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Abstract 
Acute wound healing involves a tightly regulated cascade of cellular signalling and 

functional events. Deterioration at any stage of this sophisticated system can lead to 

healing impairment and chronic, non-healing wounds. Chronic wounds, which are 

prevalent in the elderly and diabetic, are a global socioeconomic burden and remain 

a major area of clinical unmet need. Improved understanding of the cellular and 

molecular aetiology of chronic wounds is essential to develop new therapies. The 

aim of this work was to explore the role of cellular senescence and the metallome in 

governing normal and pathological wound repair.  

Novel data presented in this thesis show increased senescence in both aged and 

diabetic wounds, while biologically-important metals, such as calcium, were 

reduced. Transcriptional profiling of wounds strongly linked the transcriptome, 

metallome and senescence. A direct role for senescence in pathological healing was 

mechanistically demonstrated in vitro, ex vivo and in vivo. Crucially, pharmacological 

inhibition of the explicated senescence receptor, Cxcr2, accelerated diabetic wound 

healing in vivo. Collectively, these data reveal a hitherto unappreciated role for Cxcr2 

in mediating cellular senescence during pathological skin repair.  

Global profiling of the wound metallome highlighted significant changes in wound 

iron levels during late-stage healing. In vitro studies uncovered a new role for iron 

in mediating extracellular matrix deposition during wound remodelling, while 

reduced iron levels in diabetic wounds correlated with impaired ECM deposition. In 

summary, temporospatial metallome profiling identified multiple defects in metal-

linked cellular processes in the pathological wound environment.  

Taken together, the research platform delivered in this work will provide an 

unprecedented opportunity to further interrogate transcriptional and functional 

relationships between cellular senescence and the metallome in wound repair. 

Indeed, this research may underpin the development of novel, efficacious metal-

targeted therapies for chronic healing wounds in the future.  
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Chapter 1: Introduction 
 

1.1. The Skin 
Skin is the largest organ of the human body, comprising around 15-17% of an 

individual’s body weight and spanning up to 2m2 in adults (Zaidi & Lanigan, 2010). 

The skin performs a variety of important functions to maintain homeostasis, such as 

enabling thermostability and allowing the body to respond to extrinsic sensory 

stimuli, including heat and pressure (Kosikowska et al., 2015). Crucially, the skin 

acts as the primary barrier against the vagarious onslaughts of the external 

environment. It prevents desiccation through regulation of trans-epidermal water 

loss (TEWL; Hardman et al., 1998), and protects against mechanical, chemical, 

thermal and photic damage to vital internal structures (Takeo et al., 2015). The skin 

also defends against pathogenic infection by microorganisms through elegantly 

adapted host-microbiota interactions, and a sophisticated innate immune response 

(Naik et al., 2015). This thesis focuses on exploring the vital evolved mechanisms 

that the skin uses to quickly and efficiently close breaches to its barrier.  
 

1.1.1. Skin Structure 

The skin comprises of the epidermis, basement membrane (BM), dermis, and 

underlying subcutaneous adipose tissue, the hypodermis (Figure 1.1; Debeer et al., 

2013). The hypodermis serves as an insulating layer and energy reserve, providing 

cushioning to underlying tissues (Frienkel & Woodley, 2001). The skin houses 

structures that convey its functionality, such as nerve endings and blood vessels; 

and appendages, including hair follicles, sweat glands, sebaceous glands and nails 

(Elias, 2007; Proksch et al., 2008). Although the structure of skin is largely 

conserved among mammals, subtle differences are still apparent. For example, skin 

from humans, non-human primates and pigs is attached to underlying muscle fascia, 

and maintains high elastic content relative to the skin of other mammals (Dorsett-

Martin, 2004; Sullivan et al., 2001). Porcine skin retains similar epidermal thickness 

to human skin (as observed via infrared spectroscopy, Kong & Bhargava, 2011; Mahl 

et al., 2006) and is insulated by an abundant hypodermis (Debeer et al., 2013; 

Summerfield et al., 2015). Human and porcine skin also possess similar epidermal 

turnover and keratin protein expression, and comparable dendritic cell antigen 
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patterns (Sullivan et al., 2001; Summerfield et al., 2015). By contrast, murine skin is 

loose, much thinner than human skin, and lacks rete ridges (Treuting et al., 2012). 

Murine skin also holds considerably more hair follicles and a panniculosus carnosus 

muscle layer to allow rapid wound contraction following injury (Wong et al., 2010). 

Despite these marked differences, the overall composition of the skin, and the 

distribution of collagen and elastic fibres, remains comparable between humans and 

mice (Junqueira & Montes, 1983; Kielty & Grant, 2002). Indeed, species-specific 

similarities and differences must be considered when using non-human skin and 

wound models for translational research purposes (see Table 1.1). 

 
 
Figure 1.1. Comparative structural composition of human and murine skin. Haematoxylin and 
eosin staining shows the main features of human and mouse skin. Human epidermis and dermis are 
thicker, with a visible stratum corneum, while murine skin contains dense hair follicles and a 
panniculus carnosus muscle. Bar = 50 µm. Histological images produced by the author (HNW). 

 
Table 1.1. Key similarities between human, porcine and murine skin structure 

and wound healing. * 

Feature Species 
Human Porcine Murine 

Skin attachment Firmly attached Firmly attached Loose 
Hair Sparse Sparse Dense 

Panniculus carnosus No No Yes 
Primary healing 

mechanism Re-epithelialisation Re-epithelialisation Contraction 

*Adapted from Summerfield et al. (2015). 
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1.1.2. The Epidermis 

The epidermis is a superficial differentiated squamous epithelial layer, protecting 

the body against physical trauma, chemical damage and ultraviolet radiation (UVR) 

exposure (Braverman, 2000). Within the embryo, epidermal formation is dependent 

on expression of the transcription factor, p63. Upregulation of p63 is required to 

convert keratin 8 (Krt8)/18-expressing ectoderm into Krt5/14-positive epidermis 

(Byrne et al., 1994; Mills et al., 1999). Around 95% of the epidermis is composed of 

KRT-rich squamous keratinocytes, which migrate and differentiate through the four 

histologically distinct epidermal layers: the stratum basale (SB), the stratum 

spinosum (SS), the stratum granulosum (SG) and the stratum corneum (SC; Baroni et 

al., 2012; Hardman et al., 1999; Figure 1.2).  

The skin is the only organ, other than the lungs, in direct contact with atmospheric 

oxygen (Stücker et al., 2002). As the epidermis is avascular, it relies heavily on apical 

diffusion of oxygen and nutrient transfer through contact with the dermis at the BM 

(Braverman, 2000). Epidermal thickness varies substantially based on body site. 

The thickest skin (up to 600 µm) is found on plantar and palmar regions (Debeer et 

al., 2013; Elias, 2007), where an extra supportive layer, the stratum lucidum, is 

sandwiched between the SC and SG (Zirra, 1976).  

The epidermis primarily functions to continually replenish the SC; a layer of large, 

non-viable, impermeable corneocytes devoid of organelles, which act as the first 

barrier to intrusion and dehydration (Elias, 2004; Madison, 2003; Proksch et al., 

2008). Over time, corneocytes of the SC are lost through desquamation, which 

allows the epidermis to circumvent extrinsic macromolecular damage accumulation 

(Tigges et al., 2014). Therefore, new keratinocytes must constantly replace the 

nonviable SC through the process of terminal differentiation (Allen & Potten, 1975). 

Differentiation is regulated by an epidermal calcium gradient, where keratinocytes 

become increasingly permeable to calcium as they migrate towards the apical (SC) 

surface (Eckert & Rorke, 1989). In human skin, the turnover rate of keratinocytes, 

migrating from the SB to the SC, is approximately 28 days (Harding, 2004; Lai-

Cheong & McGrath, 2009).   
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The columnar cells of the SB are connected to the BM through hemidesmosomes 

(Walko et al., 2015); while keratinocytes adhere to each other through major cell-

cell adhesion molecules (e.g. desmosomes and adherens junctions, Smith & Fuchs, 

1998). Desmosomal plaque proteins connect desmosomal cadherins to the 

keratinocyte cytoskeleton (Otten et al., 2014). Above the SB is the SS, a layer of 

spinous cells named because of their “spiny” appearance (Odland, 1960; Harding, 

2004). Next is the SG, where keratinocytes appear angular and flattened, producing 

keratohyalin granules filled with cornified envelope components (Nemes & Steinert, 

1999). Crucially, tight junctions, cell-cell junctions found only in the uppermost SS 

and the SG, provide a paracellular permeability barrier in the epidermis of mice 

(Furuse et al., 2002) and humans (reviewed in Niessen, 2007). The remaining 5% of 

non-keratinocyte epidermal cells includes melanocytes, merkel cells, and antigen-

presenting Langerhans cells (LCs, Nestle et al., 2009).  

1.1.2.1. Keratinocytes 

As previously mentioned, the overall purpose of the keratinocyte is to transform 

from a highly proliferative cell to a non-proliferative, differentiated cell that 

becomes part of the non-viable, terminally differentiated SC (Eckert, 1989). 

Paracrine and endocrine signals from the dermis trigger a specific subset of stem 

cells within the SB to continually regenerate the epidermis (Lim et al., 2013; Walters 

& Roberts, 2002). Differentiating keratinocytes also produce, and respond to, 

chemical signals from neighbouring cells and the local microenvironmental niche 

(e.g. the native calcium gradient; Adams et al., 2015; Cumberbatch et al., 2003; 

Eckert, 1989). Indeed, recent findings demonstrate the importance of the 

phosphatases, DUSP6, PPTC7, PTPN1, PTPN13 and PPP3CA, in determining 

keratinocyte commitment to differentiation (Mishra et al., 2017), and the expression 

of these factors is regulated by topography (Zijl et al., 2019). Together, this 

sophisticated network of communication allows epidermal turnover to occur at a 

functional rate, thus maintaining skin barrier integrity. 

During the process of terminal differentiation, keratinocytes produce a number of 

major structural proteins, such as KRT, loricrin, small proline-rich proteins (SPRRs) 

and filaggrin (Hardman et al., 1998). KRTs are the most comprehensive family of 

interfilament proteins, expressed solely in epithelia throughout the body (Bragulla 

& Homberger, 2009), and comprising around 30-40% of total keratinocyte protein 
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(Coulombe & Lee, 2012). KRTs are subcategorised into type I (acidic, e.g. KRT9-

KRT19) or type II (basic, e.g. KRT1-KRT8; reviewed in Karantza, 2011) and their 

expression is entirely dependent on spatial localisation (Eckert, 1989; Lane & 

McLean, 2004; see Figure 1.2). KRTs form web-like structures within keratinocytes, 

attached via desmosomes (Proksch et al., 2008), therefore providing cell structural 

integrity (Homberg & Magin, 2014).  

As well as forming the epidermis, keratinocytes perform important immunological 

barrier roles, acting as sentinels against bacterial invasion (Nestle et al., 2009). They 

express many pattern recognition receptors (e.g. toll-like receptors and nucleotide-

binding oligomerization domain-like receptors) on their cell surface and within 

endosomes that respond to evolutionarily conserved microbial agents (pathogen-

associated molecular patterns, PAMPs) and toxins (danger-associated molecular 

patterns, DAMPs; Nestle et al., 2009). Activation of PAMPS and DAMPS modulates 

inflammasome production and the secretion of pro-inflammatory cytokines, such as 

interleukin (IL)-1, IL-6 and tumour necrosis factor (TNF) alpha (Feldmeyer et al., 

2007), and chemokines, such as CCL20 (Dieu-Nosjean et al., 2000). Initiation of the 

TH1-type immune response can then ensue, leading to LC and CD8+ve T cell 

recruitment (Roth et al., 2012). Keratinocytes also produce antimicrobial peptides 

(AMPs), such as β-defensins and cathelicidins, to combat pathogenic colonisation 

(Gilliet & Lande, 2008), and possess endogenous neurotransmitter receptors that 

modulate barrier permeability in response to fluctuating ion gradients (Baroni et al., 

2012). Hence, due to their multimodal activities, it is not surprising that 

keratinocytes play a dominant role in the skin, and impairment in their functionality 

is implicated in a host of debilitating skin disorders (Harder et al., 1997).  
 

1.1.3. The Basement Membrane 

Keratinocytes of the SB sit atop the basal lamina, a layer of specialised fibrous 

proteins and connective tissue, collectively termed the BM (Martin, 1997). The BM 

attaches the epidermis to the dermis through anchoring filaments and 

hemidesmosomes that adhere to basal keratinocytes (Walko et al., 2015). 

Hemidesmosomes can be separated into two classes: type I in stratified and 

pseudostratified epithelia (Hieda et al., 1992), such as the skin, and; type II in simple 

epithelia, such as the intestine (Fontao et al., 1999). The BM also mediates cellular 
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cross talk (via molecular cross-talk selectivity) and allows LCs to migrate between 

the epidermis and the dermis (Clark, 1996; Noirey et al., 2002).  

Throughout the body, BMs function to organise tissue infrastructure and modulate 

cell polarity (Wu et al., 2006). The skin BM can be divided into three layers, the 

lamina lucida, lamina densa and sublamina densa, and is composed of a network of 

extracellular matrix (ECM) proteins, including laminin 5, collagens IV and VII, and 

elastic fibres (Nishiyama et al., 2000; Varkey et al., 2014). Keratinocytes attach to 

the BM through integrins α6β4 and α3β1, which link to the actin cytoskeleton (Watt, 

2002; Wu et al., 2006). Consequently, dominant mutations in BM complexes, such as 

KRT5 and KRT14, leads to loss of adhesion between the epidermis and dermis 

(acantholysis), and the development of blistering diseases (collectively termed 

epidermolysis bullosa, reviewed in Walko et al., 2015).  

1.1.4. The Dermis 

Underneath the BM is the dermis, a supportive, elastic layer of connective tissue 

derived from the embryonic mesoderm (Frienkel & Woodley, 2001). The dermis 

evolves throughout life, beginning in foetal development as a regenerative organ 

with no scarring (Leavitt et al., 2016). The dermis then becomes less cellular 

throughout childhood, and gradually thickens until the age of 50 (Haydont et al., 

2019). Beyond this, skin structural changes occur because of intrinsic and extrinsic 

ageing (Section 1.2; Figure 1.3).  

While the role of the epidermis is primarily as a skin barrier, the dermis acts as a 

supporting scaffold through its structural matrix of collagens and elastin fibres 

embedded in glucosamines, proteoglycans and glucosaminoglycans (GAGs; Quan & 

Fisher, 2015). Unlike the epidermis, which is constantly shed and replenished, the 

dermis is less proliferative and relies heavily on adaptation and damage repair 

mechanisms to maintain normal function (Tigges et al., 2014). The dermis houses 

an extensive web of blood vessels, contains far fewer cells than the epidermis, and 

comprises of a thin upper papillary layer, the pars papillaris, and a thick reticular 

layer, the pars reticularis (Smith et al., 1982; Eckert, 1989; Elias, 2007).  

