased apoptotic cell death (Rodgers et al, 2020).    

This study reviewed glucose uptake by monocytes, macrophages, fibroblasts and 

keratinocytes and its effect on cell counts and viability. Data showed a significant monocyte-

mediated decrease in medium glucose levels in all glucose-supplemented RPMI media over 

a span of 8 days (Figure 3.7) and a corresponding increase in glucose uptake by monocytes 

as glucose-supplementation increased (Figure 3.8). In terms of monocyte cell counts (Figure 

3.9) there was an increase in cell counts after 3 days at the higher glucose concentrations 

(20 and 30mM) in comparison to lower concentrations . However, by day 8 there was a 

subsequent decrease in monocyte counts with the lowest readings recorded for monocytes 

cultured at 30mM. This suggests high glucose may provide an initial boost in cell 

proliferation but there might be a limit to how much glucose can be used productively by 

monocytes before they start to undergo oxidative stress and subsequent cell death. 

It is known that promotion of TLR expression can result in greater activation of apoptosis 

and production of  proinflammatory cytokines (Zhang et al, 2003). It is thought that chronic 

hyperglycaemia can induce higher TLR expression. A study done by Dasu et al, (2008) 

showed that THP-1 monocytes grown in high glucose (25mM) for 3 days had a significantly 

higher expression of both TLR2 and TLR4, along with the increased expression of MyD88, 

IRAK1 and NF-κB. It has also been shown that monocytes grown in hyperglycaemic 

conditions express higher ROS levels (Gonzalez et al, 2012) contributes to monocyte 

oxidative stress (Krakauer, 2015). The AKT pathway with the assistance of PKC plays an 

important role in regulating apoptosis and autophagy by stimulating the mammalian target 

of rapamycin complex 1 (mTORC1) (Volpe et al, 2018). The mTORC1 contributes towards 

normal cell function such as cell growth and proliferation (Saxton and Sabatini, 2017), but 

hyperglycaemia disrupts this pathway by restricting mTORC1 activation (Krakauer, 2015; 

Volpe et al, 2018).   
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There was also a macrophage-mediated decrease in medium glucose levels and a 

corresponding increase in glucose usage observed in macrophages as glucose-

supplementation increased. However, the overall/total glucose usage was not as high as 

that seen in the monocytes, suggesting a higher energy requirement is needed by 

monocytes compared to differentiated macrophages (Chiu and Bharat, 2016). M1 

macrophages in low glucose (11mM) tended to make macrophages form multiple, larger 

monolayer clusters in comparison to high glucose (30mM) which tended to make 

macrophages accumulate into small multilayer clusters (Figure 3.14).  Hyperglycaemic 

conditions are known to result in early M1 phenotype polarization resulting in abnormal 

macrophage morphology and function (Awad et al, 2024). Hyperglycaemic conditions have 

also shown to result in low macrophage cell viability (Ayala et al, 2019; Pavlou et al, 2018). 

The fibroblast-mediated change in medium glucose levels and glucose usage in HDFs was 

measured over 14 days. Data showed a significant decrease in glucose levels with time in all 

glucose-supplemented DMEM media over 14 days and a corresponding increase in glucose 

usage by HDFs as the glucose concentration of media increased. There was also an increase 

in HDF cell counts by day 14 in all cases, but the increase was reduced as the glucose 

concentration of the DMEM medium increased. High glucose levels have shown impair both 

fibroblast cell proliferation and migration (Buranasin et al, 2018), possibly due to growth 

factor resistance and over production of PKC (Hehenberger and Hansson, 1997).  It has also 

been shown that hyperglycaemic conditions results result in low fibroblast cell viability 

(Buranasin et al, 2018). 

There were also some visual differences observed in fibroblasts grown at low and high 

glucose (Figure 3.19). After 14 days of incubation, the fibroblasts in low glucose appeared 

as long spindle shaped cells in comparison to the high glucose fibroblasts which were 

visually larger and stellate shaped. There were also a few stellate shapes at low glucose, but 

these were not as prominent. The large stellate shapes can be associated to the activated 

form of fibroblasts called myofibroblasts. At pre-diabetic conditions, fibroblasts can be 

activated by proinflammatory cytokines such as TNFα and ILs (Younesi et al, 2024). In the 

high glucose group, there was an overpopulation of myofibroblasts, and this could indicate 

that glucose is activating the fibroblasts. Myofibroblasts produce several ILs and MCP-1 at 
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pre-diabetic conditions (van Caam et al, 2016), and increased levels of NF-kB and ILs such 

as IL-8 under hyperglycaemic conditions (Pang et al, 2016).  

There was a keratinocyte-mediated decrease in medium glucose levels and a corresponding 

increase in glucose usage observed in HACAT keratinocytes as glucose-supplementation 

increased (Figures 3.20 and 3.21). There was an increase in HACAT cell counts over 14 days 

in all cases but the increase in cell numbers was reduced as the glucose concentration of 

the DMEM medium increased. This relative decrease in cell counts (Figure 3.22) despite the 

increased glucose utilisation by HACAT cells suggests glucose is having damaging effect on 

keratinocytes. After 14 days of grown in low glucose DMEM, HACAT cells formed small 

clusters in a monolayer in comparison to HACAT cells cultured in high glucose DMEM which 

formed densely packed clusters and, in some cases, multilayered clusters. There were also 

changes observed in the DMEM medium which contained a phenol red indicator. The low 

glucose DMEM medium did not show any signs of change over the incubation period. 

However, the high glucose DMEM medium started to turn yellow in colour, indicating acidic 

pH which could be due to increased metabolic activity resulting in a high quantity of waste 

products such as pyruvic acid, lactic acid and CO2 that play a role in reducing the pH of the 

cell culture medium (Segeritz and Vallier, 2017). A study conducted by Spravchikov et al, 

(2001) showed that keratinocytes grown in a high concentration of glucose (20mM) 

appeared in larger tightly packed clusters and that cell proliferation was reduced after 7 days 

in keratinocytes cultured at 20mM compared to those cultured at 2mM glucose. Another 

study performed by Terashi et al, (2005) also found similar results, with keratinocytes grown 

in high glucose (12mM) could no longer proliferate after 30 days indicating that 

hyperglycaemia limits the lifespan of keratinocytes in vitro. Keratinocytes grown in high 

glucose have shown increased NO production (Nakai et al, 2003) and increased secretion of 

proinflammatory cytokines such as IL-8 (Lan et al, 2013). Studies have shown that chronic 

hyperglycaemia can be linked to the inhibition of the p38MAPK pathway and a reduction in 

human β-3 and β-defensin-2 expression in keratinocytes (Lan et al, 2013; Lan et al, 2012).       

This study also investigated the effect of glucose on the ATP production in both HDFs and 

HACATs to understand how glucose affects cellular metabolism. The data showed a 

significant decrease in OCR and ECAR as glucose concentration increased in HDFs. There was 
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a significant reduction in total ATP production in HDFs as glucose concentration increased, 

with HDFs producing ATP increasingly through mitochondrial-mediated pathways rather 

than the glycolytic pathway as glucose levels increased. In relation to HACAT cells there was 

a significant reduction in OCR and a significant increase in ECAR as the glucose concentration 

increased. There was also an increase in total ATP production in HACAT keratinocytes as 

glucose levels increased, with ATP production switching primarily to generation via the 

glycolytic pathway rather than mitochondrial production in HACAT cells as glucose levels 

increased. These data showed increased glucose resulted in reduced oxygen consumption 

rate in both HDFs and HACATs, suggesting cells were not able to function effectively as 

glucose concentration became elevated. The ECAR values showed a reduction in HDFs but 

an increase in HACATs as glucose increased, in line with total ATP production levels indicating 

a reduction in glycoATP in HDF and an increase in glycoATP in HACATs. Studies have shown 

that high glucose levels result in long term activation of the P2X7 receptor, leading to 

continuous ATP generation from fibroblasts and subsequent higher rates of cell death (Solini 

et al, 2000). Moreover, high glucose has hypoxic effects on fibroblasts by reducing 

mitochondrial mass by autophagy an mitophagy (Baracca et al, 2013; Zhang et al, 2008). 

High glucose has also shown to elevate ROS which in turn results in mitochondrial 

dysfunction by cytochrome C release and a decrease in transcription factor A, leading to  

increased apoptosis via the AKT-IRF3 pathways in keratinocytes (Rizwan et al, 2020).   

In summary, high glucose levels appeared to have a detrimental effect on multiple cell types 

in several different ways. This included impaired differentiation and polarisation of 

macrophages, increased macrophage cell death, reduced cell counts and altered cell 

morphology in all cell types investigated and dysregulated ATP production in both 

fibroblasts and keratinocytes. Future work could include investing how high glucose levels 

impair metabolic pathways by using molecular inhibitors or neutralising antibodies. This 

work could also be extended to other cell types involved in the wound healing process, such 

as endothelial cells and dendritic cells. 
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Chapter 4: The Effect of MGN3 on 

Monocyte/Macrophage Function  
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4.1 Introduction 

 

4.1.1 Staphylococcus aureus  

 

Staphylococcus aureus (SA) is a gram-positive bacterium commonly found in the commensal 

microflora but can become opportunistic, particularly as MRSA in nosocomial infections 

(Sina et al, 2013; Trubiano and Padiglione, 2015). MRSA, 0.5–1.0μm in diameter and coccus-

shaped (Harris et al, 2002), can form biofilms, which increase survival by storing resources 

and providing protection from antibiotics and the immune system (Kostakioti et al, 2013; 

Hassan et al, 2011). Biofilms complicate wound healing, especially in chronic wounds, 

causing prolonged inflammation (Attinger and Wolcott, 2012). Studies on bronchial 

aspirates from critically ill patients show that elevated glucose levels correlate with a higher 

risk of MRSA infection (Phillips et al, 2005). In diabetic foot ulcers (DFUs), MRSA is a common 

infection (Luo et al, 2020), and elevated glucose enhances MRSA biofilm formation (Luo et 

al, 2020; You et al, 2014). Glucose fermentation aids MRSA aggregation (Vitko et al, 2016) 

and increasing glucose in culture media directly influences biofilm size (Waldrop et al, 2014; 

Lade et al, 2019). 

 

4.1.2 Pseudomonas aeruginosa  

 

Pseudomonas aeruginosa (PA) is a gram-negative bacterium found in commensal microflora 

(Klockgether and Tümmler, 2017) and can be opportunistic in both hospital and community-

acquired infections (Trubiano and Padiglione, 2015). PA is rod-shaped (1–3μm in length, up 

to 1μm in width) and has a thin peptidoglycan cell wall surrounded by a lipopolysaccharide 

(LPS) outer membrane, which triggers immune responses (Paterson and Kim, 2009; Fujihara 

et al, 2003). Elevated glucose levels increase PA biofilm formation from clinical isolates, with 

2% and 4% glucose significantly enhancing biofilm development without affecting 

planktonic growth (She et al, 2019). Glucose appears to improve bacterial adhesion and 

upregulate the biofilm matrix (She et al, 2019). In contrast, glucose starvation causes PA 

biofilms to shrink by about 60% and disperse (Huynh et al, 2012). Glucose also affects the 
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appearance of PA biofilms, making them form small "mushroom-like" structures with 

punctured microcolonies (De Kievit, 2009). 

 

4.1.2.1 Lipopolysaccharides 

 

LPS comprises three main components: O-antigen, core oligosaccharide, and lipid A (Gnauck 

et al, 2016; Zanoni et al, 2012) (Figure 4.1). Lipid A anchors LPS to the bacterial outer 

membrane (Gnauck et al, 2016). The core oligosaccharide includes inner and outer regions, 

linking lipid A to the O-antigen (Gnauck et al, 2016; Raetz & Whitfield, 2002). LPS is 

categorized as smooth (SLPS) or rough (RLPS) (Gnauck et al, 2016; Zanoni et al, 2012; Bertani 

& Ruiz, 2002). SLPS includes all three components, while RLPS lacks the O-antigen (Zanoni 

et al, 2012). LOS, often considered a form of RLPS, features a short oligosaccharide chain 

limited to 10 saccharide units and may represent an analogous LPS subtype (Raetz & 

Whitfield, 2002; Gnauck et al, 2016; Preston et al, 1996) (Figure 4.1). SLPS is the wild-type 

LPS form found in most Gram-negative bacteria, including P. aeruginosa (Le Brun et al., 

2013; Gnauck et al, 2016; Zanoni et al, 2012). RLPS and LOS results from partial or complete 

O-antigen loss (Zanoni et al, 2012). Both activate TLR4–MD2 pathways but differ in signaling: 

RLPS triggers MYD88-dependent responses without CD14, whereas SLPS requires CD14 and 

activates both MYD88-dependent and TRAM–TRIF pathways (Zanoni et al, 2012; Jiang et al, 

2005; Maldonado et al, 2016; Godowski, 2005). 

 

 

 

 

 

 

 

Figure 4. 1: Schematic illustration of LPS and LOS structure. LPS consists of Lipid A and a core oligosaccharide, 
with an O-antigen (smooth LPS) or without an O-antigen (Rough LPS). LOS consists of Lipid A, a core 
oligosaccharide and a short oligosaccharide extension. Diagram based on information from Gnauck et al 
(2016) and Zanoni et al (2012). 
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4.1.3 Bacterial Biofilms Evade the Immune System 

 

SA biofilms evade immune detection through multiple mechanisms, including shielding 

from antimicrobial peptides and producing immune-modulating decoys (de Vor et al, 2020). 

Bacteria form biofilms using extracellular polymeric substances (EPS), composed of 

polysaccharides, extracellular DNA, and lipids, which protect against antimicrobial peptides 

and conceal PAMPs (Payne & Boles, 2016; Di Martino, 2018; de Vor et al, 2020). A key EPS 

component, polymeric-N-acetyl-glucosamine (PNAG), carries a strong positive charge, 

enabling it to repel negatively charged peptides like LL-37 (Vuong et al, 2004; Riyard & 

Overhage, 2021). SA can also hijack the host immune system by incorporating host-derived 

fibrin into the biofilm via coagulase expression (Zapotoczna et al, 2015). 

Cerca et al (2006), showed that IgG penetrates biofilms but binds PNAG within the EPS 

rather than on the bacterial surface, limiting opsonization and neutrophil-mediated killing. 

Furthermore, free PNAG can protect planktonic bacteria by sequestering antibodies away 

from bacterial surfaces (Cerca et al, 2006; de Vor et al, 2020). Biofilm size also hampers 

immune clearance. With macrophages averaging ~14μm and neutrophils engulfing particles 

up to 10μm (Cannon & Swanson, 1992; de Vor et al, 2020), they struggle to phagocytose 

MRSA biofilms, which can reach 50–60μm after 24 hours (Cheng et al, 2021). 

 

4.1.4 Macrophages and Immune Cell Signalling  

 

Monocytes and macrophages are key players in the innate immune system, interacting with 

fibroblasts and keratinocytes (Ma et al, 2019; Correa-Gallegos et al, 2021) (Figure 4.2). 

During injury or infection, classical monocytes are released from the bone marrow via CCR2 

signaling (Serbina & Pamer, 2006; Chui & Bharat, 2016). These monocytes secrete MCP-1, a 

CCR2 ligand, which recruits more monocytes and promotes their differentiation into 

macrophages (Chui & Bharat, 2016; Nasser et al., 2015; Deshmane et al, 2009). 

Macrophages and keratinocytes release TGFβ1, stimulating fibroblasts to secrete FGF2, 

which further enhances cytokine production and macrophage recruitment (Plikus et al, 

2021; Liarte et al, 2020; Farooq et al, 2021). Macrophages also produce EGF, improving 

fibroblast migration and contractility (Kim et al, 2015). 
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Macrophages, derived from circulating monocytes in response to chemoattractants like 

MCP-1 and MIPs (Dipietro et al, 2001; Maurer & Von Stebut, 2004), are activated by signals 

such as LPS (Fujihara et al, 2003). They play essential roles in both innate and adaptive 

immunity through phagocytosis and cytokine secretion and are found throughout the body, 

including the lungs, gut, and bones (Nagl et al, 2002; Hirayama et al, 2017). During 

phagocytosis, macrophages detect bacterial chemoattractants via GPCRs, migrate toward 

pathogens, engulf them, and release hydrolytic enzymes and antimicrobial peptides like 

LL37 for bacterial lysis (Meena & Kimmel, 2017; Botelho & Grinstein, 2011; Agier et al, 2015; 

Scheenstra et al, 2020; Nawaz et al, 2022). LL37 also enhances phagocytosis through TLR 

signalling and promotes cell degranulation (Van Harten et al, 2018). Bacterial fragments are 

then presented on the macrophage surface for further immune processing (Neefjes et al, 

2011; Unanue et al, 2016). 

Chronic hyperglycaemia impairs macrophage function, increasing cytokine production and 

reducing phagocytic activity (Pavlou et al, 2018). Diabetic mouse models show elevated 

inflammatory markers and reduced levels of autophagy-related proteins (LC3b, Beclin-1), 

Figure 4. 2: Macrophage Cell Interactions in the Wound Healing Process. During the wound healing process 

monocytes and macrophages secrete chemokines and cytokines which result in the activation and recruitment 

of additional immune cells.  Schematic based on information from Chui and Bharat (2016), Plikus et al (2021), 

Liarte et al (2020), Deshmane et al (2009), Agier et al (2015) and Scheenstra et al (2020). 
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indicating impaired autophagic capacity (Edgar et al, 2021; Sousa et al, 2023). Grosick et al 

(2018), found that hyperglycaemia primes THP-1 macrophages to produce higher 

proinflammatory cytokines upon stimulation. This may stem from dysregulation in H3K9 

methyltransferase pathways, altering the cells' epigenetic state (Li et al, 2016; Raiymbek et 

al, 2020). 

 

4.1.5 The Importance of Toll-like Receptors in the Innate Immune System 

 

Toll-like receptors (TLRs) are transmembrane proteins essential to the innate immune 

system, initiating intracellular signalling upon activation (Akira & Sato, 2003) (Figure 4.3). 

Humans have 10 known TLRs (TLR1–10), and mammals have 13 (Akira & Sato, 2003; Sameer 

& Nissar, 2021). TLRs are either cell surface-bound (e.g., TLR2, TLR4) or intracellular (e.g., 

TLR3) (Kraneveld et al, 2008; El-Zayat et al, 2019). TLR3 responds broadly to stimuli, while 

TLR2 and TLR4 are more selective (Muzio et al, 2000). 

TLR2 is activated by lipoproteins like peptidoglycan; TLR4 responds to LPS (Gopalakrishnan 

& Salgame, 2016; Mukherjee et al, 2016; Kaisho & Akira, 2002). Activation of TLR2/4 triggers 

the MyD88-dependent pathway, recruiting IRAK4, which phosphorylates IRAK1. This 

activates TRAF6 and TAK1, followed by phosphorylation via TAB1/2 and activation of the IKK 

complex (IKKα, IKKβ, and NEMO) (Mukherjee et al, 2016; Oeckinghaus et al, 2011). IKK then 

activates NF-κB, leading to proinflammatory cytokine expression such as ILs and TNFα (Lui 

et al, 2017). TAK1 also stimulates MAPK and the transcription factor AP-1 (Oeckinghaus et 

al, 2011; El-Zayat et al, 2019).  

Additionally, TLR4 activates the TRIF pathway, which further enhances TAK1 and IRF3 

activity, promoting cytokine production (Mukherjee et al, 2016; Oeckinghaus et al, 2011; El-

Zayat et al, 2019). TLR2 and TLR4 are primarily expressed in phagocytes (e.g., macrophages, 

dendritic cells) and occasionally in mast cells (Muzio et al, 2000; Re & Strominger, 2001; 

Varadaradjalou et al, 2003). Their expression increases in response to bacterial components 

like LPS and peptidoglycans, supporting their central role in innate immunity (Muzio et al, 

2000; El-Zayat et al, 2019). 



 

~ 95 ~ 
 

 

 

 

 

 

 

 

 

 

4.1.6 Hyperglycaemic Effects on Macrophage Cell Signalling 

 

Hyperglycaemia increases proinflammatory cytokines such as FGF2, MCP-1, and TGFβ1 (Hu 

et al, 2018; Shao et al, 2017; Wu & Derynck, 2009). Xuan et al (2014; 2016), showed it 

enhances ROS production and inhibits fibroblast migration by repressing FGF2. Diabetic 

patients also show reduced circulating EGF, possibly due to pancreatic dysfunction 

suppressing both EGF and insulin (Miettinen et al, 2006; Shi et al, 2018). High glucose 

reduces macrophage phagocytosis by downregulating LL37 expression (Montoya-Rosales et 

al, 2016), and phagocytosis of apoptotic β-cells can lead to lysosomal permeabilization, 

though the mechanism remains unclear (Ward et al, 2018). 

TLR2 and TLR4 expressions are typically elevated during inflammation, are also upregulated 

by high glucose (Dasu et al, 2008), linked to PKC activation via NADPH oxidase. FFAs further 

enhance this effect and activate NF-κB (Dasu & Jialal, 2011). Type 1 diabetic patients show 

significantly higher TLR2/4 protein and mRNA levels (Devaraj et al, 2008), and diabetic mice 

Figure 4. 3: The signalling pathways of TLR2 and TLR4. The stimulation of TLR2 and TLR4 results in a cascade 
of cellular reactions which ultimately result in the production proinflammatory cytokines and chemokines as 
part of the innate immune response. The cascade includes the activation of MyD88 which recruits IRAK4/IRAK1 
and activates TRAF6 and TAK1. The TAK1 complex then undergoes phosphorylation and activates the IKK 
complex and MAPK resulting in NF-kβ and AP-1 activation resulting in cytokine/chemokine production in the 
nucleus. TLR4 stimulation also results in the TRIF pathway activation which also results cytokine/chemokines. 
Schematic based on information from Mukherjee et al, 2016; Oeckinghaus et al, 2011; El-Zayat et al, 2019.  
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macrophages exhibit elevated TLR2/4, IL-1, and IL-6, impairing insulin gene expression 

(Nackiewicz et al, 2014). Additionally, TLR-activated monocytes from diabetics produce 

more IP-10 in high glucose conditions (Devaraj & Jialal, 2009). 

 

4.1.7 Reversing the Hyperglycaemic Effect on Macrophage Cell Signalling 

 

Obesity and poor diet are key risk factors for diabetes (Egshatyan et al, 2016). High-fibre 

diets can reduce inflammation, particularly in prediabetics (Reynolds et al, 2020; Nitzke et 

al, 2024). MGN3, a rice bran-derived fibre, has been shown to reduce inflammation and 

enhance macrophage phagocytosis under hyperglycaemic conditions (Ghoneum & Jewett, 

2000; Ghoneum & Agrawal, 2011, 2014; Ghoneum & Matsuura, 2004; Ghoneum et al, 

2008). While MGN3 shows promise in improving immune function in diabetics, its direct 

effects on chemokines like MCP-1 and growth factors such as EGF and FGF2, and their 

influence on wound-healing immune cells, remain unexplored.  

Hyperglycaemia impairs wound healing by prolonging cytokine release, reducing 

phagocytosis, and causing microvascular damage, leading to peripheral ischaemic 

neuropathy (McCrimmon et al, 2012; Pavlou et al, 2018; Falanga, 2005). MGN3 enhances 

immune function by stimulating M1 macrophages to increase phagocytosis, cytokine, and 

nitric oxide production (Ghoneum & Matsuura, 2004; Ghoneum et al, 2008), and by 

improving monocyte and neutrophil phagocytosis, promoting monocyte recruitment, and 

inducing IL-10 from dendritic cells (Govers et al, 2020; Bermundez-Brito et al, 2015). Pro-

longed rice bran exposure may induce macrophage activation via the dectin-1 pathway, 

thereby enhancing innate immune responses (Moerings et al, 2022). MGN3 supports 

immune cell function without directly affecting bacterial growth. It reverses high glucose-

induced phagocytic impairment in M0 macrophages and enhances clearance of MRSA via 

TLR4 and dectin-1—effects reduced when TLR4 is blocked (Tan, 2018; Asif, 2020; Shah et al, 

2023). MGN3 may compete with LPS for TLR4 and dectin-1 binding, likely due to structural 

similarity, though it activates these receptors less strongly (Li et al, 2015; Ghoneum et al, 

2013; Bowyer et al, 2010). While promising, MGN3’s effects on immune cells already 

compromised by hyperglycaemia remain unclear. 
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4.2 Aims and Objectives 

 

4.2.1 Aim  

 

To investigate the effect of MGN3 on U937 monocytes and M1 macrophages, including their 

TLR2/TLR4-mediated phagocytic response to MRSA and PA biofilms under pre-diabetic and 

hyperglycaemic conditions. 

 

4.2.2 Objectives   

 

• To compare the phagocytic function of M1 macrophages cultured at different 

glucose concentrations on MRSA and PA biofilm clearance. 

• To determine the contribution of TLR pathways to MGN3-mediated phagocytosis 

of bacterial biofilms by U937-derived M1 macrophages under pre-diabetic 

(11mM glucose) and hyperglycaemic (15, 20, 30mM glucose) conditions using 

chemical inhibition of TLR2 and TLR4 proteins.  

• To compare TLR-mediated phagocytic effects of MGN3 with responses induced 

by LPS and rice starch (RS) exposure under pre-diabetic and hyperglycaemic 

conditions. 

• Assess the effect of MGN3 on growth factor, chemokine, antimicrobial peptide 

and antimicrobial enzyme production by M1 macrophages. 

• Evaluate the effect of MGN3 on U937 monocyte/macrophage-derived lysozyme 

activity. 

• Assess the influence of supernatants from MGN3-treated M1 macrophages, 

keratinocytes and fibroblasts on the chemotaxis of U937 monocyte, including 

chemotactic responses induced by secreted MCP-1.    
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4.3 Methods  

 

4.3.1 Generation of M1 macrophages  

 

U937 monocytes were cultured at different glucose concentrations (11, 15, 20 and 30mM) 

for a minimum of 2 weeks prior to experimental use (see section 2.2.5) and  differentiated 

into M1 macrophages as shown in section 2.2.5.      

 

4.3.2 Biofilm Generation 

 

MRSA and PA01 strains were cultured in NB for 3 days at 37 °C with 5% CO₂, then streaked 

on NA plates. For experiments, serial dilutions were plated on NA, and a bacterial density of 

2×10⁴ CFU/mL was used. Bacteria were aliquoted onto membranes and incubated for 24 

hours at 37 °C with 5% CO₂ to allow biofilm formation (see section 2.2.7). 

 

4.3.3 Host-Pathogen Assay 

 

M1 macrophages were cultured on membranes in varying glucose concentrations (11, 15, 

20, 30 mM) and treated for 24 hours with or without RS (2mg/mL), LPS (5mg/mL), and 

MGN3 (0.5, 1, 2mg/mL). They were then incubated with MRSA biofilms for 1 hour to allow 

host-pathogen interaction. Bacteria were subsequently plated on NA and incubated for 24 

hours before recovery was assessed (see section 2.2.8). 

 

4.3.4 ELISAs 

 

ELISAs were used to measure M1 macrophage production of growth factors (EGF, FGF2), the 

chemokine MCP-1, and the antimicrobial peptide LL37. M1 macrophages (1×10⁶ cells/mL) 

were cultured in low (11mM) or high (30mM) glucose RPMI CM and treated for 24 hours 

with LPS (5µg/mL), LPS + TLR2i or TLR4i (200µM), MGN3 (2mg/mL), or MGN3 + TLR2i or 

TLR4i. ELISAs were performed on cell supernatants, except for LL37, which used cell lysates 

prepared with MPER buffer and normalized via BCA assay (see section 2.2.13.2). Assays 

followed manufacturer protocols, with absorbance read at 450nm (background subtracted 

at 570nm) using a FLUOstar Omega plate reader. 
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4.3.5 Chemotaxis Assay 

 

M1 macrophages (1×10⁶ cells/mL) were cultured in RPMI CM with low (11mM) or high 

(30mM) glucose. HACAT and HDF cells (2×10⁵ cells/mL) were grown in DMEM CM under the 

same glucose conditions until 80% confluence. All cells were treated for 24 hours with LPS 

(5 µg/mL), LPS + TLR2i or TLR4i (200 µM), MGN3 (2 mg/mL), or MGN3 + TLR2i or TLR4i. 

Supernatants were collected to measure MCP-1 levels via ELISA (n=3). Chemotaxis plates 

were prepared with supernatants ± MCP-1 blocking antibody (1µg/mL; R&D Systems) in 

lower chambers. After 1 hour at 37 °C, U937 monocytes (1×10⁶ cells/mL) were added to 

upper chambers and incubated for 4 hours. Inserts were removed, and migrated cells in 

lower chambers were pelleted by centrifugation. Supernatants were discarded, and an MTT 

assay was performed as described in section 2.2.12, with absorbance read at 570nm and 

background subtracted at 690nm. 

 

4.3.6 Cathelicidin (LL37) Assay 

 

Macrophages (1×10⁶ cells/mL) were cultured in RPMI CM with low (11mM) or high (30mM) 

glucose and treated with RS (2mg/mL), LPS (5µg/mL), or MGN3 (2mg/mL) for 24 hours. 

MRSA and PA broths were prepared as outlined in section 2.2.7. Cells were washed with 

PBS, and lysates were collected using MPER buffer (section 2.2.13.2). Half the lysates were 

treated with LL37 blocking antibody (2µg/mL), the other half with antibody dilution buffer 

(4% BSA). Lysates were incubated at 37 °C for 2 hours, then with MRSA or PA (2×10⁴ CFU/mL) 

for 3 hours. Samples were plated on NA and incubated for 24 hours to assess bacterial 

recovery. 
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4.4 Results 

 

4.4.1 The Direct Effect of MGN3 on MRSA and PA01 Growth 

 

MGN3 did not directly affect MRSA or PA01 growth (Figure 4.4). Statistical analysis showed 

no significant difference between MGN3-treated and control groups for MRSA (P = 0.483) 

or PA01 (P = 0.474), indicating MGN3 did not directly affect bacterial growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 4: Direct Effect of MGN3 on MRSA and PA01 Growth. Mean MRSA (A) and PA01 (B) recovery 
(CFU/ml) after incubation in 11mM glucose with/without MGN3 treatment for 3 hours. Columns and error 
bars indicate the mean MRSA recovery (CFU/ml) ± the standard error of the mean (SEM) in all cases. No 
significant differences (P > 0.05 determined by t-tests; n = 15) were detected between MRSA/PA01 growth 
during MGN3 treatment and the corresponding negative control (NC) consisting of MRSA/PA01 grown in 
the absence of MGN3. 
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4.4.2 The Effect of Glucose on MRSA and PA01 Growth  

 

MRSA and PA01 recovery increased as glucose concentration increased (Figure 4.5). 

Statistical analysis showed MRSA and  PA01 recovery significantly (P < 0.01) increased with 

increasing glucose concentration compared to the corresponding 11mM. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 5: The Effect of Glucose on MRSA and PA01 Growth. Mean MRSA (A) and PA01 (B) recovery 
(CFU/ml) after incubation in different glucose concentrations (11, 15, 20 and 30mM). Columns and error 
bars indicate the mean MRSA/PA01 recovery (CFU/ml) ± the standard error of the mean (SEM) in all cases. 
Significant differences (P < 0.01 determined by one-way ANOVAs; n = 18) were detected in 15, 20 and 
30mM glucose groups when compared to the control (11mM) group.  
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4.4.3 The Effect of MGN3 on Phagocytosis of MRSA Biofilms  

 

MRSA recovery increased with glucose concentration but decreased with LPS or MGN3 

treatment. Higher MGN3 doses led to lower MRSA recovery, suggesting enhanced 

phagocytosis (Figure 4.6). 

 

The MRSA recovery significantly increased as glucose levels increased (P = 0.035 15mM 

RPMI; P = 0.001 20mM RPMI and P = 0.000 30mM RPMI). There was no significant difference 

(P > 0.05) in MRSA recovery between macrophages treated with RS and the corresponding 

untreated control cultured at the same glucose concentration (11, 15, 20 or 30mM). There 

was a prominent (P < 0.01) reduction in MRSA recovery following incubation of M1 

macrophages with LPS compared to untreated M1 macrophages cultured at the same 

glucose concentration (11, 15, 20 or 30mM). Similarly, there was a significant (P < 0.05) 

reduction in MRSA recovery following incubation of M1 macrophages with the MGN3 

Figure 4. 6: The Effect of MGN3 on the phagocytosis of MRSA Biofilms. Mean MRSA recovery (CFU/ml) after 
incubation of MRSA biofilms with M1 macrophages cultured at different glucose concentrations (11, 15, 20 
and 30mM) and treated with or without RS (2mg/ml), LPS (5ug/ml) or MGN3 (0.5, 1, 2mg/ml). Significant 
differences were seen when comparisons were made against the 11mM Untreated group (# P < 0.05 and ## P 
< 0.01 determined by one-way ANOVAs) and corresponding untreated groups (*P < 0.05, ** P < 0.01 
determined by one-way ANOVAs). Columns and error bars indicate the mean MRSA recovery (CFU/ml) ± the 
standard error of the mean (SEM) in all cases (n =18).  
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treatments (0.5, 1 and 2.0mg/ml) compared to the untreated M1 macrophages cultured at 

the same glucose concentration (11, 15, 20 or 30mM).  

 

4.4.4 The Effect of MGN3 on Phagocytosis of PA01 Biofilms  

 

PA01 recovery rose with increasing glucose levels but declined following LPS or MGN3 

treatment. Reduced PA01 recovery at higher MGN3 doses indicated improved phagocytic 

activity (Figure 4.7).   

 

There was an increase in PA01 recovery as glucose levels increased, however the data was 

not significantly different (P > 0.05). PA01 recovery significantly decreased following LPS 

treatments (P < 0.01) when compared to corresponding untreated groups. There were 

significant decreases following 0.5mg/ml (P = 0.043 15mM RPMI; P = 0.012 20mM RPMI 

and P = 0.021 30mM RPMI), 1mg/ml (P < 0.01 for all cases) and 2mg/ml (P < 0.01 for all 

cases) MGN3 treatments compared to untreated macrophages at the same glucose 

concentrations.  

Figure 4. 7: The Effect of MGN3 on the phagocytosis of PA01 biofilms. Mean PA01 recovery (CFU/ml) after 
incubation in different glucose concentrations (11, 15, 20 and 30mM) and treatment with or without RS, with 
or without LPS and with or without MGN3 at different concentrations (0.5, 1, 2mg/ml). Significant differences 
were seen between when comparisons between corresponding untreated controls (*P < 0.05 and ** P < 0.01 
determined by one-way ANOVAs). Columns and error bars indicate the mean MRSA recovery (CFU/ml) ± the 
standard error of the mean (SEM) in all cases (n =18).  
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4.4.5 The Contribution of TLR Signalling to MGN3-Mediated Phagocytosis of MRSA 

Biofilms 

 

M1 macrophages treated with LPS or MGN3 had reduced MRSA recovery compared to the 

11mM (Figure 4.8A) and 30mM (Figure 4.8B) glycaemic-equivalent untreated control. TLRI 

increased MRSA recovery compared to the corresponding control without TLRi at both 11 

and 30mM glucose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 8: Contribution of TLR Signalling to MGN3-Mediated Phagocytosis of MRSA Biofilms Under Pre-
diabetic and Hyperglycaemic Conditions. M1 macrophages were cultured at low (A) (11mM) and high (B) 

(30mM) glucose concentration and treated with or without RS (2mg/ml), LPS (5g/ml) or MGN3 (2mg/ml), 
alongside the absence/presence of TLR inhibitors (TLR2i, TLR4i or TLR2i+TLR4i) for 24 hours. Mean MRSA 
recovery (CFU/ml) was then determined following 1 hour of M1-MRSA interaction. LPS or MGN3, but not RS, 
treatment significantly ($$$ P<0.001 determined by t-tests; n=12) reduced MRSA recovery compared to the 
glycaemic-equivalent untreated control. The presence of TLR inhibition (TLRi) significantly increased MRSA 
recovery compared to the corresponding control lacking TLRi (*** P < 0.001 determined by t-tests; n = 12). 
However, treatment of M1 macrophages with LPS or MGN3 in the presence of TLRi still significantly (### P < 
0.001 determined by t-tests; n = 12) reduced MRSA biofilm recovery compared to untreated M1 macrophages 
in the presence of TLRi. Columns and error bars indicate the mean MRSA recovery (CFU/ml) ± the standard 
error of the mean (SEM) in all cases.  
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Treatment of M1 macrophages with LPS or MGN3, but not RS, significantly ($$$ P < 0.001) 

reduced MRSA recovery compared to the 11mM and 30mM glycaemic-equivalent untreated 

controls. Moreover, the presence of TLRi significantly increased MRSA recovery compared 

to the corresponding control lacking TLRi (*** P < 001) across all treatments, suggesting 

both the TLR2 and TLR4 pathways are at least in part mediating phagocytic activity in M1 

macrophages at both pre-diabteic and hyperglycaemic conditions. The TLRi was partially 

additive with TLR2i+TLR4i exposure increasing MRSA recovery more than TLR2i or TLR4i 

alone (11 and 30mM), suggesting each receptor influences phagocytosis independently 

from the other receptor to some degree. 

Neither TLR2 and/or TLR4 inhibition fully negated the observed reduction in MRSA biofilm 

recovery following MGN3 or LPS treatment of M1 macrophages, suggesting MGN3 and LPS 

may still be able to influence phagocytosis without the need for TLR2/TLR4 activation.    

 

4.4.6 The Contribution of TLR Signalling to MGN3-Mediated Phagocytosis of PA Biofilms 

 

M1 macrophages when treated with LPS or MGN3 resulted in reduced PA recovery 

compared to the 11mM (Figure 4.9A) and 30mM (Figure 4.9B) glycaemic-equivalent 

untreated control. TLRi increased MRSA recovery compared to the corresponding control 

without TLRi at both 11 and 30mM glucose. 
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Treatment of M1 macrophages with LPS or MGN, but not RS, significantly ($$$ P < 0.001) 

reduced PA recovery compared to the 11mM and 30mM glycaemic-equivalent untreated 

controls. Inhibition of TLR4 significantly (*** P < 0.001) increased bacterial recovery under 

Figure 4. 9: Contribution of TLR Signalling to MGN3-Mediated Phagocytosis of PA Biofilms Under Pre-
diabetic and Hyperglycaemic Conditions M1 macrophages were cultured at low (A) (11mM) and high (B) 

(30mM) glucose concentration and treated with or without RS (2mg/ml), LPS (5g/ml) or MGN3 (2mg/ml), 
alongside the absence/presence of TLR inhibitors (TLRi: TLR2i, TLR4i or TLR2i+TLR4i) for 24 hours. Mean PA 
recovery (CFU/ml) was then determined following 1 hour of M1-PA interaction. LPS or MGN, but not RS, 
treatment significantly ($$$ P<0.001 determined by t-tests; n=12) reduced PA recovery compared to the 
glycaemic-equivalent untreated control. The presence of TLR4i inhibition significantly increased PA recovery 
compared to the corresponding control lacking TLR4i (* P < 0.05 and *** P < 0.001 determined by t-tests; n = 
12). TLR2i significantly (* P < 0.05 and *** P < 0.001 determined by t-tests; n = 12) increased the recovery of 
PA biofilms only following interaction with LPS/MGN3-treated M1 macrophages. However, treatment of M1 
macrophages with LPS or MGN3 in the presence of TLRi still significantly (### P < 0.001 determined by t-tests; 
n = 12) reduced MRSA biofilm recovery compared to untreated M1 macrophages in the presence of TLRi. 
Columns and error bars indicate the mean PA recovery (CFU/ml) ± the standard error of the mean (SEM) in all 
cases.  
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both pre-diabetic and hyperglycaemic conditions, regardless of whether macrophages were 

pre-treated with RS, MGN, or LPS. At pre-diabetic conditions, TLR2 inhibition had no 

significant effect (P > 0.05) on PA biofilm recovery following interaction with untreated or 

RS-treated macrophages, but significantly (P < 0.01) increased recovery when macrophages 

were treated with LPS or MGN3. Conversely, under hyperglycaemic conditions (30mM), 

TLR2 inhibition significantly (P < 0.01) increased PA recovery following interaction with 

untreated or RS-treated macrophages, while having no significant effect (P > 0.05) after LPS 

or MGN3 treatment. Notably, inhibition of TLR2 and/or TLR4 did not fully negate the 

reduction in PA biofilm recovery induced by MGN3 or LPS treatment, suggesting these 

agents may enhance phagocytosis through mechanisms independent of TLR2/TLR4 

activation. 

 

4.4.7 Effect of MGN3 on Growth Factor, Chemokine, Antimicrobial Peptide and 

Antimicrobial Enzyme Production 

 

Epidermal Growth Factor (EGF), Fibroblast Growth Factor 2 (FGF2) and Monocyte 

Chemoattractant Protein-1 (MCP-1) levels were measured in the M1 macrophage 

supernatants, while Cathelicidin (LL37) and lysozyme levels were measured in M1 

macrophage cell lysates cultured in low (11mM) or high (30mM) glucose and treated for 24 

hours with RS, LPS, or MGN3, with or without TLR2/TLR4 inhibition (see section 4.3.4). 

 

4.4.7.1 Secretion of Epidermal Growth Factor (EGF) by M1 macrophages  

 

EGF secretion increased under hyperglycaemic conditions in untreated M1 macrophages 

but was reduced by MGN3 and especially LPS. RS increased EGF under low, but not high, 

glucose. TLR2/4 inhibition elevated EGF levels under low glucose, including with RS, LPS, or 

MGN3. Under high glucose, only TLR4 inhibition increased EGF following LPS or MGN3, 

while TLR2 inhibition had little effect (Figure 4.10). 

 

 

 

 



 

~ 108 ~ 
 

 

At high glucose, there were significant increase in EGF for the 30mM UC (P = 0.047) 

compared to the 11mM UC, indicating hyperglycaemia stimulates M1 macrophage 

production of EGF. Both MGN3 and particularly LPS treatment significantly (P < 0.01) 

impaired EGF production from M1 macrophages compared to the corresponding glycaemic 

control.   Under low glucose conditions, there was a significant increase in EGF following 

treatment with RS (P < 0.01) that was not observed under high glucose conditions. 

TLR2/4 inhibition significantly increased (P < 0.01) EGF secretion from untreated and RS-

treated M1 macrophages under low glucose conditions but not at high glucose conditions 

when compared with treatments without TLR inhibition. A similar pattern of TLR2 or TLR4 

inhibition increasing EGF levels was observed under pre-diabetic (11mM) conditions 

following treatment with LPS or MGN3.  However, under hyperglycaemic (30mM) 

conditions, only TLR4 inhibition increased EGF levels following treatment of M1 

macrophages with LPS or MGN3. In fact, TLR2 inhibition had little effect on M1-derived EGF 

levels at high glucose levels, regardless of treatment. 

Figure 4. 10: Secretion of Epidermal Growth Factor (EGF) by M1 macrophages. EGF levels were measured in 
the supernatant of M1 macrophages cultured in low (11mM) or high (30mM) glucose and treated with RS, LPS 
or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There were significant differences 
between the treatment groups when compared to corresponding UC (* P < 0.05 and ** P < 0.01 determined 
by t-tests; n = 10), corresponding control (# P < 0.05 and ## P < 0.01 determined by t-tests; n = 10) and 11mM 
treatments (without TLRs) ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 10). Columns and error bars 
indicate human EGF levels (pg/ml) ± the standard error of the mean (SEM) in all cases. 
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4.4.7.2 Secretion of Fibroblast Growth Factor 2 (FGF2) by M1 macrophages 
 

FGF2 was unchanged by high glucose alone. LPS and MGN3 increased FGF2 at high glucose 

but was reduced relative to untreated controls. RS decreased FGF2 at low glucose only. TLR2 

inhibition increased FGF2 with MGN3 at high glucose and with LPS at low glucose. In 

untreated cells, TLR2 inhibition reduced FGF2 at low glucose, while TLR4 inhibition 

increased it at high glucose. With RS, both inhibitors raised FGF2 at low glucose; only TLR4 

did so at high glucose (Figure 4.11). 

 

Hyperglycaemia (30mM) did not impact FGF levels compared to 11mM. LPS and MGN3 

treatments at 30mM significantly increased (P < 0.01) FGF2 compared to the 11mM but 

significantly decreased (in both 11 and 30mM) when compared to the corresponding UC. 

RS significantly reduced (P < 0.01) FGF2 at 11mM but had no impact at 30mM compared to 

UC. TLRi had no effect on MGN3 responses at 11mM but TLR2i significantly increased (P = 

Figure 4. 11: Secretion of Fibroblast Growth Factor 2 (FGF2) by M1 Macrophages. FGF2 levels were 
measured in the supernatant of M1 macrophages cultured in low (11mM) or high (30mM) glucose and 
treated with RS, LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There were 
significant differences between the treatment groups when compared to corresponding UC (* P < 0.05 and 
** P < 0.01 determined by t-tests; n = 8), corresponding control (# P < 0.05 and ## P < 0.01 determined by 
t-tests; n = 8) and 11mM treatments (without TLRs) ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 
8). Columns and error bars indicate human FGF2 levels (pg/ml) ± the standard error of the mean (SEM) in 
all cases. 
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0.014) FGF2 at 30Mm compared to MGN3 treatment without TLR2i. In direct contrast, TLRi 

had no effect on LPS responses at 30mM but TLR2i significantly increased (P = 0.003) FGF2 

at 11mM compared to LPS treatment without TLR2i. In untreated M1 macrophages, TLR2i 

significantly decreased (P = 0.015) FGF2 at 11mM whereas TLR4i significantly increased (P 

= 0.049) FGF2 at 30Mm compared to untreated macrophages without TLR4i. In RS-treated 

macs, both TLR2i/TLR4i significantly increased (P < 0.05) FGF2 at 11mM, whereas only TLR4i 

increased (P = 0.01) FGF2 at 30mM compared to RS treatment without TLR4i.  