The superior surface of the dermis projects into the epidermis, forming dermal 

papillae with roles in sensation (through Meissner’s Corpuscles, or touch receptors, 

García-Mesa et al., 2017). Epidermal rete ridges extend down into the papillary 
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dermis, which is characterised by an abundance of fibroblasts, immature matrix 

proteins (e.g. collagen type III), elastic proteins (e.g. fibrillin) and extensive 

vasculature (Sorrell & Caplan, 2004). On the other hand, the reticular dermis, which 

comprises around 80% of the total dermis, contains a much more extensive network 

of mature matrix proteins, mainly collagen type I and GAGs (Waller & Maibach, 

2006). While dermal layer functional heterogeneity is a relatively new and 

fundamentally important discovery (reviewed in Rognoni & Watt, 2018), it is not 

surprising that fibroblasts of each dermal layer originate from two morphologically 

and physiologically distinct lineages, and contribute to skin homeostasis and 

regeneration in different ways (Driskell et al., 2013). In fact, many fibroblast niches 

exist. Fibroblasts isolated from the dermal papilla, for example, are spindle-shaped 

and proliferate rapidly, while fibroblasts of the reticular dermis are squarer, and 

play a major role in dermal contraction (Sorrell et al., 1996; Sorrell & Caplan 2004). 

Further differences between the two main fibroblast lineages include changes in 

matrix gene expression (Izumi et al., 1995), altered matrix metalloproteinases 

(MMPs) and tissue inhibitor of metalloproteinases (TIMPs), and differential growth 

factor (GF) expression (Janson et al., 2012; Mine et al., 2008).  

 

Figure 1.3. Structural components of dermal development. Throughout development the dermis 
thickens and becomes less cellular with reduced regenerative capacity. Beyond 50 years of age, the 
dermis degrades as a result of intrinsic and extrinsic skin ageing factors. E = epidermis. D= dermis. H 
= hypodermis. Col = collagen. Figure adapted from Haydont et al. (2019). 
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The blood supply to the dermis originates from the cutaneous plexus, which is found 

beneath the dermis but superior to the hypodermis. Capillaries extend out from the 

cutaneous plexus to supply oxygen to the reticular dermis, while the subpapillary 

perplexus, which demarcates the upper limit of the reticular dermis, feeds the 

capillaries of the dermal papillae (Sorrel & Caplan, 2004; Stücker et al., 2002). 

Although dominated by fibroblasts and matrix components, other cells within the 

dermis include mast cells, melanocytes, nevi (moles), and cells of haematopoietic 

origin, including resident dendritic cells and transient leukocytes (e.g. neutrophils 

and macrophages, Mφs; Gonzalez-Ramos et al., 1996; Lugović et al., 2001). The 

dermis also houses an array of skin appendages, such as sweat glands, sebaceous 

glands, hair follicles, nails and apocrine glands extending from the lamina densa to 

the subcutaneous adipose tissue (Baran et al., 2005). Like most tissues, the dermis 

is dynamic and is remodelled throughout life, yet many dermal ECM components are 

long lived, with half lives of 10 years or more (Humphrey et al., 2014). 

1.1.4.1. Extracellular Matrix 

As aforementioned, the major structural protein of the dermis is collagen I, 

accounting for up to 80% of dermal collagen, while the remainder is mostly collagen 

III. Elastin, the main elastic fibre type, comprises 2% of the dermis (Hwang et al., 

2011), spans the entirety of the dermis, and is required to permit skin deformability 

and passive recoil (elasticity, Kielty & Grant, 2002). Indeed, the contrasting 

arrangement of collagens within the two dermal layers conveys their function. For 

example, the papillary dermis contains a thin meshwork of collagen fibrils to cope 

with mechanical stress, whereas the reticular dermis contains thicker, weaved 

collagen bundles to provide the skin with resilience (Frienkel & Woodley, 2001; 

Graham et al., 2010a; Smith et al., 1982).  

Differential distribution of proteoglycans is also seen between the dermal layers, 

with a higher percentage of decorin found in the papillary dermis, and more versican 

located in the reticular dermis (Zimmermann et al., 1994). The principal dermal cell 

type, the mesenchymally-derived fibroblast, is primarily responsible for synthesis 

and degradation of fibrous (e.g. collagen) and non-fibrous (e.g. proteoglycans) 

matrix components (Frienkel & Woodley, 2001). Interestingly, during murine 

embryonic development, two key lineages of fibroblasts have emerged, the En1-

lineage+ve fibroblasts and the En1-lineage–ve fibroblasts (Rinkevich et al., 2015). 
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Indeed, the fibrotic nature of fibroblasts has been shown to be limited by lineage, 

where only En1-lineage+ve fibroblasts contribute to matrix deposition following 

dorsal murine skin injury (Rinkevich et al., 2015). Along with their major role in 

governing matrix remodelling, fibroblasts can also modulate the immune response 

through cytokine release (e.g. controlling Mφ polarisation, Donlin et al., 2014) and 

regulate hair cycle through growth factor production (Lin et al., 2015). 

The ECM not only accommodates a rich scaffold of matrix proteins, but also contains 

a number of enzymes, cytokines and inhibitors. Here, the ECM provides a migratory 

scaffold and a network of communication (through cellular signalling, Frantz et al., 

2010). Proteoglycans bind water to maintain skin hydration (Waller & Maibach, 

2006), while the promiscuous adhesive proteins, fibronectins and laminins, control 

cell-to-matrix attachment through integrins (Mao & Schwarzbauer, 2005), modulate 

fibroblast differentiation (Torr et al., 2015), and influence fibroblast matrix gene 

expression (Hielscher & Gerecht, 2015).  

Throughout life, the ECM of the dermis is remodelled, either through changes 

associated with ageing (e.g. UVR exposure), inflammatory disease, or during wound 

repair (Antonicelli et al., 2007). As part of the remodelling process, matrix proteins 

are degraded. This degradation is largely mediated by MMPs, a family of 25 zinc and 

calcium-dependent proteinases (Khasigov et al., 2001). Putative elastolytic MMPs 

include MMP-2, MMP-7, MMP-9, MMP-12, and MT1-MMP (Houghton et al., 2011), 

while MMP-1, MMP-2, MMP-8, MMP-9, MMP-13, MT1-MMP and MT3-MMP act as 

collagenases (Fields, 2013), described extensively in Table 1.2.  

MMPs, expressed as pro-MMPs or zymogens, are activated through proteolytic 

cleavage of their N-terminal prodomains (Gao et al., 2015). MMP production can be 

endogenously inhibited via TIMPs (Gill & Parks, 2008), a family of proteins 

comprising four homologous members (TIMP1, TIMP2, TIMP3 and TIMP4; Brew et 

al., 2000). TIMP1 and TIMP3 are known to inhibit latent and pro-MMP-9, while 

TIMP2, TIMP3 and TIMP4 interact with pro-MMP-2 (Baker et al., 2002), thus 

preventing its activation. Knockout mouse studies further show the importance of 

TIMPs in ECM maintenance, where Timp1-/- mice have reduced myocardial fibrillary 

collagen (Lemaître et al., 2003) and exhibit increased fibrosis as a result of 

heightened inflammation (following liver injury, Wang et al., 2011).  
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Table 1.2. Classification of matrix metalloproteinases (MMPs). * 

MMP Substrate 

MMP-1 (Collagenase-1) 
Collagen I, II, III, VII, and X; aggrecan; 

serpins; alpha2-macroglobulin; kallikrein; 
chymase 

MMP-8 (Collagenase-2) Collagen I, II, and III; aggrecan; serpins; 2-
MG 

MMP-13 (Collagenase-3) 
Collagen I, II, III, IV, IX, X, and XIV; gelatin; 
fibronectin; laminin; tenascin; aggrecan; 

fibrillin; serpins 

MMP-2 (Gelatinase A) Gelatin; collagen I, IV, V, VII, and X; 
laminin; aggrecan; fibronectin; tenascin 

MMP-9 (Gelatinase B) Gelatin; collagen I, III, IV, V and VII; 
aggrecan; elastin; fibrillin 

MMP-3 (Stromelysin-1) 
Collagen IV, V, IX, and X; fibronectin; 
elastin; gelatin; aggrecan; nidogen; 

fibrillin; E-cadherin 

MMP-10 (Stromelysin-2) 
Collagen IV, V, IX, and X; fibronectin; 

elastin; gelatin; laminin; aggrecan, 
nidogen; E-cadherin 

MMP-11 (Stromelysin-3) Serine protease inhibitors; 1-proteinase 
inhibitor 

MMP-7 (Matrilysin) 

Elastin; fibronectin; laminin; nidogen; 
collagen IV; tenascin; versican; 1-

proteinase inhibitor; E-cadherin; tumor 
necrosis factor 

MMP-12 (Metalloelastase) 
Collagen IV; gelatin; fibronectin; laminin; 
vitronectin; elastin; fibrillin; 1-proteinase 

inhibitor; apolipoprotein A 

MMP-14 (MT1-MMP) 

Collagen I, II, and III; gelatin; fibronectin; 
laminin; vitronectin; aggrecan; tenascin; 
nidogen; perlecan; fibrillin; 1-proteinase 
inhibitor; alpha2-macroglobulin; fibrin 

MMP-15 (MT2-MMP) Fibronectin; laminin; aggrecan; tenascin; 
nidogen; perlecan 

MMP-16 (MT3-MMP) Collagen III; fibronectin; gelatin; casein; 
laminin; alpha2-macroglobulin 

MMP-17 (MT4-MMP) Fibrin; fibrinogen; tumor necrosis factor 
precursor 

MMP-24 (MT5-MMP) Progelatinase A 
MMP-25 (MT6-MMP) Gelatin 

MMP-19 (RASI-1) 
Gelatin; aggrecan; cartilage oligomeric 

matrix protein; collagen IV; laminin; 
nidogen; large tenascin 

MMP-20 (Enamelysin) Amelogenin; aggrecan; cartilage 
oligomeric matrix protein 

MMP-28 (Epilysin) Casein 
*Adapted from Caley et al. (2015). The main classes are coloured as follows: Purple = Collagenases; Blue 
= Gelatinases; Green = Stromelysins; Orange = Membrane Type MMPs. 

Note: Other MMPs with unknown substrates include MMP-21, -22, -23, -26 and -27. 
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More recently, Gooyit et al. (2013) demonstrated (by mass spectrometry) that 

diabetic mouse wounds, which show delayed healing, have excessive Mmp-9. 

Further, inhibiting Mmp-9 in diabetic murine wounds led to accelerated wound 

repair, while inducing Mmp-8 in diabetic mice stimulated more rapid healing by 

increasing vascular endothelial GF (Vegf) and reducing Il-6 production (Gao et al., 

2015). Therefore, it is clear that careful regulation of MMP and TIMP activity is vital 

in preventing excessive proteolysis and fibrosis (Arpino et al., 2015). 

 
1.1.1.1.1. Collagen Synthesis 

Collagens are a super family of ECM proteins, recognised by their right-handed triple 

helix formation and composed of homotrimer (e.g. collagen III) or heterotrimer (e.g. 

collagen I) α-chains. These α-chains contain Glycine-X-Y tripeptide repeats 

(reviewed in Fields, 2010), often Glycine-Proline-Y or Glycine-X-Hydroxylproline, 

where X and Y can be any amino acid other than glycine, proline or hydroxyproline 

(Shoulders & Raines, 2009). At this stage, the trimer (tropocollagen) molecules, 

must be post-translationally modified to form full collagen fibres (described below).  

Unlike most protein modifications, which happen in the Golgi apparatus, initial 

assembly of collagen pre-pro-peptides (following translation from mRNA) occurs 

within the endoplasmic reticulum (ER; Malhotra & Erlmann, 2015). Within the ER, 

the tropocollagen signal peptide (an N-terminal) is dissolved, and the proline and 

lysine residues are hydrolysed by enzymes (prolyl hydroxylase and lysyl 

hydroxylase) assisted by multiple chaperones (e.g. HSP47; Nagata, 2003) to become 

hydroxyproline and hydroxylysine (Sricholpech et al., 2012). This stage cannot 

occur effectively without ascorbic acid, an essential cofactor of prolyl and lysyl 

hydroxylases (Peterkofsky & Udenfriend, 1965; Murad et al., 1981). Following the 

addition of sugar monomers to the hydroxyl groups (glycosylation), the propeptides 

twist into a triple helix of procollagen and are sent to the Golgi apparatus for export 

(Malhotra & Erlmann, 2015). Modification of this procollagen into tropocollagen 

occurs extracellularly, where collagen peptidases trim the loose ends of the 

procollagen, and lysyl oxidases (LOXs) mediate polymerisation of multiple 

tropocollagens (cross-linking) to form collagen fibrils (Herchenhan et al., 2015). The 

collagen fibrils, arranged in a head-to-tail fashion, can cross-link further to form a 

collagen fibre (Kadler et al., 1996; Kadler, 2017; Figure 1.4).  
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Figure 1.4. Matrix fibre synthesis. Within the nucleus, DNA (encoding collagen) is transcribed and 
translated to protein. The resultant tropocollagen is transported to the rough endoplasmic reticulum 
(RER) for post-translational modification. N-terminals of the peptides are cleaved and fibres are 
hydrolysed with the help of enzymes and chaperones (e.g. HSP47). The tripeptide is then transported 
to the Golgi apparatus (Golgi) for exocytosis as procollagen. In the extracellular matrix (ECM), 
collagen fibres are formed through cross-linking (by LOX enzymes). Other matrix fibres produced in 
a similar way are proteoglycans and elastin. Figure produced by the author (HNW). 

 
Collagens are characterised by their suprastructure, where they fall into fibrillar, 

network, fibrillary-network, anchoring, transmembrane and multiplexin subtypes 

(reviewed in Birk & Bruckner, 2005). Along with the proper activity of chaperone 

proteins and enzymes, correct collagen formation is mediated through small leucine 

rich proteoglycans such as decorin and lumican (Hultgårdh-Nilsson et al., 2015). 

This is demonstrated in vivo, where decorin-null (Danielson et al., 1997) and 

lumican-null (Chakravarti et al., 1998) mouse skin has reduced tensile strength and 

abnormal collagen fibril assembly. 

As already described, the ECM of the dermis comprises of mostly fibrillar collagens 

(80%), including collagen I, which dominates and is larger than collagen III (~20% 

of dermal ECM; Waller & Maibach, 2006). However, at least 12 other collagen types 

are apparent within the skin, including collagen type VI and collagen type VII. 

Collagen VI is a non-fibrillar collagen that performs a variety of crucial functions, 
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including aiding immune cell adherence and maintaining collagen I bundle assembly 

(Theocharadis et al., 2016). Collagen VII is necessary for epidermal-dermal 

adherence (Sakai et al., 1986), where defects in both COL7A1 allelles can lead to 

recessive dystrophic epidermolysis bullosa (Fine et al., 2008). Indeed, injection of 

recombinant collagen VII into recessive dystrophic epidermolysis bullosa skin grafts 

on mice leads to restoration of normal skin function (e.g. dermal-epidermal 

adherence and collagen VII production; Woodley et al., 2013). 

 
1.1.1.1.2. Elastin Production 

As previously discussed, elastin is responsible for allowing reversible extension in 

lungs, blood vessels and the skin (Kielty & Grant, 2002). Elastic fibres typically 

maintain a half-life of approximately 70 years and undergo very little turnover, 

meaning that in humans, they are required to function throughout life. However, 

accumulation of damage occurs through mechanical stress, elastase activity, 

glucose-mediated cross-linking and accumulation of calcium and lipids. Thus, skin 

elastic recoil is reduced in a time-dependent fashion (Naylor et al., 2011; Scandolera 

et al., 2015). Elastin itself maintains no biological activity, but elastin-derived 

peptides have been associated with modulating free intracellular calcium levels 

(Faury et al., 1998), cell migration (Devy et al., 2010) and pro-inflammatory cytokine 

production (Baranek et al., 2007).  

Although relatively stable, there are situations throughout life that require 

elastogenesis, such as development (Pierce et al., 1995) and wound repair (Zheng et 

al., 2006). Re-activation of elastin production is also observed in several diseases, 

including chronic obstructive pulmonary disease (Rangasamy et al., 2009). The 

soluble precursor responsible for elastin production is tropoelastin (60-70kDa in 

weight), which is post-translationally insolubilised and cross-linked (via LOXs) in 

the ECM to form amorphous elastin (Kagan & Li, 2003). Elastin production is guided 

upon a scaffold of elastic microfibrils (e.g. fibrillin; Kielty & Grant, 2002). A number 

of key dermal cytokines can also promote (e.g. transforming growth factor beta, 

TGF-β) or downregulate (e.g. basic fibroblast growth factor, bFGF) elastin 

production (reviewed in Sproul & Argraves, 2013). 
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1.1.5. The Hypodermis 

The deepest skin layer is the ectodermally-derived hypodermis, sometimes referred 

to as the dermal white adipose tissue (DWAT) layer, which comprises of 

mesenchymally-derived adipose tissue (Sorrell & Caplan, 2004). The hypodermis 

protects underlying skeletal muscle, bone, tendons and joints by cushioning against 

physical trauma, while the adipose reserve also functions as thermal insulation and 

an energy store (Baroni et al., 2012). The depth of the hypodermis, like the other 

skin layers, depends entirely on its bodily location (Rittié & Fisher, 2015). In women, 

subcutaneous adipose tissue accounts for around 85-90% of total body fat 

regardless of body mass index, but in men, the ratio of white to visceral fat is much 

lower (Ross et al., 1993; reviewed in Fuente-Martín et al., 2013). DWAT adipocytes 

contain a large, semi-liquid, lipid-rich cytoplasm and are surrounded by a network 

of nerves and blood vessels (Matsumoto et al., 2007). Adipocytes produce a number 

of cytokines (adipokines) such as adiponectin and leptin. Therefore, the DWAT is 

not merely an energy reserve, but also acts as an important homeostatic endocrine 

organ (Hotamisligil, 2006). For example, imiquimod-induced dermatitis was 

exacerbated in mice with an adiponectin deficiency (Shibata et al., 2015), suggesting 

a unique role for adiponectin in modulating the skin immune response to irritation.  

1.1.6. Other Integumentary Components 

Skin appendages, such as nails, hairs, sebaceous glands and sweat glands, play 

important functions in maintaining skin homeostasis. Nails are highly keratinised 

structures found embedded into the epidermis, assisting in fine dexterity and 

providing physical protection from the environment (Saito et al., 2015). Hairs are 

anchored into the dermis or hypodermis, depending on the hair cycle stage, and 

provide an array of functions (Baran et al., 2005; reviewed in Paus & Cotsarelis, 

1999). These include protecting the skin from mechanical insults, regulating body 

temperature, aiding courtship, allowing social communication and promoting 

wound repair (reviewed in Ito & Cotsarelis, 2008). External hair is a shaft of dead, 

keratinised cells, but inside the skin, it is part of the living follicle. Hair follicles 

consist of an outer root sheath containing multipotent stem cells that give rise to 

keratinocytes and melanocytes (Randall & Botchkareva, 2009), and an inner root 

sheath that provides support for the hair shaft (reviewed in Buffoli et al., 2014). 

Errector pilli muscles in the dermis also attach to the sheath of the hair follicle to 
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allow erection of the hair shaft, which insulates the skin from heat loss (Krause & 

Foitzik, 2006). Sebum-secreting sebaceous glands are connected to the hair follicle 

shaft to aid delivery of sebum to the SC, thus protecting the skin from friction, 

regulating TEWL, providing AMPs and antioxidants (e.g. vitamin E), and supplying 

pheromones for attraction (reviewed in Shi et al., 2015). The sweat glands, found 

deep in the dermis, are required for body cooling (Sato et al., 1989).  

 
1.2. Ageing 
Biological ageing is a rare occurrence in the animal kingdom, limited to only a 

handful of species. Human life expectancy has surpassed that of other animals 

(relative to body mass), due to both the advent of modern medicine and 

technological advances worldwide (Wilkinson & Hardman, 2017). Indeed, the 

ageing population has become a defining feature of the 21st century, where the 

number of people over the age of 65 is projected to grow from 524 million in 2010 

to nearly 1.5 billion by 2050 (Al-Nuaimi et al., 2014). At the same time, the number 

of people living past the age of 80 is increasing, with progressively more becoming 

centenarians (Robine & Cubaynes, 2017). Unfortunately, increased longevity is 

associated with many chronologically-acquired physiological changes, resulting in 

a) heightened susceptibility to chronic, non-communicable disease and b) increased 

strain on healthcare providers’ worldwide (Schieber & Chandel, 2014). Therefore, it 

is vital to understand the underlying mechanisms driving the ageing phenomenon 

to develop new biological strategies to tackle age-associated pathologies. 
 

1.2.1. Mechanisms of Intrinsic Ageing 

Ageing is a somatic process characterised by a gradual loss of function, reduced 

metabolism and increased susceptibility to stress (Tigges et al., 2014). Over many 

years, biological, demographic and epidemiological studies have attempted to 

address the underlying causes of ageing, with numerous proposed theories. Broadly 

speaking, these hypotheses can be split into two principal categories: a) damage 

theories (accumulation of cell and tissue damage) and; b) programmed longevity 

theories (intrinsic changes in genetic, endocrine and immunological function; 

reviewed in Libertini et al., 2015). Although discussed as separate entities, ageing is 

a multifactorial and complex process, involving a combination of mechanisms that 

often include senescence, oxidative stress and endocrine components.  

javascript:void(0);
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1.2.1.1. Senescence 

One of the most discussed cellular ageing mechanisms is senescence, described as 

the cessation of mitosis and critical shortening of telomeres (Campisi, 2011; Debacq-

Chainiaux et al., 2016; Toutfaire et al., 2017). A number of factors, including stress 

and oncogene activation, can induce cellular senescence (Debacq-Chainiaux et al., 

2016). Although unable to divide, senescent cells remain metabolically active and 

communicate to their cellular environments by secreting a range of cytokines, 

chemokines, proteases and GFs, collectively known as a senescence-associated 

secretory phenotype (SASP; Tchkonia et al., 2013). The SASP contributes to age-

related diseases, such as cancer (Thangavel et al., 2011) and atherosclerosis (Zhou 

et al., 2006). Further, depletion of senescent cells can reduce age-associated 

pathology in murine progeroid models (Baker et al., 2011). A more detailed 

description of senescence, and an exploration into its role in normal and 

pathological wound repair, is provided in Chapter 3.  

1.2.1.2. Oxidative Stress 

The oxidative stress, or free radical theory, describes ageing as a consequence of 

sustained reactive oxygen species (ROS) damage. Combined environmental 

onslaught (e.g. UVR) and prolonged cellular metabolism (aerobic respiration) lead 

to increased ROS production (Bottai et al., 2013). ROS, including hydrogen peroxide 

(H2O2), superoxide and hydroxyl (OH-) free radicals, are highly unstable due to the 

presence of an unpaired electron. This excessive oxidation can cause DNA damage, 

proteolysis and lipid peroxidation through multiple strategies, such as cross-linking 

of nucleic acids and proteins, or the formation of advanced glycation end-products 

(AGEs; Balaban et al., 2005). ROS can also directly influence MMP activation (Haorah 

et al., 2007), or mediate MMP production through activator protein-1 transcription 

(Pimienta & Pascual, 2007), thus promoting proteolysis through multiple 

mechanisms. Collectively, these effects can be detrimental to normal cellular 

behaviour and ultimately lead to apoptosis and tissue degradation.  

The body has a number of innate antioxidant defences to counteract oxidant 

damage. Antioxidants can include enzymes (catalase and peroxidase, Zhu et al., 

2005), small electron donor molecules (ascorbic acid, tocopherols and nicotinamide 

adenine dinucleotide, reviewed in Zhang et al., 2015c) and superoxide dismutases 

(SODs). SODs are of particular interest, as they require redox active transition 



 

18 
 

metals to maintain their function. The three main mammalian SODs all contain a 

metal cofactor: SOD1, or CuZnSOD; SOD2, or MnSOD and; SOD3, or ecSOD (Fukai & 

Ushio-Fukai, 2011). Of note, estrogen retains potent antioxidant activity, reversing 

oxidative damage in ovariectomised rats (Abbas & Elsamanoudy, 2011), directly 

preventing ROS production and apoptosis in isolated rat mitochondria (Borrás et al., 

2010), and preventing H2O2-mediated senescence in human umbilical vein 

endothelial cells (Ruan et al., 2014). 

1.2.1.3. Endocrine Changes 

Circulating levels of multiple hormones are altered throughout life in both genders, 

and these significant endocrine changes are implicated in both causing and 

exacerbating age-associated pathology (see Emmerson & Hardman, 2012 for a 

detailed review). Extended lifespan, combined with a stable age of menopausal 

onset, means that women are spending longer proportions of their lives in an 

estrogen-deficient post-menses state (Koebele & Bimonte-Nelson, 2016). Post-

menopause, the primary source of estrogens originates from circulating adrenally 

derived 3β-hydroxy-5-androstene-17-one (Labrie et al., 2001). At the same time, 

levels of dihydrotestosterone remain constant in both sexes, while production of the 

cortisol precursor, 11β-hydroxysteroid dehydrogenase, increases with age 

(discussed in Emmerson & Hardman, 2012). The drop in circulating 17β-estradiol 

following the menopause leads to the rapid onset of infertility (Sowers et al., 2008), 

and in the long term, causes osteoporosis, cardiovascular disease (Clegg et al., 2017) 

and skin ageing (reviewed in Raine-Fenning et al., 2003). Intriguingly, menopausal 

decline in serum 17β-estradiol has also been linked to other mechanisms of ageing, 

including senescence and oxidative stress (Lopez-Otin et al., 2013), thus suggesting 

it to be a highly important age-regulating hormone. 

1.2.2. Skin Ageing 

Unlike other bodily organs, the skin is in direct contact with the external 

environment and is therefore subjected to extensive extrinsic ageing. As a result, 

skin ageing is characterised by a combination of intrinsic and environmental factors 

that exacerbate age-related structural and functional decline (Gosain & DiPietro, 

2004; Table 1.3 and Figure 1.5). Structurally, skin ageing leads to epidermal and 

dermal thinning, loss of dermal elasticity and collagen, increased pigmentation, and 

susceptibility to dermatoses, such as dryness (xerosis), wrinkling and infection 
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(Blume-Peytavi et al., 2016; Wilkinson & Hardman, 2017). Intrinsic ageing reduces 

cellular proliferation and blood flow, especially in the upper dermis (Chung et al., 

2002; Gunin et al., 2014). Increased degradation of fibrous matrix (e.g. elastin; 

Robert et al., 1988), collagenous matrix (El-Domyati et al., 2002) and water-rich 

GAGs (Ghersetich et al., 1994) is also found, resulting in skin thinning and fine lines.  

By contrast, extrinsic “photoageing” is accompanied by melanocyte accretion and 

redistribution, LC reduction and the accumulation of non-functional elastin (dermal 

elastosis) and elastic proteins (e.g. fibrillin-1; Toutefaire et al., 2017). Photoageing 

is responsible for the deep, leathery appearance of aged skin, a consequence of 

severe matrix changes and loss of anchorage (collagen VII) between the epidermis 

and dermis (Craven et al., 1997). Photo-exposed aged skin also appears thicker than 

photo-protected aged skin (El-Domyati et al., 2002). As UVB is absorbed by the 

epidermis (D’Orazio et al., 2013), UVA, which penetrates deeper into the skin, is 

primarily responsible for photoageing (Sheratt, 2009). Even in minimally UVR-

exposed skin, early photo-damage effects are still observed, such as loss of fibrillin-

1 (Langton et al., 2010). Toxic polycylic aromatic hydrocarbons from cigarette 

smoke and industrial processes can also contribute to exogenous skin ageing 

(Schroeder et al., 2006).  

 
Table 1.3. Key structural similarities and differences between intrinsically 

aged and extrinsically aged skin. * 

Feature Intrinsically Aged Extrinsically Aged 

Epidermis Thinned Thickened 

Dermis Thinned Thickened 

Blood Flow Reduced Reduced 

Elastin Degraded Accumulated 

Epidermal-Dermal Junction Normal Loss of Anchorage 

Inflammatory Cells Increased Increased 

*As compared to young, healthy skin. Modified from Farage et al. (2008). 

  
Many conserved molecular changes govern the physiological effects of skin ageing. 

For example, UVR- and cellular metabolism-mediated ROS generation causes 

tyrosine phosphatase production, phosphorylation of tyrosine kinase receptors, and 

the activation of downstream signalling pathways (e.g. MAPK) and transcription 

factors (e.g. activator protein-1). Of interest, activator protein-1 is known to directly 
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suppress pro-collagen I expression and induce MMPs -1, -3 and -9 (Rittié & Fisher, 

2015), therefore promoting matrix degradation. Senescent cells also accumulate 

throughout the dermis and epidermis in aged human skin, contributing to reduced 

skin function (Lupa et al., 2015; Toutefaire et al., 2017). 

 

Figure 1.5. Key structural differences between young, intrinsically aged and extrinsically aged 
skin. Intrinsic ageing is characterised by thinner epidermis and dermis, and degradation of 
extracellular matrix (ECM) proteins. Extrinsically aged skin is thickened with increased 
pigmentation. Extrinsically aged skin also shows degradation of ECM, but accumulation of elastin. 
Both types of skin ageing lead to wrinkles, deformation of the basement membrane (BM) and 
senescent cell accumulation. Adapted from Orioli & Dellambra (2018). 

 
As discussed above, the menopause is a key factor in age-related functional decline, 

and many common ageing skin features are associated with endocrine changes. 

Ageing and UVB exposure both cause excessive accumulation of 11β- 

hydroxysteroid dehydrogenase, which increases skin thinning and TEWL (Schoepe 

et al., 2006; Tiganescu et al., 2013; Tiganescu et al., 2015). By contrast, wrinkling, 

skin drying and loss of collagen is attenuated with estrogen treatment (e.g. topical 

17β-estradiol; reviewed in Jackson et al., 2011; Thornton, 2013). Indeed, within five 

years of the menopause, up to 30% of collagens III and I are lost. In women, skin 

ageing correlates more definitively with estrogen deficiency than chronological 

advancement (Brincat et al., 1987).  

Estrogen can be biosynthesised within the skin (Labrie, 2015), where resident skin 

cells are known to manufacture estrogens from 3β-hydroxy-5-androstene-17-one 

and cholesterol (Tiganescu et al., 2011). Regulation of cutaneous estrogen is 

therefore dependent on localised estrogen-metabolising enzymes, such as 
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aromatase, important for catalysing the conversion of androgens to estrogens, and 

17β-hydroxysteroid dehydrogenases 1 (17βHSD1) and 2 (17βHSD2) for the 

conversion of estrone to 17β-estradiol (Labrie et al., 2001). It is therefore not 

surprising that estrogen receptor signalling occurs throughout the skin via two main 

nuclear hormone receptors, ERα and ERβ. Estrogen receptor expression and 

localisation is crucial for maintaining normal skin function, where ERβ signalling has 

emerged as a key opponent of skin ageing (Jackson et al., 2011). For example, Chang 

et al. (2010) demonstrated that treatment with ERβ-selective agonists (WAY-

200070 and ERB-041) significantly dampened pro-inflammatory marker 

expression (e.g. MMP-1 and IL-6) in primary keratinocytes and fibroblasts, whereas 

ERα-selective agonist treatment had no effect. In the same study, topical application 

with the ERβ agonist, ERB-041, reduced wrinkling in UV exposed murine skin, thus 

protecting against photoageing. 