 

4.4.7.3 Secretion of Monocyte Chemoattractant Protein-1 (MCP-1) by M1 macrophages  

 

MCP-1 levels were unaffected by high glucose alone. At low glucose, LPS and MGN3 had no 

effect, while at high glucose, RS, LPS, and MGN3 increased MCP-1 production. TLR inhibition 

had no impact under low (11mM) conditions, whereas at high (30mM) glucose TLR4 

inhibition increased MCP-1 in untreated cells, while TLR2 inhibition reduced it in LPS-treated 

cells (Figure 4.12). 

Figure 4. 12: Secretion of Monocyte Chemoattractant Protein-1 (MCP-1) by M1 Macrophages. MCP-1 levels 
were measured in the supernatant of M1 macrophages cultured in low (11mM) or high (30mM) glucose and 
treated with RS, LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There were 
significant differences between the treatment groups when compared to corresponding control (# P < 0.05 and 
## P < 0.01 determined by t-tests; n = 8) and 11mM treatments (without TLRs) ($ P < 0.05 and $$ P < 0.01 
determined by t-tests; n = 8). Columns and error bars indicate human MCP-1 levels (pg/ml) ± the standard error 
of the mean (SEM) in all cases. 
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MCP-1 production did not appear to significantly increase in untreated M1 cells cultured at 

30mM compared to those cultured at 11mM, suggesting hyperglycaemia alone was not 

influencing MCP-1 secretion from M1 macrophages. At low glucose levels LPS and MGN3 

did not affect MCP-1 levels but at high glucose levels RS, LPS and MGN3 stimulated MCP-1 

production.  The TLR inhibitors appeared to have no effect on MCP-1 production under pre-

diabetic conditions, and at high glucose inconsistent findings were seen, with TLR4i 

significantly increasing (P = 0.01) MCP-1 production in untreated M1 cells compared to 

untreated M1s without TLR inhibitors but TLR2i significantly decreased (P = 0.003) MCP-1 

secretion in LPS-treated M1 macrophages compared to LPS treatment without TLR2i. MGN3 

treatment at 30mM significantly increased (P = 0.038) MCP-1 production compared to 

11mM.     

 

4.4.7.4 Intracellular Cathelicidin (LL37) Levels in M1 Macrophages  

 

High glucose reduced cathelicidin levels in untreated M1 macrophages. LPS increased 

cathelicidin at both glucose levels, while MGN3 reduced it. At low glucose, TLR2/TLR4 

inhibition decreased cathelicidin in untreated and MGN3-treated cells, whereas at high 

glucose, inhibition increased cathelicidin production (Figure 4.13). 

 

Figure 4. 13: Secretion of Cathelicidin (LL37) by M1 Macrophages Lysates. LL37 levels were measured in 
the supernatant of M1 macrophages cultured in low (11mM) or high (30mM) glucose and treated with 
RS, LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There were significant 
differences between the treatment groups when compared to corresponding UC (* P < 0.05 and ** P < 
0.01 determined by t-tests; n = 9), corresponding control (# P < 0.05 and ## P < 0.01 determined by t-tests; 
n = 9) and 11mM treatments (without TLRs) ($$ P < 0.01 determined by t-tests; n = 9). Columns and error 
bars indicate human LL37 levels (pg/ml) ± the standard error of the mean (SEM) in all cases. 
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At high glucose conditions, there was a decrease in cathelicidin (P < 0.01) in the 30mM UC 

when compared to the 11mM UC, suggesting hyperglycaemia impairs cathelicidin 

generation in M1 macrophages. At both glucose levels, LPS stimulated cathelicidin 

production (P < 0.01) whereas MGN3 reduced LL37 production (P < 0.01) compared to the 

UC.  At low glucose, TLR2/TLR4 inhibition reduced cathelicidin production in untreated and 

MGN3-treated M1 macrophages, whereas at high glucose TLR2/TLR4 inhibition increased 

cathelicidin production. 

 

4.4.7.5 Intracellular Lysozyme Levels in M1 Macrophages 

 

At low glucose, LPS and MGN3 strongly increased lysozyme production, with smaller 

increases at high glucose. TLR2/4 inhibition reduced lysozyme levels in MGN3-treated 

macrophages at both glucose levels, and in LPS-treated cells only at low glucose. In 

untreated and RS-treated cells at low glucose, TLR2 inhibition increased lysozyme, while 

TLR4 inhibition decreased it. No effects were observed at high glucose (Figure 4.14). 

 

Figure 4. 14: Intracellular levels of Lysozymes in M1 Macrophages. Lysozyme levels were measured in the 
supernatant of M1 macrophages cultured in low (11mM) or high (30mM) glucose and treated with RS, LPS or 
MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There were significant differences between 
the treatment groups when compared to corresponding UC (* P < 0.05 and ** P < 0.01 determined by t-tests; 
n = 6), corresponding control (# P < 0.05 and ## P < 0.01 determined by t-tests; n = 6) and 11mM treatments 
(without TLRs) ($$ P < 0.01 determined by t-tests; n = 6). Columns and error bars indicate Lysozyme levels 
(pg/ml) ± the standard error of the mean (SEM) in all cases. 
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At low glucose levels there were very large increases (P < 0.01) in lysozyme production in 

both LPS and MGN3-treated M1 macrophages compared to the UC. At high glucose smaller 

increases in lysozyme production were observed in M1 macrophages treated with LPS (P = 

0.002) or MGN3 (P = 0.01) compared to the UC. At both low and high glucose conditions, 

TLR2/4 inhibition significantly decreased lysozyme production in M1 macrophages treated 

with MGN3 compared to M1 cells treated MGN3 in the absence of TLR inhibition. A similar 

reduction in lysozyme production was seen for LPS following TLR2/4 inhibition, but only at 

low glucose conditions. In contrast, an increase in lysozyme production was seen following 

TLR2 inhibition and a decrease was seen following TLR4 inhibition in untreated and RS-

treated M1 macrophages at low (but not high) glucose levels compared to without TLR 

inhibition. 

 

4.4.8 Chemotaxis Activity of U937 Monocytes in Response to Macrophage, Keratinocyte 

and Fibroblast-Derived Supernatant 

 

Supernatant derived from untreated M1 macrophages (Figure 4.15A), keratinocytes (Figure 

4.15B) or fibroblasts (Figure 4.15C) cultured under high (30mM) glucose reduced U937 

monocyte chemotaxis, and this was reversed by MCP-1 inhibition. TLR2 inhibition of 

untreated M1 macrophages, keratinocytes or fibroblasts cultured at high glucose increased 

monocyte chemotaxis compared to corresponding untreated cells in the absence of TLR2 

inhibition, while TLR effects were minimal on supernatant derived from corresponding 

untreated cells cultured at low glucose. Supernatants from LPS and MGN3-treated 

macrophages or fibroblasts had little impact on monocyte chemotaxis, whereas MGN3 

treatment of keratinocytes cultured at high glucose reduced monocyte chemotaxis.  

Supernatant from TLR4 inhibition of LPS-stimulated M1 macrophages, keratinocytes or 

fibroblasts cultured at low (11mM) glucose reduced monocyte chemotaxis. Similarly, 

supernatant from TLR4 inhibition of MGN3-stimulated M1 macrophages or keratinocytes 

cultured at high (30mM) glucose reduced monocyte chemotaxis.  
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Figure 4. 15: The Effect of Macrophage, Keratinocyte and Fibroblast Supernatant on U937 Monocyte 
Chemotaxis. Supernatant from M1 macrophages (A), keratinocytes (B)  or fibroblasts (C) cultured in low 
(11mM) or high (30mM) glucose and treated with LPS or MGN3 in the presence/absence of TLR2 (T2) or 
TLR4 (T4) inhibition and MCP-1 blocking antibody (+Ab), was evaluated on monocyte chemotaxis. There 
were significant differences between the treatment groups when compared to the corresponding 11mM 
treatments ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n =8), UC (** P < 0.01 determined by t-tests; 
n =8), treatment lacking TLR inhibition (# P < 0.05 and ## P < 0.01 determined by t-tests; n =8) or treatment 
lacking Ab (! P < 0.05 and !! P < 0.01 determined by t-tests; n =8). Columns and error bars indicate % 
Relative Monocyte Chemotaxis ± the standard error of the mean (SEM) in all cases. 
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U937 monocyte chemotaxis was significantly reduced by supernatants from M1 

macrophages cultured at hyperglycaemic conditions compared to pre-diabetic conditions (P 

= 0.015; 89.2% vs. 100%) (Figure 4.15A). This inhibition was reversed by MCP-1 inhibition (P 

= 0.04; 94.5% at 30mM vs. 92% at 11mM), suggesting MCP-1 promotes chemotaxis at 11mM 

but inhibits it at 30mM. TLRi had no effect at 11mM, but TLR2i significantly increased 

chemotaxis at 30mM (P < 0.01) when compared to 30mM UC group without TLR2i. MCP-1 

inhibition reduced chemotaxis at 11mM (P = 0.027) and increased it at 30mM (P = 0.04), 

reinforcing its dual role depending on glucose levels. MGN3/LPS-treated M1 macrophage 

supernatants had no significant effect on chemotaxis at either glucose level. However, at 

11mM, TLR4i with LPS and TLR2i with MGN3 both reduced chemotaxis (P < 0.05) compared 

to the corresponding treatments without TLRi. At 30mM, TLR2i increased (P = 0.019) and 

TLR4i decreased (P = 0.024) chemotaxis compared to the corresponding treatments without 

TLRi. These findings indicate LPS acts via TLR4 at 11mM and TLR2 at 30mM, while MGN3 

acts through TLR2 at 11mM and TLR4 at 30mM. 

U937 monocyte chemotaxis was significantly reduced by supernatants from keratinocytes 

cultured at hyperglycaemic compared to pre-diabetic conditions (P < 0.01; 92.9% vs. 100%) 

(Figure 4.15B). This was reversed following MCP-1 inhibition (P < 0.01; 106.9% vs. 96.2%), 

suggesting MCP-1 promotes chemotaxis at 11mM but inhibits it at 30mM. MCP-1 inhibition 

reduced chemotaxis at 11mM (P = 0.038) and increased it at 30mM (P < 0.01), confirming 

this dual role. TLRi had no effect at 11mM, but at 30mM, TLR2i increased (P < 0.01) and 

TLR4i inhibition decreased (P = 0.021) chemotaxis compared to the corresponding UC 

without TLRi. MGN3/LPS-treated keratinocyte supernatants at 11mM had no significant 

effect, but MGN3 at 30mM significantly reduced chemotaxis (P < 0.01) compared to the 

30mM UC. At 11mM, TLR4i with LPS reduced chemotaxis (P = 0.031) compared to 11mM 

UC. At 30mM, LPS-treated supernatants with TLR2i or TLR4i significantly increased 

chemotaxis (P < 0.05) compared LPS treatment without TLRi. MGN3-treated supernatants 

at 30mM showed increased chemotaxis with TLR2i (P < 0.01) and decreased chemotaxis 

with TLR4I (P = 0.044) compared to MGN3 treatment without TLRi. These results suggest 

that under hyperglycaemia, MCP-1 inhibits monocyte chemotaxis, and that TLR2/4 
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modulate MGN3 and LPS responses in a glucose-dependent manner—LPS via TLR4 (11mM) 

and TLR2/4 (30mM); MGN3 via TLR2 (11mM) and TLR4 (30mM). 

U937 monocyte chemotaxis was significantly reduced by supernatants from fibroblasts 

cultured at hyperglycaemic conditions compared to pre-diabetic conditions (P = 0.016; 

88.1% vs. 100%). This was reversed following MCP-1 inhibition (P = 0.042; 98.2% vs. 89%), 

suggesting MCP-1 promotes chemotaxis at 11mM but inhibits it at 30mM. MCP-1 inhibition 

reduced chemotaxis at 11mM (P = 0.021) and increased it at 30mM (P = 0.042) compared 

to chemotaxis without MCP-1 inhibition, consistently indicating a dual role. TLRi had no 

effect at 11mM, but TLR2i significantly increased chemotaxis at 30mM (P = 0.005) compared 

to 30mM UC without TLRi. MGN3/LPS-treated fibroblast supernatants had no significant 

effect on chemotaxis at either glucose level. However, at 11mM, TLR2i and TLR4i with LPS, 

and TLR2I with MGN3, significantly reduced chemotaxis (P < 0.01) compared to the 

corresponding treatments without TLRi. At 30mM, TLR2i significantly increased chemotaxis 

in both LPS and MGN3-treated groups (P < 0.05) compared to the corresponding treatments 

without TLRi. These findings suggest that fibroblast-derived MCP-1 enhances chemotaxis 

under normoglycaemia but inhibits it under hyperglycaemia, and that TLR2 modulates 

responses to LPS and MGN3, especially under high glucose conditions.  

 

4.4.9 Antimicrobial Activity of Cathelicidin (LL37) from M1 Cell Lysates 

 

M1 macrophages cultured in low or high glucose were treated for 24 hours with RS, LPS, or 

MGN3. Cell lysates were incubated with or without cathelicidin (LL37) blocking antibody for 

2 hours, then exposed to MRSA or PA01 (2×10⁴ CFU/ml) for 3 hours at 37 °C. Bacterial 

recovery was assessed after 24-hour incubation on agar plates (see section 4.3.6). 

 

4.4.9.1 The Antibacterial Effect of Cathelicidin (LL37) from M1 Cell Lysates against MRSA  

 
M1 cell lysates reduced MRSA recovery, particularly in the presence of LPS, with the 

cathelicidin blocking antibody (AB) partly reversing the antibacterial response of cell lysates 

(Figure 4.16). 
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The results showed a significant (P < 0.01) antibacterial activity of all M1 cell lysates against 

MRSA, indicating the lysate constituents had substantial antibacterial activity under both 

pre-diabetic and hyperglycaemic conditions. The addition of cathelicidin blocking antibody 

(+AB) to M1 cell lysates significantly (P < 0.01) increased bacterial recoveries across all 

treatments, suggesting cathelicidin was a major antibacterial constituent of the isolated M1 

cell lysates. MGN3 treatment failed to enhance the antibacterial activity, suggesting the 

enhanced phagocytic activity against MRSA observed earlier in this chapter following MGN3 

stimulation of M1 macrophages must require other mechanisms or factors beyond just the 

antibacterial activities of M1 intracellular constituents. 

  
 
 
 
 
 

Figure 4. 16: The Antibacterial Effect of Cathelicidin (LL37) from M1 Cell Lysates against MRSA . Mean MRSA 
recovery (CFU/ml) after incubation of M1 macrophages in 11mM and 30mM glucose, and treatment with RS 
(2mg/ml), LPS (5ug/ml) or MGN3 (2mg/ml) in the presence or absence of a cathelicidin blocking antibody (AB). 
Significant differences were seen between the groups when comparisons were made against the 
corresponding 11mM treatment ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 10), UC (* P < 0.05 
determined by t-tests; n = 10) and treatment lacking AB  (# P < 0.05 and ## P < 0.01 determined by t-tests; n = 
10). Columns and error bars indicate the mean MRSA recovery (CFU/ml) ± the standard error of the mean 
(SEM) in all cases.  
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4.4.9.2 The Antibacterial Effect of Cathelicidin (LL37) from M1 Cell Lysates Against PA  

 

M1 cell lysates suppressed PA01 growth, again partly via cathelicidin (Figure 4.17).     

 

The results showed a significant (P < 0.01) antibacterial activity of all M1 cell lysates against 

PA01, indicating the lysate constituents had substantial antibacterial activity under both pre-

diabetic and hyperglycaemic conditions. The addition of cathelicidin blocking antibody (+AB) 

to M1 cell lysates significantly (P < 0.01) increased bacterial recoveries across all treatments, 

suggesting cathelicidin was a major antibacterial constituent of the isolated M1 cell lysates 

but unlikely to be the only antibacterial mediator present. Collectively these findings 

suggest that M1 cell lysates had direct antibacterial activity against PA01, with cathelicidin 

appearing to be at least one of the major constituents present in the lysates. LPS and MGN3 

treatment failed to enhance the antibacterial activity, suggesting the enhanced phagocytic 

activity against PA01 observed earlier in this Chapter following MGN3 and LPS stimulation 

of M1 macrophages must require other (additional) mechanisms or factors beyond just the 

antibacterial activities of M1 intracellular constituents.  

Figure 4. 17: The Antibacterial Effect of Cathelicidin (LL37) from M1 Cell Lysates Against PA01. Mean PA01 
recovery (CFU/ml) after incubation of M1 macrophages in 11mM and 30mM glucose, and treatment with RS 
(2mg/ml), LPS (5ug/ml) or MGN3 (2mg/ml) in the presence or absence of a cathelicidin blocking antibody (AB). 
Significant differences were seen between the groups when comparisons were made against the corresponding 
11mM treatment ($ P < 0.05 determined by t-tests; n = 10), UC (** P < 0.01 determined by t-tests; n = 10) and 
Ab groups (## P < 0.01 determined by t-tests; n = 10). Columns and error bars indicate the mean PA01 recovery 
(CFU/ml) ± the standard error of the mean (SEM) in all cases.  
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4.5 Discussion 
 

This study examined how MGN3 influences monocyte/macrophage function including  

chemotaxis, phagocytosis and the production of growth factors, chemokines, antimicrobial 

peptides and antimicrobial enzymes under varying glucose levels.  

The direct effect of MGN3 on bacterial biofilm formation was tested to understand if MGN3 

could directly influence bacterial growth in any way. Data indicated MGN3 had no direct 

effect on MRSA (P = 0.965) or PA (P = 0.949) bacterial biofilm growth (Figures 2 and 5), 

suggesting MGN3 does not have any antimicrobial or bacteriostatic activities, nor any 

stimulatory effects on biofilm formation. This confirmed that changes in bacterial recovery 

following treatment of macrophages with MGN3 were due to macrophage-mediated 

changes in phagocytosis rather than any direct of MGN3 on biofilm growth.  

Investigations showed that hyperglycaemia increased bacterial biofilm formation, and this 

is supported by several published findings (Lu et al, 2020; Vitko et al, 2016; She et al, 2019; 

Huynh et al, 2012). Data showed a significant increase in bacterial recovery when MRSA and 

PA biofilms were exposed to 20mM or 30mM glucose compared to recovery levels observed 

following exposure to 11mM glucose. This suggests that the bacteria are using glucose as a 

possible energy source, leading to increased bacterial biofilm growth (Vitko et al, 2016; de 

Oliveira et al, 2021). A clinical study has shown patients with glucose detected in bronchial 

aspirates were significantly more likely to develop MRSA infections than patients without 

detectable glucose (Phillips et al, 2005). Given MRSA and PA are common pathogens 

isolated from DFUs (Luo et al, 2020; Kifelew et al, 2024), these findings suggest both these 

wound pathogens are likely to thrive and benefit from in vivo uncontrolled hyperglycaemic 

conditions in diabetic patients. It has been shown that high glucose increases the strength 

of MRSA biofilms (Luo et al, 2020; You et al, 2014). Moreover, MRSA growth was found to 

increase in the presence of glucose compared to other monosaccharides (e.g. fructose) or 

disaccharides (e.g. sucrose) (Luo et al, 2020). The fermentation of glucose also assists in the 

aggregation of MRSA which promotes biofilm formation (Vitko et al, 2016; Luo et al, 2019). 

She et al, (2019) showed PA biofilms taken from clinical isolates results in larger biofilms 

when grown in high glucose medium. Interestingly, the authors did not see an increase in 
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planktonic PA bacterial growth with elevated glucose levels and concluded that elevated 

glucose levels lead to increased biofilm formation indirectly by promoting bacterial 

adhesion rather than directly inducing bacterial proliferation itself. 

The data showed as glucose levels increased the phagocytic ability of macrophages was 

reduced, resulting in increased bacterial recovery (both MRSA and PA01). This was due to 

hyperglycaemia impairing the phagocytic ability of macrophages. Other studies done using 

macrophages isolated from diabetic patients have also shown phagocytosis is impaired 

during hyperglycaemic conditions (Pavlou et al, 2018; Sousa et al, 2023; Lecube et al, 2011).        

Moreover, the data indicated that as glucose concentration increased bacterial recovery 

increased, suggesting hyperglycaemia was impairing the phagocytic activity of the M1 

macrophages. In line with these findings, Pavlou et al, (2018) showed that long term 

exposure to high glucose led to enhanced proinflammatory cytokine (TNFa) expression but 

reduced NO production and phagocytosis in LPS/INFg polarized human bone marrow-

derived M1 macrophages. Megawati et al, 2022 also showed macrophages grown in high 

glucose (35mM) medium had significantly higher TNFα levels when exposed to high levels 

of LPS (2ug/ml). This supporting evidence closely mirrors in vivo findings observed in 

diabetic patients that are showing elevated TNFa but impaired phagocytosis and NO 

production (Xu et al, 2013; Tessari et al, 2010). The idea that hyperglycaemia results in 

elevated proinflammatory cytokines is further supported by Grosick et al, (2018) and it has 

been suggested this may be attributed to abnormalities within the H3K9 methyltransferase 

mechanistic pathways, which would disturb the epigenetic state within the immune cells (Li 

et al, 2016; Raiymbek et al, 2020). 

The findings showed a reduction in MRSA and PA recovery from biofilms following 

interaction with M1 macrophages treated with either LPS or 2.0mg/ml MGN3 compared 

with corresponding untreated controls, indicative of enhanced host-pathogen engagement 

and subsequent phagocytosis of bacteria. Given the structural similarities between LPS and 

MGN3 (Fadel et al, 2018; Ogawa et al, 2005), these findings open the possibility that MGN3 

and LPS may (in part) act through the same pathways to stimulate phagocytosis. Indeed, it 

has been shown (Asif, 2020; Tan, 2018) that MGN3 competes with LPS for the TLR4 receptor 
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on the surface of macrophages. Moreover, hyperglycaemia has been shown to induce TLR4 

expression in LPS/IFN-γ polarized M1 macrophages (Pavlou et al, 2018). 

Generally, published literature shows that MGN3 has a positive effect on macrophage 

function under hyperglycaemic conditions, particularly in relation to phagocytosis. MGN3 

significantly reversed the hyperglycaemia-induced impairment of phagocytic function of 

resting M0 macrophages (Asif, 2020). Ghoneum et al, 2008 demonstrated that MGN3 

therapy significantly boosted the phagocytosis of E. coli by both monocytes and neutrophils 

obtained from human peripheral blood. It has been demonstrated that prolonged exposure 

to rice brans can teach monocyte-derived macrophages to deliver a more efficient immune 

response through dectin-1 pathway stimulation (Moerings et al, 2022). 

However, this is the first investigation to confirm the effect of MGN3 on the clearance of 

bacterial biofilms by M1 macrophage under hyperglycaemic conditions. There are multiple 

different ways this work could be expanded and explored further in the future. For example, 

the host-pathogen interaction period can be extended beyond 1 hour in future experiments 

and a wider MGN3 exposure period could be investigated to determine optimal treatment 

timings for each wound pathogen. Similarly, a range of biofilm densities could be 

investigated along with multi-species biofilms to model DFU infections more closely. The use 

of additional biofilm disrupters (e.g. surfactants such as poloxamers) could provide 

synergistic effects by breaking up dense biofilm formations and allowing greater penetration 

of MGN3-treated M1 macrophages into the infection site. 

Currently the Ashworth laboratory at Manchester Metropolitan University is undergoing 

some promising (currently unpublished) ex vivo work exploring the effect of MGN3 on 

phagocytic activity of macrophages derived from the peripheral blood of DFU patients. The 

idea is to determine whether the findings of this study can be replicated by evaluating the 

influence of MGN3 on the clearance of clinical wound pathogens by corresponding blood-

derived macrophages obtained from the same DFU patient at the time of infection 

(Ashworth, personal communication). 

There was a direct correlation between exposure of M1 macrophages to high glucose levels 

and an increase in bacterial recovery of both MRSA and PA01 biofilms following 1 hour of 
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M1-MRSA/PA interaction. These findings are indicative of impaired M1 phagocytic function 

given that only the M1 macrophages were pre-exposed to chronic hyperglycaemia prior to 

host-pathogen interaction in these sets of experiments.  However, in an in vivo DFU 

environment, both macrophages and wound bacteria could be exposed to chronic 

hyperglycaemia, leading not only to a detrimental effect on phagocytic activity of 

macrophages but also increased bacterial colonisation and/or biofilm formation (in line with 

the direct effect of glucose on biofilm formation found in section 4.4.2). Indeed, a 

combination of bacterial growth and impaired phagocytic function has been reported to 

make diabetic wounds difficult to treat (Baig et al, 2022).   

It was again noted that both LPS and MGN3 treatment significantly reduced MRSA and PA 

bacterial recovery, indicative of enhanced phagocytosis, following prolonged exposure of 

M1 macrophages to 11mM or 30mM glucose. Lui et al, (2001) showed that LPS stimulation 

of macrophages from diabetic mice increases TLR2/4 expression which could potentially 

promote phagocytosis by providing greater TLR availability. Given previous projects carried 

out in the Ashworth laboratory (Tan, 2018; Asif, 2020) have shown that MGN3 competes 

with LPS for TLR4 and dectin-1 receptors in simple planktonic bacterial wound infection 

models, this project aimed to expand the understanding of potential mechanistic signalling 

pathways through which MGN3 may act by investigating TLR2 and TRL4 signalling in more 

complex biofilm wound infection models.    

For the gram-positive MRSA biofilm, inhibition of TLR2 and particularly TLR4 significantly 

increased bacterial recovery under pre-diabetic or hyperglycaemic conditions, regardless of 

whether M1 macrophages were exogenously treated or not with RS/MGN3/LPS prior to 

bacterial interaction. Furthermore, combined TLR2+TLR4 inhibition led to a partially 

additive effect. Collectively, these findings suggest that activation of TLR2 and TLR4 

signalling inherently influences the phagocytic activity of M1 macrophages against MRSA, 

possibly through the binding of microbial-derived ligands (Takeda et al, 2003), or even 

endogenous ligands (Yu et al, 2010) secreted by M1 macrophages.  Indeed, the TLRs are 

somewhat promiscuous in nature and can be activated by multiple ligands (Takeda et al, 

2003). Moreover, TLRs can work in concert with each other, forming homodimers or 

heterodimers to recognise different pathogens and induce subsequent immune responses 
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(Colleselli et al, 2023; Farhat et al, 2008). For example, TLR4 homodimers are induced after 

exposure to LPS from Gram-negative bacteria whereas TLR2 often forms heterodimers with 

TLR1 or TLR6 that recognize distinct bacterial-derived products (Colleselli et al, 2023).  It has 

also been shown that Gram-positive and Gram-negative bacteria can activate different TLR2 

dimers (Farhat et al, 2008).  

For the Gram-negative PA biofilm, inhibition of TLR4 significantly increased bacterial 

recovery, indicative of enhanced phagocytosis, under pre-diabetic or hyperglycaemic 

conditions, and this response was observed regardless of whether M1 macrophages were 

exogenously treated with or without RS/MGN3/LPS prior to bacterial interaction. However, 

the involvement of TLR2 in M1-mediated phagocytosis of PA biofilms was less prominent 

and more nuanced than for MRSA biofilm clearance. This may not be surprising given LPS 

derived from Gram-negative bacteria like PA is typically recognised by TLR4 (Ciesielska et al, 

2021). There was no significant (P>0.05) evidence of TLR2 inhibition altering the recovery of 

PA biofilms following interaction with untreated M1 macrophages cultured under pre-

diabetic conditions, whereas TLR2 inhibition significantly (P<0.01) increased PA biofilm 

recovery following interaction with untreated M1 macrophages cultured under 

hyperglycaemic conditions. Intriguingly, in contrast there was no significant (P>0.05) effect 

of TLR2 inhibition on the phagocytosis of PA by LPS/MGN3-treated M1 macrophages 

cultured under hyperglycaemic conditions but TLR2 inhibition significantly (P<0.01) reduced 

the phagocytosis of PA biofilms by LPS/MGN3-treated M1 macrophages cultured under pre-

diabetic conditions. Collectively these findings suggest a pathogen-specific glycaemic switch 

of some kind may be operating on TLR2 activation in response to Gram-negative PA biofilms 

that was not seen in response to Gram-positive MRSA. 

Neither TLR2 and/or TLR4 inhibition fully negated the observed reduction in MRSA or PA 

biofilm recovery following MGN3 or LPS treatment of M1 macrophages, suggesting MGN3 

and LPS may still be able to influence the phagocytosis without the need for TLR2/TLR4 

activation.  LPS is a known ligand for TLR4 (Ciesielska et al, 2021) but there is emerging 

evidence that LPS can become cytosolic and activate the non-canonical inflammasome 

without any participation from TLR4 (Ciesielska et al, 2021).  LPS can enter the cytosol inside 

phagosomes, or by binding to high mobility group box 1 (HMGB1) and subsequent 
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internalisation of HMGB1–LPS complexes within endosomes through the receptor for 

advanced glycation end-products (RAGE) (Mazgaeen and Gurung, 2020). Once LPS is 

delivered into the cytosol, human caspase-4/-5 senses LPS and induces non-canonical 

NLRP3 inflammasome activation (Mazgaeen and Gurung, 2020). The inflammasome 

promotes phagosome maturation, leading to enhanced antimicrobial activity that induces 

bacterial killing (Rathinam and Fitzgerald, 2016). LPS exposure leads to NLRP3 

inflammasome activation and maturation of phagosomes containing Gram-negative or 

Gram-positive bacteria, demonstrating antibacterial activity against phagosome cargo 

regardless of their Gram-staining cell wall properties ( Rathinam and Fitzgerald, 2016).  Thus, 

given the structural similarity between MGN3 and LPS (Fadel et al, 2018), MGN3 might also 

promote bacterial clearance by activating TLR-independent mechanisms such as the non-

canonical inflammasome but further investigations would be required to confirm this.  

In the future, this experimental work could be expanded to investigate a wider range of TLR 

receptors or explore some of TLR-independent pathways that may mediate the effects of 

MGN3. Other phagocytic cells such as neutrophils could also be investigated in future work 

to compare with M1 macrophages used in this project.  The study should also be repeated 

using other macrophage cell lines as well as ex vivo primary macrophages to confirm these 

findings are not just unique to U937-derived macrophages.  

In terms of growth factors, hyperglycaemia significantly increased EGF secretion by M1 

macrophages. A study done by Fukuda et al, (1997) found that high glucose conditions 

increased heparin-binding epidermal growth factor (HB-EGF) expression in mice. In contrast, 

hyperglycaemia (30mM) had no effect on FGF2 levels secreted by M1 macrophages 

compared to those cultured under pre-diabetic conditions. Another study found an increase 

in FGF2 mRNA linked to hyperglycaemia in diabetic mice (Teshima-Kondo et al, 2004) but 

that investigation was carried out in fibroblasts. Beyond expression levels, glycation of FGF2 

resulting from hyperglycaemia has been shown to change the structural conformation of 

FGF2 in diabetic mice (Facchaiano et al, 2006). A previous study also suggested that 

glycation reduces the ability of FGF2 to bind to the tyrosine kinase receptor which in turn 

reduces mitogenesis (Duraisamy et al, 2001).  
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EGF and FGF secretion from M1 macrophages cultured under both low and high glucose 

concentration was decreased by MGN3 and LPS treatment.  RS unexpectedly increased EGF 

but decreased FGF2 secretion from M1 macrophages cultured at 11mM but no effects were 

seen at 30mM glucose. The observed reduction in macrophage-derived EGF and FGF 

secretion by MGN3 and LPS may potentially reduce excessive inflammation associated with 

hyperglycaemia. Under normal conditions EGF stimulates macrophage proliferation, which 

may lead to an excessive inflammatory response (Lu et al, 2014).  Other studies have shown 

the selective deletion of EGF receptors (EGFR) on macrophages can influence inflammatory 

cytokine production, activation of the EGFR can mediate cytokine production as well as 

mediating anti-inflammatory cytokine feedback (Lu et al, 2014; Shang et al, 2020; Zhao et 

al, 2016). FGF2 has been shown to promote inflammatory cell recruitment by enhancing 

endothelial adhesion molecule expression (Zittermann and Issekutz, 2006). FGF2 also assists 

in angiogenesis and tissue repair in addition to promoting inflammation (Bikfalvi et al, 1997; 

Shen et al, 2024; Presta et al, 2009).   

TLR2/4 inhibition significantly increased EGF secretion from untreated and RS-treated M1 

macrophages under low glucose conditions but not at high glucose conditions. As reported 

previously the TLRs are somewhat promiscuous in nature and can be activated by multiple 

endogenous-derived ligands (Takeda et al, 2003), so the observed responses to TLR 

inhibition in untreated cells is not unexpected. A similar pattern of TLR2 or TLR4 inhibition 

leading to increased EGF levels was observed under pre-diabetic conditions following 

treatment with LPS or MGN3.  However, under hyperglycaemic conditions, only TLR4 

inhibition increased EGF levels following treatment of M1 macrophages with LPS or MGN3. 

In fact, TLR2 inhibition had little effect on M1-derived EGF levels at high glucose levels, 

regardless of treatment.  These findings suggest TLR4 may play a part in mediating MGN3-

induced EGF production by M1 macrophages under hyperglycaemic conditions since an 

equivalent response to TLR4 inhibition was not seen in untreated macrophages or M1 cells 

receiving other treatments. Increased EGFR signalling has been linked with increased TLR4 

expression in macrophages through downstream signalling molecules such as Rab5a (Tang 

et al, 2020). The EGFR can also be activated either direct ligand interactions or ligands of 

TLR4 such as LPS (Lu et al, 2014).  
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In untreated M1 macrophages, TLR2 inhibition decreased FGF secretion at 11mM whereas 

TLR4 inhibition increased FGF secretion at 30mM. TLR inhibition had no effect on MGN3-

mediated FGF2 secretion when M1 macrophages were cultured at 11mM but TLR2 

inhibition increased FGF2 levels produced by M1 macrophages at 30mM. In direct contrast, 

TLR inhibition had no effect on LPS-mediated FGF2 secretion from M1 macrophages at 

30mM but TLR2 inhibition increased FGF2 levels produced by M1 macrophages cultured at 

11mM.  In RS-treated M1 cells, both TLR2/4 inhibition increased FGF2 secretion at 11mM, 

whereas only TLR4 inhibition increased FGF2 levels produced at 30mM.  These differential 

responses to TLR inhibition suggest the TLRs may play a role in macrophage-mediated 

production of FGF2, with TLR2 appearing to be more influential on MGN3-mediated 

production of FGF2 under hyperglycaemic conditions and LPS-mediated production of FGF2 

under pre-diabetic conditions.  There is limited research to suggest TLR2 and FGF2 

production directly, however, it has been members of FGF family can act through TLR2/4 

(Marega et al, 2021). 

MGN3 has been shown to reduce inflammation by mitigating the inflammatory response 

induced by hyperglycaemia, thus highlighting the beneficial properties of MGN3 for the 

management of chronic inflammation in diabetes (Ghoneum et al¸ 2008). Hyperglycaemia 

is known to sensitize macrophages into increasing production of proinflammatory 

mediators which can lead to pronounced inflammation but impaired phagocytosis (Pavlou 

et al, 2018). In this study, there was a non-significant increase in MCP-1 production from M1 

macrophages cultured at 30mM compared to levels seen in M1 macrophages cultured at 

11mM, suggesting hyperglycaemia alone was not influencing MCP-1 secretion from M1 

macrophages. At low glucose levels, LPS and MGN3 did not affect MCP-1 levels but at high 

glucose levels RS, LPS and MGN3 stimulated MCP-1 production. The TLR inhibitors appeared 

to have no effect on MCP-1 production under pre-diabetic conditions, and at high glucose 

inconsistent findings were seen, with TLR4 inhibition increasing MCP-1 production in 

untreated M1 cells but TLR2 inhibition decreasing MCP-1 secretion in LPS-treated M1 

macrophages. These findings somewhat contradict with the wider literature indicating 

hyperglycaemia significantly increases the expression and secretion of MCP-1 in 

macrophages due to the activation of pro-inflammatory pathways (Xu et al, 2016). A study 
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by Mine et al, (2006) found a significant increase in serum MCP-1 in diabetic patients 

compared to non-diabetics. This is thought to be related to oxidative stress caused by 

hyperglycaemia in macrophages leading to an increase in ROS, which in return has shown 

to activate signalling pathways (such as NF- kB), thereby enhancing MCP-1 expression (Yang 

et al, 2009). The increased MCP-1 levels in response to hyperglycaemia can attract more 

monocytes to sites of inflammation, exacerbating chronic inflammatory conditions often 

seen in diabetes (Grewal et al, 1997). High glucose can also influence macrophage 

polarization, driving them towards a more pro-inflammatory phenotype that further 

increases MCP-1 secretion (Nio et al, 2012; Du et al, 2021). Considering the literature, it is 

possible the ELISA was insufficiently sensitive to detect the glycaemic change in MCP-1 levels 

based on the macrophage numbers used for the cell lysates so further investigations would 

be required to further validate these findings, using higher cell densities or more sensitive 

detection methods such as flow cytometry.    

This study also looked at whether MCP-1 may be implicated in the influence of MGN3 on 

the chemotaxis of U937 monocytes. This was done by exposing U937 monocytes to cell 

supernatants from MGN3-treated M1 macrophages, keratinocytes or fibroblasts. The 

chemotaxis of U937 monocytes exposed to the supernatant of untreated M1 macrophages 

cultured under hyperglycaemic conditions was significantly inhibited compared to U937 

monocytes exposed to supernatants collected from untreated M1 macrophages cultured at 

pre-diabetic conditions. The addition of a blocking antibody against MCP-1 significantly 

reversed this inhibition of U937 monocyte chemotaxis, increasing chemotaxis levels back 

toward those seen following exposure to supernatants collected from untreated M1 

macrophages cultured at pre-diabetic conditions. The findings suggest high glucose levels 

have a detrimental effect on monocyte chemotaxis and that macrophage-derived MCP-1 

might unexpectedly inhibit U937 monocyte chemotaxis under hyperglycaemic conditions 

yet promote U937 monocyte chemotaxis under pre-diabetic conditions. 

Neither TLR2 or TLR4 inhibition significantly mediated the chemotaxis of U937 monocytes 

exposed to the supernatant of untreated M1 macrophages cultured under pre-diabetic 

thereby excluding TLR signalling in mediating secretions from untreated M1 macrophages.  

However, the addition of a blocking antibody against MCP-1 significantly reduced the 
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chemotaxis of U937 monocytes exposed to the supernatant of untreated M1 macrophages 

cultured under pre-diabetic conditions, suggesting that the antibody was preventing the 

positive chemotactic effects of MCP-1 present in the 11mM-derived supernatant.  In direct 

contrast, the MCP-1 blocking antibody significantly increased the chemotaxis of U937 

monocytes exposed to the supernatant of untreated M1 macrophages cultured under 

hyperglycaemic conditions, suggesting a glycaemic switch occurs whereby MCP-1 has 

negative chemotactic effect when present in 30mM-derived supernatant.  This observation 

of the MCP-1 blocking antibody decreasing and increasing the chemotaxis of U937 

monocytes following exposure to 11mM and 30mM-derived supernatants respectively was 

relatively consistent across the experimental findings and potentially highlights a dual 

nature of MCP-1 that has not been previously identified.     

There was no evidence to suggest that the supernatants from MGN3/LPS-treated M1 

macrophages cultured at either 11mM or 30mM influenced the subsequent chemotaxis of 

U937 monocytes compared to the corresponding untreated glycaemic control (UC). 

Similarly, neither TLR2 or TLR4 inhibition significantly mediated the chemotaxis of U937 

monocytes exposed to the supernatant of MGN3/LPS-treated M1 macrophages cultured 

under pre-diabetic or hyperglycaemia conditions. These findings suggest that neither LPS 

nor MGN-3 were substantially influencing supernatant levels of macrophage-derived MCP-

1 at the cell densities tested.    

Exposure of U937 monocytes to supernatants from keratinocytes cultured under 

hyperglycaemic conditions significantly reduced their chemotaxis (P < 0.01; % Relative 

Chemotaxis = 92.9% at 30mM vs. 100.0% at 11mM) compared to monocytes exposed to 

supernatants from untreated keratinocytes cultured under pre-diabetic conditions (11mM). 

The inhibition of chemotaxis was significantly reversed (P < 0.01) by the addition of an anti-

MCP-1 antibody, restoring chemotaxis levels (% Relative Chemotaxis = 106.9% at 30mM vs. 

96.2% at 11mM) to those seen in monocytes exposed to supernatants from keratinocytes 

cultured at pre-diabetic conditions. These results indicate that high glucose levels impair 

monocyte chemotaxis, and that MCP-1 derived from keratinocytes may inhibit U937 

monocyte chemotaxis under hyperglycaemic conditions while promoting it under pre-

diabetic conditions. 
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Inhibition of TLR2 or TLR4 did not significantly (P > 0.05) affect the chemotaxis of U937 

monocytes exposed to supernatants from untreated keratinocytes cultured under pre-

diabetic conditions. However, under hyperglycaemic conditions, TLR2 inhibition led to a 

significant increase (P < 0.01) in chemotaxis, while TLR4 inhibition caused a significant 

decrease (P = 0.021). The addition of an MCP-1 blocking antibody significantly (P = 0.038) 

reduced the chemotaxis of U937 monocytes exposed to supernatants from untreated 

keratinocytes cultured under pre-diabetic conditions, indicating the antibody was blocking 

the chemotactic effects of MCP-1 in the 11mM supernatant. In contrast, the MCP-1 blocking 

antibody significantly (P < 0.01) increased the chemotaxis of U937 monocytes exposed to 

supernatants from keratinocytes cultured under hyperglycaemic conditions. This pattern, 

where the antibody decreased chemotaxis in response to 11mM-derived supernatants and 

increased it in response to 30mM-derived supernatants, was consistently observed across 

the experiments. There was no evidence to suggest that the supernatants from MGN3/LPS-

treated keratinocytes cultured at 11mM significantly (P > 0.05) influenced chemotaxis. 

However, at 30mM MGN3 treated keratinocyte supernatant significantly reduced (P < 0.01) 

the subsequent chemotaxis of U937 monocytes compared to the corresponding UC. At 

11mM TLR4 inhibition with LPS treatment significantly reduced (P = 0.031) monocyte 

chemotaxis. At 30mM both TLR2/4 inhibition resulted in significant increased (P < 0.05) 

chemotaxis following LPS treated supernatant and TLR2 inhibition significantly increased (P 

< 0.01) and TLR4 inhibition significantly reduced (P = 0.044) chemotaxis following MGN3 

treated supernatant. These findings suggest that LPS was influenced by TLR4 at 11mM and 

both TLR4 and TLR2 at 30mM, and MGN-3 by TLR2 at 11mM and TLR4 at 30mM.  

The chemotaxis of U937 monocytes exposed to supernatants from fibroblasts cultured 

under hyperglycaemic (30mM glucose) conditions was significantly reduced (P = 0.016; % 

Relative Chemotaxis = 88.1% at 30mM vs. 100.0% at 11mM) compared to monocytes 

exposed to supernatants from untreated fibroblasts cultured under pre-diabetic conditions. 

The addition of an MCP-1 blocking antibody significantly (P = 0.042) reversed this inhibition, 

restoring chemotaxis levels (% Relative Chemotaxis = 98.2% at 30mM vs. 89% at 11mM) 

closer to those seen with supernatants from fibroblasts cultured under pre-diabetic 

conditions. These results suggest that high glucose levels impair monocyte chemotaxis and 



 

~ 130 ~ 
 

that fibroblast-derived MCP-1 may unexpectedly inhibit U937 monocyte chemotaxis under 

hyperglycaemic conditions while promoting it under pre-diabetic conditions. 

TLR2/4 inhibition did not significantly (P > 0.05) affect the chemotaxis of U937 monocytes 

exposed to supernatants from untreated fibroblasts cultured under pre-diabetic conditions. 

However, under hyperglycaemic conditions, TLR2 inhibition resulted in a significant increase 

(P = 0.005) in chemotaxis. The addition of an MCP-1 blocking antibody significantly (P = 

0.021) reduced the chemotaxis of U937 monocytes exposed to supernatants from untreated 

fibroblasts cultured under pre-diabetic conditions, indicating that the antibody blocked the 

chemotactic effects of MCP-1 in the 11mM supernatant. In contrast, the MCP-1 blocking 

antibody significantly (P = 0.042) increased chemotaxis in monocytes exposed to 

supernatants from fibroblasts cultured under hyperglycaemic conditions. This pattern—

where the antibody reduced chemotaxis in response to 11mM supernatants and increased 

it with 30mM supernatants—was consistent across experiments. No significant (P > 0.05) 

effects on chemotaxis were observed with supernatants from MGN3/LPS-treated fibroblasts 

cultured at either 11mM or 30mM glucose. At 11mM, TLR2/4 inhibition with LPS treatment, 

and TLR2 inhibition with MGN3 treatment, significantly reduced (P < 0.01) monocyte 

chemotaxis. At 30mM, TLR2 inhibition significantly increased (P < 0.05) chemotaxis 

following LPS and MGN3-treated supernatants. 