 
1.3. Diabetes 
Diabetes Mellitus (DM) is a chronic condition characterised by hyperglycaemia and 

a number of secondary complications, including ischemia and neuropathy (Jeffcoate 

& van Houtum, 2004). The two most common forms of DM are insulin-dependent 

type 1 DM (T1DM), caused by autoimmune destruction of β cells (Atkinson, 2014), 

and insulin non-dependent type II DM (T2DM). T2DM accounts for 90-95% of DM 

cases and is associated with insulin resistance and obesity, affecting around 350 

million people worldwide (Lam & LeRoith, 2012). Despite technological and medical 

advances, it is expected that by 2030 DM, particularly T2DM, will affect almost half 

a billion people across the world (Graz et al., 2018; Lam & LeRoith, 2012). Indeed, 

T2DM has a large socio-economic impact. A patient over the age of 65 with T2DM on 

average costs healthcare providers twice as much as a patient in the same age group 

without T2DM (O’Shea et al., 2013). In 2012 alone, T2DM cost the National Health 

Service £11.7 billion, while T1DM cost £1.8 billion (Kanavos et al., 2012). 
 

1.3.1. Detrimental Effects of Diabetes on Skin 

Up to a third of patients with T2DM experience some form of skin complication, most 

severely chronic ulcers (Mendes et al., 2017; Quondamatteo, 2014). Unlike aged 

skin, DM skin structure and function has been greatly understudied, with diabetic 

mouse models widely used for this purpose. The pancreatic β cell-toxic glucose 
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analogs, streptozocin (STZ), or alloxan (AX), are used experimentally to induce 

T1DM (reviewed in Radenković et al., 2016). STZ and AX, although exerting their 

effects in a slightly different manner (Lenzen, 2008), ultimately cause pancreatic β 

cell destruction. Thus, animals treated with STZ or AX develop hyperglycaemia and 

insulopaenia (Radenković et al., 2016). Most researchers prefer using STZ over AX, 

as AX causes higher toxicity and a more complicated DM phenotype (Quondamatteo, 

2014). A commonly used genetically modified T1DM model is the non-obese 

diabetic mouse. This mouse exhibits spontaneous immune destruction of pancreatic 

β cells, and therefore incorporates immune aspects of T1DM (Jayaraman et al., 

2013). The most common T2DM model is the db/db mouse, which possesses a leptin 

receptor-based mutation (Section 2.1). Mice homozygous for this mutation develop 

insulin-resistance by two weeks of age, become obese by four weeks of age, and are 

hyperglycaemic by eight weeks of age (King, 2012; Quondamatteo, 2014).  

Although limited, a number of skin changes have been reported with DM. For 

example, in DM patients, higher fasting blood glucose levels correlated with 

increased xerosis (Sakai et al., 2005). In a rodent model of T2DM, hyperglycaemic 

rats showed increased SC dryness and reduced SC integrity, which was not 

connected to any change in basal TEWL or filaggrin expression (Park et al., 2011). 

However, the authors did observe reduced epidermal lipid synthesis, reduced AMP 

production and impaired restoration of the SC following tape stripping in the T2DM 

rats, indicating compromised skin barrier. Indeed, DM patients display increased 

susceptibility to infections (Calvet et al., 2001; Joshi et al., 1999), and exhibit skin 

microbiota dysbiosis, with greater quantities of the opportunistic pathogen, 

Staphylococcus aureus, present in plantar regions (Redel et al., 2013).  

Intriguingly, 1 in 200 diabetic patients experience a condition known as bullosis 

diabeticorum, or diabetic bullae, where spontaneous skin blistering occurs (Behm 

et al., 2012). This is mirrored in db/db murine skin, where reduced BM collagen IV 

expression (Rodgers et al., 2006) and reduced E-cadherin (cell-cell adhesion; Taylor 

et al., 2011) are observed, suggesting reduced epidermal structural stability. 

Thickened BMs are also apparent (diabetic patients, To et al., 2013; Zhang et al., 

2009b), while the epidermis is thinner (in db/db mice and STZ-induced mice and 

rats, Sakai et al., 2003). Other epidermal features of DM include reduced 
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keratinocyte proliferation and abnormal basal Krt1 expression (in db/db mice, 

Taylor et al., 2011). 

Diabetic skin is less mechanically stable, with lower elasticity and reduced mean 

breaking strength (in db/db mice and human diabetic skin; Argyropoulos et al., 

2016; Bermudaz et al., 2011). Diabetic ECM is also characterised by high levels of 

collagen cross-linking, demonstrated by increased LOX at the mRNA and protein 

level (Argyropoulos et al., 2016), and increased production of AGEs (Bermudaz et 

al., 2011). These features may contribute to poor dermal integrity and delayed 

wound resolution, as blockage of the AGE receptor restores normal healing in db/db 

mice (Goova et al., 2001). Interestingly, investigations of skin proteolysis have 

shown contrasting findings, where reduced Mmp-9, Mmp-2, Timp-1, collagen I and 

collagen III expression were observed in db/db murine skin by Bermudaz et al. 

(2011), but increased MMP-1 and MMP-2 were shown in human (Argyropoulos et 

al., 2016) and murine (Ye et al., 2013) diabetic skin in other studies. Overall, it is 

clear that DM and ageing both greatly influence skin structure and function, which 

in turn, significantly impacts skin restoration ability following damage.  

 
1.4. Wound Repair 
The skin is the body’s primary defence against the extrinsic environment, and thus 

it must repair any breaches to its barrier in a quick and efficient manner. Indeed, it 

is a dynamic and highly effective regenerative organ, progressing through a 

temporal series of complex cellular processes to return to a normal state – both 

architecturally and physiologically – following damage (Broughton et al., 2006; 

Stadelmann et al., 1998). The Latin terms tumor, rubor, calor and dolor (swelling, 

redness, heat and pain) were coined almost two thousand years ago to first describe 

the human wound healing response (Pratsinis et al., 2018). Nowadays, wound 

healing is classically simplified into four phases: haemostasis, inflammation, 

proliferation and matrix remodelling (Figure 1.6 and Figure 1.7). 
 

1.4.1. Phase 1 – Coagulation and Haemostasis 

The first stage of wound repair is to trigger clot formation, thereby preventing 

exsanguination caused by vascular damage (Velnar et al., 2009). Platelets, first 

discovered in the 1880s (Coller, 2011), are now widely known to be key 

contributors to haemostasis and thrombosis (Golebiewska & Poole, 2015). Platelets 
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are activated through contact with blood vessel proteins, such as fibronectin and 

fibrinogen, and adhere to the vessel wall forming an insoluble clot of fibrin, 

fibronectin, vitronectin and thrombospondin (Velnar et al., 2009; Li et al., 2007). 

Endothelial cells from the damaged vasculature migrate into the wound bed, 

depositing a temporary scaffold of fibrin. The fibrin scaffold triggers platelets to 

release cytokines and GFs (e.g. platelet-derived GF, PDGF), which attract recruited 

inflammatory cells and resident skin cells to the site of injury (Witte & Barbul, 1997; 

Haertel et al., 2014). As the most abundant cell type during early repair, it is also not 

surprising that platelets play a role in preventing bacterial infection. For example, 

Tang et al. (2002) demonstrated that platelets produce a number of AMPs (e.g. PF-4 

and CTAP-3) that exhibit direct bactericidal activity (reviewed in Golebiewska & 

Poole, 2015). Once the clot is formed, a number of factors are released to cause 

cessation of the coagulation process, thus preventing excessive thrombosis. 

Prostacyclin inhibits platelet aggregation, antithrombin III inhibits thrombin, and 

activated protein C degrades coagulation factors V and VII (Mann, 2003).  

  
Figure 1.6. The four main stages of wound repair and when they occur in human healing. To 
the right are the main cellular and structural components of each stage, including polarised 
macrophages and their corresponding cytokines. Figure from Wilkinson & Hardman (2017). 
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Figure 1.7. Structural schematic of an acute wound in early healing. Haemostasis is rapidly 
followed by immune cell infiltration (neutrophils and macrophages) and the formation of the 
granulation tissue (GT). Epidermal basal keratinocytes at the wound edges (dark pink) migrate to 
close the wound. Fibroblasts deposit structural proteins, such as glycosaminoglycans (GAGs), 
fibronectin and collagen to replace the GT. Later, keratinocytes undergo terminal differentiation to 
reform the epidermis, while fibroblasts differentiate into myofibroblasts for wound contraction. 
Inflammation abates and the wound remodels. Illustration generated by the author (HNW). 

 

1.4.2. Phase 2 – Inflammation 

The innate inflammatory response has crucially evolved to prevent pathogenic 

wound invasion. Upon damage, resident immune cells, such as mast cells, LCs, γδ T 

cells and Mφs, release a number of pro-inflammatory cytokines and chemokines 

that attract circulating leukocytes to the site of injury (reviewed in Martin & 

Leibovich, 2005). Pro-inflammatory molecules also stimulate increased endothelial 

expression of cell adhesion molecules, such as selectins, facilitating neutrophil and 

monocyte adhesion and diapedesis (reviewed in Muller, 2003). Neutrophils arrive 

at the wound site first, initially leaking into the wound from damaged vessels. They 

are also enticed by pro-inflammatory chemoattractants such as IL-1, TNF-α, TGF-β 

and bacterial endotoxins (e.g. lipopolysaccharides, LPS; Witte & Barbul, 1997). In 

response to pro-inflammatory signals, neutrophils, and other cells at the wound site, 
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release their own pro-inflammatory cytokines via signalling pathways such as the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κβ) cascade (Li et 

al., 2001). Neutrophils remove necrotic tissue and bacteria via phagocytosis and the 

release of ROS, AMPs, eicosanoids and proteolytic enzymes (Segel et al., 2011; Young 

& McNaught, 2011). Neutrophils also trap and kill pathogens in an extruded web of 

DNA coated with AMPs and cytotoxic histones (Brinkman et al., 2004).   

Unless a wound is infected, neutrophils are cleared within 72 hours of injury onset. 

Most neutrophils are extruded from the wound site as they adhere to the fibrin scab, 

while any remaining neutrophils are removed by Mφ efferocytosis (Martin & 

Leibovich, 2005). Mφs are master effector cells in wound repair, due to their 

versatile functions and high plasticity. Indeed, Cd11b-specific Mφ deletion leads to 

delayed wound healing and increased inflammation (Mirza et al., 2009). In wounds, 

Mφs reach peak infiltration 72 hours after injury in mice and 7-days post-injury in 

humans (Baum & Arpey, 2005). Like neutrophils, Mφs engulf necrotic cellular debris 

and pathogenic material through evolutionarily conserved receptors, but also 

exhibit differential behaviours and morphological changes in response to cytokine 

stimulation (Figure 1.8; Mantovani et al., 2005).  

Traditionally, two main subsets of Mφs are apparent in wounds: classically activated 

(M1-stimulated) Mφs and alternatively activated (M2-stimulated) Mφs. However, 

the M2 repertoire has now expanded and is seen as a spectrum of phenotypes 

governed by tissue status and environmental stimulus (Mosser & Edwards, 2008; 

Snyder et al., 2016). M1 Mφs, induced by pro-inflammatory stimuli such as LPS and 

interferon gamma (IFN-γ), promote inflammation by releasing ROS and 

inflammatory cytokines (e.g. IL-1, IL-6 and TNF-α). M1-stimulated Mφs phagocytose 

apoptotic neutrophils, replacing them as the main inflammatory mediator (Li et al., 

2007). Later stages of inflammation are characterised by a switch to alternative 

activation, which can be stimulated by efferocytosis (Korns et al., 2011). Generally, 

M2-stimulated Mφs express anti-inflammatory cytokines (IL-4, IL-10, IL-13 and 

TGF-β1; Barrientos et al., 2008; Eming et al., 2007; Witte & Barbul, 1997) and 

produce arginase, a key player in effective wound repair (Witte & Barbul, 2003, 

Campbell et al 2013). M2-stimulated Mφs also release a myriad of GFs to mediate 

re-epithelialisation and fibroplasia (Li et al., 2007). More recently, Mφs have been 

shown to play a crucial role in angiogenic remodelling in mice and fish (Gurevich et 
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al., 2018). Together, these mechanisms promote scavenging of debris, bacteria and 

pro-inflammatory cells, and stimulate reparative processes to allow wound 

resolution (Mantovani et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Macrophage differentiation and polarisation. Multipotential haematopoietic stem 
cells (HSCs) of the bone marrow give rise to myeloid precursors that differentiate into myeloblasts. 
Myeloblasts then become monocytes that enter the blood. Monocytes are recruited to sites of 
inflammation and differentiate into macrophages (Mφs). In wound tissue, both recruited and 
resident Mφs are polarised to M1 (pro-inflammatory) or M2 (anti-inflammatory) states via cytokine 
and chemokine signalling. Illustration produced by the author (HNW). 

1.4.3. Phase 3 – Proliferation 

As early as 12 hours post-injury, keratinocyte activation is triggered by H2O2 and 

calcium release, mechanical and electrical changes, exposure to pathogens, GFs and 

cytokines (Shaw & Martin, 2016). Keratinocytes at the wound edge thus become 

invasive to migrate across the wound and reform the epidermis, a process termed 
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re-epithelialisation (Bleaken et al., 2016; Young & McNaught, 2011). The wound 

edge keratinocytes lay down BM as they migrate (Shaw & Martin, 2016). Moreover, 

keratinocytes are recruited not only from the intact epidermis at the wound edges, 

but also from nearby hair follicles (Ito et al., 2005). Although the bulge region has 

long been deemed a niche for keratinocyte stem cells (Taylor et al., 2000), 

understanding of its role in wound healing has expanded considerably. Indeed, there 

is high plasticity between the hair follicle niches to allow hair regrowth (Rompolas 

et al., 2013), and only specific stem cells are recruited to wound repair.  For example, 

Krt15+ve (Garcin et al., 2016) and Krt19+ve (Driskell et al., 2015) bulge stem cells are 

dispensible for re-epithelialisation, but Lgr5- and Lgr6-expressing cells from the 

bulge region and interfollicular epidermis show important adaptations for wound 

healing (Joost et al., 2018).  

Activated keratinocytes undergo epithelial-mesenchymal transition, where they 

develop a migratory phenotype (e.g. flattening, elongation, development of 

lamellipodia projections, and modification of cell adhesion junctions; Li et al., 2007). 

Keratinocytes negotiate through debris and necrotic tissue of the wound bed 

through their interactions with structural proteins of the preliminary matrix via 

integrin receptors (Santoro & Gaudino, 2005). MMPs, particularly MMP-1 and MMP-

9, are vital for keratinocyte migration as they aid in integrin receptor dissociation 

(Li et al., 2007). The production of other proteases, such as plasmin, further 

facilitates keratinocyte migration by degrading the initial wound bed (Martin, 

1997). When keratinocytes from each wound edge meet, they have established a 

single epithelial layer termed the neoepidermis. At this point, migration terminates, 

keratinocytes adhere to the underlying matrix, and undergo terminal differentiation 

to regenerate the full epidermis (Baum & Arpey, 2005).   

Fibroblast proliferation and migration into the granulation tissue is triggered by 

signals from endothelial cells and immune cells in early repair (Martin, 1997), and 

paracrine factors from migrating mesenchymal stem cells (Smith et al., 2010). 

Within the wound, resident and mesenchymal-derived fibroblasts respond to a 

milieu of signalling molecules (e.g. TGF-β1, PDGF, and other GFs) to either: (a) 

become pro-fibrotic, laying down ECM proteins or; (b) differentiate into 

myofibroblasts for wound contraction (Martin, 1997; Li et al., 2007). Myofibroblasts 

are characterised by an abundance of α-smooth muscle actin (α-SMA) and other 
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microfilament bundle components (e.g. γ-SMA, myosin and desmin) associated with 

generating strong contractile forces and focal adhesions (Li et al., 2007; Martin, 

1997; Werner et al., 2007). Interestingly, knockout of the gene encoding α-SMA, 

Acta2, did not delay wound healing or alter fibroblast contraction in mice (Tomasek 

et al., 2013), thus suggesting compensation by other microfilaments. Myofibroblast 

contraction is facilitated by pseudopodial extensions, which allow cytoplasmic actin 

to bind to fibronectin in the matrix scaffold (Li et al., 2007). As myofibroblasts 

adhere to one another via desmosomes, binding to matrix fibrils causes overall 

wound contraction (Stadelmann et al., 1998). 

Angiogenesis, the formation of new blood vessels, is triggered by a hypoxic 

environment where chemotactic factors such as VEGF, epidermal GF (EGF), TGF-α 

and angiogenin trigger: (1) degradation of the basal lamina of progenitor blood 

vessels to allow vascular sprouting; (2) chemotaxis; (3) proliferation and; (4) 

remodelling and differentiation (Velnar et al., 2009). The presence of the fibrin 

matrix also promotes angiogenesis by causing phenotypic changes in endothelial 

cells that influences their migration (Kalebic et al., 1983). The resulting endothelial 

cell capillary sprouts enter the wound bed and form a new network of capillaries. 

This capillary network provides essential nutrients to the granulation tissue - a new 

ECM that replaces the initial wound bed clot (Baum & Arpey, 2005). 

1.4.4. Phase 4 - Matrix Remodelling 

Matrix remodelling spans the entire tissue repair process, beginning with the initial 

deposition of a fibrin clot and ending several years later with the formation of a 

mature, type I collagen-rich scar (Li et al., 2007). Fibroblasts are responsible for: a) 

replacing the initial fibrin clot with hyaluronan, fibronectin and proteoglycans; b) 

the subsequent switch to procollagen production and; c) mature collagen fibril 

formation (Baum & Arpey, 2005). Proteoglycans aid formation of collagen fibrils and 

act as a conduit for the migration and activity of other wound cell types (e.g. 

endothelial cells and Mφs; Schultz & Wysocki, 2009).  

As previously discussed, collagen composition in skin is approximately 80% 

collagen I: 20% collagen III. However, the collagen matrix of the granulation tissue 

predominantly comprises of the embryo-associated collagen III (~30%) and only 

10% collagen I (Witte & Barbul, 1997). As healing progresses, collagen III is replaced 

by collagen I, which provides scar tissue with increased tensile strength 
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(Diegelmann & Evans, 2004; Young & McNaught, 2011). The integrity and 

architecture of the scar never returns to that of unwounded skin, achieving 80% of 

pre-wounding strength post-injury (Witte & Barbul, 1997; Young & McNaught, 

2011). These sequential changes in ECM require a fine balance between collagen 

degradation and synthesis, achieved through temporal regulation of key MMPs. 

These collagenases, expressed by inflammatory cells, epidermal cells and 

fibroblasts, cleave native helical collagens throughout repair (Witte & Barbul, 1998).  

Normally, tropoelastin expression ceases during late embryonic development and 

remains absent post-birth. However, during disease states and wound healing, 

elastin production resumes. In wound healing, degradation of the normal dermal 

matrix (by proteases and physical damage) causes release of elastin fragments, or 

elastikines, which become their own signalling molecules (Duca et al., 2004). Early 

in wound repair, tropoelastin expression is heightened, but elastin fibre 

arrangement is aberrant. In fact, elastin fibres are often not apparent in scar tissue 

until many months following injury (Almine et al., 2012; Amadeu et al., 2004). 

 
1.5. Aberrant Wound Healing 
Acute wound repair follows an orderly cascade of cellular signalling and behavioural 

events to ensure rapid closure of the skin barrier. Complications at any stage of this 

reparative process can result in healing impairment (see Figure 1.9). The most 

significant aberrations result in wounds that fail to heal entirely. These “chronic” 

wounds, which predominately affect the elderly and diabetic, are a major area of 

unmet clinical need, reducing quality of life and causing a huge socio-economic 

burden (Bjarnsholt et al., 2008; Harding et al., 2002; Watson et al., 2011). For 

example, in 2012-2013, 2.2 million wounds were treated by the National Health 

Service, costing an estimated £4.5-£5.1 billion (Guest et al., 2015). Thus, it is clear 

why chronic wounds are considered a “silent epidemic” (Lindholm & Searle, 2016). 

The three main types of chronic wounds are diabetic foot ulcers (DFUs), venous leg 

ulcers (VLUs) and pressure ulcers, deemed chronic if they fail to heal within 12 

weeks (Sheehan et al., 2003; e.g. Wagner scale; Table 1.4). Pressure ulcers most 

frequently occur in patients who are immobilised for extended periods, where 

sustained pressure and shear forces result in ulceration, predominately of the skin 

covering bony prominences (Defloor, 1999; Liu et al., 2016). VLUs, by far the most 
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prevalent chronic wound type (Hall et al., 2014), are the result of oedema and 

hypoxia caused by venous insufficiency (Kranke et al., 2015). DFUs are particularly 

debilitating and can lead to lower limb amputation, thus increasing subsequent risk 

of death (Moulik et al., 2003; Walsh et al., 2016). DFUs are common in diabetic 

patients and usually begin as acute wounds. However, complications, such as 

chronic low-level inflammation and hyperglycaemia, influence the wound healing 

response, leading to poor clinical outcome (Baltzis et al., 2014). Hyperglycaemia 

impairs leukocyte function, and causes non-enzymatic glycation of collagen and the 

formation of AGEs, thus perpetuating inflammation (Pradhan et al., 2009). Diabetes 

also triggers long-term damage to the microvasculature (Young & McNaught, 2011), 

resulting in local tissue hypoxia, arterial vasculopathy and/or lower limb 

neuropathy– all extreme risk factors for chronic wound development (Walsh et al., 

2015). In fact, it is estimated that 25% of diabetics will develop a chronic wound 

during their lifetime (Boulton, 2013).  

 

Figure 1.9. Cellular defects associated with pathological healing. Delayed healing in aged and 
diabetic wounds is associated with increased (green arrows) inflammation and reduced (red arrows) 
cellular proliferation and migration. Image adapted from Wilkinson & Hardman (2017). 
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It is important to note that the causes of wound chronicity, although simplified 

above, are often multifactorial and complex. Wound chronicity is influenced by local 

(e.g. ischemia) and systemic factors (e.g. age, malnutrition and disease), along with 

imbalances in cytokine and GF levels (Harding et al., 2002). However, in recent 

years, the most discussed contributor to chronicity is the persistence of wound 

infection (Dow et al., 1999; James et al., 2008; Wolcott et al., 2015; discussed in 

Chapter 6). Therefore, current treatments are largely aimed at reducing and 

preventing microbial wound contamination. 

Table 1.4. Wagner wound categorisation system for diabetic foot ulcers. * 

Category Description 

0 Intact skin 

1 Superficial ulcer 

2 As 1 but extending to tendon or bone 

3 As 2 but with osteomyelitis or absess 

4 Gangrene in toes and/or forefoot 

5 Midfoot or hindfoot gangrene 

*Modified from Margolis et al. (2002). 

1.5.1. Current Chronic Wound Therapies 

Wound management often begins with assessment of the patient and wound 

aetiology (Kranke et al., 2015; Velnar et al., 2009). The most common intervention 

is debridement, or the removal of necrotic, infected, or hyperkeratotic tissue (Velnar 

et al., 2009) via sharp, surgical, enzymatic, autolytic, chemical, biological and 

mechanical processes (O’Brien, 2002; Stephen-Haynes & Thompson, 2007). Surgical 

debridement is painful, invasive, and requires implementation by a skilled 

professional (Gwynne & Newton, 2006). By contrast, the development of simple 

debriding devices has opened the possibility of self (home) care (Dogra & Rai, 2014; 

Wilkinson et al., 2016). Debridement is designed to remove infected and necrotic 

tissue, and expose the underlying vasculature to trigger a wound healing response 

(Stephen-Haynes & Thompson, 2007). Following debridement, wounds are 

irrigated with saline or an antibacterial solution at a pressure defined for the wound 

type (Velnar et al., 2009). Finally, a tailored dressing is applied to protect the wound 

from infection and provide an optimum environment for healing (Fonder et al., 

2008). Autologous skin grafts can also be applied following irrigation, particularly 
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for the treatment of VLUs, although there remains a risk of dehiscence and further 

healing failure (Harding et al., 2002; Webster et al., 2012).  

Recently, there has been a shift towards advanced therapies, largely based on new-

found knowledge of the physiological disturbances associated with wound 

chronicity. For example, previous research has demonstrated a remarkable 

reduction in GFs in the milieu of chronic wounds compared to acute wounds (Higley 

et al., 1995; Yager et al., 1997). Studies involving the use of GFs in vitro (chronic 

wound-derived fibroblasts, Stanley et al., 1997), in vivo (VEGF on mouse wounds, 

Nauta et al., 2013; b-FGF on rat wounds, McGee et al., 1988; topical FGF on rat 

wounds, Ma et al., 2007) and in clinical studies (topical EGF, Brown et al., 1989), 

have revealed promising wound healing effects. Despite this, only PDGF (brand 

name REGRANEX, Smith and Nephew Ltd, Hull, UK) is approved for use in the clinic 

(Rees et al., 1999). Since its implementation, REGRANEX has shown varied 

effectiveness (Demidova-Rice et al., 2012). Other GFs, such as FGF (Japan) and EGF 

(Cuba) have been used clinically, with variable efficacy, high cost and controversial 

risks (e.g. cancer; Frykberg & Banks, 2015). Despite this, new GF therapies have the 

potential for improved clinical outcome, such as GF-incorporated matrices to 

improve diabetic wound healing in vivo (Ishihara et al., 2019). 

Other less-risky treatments include the use of hyperbaric oxygen to increase tissue 

oxygenation (Kranke et al., 2015), and vacuum assisted closure (VAC), whereby 

negative pressure is applied to the wound to remove infected and inflamed milieu 

and promote wound closure (Vuerstaek et al., 2006). Traditional dressings have also 

evolved and now contain a myriad of material properties that aid regeneration, 

while incorporating substances with known pro-healing or antimicrobial effects 

(reviewed in Skórkowska-Telichowska et al., 2013). An adequate dressing is 

designed to maintain a moist environment while removing excess wound exudate 

(Baltzis et al., 2014). However, current treatments and best practice are only aimed 

at addressing secondary causes of chronicity, meaning chronic wounds often persist 

or recur (Velnar et al., 2009). Therefore, there remains a clinical unmet need to 

develop novel therapies that are financially, physiologically and practically suitable 

for chronic wound care. 
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1.6. Modelling Wound Repair 
In vitro assays are widely used to model specific cellular aspects of healing (e.g. Liang 

et al., 2007), yet these assays fail to encompass the complexity of the in vivo 

environment. The development of more dynamic in vitro approaches, such as 3D 

skin equivalents, has partially reduced the need for animal and human studies (Itoh 

et al., 2013). However, artificially cultured 3D skin equivalents lack glands, immune 

cells and blood vessels, with studies only just beginning to address these problems 

(Kuo et al., 2018; Mazio et al., 2019). Human whole skin can also be induced to heal 

ex vivo, but availability can be limited. Ex vivo cultured skin also only remains viable 

of a few days and lacks immune cell infiltration. Thus, late stage wound responses 

(e.g. matrix remodelling) and granulation tissue formation cannot be studied 

effectively (Ansell et al., 2012; Zhou et al., 2018a). Porcine skin is yet another option, 

as wound closure occurs primarily through re-epithelialisation, mimicking human 

healing (Ueck et al., 2017). Despite the availability of non-animal models, mice are 

still extensively used in skin research (Godin & Touitou, 2007). 

So why are mice favoured? Rodents are loose-skinned, have considerably more hair 

follicles than humans and a panniculosus carnosus muscle layer which allows rapid 

wound contraction following injury (Wong et al., 2010). Further, the mouse 

epidermis is much thinner than human (50 µm), making it difficult to produce 

partial-thickness wounds (Davidson et al., 1998). However, rodents are a less 

sentient in vivo species than pigs, are easier to manipulate, and heal with the same 

conserved mammalian stages of healing (Godin & Touitou, 2007). Moreover, the 

multitude of transgenic mouse lines available (reviewed in Maio, 2013) allows 

temporal and spatial investigation of the molecular basis of wound healing in vivo. 

Mouse models are often chosen due to their tractability, but strain-specific and 

species-specific differences must be considered when using non-human models for 

translational research purposes. 

Wounding in mice involves full-thickness excisional biopsies or full-thickness 

incisional wounds to the dorsum, as these are highly reproducible (Ansell et al., 

2014). However, the method of applying these wounds varies between laboratories, 

and healing rates can be affected by the analgesics and anaesthetics used (Hanci et 

al., 2012), the way the wound is initially created (punches, scissors, laser), and how 

it is treated (Ansell et al., 2012). In most studies, wounds are left to heal via 
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secondary intention (Galiano et al., 2004), which means they will largely close 

through contraction in mice. As a result, a number of researchers splint the wound 

to prevent contraction, or occlude the wound with dressings to increase the 

contribution of re-epithelialisation to skin repair (Scherer et al., 2009). These 

methods change the wound environment and rate of healing entirely (Dyson et al., 

1997). Standardising methodology for in vivo murine studies is therefore essential 

for comparing and progressing current and future wound research.  

1.6.1. Chronic Wound Models 

Researchers have developed a number of pre-clinical delayed healing models, from 

pressure ulcers in mice using magnets (Strong et al., 2015) to burn wounds in pigs 

(Sheu et al., 2014; see Table 1.5). As those suffering with non-healing wounds tend 

to be diabetic or elderly, it follows that the most widely used chronic wound models 

involve diabetic and aged rodents (Roper et al., 2015). As previously discussed, both 

T1DM and T2DM can be modelled in mice. T1DM is most commonly induced through 

STZ injection, and STZ-induced mice show significantly delayed wound repair 

(Blecher et al., 2012; Hozzien et al., 2015; Long et al., 2016). More applicable to 

humans are the T2DM murine models of leptin deficiency (ob/ob mice) or leptin 

receptor deficiency (db/db mice). These mice are morbidly obese by 6-8 weeks of 

age, go on to develop T2DM (reviewed in O’Brien, 2014), and their wounds fail to 

heal at the same rate as their non-diabetic, heterozygous littermates (Seitz et al., 

2010). However, there remains controversy as to whether delayed healing in 

diabetic mouse models is a result of hyperglycaemia, leptin deficiency or obesity 

(reviewed in Ansell et al., 2012).  