Further experiments may be needed using higher M1 cell densities to provide a more 

concentrated supernatant before conclusively excluding a role for MGN3 and LPS in 

regulation of monocyte chemotaxis by macrophage-derived, keratinocyte-derived ad 

fibroblast-derived MCP-1. 

Immune cells (macrophages, keratinocytes and fibroblasts) cultured in hyperglycaemic 

conditions have shown to express increased levels of MCP-1 (Grosick et al, 2018; Fang et al, 

2023; Shanmugam et al, 2003). These elevated MCP-1 are beneficial in a sense because of 

the recruitment of monocytes however studies have shown over expression of MCP-1 can 

lead to early priming of monocytes into macrophages which can exacerbates inflammatory 

cytokine production in diabetic patients (Kraakman et al, 2014; Cucak et al, 2014) with a 
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study even showing MCP-1 primed macrophages have higher cytotoxic tendencies (Wang 

et al, 2014).  

Under hyperglycaemic conditions, macrophages can become activated and secrete higher 

levels of pro-inflammatory cytokines, which can stimulate keratinocytes and fibroblasts to 

produce MCP-1 (Xu et al, 2016). This creates a positive feedback loop, enhancing MCP-1 

production. Keratinocytes and fibroblasts can release various cytokines (such as IL-1β, IL-6, 

and TNF-α) in response to hyperglycaemia which can further activate macrophages, leading 

to increased MCP-1 expression and secretion, which may then attract more monocytes to a 

wound (Wood et al, 2014). Hyperglycaemia can alter the composition and properties of the 

ECM, thereby affecting the interactions between cells and influencing signalling pathways 

involved in MCP-1 production (Macarie et al, 2018). Moreover, direct cell-cell interactions 

and signalling pathways (like those mediated by gap junctions or receptor-ligand 

interactions) can facilitate communication between macrophages, keratinocytes, and 

fibroblasts, enhancing MCP-1 production in response to hyperglycaemic stress (Yadav et al, 

2010; Pezhman et al, 2021; Tiwari et al, 2010). Thus, the combined effect of hyperglycaemia 

and the interactions between macrophages, keratinocytes, and fibroblasts in diabetic 

patients may create a chronic inflammatory environment by promoting MCP-1 production 

and monocyte recruitment. This sustained inflammation may ultimately initiate tissue 

breakdown and promote the formation of a DFU (Monaghan et al, 2023).  

This study also investigated two potent intracellular antimicrobial mediators produced by 

M1 macrophages, lysozyme and cathelicidin (LL37). It has been shown that long-term 

exposure of human and murine macrophages to high glucose levels leads to a reduction in 

lysosomal proteolytic and lipase activities (Moheimani et al, 2012). Hyperglycaemia can 

destabilize lysosomes and induce alterations in the protein expression and regulation of 

lysozymes (Sims-Robinson et al, 2016).  At low glucose levels there were very large increases 

(P < 0.01) in lysozyme production by M1 macrophages following treatment with LPS or 

MGN3. At high glucose conditions smaller increases in lysozyme production were still 

observed in M1 macrophages treated with LPS or MGN3.  This increase in MGN3-induced 

intracellular store of lysozyme is likely to promote enhanced bacterial elimination by M1 

macrophages since lysozyme is a potent antimicrobial enzyme (Khorshidian et al, 2022).    
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At both low and high glucose conditions, TLR2/4 inhibition decreased lysozyme production 

in M1 macrophages treated with MGN3. A similar reduction in lysozyme production by M1 

cells was seen for LPS following TLR2/4 inhibition, but only at low glucose conditions. In 

contrast, an increase in lysozyme production was seen following TLR2 inhibition and a 

decrease was seen following TLR4 inhibition in untreated and RS-treated M1 macrophages 

at low (but not high) glucose levels. These differential responses to TLR inhibition suggest 

the TLRs may play a role in macrophage-mediated production of lysozyme, with both TLR2 

and TLR4 appearing to influential MGN3-mediated production of lysozyme. 

At high glucose culture conditions, there was a decrease in cathelicidin production in 

untreated M1 macrophages compared to levels generated in untreated M1 cells under pre-

diabetic conditions, suggesting hyperglycaemia impairs cathelicidin generation in M1 

macrophages. At both glucose levels, LPS stimulated cathelicidin production from M1 

macrophages whereas MGN3 reduced LL37 production, indicating LPS and MGN3 induce 

opposing responses in relation to cathelicidin generation. At low glucose, TL2/TLR4 

inhibition reduced cathelicidin production in untreated and MGN3-treated M1 

macrophages, whereas TL2/TLR4 inhibition increased cathelicidin production in MGN-

treated M1 cells under hyperglycaemic conditions.  These findings indicate the TLR2 and 

TLR4 signalling pathways can differentially modulate the MGN3-mediated generation of 

cathelicidin from M1 macrophages. 

The observed reduction in cathelicidin production by MGN3 is likely to decrease the ability 

of M1 macrophages to kill bacteria as effectively, since LL37 is a potent antimicrobial peptide 

(Sancho-Vaello et al, 2020). However, a moderate suppression of LL37 production by MGN3 

may dampen inflammation since cathelicidin it known to delay neutrophil cell death which 

can lead to sustained inflammation (Minns et al, 2021). Cathelicidin can also invoke 

inflammation by enabling the binding of self, non-coding RNA to cell surface scavenger 

receptors on macrophages and keratinocytes (Takahashi et al, 2018).   

Hyperglycaemia can affect LL37 production through multiple mechanisms including through 

the elevation of pro-inflammatory cytokines such as TNF-α and IL-6, which may enhance 

LL37 expression in macrophages as part of the immune response (Uribe-Querol and Rosales, 
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2022; Hao et al, 2023). The oxidative stress induced by hyperglycaemia can influence 

transcription factors that regulate LL37 expression (Shi et al, 2024; Xi et al, 2024). Research 

on  cathelicidin specifically in the context of hyperglycaemia is limited, but these 

mechanisms suggest that hyperglycaemia influences LL-37 production indirectly through 

inflammatory and metabolic pathways. In contrast, MGN3 exhibits antioxidant properties, 

which can help mitigate oxidative stress caused by high glucose levels (Ooi et al, 2018). 

Further studies are needed in this area to clarify the relationships in more detail.  

Finally, this study also looked at whether MGN3 treatment of M1 macrophages can affect 

the cathelicidin-associated antimicrobial activity of M1 cell lysates against MRSA and PA01 

under hyperglycaemic conditions. The results showed a significant (P<0.001) antibacterial 

activity of all M1 cell lysates against MRSA and PA01, indicating the lysate constituents had 

substantial antibacterial activity at both pre-diabetic and hyperglycaemic conditions. The 

addition of cathelicidin blocking antibody to M1 cell lysates increased bacterial recoveries 

across all treatments, suggesting cathelicidin was a major antibacterial constituent of the 

isolated M1 cell lysates but unlikely to be the only antibacterial mediator present. 

Cathelicidin (LL37) is known to have a broad antibacterial activity against both Gram-

positive and Gram-negative bacteria (Ridyard and Overhage, 2021).   

There was an additional reduction in MRSA recovery after exposure of MRSA to cell lysates 

from LPS- and MGN3-treated M1 macrophages cultured at both 11mM and 30mM, 

indicating enhanced MRSA killing compared to exposure of MRSA to cell lysates from 

untreated or RS-treated M1 macrophages. In contrast, the only further reduction in PA01 

recovery was observed following exposure of PA01 to cell lysates from MGN3-treated M1 

macrophages cultured at 30mM glucose when compared to exposure of PA01 to cell lysates 

from corresponding untreated M1 macrophages. This enhanced antimicrobial activity of 

M1-derived cell lysates against PA01 was not observed for any other treatments at 30mM 

glucose. Furthermore, none of the treatments applied to M1 macrophages cultured at 

11mM enhanced the antibacterial activity of cell lysates against PA01 beyond that observed 

with the untreated control.  
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Collectively these findings suggest that M1 cell lysates had direct antibacterial activity 

against both MRSA and PA01, with cathelicidin appearing to be at least one of the major 

constituents. Both MGN3 and LPS treatment of M1 macrophages could enhance this 

antibacterial activity against MRSA further under both pre-diabetic and hyperglycaemic 

conditions.  This suggests the enhanced phagocytic activity against MRSA observed in 

section 4.4.3 following MGN3 and LPS stimulation of M1 macrophages may be in part due 

to the antibacterial activities of M1 intracellular constituents, of which cathelicidin appears 

to be one of the major active constituents. LPS treatment failed to further enhance the 

antibacterial activity against PA01 beyond that seen in the untreated control, and MGN3 

treatment only provided additional enhancement of antibacterial activity against PA01 

under hyperglycaemic conditions, suggesting the enhanced phagocytic activity against PA01 

observed in section 4.4.4 following MGN3 and LPS stimulation of M1 macrophages must 

require other mechanisms or factors beyond just the antibacterial activities of M1 

intracellular constituents.  

In conclusion, this study demonstrated that 2.0mg/ml MGN3 consistently enhanced the 

phagocytosis of MRSA and PA biofilms by U937-derived M1 macrophages, reversing the 

suppressive effects of hyperglycaemia. These findings suggest MGN3 holds therapeutic 

potential for improving immune function in DFU infections. MGN3 appeared to act similarly 

to LPS, enhancing biofilm clearance through TLR2 and TLR4 pathways, though additional 

mechanisms are likely involved. More widely, MGN3 has shown to impact a range of 

monocyte and U937-derived M1 macrophage functions under pre-diabetic and 

hyperglycaemic conditions including growth factors, antimicrobial peptide and 

antimicrobial enzyme production. The findings of this Chapter should be explored further 

to build on the growing body of evidence indicating MGN3-based treatments might lead to 

therapeutic benefits on wound healing processes in patients with a DFU. Future work could 

expand on the data presented in this chapter by detangling the intricacies of the TLR 

signalling pathways in mediating the activities of MGN3 and providing a deeper 

interrogation of the complex interactions of monocytes/macrophages with other cell types 

involved in cutaneous wound healing. 
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5.1 Introduction 

 

5.1.1 The Importance of Fibroblasts and Keratinocytes in Wound Healing 

 

Fibroblasts are essential to wound healing, particularly during the proliferative and 

remodelling phases (Cialdai et al., 2022). Following injury, macrophage-released cytokines 

(e.g., IL-1, IL-6, IL-8, IL-12, TNF-α) recruit and activate fibroblasts (Duque & Descoteaux, 

2014; Koh & DiPietro, 2011). In turn, fibroblasts secrete additional cytokines, facilitating 

immune cell recruitment (Bautista-Hernández et al., 2017; Talbott et al., 2022). Dermal 

fibrocytes are also drawn to wounds by PDGF, TGF-β, and FGF (Thulabandu et al., 2018; 

Schultz & Wysocki, 2009). During proliferation, fibroblasts produce MMPs to degrade 

damaged matrix, which is replaced by new ECM composed of collagen and fibronectin, 

supporting cell adhesion and differentiation (Landen et al., 2016; Xue & Jackson, 2015). In 

response to TGF-β, fibroblasts may differentiate into myofibroblasts, which express α-

smooth muscle actin and contract to remodel the ECM (Porter, 2007; Knoedler et al., 2023). 

Keratinocytes, the primary cells of the epidermis, play key roles in all stages of wound 

healing—from initiating inflammation to driving re-epithelialization (Kirfel & Herzog, 2004; 

Raja et al, 2007). Injury triggers inflammatory responses and shifts keratin expression: K5 

and K14 dominate under normal conditions, while K6, K16, and K17 increase during 

regeneration (Wilson et al., 1992; Romashin et al, 2024). Effective wound closure depends 

on keratinocyte migration, proliferation, and differentiation; disruptions in this process can 

lead to chronic wounds (Pastar et al, 2014). 

 

5.1.2 The Effect of Glucose on Fibroblast and Keratinocyte Function  

 

Hyperglycaemia impairs fibroblast function which in turn negatively affects wound healing. 

Pang et al, (2016) found that high glucose increases NF-κB pathway activity while reducing 

its inhibitor Bay11-7082 in dermal fibroblasts. Hyperglycaemia also suppresses bFGF-

regulated JNK phosphorylation, essential for cell migration. Xuan et al, (2014) showed 

delayed fibroblast migration and increased ROS production under 30mM glucose in diabetic 
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mice. These effects are linked to disruptions in the PI3K-Rac1-JNK pathway, which is critical 

for fibroblast migration (Xuan et al, 2016).  

Hyperglycaemia also impairs keratinocyte migration, proliferation, and differentiation. Lan 

et al, (2008) showed reduced keratinocyte proliferation and mobility after five days of high 

glucose exposure, linked to lower p125FAK levels. Spravchikov et al, (2001) also reported 

altered GLUT1 expression and increased Ca²⁺-induced differentiation under high glucose 

conditions.  

 

5.1.3 The Effect of MGN3 on Fibroblast and Keratinocyte Function 

 

MGN3 is known to have positive effects on a range of immune cells such as neutrophils, NK 

cells, macrophages and dendritic cells. Studies have shown MGN3 has enhanced NK cell 

activity against cancerous cells (Ghoneum, 1998), modulates TNF-α, IFN-γ, IL and NO 

production (Ghoneum and Jewett, 2000; Ghoneum and Agrawal, 2011; Ghoneum and 

Agrawal, 2014) and increases the macrophage phagocytic ability (Ghoneum and Matsuura, 

2004; Ghoneum et al, 2008). However, there is little research done to show the effects of 

MGN3 on fibroblast cell function both at pre-diabetic and hyperglycaemic conditions.           

It is understood under hyperglycaemic conditions keratinocyte cell migration and 

proliferation is impaired which results in chronic wounds such DFUs in diabetic patients. A 

way of improving this impairment is by using dietary fibres such as MGN3 to potentially 

increase keratinocyte function in particular, migration and proliferation at the site if injury. 

MGN3 has had positive effects on several immune cells in previous studies. Examples of 

these include improved phagocytic ability of macrophages and neutrophils, improved NK 

cell function against cancerous cells and the reduction of proinflammatory cytokine markers 

(Ghoneum and Jewett, 2000; Ghoneum and Agrawal, 2011; Ghoneum and Matsuura, 2004; 

Ghoneum et al, 2008). These studies show MGN3 has a positive effect on a range of immune 

cells however, the effect of MGN3 on keratinocyte cell migration and proliferation has not 

yet been investigated. This project evaluated the effects on MGN3 on keratinocyte function 

under hyperglycaemic conditions.   
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5.2 Aims and Objectives 

 

5.2.1 Aim  

 

To investigate the effect of MGN3 on an in vitro fibroblast and keratinocyte models of wound 

closure under hyperglycaemic conditions.  

 

5.2.2 Objectives   

 

• To use human dermal fibroblasts (HDF) and human keratinocytes (HACAT) cultured 

under a range of glucose concentrations (11, 20 and 30mM) in wound healing assays 

to establish an in vitro fibroblast model of wound closure.   

• To evaluate the effect of both hyperglycaemia (20 and 30mM glucose) and MGN3 on 

gap (‘wound’) closure in the in vitro fibroblast and keratinocyte models of wound 

closure.  

• To determine the involvement of TLR2 and/or TLR4 in mediating the responses of 

fibroblasts and keratinocytes in the wound closure model.   

• To differentiate between the effects of hyperglycaemia and MGN3 on fibroblast and 

keratinocyte cell proliferation and migration using specific inhibitors (mitomycin C 

and cytochalasin D) of these cellular processes. 
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5.3 Methods  

 

5.3.1 Cell Culture 

 

Fibroblasts and keratinocytes were seeded at a density of 5x104 cells/ml in multiple glucose 

concentrations (11, 20 and 30mM) in DMEM CM in cell-exclusion culture inserts (2 well 

culture-inserts, Ibidi). Fibroblasts were incubated at 37°C and 5% CO₂ for 4 days and 

keratinocytes for 3 days.  

 

5.3.2 Wound Healing Assay 
 

After removing cell-exclusion inserts, a 500μm gap ("wound") was created in fibroblast 

/keratinocyte monolayers. Cells were washed and treated with/without LPS (5μg/mL) or 

MGN3 (2 mg/mL). Additional treatments included TLR2 (200μM) or TLR4 (200μM) 

inhibitors, and/or cytochalasin D (10 g/mL, to block cell migration) following 2-hour pre-

treatment with/without mitomycin C (20μg/mL, to block cell proliferation) as shown in 

section 2.2.9. Fibroblasts were imaged every 45 minutes for 60 hours and keratinocytes 

every 1 hour for 24 hours using a Holomonitor live-cell imaging system. Wound closure was 

quantified from 12 images per well.  

To optimize mitomycin C (MC) concentration for inhibiting cell proliferation, fibroblasts and 

keratinocytes were seeded at 5×10⁴ cells/mL in 24-well plates and incubated at 37 °C with 

5% CO₂ until 50% confluence. After discarding supernatants, cells were treated with varying 

MC concentrations (2, 5, 10, 20 μg/mL) for 2 hours. Cells were then washed and initial 

counts taken (n=3) using trypan blue (see section 2.2.2). Fibroblasts and keratinocytes were 

then incubated for a further 72 hours with fibroblast cell counts taken after 24, 48 and 72 

hours and keratinocytes after 24 hours. The % inhibition of cell proliferation in MC-exposed 

fibroblasts (+MC) compared the negative control (NC) lacking MC exposure at time T (24, 48 

and 72 hours) was calculated for each MC concentration using the equations: 

% Inhibition of Cell Proliferation = (CPNC – CP+MC) / CPNC * 100 

…..where Cell Proliferation (CP) = Cell Count [at time T]  -  Initial Cell Count 
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5.4 Results 

 

5.4.1 Effect of Glucose on Fibroblast ‘Wound’ Closure  

 

 The results showed as the glucose concentration increased there was a reduction in the % 

‘wound’ closure. After 60 hours the % ‘wound’ closure was as follows; 85% closure at 11mM, 

69% at 20mM and 55% at 30mM glucose (Figure 5.1). 

 

Statistical analysis using two tailed t-tests showed there was significant decreases (P < 0.01) 

in wound closure when fibroblasts were cultured at 20mM or 30mM compared to those 

cultured at 11mM glucose. There were also significant decreases in wound closure when 

the fibroblasts were cultured at 30mM after 12 hours (P = 0.028) and 36 hours onwards (P 

< 0.01) when compared to fibroblasts grown under 20mM glucose conditions. 

 

 

 

Figure 5. 1: Effect of Glucose on % Fibroblast ‘Wound’ Closure. The % wound closure was calculated based on 
Holomonitor images captured from HDF wound models cultured at different glucose concentrations (11, 20 
and 30mM) over a period of 60 hours. Significant increases in wound closure were observed in fibroblasts 
cultured at 20mM and 30mM glucose compared to those cultured at 11mM (* P < 0.05 and ** P < 0.01 
determined by t-tests; n = 12), fibroblasts cultured at 30mM glucose compared to those cultured at 20mM 
glucose (# P < 0.05 and ## P < 0.01 determined by t-tests; n = 12). Lines and error bars indicate the wound area 
% ± the standard error of the mean (SEM) in all cases. 



 

~ 141 ~ 
 

5.4.2 Effect of MGN3 on Fibroblast ‘Wound’ Closure  

 

The results showed as the glucose concentration wound closure was slower. The fibroblasts 

treated with LPS closed the gap faster than other treatment groups. MGN3 treated 

fibroblasts initially had a slower start compared to untreated and LPS groups however, after 

36 hours there was a surge in wound closure (Figure 5. 2). 

 

  

Figure 5. 2: Effect of MGN3 on % Fibroblast ‘Wound’ Closure. The % wound closure was calculated based on 
Holomonitor images captured over a period of 60 hours following treatment of HDF wound models cultured 
at different glucose concentrations (11, 20 and 30mM) with/without MGN3 or LPS. Significant increases in 
wound closure were observed compared to corresponding untreated controls (11UC: * P < 0.05 and ** P < 
0.01, 20UC: # P < 0.05 and ## P < 0.01, 30UC: $ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 12). Lines 
and error bars indicate the wound area (%) ± the standard error of the mean (SEM) in all cases. Table shows 
the % wound closure after treatment at different timepoints. 
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After the 60-hour time period fibroblasts cultured in 11mM glucose had covered 85% or 

more of the wound area (11UC – 85%, 11LPS – 92%, 11MGN3 – 89%), fibroblasts cultured 

in 15mM glucose had covered 69% or more of the wound area (20UC – 69%, 20LPS – 80%, 

20MGN3 – 75%) and fibroblasts cultured in 30mM glucose had covered 55% or more of the 

wound area (30UC – 55%, 30LPS – 66%, 30MGN3 – 62%) (See Figure 5. 3).  

Statistical analysis using t-tests showed there was significant differences between the 

corresponding controls at different glucose concentrations. At 11mM glucose there were 

significant decreases in wound closure seen at 48 hours onwards (P < 0.01) for the LPS 

treated fibroblasts and MGN3 treated fibroblasts after 60 hours (P < 0.001) when compared 

to untreated fibroblasts. At 20mM there were significant decreases in wound closure seen 

at 24 hours (P = 0.02) and 36 hours onwards (P < 0.01) for the LPS treated fibroblasts and 

MGN3 treated fibroblasts at 48 hours onwards (P < 0.01) when compared to UC. There were 

also significant decreases in wound closure seen in the 30mM groups at 48 hours (P = 0.024) 

and both LPS treated fibroblasts and MGN3 treated fibroblasts after 60 hours (P < 0.001) 

when compared to the UC.  
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11mM Glucose 

20mM Glucose 

30mM Glucose 

Figure 5. 3: The Effect of MGN3 on Fibroblast ‘Wound’ Closure at Different Glucose Levels. HDFs were 
cultured with 11, 20 and 30mM glucose, treated with LPS or MGN3 and incubated for 60 hours on a 
Holomonitor microscope. Images shown represent different time points (0, 36 and 60 hours). Panel A show 
untreated fibroblasts, Panel B are fibroblasts treated with LPS (5ug/ml) and Panel C shows fibroblasts treated 
with MGN3 (2mg/ml).  
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5.4.3 Effect of TLR inhibition on MGN3-Mediated Fibroblast ‘Wound’ Closure  

 

5.4.3.1 Effect of TLR inhibition on MGN3_Mediated Fibroblast ‘Wound’ Closure at Pre-

diabetic (11mM Glucose) Culture Conditions  

 

The results showed TLR2/4 inhibition reduced the ability of the fibroblasts cultured at 

11mM glucose to undergo wound closure in all cases (See Figures 5.4, and  5. 5) compared 

to corresponding treatments lacking TLR inhibition. 

 
 

 

 

 

 

 

 

 

 

Statistical analysis by independent two tailed t-tests indicated significant differences 

between groups. There were significant decreases in wound closure seen at all time points 

(P < 0.001) in TLR2 inhibited untreated fibroblasts and TLR4 inhibited untreated fibroblasts 

(P < 0.01) at 36 hours onwards compared to untreated fibroblasts without TLRi. There were 

Figure 5. 4: Effect of TLR inhibition on MGN3-Mediated Fibroblast ‘Wound’ Closure under 11mM Culture 
Conditions. The area % change in wound closure was calculated based on Holomonitor images captured over 
a period of 60 hours following treatment of HDF wound models cultured at pre-diabetic (11mM glucose) 
with/without MGN3 (MGN) or LPS in the presence/absence of TLR2 (T2i) or TLR4 (T4i) inhibition. Significant 
decreases were seen in % wound closure compared to corresponding treatments lacking TLR inhibition (* P < 
0.05 and ** P < 0.01 determined by t-tests; n = 12). UC = untreated control. Lines and error bars indicate the 
wound area % ± the standard error of the mean (SEM) in all cases. Table shows the % wound closure after 
treatment at different timepoints. 
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significant decreases in wound closure seen in TLR2/4 inhibited LPS treated fibroblast (P < 

0.01) at all time points compared to LPS treatment without TLRi. There were also significant 

decreases in wound closure seen at 24 hours onwards (P < 0.01) in the TLR2 inhibited MGN3 

treated fibroblasts and a decrease in TLR4 inhibited MGN3 treated fibroblasts at 12 hours 

(P = 0.013) and 24 hours onwards (P < 0.01) compared to MGN3 treatment without TLRi.  

 

 

 

 

 

 

 

 

  

T2i 

T4i 

Figure 5. 5: The Effect of MGN3 on Fibroblast ‘Wound’ Closure at 11mM Glucose after TLR2 and TLR4 
Inhibition. HDFs were cultured with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and TLR2 
(T2i) or TLR4 (T4i) inhibition and incubated for 60 hours on a Holomonitor microscope. Images shown represent 
different time points (0, 36 and 60 hours). Panel A show untreated fibroblasts and T2i or T4i, Panel B are 
fibroblasts treated with LPS and T2i or T4i and Panel C shows fibroblasts treated with MGN3 and T2i or T4i.  
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5.4.3.2 Effect of TLR inhibition on MGN3-Mediated Fibroblast ‘Wound’ Closure under 

Hyperglycaemic (20mM Glucose) Culture Conditions  

 

The results showed TLR2/4 inhibition reduced the ability of the fibroblasts cultured at 

20mM glucose to undergo wound closure in all cases (Figures 5.6 and 5.7) compared to 

corresponding treatments lacking TLR inhibition. 

 

Statistical analysis by independent two tailed t-tests indicated significant differences 

between the groups. There were significant decreases in wound closure seen after 60 hours 

(P < 0.001) in both TLR2/4 inhibited untreated fibroblasts compared to UC without TLRi. 

There was a decrease in TLR2 inhibited LPS treated (P = 0.013) at 24 hours and 36 hours 

Figure 5. 6: Effect of TLR inhibition on MGN3-Mediated Fibroblast ‘Wound’ Closure under 20mM Culture 
Conditions. The area % change in wound closure was calculated based on Holomonitor images captured 
over a period of 60 hours following treatment of HDF wound models cultured under hyperglycaemic 
(20mM glucose) with/without MGN3 (MGN) or LPS in the presence/absence of TLR2 (T2i) or TLR4 (T4i) 
inhibition. Significant decreases were seen in % wound closure compared to corresponding treatments 
lacking TLR inhibition (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 12). UC = untreated control. 
Lines and error bars indicate the wound area % ± the standard error of the mean (SEM) in all cases. Table 
shows the % wound closure after treatment at different timepoints. 
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onwards (P < 0.001) and significant decreases in TLR4 inhibited LPS treated fibroblasts at all 

time points (P < 0.001) compared to LPS treatment without TLRi. There were also significant 

decreases in wound closure in TLR2 inhibited MGN3 treated fibroblasts at 48 hours onwards 

(P < 0.01) and TLR4 inhibited MGN3 treated fibroblasts at 24 (P = 0.037), 36 (P = 0.014) and 

48 hours onwards (P < 0.001) compared to MGN3 treatment without TLRi.   

 

 

 

 

 

 

  

T2i 

T4i 

Figure 5. 7: The Effect of MGN3 on Fibroblast ‘Wound’ Closure at 20mM Glucose after TLR2 and TLR4 
Inhibition. HDFs were cultured with 20mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and 
TLR2 (T2i) or TLR4 (T4i) inhibition and incubated for 60 hours on a Holomonitor microscope. Images shown 
represent different time points (0, 36 and 60 hours). Panel A show untreated fibroblasts and T2i or T4i, 
Panel B are fibroblasts treated with LPS and T2i or T4i and Panel C shows fibroblasts treated with MGN3 
and T2i or T4i.  



 

~ 148 ~ 
 

5.4.3.3 Effect of TLR inhibition on MGN3-Mediated Fibroblast ‘Wound’ Closure under 

Hyperglycaemic (30mM Glucose) Culture Conditions   

 

The results showed TLR2/4 inhibition reduced the ability of the fibroblasts cultured at 

30mM glucose to undergo wound closure in all cases (Figures 5.8 and 5.9) compared to 

corresponding treatments lacking TLR inhibition. 

 
 

Statistical analysis by independent two tailed t-tests indicated significant differences 

between the groups. There were significant decreases wound closure in the TLR2 inhibited 

untreated fibroblasts after 12 hours (P = 0.037) and 24 hours onwards (P < 0.01), and the 

TLR4 inhibited untreated fibroblasts after 24 hours (P = 0.011) and 36 hours onwards (P < 

0.001) compared to untreated fibroblast without TLRi.  There were decreases in TLR2 

Figure 5. 8: Effect of TLR inhibition on MGN3-Mediated Fibroblast ‘Wound’ Closure under 30mM Culture 
Conditions. The area % change in wound closure was calculated based on Holomonitor images captured over 
a period of 60 hours following treatment of HDF wound models cultured under hyperglycaemic (30mM 
glucose) with/without MGN3 (MGN) or LPS in the presence/absence of TLR2 (T2i) or TLR4 (T4i) inhibition. 
Significant decreases were seen in % wound closure compared to corresponding treatments lacking TLR 
inhibition (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 12). UC = untreated control. Lines and error 
bars indicate the wound area % ± the standard error of the mean (SEM) in all cases. Table shows the % wound 
closure after treatment at different timepoints. Table shows the % wound closure after treatment at different 
timepoints. 
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inhibited LPS treated fibroblasts after 60 hours (P < 0.001) and in the TLR4 inhibited LPS 

treated fibroblasts (P < 0.01) at all time points apart from 48 hours compared to LPS 

treatment without TLRi. There were also significant decreases in wound closure in TLR2/4 

inhibited MGN3 treated fibroblasts (P < 0.01) at all time points compared to MGN3 

treatment without TLRi. 

 

 

 

 

 

 

 

 

 

 

 

 

  

T2i 

T4i 

Figure 5. 9: The Effect of MGN3 on Fibroblast ‘Wound’ Closure at 30mM Glucose after TLR2 and TLR4 
Inhibition. HDFs were cultured with 30mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and TLR2 
(T2i) or TLR4 (T4i) inhibition and incubated for 60 hours on a Holomonitor microscope. Images shown represent 
different time points (0, 36 and 60 hours). Panel A show untreated fibroblasts and T2i or T4i, Panel B are 
fibroblasts treated with LPS and T2i or T4Iand Panel C shows fibroblasts treated with MGN3 and T2i or T4i.  
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5.4.4 Contribution of Cell Proliferation and Migration on MGN3-Mediated Fibroblast 

‘Wound’ Closure  

 

5.4.4.1 The Effect Mitomycin C on Fibroblast Proliferation   

 

HDFs were seeded at 5x104  cells/ml at multiple glucose concentrations (11, 20, and 30mM) 

in DMEM CM and incubated at 37°C and 5% CO₂ until 50% confluent. Cells were then 

incubated with/without mitomycin C (MC) at different concentrations (2, 5, 10, 20ug/ml) 

for 2 hours before taking initial cell counts (time T=0). Fibroblasts were then washed in 

DMEM CM and cell counts taken again after incubated for time T = 24, 48 and 72 hours 

(37°C, 5% CO₂). Cell proliferation (CP) was then determined in the negative control (NC) 

lacking MC exposure and in fibroblasts exposed to MC at T hours using the equation 

described in the methods (section 5.3.2).  The % inhibition of fibroblast proliferation (Figure 

5. 10) caused by exposure to MC compared to the NC was then calculated using the equation 

in the methods (section 5.3.2).  The purpose of this investigation was to determine which 

concentration of MC inhibited proliferation of fibroblasts by 90% or more over the 

equivalent time period of the wound closure assay (60 hours) so this concentration could 

be used to efficiently block fibroblast proliferation in subsequent experiments. 
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After 24 hours MC treatment (Figure 5.10A) fibroblast proliferation was inhibited by 53% in 

the highest MC treatment (20ug/ml) in fibroblasts cultured in 11mM glucose. The fibroblast 

proliferation was inhibited by 25% in the 10ug/ml MC group and up to 5% in the lowest MC 

treatment groups (2 and 5ug/ml). Fibroblast proliferation in the fibroblasts cultured at 

20mM glucose was inhibited by 106% and 126% in the fibroblast cultured at 30mM glucose. 

This is a sharp increase in comparison to fibroblasts treated with 10ug MC at 20mM glucose 

where 36% of fibroblast proliferation was inhibited and fibroblasts cultured at 30mM where 

50% of fibroblast proliferation was inhibited. These results indicate that treatment with 

10ug/ml MC steadily inhibited fibroblast inhibition after 24 hours at pre-diabetic (11mM) 

and hyperglycaemic (20 and 30mM) conditions. Alternatively, treatment with 20ug/ml MC 

Figure 5. 10: Evaluation of Fibroblast proliferation inhibition following mitomycin C treatment. HDFs were 
grown in multiple glucose concentrations (11, 20 and 30mM) and treated with mitomycin (MC) at different 
concentrations (2, 5, 10 and 20ug/ml) to evaluate cell proliferation. Graph A shows % inhibition following MC 
after 24 hours, graph B after 48 hours and graph C after 72 hours. Significant increases were seen between 
the groups when comparisons were made against the corresponding glycaemic untreated control (UC) (* P < 
0.05 and ** P < 0.01 determined by t-tests; n = 6). Columns and error bars indicate % Inhibition ± the standard 
error of the mean (SEM) in all cases.  
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resulted in 53% fibroblast proliferation at pre-diabetic conditions but greatly inhibited 

(>100%) fibroblast proliferation at hyperglycaemic conditions.  

After 48 hours of MC treatment (Figure 5.10B) fibroblast proliferation (P < 0.01) was 

significantly inhibited in fibroblasts cultured at 11mM glucose (127% inhibition), in 

fibroblasts cultured at 20mM (172% inhibition) and in fibroblast cultured at 30mM (183% 

inhibition) compared to the control group. After treatment with 10ug MC fibroblast 

proliferation was also significantly (P < 0.01) inhibited in fibroblasts cultured at 11mM 

glucose (67% inhibition), in fibroblasts cultured at 20mM (73% inhibition) and in fibroblast 

cultured at 30mM (76% inhibition) compared to the control group. There were no significant 

changes (P > 0.05) in fibroblast proliferation inhibition seen in the low MC concentration 

groups (2 and 5ug/ml) at pre-diabetic and hyperglycaemic conditions when compared to 

corresponding UC. These results suggest treatment with 10ug/ml MC steadily inhibited 

fibroblast inhibition (>70%) after 48 hours at pre-diabetic (11mM) and hyperglycaemic (20 

and 30mM) conditions, but treatment with 20ug/ml MC greatly inhibited (>100%) fibroblast 

proliferation at both pre-diabetic and hyperglycaemic conditions.  

After 72 hours of MC treatment (Figure 5.10C) fibroblast proliferation was significantly (P < 

0.01) inhibited in fibroblast cultured at 11mM glucose (131% inhibition), in fibroblasts 

cultured at 20mM (184% inhibition) and in fibroblast cultured at 30mM (188% inhibition), 

following treatment with 20ug/ml MC compared to the control group. After treatment with 

10ug MC fibroblast proliferation was also significantly (P < 0.05) inhibited in fibroblasts 

cultured at 11mM glucose (85% inhibition), in fibroblasts cultured at 20mM (89% inhibition) 

and in fibroblast cultured at 30mM (91% inhibition) compared to the control group. There 

were no significant changes (P > 0.05) in fibroblast proliferation inhibition seen in the low 

MC concentration groups (2 and 5ug/ml) at 11m and 20mM glucose, but significant (P < 

0.01) decreases were seen at 30Mm when comparisons when made against the 

corresponding controls.  

Overall, these results indicate treatment with MC (at 10ug/ml) over 72 hours resulted in a 

gradual inhibition (>85%) of fibroblast proliferation compared to 20ug/ml MC treatment 

which resulted in a rapid increase (>100%) in the inhibition of fibroblast proliferation after 
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24 hours in hyperglycaemic (20 and 30mM) conditions, and pre-diabetic (11mM) conditions 

after 48 hours. For this reason, it was decided that MC treatment at a concentration of 

20ug/ml was best suited in subsequent experiments because it completely and promptly 

blocked fibroblast proliferation across all glycaemic conditions.    

 

 5.4.4.2 The Effect of Mitomycin C on Fibroblast ‘Wound’ Closure at 11mM Glucose  
 

 Despite blocking cell proliferation with MC, which did reduce the % wound closure relative 

to corresponding treatments without NC (Figure 5.12), the wound closure still proceeded 

relatively closely to that observed in the absence of MC (particularly at T = 12 and 60 hours) 

(See Figure 5.11) suggesting cell migration (rather than cell proliferation) was probably 

having a greater influence on driving fibroblast-mediated wound closure.  

 

Figure 5. 11: % ‘Wound’ Closure in HDFs at 11mM glucose after MGN3 treatment and mitomycin C 
treatment. The % ‘wound’ closure was calculated in HDF at 11mM after LPS, MGN3 and Mitomycin C (MC) 
treatments for a span of 60 hours. Significant decreases were observed when comparisons were made between 
treatments in the presence of MC compared against corresponding treatments lacking MC. (** P < 0.01 
determined by t-tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean 
(SEM) in all cases. Table shows the % wound closure after treatment at different timepoints. 
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Statistical analysis by independent t-tests showed there was a significant decrease in wound 

closure in the untreated fibroblasts in the presence of MC and MGN3-treated fibroblasts in 

the presence of MC (P < 0.01) for all time points when compared to corresponding 

treatment groups.  There was also a decrease in LPS treated fibroblasts in the presence of 

MC (P < 0.01) from 48 hours onwards, when comparisons were made against the 

corresponding LPS treated fibroblasts lacking MC. 

 

 

 

 

 

 

Figure 5. 12: The Effect of Mitomycin C on Fibroblast ‘Wound’ Closure at 11mM Glucose. HDFs were cultured 
with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and    Mitomycin C (MC) and incubated for 
60 hours on a Holomonitor microscope. Images shown represent different time points (0, 36 and 60 hours). 
Panel A show untreated fibroblasts + MC, Panel B are fibroblasts treated with LPS + MC and Panel C shows 
fibroblasts treated with MGN3 + MC.  
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5.4.4.3 The Effect of Cytochalasin D on Fibroblast ‘Wound’ Closure at 11mM  

 

There was a substantial significant (P < 0.01) reduction in % wound closure following 

inhibition of cell migration due exposure to Cytochalasin D (Figures 5.13 and 5.14) compared 

to corresponding treatments lacking Cytochalasin D exposure (Figure 5.3), with the % 

wound closure failing to reach above 30% across the 60-hour observation period.  These 

findings align with those in section 5.4.4.2 and confirm that wound closure was principally 

occurring through fibroblast migration rather than cell proliferation in both untreated and 

MGN3/LPS-treated fibroblasts.      

 
 

Figure 5. 13: % ‘Wound’ closure in HDFs at 11mM glucose after MGN3 and Cytochalasin D treatment. 
The % ‘wound’ closure was calculated in HDF at 11mM glucose following LPS or MGN3 and Cytochalasin 
D (CytoD) treatments. Significant decreases were observed when comparisons were made between 
treatments in the presence of CytoD compared against corresponding treatments lacking CytoD (** P < 
0.01 determined by t-tests; n = 12). Lines and error bars indicate the wound area % ± the standard error 
of the mean (SEM) in all cases. Table shows the % wound closure after treatment at different timepoints. 
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Figure 5. 14: The Effect of Cytochalasin D on Fibroblast ‘Wound’ Closure after at 11mM Glucose. HDFs were 
cultured with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Cytochalasin D (CytoD) and 
incubated for 60 hours on a Holomonitor microscope. Images shown represent different time points (0, 36 and 
60 hours). Panel A show untreated fibroblasts + CytoD, Panel B are fibroblasts treated with LPS + CytoD and 
Panel C shows fibroblasts treated with MGN3 + CytoD.  
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5.4.4.4 The Effect of Mitomycin C on Fibroblast ‘Wound’ Closure at 20mM glucose   

 

Despite blocking cell proliferation with MC, which did reduce the % wound closure relative 

to corresponding treatments without NC (Figure 7.21), the wound closure still proceeded 

relatively closely to that observed in the absence of MC (particularly at T = 12 and 60 hours) 

suggesting cell migration (rather than cell proliferation) was probably having a greater 

influence on driving fibroblast-mediated wound closure (Figure 5.15). 

 

 

Figure 5. 15: % ‘Wound’ closure in HDFs at 20mM glucose after MGN3 treatment and mitomycin C 

treatment. The % ‘wound’ closure was calculated in HDF at 11mM after LPS, MGN3 and MC treatments for a 

span of 60 hours. Significant decreases were observed when comparisons were made between treatments in 

the presence of MC compared against corresponding treatments lacking MC (* P < 0.05 and ** P < 0.01 

determined by t-tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean 

(SEM) in all cases. Table shows the % wound closure after treatment at different timepoints. 
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Statistical analysis by independent t-tests showed there was a significant decrease in wound 

closure in the untreated fibroblasts in the presence of MC at 48 (P = 0.023) and 60 hours (P 

< 0.01) compared to untreated fibroblasts lacking MC. There were significant decreases in 

wound closure at all timepoints (P < 0.01) in LPS treated fibroblasts in the presence of MC 

and decreases in wound closure in MGN3 treated fibroblasts in the presence of MC from 24 

hours onwards (P < 0.01) compared to corresponding treatments lacking MC . 

 

 

 

  

  

Figure 5. 16: The Effect of MGN3 on Fibroblast ‘Wound’ Closure after Mitomycin C treatment at 20mM 
Glucose. HDFs were cultured with 20mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and    
Mitomycin C (MC) and incubated for 60 hours on a Holomonitor microscope. Images shown represent different 
time points (0, 36 and 60 hours). Panel A show untreated fibroblasts + MC, Panel B are fibroblasts treated with 
LPS + MC and Panel C shows fibroblasts treated with MGN3 + MC.  
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5.4.4.5 The Effect of Cytochalasin D on Fibroblast ‘Wound’ Closure at 20mM  

 

A significant reduction (P < 0.01) in % wound closure percentage was observed after 

inhibiting cell migration with Cytochalasin D (Figures 5.17 and 5.18), compared to 

treatments without Cytochalasin D (Figure 5.4). Wound closure did not exceed 25% over the 

60-hour observation period. These results are consistent with those in Section 7.4.4.5, 

further confirming that fibroblast migration, rather than cell proliferation, was primarily 

responsible for wound closure in both untreated and MGN3/LPS-treated fibroblasts. 

 

 

 

Figure 5. 17: % ‘Wound’ closure in HDFs at 20mM glucose after MGN3 and Cytochalasin D treatment. The % 
‘wound’ closure was calculated in HDF at 20mM glucose following LPS, MGN3 and Cytochalasin D (CytoD) 
treatments. Significant increases were observed when comparisons were made between treatments in the 
presence of CytoD compared against corresponding treatments lacking CytoD (** P < 0.01 determined by t-
tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean (SEM) in all 
cases. Table shows the % wound closure after treatment at different timepoints. 
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Figure 5. 18: The Effect of Cytochalasin D on Fibroblast ‘Wound’ Closure after at 11mM Glucose. HDFs were 
cultured with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Cytochalasin D (CytoD) and 
incubated for 60 hours on a Holomonitor microscope. Images shown represent different time points (0, 36 and 
60 hours). Panel A show untreated fibroblasts + CytoD, Panel B are fibroblasts treated with LPS + CytoD and 
Panel C shows fibroblasts treated with MGN3 + CytoD.  
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5.4.4.6 The Effect of Mitomycin C on Fibroblast ‘Wound’ Closure at 30mM glucose   

 

Despite blocking cell proliferation with MC, which did reduce the % wound closure relative 

to corresponding treatments without NC (Figures 5.19 and 5.20), the wound closure still 

proceeded relatively closely to that observed in the absence of MC (particularly at T = 12 

and 60 hours) suggesting cell migration (rather than cell proliferation) was most likely having 

a greater influence on driving fibroblast-mediated wound closure at 30mM glucose. 

 

 

Figure 5. 19: % ‘Wound’ Closure in HDFs at 30mM glucose after MGN3 treatment and Mitomycin C 
treatment. The % ‘wound’ closure was calculated in HDF at 11mM after LPS, MGN3 and MC treatments for a 
span of 60 hours. Significant decreases were observed when comparisons were made between treatments in 
the presence of MC compared against corresponding treatments lacking MC (** P < 0.01 determined by t-
tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean (SEM) in all 
cases. Table shows the % wound closure after treatment at different timepoints. 
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Statistical analysis by independent t-tests showed there was a significant decrease (P = 

0.023) in wound closure in the untreated fibroblasts in the presence of MC at 48 and 60 

hours compared to untreated fibroblasts lacking MC. There were significant decreases in 

wound closure at all timepoints (P < 0.01) in the MGN3/LPS treated fibroblasts in the 

presence of MC compared to corresponding treatments lacking MC.  