Mice are aged for 1-2 years to imitate age-associated deterioration in wound repair 

(reviewed in Kim et al., 2015). Another viable ageing model is the ovariectomised 

mouse, where removal of the ovaries mimics the human menopause (Han et al., 

2015). Loss of circulating sex hormones, particularly 17β-estradiol, leads to 

accelerated ageing and a delayed wound healing phenotype comparable to that of 

aged mice (Campbell et al., 2010). Unlike diabetic models, which are limited to 

comparison against diabetic wounds, aged models have the advantage that they 

emulate a more generalised chronic healing response, as age is a primary risk factor 

for the development of all types of chronic wound (Ansell et al., 2012).  
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Table 1.5. Examples of animal chronic wound models. * 

*Table adapted from Seaton et al. (2015) to include mouse data and aged wounds. Wound types, 
separated by colour, as follows: Reperfusion, burns, diabetic ulcers, infected diabetic ulcers, aged ulcers. 

 
1.7. The Metallome 
Metal ions and metal complexes are ubiquitous throughout the body, orchestrating 

the action and inaction of cellular signalling pathways, regulating gene transcription 

and playing vital roles in catalysis (Szpunar, 2004). The metallome, the global 

distribution of metals and metalloids within the body, is therefore fundamental in 

Model Primary 
Characteristics 

Model Limitations Reference 
Animal Method 
Porcine Bipedicle flap. 

Full-thickness 
excisions. 

Less skin 
perfusion, 

pressure and less 
oxygen. 

Advanced surgical skills 
required. 

Roy et al., 2009. 

Murine Magnetic 
ischemia devices. 

Long-term 
inflammation. 

Invasive. 
Included reperfusion 

phases. 

Saito et al., 2008. 

Porcine UVR exposure. 
Full-thickness 

excisions. 

Delayed 
granulation, 

delayed 
angiogenesis and 

delayed re-
epithelialisation 

UVR causes non-
generalised effects. 
Healing returned to 

normal after 2 weeks. 

Bernatchez et al., 
1998. 

Porcine 
 

Streptozotocin 
injection. 

Full-thickness 
excisions. 

Persistent 
hyperglycemia. 

Delayed re- 
epithelialisation. 

Wounds healed after 18 
days. 

Velander et al., 2008. 

Murine Genetic. 
Full-thickness 

excisions. 

Hyperglycaemia 
and delayed re-

epithelialisation. 

Difficult to distinguish 
between obesity and 

diabetes effects. 

Wetzler et al., 2000. 

Porcine Streptozotocin 
injection. 

Full-thickness 
excisions. 

Inoculation with 
S. aureus. 

Sustained tissue 
infection and 
delayed re-

epithelialisation. 

Substantial re-
epithelialisation after 
12 days. Long-term 

diabetes not assessed. 

Hirsch et al., 2008. 

Murine Genetic. Full-
thickness 
excisions. 

P. aeruginosa 
biofilms. 

Sustained tissue 
infection and 
delayed re-

epithelialisation. 

Issues with dressing 
attachment and wound 

occlusion. 

Zhao et al., 2012. 

Murine 20 months old.  
Full-thickness 

excisions. 

Delayed healing. Fully closed after 9 
days. 

Ageing in house takes 
time. 

Nishio et al., 2008. 
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coordinating cellular behaviour and tissue architecture (Dlouhy & Outten, 2013). As 

the skin is a highly cellular, dynamic organ encompassing an array of diverse 

signalling responses, cellular processes and tissue structures, it follows that the 

metallome should play a crucial part in maintaining normal skin homeostasis. 
 

1.7.1. Endogenous Metals in Chronic Disease 

As metals provide critical functions throughout the body, it is understandable that 

abnormal alterations in metal homeostasis can result in, or be associated with, 

disease. For example, altered serum and tissue magnesium concentrations are found 

in diabetes (Resnick et al., 1993), cardiovascular disease (reviewed in Chakraborti 

et al., 2002) and neurodegenerative disorders (Andrasi et al., 2000; Çilliler et al., 

2007). In fact, an inverse relationship is observed between magnesium and insulin 

levels in diabetes (Ma et al., 1995), while low dietary magnesium is associated with 

increased risk of cardiovascular events (Qu et al., 2013), stroke (Larsson et al., 

2012), and hypertension (Paolisso & Barbagallo, 1997). Prospective studies have 

even demonstrated that individuals who have higher dietary intake of magnesium 

are less likely to develop T2DM (Hruby et al., 2014; Kim et al., 2010), and in a 

number of trials, supplementation with magnesium is correlated with lower post-

fasting blood glucose (Castellanos-Gutiérrez et al., 2018; Hruby et al., 2014) and 

reduced insulin (ELDerawi et al., 2018). It is thus unsurprising that magnesium 

regulates enzymes involved in glucose transport and metabolism (Gales et al., 

2014). Despite ample meta-analysis data, understanding of the underlying 

molecular basis of magnesium in disease is lacking (Guasch-Ferré et al., 2013).  

Zinc is also intimately involved with insulin synthesis, as zinc deficiency and 

supplementation have drastic effects on diabetic animals (reviewed in Taylor, 

2005). Here, mice that overexpress CuZnSODs and metallothioneins within their 

islet β cells are resistant to STZ and AX-induced T1DM (Kubisch et al., 1994), while 

dietary zinc supplementation also imparts the same protective influence against 

pancreatic β cell destruction (Ho et al., 2001). The defensive effects of zinc even 

extend to T2DM mouse models. For example, in ob/ob (Begin-Heick et al., 1985) and 

db/db (Simon & Taylor, 2001) mice, dietary zinc supplementation attenuated fasting 

hyperglycaemia and hyperinsulinemia, and prevented obesity in the db/db model. 

By contrast, a zinc deficient diet in db/db animals led to hyperglycaemia and 

insulopaenia (Simon & Taylor, 2001). 
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Further literature describes how iron, copper and calcium accumulate and interplay 

with pathology. Indeed, damage to metal regulatory mechanisms (e.g. via oxidative 

stress) leads to accumulation of iron and copper in many hepatic disorders, such as 

non-alcohol fatty liver disease (Dongiovanni et al., 2015; reviewed in Feldman et al., 

2015). Impairment in calcium homeostasis causes a multitude of abnormalities 

throughout the body (Elsholz et al., 2014; Jiang et al., 2016), therefore crucial 

mechanisms have evolved to tightly and efficiently regulate intracellular free Ca2+ 

(Brini & Carafoli, 2009). Many calcium-associated proteins (e.g. calmodulin) and 

receptors (e.g. CaSR, discussed in Chapter 4) are also used as biomarkers in a range 

of pathologies, from alzheimer’s disease (O’Day et al., 2015) to cancers (Tennakoon 

et al., 2016) and endocrine disorders (reviewed in Ward & Riccardi, 2012).  

Although a large body of research pertains to investigating and observing metal 

changes in pathological conditions, the metal-specific basis of these biological and 

chemical defects remains to be elucidated. Similarly, the actions by which metals are 

transported and incorporated into intracellular systems is not fully understood. 

Advancing understanding of the human genome, combined with the development of 

sophisticated analytical techniques (Szpunar, 2004), offers an unprecedented 

opportunity to identify the unique relationships between metals and 

metalloproteins in health, and determine their subsequent roles in disease.  

1.7.2. Endogenous Metals in Skin 

Within the skin, the most important endogenous metal ions are zinc, calcium, 

magnesium, iron and copper (Dlouhy & Outten, 2013; Lansdown et al., 1999). Iron 

is the most abundant transition metal of the skin, although its absolute 

concentration varies between individuals (Wright et al., 2014). Importantly, the 

clinical manifestations of iron deficiency (e.g. anaemia) result in drastic skin 

changes, such as pallor and hyperpigmentation (Marks & Shuster, 1970). Iron may 

also play a significant role in fibroblast senescence, due to its pro-inflammatory 

influences in human and murine tissues (Sindrilaru et al., 2011). Furthermore, 

increased iron, which promotes oxidative and nitrative damage, correlates 

convincingly with elevated expression of the known senescence markers, γH2AX 

and p16INK4α (Sindrilaru et al., 2011; Sindrilaru & Scharffetter-Kochanek, 2013). 

The effects of iron in skin are explored more extensively in Chapter 5. 
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The second most abundant transition metal, zinc, is more copious within the 

epidermis than the dermis (Inoue et al., 2014) and forms complexes (mostly 

metallothioneins) within basal keratinocytes that are essential for regulating 

cellular mitosis, migration and differentiation (Lansdown et al., 2007). Interestingly, 

the epidermal zinc gradient contrasts with the calcium gradient, as zinc and calcium 

exert opposing effects on keratinocytes (Emri et al., 2015). In the presence of excess 

zinc, levels of calcium-binding proteins, such as calmodulin, rapidly decline (Heng et 

al., 1993; Lengyel et al., 2000). As the skin harbours 20% of the body’s zinc, it is not 

surprising that zinc deficiency leads to a number of skin complications, such as 

psoriasis (Prasad, 1976; Vallee & Falchuk,1993) and impaired wound healing (in 

rats, Oberleas et al., 1971; in the clinic, Rahmat et al., 1974).  

Magnesium is another important cutaneous metal, and a major cofactor for 

adenosine triphosphate, nucleic acids and many metabolic enzymes (Li & Zhou, 

2011). Thus, magnesium maintains normal functioning of tissues throughout the 

body. Magnesium is also crucial in regulating ion channel permeability, as it 

influences the transmembrane transport of Ca2+, K+, and Na2+ (Permyakov & 

Uversky, 2013). Finally, the most deliberated, versatile, and probably the most 

important metal ion is calcium, found within intracellular and extracellular 

reservoirs throughout the body (Menon et al., 1985). Calcium tightly regulates 

epidermal permeability and cell function by maintaining its own gradient, which is 

also essential for epidermal stratification (Elsholz et al., 2014). Calcium effects in 

skin and wound healing are described in Chapter 4.  

1.7.3. Endogenous Metals in Cutaneous Repair 

Metal ions and metal complexes maintain the overall integrity of the skin, but also 

prevent skin infection (Wright et al., 2014), protect against skin disease (reviewed 

in Prasad, 1976; Vallee & Falchuk, 1993), and interact with diverse signalling 

pathways important in wound repair (Lansdown et al., 1999; Dlouhy & Outten, 

2013). It is therefore unsurprising that metals play a number of potential roles in 

wound repair (summarised in Figure 1.10). 
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Figure 1.10. Wound-relevant processes that may be influenced by endogenous metal ions. A) 
Metals alter fibrin clot formation during haemostasis. B) Metals stimulate release of pro-
inflammatory cytokines (stars) during inflammation. C) Metals influence keratinocyte activation, and 
actinomyosin filament formation/contraction during re-epithelialisation. D) Collagen deposition and 
fibroblast contraction are modulated by metals during the remodelling phase. Calcium (Ca), zinc (Zn), 
copper (Cu), manganese (Mn), iron (Fe) and magnesium (Mg). Image produced by the author (HNW). 

 

1.7.3.1. Haemostasis 

Following injury, waves of Ca2+ are exhibited seconds after wounding in 

invertebrates (Caenorhabditis elegans, Xu & Chisholm, 2011; Drosophila 

melangaster, Ghannad-Rezaie et al., 2012; Razzell et al., 2013) and vertebrates 

(Klepeis et al., 2001; Tran et al., 1999; Yoo et al., 2012). During haemostasis, Ca2+ 

influx into platelets (Parekh & Putney, 2005) leads to transcriptional modification 

of protein kinase A (PKA), PKC and Ca2+/Calmodulin-dependent protein kinase 

(CaMK; Tran et al., 1999; Pászty et al., 1998; Harper & Poole, 2010). Subsequently, 

Ca2+ modulates clotting factor expression, conversion of prothrombin and 

fibrinogen to thrombin and fibrin, respectively (Detwiler et al., 1978; reviewed in 

Lundblad et al., 2000), and platelet adhesion and GF production (Fréchette et al., 

2005; reviewed in Lansdown, 2002). Interestingly, zinc exerts its effects through 
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modulating intracellular calcium to promote coagulation (Csermely & Somogyi, 

1989; O’Dell, 2000), while the substantial influence of iron and iron-related proteins 

in regulating thrombosis has been extensively studied (Pretorius et al., 2013). The 

role of magnesium in clotting is less well known, yet magnesium has been 

investigated as a potential treatment for coagulatory disorders (Canton et al., 1987, 

Harnett et al., 2001; Sekiya et al., 1996). Unlike calcium, magnesium appears to 

reduce coagulation via antiplatelet and antithrombotic mechanisms (Ravn et al., 

1996a, Ravn et al., 1996b, Sheu et al., 2002). Therefore, in early wound repair, 

endogenous Mg2+ levels are probably controlled to prevent exsanguination 

(Lansdown, 2002).  

1.7.3.2. Inflammation 

During inflammation, calcium modulates motility, membrane function and ROS 

production (Fujimaki et al., 2003; Lansdown et al., 2007; Razzell et al., 2013). A surge 

in Ca2+ is observed in activated neutrophils, allowing effector functions, such as 

phagocytosis, ROS production, and chemotaxis (Fujimaki et al., 2003; Razzell et al., 

2013; Zhang et al., 2014a). External stimuli, such as LPS, also activates the influx of 

Ca2+ in Mφs to trigger inflammatory processes (Zhou, et al., 2014), while blockade 

of store operated calcium channels dampens inflammatory cytokine release in co-

cultures of peripheral blood mononuclear cells and myoblasts (Beringer et al., 

2018). Further, zinc is crucial for humoral and cell-mediated immunity (reviewed in 

Keen & Gershwin, 1990), and the functioning of a number of pro-inflammatory 

cytokines (e.g. IL-1, IL-2, IL-6, IFN-y and TNF-α; reviewed in Wessels et al., 2017) 

and immune cell activating transcription factors (e.g. MTF-1 and NF-ĸB; Martin & 

Leibovich, 2005; Wellinghausen et al., 1997). By contrast, iron and magnesium play 

more passive roles in inflammation, where iron leakage from damaged erythrocytes 

increases ROS (Pretorius et al., 2013; Sindrilaru et al., 2011) and magnesium acts as 

a second messenger for calcium (Mazur et al., 2007). 

1.7.3.3. Proliferation and Matrix Remodelling 

Calcium aids the proliferative phase of wound healing by orchestrating stratification 

of keratinocytes (reviewed in Elsholz et al., 2014), upregulating PDGFR and VEGFR 

(reviewed in Cordeiro & Jacinto, 2013), modulating angiogenesis, and increasing 

fibroblast proliferation, differentiation and maturation (reviewed in Varga-Szabo et 

al., 2009). In normal wound repair, zinc complexes govern multiple cellular 
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processes, from functional migration to ECM assembly (reviewed in Lansdown et al., 

2007), and during angiogenesis, zinc finger proteins stimulate VEGF transcription 

in various ways (reviewed in Dai et al., 2004). 

Although unresolved, magnesium is known to promote VEGF-2-induced endothelial 

cell migration (Hong et al., 2006; Maier et al., 2004) and GF release (e.g. EGF), thus 

stimulating keratinocytes (reviewed in Cordeiro & Jacinto, 2013; Li & Zhou, 2011). 

Interestingly, EGF has been identified as a magnesiotropic hormone, promoting 

cellular Mg2+ accumulation via the transient receptor potential (TRP) channel, 

TRPM6 (Groenestege et al., 2007). Magnesium also affects keratinocyte contractility 

(Wolf & Cittadini, 2003), which may extend to fibroblasts (Ferré et al., 2010; 

reviewed in Gill & Parks, 2011). Of note, long-term magnesium deficiency arrests 

proliferation and triggers senescence in primary human fibroblasts, possibly via 

oxidative stress mechanisms (Killilea & Ames, 2008). 