 

  

Figure 5. 20: The Effect of MGN3 on Fibroblast ‘Wound’ Closure after Mitomycin C treatment at 30mM 
Glucose. HDFs were cultured with 30mM glucose, treated with LPS (5ug/ml)  or MGN3 (2mg/ml) and    
Mitomycin C (MC) and incubated for 60 hours on a Holomonitor microscope. Images shown represent different 
time points (0, 36 and 60 hours). Panel A show untreated fibroblasts + MC, Panel B are fibroblasts treated with 
LPS + MC and Panel C shows fibroblasts treated with MGN3 + MC.  
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5.4.4.7 The Effect of Cytochalasin D on Fibroblast ‘Wound’ Closure at 30mM 

 

A significant reduction (P < 0.01) in % wound closure percentage was observed after 

inhibiting cell migration with Cytochalasin D (Figures 5.21 and 5.22), compared to 

treatments without Cytochalasin D (Figure 5.5). Wound closure did not exceed 20% over the 

60-hour observation period. These results are consistent with those in Section 5.4.4.6, 

further confirming that fibroblast migration, rather than cell proliferation, was primarily 

responsible for wound closure in both untreated and MGN3/LPS-treated fibroblast. 

 

 

 

Figure 5. 21: % ‘Wound’ closure in HDFs at 30mM glucose after MGN3 and CytoD treatment. The % 
‘wound’ closure was calculated in HDF at 11mM glucose following LPS, MGN3 and CytoD treatments. 
Significant increases were observed when comparisons were made between treatments in the presence 
of CytoD compared against corresponding treatments lacking CytoD (** P < 0.01 determined by t-tests; n 
= 12). Lines and error bars indicate the wound area % ± the standard error of the mean (SEM) in all cases. 
Table shows the % wound closure after treatment at different timepoints. 
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Figure 5. 22: The Effect of Cytochalasin D on Fibroblast ‘Wound’ Closure after at 30mM Glucose. HDFs were 
cultured with 30mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Cytochalasin D (CytoD) and 
incubated for 60 hours on a Holomonitor microscope. Images shown represent different time points (0, 36 and 
60 hours). Panel A show untreated fibroblasts + CytoD, Panel B are fibroblasts treated with LPS + CytoD and 
Panel C shows fibroblasts treated with MGN3 + CytoD.  
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5.4.8 The Effect of Glucose on Keratinocyte ‘Wound’ Closure  

 

The results showed as the glucose concentration increased there was a reduction in the % 

‘wound’ closure after 24 hours (Figure 5. 23). 

 

 

Statistical analysis using two tailed t-tests showed there was significant decreases (P < 0.01) 

in wound closure in keratinocytes cultured at 20mM and 30mM glucose when compared to 

the keratinocytes cultured at 11mM glucose. There was also significant decrease (P < 0.01) 

in wound closure in keratinocytes cultured at 30mM glucose after 12 hours onwards when 

compared to keratinocytes cultured at 20mM glucose. 

 

 

 

 

Figure 5. 23: The Effect of glucose on Keratinocyte % ‘Wound’ closure. The area % change was calculated in 
HACATs at different glucose concentrations (11, 20 and 30mM) for a span of 24 hours. Significant decreases 
were observed when comparisons were made against the 11UC (** P < 0.01 determined by t-tests; n = 12) and 
20UC groups (## P < 0.01 determined by t-tests; n = 12) Lines and error bars indicate the wound area % ± the 
standard error of the mean (SEM) in all cases. 
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5.4.9 Effect of MGN3 on Keratinocyte ‘Wound’ Closure  

 

After 24-hour time period keratinocytes cultured in 11mM glucose had fully closed in 

untreated and MGN3/LPS treated keratinocytes. Keratinocytes cultured in 20mM glucose 

had covered 86% or more of the wound area (20UC – 86%, 20LPS – 93%, 20MGN3 – 90%) 

and keratinocytes cultured in 30mM glucose had covered 80% or more of the wound area 

(30UC – 80%, 30LPS – 86%, 30MGN3 – 83%) (See Figures 5. 24 and 5.25).  

 

 

 

 

 

 

 

 

At 18 hours there was a significant increase (P < 0.01) in wound closure in the MGN3/LPS 

treated keratinocytes compare to the corresponding glycaemic controls. At 20mM glucose 

the wound closure was significantly (P < 0.01) increased at all timepoints in LPS treated 

keratinocytes compared to untreated keratinocytes cultured at 20mM glucose. The wound 

closure also significantly (P < 0.05) at 6 hours and 12 hours onwards (P < 0.01) in MGN3 

treated keratinocytes compared to untreated keratinocytes at 20mM glucose. At 30mM 

glucose the wound closure in LPS treated keratinocytes was significantly (P < 0.05) increased 

Figure 5. 24: Effect of MGN3 on Keratinocyte % ‘Wound’ Closure. The area % change was calculated in HACATs 
at different glucose concentrations (11, 20 and 30mM) and treatments (LPS and MGN3) for a span of 24 hours. 
Significant increases were observed when comparisons were made against the corresponding untreated 
controls (11UC ** P < 0.01, 20UC # P < 0.05 and ## P < 0.01, 30UC $ P < 0.05 and $$ P < 0.01 determined by t-
tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean (SEM) in all 
cases. Table shows the % wound closure after treatment at different timepoints. 
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at timepoints and significantly (P = 0.001) at 24 hours compared to untreated keratinocytes 

at 30mM glucose. 

 

 

 

 

 

 

 

 

 

 

 

  

11mM Glucose 

20mM Glucose 

30mM Glucose 

Figure 5. 25: The Effect of MGN3 on Keratinocyte ‘Wound’ Closure at Different Glucose Levels. HACATs were 
cultured with 11, 20 and 30mM glucose, treated with LPS or MGN3 and incubated for 24 hours on a 
Holomonitor microscope. Images shown represent different time points (0, 12 and 24 hours). Panel A show 
untreated fibroblasts, Panel B are fibroblasts treated with LPS (5ug/ml) and Panel C shows fibroblasts treated 
with MGN3 (2mg/ml).  
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5.4.10 Effect of TLR inhibition on MGN3-Mediated Fibroblast ‘Wound’ Closure 

 

5.4.10.1 The Effect of MGN3 with TLR inhibition on Keratinocyte ‘Wound’ Closure at 

11mM glucose  

 

The results showed TLR2/4 inhibition reduced the ability of the fibroblasts cultured at 

11mM glucose to undergo wound closure in all cases (See Figures 5. 26 and 5. 27) compared 

to corresponding treatments lacking TLR inhibition. 

 

 

 

Figure 5. 26: Effect of TLR inhibition on MGN3-Mediated Keratinocyte ‘Wound’ Closure under 11mM Culture 
Conditions. The area % change in wound closure was calculated based on Holomonitor images captured over 
a period of 24 hours following treatment of HACAT wound models cultured at pre-diabetic (11mM glucose) 
with/without MGN3 (MGN) or LPS in the presence/absence of TLR2 (T2i) or TLR4 (T4i) inhibition. Significant 
decreases were seen in % wound closure compared to corresponding treatments lacking TLR inhibition (* P < 
0.05 and ** P < 0.01 determined by t-tests; n = 12). UC = untreated control. Lines and error bars indicate the 
wound area % ± the standard error of the mean (SEM) in all cases. Table shows the % wound closure after 
treatment at different timepoints. 
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Statistical analysis by independent two tailed t-tests indicated significant differences 

between groups. There were significant decreases in wound closure (P < 0.01) at all 

timepoints in TLR2/4 untreated and MGN3/LPS treated keratinocytes when compared to 

untreated and MGN3/LPS treated keratinocytes without TLR2/4 inhibition.   

 

 

  

T2i 

T4i 

Figure 5. 27: The Effect of MGN3 on Keratinocyte ‘Wound’ Closure at 11mM Glucose after TLR2 and 
TLR4 Inhibition. HACATs were cultured with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) 
and TLR2  (T2i) or TLR4 (T4i) inhibition and incubated for 24 hours on a Holomonitor microscope. Images 
shown represent different time points (0, 12 and 24 hours). Panel A show untreated keratinocytes and T2i 
or T4i, Panel B are keratinocytes treated with LPS and T2i or T4i and Panel C shows keratinocytes treated 
with MGN3 and T2i or T4i.  
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5.4.10.2 The Effect of MGN3 with TLR inhibition on Fibroblast ‘Wound’ Closure at 20mM 

glucose  

 

The results showed TLR2/4 inhibition reduced the ability of the keratinocytes cultured at 

20mM glucose to undergo wound closure in all cases (Figures 5.28 and 5.29) compared to 

corresponding treatments lacking TLR inhibition. 

 

Statistical analysis by independent two tailed t-tests indicated significant differences 

between the groups. There were significant (P < 0.01) decreases in wound closure in 

untreated keratinocytes with TLR2 inhibition at all time points and untreated keratinocytes 

with TLR4 inhibition at 12 hours onwards compared to untreated keratinocytes without 

TLRi. There were also significant decreases (P < 0.01) in MGN3/LPS treated keratinocytes 

Figure 5. 28: Effect of TLR inhibition on MGN3-Mediated Keratinocyte ‘Wound’ Closure under 20mM Culture 
Conditions. The area % change in wound closure was calculated based on Holomonitor images captured over 
a period of 24 hours following treatment of HACAT wound models cultured under hyperglycaemic (20mM 
glucose) with/without MGN3 or LPS in the presence/absence of TLR2 (T2i) or TLR4 (T4i) inhibition. Significant 
decreases were seen in % wound closure compared to corresponding treatments lacking TLR inhibition (* P < 
0.05 and ** P < 0.01 determined by t-tests; n = 12). UC = untreated control. Lines and error bars indicate the 
wound area % ± the standard error of the mean (SEM) in all cases. Table shows the % wound closure after 
treatment at different timepoints. 
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with TLR2/4 inhibition from 12 hours onwards compared to corresponding treatments 

without TLRi.    

 

  

T2i 

T4i 

Figure 5. 29: The Effect of MGN3 on Keratinocyte ‘Wound’ Closure at 20mM Glucose after TLR2 and TLR4 
Inhibition. HACATs were cultured with 20mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and TLR2 
(T2i) or TLR4 (T4i) inhibition and incubated for 24 hours on a Holomonitor microscope. Images shown represent 
different time points (0, 12 and 24 hours). Panel A show untreated keratinocytes and T2 or T4ii, Panel B are 
keratinocytes treated with LPS and T2i or T4ii and Panel C shows keratinocytes treated with MGN3 and T2 or 
T4ii.  
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5.4.10.3 The Effect of MGN3 with TLR inhibition on Keratinocyte ‘Wound’ Closure at 

30mM glucose  

 

The results showed TLR2/4 inhibition reduced the ability of the fibroblasts cultured at 

20mM glucose to undergo wound closure in all cases (Figures 5.30 and 5.31) compared to 

corresponding treatments lacking TLR inhibition. 

 

Statistical analysis by independent two tailed t-tests indicated significant differences 

between the groups. There were significant (P < 0.01) decreases in wound closure in 

untreated keratinocytes with TLR2 inhibition from 18 hours onwards and in untreated 

keratinocytes with TLR4 inhibition at all time points compared to untreated keratinocytes 

without TLRi. There were significant decreases in wound closure in LPS treated keratinocytes 

with TLR2 inhibition (P < 0.01) all time points and LPS treated keratinocytes with TLR4 

Figure 5. 30: Effect of TLR inhibition on MGN3-Mediated Keratinocyte ‘Wound’ Closure under 30mM Culture 
Conditions. The area % change in wound closure was calculated based on Holomonitor images captured over 
a period of 24 hours following treatment of HACAT wound models cultured under hyperglycaemic (30mM 
glucose) with/without MGN3 or LPS in the presence/absence of TLR2 (T2i) or TLR4 (T4i) inhibition. Significant 
decreases were seen in % wound closure compared to corresponding treatments lacking TLR inhibition (* P < 
0.05 and ** P < 0.01 determined by t-tests; n = 12). UC = untreated control. Lines and error bars indicate the 
wound area % ± the standard error of the mean (SEM) in all cases. Table shows the % wound closure after 
treatment at different timepoints. 
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inhibition at 6 hours (P = 0.009) and 18 hours onwards (P < 0.01) compared to LPS treated 

keratinocytes without TLRi. There were also significant decreases (P < 0.01) in wound 

closure in MGN3 treated keratinocytes with TLR2/4 at all timepoints compared to MGN3 

keratinocytes without TLRi. 

 

 

 

  

T2i 

T4i 

Figure 5. 31: The Effect of MGN3 on Keratinocyte ‘Wound’ Closure at 30mM Glucose after TLR2 and TLR4 
Inhibition. HACATs were cultured with 30mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and TLR2 
(T2i) or TLR4 (T4i) inhibition and incubated for 24 hours on a Holomonitor microscope. Images shown represent 
different time points (0, 12 and 24 hours). Panel A show untreated keratinocytes and T2I or T4i, Panel B are 
keratinocytes treated with LPS and T2I or T4i and Panel C shows keratinocytes treated with MGN3 and T2I or 
T4i.  
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5.4.11 Contribution of Cell Proliferation and Migration on MGN3-Mediated Keratinocyte 

‘Wound’ Closure  

 

5.4.11.1 The Effect Mitomycin on Cell Proliferation   

 

After 24 hours of mitomycin C (MC) treatment (Figure 8.15) keratinocyte proliferation was 

inhibited by >90% in all glucose concentrations (96% inhibition at 11mM; 94% inhibition at 

20mM; 90% inhibition at 30mM glucose) (Figure 5.32). 

 

 

 

 

 

 

 

 

 

 

At 11mM glucose, there was a significant (P < 0.01) increase in % inhibition with 10ug MC 

treatment compared to the corresponding control group. There was an increase in % 

inhibition when the highest MC (20ug) treatment was used compared to 10ug MC treatment 

(34% inhibition 10ug MC; 96% inhibition 20ug MC) however the data was not significantly 

different (P > 0.05). At 20mM glucose there were significant increases in % inhibition when 

keratinocytes were treated with 10ug MC (P = 0.028) and 20ug MC (P = 0.002) compared to 

the corresponding control group. At 30mM glucose there was a significant increase (P = 

0.015) in % inhibition in keratinocytes treated with 20ug MC treatment compared to the 

Figure 5. 32: Evaluation of keratinocyte proliferation following mitomycin C treatment. HACATs were grown 
in multiple glucose concentrations (11, 20 and 30mM) and treated with mitomycin (MC) at different 
concentrations (2, 5, 10 and 20ug/ml) to evaluate cell proliferation after 24 hours. Significant increases were 
seen between the groups when comparisons were made against the corresponding glycaemic untreated 
control (UC) (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 6). Columns and error bars indicate % 
Inhibition ± the standard error of the mean (SEM) in all cases. 
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corresponding control group. These results indicate MC treatment at 20ug/ml inhibited 

keratinocyte proliferation by >90% at pre-diabetic (11mM) and hyperglycaemic (20 and 

30mM) conditions. It was decided that MC treatment at 20ug/ml would be best suited to 

inhibit keratinocyte proliferation in the wound healing (closure) assay.     

 

5.4.11.2 The Effect of Mitomycin C on Keratinocyte ‘Wound’ Closure at 11mM glucose  
 

Despite blocking cell proliferation with MC, which did reduce the % wound closure relative 

to corresponding treatments without NC (Figures 5.33 and 5.34), the wound closure still 

proceeded relatively closely to that observed in the absence of MC (particularly at T = 24 

hours) suggesting cell migration (rather than cell proliferation) was probably having a 

greater influence on driving keratinocyte-mediated wound closure. 

Figure 5. 33: % ‘Wound’ Closure in HACATs at 11mM glucose after MGN3 treatment and mitomycin C 
treatment. The % ‘wound’ closure was calculated in HACAT at 11mM after LPS, MGN3 and MC treatments for 
a span of 24 hours. Significant decreases were observed when comparisons were made between treatments 
in the presence of MC compared against corresponding treatments lacking MC.  (** P < 0.01 determined by t-
tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean (SEM) in all 
cases. The table represents % ‘wound’ closure at different time points. Table shows the % wound closure after 
treatment at different timepoints. 



 

~ 176 ~ 
 

Statistical analysis by independent t-tests showed there was a significant decrease in wound 

closure in the untreated keratinocytes in the presence of mitomycin C (MC) and MGN3/LPS 

treated keratinocytes in the presence of MC (P < 0.01) for all time points when comparisons 

were made against the corresponding treatments lacking MC. 

 

  

Figure 5. 34: The Effect of Mitomycin C on Keratinocyte ‘Wound’ Closure at 11mM Glucose. HACATs were 
cultured with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Mitomycin C (MC) and 
incubated for 24 hours on a Holomonitor microscope. Images shown represent different time points (0, 12 and 
24 hours). Panel A show untreated keratinocytes + MC, Panel B are keratinocytes treated with LPS + MC and 
Panel C shows keratinocytes treated with MGN3 + MC.  
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5.4.11.3 The Effect of Cytochalasin D on Keratinocyte ‘Wound’ Closure at 11mM 

 

There was a substantial significant (P < 0.01) reduction in % wound closure following 

inhibition of cell migration due exposure to Cytochalasin D (Figures 5.35 and 5.36) 

compared to corresponding treatments lacking Cytochalasin D exposure, with the % wound 

closure failing to reach above 30% across the 24-hour observation period.  These findings 

align with those in section 5.4.11.2 and confirm that wound closure was principally 

occurring through keratinocyte migration rather than cell proliferation in both untreated 

and MGN3/LPS-treated keratinocytes. 

 

Figure 5. 35: % ‘Wound’ closure in HACATs at 11mM glucose after MGN3 and CytoD treatment. The % 
‘wound’ closure was calculated in HACAT at 11mM glucose following LPS or MGN3 and Cytochalasin D (CytoD) 
treatments. Significant decreases were observed when comparisons were made between treatments in the 
presence of CytoD compared against corresponding treatments lacking CytoD (** P < 0.01 determined by t-
tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean (SEM) in all 
cases. The table represents % ‘wound’ closure at different time points. Table shows the % wound closure after 
treatment at different timepoints. 
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Figure 5. 36: The Effect of Cytochalasin D on Keratinocyte ‘Wound’ Closure after at 11mM Glucose. HACATs 
were cultured with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Cytochalasin D (CytoD) 
and incubated for 24 hours on a Holomonitor microscope. Images shown represent different time points (0, 
12 and 24 hours). Panel A show untreated keratinocytes + CytoD, Panel B are keratinocytes treated with LPS 
+ CytoD and Panel C shows keratinocytes treated with MGN3 + CytoD.  
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5.4.11.4 The Effect of Mitomycin C on Keratinocyte ‘Wound’ Closure at 20mM glucose   

 

Despite blocking cell proliferation with MC, which did reduce the % wound closure relative 

to corresponding treatments without NC (Figures 5.37 and 5.38), the wound closure still 

proceeded relatively closely to that observed in the absence of MC (particularly at T = 24 

hours) suggesting cell migration (rather than cell proliferation) was probably having a 

greater influence on driving keratinocyte-mediated wound closure. 

 

Figure 5. 37: % ‘Wound’ closure in HACATs at 20mM glucose after MGN3 treatment and Mitomycin C 

treatment. The % ‘wound’ closure was calculated in HACAT at 20mM after LPS or MGN3 and Mitomycin C (MC) 

treatments for a span of 24 hours. Significant decreases were observed when comparisons were made between 

treatments in the presence of MC compared against corresponding treatments lacking MC (** P < 0.01 

determined by t-tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean 

(SEM) in all cases. The table represents % ‘wound’ closure at different time points. Table shows the % wound 

closure after treatment at different timepoints. 
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MC treatments restricted cell proliferation in all cases at 20mM glucose compared to the 

controls. Statistical analysis by independent t-tests showed there were significant increases 

in the LPS group (P < 0.01) after 12 onwards and MGN3 group (P < 0.01) at all time points 

when compared to the UC. There were significant decreases in the UC MITO group at 24 

hours and both LPS and MGN3 MITO groups (P < 0.01) at all time points when compared to 

the corresponding controls. There was also a significant increase in the LPS MITO group at 

24 hours (P < 0.01) when compared to the UC MITO group. 

 

 

 

 

 

Figure 5. 38: The Effect of Mitomycin C on Keratinocyte ‘Wound’ Closure at 20mM Glucose. HACATs were 
cultured with 20mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Mitomycin C (MC) and 
incubated for 24 hours on a Holomonitor microscope. Images shown represent different time points (0, 12 
and 24 hours). Panel A show untreated keratinocytes + MC, Panel B are keratinocytes treated with LPS + 
MC and Panel C shows keratinocytes treated with MGN3 + MC. 
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5.4.11.5 The Effect of Cytochalasin D on Keratinocyte ‘Wound’ Closure at 20mM  

 

There was a substantial significant (P < 0.01) reduction in % wound closure following 

inhibition of cell migration due exposure to Cytochalasin D (Figures 5.39 and 5.40) compared 

to corresponding treatments lacking Cytochalasin D exposure , with the % wound closure 

failing to reach above 22% across the 24-hour observation period.  These findings align with 

those in section 5.4.11.4 and confirm that wound closure was principally occurring through 

keratinocyte migration rather than cell proliferation in both untreated and MGN3/LPS-

treated keratinocytes.  

Figure 5. 39: % ‘Wound’ closure in HDFs at 20mM glucose after MGN3 and CytoD treatment. The % ‘wound’ 
closure was calculated in HDF at 11mM glucose following LPS or MGN3 and Cytochalasin D (CytoD) 
treatments. Significant decreases were observed when comparisons were made between treatments in the 
presence of CytoD compared against corresponding treatments lacking CytoD (* P < 0.05 and ** P < 0.01 
determined by t-tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the 
mean (SEM) in all cases. The table represents % ‘wound’ closure at different time points. Table shows the % 
wound closure after treatment at different timepoints. 
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Figure 5. 40: The Effect of Cytochalasin D on Keratinocyte ‘Wound’ Closure after at 20mM Glucose. HACATs 
were cultured with 11mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Cytochalasin D (CytoD) 
and incubated for 24 hours on a Holomonitor microscope. Images shown represent different time points (0, 
12 and 24 hours). Panel A show untreated keratinocytes + CytoD, Panel B are keratinocytes treated with LPS 
+ CytoD and Panel C shows keratinocytes treated with MGN3 + CytoD.  



 

~ 183 ~ 
 

5.4.11.6 The Effect of Mitomycin C on Keratinocyte ‘Wound’ Closure at 30mM glucose   

 

Despite blocking cell proliferation with MC, which did reduce the % wound closure relative 

to corresponding treatments without NC (Figures 5.41 and 5.42), the wound closure still 

proceeded relatively closely to that observed in the absence of MC (particularly at T = 24 

hours) suggesting cell migration (rather than cell proliferation) was probably having a 

greater influence on driving keratinocyte-mediated wound closure. 

 

 

 

Figure 5. 41: % ‘Wound’ Closure in HACATs at 30mM glucose after MGN3 treatment and mitomycin C 

treatment. The % ‘wound’ closure was calculated in HACAT at 30mM after LPS, MGN3 and MC treatments for 

a span of 24 hours. Significant decreases were observed when comparisons were made between treatments 

in the presence of MC compared against corresponding treatments lacking MC (* P < 0.05 and ** P < 0.01 

determined by t-tests; n = 12). Lines and error bars indicate the wound area % ± the standard error of the mean 

(SEM) in all cases. The table represents % ‘wound’ closure at different time points. Table shows the % wound 

closure after treatment at different timepoints. 
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Statistical analysis by independent t-tests showed there was a significant decrease in wound 

closure in the untreated keratinocytes in the presence of MC at 18 hours (P = 0.016) and 24 

hours (P < 0.001) compared to untreated keratinocytes lacking MC. There was a significant 

decrease in wound closure in the LPS treated keratinocytes in the presence of MC at 24 

hours (P < 0.001) and significant decreases in wound closure in the MGN3 treated 

keratinocytes in the presence of mitomycin C (MC) at 6 hours (P = 0.024) and 12 hours 

onwards (P < 0.01) compared to treatments lacking MC.  

  

Figure 5. 42: The Effect of Mitomycin C on Keratinocyte ‘Wound’ Closure at 30mM Glucose. HACATs were 
cultured with 30mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Mitomycin C (MC) and 
incubated for 24 hours on a Holomonitor microscope. Images shown represent different time points (0, 12 
and 24 hours). Panel A show untreated keratinocytes + MC, Panel B are keratinocytes treated with LPS + 
MC and Panel C shows keratinocytes treated with MGN3 + MC. 
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5.4.11.7 The Effect of Cytochalasin D on Keratinocyte ‘Wound’ Closure at 30mM 

 

There was a substantial significant (P < 0.01) reduction in % wound closure following 

inhibition of cell migration due exposure to Cytochalasin D (Figures 5.43 and 5.44) 

compared to corresponding treatments lacking Cytochalasin D exposure, with the % wound 

closure failing to reach above 15% across the 24-hour observation period.  These findings 

align with those in section 5.4.11.6 and confirm that wound closure was principally 

occurring through keratinocyte migration rather than cell proliferation in both untreated 

and MGN3/LPS-treated keratinocytes. 

 

 

Figure 5. 43: % ‘Wound’ closure in HACATs at 30mM glucose after MGN3 and CytoD treatment. The % 
‘wound’ closure was calculated in HACAT at 30mM glucose following LPS or MGN3 and Cytochalasin D 
(CytoD) treatments. Significant decreases were observed when comparisons were made between 
treatments in the presence of CytoD compared against corresponding treatments lacking CytoD (** P < 
0.01 determined by t -tests; n = 12). Lines and error bars indicate the wound area % ± the standard error 
of the mean (SEM) in all cases. The table represents % ‘wound’ closure at different time points. Table 
shows the % wound closure after treatment at different timepoints. 
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Figure 5. 44: The Effect of Cytochalasin D on Keratinocyte ‘Wound’ Closure after at 30mM Glucose. 
HACATs were cultured with 30mM glucose, treated with LPS (5ug/ml) or MGN3 (2mg/ml) and Cytochalasin 
D (CytoD) and incubated for 24 hours on a Holomonitor microscope. Images shown represent different 
time points (0, 12 and 24 hours). Panel A show untreated keratinocytes + CytoD, Panel B are keratinocytes 
treated with LPS + CytoD and Panel C shows keratinocytes treated with MGN3 + CytoD. 
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5.5 Discussion 
 

The aim of this study was to evaluate how MGN3 can influence wound closure by dermal 

fibroblasts and keratinocytes under hyperglycaemic conditions. The study showed high 

glucose had a negative impact on HDF and HACAT-mediated wound closure. As glucose 

increased the % ‘wound’ closure decreased, indicating glucose has inhibitory effects on 

fibroblast proliferation and/or migration.  

The results showed hyperglycaemic conditions significantly (P < 0.01) reduced % ‘wound’ 

closure. To distinguish between the influence of cell proliferation and cell migration in this 

study, mitomycin C was used to disrupt cell proliferation and cytochalasin D was used to 

inhibit cell migration. Mitomycin C is effective in preventing cell proliferation because of its 

ability to suppress DNA synthesis via alkylating DNA strands (Basu et al, 1993). Cytochalasin 

D, on the other hand, inhibits cell migration by binding to actin filaments, rendering them 

obsolete (Shoji et al, 2012). By using these specific inhibitors of cell proliferation and 

migration, this study indicated the inhibition of wound closure was predominantly due to 

impaired cell migration. These findings are supported by evidence in the literature showing 

glucose at 30mM delays fibroblast cell migration in diabetic mice (Xuan et al, 2014). This 

hyperglycaemia-induced impairment of fibroblast migration is linked to elevated ROS 

production and repression of JNK phosphorylation (Xuan et al, 2018; Lamers et al, 2011). 

JNK along with PI3-Kinase-Rac1 pathways play essential roles in cell migration (Xuan et al, 

2016). It is known that diabetic patients have elevated levels 3-deoxyglucosone (3DG), a 

precursor of AGEs, which results in a buildup of AGEs on matrix collagen as patients get 

older (Loughlin and Artlett, 2009). It has been shown that fibroblasts have a higher affinity 

for 3DG-treated collagen but in doing so their ability to migrate across wounds is greatly 

suppressed (Loughlin and Artlett, 2009).  A study by Hehenberger et al, (2019) investigated 

fibroblast function in fibroblast extracted from diabetic wounds in comparison to normal 

dermal fibroblasts. It was concluded fibroblast proliferation was greatly inhibited in 

fibroblasts taken from diabetic patients. A similar study found associated this reduced 

fibroblast proliferation to increased oxidative stress resulting from hyperglycaemia 

(Buranasin et al, 2018).  
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The results showed LPS and MGN3 treatment increased % wound closure at both pre-

diabetic and hyperglycaemic levels of glucose. Again, the use of inhibitors of cell 

proliferation and migration confirmed the stimulation of wound closure by MGN3 was 

mediated predominantly through increased fibroblast migration, rather than increased cell 

proliferation. There are very few studies investigating the impact of MGN3 on fibroblast 

function in relation to wound healing. Most studies focus on the influence of MGN3 

treatments on immune cells, ranging from macrophages to dendritic cells (Ghoneum and 

Jewett, 2000; Ghoneum and Agrawal, 2011; Ghoneum and Agrawal, 2014). Thus, these 

findings expand the overall picture of the potential influence of MGN3 on different stages 

of wound healing, confirming its actions are not limited to just modulating inflammatory 

cells. 

A previous study done by Asif (2020) showed MGN3 competes with LPS for TLR4 binding in 

inflammatory cells. It is also known TLR2 and TLR4 can form dimers and that ligand binding 

can activate the similar intracellular pathways (Takeda et al, 2003). Thus, this study 

investigated whether the effects of LPS/MGN3 on fibroblast-driven wound closure was 

mediated by TLR2 and/or TLR4. This study showed that inhibition of TLR2 or TLR4 receptors 

significantly reduced % wound closure in untreated cells at all glucose concentrations, 

suggesting endogenous-derived ligands are likely to exist (Yu et al, 2010) that are acting 

through TLR2/TLR4 to promote fibroblast migration. Inhibition of TLR2/4 along with 

treatment of LPS or MGN3 also reduced the % wound closure but no more so than the 

reduction seen in untreated fibroblasts, suggesting MGN3 and LPS are likely to be promoting 

fibroblast migration through alternative mechanisms other than TLR2/4.  

This study also showed high glucose had a negative impact on HACAT-mediated wound 

closure. Other studies have also found hyperglycaemia results in impaired keratinocyte 

migration as well as proliferation (Raja et al., 2007; Pastar et al., 2014). A study by Lan et al. 

(2008) showed high glucose restricts keratinocyte proliferation and motility over a span of 

5 days. The authors also found a connection between low P125FAK signalling in diabetic 

patients and impaired keratinocyte migration (Lan et al., 2008). 
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The data showed LPS and MGN3 treatment increased % wound closure at both pre-diabetic 

and hyperglycaemic levels of glucose. Again, the use of inhibitors of cell proliferation and 

migration confirmed the stimulation of wound closure by LPS/MGN3 was mediated 

predominantly through increased fibroblast migration, rather than increased cell 

proliferation. There is little research on the effects of MGN3 in keratinocyte motility 

however, the general mechanisms of MGN3 can be applied to understand how it may 

enhance keratinocyte migration. Some ways in which MGN3 could potentially increase 

keratinocyte motility include dampened inflammation, enhanced growth factor signalling, 

improved cell to cell interactions, reduced oxidative stress, enhanced activation of cell 

signalling pathways (MAPK and PI3K) and more efficient regulation of cytoskeleton 

dynamics. Chronic inflammation associated with diabetic conditions can impair keratinocyte 

motility (Mansoub, 2021). MGN3 is known to have anti-inflammatory properties which help 

in the reduction of pro-inflammatory cytokines such as TNF-α and IL-6 (Ghoneum et al, 

2008), which would increase keratinocyte motility at the wound site. MGN3 has shown to 

stimulate growth factors, such as EGF, that are important for keratinocyte motility (Ooi et 

al, 2023).  

Under hyperglycaemic conditions cell adhesion such as integrins can be comprised, leading 

to supressed keratinocyte migration (Li et al, 2019). MGN3 could help to restore integrin 

expression in keratinocytes as it already shown to increase integrins in T-cells (Weeks et al, 

2008). Focal adhesion kinase (FAK) is also involved in cell migration by regulating the 

attachment of cells to the extracellular matrix. A study by Phurisom et al, (2021) has 

suggested that MGN3 may activate signalling pathways that enhance FAK activity, thus 

supporting keratinocyte migration and wound closure. Hyperglycaemia is known to lead to 

oxidative stress which damages keratinocytes and restricts their motility (Rizwan et al, 

2020). MGN3 is known to have antioxidant properties which allow the neutralization of free 

radicals which provides additional protection for keratinocytes and enhances their motility 

(Noaman et al, 2008). MGN3 has been shown to activate the MAPK and PI3K pathways (Tan, 

2018; Zhang et al, 2020) which are important in numerous cellular processes including F-

actin dynamics and motility (Vazquez-Victorio et al, 2016).  
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Thus, this study investigated whether the effects of LPS/MGN3 on keratinocyte-driven 

wound closure was mediated by TLR2 and/or TLR4. This study showed that inhibition of 

TLR2 or TLR4 receptors significantly reduced % wound closure in untreated cells at all 

glucose concentrations, suggesting endogenous-derived ligands are likely to exist (Yu et al, 

2010) that are acting through TLR2/TLR4 to promote keratinocyte migration. Inhibition of 

TLR2/TLR4 along with treatment of LPS or MGN3 also reduced the % wound closure but no 

more so than the reduction seen in untreated keratinocytes, suggesting MGN3 and LPS are 

likely to be promoting keratinocyte migration through alternative mechanisms other 

thanTLR2/TLR4. 

In conclusion, this study has shown hyperglycaemia had a detrimental effect on both 

fibroblast and keratinocyte-mediated wound closure that is driven by impaired cell 

migration rather than reduced cell proliferation. MGN3 and LPS had a positive effect on 

wound closure by stimulating fibroblast and keratinocyte cell motility under both pre-

diabetic and hyperglycaemic conditions. This study may have important implications for 

wound healing in diabetic patients, suggesting further investigations are warranted to 

determine whether MGN3 might stimulate wound closure in DFUs by promoting fibroblast 

migration. The potential of MGN3 to stimulate wound closure in vivo could be compared to 

conventional wound therapies in human trials by applying MGN3 to debrided DFUs within 

specialized hydrogel dressings that can deliver MGN3 directly to fibroblasts in the wound 

bed. 
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6.1 Introduction 

 

6.1.1 Immune Cell Signalling with Fibroblasts and Keratinocytes  

 

Fibroblasts play key roles in the proliferative and remodelling phases of wound healing 

through interactions with macrophages, monocytes, and keratinocytes (Cialdai et al., 2022). 

These cell-to-cell interactions are simplified in Figure 6.1. Fibroblasts produce enzymes like 

MMP-1 to break down collagen (Pardo & Selman, 2005) and secrete COL-1 to support ECM 

formation (Chen et al., 2021). TGFβ1 from macrophages and keratinocytes induces 

fibroblast differentiation into myofibroblasts, enhancing collagen production (Plikus et al., 

2021; Knoedler et al., 2023). TGFβ1 also promotes FGF2 release, stimulating cell growth and 

macrophage recruitment (Strutz et al., 2001; Farooq et al., 2021). Growth factors like EGF 

and KGF further activate fibroblasts and immune cell recruitment (Canady et al., 2013). EGF 

enhances fibroblast migration, contraction, VEGF production, and angiogenesis, partly 

through MAPK/AP-1 pathways (Kim et al., 2015; Yu et al., 2012; Kajanne et al., 2007). 

Fibroblasts also secrete chemokines like MCP-1/CCL2, attracting monocytes and NK cells 

(Deshmane et al., 2009). 

Keratinocytes, the primary cells of the epidermis, form a multilayered epithelium held 

together by ECM components, adhesive proteins, desmosomes, and hemidesmosomes 

(Kirfel & Herzog, 2004; Raja et al., 2007). They play a central role in wound healing by 

initiating inflammation and driving re-epithelialisation through migration, proliferation, and 

differentiation (Barker et al., 1991; Raja et al., 2007; Pastar et al., 2014). Injury disrupts 

keratinocytes, triggering inflammatory responses (Piipponen et al., 2020). Keratin 

expression shifts depending on cell state: K5 and K14 are dominant under normal conditions 

for filament stability, while K6, K16, and K17 are upregulated during injury for regeneration 

(Wilson et al., 1992; Romashin et al., 2024). Keratinocytes also interact with immune cells 

and fibroblasts via cytokines (see Figure 6.1). During injury, they secrete TGFβ1 and FGF2 to 

activate fibroblasts, which in turn produce FGF2 for cell growth and macrophage 

recruitment (Plikus et al., 2021; Shirakata, 2010; Strutz et al., 2001; Farooq et al., 2021). 

NRF2, regulated by Keap1, governs keratinocyte-macrophage communication via the 
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NRF2/MCP-1/EGF axis; disruption of this pathway is linked to impaired diabetic wound 

healing (Villarreal-Ponce et al., 2020; Saha et al., 2020; Deshmane et al., 2009; Kansanen et 

al., 2013; Soares et al., 2016). Additionally, keratinocytes produce antimicrobial peptides 

such as LL37 and BD2, which contribute to innate immunity by targeting negatively charged 

bacterial membranes (Afshar & Gallo, 2013). 

 

 

 

 

 

 

 

 

 

 

6.1.2 The Hyperglycaemic Effects on Fibroblasts and Keratinocytes  

 

Hyperglycaemia can have detrimental effects on cell function greatly impacting wound 

healing. Studies have shown that high glucose levels increase collagen production, which 

has been linked to diabetic neuropathy (Tang et al., 2007; Ha et al., 1997; Ighodaro & 

Adeosun, 2018; Tuleta & Frangogiannis, 2021). Hyperglycaemia activates NF-κB, leading to 

elevated cytokine expression, including MMP-1, which degrades COL-1 and triggers 

compensatory collagen production (Suryavanshi & Kulkarni, 2017; Soydas et al., 2018). 

Hyperglycaemia also increases proinflammatory cytokines such as FGF2 and MCP-1 (Shao 

et al., 2017; Hu et al., 2018), while suppressing FGF2-mediated JNK phosphorylation, 

impairing fibroblast migration and increasing ROS (Xuan et al., 2014; Xuan et al., 2016). 

Figure 6. 1 Fibroblast and Keratinocyte Cell Interactions Involved in Wound Healing. During the wound 

healing process fibroblasts, keratinocytes and other immune cells secrete growth factors and cytokines which 

result in the activation and recruitment of additional immune cells.  Schematic based on information from 

Plikus et al (2021), Liarte et al (2020), Strutz et al (2001), Farooq et al (2021), Canady et al (2013), Deshmane 

et al (2009) and Villarreal-ponce et al (2020), Afshar and Gallo (2013).     
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Additionally, it induces cell hypertrophy and overexpression of TGFβ1 and ECM components 

(Wu & Derynck, 2009). 

Hyperglycaemia impairs keratinocyte migration, proliferation, and differentiation (Raja et 

al., 2007; Pastar et al., 2014). Lan et al. (2008) reported reduced keratinocyte mobility and 

proliferation after 5 days of high glucose exposure, while Spravchikov et al. (2001) found 

altered GLUT1 expression and increased Ca²⁺-induced differentiation under similar 

conditions. Impaired migration has been linked to decreased p125FAK in diabetic patients 

(Lan et al., 2008). Hyperglycaemia also reduces BD2 expression by inhibiting pSTAT-1 

signaling in keratinocytes (Lan et al., 2012), and diabetic wound healing is further 

compromised by reduced LL37 activity (Piipponen et al., 2020). LL37 treatment has been 

shown to enhance autophagy and keratinocyte migration, promoting healing in diabetic 

mice (Xi et al., 2024). Oxidative stress from hyperglycaemia disrupts the NRF2-Keap1 

pathway, contributing to prolonged inflammation (Kaussikaa et al., 2024; Braun et al., 2002). 

Since NRF2 regulates MCP-1, its deficiency impairs keratinocyte-driven immune signaling 

(Villarreal-Ponce et al., 2020). Additionally, hyperglycaemia is associated with elevated 

TGFβ1 and reduced FGF2 expression in diabetic patients (Long et al., 2016; Brizeno et al., 

2016). 

 

6.1.3 Reversing the Hyperglycaemic Effect on Fibroblasts and Keratinocytes 

 

Diet is a known risk factor for diabetes, and increasing dietary fibre intake has been shown 

to reduce inflammation and lower glycaemic index in prediabetics (Egshatyan et al., 2016; 

Reynolds et al., 2020; Nitzke et al., 2024). MGN3, a rice bran-derived fibre, has 

demonstrated anti-inflammatory effects, modulation of cytokine production, and improved 

phagocytic activity of macrophages, neutrophils, and NK cells under at pre-diabetic and 

hyperglycaemic conditions (Ghoneum & Jewett, 2000; Ghoneum & Agrawal, 2011, 2014; 

Ghoneum & Matsuura, 2004; Ghoneum et al., 2008; Koike et al., 2000). However, its impact 

on fibroblasts and keratinocytes remains unexplored. 

Efforts to reverse hyperglycaemia include targeting insulin levels. Rapamycin has been 

shown to increase bioactive insulin in epidermal keratinocytes (Tian et al., 2008), though it 
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does not directly address impaired wound healing. Given the role of diet in diabetes, 

lifestyle interventions—such as diet and exercise—may help improve diabetic wound 

healing (Walker et al., 2010). While MGN3 has proven benefits across various immune cells, 

its potential to restore keratinocyte function and counteract hyperglycaemia-induced 

damage is largely unknown. If effective, its water solubility makes it a promising candidate 

for use in hydrogels for direct wound application in diabetic foot ulcers (Koike et al., 2000). 

 

6.2 Aims and Objectives 

 

6.2.1 Aim  

 

To investigate the effect of MGN3 on fibroblast and keratinocyte cell activities at pre-diabetic 

and hyperglycaemic culture conditions. 

 

6.2.2 Objectives   

 

• To evaluate the effect of MGN3 on fibroblast and keratinocyte proliferation and 

viability at low and high glucose levels. 

• To evaluate the effect of MGN3 on fibroblast and keratinocyte cellular metabolism. 

• To assess the effect of MGN3 on matrix (collagen-1), growth factor (EGF, FGF2, KGF, 

TGFβ1) and inflammatory cytokine (MCP-1) secretion by dermal fibroblasts.  

• To assess the effect of MGN3 on growth factor (EGF, FGF2 and TGFβ1), transcription 

factor (NRF2) and antibacterial peptide production (LL37 and BD2) by keratinocytes.  

• To visualize the influence of MGN3 on matrix (collagen-1) and inflammatory 

cytokine (MCP-1) production by fibroblasts and antibacterial peptide (LL37) 

expression by keratinocytes. 

• To interrogate the influence of MGN3-induced M1 macrophage-, keratinocyte- and 

fibroblast-derived EGF and FGF2 secretion on subsequent fibroblast and 

keratinocyte proliferation. 

• To determine the effect of MGN3 treatment on keratinocyte-derived antimicrobial 

peptide (BD2 and LL37) bactericidal activity. 

• To determine the effect of MGN3 treatment on NRF2 protein expression and 

downstream MCP-1 levels in keratinocytes following NRF2 inhibition. 
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6.3 Methods  
 

6.3.1 MTT Assay  

 

HDFs and HACATs were seeded at 1×105 cells/mL and cultured for 24hrs in low (11 mM) or 

high (30 mM) glucose. The cells were then treated with RS, LPS or MGN3. After washing 

with DMEM CM, MTT solution was added for 3 hours. MTT solution was removed, and MTT 

solvent was added for 10mins to dissolve the formazan crystals. Absorbance was measured 

at 570nm using a FLUOstar Omega microplate reader to assess viability relative to 

untreated controls (see section 2.2.12 for more details). 

 

6.3.2 Seahorse Analysis 

 

HDFs and HACATs were seeded at 1×10⁵ cells/mL in low glucose for 24hrs. Cells were then 

treated with treatments and TLR inhibitors, for an additional 24hrs. For Seahorse analysis, 

sensor cartridges were hydrated and incubated overnight at 37 °C without CO₂. On the assay 

day, Seahorse assay medium and reagents—oligomycin (O) and rotenone/antimycin A 

(RA)—were prepared according to the manufacturer's instructions. Cellular metabolism was 

assessed by measuring oxygen consumption rate (OCR), extracellular acidification rate 

(ECAR), and ATP production (see section 2.2.10 for more details). 

 

6.3.3 ELISAs   

 

HDFs were seeded at 5×10⁴ cells/mL in low or high glucose DMEM CM and incubated for 

48hrs. Cells were then treated with treatments and TLR inhibitors for 24hrs. Supernatants 

were collected and analysed by ELISA for COL-1, FGF2, EGF, KGF, MCP-1, MMP-1, and TGF-

β1. HACATs were seeded at 1×10⁵ cells/mL under the same conditions and treated 

identically. Supernatants were analysed for EGF, FGF2, MCP-1, TGF-β1, NRF2, and 

intracellular LL-37) and BD-2 by ELISA per manufacturer instructions (see section 2.2.13.2 

for more details). 
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6.3.4 Thunder Microscopy 

 

HDFs (1×10⁴ cells/mL) and HACATs (5×10⁴ cells/mL) were seeded on microscope coverslips 

in low (11 mM) or high (30mM) glucose DMEM CM and incubated (72hrs for HDFs; 48hrs 

for HACATs). Cells were then treated treatments and TLR inhibitors for 24hrs. Cells were 

imaged for fluorescence intensity of specific markers using a Leica THUNDER Imager Tissue 

microscope at 60× magnification. COL-1 and TGFβ1 were assessed in HDFs, while LL-37 and 

TGFβ1 were assessed in HACATs. Fluorescence intensity was quantified using ImageJ 

software (see section 2.2.13.1 for more details). 

 

6.3.5 Functional Protein Assays 

 

HDFs, HACATs and M1 macrophages were cultured  at low and high glucose in DMEM CM at 

1x105 cells/ml for 48hrs. Cells were treated with treatments and TLR inhibitors for 24hrs. 

The HDFs were incubated for 1hr in the presence/absence of anti-EGF or anti-FGF2 antibody 

before treatment with the stored HDF, HACAT or M1 supernatants for 24hrs. After the 

incubation, cell counts were taken using the trypan blue method described previously in 

section2.2.2 . The MTT assay was performed as described in section 6.3.1 and absorbance 

was measure at 570nm (see sections 2.2.14.4 and 2.214.5 for more details).  

 

6.3.6 Antimicrobial Peptide Assays 

 

HACATs were cultured at 2×10⁵ cells/mL in RPMI CM with 11 or 30mM glucose until 80% 

confluence, then treated with LPS or and MGN3 for 24hrs. Cell lysates were prepared and 

incubated for 2 hours with/without BD2 or LL37 blocking antibody.   Bacteria were then 

added for 3 hours. And samples were plated and incubated for 24 hours to quantify bacterial 

recovery via CFU count (see sections 2.2.14.1 and 2.2.14.2 for more details).  

 

6.3.7 NRF2 Assay  

 

HACATs were cultured at 2×10⁵ cells/mL in 11 or 30mM glucose for 24hrs. An NRF2 inhibitor 

was added to half the cells for 1hr, followed by treatment with LPS or MGN3 ± NRF2i for 
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24hrs. NRF2 production was analysed via flow cytometer and secreted levels of MCP-1 

following NRF2 inhibition was measured by ELISA (see section 2.2.14.7 for more details). 

 

6.4 Results 

 

6.4.1 The Effect of MGN3 on HDF Cell Viability and Proliferation  

 

After MTT solution was added to fibroblasts cultured at 11 and 30mM and following 

treatments (RS, LPS or MGN3) there was an abundance of formazan crystal formation 

indicating a high viability of cells (Figure 6.2i and ii).   

At 30mM there was an increase in fibroblast proliferation in all cases compared to 11mM 

glucose (Figure 6.2iii). Hyperglycaemia significantly (##; P < 0.01) increased HDF 

proliferation but had no significant effect (P>0.05) on cell viability when compared to 

untreated fibroblasts cultured at pre-diabetic conditions. MGN3 significantly (P < 0.01) 

increased fibroblast proliferation (115.4%) compared to corresponding untreated 

fibroblasts (109.6%) cultured under hyperglycaemic conditions. No other treatments except 

2mg/ml MGN3 under hyperglycaemic conditions significantly influenced fibroblast 

proliferation. Furthermore, cytotoxicity results (Figure 6.2iv) illustrated all treatments 

induced low (< 3.5%) cytotoxicity to the fibroblasts, with no significant (P>0.05) detrimental 

effects on cell viability detected following any of the treatments. 
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Figure 6. 2: The Effect of MGN3 on HDF Proliferation. HDF proliferation was measured in fibroblasts cultured in low (11mM) or high (30mM) glucose following treatment 
with RS (2mg/ml), LPS (5ug/ml) or MGN3 (0.5, 1 and 2mg/ml) for 24 hours. After treatment MTT solution was added and the cells (cultured at 11; i  and 30mM glucose ; 
ii) were incubated for 3 hours to allow for crystal formation prior to image capture. Panel A is the untreated control (UC), B is RS, C is LPS, and panels D, E and F are MGN3 
treatments at 0.5 1 and 2mg/ml respectively. All images were taken with a Zeiss microscope at 40x magnification. The cell proliferation significantly increased (iii) in the 
30mM untreated control (UC) compared to the 11mM UC (## P < 0.01 determined by t-tests; n = 24). Fibroblast proliferation was also significantly increased when 
fibroblasts cultured at 30mM were treated with 2 mg/ml MGN3 compared to the corresponding glycaemic untreated control (** P < 0.01 determined by t-tests; n = 24). 
Columns and error bars indicate the % HDF proliferation relative to the 11mM UC ± the standard error of the mean (SEM) in all cases. The cytotoxicity of treatments 
including MGN3 was evaluated as part of the MTT analysis at pre-diabetic (11) and hyperglycaemic (30mM) conditions (iv). All cytotoxicity values were < 3.5%, indicating 
all treatment including MGN3 had no appreciable cytotoxic effects on HDFs. 
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6.4.2 The Effect of MGN3 on Fibroblast Cellular Metabolism  

 

6.4.2.1 Fibroblast Metabolism at Low Glucose Following TLR inhibition 

 

TLR2 inhibition (T2i) significantly increased OCR in untreated fibroblasts after oligomycin 

(post O: P = 0.004) and rotenone/antimycin A (post RA: P = 0.015). TLR4 inhibition (T4i) 

significantly elevated OCR at all timepoints (P < 0.01) compared to controls without TLR 

inhibition (Figure 6.3A). In LPS-treated fibroblasts, T2i significantly increased OCR post O 

and post RA (P < 0.01), while T4i increased OCR only post O (P = 0.016). In MGN3-treated 

fibroblasts, T2i elevated OCR post O (P = 0.004), and T4i significantly increased OCR at all 

timepoints (P < 0.05) compared to LPS treatments without TLRi. Both T2i and T4I 

significantly increased ECAR in untreated and LPS-treated fibroblasts at all timepoints (P < 

0.01; Figure 6.3B) compared to LPS treatments without TLRi. In MGN3-treated fibroblasts, 

T2i increased ECAR during P/A (P = 0.014) and post-antibiotics (P < 0.01), while T4i inhibition 

increased OCR at all timepoints (P < 0.01) compared to MGN3 treatments without TLRi. 

LPS treatment led to a small but significant increase in total ATP production (P < 0.05; Fig. 

6.3C), with 63% derived from glycolysis compared to 36% in the UC group. MGN3 treatment 

caused a substantial reduction in total ATP production compared to both UC and LPS groups, 

with HDFs primarily using the mitoATP pathway (58%), similar to UC (64%). However, 

mitoATP significantly decreased following LPS (P = 0.039) and MGN3 (P = 0.03) treatments. 

TLR inhibition increased total ATP production, mainly via glycoATP, in both LPS- and MGN3-

treated groups (Fig. 6.3C). In UC fibroblasts, mitoATP accounted for 64% of ATP, but this 

dropped significantly with T2i (4%; P = 0.015) and T4i (12%; P = 0.02), while glycoATP 

significantly increased (P = 0.018 and P = 0.004, respectively). Following LPS, mitoATP fell 

from 37% to 8% with T2i (P = 0.022) and 6% with T4i (P = 0.084), with a corresponding 

glycoATP increase (P = 0.041 and P < 0.001). Similarly, after MGN3, mitoATP decreased from 

58% to 12% with T2i (P = 0.018) and 8% with T4i (P = 0.043), while glycoATP significantly 

rose (P = 0.041 and P = 0.006). Collectively, these findings showed the TLR2 and TLR4 

pathways can regulate ATP production in a similar manner in untreated as well as 

LPS/MGN3-treated fibroblasts.  This suggests the effects of MGN3 and LPS on ATP 
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production in fibroblasts cultured at pre-diabetic conditions are mediated by mechanisms 

other than the TLR2/TLR4 pathways. 
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Figure 6. 3: Fibroblast Cellular Metabolism at Low Glucose Following TLR Inhibition. The OCR, ECAR and Real time ATP production of HDFs was analysed via seahorse 
analysis. There were significant differences (*P <0.05 and **P <0.01 determined by t-tests; n = 3) in OCR (A), ECAR (B) and in ATP production (C) were observed between 
treatments with TLR2 (T2) and TLR4 (T4) inhibition and corresponding treatments without TLR inhibition. There was also a significant decrease (# P <0.05 determined by 
t-tests; n = 3) in mitoATP production (C) in the LPS and MGN3 groups compared to the UC group. Timepoints and error bars indicate the OCR and ECAR, columns and 
error bars indicate the ATP production rate (pmol/min/100,000 Fibroblasts) ± the standard error of the mean (SEM) in all cases. The tables indicate the average OCR and 
ECAR values at pre-antibiotic (P/A), post Oligomycin (O) and post Rotenone+Antimycin A (RA) exposure. 
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6.4.2.2 Fibroblast Metabolism at High Glucose Following TLR Inhibition 

 

There were significant increases (P < 0.01) in OCR (Figure 6.4A) and ECAR (Figure 6.4B) for 

LPS and MGN3 treatments following TLR inhibition at all timepoints compared to 

corresponding treatments lacking TLR inhibition. Similarly, T2i and T4i significantly increased 

(P < 0.01) OCR and ECAR levels in untreated fibroblasts at all timepoints compared to 

untreated fibroblasts lacking TLR inhibition.   

There was a decrease in the total ATP production (Figure 6.4C) following treatment of 

fibroblasts with LPS or MGN3 compared to the UC group under hyperglycaemic conditions. 

Following LPS treatment there was a 50% split between ATP produced by mitoATP and 

glycoATP, whereas in the UC group 73% of ATP was produced via the mitoATP pathway. 

Following treatment of fibroblasts with MGN3 mitoATP production was 62%. There was a 

significant decrease in mitoATP production in fibroblasts treated with LPS or MGN3 (P = 

0.029 and P = 0.015 respectively) when compared to the UC. There was a significant increase 

in total ATP production (Figure 6.6C), notably glycoATP, following TLR inhibition in untreated 

and treated fibroblasts cultured under hyperglycaemic conditions. In UC fibroblasts, 73% of 

ATP production was via the mitoATP pathway whereas this was substantially reduced 

following T2i (9%; P = 0.001) or T4i (12%; P = 0.022). Similarly, 50% of ATP was produced via 

mitoATP following treatment with LPS but this was substantially reduced with T2i (3%; P = 

0.015) or T4i (9%; P=0.38). Similarly, 62% of ATP was produced via mitoATP pathways 

following MGN3 treatment but this was significantly reduced to 14% (P=0.12) with T2i and 

20% (P=0.885) with T4i. In contrast, T2i and T4i in untreated fibroblasts significantly 

increased glycoATP (P = 0.003 and P = 0.016 respectively) compared to untreated fibroblasts 

lacking TLR inhibition.  Similarly, T2i and T4i also significantly increased glycoATP in LPS-

treated (P < 0.01) and MGN3-treated (P = 0.000 and P = 0.024 respectively) fibroblasts 

compared to corresponding fibroblasts lacking TLR inhibition.  
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Figure 6. 4: Fibroblast Cellular Metabolism at High Glucose following TLR inhibition. The OCR, ECAR and Real time ATP production of HDFs was analysed via seahorse 
analysis. There were significant differences in OCR (A), ECAR (B) and ATP production (C) (*P <0.05 and **P <0.01 determined by t-tests; n = 3) between treatments with 
TLR2 (T2i) and TLR4 (T4i) inhibition and corresponding treatments without TLR inhibition. There was also a significant decrease (# P <0.05 determined by t-tests; n = 3) in 
mitoATP production (C) in the LPS and MGN3 groups compared to the UC group. Timepoints and error bars indicate the OCR and ECAR, columns and error bars indicate 
the ATP production rate (pmol/min/100,000 Fibroblasts) ± the standard error of the mean (SEM) in all cases. The tables indicate the OCR and ECAR values at pre-antibiotic 
(P/A), post Oligomycin (O) and post Rotenone+Antimycin A (RA) exposure. 
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6.4.3 Effect of MGN3 on Matrix, Growth Factor and Inflammatory Cytokine Secretion by 

Human Dermal Fibroblasts (HDFs)  

 

6.4.3.1 Secretion of Collagen-1 levels from HDFs 

 

Hyperglycaemia significantly (P = 0.039) inhibited collagen-1 secretion in untreated 

fibroblasts compared with fibroblasts cultured at pre-diabetic conditions (Figure 6.5). 

MGN3/LPS-treated fibroblasts secreted significantly (P < 0.01) increased amounts of COL-1 

at 11mM and particularly at 30mM compared to untreated cells, with significantly higher 

levels (P < 0.01) produced at 30mM compared to 11mM. At 11mM, TLRi significantly 

decreased (P < 0.01) COL-1 secretion in untreated fibroblasts but TLRi had no significant 

impact (P > 0.05) at 30mM in untreated fibroblasts compared to corresponding untreated 

fibroblasts without TLRi. There was also significantly (P < 0.05) decrease in COL-1 secretion 

when fibroblasts were treated with MGN3/LPS and TLRi at both 11mM and 30mM glucose 

compared to treatments without TLRi. These findings suggest TLR2 and TLR4 mediate 

MGN3/LPS-induced collagen secretion under hyperglycaemic conditions but not at pre-

diabetic conditions.     

 

 

  

Figure 6. 5: Secretion of Collagen-1 (COL-1) by Fibroblasts. COL-1 levels were measured in the supernatant 
from fibroblasts cultured in low (11mM) or high (30mM) glucose following treatment with LPS or MGN3 in the 
presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in COL-1 in untreated 
control (UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM glucose (* P < 0.05 
determined by t-tests; n = 10). There were significant increases in COL-1 between fibroblasts treated with LPS 
or MGN3 and the corresponding glycaemic UC (## P < 0.01 determined by t-tests; n = 10). There were 
significant decreases in COL-1 between fibroblasts in the presence of TLR inhibitors and corresponding 
fibroblasts lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 10). Columns and error 
bars indicate human COL-1 levels (pg/ml) ± the standard error of the mean (SEM) in all cases. 
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6.4.3.2 Secretion of Epidermal Growth Factor from HDFs  

 

EGF secretion was significantly reduced (P < 0.001) in untreated fibroblasts cultured in 

hyperglycaemic conditions compared to pre-diabetic conditions (Figure 6.6). MGN3/LPS- 

treated fibroblasts secreted significantly (P < 0.01) increased EGF levels at both 11mM and 

30mM glucose, but with significantly greater secretion at 11mM compared to 30mM (P < 

0.05). TLR2 inhibition significantly increased (P < 0.01) EGF production in untreated 

fibroblasts at 11mM, whereas TLRi increased EGF secretion from untreated fibroblasts at 

30mM glucose compared to untreated fibroblasts without TLRi. TLR2 inhibition significantly 

increased (P = 0.001) EGF in LPS-treated fibroblasts at 11mM, whereas TLRi had no 

significant effect (P > 0.05) on LPS-treated fibroblasts at 30mM glucose conditions compared 

to LPS treatment without TLRi, Although TLR2 inhibition had no effect (P > 0.05) on MGN3-

treated fibroblasts at either glycaemic condition, TLR4 inhibition significantly (P < 0.01) 

reduced EGF secretion from MGN3-treated cells at 11mM and 30mM glucose compared to 

MGN3 treatment without TLRi,. These findings suggest EGF secretion from fibroblasts was 

mediated by MGN3 at least in part through TLR4 at pre-diabetic and hyperglycaemic 

conditions.    

 

  

Figure 6. 6: Secretion of Epidermal Growth Factor (EGF) by Fibroblasts. EGF levels were measured in the 
supernatant of fibroblasts cultured in low (11mM) or high (30mM) glucose and treated with LPS or MGN3 in 
the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in EGF in untreated 
control (UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM glucose (* P < 0.05 
and ** P < 0.01 determined by t-tests; n = 8). There were significant increases in EGF between fibroblasts 
treated with LPS or MGN3 and the corresponding glycaemic UC (## P < 0.01 determined by t-tests; n = 8). There 
were significant differences in EGF between fibroblasts in the presence of TLR inhibitors and corresponding 
fibroblasts lacking TLR inhibition ($$ P < 0.01 determined by t-tests; n = 8). Columns and error bars indicate 
human EGF levels (pg/ml) ± the standard error of the mean (SEM) in all cases. 
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6.4.3.3 Fibroblast Growth Factor-2 Secretion from HDFs  

 

Hyperglycaemia significantly (P < 0.01) increased fibroblast FGF2 secretion compared to pre-

diabetic conditions (Figure 6.7). TLRi significantly increased (P < 0.01) FGF2 secretion by 

untreated fibroblasts cultured at both 11mM and 30mM glucose compared to untreated 

fibroblasts lacking TLR inhibition. FGF2 production was significantly (P = 0.029) inhibited by 

LPS at 11mM but was significantly increased (P < 0.01) by LPS treatment at 30mM compared 

to the correspond UC. TLRi inhibition also significantly increased (P < 0.01) FGF2 production 

in LPS-treated fibroblasts at both 11mM and 30mM glucose compared to LPS-treated 

fibroblasts without TLRi,. MGN3 had no significant (P>0.05) effect on FGF2 secretion from 

fibroblasts compared to untreated fibroblasts cultured at the same glycaemic 

concentration. TLR2 inhibition significantly increased (P < 0.01) FGF2 production by MGN3-

treated fibroblasts at 11mM and 30mM glucose, in a similar manner to the pattern of 

responses observed in untreated fibroblasts. TLR4 inhibition had no significant effect on 

MGN3-treated fibroblasts cultured at 11mM but significantly reduced (P < 0.05) FGF2 

production at 30mM glucose compared to MGN3-treated fibroblasts without TLRi, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. 7: Secretion of Fibroblast Growth Factor 2 (FGF2) by Fibroblasts. FGF2 levels were measured in the 
supernatant of fibroblasts cultured in low (11mM) or high (30mM) glucose and treated with LPS or MGN3 in 
the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant increase in FGF2 in untreated 
control (UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM glucose (** P < 0.01 
determined by t-tests; n = 8). There were significant decreases in COL-1 between fibroblasts treated with LPS 
or MGN3 and the corresponding glycaemic UC (# P < 0.05 and ## P < 0.01 determined by t-tests; n = 8). There 
were significant differences in FGF2 between fibroblasts in the presence of TLR inhibitors and corresponding 
fibroblasts lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 8). Columns and error 
bars indicate human FGF2 levels (pg/ml) ± the standard error of the mean (SEM) in all cases.  
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6.4.3.4 Monocyte Chemoattractant Protein-1 Secretion from HDFs  

 

MCP-1 secretion was significantly (P < 0.01) increased from fibroblasts cultured in 

hyperglycaemic conditions compared to pre-diabetic conditions (Figure 6.8). MGN3 

significantly reduced (P < 0.01) MCP-1 secretion in fibroblasts cultured at 30mM compared 

to corresponding glycaemic untreated fibroblasts but had no effect (P > 0.05) on MCP-1 

secretion at 11mM. LPS had no significant effect on MCP-1 secretion from fibroblasts 

cultured under 11mM or 30mM glucose compared to corresponding glycaemic UC 

fibroblasts. TLR2 inhibition significantly (P<0.01) increased MCP-1 production in untreated 

and LPS-treated fibroblasts cultured at 11mM whereas both TLR inhibition significantly (P < 

0.01) reduced MCP-1 production from untreated and LPS-treated fibroblasts cultured at 

30mM glucose in comparison to corresponding treatments without TLRi.  There was no 

significant (P > 0.05) effect on MGN3-mediated MCP-1 production from fibroblasts cultured 

at 11mM or 30mM glucose following TLRi in comparison MGN3 treatment without TLRi. 

These results indicate MGN3 treatment reduced MCP-1 secretion from fibroblasts cultured 

at 30mM but not at 11mM glucose. Moreover, TLR2/TLR4 influenced MCP-1 secretion in 

untreated fibroblasts, but neither TLR2 nor TLR4 influenced the MGN3-mediated inhibition 

of MCP-1 secretion. 

  

 

  

Figure 6. 8: Secretion of Monocyte Chemoattractant Protein-1 (MCP-1) by Fibroblasts. MCP-1 levels were 
measured in the supernatant of fibroblasts cultured in low (11mM) or high (30mM) glucose and treated with 
LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant increase in 
MCP-1 in untreated control (UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM 
glucose (** P < 0.01 determined by t-tests; n = 6). There were significant differences in MCP-1 between 
fibroblasts treated with LPS or MGN3 and the corresponding glycaemic UC (## P < 0.01 determined by t-tests; 
n = 6). There were significant differences in MCP-1 between fibroblasts in the presence of TLR inhibitors and 
corresponding fibroblasts lacking TLR inhibition ($$ P < 0.01 determined by t-tests; n = 6). Columns and error 
bars indicate human MCP-1 levels (pg/ml) ± the standard error of the mean (SEM) in all cases.  
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6.4.3.5 Matrix Metalloprotienase-1 Secretion from HDFs 

 

Hyperglycaemia significantly increased (P < 0.01) MMP-1 secretion from fibroblasts 

compared to fibroblasts cultured at pre-diabetic conditions (Figure 6.9). LPS-treated 

fibroblasts secreted significantly higher (P < 0.01) MMP-1 than corresponding fibroblasts 

cultured at the same glucose concentration. MGN3-treated fibroblasts cultured at 30mM 

(but not 11mM) secreted significantly higher (P < 0.01) MMP-1 than corresponding 

fibroblasts cultured at the same glucose concentration. TLRi significantly increased (P < 0.01) 

MMP-1 production in untreated fibroblasts at 11mM glucose, whereas only TLR2 inhibition 

significantly increased (P < 0.001) MMP-1 production in untreated fibroblasts at 30mM 

compared to corresponding untreated fibroblasts. TLR4 inhibition significantly decreased (P 

< 0.01) MMP-1 production by MGN3/LPS-treated fibroblasts cultured at 11mM compared 

MGN3/LPS-treated fibroblasts without TLRi. In contrast, both TLR2 and TLR4 inhibition 

significantly increased (P < 0.05) MMP-1 production from MGN3/LPS-treated fibroblasts 

cultured at 30mM glucose compared to MGN3/LPS-treated fibroblasts without TLRi. These 

results indicate that TLR4 at least in part influences MGN3/LPS-mediated MMP-1 secretion 

from fibroblasts. 

 

 

  

Figure 6. 9: Secretion of Matrix Metalloproteinase-1 (MMP-1) by Fibroblasts. MMP-1 levels were measured 
in the supernatant of fibroblasts cultured in low (11mM) or high (30mM) glucose and treated with LPS or 
MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in MMP-
1 in untreated control (UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM glucose 
(** P < 0.01 determined by t-tests; n = 10). There were significant increases in MMP-1 between fibroblasts 
treated with LPS or MGN3 and the corresponding glycaemic UC (## P < 0.01 determined by t-tests; n = 10). 
There were significant differences in MMP-1 between fibroblasts in the presence of TLR inhibitors and 
corresponding fibroblasts lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 10). 
Columns and error bars indicate human MMP-1 levels (pg/ml) ± the standard error of the mean (SEM) in all 
cases.  
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6.4.3.6 Transforming Growth Factor beta 1 Secretion from HDFs 

 

 TGFβ1 expression was significantly higher (P < 0.01) in untreated fibroblasts under 

hyperglycaemic vs. pre-diabetic conditions (Figure 6.10). MGN3/LPS-treated fibroblasts 

secreted significantly more TGFβ1 at 30mM (P < 0.01) compared to untreated fibroblasts 

but showed no significant change at 11mM (P > 0.05) glucose. TLR4 inhibition (not TLR2) 

significantly reduced TGFβ1 in untreated fibroblasts (P < 0.01), especially at 30mM glucose 

compared to untreated fibroblasts without TLRi. In LPS-treated fibroblasts, TLR4 (not TLR2) 

inhibition also reduced TGFβ1 at both 11mM and 30mM (P < 0.05) glucose compared to LPS 

treated fibroblasts without TLRi. In MGN3-treated fibroblasts, TLRi reduced TGFβ1 at 11mM 

glucose (P < 0.01), while only TLR4 inhibition was effective at 30mM glucose (P < 0.001) in 

comparison to MGN3 treatments without TLRi. These results show TGFβ1 secretion is TLR4-

dependent at both glucose levels, but TLR4 does not explain the MGN3-induced increase at 

30mM glucose. TLR2 influenced TGFβ1 only in MGN3-treated fibroblasts at 11mM glucose.  

Figure 6. 10: Secretion of Transforming Growth Factor beta 1 (TGFβ1) by Fibroblasts. TGFβ1 levels were 
measured in the supernatant of fibroblasts cultured in low (11mM) or high (30mM) glucose and treated with 
LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in 
TGFβ1 in untreated control (UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM 
glucose (** P < 0.01 determined by t-tests; n = 8)). There were significant increases in TGFβ1 between 
fibroblasts treated with LPS or MGN3 and the corresponding glycaemic UC ($ P < 0.05 and $$ P < 0.01 
determined by t-tests; n = 8). There were significant decreases in TGFβ1 between fibroblasts in the presence 
of TLR inhibitors and corresponding fibroblasts lacking TLR inhibition. Columns and error bars indicate human 
TGFβ1-1 levels (pg/ml) ± the standard error of the mean (SEM) in all cases.  
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6.4.3.7 Keratinocyte Growth Factor Secretion from HDFs  

 

Hyperglycaemia significantly reduced (P = 0.000) KGF secretion from untreated fibroblasts 

compared to pre-diabetic conditions (Figure 6.11). MGN3 also significantly decreased KGF 

secretion at 11mM (P < 0.01) but increased it at 30mM conditions (P < 0.01) whereas LPS 

significantly stimulated KGF secretion at 30 mM (P < 0.05) but had no effect at 11mM 

(P > 0.05) in comparison to the corresponding UC. TLR4 inhibition (not TLR2) reduced KGF 

secretion at 11mM (P = 0.005), while both TLR2 and TLR4 inhibition increased it at 30 mM 

(P < 0.01) in untreated fibroblasts compared to untreated fibroblast without TLRi. Neither 

TLR2 nor TLR4 inhibition affected KGF levels from LPS-treated fibroblasts (P > 0.05), but both 

significantly reduced MGN3-induced KGF secretion at 11 mM (P < 0.01), with no effect at 

30mM in comparison to the corresponding treatments without TLRi. Thus, TLR2/4 modulate 

MGN3-mediated KGF secretion specifically at pre-diabetic conditions.   

 

Figure 6. 11: Secretion of Keratinocyte Growth Factor (KGF) by Fibroblasts. KGF levels were measured in the 
supernatant of fibroblasts cultured in low (11mM) or high (30mM) glucose and treated with LPS or MGN3 in 
the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in KGF in untreated 
control (UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM glucose (** P < 0.01 
determined by t-tests; n = 10). There were significant differences in KGF between fibroblasts treated with LPS 
or MGN3 and the corresponding glycaemic UC (# P < 0.05 and ## P < 0.01 determined by t-tests; n = 10). There 
were significant differences in KGF between fibroblasts in the presence of TLR inhibitors and corresponding 
fibroblasts lacking TLR inhibition ($$ P < 0.01 determined by t-tests; n = 10). Columns and error bars indicate 
human KGF levels (pg/ml) ± the standard error of the mean (SEM) in all cases.  
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6.4.4 Effect of MGN3 on Matrix, Growth Factor and Inflammatory Cytokine Protein 

Expression in Human Dermal Fibroblasts (HDFs)  

 

6.4.4.1 COL-1 Protein Expression in HDFs   

 

Hyperglycaemia had no effect on COL-1 expression in untreated fibroblasts (Figures 6.12i 

and 6.12ii). At 11mM glucose, mean fluorescence intensity (MFI) increased in LPS/MGN3-

treated fibroblasts compared to control group (Figure 6.12iii). At 30mM, no changes in MFI 

were observed in MGN3/LPS-treated fibroblasts compare their glycaemic control group.  

There was no significant difference (P>0.05) observed in MFI of COL-1 levels in untreated 

fibroblasts cultured at 30mM glucose compared to untreated fibroblasts cultured at 11mM 

glucose. At 11mM there was a significant increase in MFI in LPS treated fibroblasts (MFI = 

2.2; P=0.045) and MGN3 treated fibroblasts (MFI=2.91; P<0.01) compared to untreated 

fibroblasts (MFI = 1). The addition of TLR2 inhibitor significantly increased (P<0.05) MFI in 

LPS treated fibroblasts compared to LPS treatment without TLR2 inhibition. The addition of 

TLR4 inhibitor significantly increased MFI in untreated fibroblasts (P<0.05) and significantly 

decreased (P<0.01) COL-1 MFI in MGN3 /LPS treated fibroblasts in comparison to 

corresponding treatments without TLR4 inhibition. At 30mM there were no significant 

differences (P>0.05) seen in MGN3/LPS treated fibroblasts compared to the UC. There were 

also no significant differences seen (P>0.05) following TLR inhibition. These results TLR4 

influences COL-1 expression in untreated and MGN3/LPS treated fibroblasts at pre-diabetic 

conditions.   
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Figure 6. 12: COL-1 Protein Expression in HDFs at Low and High Glucose. The expression of COL-1 in HDFs cultured at Low (11mM) (i) and High (30mM) (ii) glucose was 
captured using thunder microscopy. MFI of COL-1 expression (iii) was measured in fibroblasts following treatments (with LPS and MGN3) and TLR2 (T2) and TLR4 (T4) 
inhibition. The different cell components were identified using fluorescent stains; red indicated COL-1 expression, green identified f-actin using phalloidin and blue 
represented the nucleus using DAPI. Fibroblasts received different treatments; Panel A = UC, panel B = UC + T2, panel C = UC + T4, panel D = LPS, panel E = LPS + T2, panel 
F = LPS + T4, panel G = MGN3, panel H = MGN3 + T2 and panel I = MGN3 + T4. Images were captured at 60x magnification. There were significant increases MFI in 
MGN3/LPS treated fibroblasts when compared to the corresponding glycaemic untreated control (UC) (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 5). There 
were significant differences in MFI between fibroblasts in the presence of TLR inhibitors and corresponding fibroblasts lacking TLR inhibition (# P < 0.05 and # # P < 0.01 
determined by t-tests; n = 5). Columns and error bars indicate HDF MFI ± the standard error of the mean (SEM) in all cases. 
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6.4.4.2 TGFβ1 Protein Expression in HDFs  

 

Hyperglycaemia  reduced TGFβ1 expression in untreated fibroblasts compared to fibroblasts 

cultured at prediabetic (11mM) conditions (Figures 6.13i and 6.13ii). At prediabetic 

conditions, LPS increased TGFβ1 expression, which was reduced by TLR4 inhibition. TGFβ1 

expression was slightly increased in MGN3-treated fibroblasts and then decreased following 

TLR inhibition. Under hyperglycaemia, MGN3/LPS treatments elevated TGFβ1 expression 

and reversed by TLR4 inhibition.  

Hyperglycaemia significant inhibited (P<0.01) effect on the mean fluorescence intensity 

(MFI) of TGFβ1 levels in untreated fibroblasts (Figure 6.13iii). At prediabetic conditions there 

was a significant increase (P=0.042) in MFI in LPS treated fibroblasts compared to untreated 

fibroblasts. The addition of TLR4 inhibitor significantly decreased (P=0.022) MFI in LPS 

treated fibroblasts. TLR2/4 inhibition resulted in significant (P<0.01) decreases in MFI in 

MGN3 treated fibroblasts compared to MGN3 treated fibroblasts without TLRi. At 30mM 

glucose there significant (P<0.01) increases in MFI in MGN3/LPS treated fibroblasts 

compared to the untreated fibroblasts. the addition of TLR2 inhibitor resulted in a significant 

(P<0.01) decrease in MFI in untreated fibroblast. In MGN3/LPS treated fibroblasts there 

were significant (P<0.01) decreases in MFI when TLR4 inhibitor was added. These results 

LPS influences TGFβ1 expression in fibroblast through TLR4 at pre-diabetic and 

hyperglycaemic conditions.  
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Figure 6. 13: TGFβ1 Expression in HDFs at Low and High Glucose. The TGFβ1 expression in HDFs cultured at Low (11mM) (i) and High (30mM) (ii) glucose was captured 
using thunder microscopy. MFI of TGFβ1 expression (iii) was measured in fibroblasts following treatments (with LPS and MGN3) and TLR2 (T2) and TLR4 (T4) inhibition. 
The different cell components were identified using fluorescent stains; red indicated TGFβ1 expression, green identified f-actin using phalloidin and blue represented the 
nucleus using DAPI. Fibroblasts received different treatments; Panel A = UC, panel B = UC + T2, panel C = UC + T4, panel D = LPS, panel E = LPS + T2, panel F = LPS + T4, 
panel G = MGN3, panel H = MGN3 + T2 and panel I = MGN3 + T4. Images were captured at 60x magnification. There was a significant decrease in MFI in untreated control 
(UC) fibroblasts cultured at 30mM compared to UC fibroblasts cultured at 11mM glucose ($$ P < 0.01 determined by t-tests; n = 5). There were significant differences in 
MFI in LPS and MGN3 treated fibroblast when compared to the corresponding glycaemic untreated control (UC) (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 5). 
There were significant differences in MFI between fibroblasts in the presence of TLR inhibitors and corresponding fibroblasts lacking TLR inhibition (# P < 0.05 and # # P < 
0.01 determined by t-tests; n = 5).  Columns and error bars indicate HDF MFI ± the standard error of the mean (SEM) in all cases. 
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6.4.5 Influence of MGN3-Induced M1 Macrophage-, Keratinocyte- and Fibroblast-

Derived EGF and FGF2 Secretion on Fibroblast Proliferation 

 

6.4.5.1 Influence of MGN3-Induced EGF Secretion on Fibroblast Proliferation 

 

HDF proliferation was significantly reduced by supernatants from fibroblasts cultured at 

hyperglycaemic conditions compared to pre-diabetic conditions (P = 0.02; 88.9% vs. 100%) 

(Figure 6.14A). EGF inhibition had no significant effect at 30mM (84.8%) but significantly 

reduced proliferation at 11mM (P < 0.05), suggesting higher EGF presence at pre-diabetic 

conditions. TLR2/4 inhibition significantly reduced HDF proliferation at 11mM (P < 0.01), 

with TLR4 inhibition also reducing proliferation at 30mM (P < 0.01) compared to untreated 

fibroblasts without TLRi. Supernatants from MGN3/LPS-treated fibroblasts significantly 

decreased HDF proliferation at 11mM and increased it at 30mM (P < 0.05) in comparison to 

treatments compared to the correspond untreated controls. EGF inhibition further reduced 

proliferation at 11mM (P < 0.01), indicating EGF involvement at pre-diabetic conditions. 

TLR2/4 inhibition in LPS-treated fibroblasts at 11mM increased HDF proliferation, whereas 

TLR4 inhibition at 30mM decreased it (P < 0.05) compared to corresponding LPS treated 

fibroblast without TLRi. In MGN3-treated fibroblasts, TLR2/4 inhibition at both glucose 

levels significantly reduced HDF proliferation (P < 0.05) compared to corresponding MGN3 

treated fibroblast without TLRi. These results suggest TLR2/4 mediate LPS responses at 

11mM and MGN3 responses at both glucose levels, with inhibition producing effects 

opposite to untreated controls. 

HDF proliferation was significantly reduced by supernatants from keratinocytes cultured at 

hyperglycaemic conditions compared to pre-diabetic conditions (P = 0.003; 67.8% vs. 100%) 

(Figure 6.14B). EGF inhibition had no effect at 30mM but further reduced proliferation at 

11mM (P < 0.01; 70.1%), suggesting higher EGF levels in supernatants from keratinocytes 

cultured at pre-diabetic conditions. TLR2/4 inhibition significantly reduced HDF proliferation 

in response to supernatants from untreated keratinocytes at 11mM (P < 0.05) but had no 

effect at 30mM compared to corresponding untreated keratinocytes without TLRi. 

Supernatants from MGN3/LPS-treated keratinocytes at 11mM reduced HDF proliferation (P 

< 0.05), while those at 30mM had no effect compared to corresponding UC. EGF blockade 
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significantly decreased proliferation only with 11mM MGN3-treated supernatants (P = 

0.005), suggesting limited EGF involvement. TLR4 (not TLR2) inhibition further reduced 

proliferation with 11mM MGN3-treated supernatants; LPS effects were unaffected by TLR 

inhibition. Overall, MGN3/LPS-treated keratinocytes likely secrete factors that inhibit HDF 

proliferation, but EGF is unlikely to be a key mediator.  

HDF proliferation was significantly reduced by supernatants from macrophages cultured at 

hyperglycaemic compared to pre-diabetic conditions (P = 0.038; 83.7% vs. 100%) (Figure 

6.14C). EGF inhibition had no significant effect, with similar proliferation levels observed 

(83.9% vs. 100%). These findings suggest high glucose impairs fibroblast proliferation, but 

macrophage-derived EGF is not the primary mediator. TLR2 inhibition significantly reduced 

fibroblast proliferation in response to supernatants from untreated macrophages at 11mM 

(P = 0.01), but neither TLR2 nor TLR4 inhibition had effects at 30mM in comparison to 

untreated macrophages without TLRi. EGF inhibition significantly reduced proliferation at 

11mM (P = 0.042), indicating EGF’s positive role at pre-diabetic conditions, but had no effect 

at 30mM. Interestingly, EGF inhibition increased proliferation in response to LPS-treated 

11mM supernatants (P < 0.01) but had no effect on MGN3/LPS-treated 30mM supernatants. 

MGN3-treated macrophage supernatants significantly reduced fibroblast proliferation (P < 

0.05), though MGN3/LPS-treated 30mM supernatants showed no significant effect. At 

30mM, TLR2 inhibition significantly decreased proliferation in response to MGN3-treated 

supernatants (P = 0.007) compared to MGN3 treated macrophages without TLRi, suggesting 

TLR2 involvement under hyperglycaemia.  
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Figure 6. 14: Influence of MGN3-Induced EGF Secretion on Fibroblast Proliferation. The supernatants from fibroblasts, keratinocyte and macrophages cultured in low 
(11mM) or high (30mM) glucose was collected following treatment with/without LPS or MGN3, in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibitors to evaluate 
fibroblast-derived (A), keratinocyte-derived (B) and macrophage-derived (C) EGF on fibroblast proliferation. Separate HDFs pre-incubated with/without EGF blocking 
antibody (Ab) were treated with the supernatants to determine the effect on HDF proliferation. There was a significant reduction in HDF proliferation following exposure to 
supernatant from the 30mM untreated control (UC) compared with the 11mM UC (* P < 0.05 and (** P < 0.01 determined by t-tests; n = 4). There were significant differences 
in HDF proliferation following exposure to MGN3/LPS-derived supernatant compared with the corresponding glycaemic UC (# P < 0.05 and ## P < 0.01 determined by t-test; 
n = 4).  There were also significant differences in HDF proliferation following exposure to supernatant derived from untreated/treated fibroblasts in the presence of TLR 
inhibition and supernatants from corresponding treatments lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 4). There were differences in HDF 
proliferation following exposure to supernatants in the presence of blocking Ab and corresponding supernatants in the absence of Ab (! P < 0.05 and !! P < 0.01determined 
by t-tests; n = 4). Columns and error bars indicate % HDF Proliferation ± the standard error of the mean (SEM) relative to levels observed in the 11mM UC. 
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6.4.5.2 Influence of MGN3-Induced FGF2 Secretion on Fibroblast Proliferation 

 

HDF proliferation was significantly reduced by supernatants from fibroblasts cultured at 

hyperglycaemic conditions compared to pre-diabetic conditions (P = 0.038; 85.1% vs. 100%) 

(Figure 6.15A). FGF2 inhibition had no significant effect, though proliferation slightly 

increased at 30mM (93.7%). This suggests high glucose impairs proliferation, but fibroblast-

derived FGF2 is not a key inhibitor. TLR2/4 inhibition had no effect at 11mM, but TLR4 

inhibition significantly increased proliferation at 30mM (P < 0.01) compared to untreated 

fibroblasts without TLRi. FGF2 inhibition significantly increased proliferation at 11mM (P = 

0.001) but had no effect at 30mM, indicating a role for FGF2 at pre-diabetic conditions but 

not hyperglycaemic conditions. FGF2 inhibition also increased proliferation with LPS-treated 

11mM supernatants (P = 0.013) but had no effect on MGN3/LPS-treated 30mM 

supernatants. MGN3/LPS-treated fibroblast supernatants at 11mM significantly reduced 

proliferation overall (P < 0.05), though 30mM supernatants had no significant impact 

compared to the corresponding untreated fibroblasts. At 11mM, TLRi with LPS increased 

proliferation (P < 0.05), while TLRi with MGN3 reduced it (P < 0.05) in comparison to 

corresponding treatments without TLRi. No significant TLR effects were seen at 30mM. 

These results suggest LPS and MGN3 influence proliferation via TLR2/4 at 11mM.  

HDF proliferation was reduced by supernatants from keratinocytes cultured at 

hyperglycaemic conditions but not significantly (P = 0.102; 70.4% vs. 100% at 11mM) (Figure 

6.15B). FGF2 inhibition had no significant effect (P > 0.05), suggesting keratinocyte-derived 

FGF2 does not regulate fibroblast proliferation under either glucose condition. TLR 

inhibition also had no significant impact at 11mM or 30mM. Proliferation increased with 

MGN3-treated 30mM supernatants. At 11mM, TLR4 inhibition with LPS significantly 

reduced proliferation (P = 0.044), while at 30mM, TLR2 inhibition plus FGF2 inhibition 

significantly increased it (P = 0.009), though the mechanism is unclear. These results suggest 

LPS effects may be mediated by TLR4 at 11mM.  

HDF proliferation slightly increased with supernatants from macrophages cultured at 

hyperglycaemic conditions but not significantly (P = 0.278; 103.5% vs. 100% at 11mM) 

(Figure 6.15C). FGF2 inhibition at 30mM significantly enhanced proliferation (P = 0.025; 
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164.4%), suggesting macrophage-derived FGF2 may limit proliferation under 

hyperglycaemia. No significant effects were seen with TLR inhibition at 11mM, but TLR2 

inhibition at 30mM significantly increased proliferation (P < 0.01) when comparison were 

made against the corresponding untreated macrophages. FGF2 inhibition had no effect at 

11mM, indicating FGF2 is not involved at pre-diabetic conditions. MGN3-treated 11mM 

supernatants increased proliferation (P = 0.021) in comparison to the UC, with further 

enhancement when combined with FGF2 inhibition (P = 0.01). TLR inhibition had no effect 

on MGN3/LPS supernatants at 11mM, but TLR2 inhibition significantly reduced proliferation 

with MGN3-treated supernatants at 30mM (P = 0.001) compared to corresponding 

treatments without TLRi, indicating TLR2 involvement under hyperglycaemia.  
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Figure 6. 15: Influence of MGN3-Induced FGF2 Secretion on Fibroblast Proliferation. The supernatants from fibroblasts, keratinocyte and macrophages cultured in low 
(11mM) or high (30mM) glucose was collected following treatment with/without LPS or MGN3, in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibitors to evaluate 
fibroblast-derived (A), keratinocyte-derived (B) and macrophage-derived (C) FGF2 on fibroblast proliferation. Separate HDFs pre-incubated with/without FGF2 blocking 
antibody (Ab) were treated with the supernatants to determine the effect on HDF proliferation. There was a significant reduction in HDF proliferation following exposure 
to supernatant from the 30mM untreated control (UC) compared with the 11mM UC (* P < 0.05 determined by t-tests; n = 4). There were significant differences in HDF 
proliferation following exposure to MGN3/LPS-derived supernatant compared with the corresponding glycaemic UC (# P < 0.05 and ## P < 0.01 determined by t-test; n = 
4).  There were also significant differences in HDF proliferation following exposure to supernatant derived from untreated/treated fibroblasts in the presence of TLR 
inhibition and supernatants from corresponding treatments lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 4). There were differences in HDF 
proliferation following exposure to supernatants in the presence of blocking Ab and corresponding supernatants in the absence of Ab (! P < 0.05 and !! P < 0.01determined 
by t-tests; n = 4). Columns and error bars indicate % HDF Proliferation ± the standard error of the mean (SEM) relative to levels observed in the 11mM UC. 
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6.4.6 The Effect of MGN3 on HACAT Cell Viability and Proliferation  

 

After MTT solution was added to keratinocytes cultured at 11 and 30mM and following 

treatments (RS, LPS or MGN3) there was an abundance of formazan crystal formation 

indicating a high viability of cells (Figure 6.16i and 6.16ii).   