 
1.8. Summary 
The skin has evolved crucial mechanisms to quickly and efficiently close breaches to 

its barrier. In the elderly and diabetic, wound healing is fundamentally impaired, 

leading to excessive inflammation, reduced re-epithelialisation and delayed matrix 

deposition. These obstructions to normal repair underlie the development and 

persistence of non-healing wounds. As the ageing population increases, the 

incidence of chronicity is on the rise, putting strain on healthcare providers 

worldwide. Modern treatments are inadequate, focussing on alleviating secondary 

symptoms rather than addressing underlying chronic wound aetiology. As a result, 

there is an urgent need to develop therapies based on the cellular and molecular 

causes of poor healing.  

Currently, the literature ascribes central functions for endogenous metals in 

regulating skin homeostasis, inflammatory processes and wound repair. However, 

there is a paucity of empirical evidence for these effects during in vivo wound 

healing, and present knowledge is based mainly on in vitro assessment of functional 

responses. For example, studies addressing the wound reparative effects of calcium 

are limited to in vitro assays (e.g. Zhou, Li et al., 2014) or in vivo experiments in less 

sentient organisms (e.g. zebrafish, Yoo et al., 2012). While important and interesting, 

these models are a long way from encompassing the complexities of the in vivo 
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mammalian wound healing environment. There is clear scope to explore the 

metallome in skin and wound physiology, and in pathological contexts such as 

ageing and diabetes. Investigating the central role of metals in wound healing may 

therefore contribute to future understanding of chronic wound aetiology and 

progress the development of effective new treatments. 

 
1.9. Hypothesis and Aims 

1.9.1. Hypothesis 

The central research hypothesis for this thesis is that endogenous metals play 

critically important, hitherto unappreciated, roles in normal healing and that metal 

perturbation is a contributing factor to pathological healing. It follows that: a) injury 

and healing will lead to temporal and spatial changes in the global skin metallome 

and; b) manipulation of tissue metals holds the potential to promote healing.    

1.9.2. Aims 

The central aims of the thesis were as follows:   

Aim 1: To explore novel aspects of diabetic wound healing pathology; a focus 

on cellular senescence. A pre-requisite to metal profiling studies is detailed 

characterisation of the pathological healing (db/db) mouse model. Pilot data from 

the Hardman group suggest a potential correlation between cellular ageing 

(senescence) and diabetic healing pathology. This will be explored in detail, using a 

combination of in vitro, in vivo and ex vivo wound healing models.   

Aim 2: To characterise the temporospatial changes in endogenous metals 

during normal and pathological repair. Here the focus will be to conduct a 

systematic temporo-spatial evaluation of endogenous metal levels across a wound 

healing time course in normal and pathological (aged and db/db) murine wound 

models. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

will be combined with histological analysis (e.g. immunohistochemistry) and 

correlative gene expression profiling (RNA-seq). This will permit, for the first time, 

correlation of wound metallomic, genomic and structural changes. Methodologies 

will be adapted throughout to ensure minimal trace metal contamination.  
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Aim 3: To elucidate the cellular and molecular role of specific metals in wound 

healing. In vitro assays will dissect the wound-relevant effects of specific metals 

(administration and sequestration) on a range of cell types (keratinocytes, 

fibroblasts, bone marrow-derived Mφs, and THP-1 cells). Detailed mechanistic 

studies will depend on the specific roles identified. Translational relevance will be 

tested using a model of human ex vivo wound repair.  

Aim 4: To evaluate 3D bioactive glass as a metal delivery vehicle to promote 

healing and deliver antimicrobial efficacy. Although successfully used in bone 

regeneration, the effects of bioactive glass on wound repair are less well 

characterised. Here, a combination of in vitro and in vivo studies will be used to test 

cellular healing promotion. In addition, silver functionalised bioactive glass will be 

evaluated for stability and antimicrobial efficacy with/without metal 

functionalisation. More complex biofilm experiments will assess effects on host-

biofilm interaction and virulence. 
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Chapter 2: Materials and Methods 
 

2.1. Animal Experimentation 
Female wild-type (WT, C57BL/6J), non-diabetic (NDb, LEPR-/+) and diabetic (Db, 

LEPR-/-) mice were obtained from Envigo Ltd (UK) and housed in the Biological 

Services Facility (The University of Manchester, UK) with ad libitum access to food 

and water. The Db mice used were homozygous for a point mutation in the leptin 

receptor, which results in leptin receptor deficiency and impaired signalling through 

the adipocyte-derived hormone, leptin (Sharma et al., 2003). As a result, these mice 

are morbidly obese and display many of the hallmark features of diabetes, such as 

increased serum insulin, hyperglycaemia and polyuria (Hummel et al., 1972). As a 

control group for the Db mice, their heterozygous littermates were used (NDb). 

Young WT, NDb and Db mice were wounded at 8-10 weeks old, while aged WT mice 

were wounded at 87 weeks of age. Cages were kept under constant temperature, 

humidity and a 12-hour light-dark cycle. All animal procedures were carried out 

according to Home Office regulations under project licence 70/8136 and the 

personal licence of the author (HNW). Every effort was made to abide to practices 

of the 3Rs (Replacement, Reduction, Refinement; Burden et al., 2015), developed to 

reduce the number of, and suffering of, animals in experimental research. Therefore, 

where achievable, the number of mice used in experiments was determined as the 

least number of animals required to gain statistical significance, as concluded from 

previous power calculations within the group (Ansell et al., 2014). 

 
2.1.1. Wounding 
 

2.1.1.1. Incisional Wounds 

Mice were anaesthetised with 2% isoflurane in 2L min-1 oxygen and nitrous oxide. 

Incisional wounds were created following an established protocol (Ashcroft et al., 

2003). Briefly, the dorsal area was shaved and disinfected with 70% isopropyl 

alcohol swabs containing 2.5% chlorhexidine (Shermond, Leicester, UK) and two 

full-thickness 1 cm dorsal incisions were created using sterile no.11 scalpel blades 

(Swann-Morton, Sheffield, UK). The wounds were made 2 cm below the base of the 

animal’s skull, 0.5 cm either side of the midline (as shown in Figure 2.1), deep 
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enough to cut through the panniculus carnosus muscle. Buprenorphine was 

administered as an analgesic post-wounding (0.1 mg/Kg). Mice recovered from 

surgery in a scantainer at 37ᵒC, and were returned to normal housing separately for 

the duration of the experiment. Mouse weights were recorded and were maintained 

during experiments. Wounds were left uncovered and allowed to heal via secondary 

intention unless otherwise stated. 

 
2.1.1.2. Excisional Wounds 

Full-thickness excisional dorsal wounds were created with sterile 6 mm biopsy 

punches (Stiefel, Middlesex, UK), or trace metal free (TMF) sterile titanium 

instruments (World Precision Instruments, Hertfordshire, UK) for ICP-MS analysis. 

Excisional wounds were made down to the panniculus carnosus, 2 cm from the base 

of the skull and 0.5 cm from the midline of the animal (Figure 2.1). Excision skin 

was fully removed with sterile forceps and scissors. Animals were administered 

analgesic and allowed to recover. Individual experimental groups are outlined in 

each relevant chapter. 

2.2. Tissue Collection 
Mice were sacrificed via a rising concentration of carbon dioxide (CO2) and a second 

approved Schedule One method was used to confirm death (cervical dislocation). 

 
2.2.1. Skin and Wound Collection 

Wounds were photographed for macroscopic wound area analysis using a FujiFilm 

FinePix S5700 camera (Fujifilm, Bedford, UK). Dorsal skin (above the wound area) 

was shaved and wounds were excised down to the underlying muscle using sterile 

scissors and forceps (titanium instruments for TMF work). Wounds were bisected 

at their midpoint, giving four wound halves from each mouse. One half was placed 

in formalin fixative (see Appendix 2A.1); one half was flash frozen in liquid 

nitrogen and stored at -80°C for biochemical analysis; one half was flash frozen in 

optimum cutting temperature medium (OCT, CellPath, Powys, UK) and; one half was 

collected in a TMF vacutainer (BD Biosciences, Berkshire, UK) at -80ᵒC for ICP-MS 

(Section 2.5; see Figure 2.1). Normal dorsal skin was also excised for analysis. 
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Figure 2.1. Example of incisional and excisional wounding in mice. Wounds are created 2 cm 
below the base of the skull and 0.5 cm either side of the midline of the animal. Scalpel blades are used 
for 1 cm incisions (left), while biopsy punches (or titanium instruments) are used to create 6 mm 
excisions (right). Wounds are made down to the panniculus carnosus and left to heal via secondary 
intention. Upon collection, wounds are excised and bisected at their midpoint for various analyses 
(shown to the right). ICP-MS = inductively coupled plasma mass spectrometry. OCT = optimum 
cutting temperature medium. Illustration created by the author (HNW). 
 
2.2.2. Isolation of Murine Epidermal Keratinocytes and Dermal 

Fibroblasts 

Murine hair was removed from the ventral side of the body using Veet® wax strips 

(Reckitt Benckiser, Berkshire, UK). Skin was cut away from the underlying fascia and 

placed in tubes containing Hank’s Balanced Salt Solution (HBSS, Sigma-Aldrich, 

Dorset, UK) and 2% (v/v) Antibiotic-Antimycotic solution (Gibco, Thermo Fisher 

Scientific, Leicestershire, UK) on ice for cell isolation. 

Skin collected in HBSS was washed in Dulbecco’s phosphate buffered solution 

(DPBS; Gibco). Skin was cut into strips and floated on 0.2% (w/v) Dispase II (Sigma-

Aldrich) in petri dishes, epidermis side up to ensure the epidermis was not 

submerged in the enzyme mixture. Petri dishes were incubated at 4ᵒC overnight 

(O/N). The next day, the epidermis was peeled away from the dermis and incubated 

in 0.25% (v/v) trypsin (Gibco) for five minutes. Trypsin was neutralised with 10% 

heat-inactivated foetal bovine serum (FBS; Gibco), and the cells were passed 

through a 70 µm cell strainer (Thermo Fisher Scientific) and pelleted via 
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centrifugation (300 x g for five minutes). Murine epidermal keratinocytes (MEKs) 

were re-suspended in CNT07 media (CellnTec, Caltag Medsystems, Buckingham, 

UK) with 100 U/mL penicillin and 100 µg/mL streptomycin (P/S; Gibco) in collagen 

IV-coated plates (Appendix 2A.2) at a density of 5 x 104 cells per cm2.  

The dermis was cut into small pieces and incubated in enzymes within the Whole 

Skin Dissociation Kit (Miltenyi Biotec Ltd., Surrey, UK) for three hours at 37ᵒC. The 

mixture was then dissociated further using the gentleMACS dissociator skin 

protocol (Miltenyi Biotech Ltd.) as per manufacturer’s instructions. The fibroblast 

cell mixture was passed through a 70 µm cell strainer, centrifuged to pellet (300 x g 

for five minutes), and re-suspended in 1 mL culture media (dermal fibroblast media, 

Appendix 2A.3). Murine dermal fibroblasts (MDFs) were seeded at 1x105 cells/mL 

culture media in 25cm3 vented capped flasks, and incubated at 37ᵒC and 5% CO2. 

 
2.2.3. Isolation of Bone Marrow-Derived Macrophages 

Bone marrow for subsequent Mφ experiments was isolated from the femoral and 

tibial bones of sacrificed animals. Bones were cut transversally at the joints and 

bone marrow was flushed from the medullary canal using a 27-gauge needle and 10 

mL syringe filled with bone marrow medium (see Appendix 2A.4; modified from 

Pajarinen et al., 2015). A 19-gauge needle attached to a 10 mL syringe was used to 

gently disaggregate the bone marrow clumps. The bone marrow cell mixture was 

then passed through a 70 µm cell strainer, and cells counted and re-suspended into 

culture plates at a concentration of 2 million cells per mL. To freeze, cells were 

pelleted, re-suspended at five million cells per mL in 90% FBS and 10% dimethyl 

sulphoxide (DMSO, Thermo Fisher Scientific), and frozen at a rate of 1ᵒC per minute 

prior to liquid nitrogen storage.  

2.3. Human Skin Experimentation 
All skin was collected from theatres at Castle Hill hospital (Cottingham, UK) under 

full UREC (FEC_47_2017) and LREC (17/SC/0220) approval. Samples were collected 

with full informed, written, patient consent. Skin was collected in holding media 

(Dulbecco’s Modified Eagle Medium [DMEM] plus 2X antibiotic-antimycotic 

solution, both Gibco) and kept on ice during transport.  
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2.3.1. Ex Vivo Wounding 

Skin was removed from holding media and adipose tissue was cut away with sterile 

scissors. Skin was then placed in sterile HBSS with 4% antibiotic-antimycotic and 

shaken vigorously to remove blood and loose adipose tissue. HBSS washing was 

repeated and any remaining adipose tissue was cut away with scissors. The skin was 

then washed twice in DPBS and the epidermis was dried completely with sterile 

gauze pads. A 2 mm biopsy punch (Stiefel) was used to excise the epidermis and 

papillary dermis, creating a partial-thickness wound. The skin was then completely 

excised as a 6 mm skin explant. Explants were placed on a nylon filter membrane 

(Merck-Millipore, Hertfordshire, UK) on a stack of three absorbent pads (Merck-

Millipore) in 6 mm2 dishes containing 5 mL of media (Figure 2.2). General explant 

culture media was DMEM containing 10% FBS, 100 U/mL penicillin, 100 µg/mL 

streptomycin and 2.5 µg/mL amphotericin B (all Gibco). Plates were incubated at 

37ᵒC with 5% CO2. Media was changed every 2 days until collection in fixative (as 

above). Wound treatments are outlined where applicable. 

 
2.3.2. Isolation of Human Dermal Keratinocytes and Fibroblasts 

Skin was cut into strips and incubated O/N at 4ᵒC in 0.2% (w/v) Dispase II in DPBS 

(Sigma-Aldrich). Normal human epidermal keratinocytes (NHEKs) were isolated as 

described for MEKs. The cell suspension was pelleted via centrifugation (300 x g for 

five minutes) and re-suspended in EpiLife™ medium (Gibco) on coating matrix 

(Gibco) at a density of 5 x 104 cells per cm2. The plates were incubated at 37ᵒC and 

5% CO2. Human dermal fibroblasts (HDFs) were isolated as per MDFs. 

2.4. Histology 

2.4.1. Tissue Processing 

Wounds harvested in formalin fixative (Appendix 2A.1) were left at room 

temperature (RT) for 24 hours, then transferred to 70% ethanol: 30% dH2O for at 

least 18 hours. After this time, tissue processing was carried out using the steps 

provided in Table 2.1. Wounds were then embedded in paraffin wax (Raymond 

Lamb, Thermo Fisher Scientific) in metal molds on a Histocore Arcadia C cold plate 

(Leica Biosystems, Milton Keynes, UK) with the cut edge oriented towards the base 

of the mold (for murine skin and wounds). This allowed sections of the wounds to 

be oriented in a transverse plane. For 2 mm human biopsies, whole explants were 
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embedded horizontally and trimmed uniformly to reach the centre of each wound. 