Hyperglycaemia significantly (P < 0.01) decreased keratinocyte proliferation when 

compared to keratinocytes grown at pre-diabetic conditions (76.5% at 30mM vs 100.0% at 

11mM) (Figure 6.16iii). Under 11mM glycaemic conditions, keratinocyte proliferation was 

significantly (P < 0.05) inhibited following treatment with LPS/RS compared to the untreated 

control. However, there was a significant increase (P < 0.01) in keratinocyte proliferation in 

MGN3-treated (2mg/ml) keratinocytes cultured at 11mM and MGN3-treated (0.5, 1.0 and 

2.0mg/ml) keratinocytes cultured at 30mM compared to the glycaemic controls.  At 30mM, 

keratinocyte proliferation was significantly inhibited (P = 0.024) in RS-treated keratinocytes 

compared to untreated keratinocytes. LPS did significantly influence (P > 0.05) keratinocyte 

proliferation under hyperglycaemic conditions. These results indicate that hyperglycaemia 

restricts keratinocyte proliferation whereas MGN3 could reverse this detrimental effect to 

some extent. Also, MGN3 was not shown to have any cytotoxic effects on keratinocyte 

proliferation at pre-diabetic or hyperglycaemic conditions (Figure 6.16iv).  
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Figure 6. 16: The Effect of MGN3 on HACAT Proliferation. HACAT proliferation was measured in keratinocytes cultured in low (11mM) or high (30mM) glucose following 
treatment with RS (2mg/ml), LPS (5ug/ml) or MGN3 (0.5, 1 and 2mg/ml) for 24 hours. After treatment MTT solution was added and the cells (cultured at 11; i  and 30mM 
glucose ; ii) were incubated for 3 hours to allow for crystal formation prior to image capture. Panel A is the untreated control (UC), B is RS, C is LPS, and panels D, E and 
F are MGN3 treatments at 0.5 1 and 2mg/ml respectively. All images were taken with a Zeiss microscope at 40x magnification. The cell proliferation significantly 
decreased (iii) in the 30mM untreated control (UC) compared to the 11mM UC (## P < 0.01 determined by t-tests; n = 24). There were also significant differences in 
keratinocyte proliferation when comparisons were made against the corresponding glycaemic (UC) control (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 24). 
Columns and error bars indicate the % HACAT proliferation relative to the 11mM UC ± the standard error of the mean (SEM) in all cases. The cytotoxicity of treatments 
including MGN3 was evaluated as part of the MTT analysis at pre-diabetic (11) and hyperglycaemic (30mM) conditions (iv). All cytotoxicity values were 0%, indicating all 
treatment including MGN3 had no appreciable cytotoxic effects on HACATs. 



 

~ 224 ~ 
 

6.4.7 The Effect of MGN3 on Keratinocyte Cellular Metabolism  

 

6.4.7.1 Keratinocyte Metabolism at Low Glucose Following TLR Inhibition  

 

TLR2 inhibition significantly decreased (P < 0.01) OCR levels (Figure 6.17A) in untreated 

keratinocytes at all timepoints and TLR4 inhibition also significantly decreased OCR levels in 

untreated keratinocytes in the P/A (P = 0.033) period and post O (P < 0.001) but then 

significantly (P < 0.01) increased again post RA compared to untreated keratinocytes 

without TLR inhibition. TLR2 inhibition significantly (P < 0.05) reduced OCR in LPS-treated 

keratinocytes at all timepoints and TLR4 significantly increased (P < 0.01) compared to LPS 

treated keratinocytes without TLR inhibition. TLR2/4 inhibition significantly (P < 0.01) 

reduced OCR in MGN3-treated keratinocytes during the P/A period and post O compared to 

MGN3 treated keratinocytes without TLR inhibition. TLR4 inhibition also significantly (P < 

0.01) increased OCR in MGN3-treated keratinocytes post RA compared to MGN3 treated 

keratinocytes without TLR inhibition. TLR inhibition significantly decreased (P < 0.01) ECAR 

levels (Figure 6.17B) in untreated and LPS treated keratinocytes at all timepoints compared 

to untreated and LPS treated keratinocytes without TLR inhibition. TLR2 inhibition 

significantly (P < 0.01) reduced ECAR in MGN3-treated keratinocytes post RA whereas TLR4 

inhibition significantly (P < 0.01) inhibited ECAR in MGN3-treated keratinocytes at all 

timepoints compared to MGN3 treated keratinocytes without TLR inhibition. 

Total ATP production increased in LPS/MGN3-treated keratinocytes compared to untreated 

controls (UC) (Figure 6.17C). In UC and LPS-treated groups, 82% of ATP was glycolytic, while 

in MGN3-treated cells, glycolytic ATP dropped to 60%, with a significant rise in mitoATP (P = 

0.003). TLR2/4 inhibition reduced total ATP in all groups. In untreated keratinocytes, ATP 

levels fell to 607 and 636pmol (vs. UC: 837pmol), with glycolytic ATP increasing to 91% 

(TLR2) and 94% (TLR4). LPS-treated keratinocytes showed marked ATP reduction after TLR 

inhibition (369 and 119pmol vs. 1010pmol), and glycolytic ATP rose to 95% (T2) from 80%. 

MGN3-treated keratinocytes also showed reduced ATP with TLR2 (532pmol) and TLR4 

(477pmol) inhibition (vs. 937pmol), with glycolytic ATP increasing to 85% and 94%, 

respectively (vs. 60%). TLR2/4 inhibition significantly decreased mitoATP in UC (P = 0.018; P 

= 0.002) and in MGN3-treated keratinocytes (P < 0.01) compared to MGN3 treated 
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keratinocytes without TLR inhibition. Both TLR2/4 inhibition suppressed glycoATP and 

mitoATP in LPS-treated cells (P < 0.05), and TLR4 inhibition significantly reduced glycoATP in 

MGN3-treated cells (P = 0.019) compared to corresponding treatments  without TLR 

inhibition. 
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Figure 6. 17: Keratinocyte Cellular Metabolism at Low Glucose Following TLR Inhibition. The OCR, ECAR and Real time ATP production of HACATs was analysed via 
seahorse analysis. There were significant differences (*P <0.05 and **P <0.01 determined by t-tests; n = 3) in OCR (A), ECAR (B) and in ATP production (C) were observed 
between treatments with TLR2 (T2) and TLR4 (T4) inhibition and corresponding treatments without TLR inhibition. There was a significant increase (# P <0.05 determined 
by t-tests; n = 3) in mitoATP production (C) in the MGN3 group compared to the UC group. Timepoints and error bars indicate the OCR and ECAR, columns and error bars 
indicate the ATP production rate (pmol/min/100,000 Keratinocytes) ± the standard error of the mean (SEM) in all cases. The tables indicate the average OCR and ECAR 
values at pre-antibiotic (P/A), post Oligomycin (O) and post Rotenone+Antimycin A (RA) exposure. 
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6.4.7.2 Keratinocyte Metabolism at High Glucose Following TLR Inhibition  

 

TLR2/4 inhibition significantly increased (P < 0.05) the OCR (Figure 6.18A) in untreated 

keratinocytes at all timepoints compared to untreated keratinocytes without TLR inhibition. 

TLR2/4 inhibition significantly (P < 0.01) increased the OCR in LPS treated keratinocytes at 

post O and RA compared to LPS treated keratinocytes without TLR inhibition. TLR2 inhibition 

significantly increased (P < 0.01) the OCR in MGN3 treated keratinocytes at all timepoints 

compared to MGN3 treated keratinocytes without TLR2 inhibition. TLR4 inhibition 

significantly increased (P < 0.01) the OCR in MGN3 treated keratinocytes at P/A and post RA 

compared to MGN3 treated keratinocytes without TLR4 inhibition. TLR2/4 inhibition 

significantly (P < 0.05) inhibited ECAR (Figure 6.18B) in untreated keratinocytes compared 

to untreated keratinocytes without TLR inhibition. TLR2 inhibition significantly (P = 0.022) 

inhibited ECAR post O and TLR4 significantly (P < 0.01) ECAR at all timepoints in LPS treated 

keratinocytes compared to LPS treated keratinocytes without TLR inhibition. TLR2 inhibition 

significantly (P = 0.018) inhibited ECAR post O and TLR4 significantly (P < 0.05) ECAR at all 

timepoints in MGN3 treated keratinocytes compared to MGN3 treated keratinocytes 

without TLR inhibition.  

Total ATP decreased in LPS-treated keratinocytes and slightly increased in MGN3-treated 

cells compared to untreated controls (UC). Glycolytic ATP was 82% in UC, 63% in LPS-treated, 

and 74% in MGN3-treated cells. Both LPS and MGN3 treatments significantly increased 

mitoATP (P = 0.003 and P = 0.031), while glycoATP significantly decreased in LPS-treated 

cells compared to untreated keratinocytes. TLR inhibition reduced total ATP in all groups. In 

UC, TLR4 inhibition lowered ATP to 658pmol (vs. 793pmol), while increasing glycoATP to 96–

99% (vs. 82%). In LPS-treated cells, TLR2 inhibition decreased ATP (489pmol) and raised 

glycolytic ATP to 98%; TLR4 inhibition increased ATP (729pmol) and glycolytic ATP to 68% 

(vs. 63%). In MGN3-treated cells, ATP increased with TLR2 inhibition (887pmol) and 

decreased with TLR4 inhibition (641pmol) vs. untreated MGN3 (819pmol). TLR2/4 inhibition 

significantly reduced mitoATP in UC (P < 0.01) and in LPS-treated cells (P < 0.05), with TLR4 

inhibition also significantly increasing glycoATP (P = 0.007) compared to corresponding 

treatments without TLR inhibition. In MGN3-treated cells, TLR2 inhibition significantly 
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increased mitoATP (P = 0.014), while TLR4 inhibition significantly decreased it (P = 0.002) 

compared to MGN3 treated keratinocytes without TLR inhibition. 
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Figure 6. 18: Keratinocyte Cellular Metabolism at High Glucose Following TLR Inhibition. The OCR, ECAR and Real time ATP production of HACATs was analysed via 
seahorse analysis. There were significant differences (*P <0.05 and **P <0.01 determined by t-tests; n = 3) in OCR (A), ECAR (B) and in ATP production (C) were observed 
between treatments with TLR2 (T2) and TLR4 (T4) inhibition and corresponding treatments without TLR inhibition. There were also significant increases (# P <0.05 and 
## P <0.01 determined by t-tests; n = 3) in mitoATP production (C) in the LPS and MGN3 groups compared to the UC group. Timepoints and error bars indicate the OCR 
and ECAR, columns and error bars indicate the ATP production rate (pmol/min/100,000 Keratinocytes) ± the standard error of the mean (SEM) in all cases. The tables 
indicate the average OCR and ECAR values at pre-antibiotic (P/A), post Oligomycin (O) and post Rotenone+Antimycin A (RA) exposure. 
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6.4.8 Effect of MGN3 on Growth Factor, Transcription Factor and Antimicrobial Peptide 

Production by HACAT Cells  

 

6.4.8.1 Secretion of Epidermal Growth Factor from HACATs 

 

Hyperglycaemia significantly increased EGF production in untreated keratinocytes 

compared to pre-diabetic conditions (Figure 6.19). LPS significantly elevated EGF at 11mM 

glucose (P = 0.000) compared to the UC. TLR2 inhibition significantly increased EGF in 

untreated (P = 0.000) and MGN3-treated (P = 0.007) keratinocytes at 11mM compared to 

corresponding treatments without TLR inhibition. At 30mM glucose, TLR2 inhibition 

reduced EGF in LPS-treated cells (P = 0.018), while both TLR2 and TLR4 inhibition 

significantly decreased EGF in MGN3-treated keratinocytes (P < 0.05) compared to 

corresponding treatments without TLR inhibition. These findings suggest LPS-driven EGF 

secretion is TLR2-dependent, and MGN3-mediated EGF production involves both TLR2 and 

TLR4 under hyperglycaemic conditions. 

 

 

 

 

 

 

 

 

 

Figure 6. 19: Secretion of Epidermal Growth Factor (EGF) by Keratinocytes. EGF levels were measured in the 
supernatant keratinocytes cultured in low (11mM) or high (30mM) glucose and treated with LPS or MGN3 in 
the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in EGF in untreated 
control (UC) keratinocytes cultured at 30mM compared to UC keratinocytes cultured at 11mM glucose (* P < 
0.05 determined by t-tests; n = 8). There was a significant increase in EGF between keratinocytes treated with 
LPS at 11mM the corresponding UC keratinocytes (## P < 0.01 determined by t-tests; n = 8). There were 
significant differences in EGF between keratinocytes in the presence of TLR inhibitors and corresponding 
keratinocytes lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 8). Columns and error 
bars indicate human EGF levels (pg/ml) ± the standard error of the mean (SEM) in all cases. 
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6.4.8.2 Secretion of Fibroblast Growth Factor 2 by HACATs 

 

Hyperglycaemia significantly (P < 0.001) decreased FGF2 production in untreated 

keratinocytes compared to pre-diabetic conditions (Figure 6.20). MGN3/LPS-treated 

keratinocytes secreted significantly (P < 0.05) increased FGF2 at both pre-diabetic and 

hyperglycaemic conditions compared to the corresponding untreated keratinocytes. TLR2/4 

inhibition significantly (P < 0.01) inhibited FGF2 production in untreated and LPS/MGN3-

treated keratinocytes at both pre-diabetic and hyperglycaemic conditions compared to 

corresponding treatments without TLR inhibition, with no distinct differences noted 

between untreated and MGN3/LPS-treated keratinocytes.    

 

 

 

Figure 6. 20: Secretion of Fibroblast Growth Factor 2 (FGF2) by Keratinocytes. FGF2 levels were measured in 
the supernatant keratinocytes cultured in low (11mM) or high (30mM) glucose and treated with LPS or MGN3 
in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in FGF2 in 
untreated control (UC) keratinocytes cultured at 30mM compared to UC keratinocytes cultured at 11mM 
glucose (** P < 0.01 determined by t-tests; n = 8). There were significant increases in FGF2 between 
keratinocytes treated with LPS or MGN3 at 11mM the corresponding UC keratinocytes (#P < 0.05 and ## P < 
0.01 determined by t-tests; n = 8). There were significant differences in FGF2 between keratinocytes in the 
presence of TLR inhibitors and corresponding keratinocytes lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 
determined by t-tests; n = 8).  Columns and error bars indicate human FGF2 levels (pg/ml) ± the standard error 
of the mean (SEM) in all cases. 
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6.4.8.3 Secretion of Transforming Growth Factor Beta 1 by HACATs 

 

Hyperglycaemia did not significantly (P < 0.05) effect TGFβ1 secretion from untreated 

keratinocytes compared to pre-diabetic conditions (Figure 6.21). TLR2/4 inhibition 

significantly decreased (P < 0.001) TGFβ1 secretion from untreated keratinocytes cultured 

under 11mM glucose conditions, and TLR2 inhibition again significantly (P < 0.001) 

decreased TGFβ1 levels under 30mM glucose conditions compared to untreated 

keratinocytes without TLR inhibition. Although MGN3 (but not LPS) significantly reduced 

TGFβ1 secretion at 11mM conditions, neither LPS nor MGN3 influenced TGFβ1 secretion 

under 30mM conditions compared to corresponding UC. TLR inhibition did not significantly 

(P > 0.05) effect TGFβ1 secretion from MGN3/LPS-treated keratinocytes under 11mM 

conditions. In contrast, TLR inhibition  significantly (P < 0.05) inhibited TGFβ1 secretion from 

MGN3/LPS-treated keratinocytes at 30mM conditions compared to corresponding 

treatments without TLR inhibition. These results suggested MGN3/LPS-mediated TGFβ1 

secretion from keratinocytes is influenced by TLR4 at hyperglycaemic conditions but not at 

pre-diabetic conditions.       

Figure 6. 21: Secretion of Transforming Growth Factor beta 1 (TGFβ1) by Keratinocytes. TGFβ1 levels were 
measured in the supernatant keratinocytes cultured in low (11mM) or high (30mM) glucose and treated with 
LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There were significant decreases in 
TGFβ1 between keratinocytes treated with MGN3 at 11mM the corresponding UC keratinocytes (#P < 0.05 
determined by t-tests; n = 15). There were significant differences in TGFβ1 between keratinocytes in the 
presence of TLR inhibitors and corresponding keratinocytes lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 
determined by t-tests; n = 15). Columns and error bars indicate human TGFβ1 levels (pg/ml) ± the standard 
error of the mean (SEM) in all cases. 



 

~ 233 ~ 
 

6.4.8.4 Secretion of Nuclear Factor Erythroid 2–related Factor 2 by HACATs  

 

Hyperglycaemia significantly (P = 0.035) increased NRF2 secretion from untreated 

keratinocytes compare to pre-diabetic conditions (Figure 6.22). MGN3-treated 

keratinocytes secreted significantly (P = 0.005) higher levels of NRF2 compared to untreated 

keratinocytes when cultured at 11mM. In contrast, MGN3-treated (but not LPS-treated) 

keratinocytes secreted substantially (P = 0.001) lower levels of NRF2 than untreated 

keratinocytes at 30mM conditions. TLR2 inhibition significantly (P = 0.012) decreased NRF2 

secretion from untreated keratinocytes at 11mM conditions whereas at 30mM conditions 

both TLR2 and TLR4 significantly (P < 0.05) inhibited NRF2 secretion compared to untreated 

keratinocytes without TLR inhibition. At 11mM conditions, TLR4 (but not TLR2) inhibition 

significantly (P = 0.002) decreased NRF2 in LPS-treated keratinocytes whereas TLR inhibition 

had no significant influence on NRF2 secretion from MGN3-treated keratinocytes compared 

to corresponding treatments without TLR inhibition.  Both TLR2 and TLR4 significantly (P < 

0.05) inhibited NRF2 in MGN3/LPS-treated keratinocytes at 30mM conditions compared to 

corresponding treatments without TLR inhibition.  

 

 

 

 

 

 

 

 

Figure 6. 22: Secretion of Nuclear factor erythroid 2-related factor 2 (NRF2) by Keratinocytes. NRF2 levels 
were measured in the supernatant keratinocytes cultured in low (11mM) or high (30mM) glucose and treated 
with LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant increase 
in NRF2 in untreated control (UC) keratinocytes cultured at 30mM compared to UC keratinocytes cultured at 
11mM glucose (* P < 0.05 determined by t-tests; n =12). There were significant differences in NRF2 between 
keratinocytes treated with MGN3 and the corresponding UC keratinocytes (##P < 0.01 determined by t-tests; 
n = 12). There were significant differences in NRF2 between keratinocytes in the presence of TLR inhibitors and 
corresponding keratinocytes lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 12). 
Columns and error bars indicate human NRF2 levels (pg/ml) ± the standard error of the mean (SEM) in all 
cases. 
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6.4.8.5 Intracellular Nuclear Factor Erythroid 2–related Factor 2 Protein Expression in 

HACATs 

 

Hyperglycaemia significantly (P = 0.004) increased intracellular NRF2 expression compared 

to untreated keratinocytes at pre-diabetic conditions (Figure 6.23). At 11mM and 30mM 

conditions MGN3/LPS-treated keratinocytes expressed significantly (P < 0.01) higher levels 

of NRF2 protein compared to corresponding glycaemic untreated keratinocytes. TLR2/4 

inhibition significantly decreased NRF2 expression in untreated and MGN3/LPS-treated 

keratinocytes cultured at 11mM (P < 0.05) and 30mM conditions (P < 0.01) compared to 

corresponding treatments without TLR inhibition. These results suggest MGN3/LPS-

mediated intracellular NRF2 production was not appreciably influenced by TLR2/4 above 

that observed in untreated keratinocytes at either pre-diabetic or hyperglycaemic 

conditions.   

 

Figure 6. 23: Intracellular Nuclear Factor Erythroid 2–related Factor 2 Protein Expression in HACATs. NRF2 
levels were measured in keratinocytes lysates which had been cultured in low (11mM) or high (30mM) glucose 
and treated with LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a 
significant increase in NRF2 in untreated control (UC) keratinocytes cultured at 30mM compared to UC 
keratinocytes cultured at 11mM glucose (** P < 0.01 determined by t-tests; n =12). There were significant 
increases in NRF2 between keratinocytes treated with LPS or MGN3 and the corresponding UC keratinocytes 
(##P < 0.01 determined by t-tests; n = 12). There were significant differences in NRF2 between keratinocytes in 
the presence of TLR inhibitors and corresponding keratinocytes lacking TLR inhibition ($ P < 0.05 and $$ P < 
0.01 determined by t-tests; n = 12).  Columns and error bars indicate human NRF2 levels (pg/ml) ± the standard 
error of the mean (SEM) in all cases. 
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6.4.8.6 Intracellular Cathelicidin Peptide Expression in HACATs 

 

Hyperglycaemia significantly reduced LL37 production (P < 0.001) in untreated 

keratinocytes compared to pre-diabetic conditions (Figure 6.24). MGN3 and LPS significantly 

increased LL37 at 11mM glucose (P < 0.01) but had no effect at 30mM glucose compared to 

corresponding untreated keratinocytes. TLR4 inhibition (not TLR2) significantly decreased 

LL37 in untreated cells at 11mM (P = 0.002), while neither had an effect at 30mM (P > 0.05) 

compared to untreated keratinocytes without TLR inhibition. TLR2/4 inhibition significantly 

reduced LL37 in LPS-treated keratinocytes at both glucose levels (P < 0.01) compared to LPS 

treated keratinocytes without TLR inhibition. In MGN3-treated cells, both inhibitors reduced 

LL37 at 11 mM (P < 0.01), but only TLR4 inhibition had an effect at 30 mM (P = 0.011) 

compared to MGN3 treated keratinocytes without TLR inhibition. These results indicate that 

LL37 induction by LPS and MGN3 is TLR2-dependent at 11 mM, while under hyperglycaemia, 

TLR4 plays a more dominant role in modulating LL37 expression. 

 

 

 

 

 

 

 

 

 

Figure 6. 24: Intracellular Cathelicidin Peptide Expression in HACATs. Cathelicidin (LL37) peptide levels were 
measured in keratinocytes lysates which had been cultured in low (11mM) or high (30mM) glucose and treated 
with LPS or MGN3 in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant 
decrease in LL37 in untreated control (UC) keratinocytes cultured at 30mM compared to UC keratinocytes 
cultured at 11mM glucose (** P < 0.01 determined by t-tests; n =10). There were significant increases in NRF2 
between keratinocytes treated with LPS or MGN3 at 11mM and the corresponding UC keratinocytes (##P < 
0.01 determined by t-tests; n = 10). There were significant differences in NRF2 between keratinocytes in the 
presence of TLR inhibitors and corresponding keratinocytes lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 
determined by t-tests; n = 10). Columns and error bars indicate human LL37 levels (pg/ml) ± the standard error 
of the mean (SEM) in all cases. 
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6.4.8.7 Intracellular Beta Defensin 2 Peptide Expression in HACATs    

 

Hyperglycaemia substantially (P = 0.022) decreased BD2 production in untreated 

keratinocytes compared to those cultured at pre-diabetic conditions (Figure 6.25). LPS-

treated keratinocytes significantly increased the expression of BD2 peptide (P < 0.001) at 

11mM conditions compared to corresponding untreated keratinocytes. LPS/MGN3-treated 

keratinocytes cultured at 30mM glucose expressed significantly (P < 0.01) higher BD2 

peptide levels than corresponding untreated keratinocytes. TLR2/4 inhibition significantly 

(P < 0.01) decreased BD2 in untreated keratinocytes at 11mM and 30mM conditions 

compared to corresponding untreated keratinocytes without TLR inhibition. TLR2/4 

inhibition also significantly (P < 0.01) decreased BD2 in MGN3/LPS-treated keratinocytes 

cultured at 11 and 30mM conditions compared to corresponding treatments without TLR 

inhibition. These results indicate BD2 production is influenced by TLR2/4 at pre-diabetic and 

hyperglycaemic conditions in both untreated and MGN3/LPS-treated keratinocytes.    

Figure 6. 25: Intracellular Beta Defensin 2 Peptide Expression in HACATs.  BD2 peptide levels were measured 
in keratinocyte lysates cultured in low (11mM) or high (30mM) glucose and treated with LPS or MGN3 in the 
presence/absence of TLR2 (T2) or TLR4 (T4) inhibition. There was a significant decrease in BD2 in untreated 
control (UC) keratinocytes cultured at 30mM compared to UC keratinocytes cultured at 11mM glucose (** P < 
0.01 determined by t-tests; n =15). There were significant increases in BD2 between keratinocytes treated with 
LPS or MGN3 and the corresponding UC keratinocytes (##P < 0.01 determined by t-tests; n = 15). There were 
significant differences in NRF2 between keratinocytes in the presence of TLR inhibitors and corresponding 
keratinocytes lacking TLR inhibition ($$ P < 0.01 determined by t-tests; n = 15).  Columns and error bars indicate 
human BD2 levels (pg/ml) ± the standard error of the mean (SEM) in all cases. 
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6.4.9 Effect of MGN3 on Intracellular TGFβ1 Protein and Cathelicidin Peptide Expression 

in HACAT Cells 

 

6.4.9.1 Intracellular TGFβ1 Expression in HACATs                 

 

TGFβ1 MFI was not affected by hyperglycaemia in untreated keratinocytes compared to pre-

diabetic conditions (Figure 6.36i and 6.26ii). MGN3 reduced MFI at 11mM, while LPS 

increased it at 30mM compared to corresponding untreated keratinocytes. TLR2 inhibition 

reduced MFI in untreated cells at both glucose levels and in LPS-treated cells at 11mM 

compared to corresponding treatments without TLR inhibition. No changes were seen with 

MGN3 at 11mM or with MGN3/LPS at 30mM.  

Hyperglycaemia did not significantly (P>0.05) influence the MFI of TGFβ1 in untreated 

keratinocytes compared to pre-diabetic conditions (Figure 6.26iii). At 11mM conditions MFI 

was significantly (P<0.01) reduced in MGN3 treated keratinocytes compared to untreated 

keratinocytes at 11mM. At 30mM conditions MFI was significantly (P<0.01) increased in LPS 

treated keratinocytes compared to untreated keratinocytes at 30mM. The addition of TLR2 

inhibitor to untreated keratinocytes significantly (P<0.01) inhibited MFI at 11mM and 30mM 

conditions compared to corresponding untreated keratinocytes without TLR inhibition. At 

11mM there was also a significant (P=0.043) decrease in MFI in LPS treated keratinocytes 

following TLR2 inhibition compared to LPS treated keratinocytes at 11mM. The were no 

significant differences (P>0.05) seen in MGN3 treated keratinocytes at 11mM conditions or 

MGN3/LPS treated keratinocytes at 30mM conditions compared to corresponding 

untreated keratinocytes. These results suggest LPS influences TGFβ1 expression in 

keratinocytes at pre-diabetic conditions but not hyperglycaemic conditions and MGN3 does 

not seem to influence TGFβ1 expression at both glucose conditions.        
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Figure 6. 26 TGFβ1 Expression in HACATs at Low and High Glucose. The TGFβ1 expression in HACATs cultured at Low (11mM) (i) and High (30mM) (ii) glucose was 
captured using thunder microscopy. MFI of TGFβ1 expression (iii) was measured in keratinocytes following treatments (with LPS and MGN3) and TLR2 (T2) and TLR4 (T4) 
inhibition. The different cell components were identified using fluorescent stains; red indicated TGFβ1 expression, green identified f-actin using phalloidin and blue 
represented the nucleus using DAPI. Fibroblasts received different treatments; Panel A = UC, panel B = UC + T2, panel C = UC + T4, panel D = LPS, panel E = LPS + T2, panel 
F = LPS + T4, panel G = MGN3, panel H = MGN3 + T2 and panel I = MGN3 + T4. Images were captured at 60x magnification. There were significant differences in MGN3/LPS 
treated keratinocytes when compared to the corresponding glycaemic untreated control (UC) (** P < 0.01 determined by t-tests; n = 5). There were significant differences 
in MFI between keratinocytes in the presence of TLR inhibitors and corresponding keratinocytes lacking TLR inhibition (# P < 0.05 and # # P < 0.01 determined by t-tests; 
n = 5). Columns and error bars indicate HACAT MFI ± the standard error of the mean (SEM) in all cases. 
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6.4.9.2 Cathelicidin (LL37) Expression in HACATs 

 

LL37 expression was unaffected by hyperglycaemia compared to pre-diabetic conditions 

(Figures 6.27i and 6.27ii). LL37 expression increased following MGN3/LPS treatment at 

11mM and 30mM compared to glycaemic untreated keratinocytes. At 11mM, TLR2 

inhibition reduced LL37 in LPS-treated cells, and both TLR2 and TLR4 inhibition reduced it in 

MGN3-treated cells compared to corresponding treatments without TLR inhibition. At 

30mM, TLR inhibition had no effect with LPS but reduced LL37 in MGN3-treated cells 

compared corresponding treatments without TLR inhibition.  

Hyperglycaemia did not significantly affect (P>0.05) MFI of LL37 in untreated keratinocytes 

compared to pre-diabetic conditions (Figure 6.27iii). There was no evidence to suggest 

MGN3/LPS treated keratinocytes significantly (P>0.05) effected LL37 expression in 

comparison to untreated keratinocytes at 11mM and 30mM conditions. TLR inhibition did 

not affect (P>0.05) MFI in untreated keratinocytes at 11mM and 30mM conditions in 

comparison to untreated keratinocytes without TLR inhibition. At 11mM MFI was 

significantly (P=0.024) inhibited in LPS treated keratinocytes following TLR2 inhibition 

compared to LPS treated keratinocytes without TLR inhibition. Also, at 11mM TLR inhibition 

resulted in significantly (P<0.01) reduced MFI in MGN3 treated keratinocytes compared to 

MGN3 treated keratinocytes without TLR inhibition. At 30mM conditions TLR inhibition did 

not affect (P>0.05) MFI in LPS treated keratinocytes however there were significant 

reductions (P<0.05) in MFI in MGN3 treated keratinocytes following TLR inhibition 

compared to corresponding treatments without TLR inhibition. These results suggest LPS 

influences LL37 expression in keratinocytes at pre-diabetic conditions (but not 

hyperglycaemic conditions) and MGN3 influences LL37 expression through both TLR2 and 

TLR4 at pre-diabetic and hyperglycaemic conditions.        
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Figure 6. 27: LL37 Expression in HACATs at Low and High Glucose. The LL37 expression in HACATs cultured at Low (11mM) (i) and High (30mM) (ii) glucose was captured 
using thunder microscopy. MFI of LL37 expression (iii) was measured in keratinocytes following treatments (with LPS and MGN3) and TLR2 (T2) and TLR4 (T4) inhibition. 
The different cell components were identified using fluorescent stains; red indicated TGFβ1 expression, green identified f-actin using phalloidin and blue represented the 
nucleus using DAPI. Fibroblasts received different treatments; Panel A = UC, panel B = UC + T2, panel C = UC + T4, panel D = LPS, panel E = LPS + T2, panel F = LPS + T4, 
panel G = MGN3, panel H = MGN3 + T2 and panel I = MGN3 + T4. Images were captured at 60x magnification. There were significant differences in MFI between 
keratinocytes in the presence of TLR inhibitors and corresponding keratinocytes lacking TLR inhibition (# P < 0.05 and # # P < 0.01 determined by t-tests; n = 5). Columns 
and error bars indicate HACAT MFI ± the standard error of the mean (SEM) in all cases. 
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6.4.10 Influence of MGN3-Induced Keratinocyte-, Fibroblast- and M1 Macrophage-

Derived EGF and FGF2 Secretion on Keratinocyte Proliferation  

 

6.4.10.1 Influence of MGN3-Induced EGF Secretion on Keratinocyte Proliferation  

 

Keratinocyte proliferation did not significantly change (P = 0.34; 106.6% at 30 mM vs. 

100.0% at 11 mM) when exposed to supernatant from untreated keratinocytes cultured at 

30mM compared to 11mM conditions (Figure 6.28A). EGF inhibition significantly reduced 

proliferation at both glucose levels (P = 0.003) compared to untreated keratinocytes without 

EGF inhibition, confirming EGF presence in both supernatants. TLR2/4 inhibition 

significantly decreased (P < 0.05) keratinocyte proliferation in response to supernatants 

from untreated keratinocytes at both glucose concentrations compared to untreated 

keratinocytes without TLR inhibition. Proliferation significantly increased (P < 0.01) when 

exposed to supernatants from MGN3/LPS-treated keratinocytes at 11mM conditions but 

significantly decreased (P < 0.001) at 30mM conditions compared to correspond untreated 

keratinocytes. EGF inhibition significantly reduced proliferation (P < 0.01) in response to 

MGN3/LPS-treated supernatants at 11 mM and LPS-treated supernatants at 30mM 

compared to corresponding treatments without EGF inhibition. TLR2/4 inhibition reduced 

proliferation (P < 0.01) in response to MGN3/LPS-treated supernatants at 11mM, and LPS-

treated (but not MGN3-treated) supernatants at 30 mM (P < 0.05) compared to 

corresponding treatments without EGF inhibition. Overall, MGN3 treatment increased 

keratinocyte proliferation at pre-diabetic conditions but decreased proliferation at 

hyperglycaemic conditions.  

Keratinocyte proliferation was significantly inhibited (P = 0.000; 16.2% at 30mM vs. 100.0% 

at 11mM) when exposed to supernatant from fibroblasts cultured at 30mM compared to 

11mM conditions (Figure 6.28B). EGF inhibition had no significant effect (P > 0.05) under 

30mM, but significantly reduced proliferation at 11mM (P = 0.033) compared to 

corresponding untreated fibroblasts without EGF inhibition, indicating EGF’s proliferative 

role at pre-diabetic conditions. TLR4 inhibition in untreated fibroblast supernatant 

significantly reduced keratinocyte proliferation at 11mM conditions (P = 0.001) but had no 

effect at 30mM conditions (P > 0.05) compared to corresponding untreated fibroblast 
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supernatant without TLR inhibition. TLR2 inhibition significantly increased proliferation (P < 

0.05) in LPS-treated fibroblast supernatant at 11mM compared to LPS-treated supernatant  

without TLR inhibition, suggesting TLR2 involvement at pre-diabetic conditions. Supernatant 

from LPS-treated fibroblasts decreased keratinocyte proliferation (P = 0.019), while 

MGN3/LPS treatment had no significant effect on keratinocyte proliferation at 30 mM (P > 

0.05) compared to corresponding untreated fibroblast supernatant. However, MGN3/LPS-

treated fibroblast supernatant significantly reduced keratinocyte proliferation at 30mM 

compared to 11mM conditions (P < 0.01). EGF inhibition had no significant effect on 

keratinocyte proliferation with MGN3/LPS-treated supernatants at either glucose level (P > 

0.05) compared to corresponding treatments without EGF inhibition. TLR inhibition had no 

significant effect (P > 0.05) on keratinocyte proliferation under hyperglycaemia compared to 

corresponding treatments without TLR inhibition. These findings indicate high glucose 

impairs keratinocyte proliferation via fibroblast-derived EGF secretion as well as via TLR2 

involvement at pre-diabetic conditions. 

Keratinocyte proliferation was significantly reduced (P = 0.000; 45.1% at 30 mM vs. 100.0% 

at 11 mM) when exposed to supernatants from macrophages cultured under 

hyperglycaemic conditions compared to pre-diabetic conditions (Figure 6.28C), suggesting 

high glucose impairs M1 macrophage-mediated support of keratinocyte growth. EGF 

inhibition significantly reduced proliferation at both 11mM (P = 0.000) and 30mM (P = 

0.011) compared to corresponding untreated macrophage supernatant without EGF 

inhibition, confirming EGF's presence in macrophage supernatants. TLR2 inhibition at 11mM 

(P = 0.000), and both TLR2/4 inhibition at 30mM (P < 0.05) compared to corresponding 

untreated macrophage supernatant without TLR inhibition, significantly decreased 

proliferation. MGN3-treated macrophage supernatants significantly increased keratinocyte 

proliferation at 11mM (P < 0.01), while MGN3/LPS-treated supernatants significantly 

decreased proliferation at both 11mM and 30mM conditions (P < 0.01) compared to 

corresponding untreated macrophage supernatant. EGF inhibition further reduced 

proliferation with MGN3-treated supernatants (P = 0.002) compared to MGN3-treated 

supernatant without EGF inhibition. TLR2 inhibition with LPS increased keratinocyte 

proliferation at 11mM (P = 0.023) but decreased proliferation at 30mM conditions (P = 
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0.000) compared to LPS treated supernatant without TLR inhibition. TLR4 inhibition with 

MGN3 treatment increased proliferation at 30mM (P = 0.003) compared to MGN3 treated 

supernatant without TLR inhibition. In summary, MGN3 enhanced keratinocyte proliferation 

at pre-diabetic conditions but suppressed it under hyperglycaemia.  
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Figure 6. 28: : Influence of MGN3-Induced EGF Secretion on Keratinocyte Proliferation. The supernatants from keratinocytes, fibroblasts and macrophages cultured in 
low (11mM) or high (30mM) glucose was collected following treatment with/without LPS or MGN3, in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibitors to 
evaluate keratinocyte-derived (A), fibroblast-derived (B) and macrophage-derived (C) EGF on keratinocyte proliferation. Separate HACATs pre-incubated with/without EGF 
blocking antibody (Ab) were treated with the supernatants to determine the effect on HACAT proliferation. There were significant reductions in HACAT proliferation 
following exposure to supernatant from the 30mM untreated control (UC) compared with the 11mM UC (** P < 0.01 determined by t-tests; n = 4). There were significant 
differences in HACAT proliferation following exposure to MGN3/LPS-derived supernatant compared with the corresponding glycaemic UC (# P < 0.05 and ## P < 0.01 
determined by t-test; n = 4).  There were significant differences in HACAT proliferation following exposure to supernatant derived from untreated/treated keratinocytes in 
the presence of TLR inhibition and supernatants from corresponding treatments lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; n = 4). There were 
differences in HACAT proliferation following exposure to supernatants in the presence of blocking Ab and corresponding supernatants in the absence of Ab (! P < 0.05 and 
!! P < 0.01determined by t-tests; n = 4). Columns and error bars indicate % HACAT Proliferation ± the standard error of the mean (SEM) relative to levels observed in the 
11mM UC. 
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6.4.10.2 Influence of MGN3-Induced FGF2 Secretion on Keratinocyte Proliferation  

 

Keratinocyte proliferation was significantly inhibited (P = 0.022; 76.1% vs. 100%) when 

exposed to supernatant from untreated keratinocytes cultured under hyperglycaemic 

conditions compared to pre-diabetic conditions (Figure 6.29A), indicating a detrimental 

effect of high glucose. Supernatant from untreated keratinocytes cultured with TLR2/4 

inhibitors at 11mM conditions significantly increased proliferation (P < 0.01), while no effect 

was observed at 30mM conditions (P > 0.05) compared to untreated keratinocytes without 

TLR inhibition. Supernatants from MGN3/LPS-treated keratinocytes significantly increased 

proliferation under both glucose conditions (P < 0.05) compared corresponding untreated 

keratinocytes. FGF2 inhibition had no significant effect at 11mM (P > 0.05) but significantly 

reduced proliferation at 30mM (P < 0.05) compared to untreated keratinocytes without 

FGF2 inhibition, indicating FGF2 involvement only at hyperglycaemic conditions. 

Supernatants from LPS-treated keratinocytes at 11mM with TLR inhibition significantly 

reduced proliferation (P = 0.022 and P = 0.036, respectively) compared to LPS-treated 

keratinocytes without TLR inhibition. Similarly, MGN3-treated keratinocyte supernatants 

with TLR2/4 inhibition at both glucose conditions significantly reduced proliferation (P < 

0.05) compared to MGN3-treated keratinocytes without TLR inhibition. These findings 

suggest TLR2/4 modulate responses differently in LPS/MGN3-treated versus untreated 

keratinocytes under hyperglycaemic conditions. While LPS/MGN3 treatment promotes 

keratinocyte proliferation, FGF2 is not the sole mediator, as its inhibition did not consistently 

reduce proliferation.  

Keratinocyte proliferation was significantly reduced (P = 0.002; 74.6% vs. 100%) when 

exposed to supernatant from fibroblasts cultured under hyperglycaemic conditions 

compared to pre-diabetic conditions (Figure 6.29B), indicating hyperglycaemia impairs 

fibroblast-mediated FGF2 secretion and thus restricting keratinocyte proliferation. FGF2 

inhibition significantly increased proliferation at 30mM glucose (P = 0.002; 116.4%) 

compared to untreated fibroblasts supernatant without FGF2 inhibition, suggesting that 

FGF2 may inhibit keratinocyte proliferation under hyperglycaemic conditions. This indicated 

fibroblast derived FGF2 alone does not mediate keratinocyte proliferation. TLR2/4 inhibition 

did not significantly impact keratinocyte proliferation at either glucose condition (P > 0.05) 



 

~ 246 ~ 
 

compared to untreated fibroblast supernatant without TLR inhibition. Supernatants from 

LPS/MGN3-treated fibroblasts significantly reduced keratinocyte proliferation at 11mM (P < 

0.05), and MGN3-treated fibroblasts also reduced proliferation at 30mM conditions (P = 

0.031) compared to corresponding treatments without TLR inhibition. However, FGF2 

inhibition reversed this effect, significantly increasing proliferation at both 11mM (P < 0.05) 

and 30mM (P = 0.008) compared to corresponding treatments without FGF2 inhibition, 

suggesting fibroblast-derived FGF2 may contribute to MGN3/LPS-induced inhibition. TLR4 

inhibition with LPS treatment significantly increased proliferation at 11mM (P = 0.003), but 

not at 30mM conditions compared to LPS treated supernatant without TLR inhibition, 

suggesting glucose level influences TLR4-mediated effects. Overall, high glucose impairs 

fibroblast-mediated keratinocyte proliferation, FGF2 playing context-dependent roles.  

Keratinocyte proliferation was significantly reduced when exposed to supernatant from 

macrophages cultured in hyperglycaemic conditions compared to pre-diabetic conditions (P 

= 0.024; 74.4% vs. 100.0%) (Figure 6.29C). FGF2 inhibition significantly increased 

keratinocyte proliferation at 30mM (P = 0.026; 104.9% vs. 100.0%) compared to untreated 

macrophage supernatant without FGF2 inhibition, indicating that macrophage derived FGF2 

is not solely responsible for the observed inhibition. TLR inhibition had no significant effect 

(P > 0.05) under either glucose condition compared untreated supernatant without TLR 

inhibition. At 11mM glucose, supernatant from MGN3-treated macrophages significantly 

decreased keratinocyte proliferation (P = 0.007), while MGN3/LPS-treated supernatants had 

no effect at 30mM condition (P > 0.05) compared to corresponding untreated supernatant. 

However, MGN3 supernatant at 30mM glucose caused a significant decrease in proliferation 

compared to 11mM (P = 0.023). FGF2 inhibition significantly increased proliferation in 

response to MGN3 supernatant at 11mM (P = 0.007) compared to MGN3 supernatant 

without FGF2 inhibition. TLR2/4 inhibition in MGN3/LPS-treated macrophages did not 

significantly affect proliferation under either glucose condition (P > 0.05) compared to 

corresponding treatments without TLR inhibition. 
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Figure 6. 29: Influence of MGN3-Induced FGF2 Secretion on Keratinocyte Proliferation. The supernatants from keratinocytes, fibroblasts and macrophages cultured in 
low (11mM) or high (30mM) glucose was collected following treatment with/without LPS or MGN3, in the presence/absence of TLR2 (T2) or TLR4 (T4) inhibitors to 
evaluate keratinocyte-derived (A), fibroblast-derived (B) and macrophage-derived (C) FGF2 on keratinocyte proliferation. Separate HACATs pre-incubated with/without 
FGF2 blocking antibody (Ab) were treated with the supernatants to determine the effect on HACAT proliferation. There were significant reductions in HACAT proliferation 
following exposure to supernatant from the 30mM untreated control (UC) compared with the 11mM UC (* P < 0.05 and ** P < 0.01 determined by t-tests; n = 4). There 
were significant differences in HACAT proliferation following exposure to MGN3/LPS-derived supernatant compared with the corresponding glycaemic UC (# P < 0.05 and 
## P < 0.01 determined by t-test; n = 4).  There were significant differences in HACAT proliferation following exposure to supernatant derived from untreated/treated 
keratinocytes in the presence of TLR inhibition and supernatants from corresponding treatments lacking TLR inhibition ($ P < 0.05 and $$ P < 0.01 determined by t-tests; 
n = 4). There were differences in HACAT proliferation following exposure to supernatants in the presence of blocking Ab and corresponding supernatants in the absence 
of Ab (! P < 0.05 and !! P < 0.01determined by t-tests; n = 4). Columns and error bars indicate % HACAT Proliferation ± the standard error of the mean (SEM) relative to 
levels observed in the 11mM UC. 
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6.4.11 Effect of Keratinocyte-Derived Antimicrobial Peptides on Bactericidal Activity 

 

6.4.11.1 Effect of Keratinocyte-Derived BD2 Peptide on MRSA and PA01 Killing 

 

Hyperglycaemic conditions significantly increased MRSA and PA01 recovery compared to 

pre-diabetic controls (P < 0.01) (Figure 6.30), indicating reduced bactericidal activity. BD2 

inhibition significantly increased recovery at 11mM (P < 0.01), but not 30mM compared to 

untreated keratinocytes without BD2 inhibition, suggesting BD2 is present in 11mM lysates 

and not under hyperglycaemia. LPS/MGN3 treatment significantly reduced MRSA and PA01 

recovery under both glucose conditions (P < 0.01) compared to the glycaemic UC, indicating 

enhanced bactericidal activity. BD2 inhibition increased MRSA recovery (P < 0.01) in 

untreated lysates, confirming BD2 involvement, while PA01 recovery was unaffected 

(P > 0.05) in comparisons to untreated keratinocytes without BD2 inhibition, suggesting BD2 

plays a limited role against PA01 killing. 
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Figure 6. 30: Effect of Keratinocyte-Derived BD2 Peptide on MRSA and PA01 Killing. MRSA (A) and PA01 (B) 
recovery (CFU/ml) after incubation in 11mM and 30mM glucose, and treatments with LPS (+/- BD2 antibody) 
and MGN3 (+/- BD2 antibody). Significant differences were seen between the 30mM glucose untreated control 
(UC) and the 11mM glucose UC (** P < 0.01 determined by t-tests; n = 10), between LPS/MGN3 treatments 
and corresponding glycaemic UC ($$ P < 0.01 determined by t-tests; n =10), and between samples exposed to 
BD2 blocking antibody (Ab) and those without Ab (## P < 0.01 determined by t-tests; n = 10). Columns and 
error bars indicate the bacterial recovery (CFU/ml) ± the standard error of the mean (SEM) in all cases.  
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6.4.11.2 Effect of Keratinocyte-Derived LL37 Peptide on MRSA and PA01 Killing 

 

Hyperglycaemic conditions significantly increased MRSA and PA01 recovery compared to 

pre-diabetic controls (P < 0.01) (Figure 6.31), indicating reduced bactericidal activity. LL37 

inhibition significantly increased both MRSA and PA01 recovery of at 11mM conditions 

(MRSA: P = 0.016; PA01: P < 0.01) compared to untreated keratinocytes without LL37 

inhibition, suggesting LL37 presence in 11mM but not 30mM lysates. LPS/MGN3 treatment 

significantly reduced MRSA and PA01 recovery under both glucose conditions (P < 0.01) 

compared to untreated keratinocytes, indicating enhanced bactericidal activity. LL37 

inhibition significantly increased bacterial recovery in MGN3/LPS-treated lysates (P < 0.01) 

compared to corresponding treatments without LL37 inhibition, confirming LL37 production 

under both conditions post-treatment. 
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Figure 6. 31: Effect of Keratinocyte-Derived LL37 Peptide on MRSA and PA01 Killing. MRSA (A) and PA01 (B) 
recovery (CFU/ml) after incubation in 11mM and 30mM glucose, and treatments with LPS (+/- LL37 antibody) 
and MGN3 (+/- LL37 antibody). Significant differences were seen between the 30mM glucose untreated control 
(UC) and the 11mM glucose UC (** P < 0.01 determined by t-tests; n = 10), between LPS/MGN3 treatments 
and corresponding glycaemic UC ($$ P < 0.01 determined by t-tests; n =10), and between samples exposed to 
LL37 blocking antibody (Ab) and those without Ab (# P < 0.05 and ## P < 0.01 determined by t-tests; n = 10). 
Columns and error bars indicate the bacterial recovery (CFU/ml) ± the standard error of the mean (SEM) in all 
cases.  
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6.4.12 Effect of MGN3 on NRF2 Protein Expression in HACATs 

 

6.4.12.1 NRF2 Expression in Keratinocytes 

 

Hyperglycaemia significantly increased (P < 0.01) NRF2 expression in untreated 

keratinocytes compared to untreated keratinocytes cultured at pre-diabetic conditions  

(Figure 6.32). Compared to the corresponding UC, NRF2 expression was significantly (P < 

0.01) increased in MGN3/LPS-treated keratinocytes cultured at 11mM. However, only LPS 

significantly (P < 0.05) increased NRF2 expression at 30mM conditions, with MGN3 having 

no effect (P > 0.05) on NRF2 levels in comparison to untreated keratinocytes. These results 

suggest that LPS stimulates NRF2 expression at both 11mM and 30mM conditions, whereas 

MGN3 only promotes NRF2 expression at 11mM conditions.  Exposure of keratinocytes to 

the NRF2 inhibitor (NRF2i) significantly reduced (P < 0.01) NRF2 expression in MGN3/LPS-

treated cells and UC keratinocytes cultured at 11mM conditions compared to corresponding 

treatments without NRF2i. At 30mM NRF2i with LPS significantly decreased (P < 0.01) and 

NRF2i with MGN3 increased (P < 0.01) NRF2 expression compared to corresponding 

treatments without NRF2i.  

 

 

Figure 6. 32: The Effect of MGN3 on NRF2 Expression in Keratinocytes. NRF2 expression in keratinocytes after 
treatments with LPS (5ug/ml) or MGN3 (2mg/ml) at pre-diabetic (11mM) and hyperglycaemic (30mM) 
conditions. MGN3 and LPS increased expression of NRF2 compared to the UC. The mean relative fluorescence 
(MRF) of NRF2 was substantially increased in untreated control keratinocytes cultured at 30mM compared to 
those cultured at 11mM (** P<0.01). There were significant differences in NRF2 expression seen between 
MGN3/LPS treatments and the corresponding UC ($ P<0.05; $$ P < 0.01; n =10). There were significant 
differences in NRF2 expression seen between samples exposed to NRF2 inhibitor (NRF2i) and corresponding 
samples lacking NRF2i (# P<0.05; ## P < 0.01; n =10). MRF values are relative to levels detected in the UC (MRF 
=1). Columns and error bars indicate the MRF ± standard error of the mean (SEM) in all cases. 
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6.4.12.2 Secretion of MCP-1 from Keratinocytes after NRF2 Inhibition  

 

Hyperglycaemia did not significantly affect (P > 0.05) secreted MCP-1 levels in untreated 

keratinocytes compared to untreated keratinocytes cultured at pre-diabetic conditions 

(Figure 6.33). NRF2i significantly (P < 0.01) reduced MCP-1 levels in untreated keratinocytes 

at both 11mM and 30mM conditions compared to untreated keratinocytes without NRF2i. 

There were significant increases in MCP-1 levels following  MGN3 (but not LPS) treatment 

of keratinocytes at 11mM (P < 0.001) and 30mM (P = 0.01) conditions compared to the 

corresponding glycaemic UC. NRF2i significantly (P > 0.05) inhibited MCP-1 levels in 

MGN3/LPS treated keratinocytes at both 11mM and 30mM conditions compared to 

corresponding treatments lacking NRF2i. These results suggest NRF2 in part mediates MCP-

1 production in keratinocytes cultured at pre-diabetic and hyperglycaemic conditions and 

that MGN3 influences keratinocyte secretion of MCP-1 production in keratinocytes more so 

than LPS or glycaemic levels (given they had no effect on MCP-1 secretion).  

 

 

 

 

 

 

 

 

 

 

Figure 6. 33: Secretion of MCP-1 from Keratinocytes after NRF2 Inhibition. MCP-1 levels were measured 
in the supernatant keratinocytes cultured in low (11mM) or high (30mM) glucose and treated with LPS or 
MGN3 in the presence/absence of NRF2 inhibition (NRF2i). There were significant differences in MCP-1 
levels observed between supernatant from LPS/MGN3-treated keratinocytes and corresponding 
supernatant from untreated control (UC) keratinocytes ($$ P < 0.01; n = 8). There were significant 
reductions in MCP-1 following the addition of NRF2i to treated and UC keratinocytes compared to 
corresponding supernatant samples lacking NRF2 inhibition (# P < 0.05 and ## P < 0.01; n = 8).  Columns 
and error bars indicate human MCP-1 levels (pg/ml) ± the standard error of the mean (SEM) in all cases. 
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6.5 Discussion  

 

This study examined the effects of MGN3 on fibroblast and keratinocyte functions at pre-

diabetic and hyperglycaemic conditions. MGN3 was non-cytotoxic to fibroblasts and 

significantly enhanced proliferation at 2mg/ml under hyperglycaemia. In keratinocytes, 

MGN3’s effects on proliferation and cytotoxicity were assessed via MTT assay, while 

metabolism was evaluated by real-time ATP production (Seahorse). ELISA and Thunder 

microscopy were used to measure production of growth factors (EGF, FGF2, TGFβ1), 

antimicrobial peptides (LL37, BD2), and NRF2 under hyperglycaemia. BD2/LL37 bactericidal 

activity was tested against MRSA and PA01. NRF2 expression was analysed by flow 

cytometry, and MCP-1 secretion assessed following NRF2 inhibition. 

These results are in line with other studies showing MGN3 promotes enhanced cell function 

including stimulating NK cell activity against cancer cells (Ooi et al, 2018), increasing the 

phagocytic ability of macrophages (Ghoneum et al, 2008) and promoting cytokine 

production in dendritic cells with an associated increase in IFN γ (Ghoneum and Agrawal, 

2011).  A comprehensive review was carried out by Ooi et al, (2018) to assess the 

effectiveness of MGN3 as a complementary therapy alongside cancer treatment. After 

reviewing over thirty articles, they found no evidence of any adverse events therefore 

concluded MGN3 is safe to use. Also, Elsaid et al (2018), found MGN3 did not have any toxic 

effects on participants who ingested MGN3 for 30 days to assess NK cell activity. MGN3 has 

also shown to increase proliferation in T and B cells when taken daily as a part a cancer 

treatment study (Ghoneum and Brown, 1999). 

This study assessed the impact of TLR2/4 inhibition on fibroblast metabolism and collagen 

production. TLR inhibition increased total ATP production across all conditions, primarily 

through enhanced glycolysis (glycoATP), with limited mitochondrial ATP (mitoATP), 

consistent with previous findings that TLR inhibition shifts metabolism toward glycolysis 

(Krawczyk et al, 2010). This may relate to structural similarities with TIRAP, which recruits 

MyD88—known to promote TLR-dependent glycolysis (Tan & Kagan, 2019; Chen et al, 

2020). Under hyperglycaemia, untreated fibroblasts showed significantly reduced COL-1 

secretion and expression. In contrast, MGN3/LPS-treated fibroblasts exhibited increased 
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intracellular and secreted COL-1 under both glycaemic conditions. This aligns with prior 

studies showing hyperglycaemia enhances COL-1 synthesis via ERK1/2 activation (Han et al, 

1999; Tang et al, 2007), a key MAPK pathway involved in fibroblast function (Kong et al, 

2019; Cargnello & Roux, 2011). This study further found TLR2/4 mediate MGN3/LPS-

induced COL-1 secretion under 30mM, but not 11mM conditions. Hyperglycaemia increases 

TLR4 activation and MyD88 complex formation, promoting COL-1 production (Portou et al, 

2020; Wang et al, 2020), while MyD88 inhibition reduces MAPK signalling and collagen 

output (Luo et al, 2022). 

EGF secretion was significantly reduced (P < 0.001) in untreated fibroblasts at 30mM 

compared to 11mM conditions. MGN3/LPS increased EGF at both glucose levels, more so at 

11mM. TLR2 inhibition increased EGF in untreated and LPS-treated fibroblasts at 11mM, 

while dual TLR2/4 inhibition elevated EGF under hyperglycaemia. In MGN3-treated cells, 

TLR2 inhibition had no effect, but TLR4 inhibition significantly reduced EGF (P < 0.01), 

indicating MGN3-induced EGF secretion is TLR4-dependent. EGF suppression under 

hyperglycaemia may involve impaired JNK signalling and reduced EGF sensitivity (Xuan et al, 

2014; Hehenberger & Hansson, 1997). FGF2 secretion increased under hyperglycaemia 

(P < 0.01) and was further enhanced by TLR2/4 inhibition in untreated fibroblasts at both 

glucose levels. LPS reduced FGF2 at 11mM but increased it at 30mM conditions, with TLR 

inhibition reversing this. In MGN3-treated fibroblasts, TLR2 inhibition raised FGF2, while 

TLR4 inhibition reduced it under hyperglycaemia, contrary to the response in untreated 

cells. MGN3 alone did not alter FGF2, but with TLR4 inhibition, FGF2 declined at 30mM 

conditions. Elevated FGF2 in diabetes is linked to PKC-β1 and JNK suppression with increased 

ROS (Vasko et al, 2009; Xuan et al, 2014; Xuan et al, 2016). 

MCP-1 secretion was significantly higher (P < 0.01) in fibroblasts at 30 mM compared to 

11mM conditions. MGN3 significantly reduced MCP-1 at 30mM but had no effect at 11mM. 

TLR2 inhibition increased MCP-1 at 11mM, while combined TLR2/4 inhibition reduced MCP-

1 at 30mM conditions in untreated and LPS-treated fibroblasts. TLR inhibition did not affect 

MGN3-mediated MCP-1 suppression. These results suggest MGN3 downregulates MCP-1 

under hyperglycaemia independently of TLR2/4. Hyperglycaemia likely increases MCP-1 via 

oxidative stress and p38 MAPK activation (Yu et al, 2006; Takashi et al, 2003). 
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Hyperglycaemia and both LPS and MGN3 treatment increased MMP-1 secretion (P < 0.01). 

TLR2/4 inhibition enhanced MMP-1 in untreated fibroblasts at 11 mM, while only TLR2 

inhibition did so at 30mM conditions. TLR4 inhibition reduced MMP-1 in MGN3/LPS-treated 

fibroblasts at 11mM but increased it at 30mM, suggesting TLR4 partially regulates 

MGN3/LPS-induced MMP-1. This may contribute to collagen turnover at hyperglycaemia 

(Suryavanshi & Kulkarni, 2017). Despite increased MMP-1 levels, collagen production 

remained high with MGN3, indicating net collagen maintenance. TGFβ1 secretion was 

significantly higher at 30mM compared to 11mM (P < 0.01). MGN3/LPS further elevated 

TGFβ1. TLR4 inhibition reduced TGFβ1 in untreated and LPS-treated fibroblasts, especially 

at 30mM. In MGN3-treated fibroblasts, TLR2/4 inhibition reduced TGFβ1 at 11 mM, while 

only TLR4 inhibition did so at 30mM. These findings indicate TLR4 is central to TGFβ1 

regulation, but not solely responsible for MGN3-mediated induction. TGFβ1 increases COL-

1 via ROS under hyperglycaemia (Iglesias-De la Cruz et al, 2002). Hyperglycaemia 

significantly reduced KGF secretion (P < 0.001). MGN3 reduced KGF at 11mM but increased 

it at 30mM. TLR4 inhibition reduced KGF in untreated fibroblasts at 11 mM; both TLR2 and 

TLR4 inhibition increased KGF under 30mM. TLR inhibition had no effect on KGF in LPS-

treated cells but reduced KGF in MGN3-treated fibroblasts at 11mM. This data suggests TLRs 

modulate KGF secretion in a glucose-dependent and MGN3-specific manner. Reduced KGF 

under hyperglycaemia may impair wound healing (Marti et al, 2004). 

This study examined how EGF and FGF2 from fibroblast, keratinocyte, and macrophage 

supernatants influence HDF proliferation at pre-diabetic and hyperglycaemic conditions. 

HDF proliferation significantly declined (P < 0.05) with supernatants from untreated 

fibroblasts at 30mM glucose. EGF inhibition reduced proliferation only in 11mM 

supernatants, indicating lower EGF activity at hyperglycaemia. TLR2/4 inhibition increased 

proliferation at 11mM but TLR4 inhibition reduced it at 30mM, showing glucose-dependent 

TLR effects. MGN3/LPS-treated fibroblast supernatants decreased proliferation at 11mM 

but increased it at 30mM. TLR2/4 inhibition boosted proliferation in LPS-treated fibroblasts 

at 11mM but reduced it at 30mM. TLR2/4 inhibition in MGN3-treated fibroblasts 

suppressed proliferation at both glucose levels, suggesting TLR signalling mediates MGN3’s 

pro-proliferative effects. These findings align with Mendoza-Mari et al (2022), who showed 
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TLR2/4 inhibition suppressed EGF expression in LPS-treated diabetic fibroblasts. Previous 

studies also report impaired fibroblast responsiveness to growth factors like EGF and IGF-1 

under hyperglycaemia due to ROS and altered EGFR/PI3K/AKT signalling (Xu et al, 2009; 

Hehenberger & Hansson, 1997; Loots et al, 2002; Xu et al, 2018). 

Fibroblast proliferation was significantly reduced by supernatants from keratinocytes 

cultured at hyperglycaemic conditions (67.8% at 30 mM vs. 100% at 11 mM glucose; P = 

0.003). EGF inhibition had no effect at 30mM but significantly inhibited proliferation at 

11mM (70.1% vs. 100%; P < 0.01), suggesting higher EGF levels at 11mM conditions. 

Reduced EGF in hyperglycaemia may stem from impaired keratinocyte proliferation (Terashi 

et al, 2005). TLR2/4 inhibition decreased fibroblast proliferation with supernatants from 

untreated keratinocytes at 11mM (P < 0.05), but not at 30mM conditions. Supernatants 

from MGN3/LPS-treated keratinocytes reduced proliferation at 11mM (P < 0.05), but not at 

30mM. EGF and TLR4 inhibition further reduced proliferation with MGN3-treated 

supernatants at 11mM (P ≤ 0.005). LPS-treated keratinocyte effects were unaffected by TLR 

inhibition at either glucose level, possibly due to structural similarities between LPS and 

MGN3 (Fadel et al, 2018; Ogawa et al, 2005). 

Fibroblast proliferation was significantly reduced by macrophage supernatants under 

hyperglycaemic conditions (83.7% at 30mM vs. 100% at 11mM; P = 0.038). EGF blocking 

antibody had no effect at 30mM but significantly reduced proliferation at 11mM (P = 0.042), 

indicating EGF’s role only at pre-diabetic conditions. TLR2 inhibition decreased proliferation 

at 11mM (P = 0.01) but not at 30mM. MGN3-treated macrophage supernatants reduced 

proliferation (P < 0.05), while LPS-treated supernatants increased proliferation when 

combined with EGF inhibition at 11mM (P < 0.01). Neither EGF nor TLR inhibition affected 

proliferation at hyperglycaemia, suggesting other mechanisms mediate inhibition at high 

glucose. 

Fibroblast proliferation was significantly inhibited by supernatants from fibroblasts cultured 

at 30mM versus 11mM conditions. FGF2 inhibition did not significantly affect proliferation 

at 30mM but significantly increased proliferation at 11mM (P = 0.001), suggesting impaired 

FGF2 signalling and glycated FGF2 production in hyperglycaemia (Gedaj et al, 2024; 
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Facchiano et al, 2006). TLR inhibition had no effect at 11mM but TLR4 inhibition significantly 

increased proliferation at 30mM (P < 0.01). LPS and MGN3 effects on proliferation were 

modulated by TLR2/4 at 11mM, with inhibition increasing proliferation under LPS but 

reducing it under MGN3 treatment; no effects were seen at 30mM. FGF2 inhibition 

increased proliferation with LPS-treated 11mM supernatants (P = 0.013) but not with 

MGN3/LPS-treated 30mM supernatants. These findings indicate hyperglycaemia impairs 

fibroblast proliferation independently of FGF2 inhibition, while TLR2/4 modulate responses 

to LPS and MGN3 at pre-diabetic conditions (Rahimi et al, 2005; Akhtar et al, 2021). 

Fibroblast proliferation was inhibited by keratinocyte supernatants at 30mM, but not 

significantly versus 11mM conditions. Other studies have shown hyperglycaemia reduces 

keratinocyte proliferation and FGF2 levels (Terashi et al, 2005; Ortega et al, 1998). FGF2 

inhibition did not significantly affect proliferation (P > 0.05), suggesting keratinocyte-derived 

FGF2 has minimal impact. Neither TLR2 nor TLR4 inhibition altered proliferation under 

either glucose condition. MGN3-treated supernatants at 30mM increased proliferation. At 

11mM, TLR4 inhibition with LPS reduced proliferation (P = 0.044), while at 30mM, TLR2 

inhibition plus FGF2 inhibition increased proliferation with LPS-treated supernatants (P = 

0.009). These data indicate high glucose does not impair fibroblast proliferation and that 

LPS effects are modulated by TLR4 at pre-diabetic conditions, linked to ERK1/2-mediated 

FGF2 regulation (Saha et al, 2015; Chen et al, 2019). 

Fibroblast proliferation slightly increased with macrophage supernatants at hyperglycaemia 

but not significantly versus pre-diabetic conditions. FGF2 inhibition significantly boosted 

proliferation (P = 0.025), especially under hyperglycaemia. TLR2 inhibition increased 

proliferation at 30mM (P < 0.01) but had no effect at 11mM. FGF2 inhibition had no effect 

at 11mM, indicating macrophage-derived FGF2’s limited role at low glucose. MGN3-treated 

supernatants increased proliferation at 11mM (P = 0.021), further enhanced by FGF2 

blockade (P = 0.01). At 30mM, TLR2 inhibition reduced proliferation with MGN3 

supernatants (P = 0.001), suggesting high glucose promotes fibroblast proliferation via 

macrophage-derived FGF2 and that MGN3 effects involve TLR2 under hyperglycaemia. 
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These findings partly contrast with earlier results showing MGN3 enhanced proliferation 

and EGF/FGF2 production, suggesting the MTT assay may lack sensitivity for supernatant 

effects. To improve detection, repeating experiments with higher cell densities to produce 

more concentrated supernatants is recommended. Future studies could use direct co-

culture of fibroblasts with treated cells to better mimic in vivo conditions and allow 

exploration of varied treatments and exposure times. 

This study assessed MGN3's impact on keratinocyte metabolism after TLR2 and TLR4 

inhibition. At pre-diabetic conditions, OCR and total ATP production decreased following 

TLR2/TLR4 inhibition compared to controls. Conversely, hyperglycaemic conditions led to 

increased OCR but decreased mitoATP after TLR2 inhibition in the LPS group and TLR4 

inhibition in UC and MGN3 groups. Previous research shows TLR2/4 inhibition shifts 

metabolism from mitoATP to glycoATP, likely due to TIRAP-like proteins blocking TLRs and 

MyD88 activation promoting glycolysis. Elevated glucose availability may further drive this 

metabolic shift. MGN3 treatment has also been shown to reduce cellular oxidative stress. 

This study examined MGN3’s effects on growth factors and antimicrobial peptides (EGF, 

FGF2, TGFβ1, NRF2, LL37, BD2) in keratinocytes under hyperglycaemic conditions. 

Hyperglycaemia significantly increased EGF in untreated cells versus pre-diabetic. At 11mM, 

LPS but not MGN3, increased EGF; at 30mM, both LPS and MGN3 raised EGF, with MGN3 

having a stronger effect. LPS-driven EGF production was mainly TLR4-dependent, while 

MGN3’s effect involved both TLR2 and TLR4 under hyperglycaemic conditions. LPS 

influences EGF production in keratinocytes primarily through TLR4-mediated inflammatory 

signalling (Müller-Decker et al, 2005; Kim et al, 2018; De et al, 2015). 

Hyperglycaemia significantly decreased (P<0.01) fibroblast FGF2 secretion versus pre-

diabetic conditions. Both LPS and MGN3 increased FGF2 production at both glucose levels, 

with no distinct TLR2 or TLR4 influence on FGF2 among treated or untreated keratinocytes. 

LPS-stimulated FGF2 elevation, especially under hyperglycaemia, aligns with prior studies 

(Peng et al, 2024; Piipponen et al, 2020; Petit et al, 2022). TGFβ1 secretion was unaffected 

by hyperglycaemia (P>0.05) in untreated cells. MGN3 (not LPS) significantly reduced TGFβ1 

at pre-diabetic conditions, but neither altered TGFβ1 under hyperglycaemia. Since elevated 



 

~ 258 ~ 
 

TGFβ1 impairs keratinocyte proliferation and wound healing via NF-κB inflammatory 

pathways (Coffey et al, 1988; Pietenpol et al, 1990; Hogan et al, 2013; Luo et al, 2017), 

MGN3’s reduction at pre-diabetic conditions may promote proliferation and reduce 

inflammation. Hyperglycaemia significantly increased NRF2 secretion (P=0.035) in 

untreated keratinocytes compared to pre-diabetic conditions. MGN3 elevated NRF2 

secretion at pre-diabetic conditions but decreased it under hyperglycaemia; LPS had no 

effect. Recent work suggests extracellular vesicles mediate NRF2 delivery between cells (Gai 

et al, 2024). Both MGN3 and LPS increased intracellular NRF2 protein at both glucose levels. 

NRF2 protects against oxidative stress and inflammation (Gęgotek & Skrzydlewska, 2015; He 

et al, 2020). NRF2 deficiency in diabetic mice causes prolonged inflammation and reduced 

MCP-1 expression, impairing monocyte recruitment (Braun et al, 2002; Villarreal-Ponce et 

al, 2020). Hyperglycaemia substantially reduced LL37 production in untreated keratinocytes 

compared to pre-diabetic conditions. At 11mM, LPS and MGN3 increased LL37, and MGN3 

also raised BD2 levels; under hyperglycaemia, MGN3 increased BD2 only. LL37 and BD2 are 

potent antimicrobial peptides (Ramos et al, 2011; Afshar & Gallo, 2013), with LL37 linked to 

improved wound healing via autophagy activation (Piipponen et al, 2020; Xi et al, 2024) and 

BD2 effective against PA in ischemia (Casal et al, 2019). These increases are likely to enhance 

keratinocyte antimicrobial activity. 

In summary, MGN3 enhanced EGF and FGF2 secretion and increased LL37 and BD2 

production in keratinocytes under hyperglycaemic conditions. At pre-diabetic conditions, 

MGN3 reduced TGFβ1 secretion, which may suppress NF-κB-mediated inflammation and 

promote keratinocyte proliferation—key factors in improving wound healing (Coffey et al, 

1988; Pietenpol et al, 1990; Hogan et al., 2013; Luo et al, 2017). 

This study assessed the impact of MGN3-induced EGF and FGF2 secretion from fibroblasts, 

keratinocytes, and M1 macrophages on HACAT proliferation at pre-diabetic and 

hyperglycaemic conditions. Keratinocyte proliferation increased with supernatant from 

MGN3/LPS-treated keratinocytes at 11mM but decreased with MGN3-treated supernatant 

at 30mM conditions. EGF inhibition significantly (P = 0.003) reduced proliferation at both 

glucose levels, confirming EGF’s presence. These findings align with Xie et al (2024), who 

reported LPS-stimulated keratinocytes showed reduced proliferation. 
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Keratinocyte proliferation was not significantly increased (P = 0.34) in response to 

supernatant from untreated cells under hyperglycaemic compared to pre-diabetic 

conditions (106.6% vs. 100.0%). EGF inhibition significantly reduced proliferation at both 

glucose levels (P = 0.003), confirming EGF presence. Similar findings were reported by 

Shirakata et al (2005), who observed reduced HB-EGF and proliferation under 

hyperglycaemia. TLR2/4 inhibition significantly reduced (P < 0.05) proliferation in response 

to supernatants from untreated keratinocytes under both glucose conditions. Proliferation 

significantly increased (P < 0.01) when exposed to MGN3/LPS-treated supernatants at 

11mM but decreased (P < 0.001) with MGN3-treated supernatants at 30mM conditions. 

EGF inhibition significantly reduced proliferation (P < 0.01) in response to MGN3/LPS-

treated supernatants at 11mM and LPS-treated supernatants at 30mM conditions. TLR2/4 

inhibition of MGN3/LPS-treated keratinocytes at 11mM significantly reduced proliferation 

(P < 0.01). At 30mM, only LPS-treated supernatants with TLR2/4 inhibition significantly 

reduced proliferation (P < 0.05). These results support previous findings that LPS promotes 

keratinocyte proliferation via TLR4 (Müller-Decker et al, 2005; Kim et al, 2018; Preciado et 

al, 2005). 

Keratinocyte proliferation was significantly inhibited (P = 0.000; 16.2% vs. 100%) by 

supernatants from fibroblasts cultured at hyperglycaemia compared to pre-diabetic 

conditions. This is consistent with studies linking hyperglycaemia to reduced EGF and 

impaired proliferation (Terash et al, 2014; Hu et al, 2016). EGF-blocking antibody had no 

significant effect (P > 0.05), suggesting glucose, not EGF, drives this inhibition. At 11mM, 

TLR4 inhibition significantly reduced proliferation (P = 0.001) in response to fibroblast 

supernatant, and EGF inhibition also lowered proliferation (P = 0.033), indicating EGF’s 

involvement. Neither treatment affected proliferation under hyperglycaemia (P > 0.05). 

Supernatant from LPS-treated fibroblasts significantly reduced fibroblast proliferation (P = 

0.019), but MGN3/LPS supernatants had no effect. However, MGN3/LPS supernatants from 

fibroblasts at 30mM significantly reduced keratinocyte proliferation (P < 0.01) compared to 

11mM conditions. EGF inhibition had no impact in this context (P > 0.05). TLR2 inhibition 

significantly increased (P < 0.05) keratinocyte proliferation in LPS-treated cells at pre-

diabetic conditions, but TLR2/4 inhibition had no effect under hyperglycaemia (P > 0.05), 
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suggesting TLR2’s role is more prominent in low-glucose conditions. This contrasts with 

studies showing LPS acts via both TLR2 and TLR4 (Loryman & Mansbridge, 2008). 

Keratinocyte proliferation was significantly reduced (P = 0.000; 45.1% vs. 100%) when 

exposed to supernatants from macrophages cultured under hyperglycaemic compared to 

pre-diabetic conditions, suggesting high glucose impairs macrophage-mediated support of 

keratinocyte growth. This may result from reduced EGF secretion due to altered 

inflammatory signalling and oxidative stress (Krzyszczyk et al, 2018), leading to lower NRF2 

in keratinocytes and impaired proliferation (Villarreal-Ponce et al, 2020). EGF inhibition 

significantly reduced proliferation under both glucose conditions (P = 0.000 and P = 0.011), 

confirming EGF’s role. TLR2 inhibition significantly decreased proliferation at 11mM (P = 

0.000), while both TLR2 and TLR4 inhibition reduced it 30mM conditions (P < 0.05). MGN3-

treated macrophage supernatants significantly increased keratinocyte proliferation at 

11mM (P < 0.01), whereas MGN3/LPS-treated supernatants decreased it at both 11mM and 

30mM (P < 0.01). EGF inhibition also reduced proliferation in MGN3-treated conditions (P = 

0.002). TLR2 inhibition with LPS increased proliferation at 11mM (P = 0.023) but decreased 

it at 30mM (P = 0.000). TLR4 inhibition with MGN3 increased proliferation at 30mM (P = 

0.003). Overall, MGN3-treated macrophages promoted keratinocyte proliferation at pre-

diabetic conditions but inhibited proliferation at hyperglycaemic conditions. 

Keratinocyte proliferation was significantly reduced (P = 0.022; 76.1% vs. 100%) when 

exposed to supernatants from untreated keratinocytes cultured under hyperglycaemic 

conditions compared to pre-diabetic conditions, indicating high glucose impairs 

proliferation—likely due to increased ROS, reduced FGF2, or AGE formation (Wang & Grave, 

2020; Shirakata et al, 2005; Tian et al, 2012). At 11mM, TLR2/4 inhibition significantly 

increased keratinocyte proliferation (P < 0.01), but had no effect at 30mM (P > 0.05). 

Supernatants from MGN3/LPS-treated keratinocytes significantly enhanced proliferation at 

both glucose levels (P < 0.05). FGF2 inhibition had no effect at 11mM but significantly 

reduced proliferation at 30mM (P < 0.05), suggesting FGF2 plays a larger role under 

hyperglycaemia. TLR4 and TLR2 inhibition of LPS-treated keratinocytes at 11mM conditions 

significantly reduced proliferation (P = 0.022 and P = 0.036, respectively). Similarly, TLR2/4 

inhibition of MGN3-treated keratinocytes reduced proliferation at both glucose levels (P < 
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0.05). These findings suggest LPS and MGN3 modulate keratinocyte proliferation through 

TLR2/4 pathways differently under hyperglycaemia, and factors beyond FGF2 likely drive the 

proliferative effects of MGN3/LPS-treated supernatants. 

Keratinocyte proliferation was significantly reduced (P = 0.002; 74.6% vs. 100%) when 

exposed to supernatants from fibroblasts cultured under hyperglycaemic conditions 

compared to pre-diabetic conditions, indicating that hyperglycaemia impairs fibroblast-

mediated keratinocyte proliferation. Unexpectedly, FGF2 inhibition increased proliferation 

at 30mM (P = 0.002; 116.4%), suggesting factors other than FGF2 may drive suppression. 

TLR2/4 inhibition had no significant effect (P > 0.05) on proliferation with untreated 

fibroblast supernatants at either glucose level. Supernatants from MGN3/LPS-treated 

fibroblasts significantly reduced keratinocyte proliferation at 11 mM (P < 0.05), and MGN3-

treated fibroblasts did so at 30 mM (P = 0.031). Blocking FGF2 significantly restored 

proliferation in both cases (P < 0.05 at 11 mM; P = 0.008 at 30 mM), suggesting FGF2 

contributes to suppression in treated conditions. At 11mM, TLR4 inhibition with LPS 

significantly increased keratinocyte proliferation (P = 0.003), but had no effect under 

hyperglycaemia—supporting TLR4’s role in LPS-mediated signalling (Peng et al, 2024; Kurat 

et al, 2008). 

Keratinocyte proliferation was significantly reduced (P = 0.024; 74.4% vs. 100%) when 

exposed to supernatants from macrophages cultured under hyperglycaemic conditions 

compared to pre-diabetic conditions, suggesting high glucose impairs macrophage-

mediated support. FGF2 reduction due to oxidative stress and altered signalling may 

contribute (Krzyszczyk et al, 2018), disrupting keratinocyte–macrophage crosstalk and 

lowering NRF2 in keratinocytes (Villarreal-Ponce et al, 2020). FGF2 inhibition significantly 

increased proliferation at 30 mM (P = 0.026; 104.9%) but had no effect at 11 mM (P > 0.05), 

indicating FGF2 partially mediates suppression under hyperglycaemia. TLR2/4 inhibition had 

no significant effect (P > 0.05) on proliferation in supernatants from untreated macrophages 

at either glucose level. Supernatants from MGN3-treated macrophages significantly 

reduced keratinocyte proliferation at 11 mM (P = 0.007) and at 30 mM compared to 11 mM 

(P = 0.023), while MGN3/LPS had no effect at 30mM conditions. FGF2 inhibition significantly 

restored proliferation in MGN3-treated conditions at 11mM (P = 0.007). TLR2/4 inhibition 
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in MGN3/LPS-treated macrophages had no significant impact at either glucose level (P > 

0.05). 

Other research has shown chronic hyperglycaemia inhibits keratinocyte proliferation, 

though the underlying mechanisms remain unclear (Terashi et al, 2005). Normally, 

proliferation is driven by EGF via MAPK/PI3K/STAT pathways and by FGF2, which supports 

Rac activation and lamellipodia formation (Ai et al, 2017; Seeger & Paller, 2015). However, 

high glucose ( > 12.5 mM) rapidly glycates FGF2, reducing its activity (Facchiano et al, 2006), 

while hyperglycaemia also impairs EGF signalling via Akt, disrupting wound healing (Xu et 

al, 2009). Additionally, hyperglycaemia reduces HB-EGF production (Shirakata et al, 2005), 

with contributing factors including oxidative stress, EGF suppression, and AGE accumulation 

(Wang & Grave, 2020; Tian et al, 2012). LPS may further regulate keratinocyte proliferation 

by modulating FGF2/NRF2 through TLR4 (Peng et al, 2024; Kurat et al, 2008). 

Hyperglycaemic conditions significantly increased MRSA and PA01 recovery (P < 0.01), 

indicating reduced antimicrobial activity. Supernatants from MGN3- and LPS-treated 

keratinocytes at 11mM and 30mM conditions decreased bacterial recovery. Blocking LL37 

or BD2 reversed this effect, suggesting MGN3/LPS enhances intracellular killing of MRSA and 

PA01 via increased LL37 and BD2 production. Hyperglycaemia is known to suppress 

antimicrobial peptides in keratinocytes (Kim et al, 2018), including BD2 (Lan et al, 2012; 

Kareem & Mohammed, 2024; Cruz Díaz et al, 2015) and LL37 (Hu et al, 2016). A clinical trial 

demonstrated improved healing of infected diabetic foot ulcers with topical LL37, 

supporting its reduced expression in diabetes (Miranda et al, 2023).  

This study examined MGN3’s effect on NRF2/MCP-1 signalling in keratinocytes at pre-

diabetic and hyperglycaemic conditions. Hyperglycaemia increased NRF2 expression in 

untreated keratinocytes. MGN3/LPS treatment raised NRF2 at 11mM, but at 30mM, only 

LPS increased NRF2; MGN3 had no effect. NRF2 inhibition reduced NRF2 levels in 

MGN3/LPS-treated and untreated keratinocytes at 11mM conditions, suggesting NRF2 may 

self-regulate via a feedback loop (Villareal-Ponce et al, 2020; Dodson et al, 2022). MCP-1 

production in untreated keratinocytes was unaffected by hyperglycaemia. MGN3 

significantly increased MCP-1 under both glucose conditions (P < 0.01). NRF2 inhibition 
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significantly reduced MCP-1 levels in untreated and MGN3/LPS-treated keratinocytes at 

both pre-diabetic and hyperglycaemic conditions, confirming NRF2’s role. These results 

show MGN3 stimulates MCP-1 production via NRF2, consistent with research linking NRF2 

activation to MCP-1 secretion, which promotes macrophage EGF release and keratinocyte 

proliferation (Villarreal-Ponce et al, 2020). NRF2 activation by oxidative stress triggers 

transcription factors (AP-1, NF-κB, STAT3) that induce MCP-1 release (Süntar et al, 2021; 

Schmidt et al, 2019; Sim et al, 2022; Merecz-Sadowska et al, 2021). Future studies could co-

culture keratinocytes with macrophages to confirm MGN3-induced MCP-1 stimulates 

macrophage EGF via NRF2. 

In conclusion, this study shows MGN3 enhances keratinocyte ATP production under 

hyperglycaemia, stimulates key growth factors (EGF, FGF2), and inhibits TGFβ1. It promotes 

MCP-1 secretion via NRF2 and boosts antimicrobial peptides (LL37, especially BD2), 

increasing bactericidal activity against MRSA and PA01. MGN3 also raises collagen-1, growth 

factors (EGF, TGFβ1), and MMP-1 while reducing MCP-1 in fibroblasts under 

hyperglycaemia. Overall, MGN3 may improve wound repair by enhancing fibroblast 

proliferation, modulating metabolism to reduce oxidative stress, increasing growth factors, 

and lowering inflammation in hyperglycaemic conditions. 
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7.1 Discussion  

 

Diabetes mellitus (DM) is a prevalent chronic condition characterized by high blood glucose 

levels, or hyperglycaemia (Chait and Bornfeldt, 2009; Shaw et al, 2010). The chronic nature 

of DM is primarily due to persistent hyperglycaemia (Chait and Bornfeldt, 2009), which is 

believed to result from inadequate or insufficient insulin production (McCrimmon et al, 

2012). The condition leads to chronic inflammation and excessive production of pro-

inflammatory cytokines, which impair bacterial clearance and hinder wound healing 

(McCrimmon et al, 2012; Idriss and Naismith, 2000; Anas et al, 2010). Chronic wounds often 

arise from compromised wound healing, particularly during the inflammatory phase 

(Frykberg and Banks, 2015). Diabetic foot ulcers (DFUs) are a prime example of chronic 

wounds. They typically result from diabetic neuropathy, where patients may not feel the 

initial foot injury. Prolonged pressure can then cause tissue ischemia, necrosis, and 

inflammation, which rapidly lead to DFUs (Doupis et al, 2009; Boulton et al, 2020). DFUs are 

marked by significant inflammation and prolonged tissue ischemia (Alavi et al, 2014) and 

are often colonized by opportunistic bacteria. If untreated, they are prone to infection (Ogba 

et al, 2019; Percival et al, 2018; Piri et al, 2013). 

The dietary fibre MGN3 has been shown to positively affect the immune system, from 

activating various immune cell types (Ghoneum and Agrawal, 2011) to reducing 

immunosenescence (Elsaid et al, 2018). Clinical trials involving MGN3 indicate its ability to 

enhance NK cell activity (Elsaid et al, 2018) and improve cognitive function in older adults 

(Elsaid et al, 2020). MGN3 has also been found to stimulate peripheral lymphocytes to boost 

interleukin-2 (IL-2) production (Giese et al, 2008) while reducing levels of pro-inflammatory 

cytokines (Ali et al, 2012). Further evidence from in vivo studies supports these findings, 

showing that MGN3 enhances the phagocytic function of M0 macrophages (Asif, 2020; Tan, 

2018). Asif (2020) demonstrated that MGN3 promotes bacterial clearance in vitro and 

significantly (P < 0.05) reversed impaired phagocytic function caused by elevated glucose 

levels. In an earlier study, Tan (2018) found that MGN3 increased macrophage-mediated 

phagocytosis of MRSA through its action on TLR-4 and dectin-1 receptors. Additionally, 

MGN3 was shown to enhance the phagocytosis of yeast by murine macrophages (Ghoneum 
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and Matsuura, 2004) and Escherichia coli by human monocytes and neutrophils (Ghoneum 

et al, 2008). 

MGN3 exhibits several properties that suggest it could be an effective topical treatment for 

wound management, particularly due to its positive impact on various immune cells. 

Already widely used as a dietary supplement (Elsaid et al, 2018), MGN3 has a well-

established safety profile (Ghoneum et al, 2013). Additionally, it is highly soluble in water 

(Kamiya et al, 2014), which makes it easily compatible with hydrogels commonly used in 

aqueous topical wound dressings (Uraloğlu et al, 2014). However, to date, the potential of 

MGN3 as a topical treatment for promoting wound healing and/or combating bacterial 

infections in chronic wounds has not been explored. Furthermore, there is limited research 

on how MGN3 affects fibroblast and keratinocyte function, especially under hyperglycaemic 

conditions and in the context of chronic wounds. 

This project aimed to evaluate the effect of MGN3 on the cellular function and activities of 

several cell types typically involved in the wound healing process (monocytes/macrophages, 

fibroblasts and keratinocytes) under hyperglycaemic conditions. The first step was to 

appreciate how hyperglycaemia with or without treatment with MGN3 alters key processes 

such as cellular metabolism, cell differentiation and the phagocytic capacity of 

macrophages. The project then assessed the impact of hyperglycaemia and MGN3 

treatment on fibroblast and keratinocyte proliferation and migration. Moreover, the effect 

of hyperglycaemia and MGN3 treatment on the expression and/or secretion of key 

mediators of immune responses and wound repair were investigated including growth 

factor (EGF, FGF2, TGFβ1, KGF),  chemokine (MCP-1), antimicrobial peptide (cathelicidin and 

BD2) and transcription factor (NRF2) assessments. Finally, crosstalk between different cell 

types was extensively investigated in relation to the above mediators to build an initial 

picture of the potential cell interactions, receptors and signalling pathways through which 

MGN3 might act to modulate the immune and wound healing processes in response to 

hyperglycaemia.      

Hyperglycaemic conditions impaired macrophage differentiation, detected by a significant 

decrease in CD11b expression in M0 macrophages (Figure 3. 3). However, hyperglycaemia 
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subsequently promoted polarisation of macrophages toward an inflammatory M1-like 

phenotype, detected by a significant increase in CD197 expression (Figure 3. 4). The results 

indicate glucose inhibited the differentiation of U937 monocytes to M0 macrophages but 

then stimulated the polarisation of those macrophages toward a more proinflammatory M1 

macrophage phenotype. Other studies have shown hyperglycaemia leads to increased 

CD11b expression in both human monocytes (Torres-Castro et al, 2016) and monocytes 

from diabetic mice (Sierra et al, 2012). Other studies have also suggested hyperglycaemia 

can prime macrophages to become more proinflammatory, resulting in elevated TNFα, IL-

1β and IL-6 cytokine secretion (Pavlou et al, 2018; El-Mahmoudy et al, 2005; Moganti et al, 

2017). Chronic hyperglycaemia also resulted in a statistically higher percentage of damaged 

or dead macrophages (Figure 3. 5). Elevated glucose has been shown to increase 

macrophage cell membrane damage, which was detected by propidium iodide staining, 

through increased pore formation and especially after LPS treatment (Zhoa et al, 2023). 

Additionally, macrophages grown under hyperglycaemic conditions display signs of 

metabolic stress and increased apoptotic cell death (Rodgers et al, 2020).    

This study examined glucose utilisation and its effects on proliferation and cell death in 

monocytes, macrophages, fibroblasts, and keratinocytes at initial glucose concentrations of 

11, 15, 20, and 30mM. Over 8 days, significant glucose depletion indicated active uptake 

across all cell types. Glucose utilisation per cell increased with glucose concentration, 

especially in monocytes, suggesting heightened ATP generation under hyperglycaemia. 

Monocyte proliferation increased until day 3 but declined at 20 and 30 mM by day 8, 

indicating glucose toxicity and potential cell damage, reflected in morphological changes. 

There was a similar trend seen in macrophages except glucose utilisation was appreciably 

reduced compared to monocytes, and viable macrophage counts were higher at day 8 at 

hyperglycaemic conditions (>15mM glucose) starting conditions compared to pre-diabetic 

conditions, consistent with reports that monocytes have higher metabolic demands during 

differentiation (Chui & Bharat, 2016). 

A limitation of this study was the extended culture of cells (7 or 14 days) without medium 

replacement during the glucose utilisation assay. This allowed the measurement of glucose 

over a set timeframe (7 or 14 days). While this approach preserved the glucose dynamics 
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within the culture medium, it may have introduced some confounding variables. It is 

important to note that the ‘extended culture’ was only implemented in the glucose 

utilisation assay and the cells cultured for this assay were not used for any downstream 

analyses (e.g. measurements of  migration, proliferation, phagocytosis, cytokines, growth 

factors etc.) in this study. All cell types cultured for other assays in this PhD project followed 

the standard cell culture procedure of regular medium changes every 2 days (as indicated 

in section 2.2.2) as thus the findings of all other assays are not affected by this potential 

issue. Over time, nutrient depletion, pH shifts, and the accumulation of metabolic by-

products in spent medium could negatively affect cell viability, function, and gene 

expression profiles. This may influence observed cellular responses independently of 

experimental treatments, particularly under stress conditions like hyperglycaemia. 

Moreover, prolonged exposure to high glucose without fresh medium changes could 

exacerbate oxidative stress or alter signalling dynamics, potentially amplifying or masking 

treatment effects. To mitigate this potential issue to some degree, cell densities were set 

low for the glucose utilisation assay to minimise the amount of detrimental confounding 

factors present in the spent medium. Nonetheless, the findings of the glucose utilisation 

assay should only be considered as tentative approximations beyond the first 2 or 3 days 

given confounding factors might be influencing cell glucose utilisation at later time points. 

Although this approach was necessary for continuous measurement of glucose utilisation 

over an extended culture period, future glucose utilisation assays could consider alternative 

methods to avoid factors accumulating that might impact cell health. For example, timed 

medium collection and replenishment could be adopted by generating fresh medium of 

differing glucose concentrations that exactly match the glucose levels observed at the point 

of replenishment. Unfortunately, such medium does not commercially exist and would 

require complicated, bespoke medium creation by removing glucose from commercial 

medium (11mM) using an enzyme such as glucose oxidase to create medium with glucose 

levels lower than 11mM. However, this is not without complications since the enzyme then 

needs neutralizing without damaging other medium components and the reaction also 

creates hydrogen peroxide (that can damage cellular structures) so the hydrogen peroxide 

then needs removing using another enzyme such as catalase before supplementing with the 
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desired concentration of glucose.  This complicated process of generating bespoke glucose-

supplemented media was considered for adoption in this PhD project but deemed overly 

complex on balance given the increased risk of bacterial contamination due to medium 

manipulation, together with the fact it was only required for a single complementary assay 

within this project, with no bearing on other experimental data presented throughout the 

thesis.      

Glucose utilisation by fibroblasts and keratinocytes over 14 days showed significant 

depletion by day 8, indicating active metabolism. Under hyperglycaemic conditions, glucose 

uptake increased, but cell proliferation declined in both cell types. Hyperglycaemia impairs 

fibroblast proliferation and migration, likely due to growth factor resistance and PKC 

overproduction (Hehenberger & Hansson, 1997; Buranasin et al, 2018). Hyperglycaemia 

also appeared to induce a myofibroblast-like phenotype, associated with elevated NF-κB 

signalling and IL-8 production (Pang et al, 2016; van Caam et al, 2018; Haas et al, 2021). 

Keratinocytes under high glucose similarly increased pro-inflammatory cytokine and nitric 

oxide production (Nakai et al, 2003; Lan et al, 2013) and showed reduced β-defensin 

expression via p38MAPK inhibition (Lan et al, 2012; Lan et al, 2013). Chronic hyperglycaemia 

is linked to decreased viability across multiple cell types, including macrophages, fibroblasts, 

and keratinocytes (Ayala et al., 2019; Pavlou et al, 2018; Rizwan et al, 2020). 

After confirming glucose uptake, its effect on metabolism was assessed in fibroblasts (HDFs) 

and keratinocytes (HACATs). In HDFs, increasing glucose led to reduced oxygen consumption 

rate (OCR), extracellular acidification rate (ECAR), and total ATP production, with a metabolic 

shift toward mitochondrial ATP over glycolysis. In contrast, HACATs showed decreased OCR 

but increased ECAR and ATP production, relying predominantly on glycolysis at 30mM 

glucose. These results indicate hyperglycaemia impairs mitochondrial function in both cell 

types but promotes glycolytic metabolism in keratinocytes. Hyperglycaemia can impair 

fibroblast function by inducing autophagy and mitophagy, reducing mitochondrial mass and 

promoting hypoxia-like effects (Zhang et al, 2008; Baracca et al, 2013). It also triggers 

prolonged P2X7 activation in fibroblasts, causing ATP depletion and cell death (Solini et al, 

2000). In keratinocytes, hyperglycaemia increases ROS, decreases mitochondrial 

transcription factor A, and promotes apoptosis via AKT–IRF3 signalling (Rizwan et al, 2020). 
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The phagocytic capacity of M1 macrophages to clear MRSA and PA biofilms under 

hyperglycaemia and MGN3 treatment was assessed using TLR2/TLR4 inhibitors to 

determine if MGN3 acts via TLR signalling. Prior to phagocytosis assays, the direct effects of 

varying glucose levels (11, 15, 20, and 30 mM) and MGN3 treatment on MRSA and PA 

biofilms were tested. Results showed that MGN3 had no direct antimicrobial effect, 

confirming that any changes in subsequent bacterial clearance were due to macrophage 

activity rather than direct action of MGN3 on biofilms. 

Hyperglycaemia has been shown to enhance bacterial biofilm formation and growth (Lu et 

al, 2020; Vitko et al, 2016; She et al, 2019; Huynh et al, 2012). In this study, direct exposure 

of MRSA and PA biofilms to 20mM or 30mM glucose significantly increased bacterial 

recovery compared to 11mM, supporting clinical findings that glucose in bronchial aspirates 

correlates with higher MRSA colonisation risk (Phillips et al, 2005). As MRSA and PA are 

common in diabetic foot ulcers (DFUs) (Luo et al, 2020), these results highlight how 

uncontrolled hyperglycaemia may promote their persistence. Glucose specifically enhances 

MRSA biofilm structure and growth more than other sugars (Luo et al, 2020; You et al, 2014), 

likely via fermentation-driven aggregation (Vitko et al, 2016; Luo et al, 2019). She et al, 

(2019) further showed that hyperglycaemic levels increase PA biofilm size without boosting 

planktonic growth, suggesting enhanced adhesion rather than proliferation. Bacterial 

recovery increased under hyperglycaemic conditions, suggesting hyperglycaemia impairs 

the phagocytic activity of M1 macrophages. Supporting these findings, Pavlou et al, (2018) 

demonstrated that prolonged exposure to high glucose reduces phagocytosis in LPS/INFγ-

polarized human bone marrow-derived M1 macrophages. These results also align with in 

vivo observations in diabetic patients, who exhibit impaired phagocytosis (Berbudi et al, 

2020; Xu et al, 2013; Tessari et al, 2010).  

Hyperglycaemia promotes bacterial biofilm formation (Lu et al, 2020; Vitko et al, 2016; She 

et al, 2019; Huynh et al, 2012). In this study, MRSA and PA biofilms exposed to 20 and 30mM 

glucose showed significantly higher bacterial recovery than at 11mM, aligning with clinical 

data linking airway glucose to increased MRSA colonisation (Phillips et al, 2005). As common 

DFU pathogens (Luo et al, 2020), MRSA and PA may thrive under poor glycaemic control. 

Glucose uniquely enhances MRSA biofilm formation over other sugars (Luo et al, 2020; You 
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et al, 2014), likely via fermentation-driven aggregation (Vitko et al, 2016; Luo et al, 2019). 

High glucose also increases PA biofilm size without affecting planktonic growth, suggesting 

enhanced adhesion (She et al, 2019). LPS activation in diabetic mouse macrophages 

upregulates TLR2 and TLR4, potentially enhancing phagocytosis via increased receptor 

availability (Lui et al, 2001). Building on previous work showing MGN3 competes with LPS 

for TLR4 and dectin-1 binding in planktonic models (Tan, 2018; Asif, 2020), this study 

investigated whether MGN3 modulates TLR2/4 signalling in biofilm-based wound infection 

models. 

Inhibition of TLR2—and especially TLR4—significantly increased MRSA biofilm recovery 

under both pre-diabetic and hyperglycaemic conditions, regardless of M1 macrophage 

pretreatment (RS/MGN3/LPS). Dual inhibition had a partially additive effect, indicating that 

TLR2/4 signalling is critical for macrophage-mediated clearance, possibly via microbial or 

endogenous ligands (Takeda et al, 2003; Yu et al, 2010). TLRs are promiscuous receptors 

activated by diverse ligands and can form homo- or heterodimers to broaden pathogen 

recognition (Colleselli et al, 2023; Farhat et al, 2008). For example, TLR4 typically detects 

LPS as a homodimer, while TLR2 partners with TLR1 or TLR6 to detect distinct bacterial-

derived products (Colleselli et al, 2023). 

TLR4 inhibition significantly increased PA biofilm recovery under both pre-diabetic and 

hyperglycaemic conditions, regardless of M1 macrophage pretreatment, highlighting its key 

role in phagocytosis—consistent with recognition by TLR4 of Gram-negative LPS (Ciesielska 

et al, 2021). In contrast, TLR2 played a less consistent role. Under pre-diabetic conditions, 

TLR2 inhibition had no effect in untreated M1 macrophages (P  >  0.05) but increased biofilm 

recovery under hyperglycaemia (P < 0.01). Interestingly, in LPS/MGN3-treated M1 

macrophages, TLR2 inhibition reduced phagocytosis under pre-diabetic conditions (P < 0.01) 

but had no effect under hyperglycaemia. These results suggest a glycaemia-dependent shift 

in TLR2 signalling in response to PA, a pattern not observed with MRSA. Inhibition of TLR2 

and/or TLR4 did not fully block the MGN3- or LPS-induced reduction in MRSA and PA biofilm 

recovery, suggesting TLR-independent mechanisms may also enhance phagocytosis. While 

LPS is a known TLR4 ligand (Ciesielska et al, 2021), it can also enter the cytosol—via 

phagosomes or HMGB1–RAGE complexes—and activate the non-canonical NLRP3 
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inflammasome through caspase-4/5, promoting phagosome maturation and bacterial killing 

(Mazgaeen & Gurung, 2020; Rathinam & Fitzgerald, 2016). This pathway enhances 

clearance of both Gram-negative and Gram-positive bacteria. Given its structural similarity 

to LPS (Fadel et al, 2018), MGN3 may similarly activate TLR-independent inflammasome 

pathways, though further investigation is needed. 

Fibroblast- and keratinocyte-mediated wound closure was assessed under hyperglycaemia 

and MGN3 treatment using TLR2/4 inhibitors to explore TLR involvement. Hyperglycaemia 

impaired fibroblast-driven closure, suggesting reduced migration and/or proliferation, while 

MGN3 enhanced closure, especially at high glucose levels. TLR2/4 inhibition significantly 

reduced closure across all glucose conditions. Using mitomycin C and cytochalasin D, results 

indicated MGN3 primarily promoted fibroblast migration rather than proliferation. These 

findings align with previous studies showing hyperglycaemia inhibits fibroblast migration. 

For example, glucose concentrations of 30mM have been shown to delay fibroblast cell 

migration in diabetic mice (Xuan et al, 2014). This effect has been linked to hyperglycaemia-

induced increases in reactive oxygen species (ROS) production and inhibition of JNK 

phosphorylation. The JNK and PI3-Kinase-Rac1 pathways are crucial for cell migration, as 

highlighted by Xuan et al, (2016). Additionally, diabetic patients typically have elevated 

levels of 3-deoxyglucosone (3DG), a precursor to advanced glycation end-products (AGEs), 

which leads to the accumulation of AGEs on collagen as patients age (Loughlin and Artlett, 

2009). It has been shown that fibroblasts exhibit a higher affinity for 3DG-treated collagen, 

but this results in a significant reduction in their ability to migrate across wounds (Loughlin 

and Artlett, 2009). 

Keratinocyte wound closure was similarly impaired by hyperglycaemia but enhanced by 

MGN3 at 11mM and 30mM glucose. Cytochalasin D significantly reduced this closure, while 

mitomycin C had less effect, indicating MGN3 primarily promotes keratinocyte migration, 

with a minor role for proliferation. Previous studies also show hyperglycaemia impairs 

keratinocyte migration and proliferation (Raja et al, 2007; Pastar et al, 2014). Lan et al, 

(2008) linked hyperglycaemia-induced keratinocyte motility loss to reduced P125FAK 

signalling. Hyperglycaemia also impairs integrin-mediated adhesion, further hindering 

migration (Li et al, 2019). MGN3 may restore integrin expression, as seen in T-cells (Weeks 
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et al, 2008) and activate FAK pathways to promote keratinocyte migration and wound 

healing (Phurisom et al, 2021). Hyperglycaemia-induced oxidative stress damages 

keratinocytes, but MGN3’s antioxidant effects protect them and support motility (Rizwan et 

al, 2020; Noaman et al, 2008). Additionally, MGN3 activates MAPK and PI3K pathways, 

essential for F-actin dynamics and cell movement (Tan, 2018; Zhang et al, 2020; Vazquez-

Victorio et al, 2016). 

This study investigated the effects of MGN3 on U937 monocytes and M1 macrophages at 

pre-diabetic and hyperglycaemic conditions, with implications for wound healing in diabetic 

patients with DFUs. Hyperglycaemia increased EGF secretion from M1 macrophages, 

aligning with findings by Fukuda et al (1997), who observed elevated HB-EGF expression in 

hyperglycaemic mice. However, FGF2 secretion remained unchanged, despite previous 

reports of increased FGF2 mRNA (Teshima-Kondo et al, 2004) and altered FGF2 structure via 

glycation (Facchiano et al, 2006). Glycation also impairs FGF2 receptor binding, reducing 

mitogenic activity (Duraisamy et al, 2001). MGN3 combined with LPS reduced both EGF and 

FGF2 secretion in M1 macrophages under low and high glucose. Conversely, RS increased 

EGF and decreased FGF2 secretion at 11mM glucose but had no effect at 30mM. These 

changes suggest MGN3 may help reduce inflammation in hyperglycaemia. EGF promotes 

macrophage proliferation, potentially intensifying inflammation (Lu et al, 2014). EGFR 

signalling regulates cytokine production and feedback (Lu et al, 2014; Zhao et al, 2016; 

Shang et al, 2020). FGF2 enhances inflammatory cell recruitment via endothelial adhesion 

molecules (Zittermann & Issekutz, 2006) but also supports angiogenesis and tissue repair 

(Bikfalvi et al, 1997; Presta et al, 2009; Shen et al, 2024). 

TLR inhibition increased EGF secretion in untreated and RS-treated M1 macrophages at low 

glucose (11mM) but had no effect at high glucose (30mM). This aligns with TLR-mediated 

activation by various endogenous ligands (Takeda et al, 2003). Similarly, at 11mM TLR 

inhibition increased EGF levels following LPS or MGN3 treatment. However, at 30mM, only 

TLR4 inhibition elevated EGF after LPS or MGN3, suggesting TLR4 mediates LPS/MGN3-

induced EGF production in high glucose. TLR4’s link to EGFR signalling via Rab5a supports 

this finding (Tang et al, 2020), and EGFR can be activated directly or via TLR4 ligands like LPS 

(Lu et al, 2014). 
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TLR2 inhibition reduced FGF2 secretion in untreated cells at 11mM, while TLR4 inhibition 

increased it at 30mM conditions. In MGN3-treated cells, TLR inhibition had no effect at 

11mM, but TLR2 inhibition increased FGF2 at 30mM glucose. With LPS, TLR2 inhibition 

increased FGF2 only at 11mM glycaemic level. In RS-treated cells, both TLR2 and TLR4 

inhibition increased FGF2 at 11 mM glucose conditions, while only TLR4 inhibition had an 

effect at 30mM. These findings suggest TLR2 influences MGN3-induced FGF2 under 

hyperglycaemia and LPS-induced FGF2 under euglycemia. Though direct links between TLR2 

and FGF2 are limited, some FGF family members may signal through TLR2/4 (Marega et al, 

2021). 

In this study, the secretion of chemokine MCP-1 from macrophage was investigated. 

Hyperglycaemia (30mM) had no significant effect on MCP-1 in untreated M1 macrophages. 

However, RS, LPS and MGN3 treatments elevated MCP-1 secretion under hyperglycaemic 

conditions. This contrasts with studies showing hyperglycaemia alone increases MCP-1 via 

oxidative stress and NF-κB activation (Xu et al, 2016; Yang et al, 2009). Diabetic patients also 

show higher serum MCP-1 (Mine et al, 2006), likely due to ROS-induced activation of 

proinflammatory pathways. Elevated MCP-1 levels in response to hyperglycaemia are 

thought to recruit more monocytes to sites of inflammation, exacerbating the chronic 

inflammation commonly seen in diabetes (Grewal et al, 1997). Additionally, high glucose 

can alter macrophage polarization, pushing them towards a more pro-inflammatory 

phenotype, which further promotes MCP-1 secretion (Nio et al, 2012; Du et al, 2021). Given 

the current findings, it is possible that the ELISA used in this study was not sensitive enough 

to detect some changes in MCP-1 levels due to the macrophage densities used to generate 

the cell lysates. Therefore, further studies using higher cell densities or more sensitive 

techniques, such as flow cytometry, are needed to confirm these results. 

MCP-1 inhibition reduced U937 monocyte chemotaxis in supernatants from untreated M1 

macrophages at 11mM but increased chemotaxis at 30mM conditions, suggesting a glucose-

dependent, dual role of MCP-1 in chemotaxis. Supernatants from MGN3- or LPS-treated M1 

macrophages had no significant effect on chemotaxis at either glucose level, nor did TLR2 

or TLR4 inhibition, indicating limited MCP-1 modulation at the tested cell densities. 

Supernatants from untreated keratinocytes or fibroblasts cultured in 30mM glucose 
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reduced monocyte chemotaxis compared to 11mM glucose, an effect reversed by MCP-1 

blocking, suggesting hyperglycaemia actively induces MCP-1 secretion from these cell types. 

Under hyperglycaemia, TLR2 inhibition increased chemotaxis, while TLR4 inhibition 

decreased it, with responses varying by treatment. Notably, MGN3-treated keratinocyte 

supernatants (at 30mM) significantly reduced chemotaxis; fibroblast supernatants had no 

such effect. These results highlight the central role of MGN3 in chemotaxis, with TLR2/4 

contributions influenced by glucose levels and cell type. 

Macrophages, keratinocytes, and fibroblasts produce elevated MCP-1 under 

hyperglycaemic conditions (Grosick et al, 2018; Fang et al, 2023; Shanmugam et al, 2003). 

While MCP-1 aids monocyte recruitment, its overexpression can prematurely prime 

monocytes, promoting macrophage differentiation and excessive cytokine production in 

diabetes (Kraakman et al, 2014; Cuca et al, 2014). MCP-1–primed macrophages also show 

increased cytotoxicity (Wang et al, 2014). Hyperglycaemia induces macrophages to release 

pro-inflammatory cytokines, which stimulate keratinocytes and fibroblasts to further 

produce MCP-1, forming a positive feedback loop (Xu et al, 2016). This also leads to the 

release of IL-1β, IL-6, and TNF-α, enhancing MCP-1 expression and monocyte recruitment 

(Wood et al, 2014). Additionally, hyperglycaemia alters fibroblast-derived ECM, impacting 

MCP-1 signalling (Macarie et al, 2018), while direct cell-cell interactions also amplify MCP-1 

production (Yadav et al, 2010; Pezhman et al, 2021; Tiwari et al, 2010). Altogether, these 

processes create a chronic inflammatory environment, promoting sustained MCP-1 

overproduction and monocyte recruitment, contributing to tissue damage and diabetic foot 

ulcer formation (Monaghan et al, 2023). 

This study examined two key antimicrobial mediators, lysozyme and cathelicidin (LL37), in 

M1 macrophages. Hyperglycaemia is known to impair lysosomal activity and lysozyme 

regulation (Moheimani et al, 2012; Sims-Robinson et al, 2016). However, no significant 

difference in lysozyme levels was found between untreated macrophages at pre-diabetic 

and hyperglycaemic conditions. At 11mM glucose, LPS and MGN3 significantly increased 

lysozyme production (P < 0.01); at 30mM glucose, MGN3 still induced a smaller but 

significant increase. Given the potent antimicrobial action of lysozyme, this suggests MGN3 

may enhance bacterial clearance (Khorshidian et al, 2022). TLR2/4 inhibition reduced 
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MGN3-induced lysozyme at both glucose levels. LPS-induced lysozyme was similarly 

reduced by TLR inhibition, but only at 11mM. In untreated and RS-treated cells at low 

glucose, TLR2 inhibition increased lysozyme activity, while TLR4 inhibition decreased it, 

highlighting a regulatory role for TLRs in lysozyme production. 

Under hyperglycaemic conditions, LL37 production decreased in untreated M1 

macrophages, indicating impaired antimicrobial response. LPS increased LL37 under high 

glucose, while MGN3 reduced it, showing opposing effects. TLR2/TLR4 inhibition reduced 

LL37 production at low glucose but increased it under high glucose in MGN3-treated 

macrophages, suggesting glucose-dependent modulation of MGN3 effects via TLR 

pathways. MGN3-induced LL37 suppression may impair bacterial killing (Sancho-Vaello et 

al, 2020) but could help limit inflammation, as LL37 delays neutrophil death (Minns et al, 

2021) and promotes inflammation by enhancing RNA-scavenger receptor interactions 

(Takahashi et al, 2018). Hyperglycaemia may influence LL37 via elevated cytokines like TNF-

α and IL-6 (Uribe-Querol & Rosales, 2022; Hao et al, 2023) and oxidative stress affecting 

LL37-regulating transcription factors (Shi et al, 2024; Xi et al, 2024). MGN3’s antioxidant 

properties (Ooi et al, 2018) may counteract these effects. Further studies are needed to 

explore these relationships in greater detail. 

This study assessed whether MGN3 treatment affected the cathelicidin-associated 

antimicrobial activity of M1 macrophage lysates against MRSA and PA01 under 

hyperglycaemia. LL37 has broad antibacterial activity (Ridyard & Overhage, 2021). All M1-

derived lysates showed significant antibacterial effects (P < 0.001) against both strains at 

pre-diabetic and hyperglycaemic conditions, indicating potent antimicrobial activity. 

However, MGN3-treated supernatants did not significantly alter bacterial recovery 

compared to controls, suggesting MGN3 did not enhance MRSA killing. This aligns with 

earlier findings that MGN3 reduces LL37 production (see previous paragraph). Adding a 

cathelicidin-blocking antibody increased bacterial recovery in all treatments under 

hyperglycaemia, confirming LL37 contributes to antibacterial activity, though other 

antimicrobial components are also likely involved. 
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This study found that MGN3 was non-toxic to fibroblasts and promoted their proliferation, 

particularly under hyperglycaemic conditions—aligning with previous research showing 

MGN3 enhances cell function in NK cells, macrophages, and dendritic cells. Specifically, it 

stimulates NK activity against cancer cells (Ooi et al, 2018), boosts macrophage phagocytosis 

(Ghoneum et al, 2008), and increases dendritic cell cytokine output, including IFN-γ 

(Ghoneum & Agrawal, 2011).  

At hyperglycaemic conditions, untreated fibroblasts showed reduced total ATP compared to 

keratinocytes at pre-diabetic conditions. Both LPS and MGN3 treatments further decreased 

ATP levels as glucose increased. At 11mM glucose, LPS-treated fibroblasts had the highest 

ATP production; MGN3-treated cells had the lowest. Glycolysis contributed to 63% of ATP in 

LPS-treated cells, compared to 32% in MGN3-treated and 36% in the UC group. At 30mM 

glucose, untreated fibroblasts had the highest ATP, with MGN3 and LPS yielding similar, 

lower levels. Mitochondrial ATP accounted for over 70% in controls, versus 62% (MGN3) and 

50% (LPS). Consistent with Solini et al (2000), hyperglycaemia-induced ATP may trigger 

fibroblast hypertrophy, increased fibronectin, IL-6, and apoptosis via P2X7 receptor 

activation. TLR2/4 inhibition increased OCR, ECAR, and ATP in all groups, shifting ATP 

production from mitochondrial to glycolytic pathways, most likely due to TIRAP-mimicking 

effects enhancing MYD88-mediated glycolysis (Chen et al, 2020). 

This study found that high glucose significantly reduced COL-1 secretion in untreated 

fibroblasts, consistent with previous findings linking hyperglycaemia to increased MMPs and 

AGEs (Argyropoulo et al, 2016; Andreea et al, 2008). In contrast, MGN3 and LPS treatments 

enhanced COL-1 secretion at both pre-diabetic and hyperglycaemic conditions, suggesting 

MGN3 may support ECM restoration in diabetic wounds. Hyperglycaemia is known to 

elevate MMP-1 and TGFβ1, leading to collagen degradation, fibroblast hypertrophy, and 

reduced ECM production (Suryavanshi & Kulkarni, 2017; Vasko et al, 2009; Xuan et al, 2014, 

2016; Wu & Derynck, 2009). 

This project examined fibroblast proliferation following exposure to EGF and FGF2 in 

supernatants from fibroblasts, keratinocytes or M1 macrophages cultured under euglycemic 

or hyperglycaemic conditions.  
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Fibroblast proliferation was reduced when exposed to supernatants from fibroblasts, 

keratinocytes, or M1 macrophages cultured at hyperglycaemic versus pre-diabetic 

conditions. EGF inhibition further decreased proliferation only at 11mM, indicating EGF 

presence at low glucose levels. MGN3/LPS-treated fibroblast supernatants decreased 

fibroblast proliferation at 11mM but increased it at 30mM. TLR2/4 inhibition in MGN3-

treated fibroblasts reduced fibroblast proliferation at both glucose levels, confirming TLR-

dependent effects. Similarly, MGN3-treated keratinocyte supernatants reduced fibroblast 

proliferation only at 11 mM, with TLR2/4 inhibition decreasing it further, suggesting MGN3 

acts via TLR2/4 at 11mM and via TLR4 at 30mM glycaemic conditions. M1 macrophage 

supernatants at 30mM conditions also suppressed fibroblast proliferation and EGF 

inhibition reduced proliferation only at 11mM. TLR2 inhibition at 11mM and MGN3 

treatment under both glucose conditions decreased fibroblast proliferation, though MGN3 

had no effect under hyperglycaemia unless combined with TLR2 inhibition. Overall, 

hyperglycaemia impaired EGF secretion and fibroblast proliferation, with the effect of MGN3 

being TLR-dependent and varying with glucose level and cell type. 

Fibroblast proliferation was reduced by supernatants obtained from fibroblasts cultured 

under hyperglycaemia. TLR4 inhibition increased fibroblast proliferation, but TLR4-inhibited 

supernatants from fibroblasts reduced proliferation of untreated fibroblasts whereas TLR2 

inhibition had no such effect. MGN3-treated fibroblasts (at both glucose levels) produced 

supernatants that increased fibroblast proliferation, that was unaffected by FGF2 inhibition. 

MGN3/LPS-treated keratinocyte supernatants had no significant effect on fibroblast 

proliferation, and FGF2 inhibition had no impact, indicating low FGF2 secretion in 

keratinocyte supernatants. MGN3-treated macrophages reduced fibroblast proliferation at 

11mM glucose, while TLR2 inhibition (in both untreated and MGN3-treated macrophages) 

increased fibroblast proliferation. Again, FGF2 inhibition had no effect, suggesting minimal 

contribution from FGF2 in macrophage supernatants. 

Hyperglycaemia impairs wound healing by disrupting EGFR–PI3K/AKT signalling, likely via 

increased ROS (Xu et al, 2009). Fibroblasts exposed to high glucose become resistant to 

growth factors like IGF-I and EGF, reducing proliferation (Hehenberger & Hansson, 1997). 

Similar resistance has been observed in fibroblasts from diabetic ulcers, showing reduced 
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responsiveness to IGF-I, EGF, FGF2 and PDGF (Loots et al, 2002; Xu et al, 2018). Diabetic 

fibroblasts overexpress FGF2 mRNA and protein, linked to PKC-β1 upregulation (Vasko et al, 

2009). Hyperglycaemia also increases glycated, less biologically active FGF2 (Gedaj et al, 

2024; Facchiano et al, 2006). Inflammatory stimuli like LPS upregulate FGF2 via TLR2/4 

activation in fibroblasts and keratinocytes (Rahimi et al, 2005; Akhtar et al, 2021; Saha et al, 

2015), potentially through ERK1/2 signalling (Chen et al, 2019). 

This study found that MGN3 reduced total ATP production in keratinocytes as glucose levels 

increased. At pre-diabetic conditions, untreated and LPS-treated cells relied heavily on 

glycolysis (82%), while MGN3-treated cells used it less (60%). Under hyperglycaemia, 

glycolytic activity increased in MGN3-treated cells (74%) compared to LPS-treated cells 

(63%), likely due to oxidative stress and impaired mitochondrial ATP production. 

Hyperglycaemia has been linked to mitochondrial dysfunction and increased ROS in 

keratinocytes, leading to TFAM depletion, mtDNA damage, and activation of ERK1/2–

PI3K/Akt–IRF3 pathways (Rizwan et al, 2020; Rizwan et al, 2023), driving a shift from 

oxidative phosphorylation to glycolysis (Moura et al, 2019). TLR2/4 inhibition decreased 

OCR at 11mM in all groups, but increased OCR at 30mM conditions. Total ATP decreased 

with TLR inhibition at 11mM and, to a lesser extent, at 30mM, particularly following TLR2 

inhibition of LPS-treated cells and TLR4 inhibition of untreated or MGN3-treated cells. TLR 

inhibition has been shown to shift metabolism from mitoATP to glycoATP (Krawczyk et al, 

2010), potentially due to TIRAP-mediated MyD88 recruitment (Chen et al, 2020; Tan & 

Kagan, 2019). Hyperglycaemia may further promote this shift further towards glycoATP 

(Chou et al, 2022). 

This study investigated MGN3's effect on keratinocyte production of growth factors (EGF, 

FGF2, TGFβ1), NRF2, and antimicrobial peptides (LL37, BD2) under hyperglycaemic 

conditions. Hyperglycaemia increased EGF secretion in untreated keratinocytes compared 

to pre-diabetic conditions. EGF was upregulated by LPS at 11mM glucose and by both LPS 

and MGN3 under at 30mM glycaemic conditions, with MGN3 showing a stronger effect. LPS 

acted via TLR2, while MGN3 acted via both TLR2 and TLR4, as blocking these receptors 

reduced EGF secretion. Hyperglycaemia reduced FGF2 secretion in untreated cells. Both LPS 
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and MGN3 increased FGF2 at both glucose levels via TLR2 and TLR4. Inhibition of either TLR 

reduced FGF2 in all conditions, with no major difference between treatments.  

Other studies have also indicated that LPS affects FGF2 signalling through TLR4 (Peng et al, 

2024; Kurata et al, 2008). EGF production in keratinocytes stimulated with LPS has also 

shown to be mediated through TLR4 signalling (Müller-Decker et al, 2005; Kim et al, 2018; 

De et al, 2015). Under hyperglycaemic conditions, there is a reduction in keratinocyte-

derived HB-EGF, which impairs keratinocyte proliferation (Shirakata et al, 2005). This 

decreased proliferation in hyperglycaemia is associated with several factors, including 

increased ROS levels due to oxidative stress, lowered EGF synthesis, and the buildup of AGEs 

(Wang and Grave, 2020; Shirakata et al, 2005; Tian et al, 2012).  

Hyperglycaemia did not significantly affect TGFβ1 secretion in untreated keratinocytes. 

MGN3/LPS treatment reduced TGFβ1 at 11mM glucose; at 30mM, LPS increased TGFβ1 

while MGN3 decreased it. TLR inhibition lowered TGFβ1 in both groups at 30mM. Reduced 

TGFβ1 from MGN3 may aid healing, as high TGFβ1 impairs keratinocyte proliferation and 

delays wound repair by activating inflammatory NF-kB pathways (Coffey et al, 1988; 

Pietenpol et al, 1990; Hogan et al, 2013; Luo et al, 2017). Hyperglycaemia increased 

intracellular and extracellular NRF2 in untreated keratinocytes. MGN3 raised NRF2 secretion 

at 11mM but reduced it at 30mM conditions. TLR inhibition had minimal impact on NRF2 

beyond untreated levels. Intracellular NRF2 increased after MGN3 or LPS treatment at both 

glucose levels, independent of TLR2/4 (Braun et al, 2002; Villarreal-Ponce et al, 2020). LL37 

and BD2 increased in keratinocyte lysates after LPS and MGN3 at 11mM glucose, with 

smaller rises at 30mM. Reduced LL37 activity is linked to poor wound healing in diabetes 

(Piipponen et al, 2020). LL37 promotes healing via autophagy activation (Xi et al, 2024), and 

BD2 aids clearance of PA in ischemic wounds (Casal et al, 2019). 

In summary, these findings suggest that MGN3 stimulates the production of keratinocyte-

derived EGF, FGF2, NRF2, LL37, and BD2 under hyperglycaemic conditions, while reducing 

the secretion of TGFβ1. Other studies have shown that hyperglycaemia disrupts growth 

factor and cytokine signalling pathways in keratinocytes (Raja et al., 2007; Pastar et al., 
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2014). Another study by Braun et al, (2002) found NRF2 levels were reduced under 

hyperglycaemic conditions resulting in prolonged inflammation.  

This project examined keratinocyte proliferation following exposure to EGF and FGF2 in 

supernatants from keratinocytes, fibroblasts or M1 macrophages cultured under euglycemic 

or hyperglycaemic conditions. Keratinocyte supernatants at hyperglycaemic conditions had 

no significant effect on keratinocyte proliferation. However, adding an EGF-blocking 

antibody reduced keratinocyte proliferation under both glucose conditions, confirming the 

presence of EGF. Supernatants from MGN3/LPS-treated keratinocytes (11mM) increased 

keratinocyte proliferation, while MGN3 alone (30mM) decreased it. TLR2/4 inhibition had 

no notable additional effect on keratinocyte proliferation. Keratinocyte proliferation was 

reduced by fibroblast-derived supernatants at 30mM compared to 11mM conditions. EGF 

inhibition reduced keratinocyte proliferation only following exposure to supernatants from 

11mM-cultured fibroblasts, indicating a possible loss of EGF at 30mM conditions. MGN3-

treated fibroblast-derived supernatants did not alter keratinocyte proliferation, potentially 

suggesting limited EGF induction. Macrophage-derived supernatants at 30mM glucose 

suppressed keratinocyte proliferation. Whilst TLR2 inhibition reduced keratinocyte 

proliferation following exposure to supernatants from 11mM-exposed macrophages, both 

TLR2 and TLR4 inhibition suppressed keratinocyte proliferation when exposed to 

supernatants from macrophages cultured under hyperglycaemia. EGF inhibition reduced 

keratinocyte proliferation at both glucose conditions, confirming presence of EGF in 

macrophage supernatants. MGN3-treated macrophage supernatants (at 11mM) increased 

keratinocyte proliferation, which was reversed by EGF inhibition. In contrast, MGN3/LPS-

treated macrophage supernatants (at 30mM) decreased keratinocyte proliferation. TLR4 

inhibition in these MGN3-treated macrophages restored keratinocyte proliferation, 

suggesting TLR4 modulates MGN3-driven secretory responses under hyperglycaemia. 

Supernatants from Keratinocyte cultured at 30mM glucose reduced keratinocyte 

proliferation compared to those derived from 11mM conditions. FGF2 inhibition had no 

effect, indicating little involvement from FGF2 . TLR2/4 inhibition in untreated keratinocytes 

increased keratinocyte proliferation at 11mM glucose only. MGN3/LPS-treated 

keratinocyte-derived supernatants enhanced Keratinocyte proliferation at both glucose 
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levels, whilst FGF2 inhibition reduced this effect at 30mM, suggesting appreciable FGF2 

presence under hyperglycaemia. TLR2/4 inhibition of MGN3-treated keratinocytes reduced 

Keratinocyte proliferation, highlighting a TLR2-dependent response distinct from untreated 

cells. Supernatants from fibroblasts cultured at 30mM inhibited keratinocyte proliferation. 

MGN3-treated fibroblast-derived supernatants decreased keratinocyte proliferation at 

11 mM but increased it at 30mM glycaemic conditions. FGF2 inhibition reduced 

Keratinocyte proliferation only with hyperglycaemic MGN3-treated fibroblast supernatants, 

indicating induced secretion of FGF2 under hyperglycaemia. TLR2/4 inhibition had no 

further effect on the proliferative properties of fibroblast-derived supernatants.  

Supernatants from macrophages cultured at 30mM reduced keratinocyte proliferation. 

MGN3-treated macrophage-derived supernatants decreased keratinocyte proliferation at 

11mM glucose but had no effect at 30mM. FGF2 blockade had no impact on keratinocyte 

proliferation, suggesting FGF2 secretion from macrophages was not a contributing factor. 

TLR2/4 inhibition in macrophages also had no effect on keratinocyte proliferation at either 

glucose level. 

Other studies have demonstrated that chronic hyperglycaemia inhibits keratinocyte 

proliferation (Terashi et al, 2005), although the underlying mechanisms for this effect remain 

unclear. Research by Facchiano et al (2006), found that FGF2 exposed to high glucose 

(>12.5mM) becomes glycated in as little as 30 minutes, significantly reducing its 

effectiveness on cells like keratinocytes. Hyperglycaemia has also been shown to impair EGF 

signalling via disrupted Akt activation, which contributes to delayed wound healing in 

diabetic patients (Xu et al, 2009). 

The effect of MGN3 on the bactericidal activity of keratinocytes cultured euglycemic and 

hyperglycaemic conditions was measured against MRSA and PA in relation to antimicrobial 

peptide (BD2 and LL37) production.  The recovery of MRSA and PA01 increased following 

exposure to cell lysate from keratinocytes cultured under hyperglycaemic conditions, 

indicating hyperglycaemia was inhibiting the bactericidal activity of keratinocytes. The 

addition of BD2 blocking antibody to lysates from untreated keratinocytes cultured under 

euglycemic conditions increased bacterial recovery further, confirming BD2 was present in 

appreciable amounts in the lysates of untreated keratinocytes cultured under euglycemic 
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(but not hyperglycaemic) conditions. The addition of LL37 blocking antibody to lysates from 

untreated keratinocytes cultured at pre-diabetic conditions increased bacterial recovery 

further, confirming LL37 was present in appreciable amounts in the lysates of untreated 

keratinocytes cultured at pre-diabetic conditions. The addition of LL37 blocking antibody to 

lysates from untreated keratinocytes cultured under hyperglycaemic conditions increased 

MRSA (but not PA) recovery further, confirming LL37 was sufficiently present in the lysates 

of untreated keratinocytes cultured under hyperglycaemic conditions to influence MRSA 

(but not PA). MRSA and PA recovery was significantly reduced following exposure to lysates 

from keratinocytes treated with MGN3 or LPS at pre-diabetic or hyperglycaemic conditions, 

suggesting MGN3 and LPS induced additional bactericidal activity against MRSA and PA in 

keratinocyte lysates. The addition of BD2 blocking antibody increased MRSA and PA 

recovery following exposure to lysates from keratinocytes treated with MGN3/LPS under 

euglycemic or hyperglycaemic conditions.  Similarly, the addition of LL37 blocking antibody 

increased MRSA and PA recovery following exposure to lysates from keratinocytes treated 

with MGN3/LPS at pre-diabetic or hyperglycaemic conditions. These findings indicated both 

BD2 and LL37 peptide production were present in appreciable amounts in the supernatants 

of keratinocytes treated with MGN3 or LPS at both pre-diabetic and hyperglycaemic 

conditions. 

Hyperglycaemia has been associated with reduced antimicrobial peptide activity in 

keratinocytes. Studies have demonstrated that impaired wound healing in diabetic patients 

can result from a suppression of BD2 expression due to hyperglycaemic conditions (Lan et 

al, 2012; Kareem and Mohammed, 2024; Cruz Díaz et al, 2015). Additionally, 

hyperglycaemia has been shown to suppress the activity of cathelicidin in keratinocytes (Hu 

et al, 2016). A randomized double-blind study showed the healing of diabetic foot ulcers 

with mild infection improved when LL37 cream was applied, suggesting LL37 expression is 

suppressed in diabetic patients under hyperglycaemic conditions (Miranda et al, 2023).  

Lastly, this project examined the influence of MGN3 on NRF2 expression and activation in 

keratinocytes cultured at pre-diabetic and hyperglycaemic conditions, and subsequent 

NRF2-mediated MCP-1 secretion from keratinocytes. NRF2 expression was substantially 

increased by hyperglycaemia in untreated keratinocytes when compared to untreated 
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keratinocytes cultured at pre-diabetic conditions. In contrast, NRF2 expression was only 

increased in MGN3/LPS-treated keratinocytes cultured at pre-diabetic conditions.  

Hyperglycaemia did not significantly affect MCP-1 secretion from untreated keratinocytes. 

However, MGN3 treatment increased MCP-1 secretion from keratinocytes at both pre-

diabetic and hyperglycaemic conditions. NRF2 inhibition reduced MCP-1 secretion from 

untreated and MGN3-treated keratinocytes at both glucose conditions, indicating MCP-1 

production was at least in part regulated by NRF2 at both pre-diabetic and hyperglycaemic 

conditions. These findings suggest that NRF2 plays a key role in regulating MGN3 activities 

in keratinocytes at both pre-diabetic and hyperglycaemic conditions. Previous research has 

shown that NRF2 activation is linked to MCP-1 expression in keratinocytes, forming a 

crosstalk loop with macrophages that then secrete EGF in response to MCP-1 stimulation 

(Villarreal-Ponce et al, 2020). This activation is triggered by oxidative stress, which leads to 

NRF2 binding to antioxidant response elements (AREs) and activating other transcription 

factors (such as AP-1, NF-κB, STAT3), ultimately resulting in the release of MCP-1 from 

keratinocytes (Süntar et al, 2021; Schmidt et al, 2019; Sim et al, 2022; Merecz-Sadowska et 

al, 2021). 

 
7.2 Future Work  

 

This study opens up several potential avenues for further exploration into the impact of 

MGN3 on wound healing. One area for investigation could be the effect of MGN3 on other 

immune cells that were not evaluated in this study. For instance, examining how MGN3 

influences endothelial cells, which play a crucial role in wound repair, could provide valuable 

insights. Additionally, the impact of MGN3 on cell interactions and crosstalk could be 

explored by developing co-culture systems or 3D in vitro wound models. Animal studies, 

such as using diabetic mouse models, could help visualize MGN3’s effect on wound healing 

in vivo. Microarray analysis could be employed to identify genes regulated by MGN3, while 

mechanistic studies could involve knockout cells, animal models, or gene silencing 

techniques like small interfering RNAs (siRNAs), microRNAs (miRNAs), or CRISPR gene 

editing to further dissect the underlying pathways. A potential direction for future research 
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could involve investigating the effect of MGN3 in other cell lines and on ex vivo cells derived 

from diabetic patients (e.g. immune cells) to determine if key findings of this project can be 

replicated. If some or all the findings can be successfully replicated, this could form a body 

of evidence to open the door for MGN3 as a potential topical treatment for impaired healing 

and/or infected wounds in diabetic patients, potentially in the form of wound dressings 

where MGN3 could be incorporated into hydrogels given its water-soluble nature. 

 

7.3 Conclusion 
 

This thesis has demonstrated that elevated glucose levels exert multifaceted detrimental 

effects on critical cell types involved in wound healing. Specifically, chronic hyperglycaemia 

impairs macrophage differentiation and phagocytic function, disrupts cellular metabolism 

and cell cycle dynamics, and hinders fibroblast and keratinocyte activity, each of which plays 

a vital role in the wound repair cascade (see Figure 7.1).  

Importantly, this work has shown that MGN3 can counteract many of these dysfunctions. 

MGN3 significantly improved fibroblast and keratinocyte metabolism by enhancing 

mitochondrial respiration, particularly under hyperglycaemic conditions. It also promoted 

cell proliferation and growth factor production in fibroblasts and keratinocytes, enhanced 

epidermal and dermal wound closure primarily via increased migration, and upregulated 

collagen-1 production in fibroblasts regardless of glucose concentration. Furthermore, 

MGN3 attenuated hyperglycaemia-induced overproduction of TGFβ1 by keratinocytes while 

simultaneously increasing macrophage-derived MCP-1, supporting better coordination 

between immune and tissue-resident cells during wound healing. 

Crucially, MGN3 restored macrophage antimicrobial function under hyperglycaemic stress. 

A 24-hour exposure to MGN3 enhanced M1 macrophage phagocytosis of MRSA and PA 

biofilms and stimulated secretion of antimicrobial mediators including lysozyme, LL37, and 

BD2. These effects directly address the impaired immune clearance seen in DFUs and 

provide strong preclinical justification for further therapeutic exploration. 

Mechanistically, MGN3 exerted its effects at least partly through TLR2 and TLR4 signalling 

pathways, which were shown to be critical in mediating enhanced phagocytosis, improved 
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fibroblast and keratinocyte metabolism, and increased migratory activity. In addition, MGN3 

upregulated the anti-inflammatory transcription factor NRF2, both in terms of protein 

expression at pre-diabetic conditions and functional activity across both glycaemic 

environments, highlighting its potential to modulate redox balance and inflammation in 

diabetic wounds. 

The wider implications of this research could be significant for diabetic patients with 

infected or non-infected diabetic foot ulcers (DFUs), as MGN3 may offer a novel therapeutic 

approach to enhance wound healing and modulate immune responses, potentially 

improving clinical outcomes and reducing complications associated with chronic wounds in 

diabetes. As a wound healing and immune-regulating therapy, MGN3 could provide a 

promising adjunct or alternative to current treatments, addressing both the underlying 

inflammation and impaired healing often seen in diabetic patients. 

 

 

 

 

 

 

 

 

 

 

 

 



 

~ 287 ~ 
 
 

Figure 7. 1: The Effects of MGN3 on different cell types involved in wound healing. The overview of the effects of MGN3 on macrophage, fibroblast and keratinocyte cell function at 
low glucose (LG) and high glucose (HG) conditions.  
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