Serial sections were then taken from the centre of the wounds at 5 µm on a Leica 

RM225 microtome and placed on slides coated in VECTABOND® Reagent (Vector 

laboratories, Peterborough, UK; see Appendix 2A.6). Slides were dried at 37°C 

overnight and stored at RT until histological analysis.  

 

Figure 2.2. Schematic depicting the human ex vivo explant culture set up. Partial thickness 
wounds (2mm) are created within 6mm skin explants, cultured on absorbent pads at the air-liquid 
interface. Nutrient transfer from the media occurs through a filter membrane. 1 = skin, 2 = culture 
setup, 3 = wounded explant following 3 days of culture (wound = dotted line, red staining = % re-
epithelialisation). Illustration created by the author (HNW). 

 
Table 2.1. Processing stages for wax embedding murine and human tissues. * 

Stage Time Temperature 

90% Ethanol 30 minutes RT 

95% Ethanol 30 minutes RT 

100% Ethanol 30 minutes RT 

100% Ethanol 50 minutes RT 

Xylene 30 minutes RT 

Xylene 45 minutes RT 

Wax 1 hour 60°C 

Wax 1 hour 60°C 
              *RT = room temperature. 

2.4.2. Haematoxylin and Eosin Staining 

Wax sections were de-waxed in xylene (Thermo Fisher Scientific) for 20 minutes at 

RT and rehydrated through an ethanol gradient (100%, 100%, 90%, 70%, 50%, two 

minutes each) to dH2O. Slides were rinsed again in dH2O to remove residual ethanol. 

Slides were stained with filtered Shandon’s Haematoxylin (Thermo Fisher 

Scientific) for one minute, rinsed in tap water, and counterstained in 5% (w/v) Eosin 

B in dH2O (Sigma-Aldrich) for three seconds. Slides were rinsed in dH2O until clear, 
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dehydrated through an ethanol gradient (50%, 70%, 90%, 100%, 100%, one minute 

each) and cleared in xylene for 10 minutes. Slides were mounted with Pertex® 

mounting medium (CellPath) and allowed to dry fully before imaging. 

2.4.3. Masson’s Trichrome Staining 

Masson’s Trichrome staining was used as an alternative structural stain to 

Haematoxylin and Eosin (H&E). Sections were brought to dH2O and mordented in 

saturated picric acid for one hour at RT. Slides were then stained with Weigart’s 

Haematoxylin for 10 minutes and rinsed in dH2O. Slides were immersed in Biebrich 

Scarlet-Acid Fuschin solution for two minutes, rinsed in dH2O, and differentiated in 

phosphomolybdic-phosphotungstic acid solution for 10 minutes. Slides were 

counterstained in Alanine Blue for five minutes followed by 1% (v/v) acetic acid 

(three minutes), dehydrated rapidly in 95% and 100% ethanol (one minute each), 

and mounted in Pertex®. Reagent recipes are provided in Appendix 2A.7.  

2.4.4. Immunohistochemistry 

Slides brought to dH2O were boiled in antigen retrieval buffer (citrate buffer, pH 6; 

see Appendix 2A.8) for 2-3 minutes. Once cool, slides were rinsed in dH2O and 

endogenous peroxidase activity was blocked with 0.3% (v/v) H2O2 (Sigma-Aldrich) 

in dH2O for 30 minutes at RT. H2O2 was rinsed from the slides with phosphate 

buffered saline solution (PBS; see Appendix 2A.9) for 15 minutes. For subsequent 

staining, VECTASTAIN® ELITE ABC kits (Vector Laboratories; see Appendix 2A.10) 

were used. Sections were blocked in 10% animal serum for 20 minutes to block non-

specific antibody binding. Excess serum block was tapped from the sections, which 

were subsequently incubated in primary antibodies at the dilutions specified in 

Table 2.2. Known positive and negative controls were included for each antibody, 

and a PBS control (instead of primary antibody) was included on each slide to rule 

out non-specific binding (e.g. avidin-biotin background or secondary-binding). 

Following primary incubation, sections were rinsed in PBS and incubated in 

appropriate peroxidase-linked anti-igG secondary antibody for 30 minutes at RT. 

Slides were washed in PBS again and incubated in ABC reagent for 30 minutes at RT. 

ABC reagent contains horse radish peroxidase (HRP) and avidin to amplify the signal 

from the HRP-linked secondary antibody. Following a final PBS wash, colorimetric 

detection was achieved by incubating sections in NovaRED™ Peroxidase (HRP) 

Substrate (Vector Laboratories; see Appendix 2A.11). All sections were incubated 
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in NovaRED™ for the same amount of time and rinsed in dH2O. Slides were 

counterstained with Shandon’s Haematoxylin for 15 seconds, rinsed in tap water 

and dehydrated, cleared and mounted as described previously. 

 
Table 2.2. Primary antibodies used for immunohistochemistry. * 

Antibody Working 
Conc.  

Incubation 
Time Temperature Manufacturer Host 

Species 
α-SMA 0.5 µg/mL O/N  4°C Abcam Mouse 

Arginase I 0.5 µg/mL 1hr RT Santa Cruz Goat 
Caspase 3 0.5 µg/mL O/N 4°C R&D systems Goat 
Collagen I 0.5 µg/mL O/N 4°C Abcam Rabbit 

Collagen III 0.5 µg/mL O/N 4°C Abcam Rabbit 
Ferritin 0.5 µg/mL O/N  4°C Abcam Rabbit 

Fibronectin 0.5 µg/mL O/N 4°C Santa Cruz Mouse 
Keratin 6 1 µg/mL O/N 4°C Covance Rabbit 

Keratin 14 1 µg/mL O/N 4°C Covance Rabbit 
Ki67 100 µg/mL O/N 4°C Novacastra Mouse 
Mac3 5 µg/mL O/N 4°C BD Biosciences Rat 
MIF 10 µg/mL O/N 4°C R&D systems Goat 

Ly-6G 1 µg/mL O/N 4°C ThermoFisher Rat 
Nos2 1 µg/mL O/N 4°C Santa Cruz Rabbit 
p16 1 µg/mL O/N 4°C Santa Cruz Rabbit 
p21 1 µg/mL O/N  4°C Abcam Rat 

PDGFA 1 µg/mL O/N  4°C Santa Cruz Mouse 
*Concentration and incubation times for antibodies was determined by antibody titration and 
optimisation studies. Heat induced epitope retrieval was achieved with citrate buffer (pH 6). O/N = 
overnight for 16 hours. 

2.4.5. Perl’s Prussian Blue Staining 

Perl’s Prussian Blue (PPB) staining was performed on wax embedded tissue sections 

to visualise iron deposits in skin and wound tissue. All solutions were stored in 

brown glassware cleaned in 1% (v/v) TMF nitric acid (HNO3) and rinsed in Farmer 

solution (equal parts of potassium ferricyanide and sodium thiosulphate) to remove 

metal ion contamination. Rehydrated sections were incubated in a 50:50 solution of 

5% (w/v) potassium ferricyanide (in dH2O; Sigma-Aldrich) and 5% (v/v) 

hydrochloric acid (HCl) for 10 minutes at RT, then rinsed in dH2O (as in Sindrilaru 

et al., 2011). Slides were counterstained in 5% (w/v) Neutral Red (Sigma-Aldrich), 

dehydrated in ethanol, cleared in xylene and mounted in Pertex®.   

2.4.6. Picrosirius Red Staining 

Picrosirius red staining was used to quantify collagen content in wound tissue. 

Rehydrated sections were immersed in Picrosirius Red solution (0.5 g Sirius Red in 

500 mL saturated picric acid, Sigma-Aldrich) for one hour at RT, differentiated in 
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two changes of 0.5% (v/v) acetic acid (10-15 minutes each), rehydrated, cleared and 

mounted in PERTEX®. Under polarising light, collagen fibres are birefringent, with 

immature collagens (e.g. collagen type III) appearing yellow-green and mature 

collagens (e.g. collagen type I) appearing orange-red (Junqueira et al., 1979). Images 

were therefore imaged under polarising light using a Nikon Eclipse E400 

microscope (Nikon UK Ltd., Surrey), SPOT camera (SPOT imaging, Image Solutions 

UK Ltd., Preston) and polarising filter set (Thermo Fisher Scientific). Analysis of 

collagen fibre composition was performed in ImageJ v.1.8 (National Institutes of 

Health [NIH], US) using a macro designed to measure the threshold intensity of 

green and red channels within each image. 

2.4.7. Senescence-Associated Beta Galactosidase Staining 

Senescence-associated beta galactosidase staining (SA-βGAL) was used to assess 

levels of senescent cells between pathological (aged and Db) and normal (young and 

NDb) skin and wounds (Chapter 3). SA-βGAL is a well-known marker for indicating 

senescence, where senescent cells and aged tissue express high levels of SA-βGAL 

activity (discussed in Itahana et al., 2013). Cryo-sectioned tissue was fixed in 0.5% 

(v/v) glutaraldehyde (Sigma-Aldrich) in PBS (pH 7.4) for 15 minutes at RT. Sections 

were rinsed with PBS (pH 7.4) for 5 minutes at RT, then rinsed twice in PBS 

containing 1 mM MgCl2 (adjusted to pH 5.5 for mouse and pH 6.0 for human). 

Sections were incubated in X-Gal solution (Section 2.A.12) in the dark for 16 hours 

at 37°C, rinsed 3 x 5 minutes in PBS (pH 7.4) and post-fixed in 4% (v/v) 

paraformaldehyde in PBS for 30 minutes at RT. Sections were rinsed in PBS (3 x 5 

minutes), counterstained in nuclear fast red (Sigma-Aldrich), dehydrated, cleared 

and mounted in Pertex®. Brightfield images were captured as in Section 2.4.9.  

 
2.4.8. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labelling 

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) is a 

staining technique used to detect late stage apoptosis via labelling of double strand 

DNA breakage (Labat-Moleur et al., 1998). TUNEL was performed using an in situ 

Cell Death Detection Kit (Roche, Sigma-Aldrich). Briefly, OCT sections were fixed in 

methanol at -20°C for 10 minutes and rinsed in dH2O. Antigen retrieval was 

performed with proteinase K solution (Appendix 2A.13) for 20 minutes at 37°C. 

Slides were rinsed in PBS and incubated in TUNEL reaction mixture at 37°C for 30 

minutes, rinsed three times in PBS, and mounted in MOWIOL mounting reagent with 
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4’,6-diamidino-2-phenylindole (DAPI; Appendix 2A.14). Images were captured at 

10X and 40X magnification on a Zeiss Axio Vert. A1 microscope with AxioCam|cm1 

camera (Carl Zeiss Microscopy Ltd, Cambridge, UK) using DAPI and fluorescein 

isothiocyanate (FITC) filters. Images were merged and numbers of FITC+ve cells 

versus total DAPI+ve cells counted using ImageJ v.1.8. 

2.4.9. Histological Image Analysis 

A Nikon Eclipse E400 microscope with SPOT camera and software (Image solutions 

UK Ltd.) was used to visualise all non-fluorescent, non-polarised stained slides. For 

wound area and width measurements, H&E and KRT14 stained images were 

captured at 4X magnification. For other epidermal measurements and cell counts, 

images were captured at 20X magnification. Wound measurements and cell counts 

were analysed in ImagePro-Plus v.6.3.0 (Media Cybernetics, Finchampstead, UK). 

Scale bars and calibrations were created from graticules taken on the Nikon Eclipse 

E400 microscope and SPOT camera (above). 

Wound area was determined as the area from the normal skin margins on either 

side of the wound, down to the panniculus carnosus muscle, and underneath the 

wound clot or epidermis (depending on healing stage). Wound width was 

determined as the width between the normal skin margins on either side of the 

wound (see Figure 2.3). Percentage wound re-epithelialisation (closure) was 

determined by dividing the sum of the lengths of the newly formed epidermis (neo-

epidermis) by the full wound distance (see Figure 2.4). 

KRT6 immunohistochemistry (IHC) was used to measure epidermal 

hyperproliferation and differentiation (Mommers et al., 2000). An average of the 

distance contribution and neo-epidermal area was taken from the left and right 

wound sides. Neo-epidermal area and distance was quantified in ImagePro-Plus 

v6.3.0. Ki67+ve epidermal basal cells were counted within 500 µm of the leading 

wound edge. Cells two frames from the leading edge were included in epidermal 

TUNEL analysis. Dermal cell counts were determined from five representative 

pictures of each wound (Figure 2.5). Stained cells were counted using ImagePro-

Plus v.6.3.0 and a colour threshold tool. Areas were determined to give positively 

stained cells per mm2 of tissue.  
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Figure 2.3. Masson’s Trichrome staining showing wound width and area measurements. Width 
(red line) is measured to the normal skin (D to D). Wound area (dotted red line) is measured as the 
granulation tissue under the wound clot to the panniculous adiposus (PA) and panniculus carnosus 
(PC) on either side of the wound, down to the underlying body wall. Adipose tissue (white, bubbles) 
below the PC is excluded. Aged incisional wound at day 7 post-injury. Histology by HNW. 

 

 

 

Figure 2.4. Keratin 14 immunohistochemistry demonstrating measurement of re-
epithelialisation. Re-epithelialisation (percentage wound closure) is determined by measuring the 
distance of the newly formed epidermis (neo-epidermis, NE) on either side of the wound (NE1 and 
NE2) as a percentage of total wound width (W3). Diabetic excisional wound at day 3 post-injury. Red 
staining = keratin 14. Histology by the author (HNW). 
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Figure 2.5. Example of dermal cell count measurements. From each wound, five representative 
images (five boxes, above) are taken within the granulation tissue at 20X magnification. Average 
number of positively-stained cells per mm2 for each wound is determined in ImagePro v.6.3.0. 
Masson’s Trichrome stain of a young, day 7 incisional wound. Histology by the author (HNW). 

2.5. Inductively Coupled Plasma Mass Spectrometry 
Inductively coupled plasma mass spectrometry (ICP-MS) is a method most 

commonly used for detecting metal concentrations in non-biological samples, but 

was repurposed to measure total metal abundance in skin and wounds (see Figure 

2.6 and Figure 2.7). Tissue from mice and humans was frozen at -80°C and freeze 

dried in TMF vacutainers at -50°C and 0.03-0.04 mBAR for 3 days. Freeze-dried 

tissue samples, along with a certified reference material (DOLT-5 dogfish liver, 

National Research Council, Canada) were weighed in trace metal free 50 mL falcons 

and dissolved overnight in a 50:50 solution of concentrated TMF HNO3 and 30% 

H2O2 (as in Ouypornkochagorn & Feldmann, 2010). Blanks containing only HNO3 

and H2O2 were included and showed no trace metal contamination. The next day the 

samples, blanks and reference material were further digested in a MARS 6 

microwave with a MARSXPRESS™ vessel (CEM Microwave Technology Ltd., Dublin, 

UK) at 400W power using the following cycling parameters: Ramp to 75⁰C for 5 

minutes; hold at 75⁰C for 30 minutes; ramp to 95⁰C for 5 minutes and; hold at 95⁰C 

for 60 minutes. Once cool, NORMATOM® TMF water (VWR, Leicestershire, UK) was 

added to each digested sample to make a final concentration of 25% HNO3. Higher 

concentrations of HNO3 are not recommended as they alter the efficiency of sample 

ionisation (Evans et al., 2003). Samples were analysed on an Agilent 7500cx 



 

57 
 

inductively coupled plasma mass spectrometer (Agilent Technologies, UK). Internal 

standards ranged from 1-100 ppb (parts per billion), were prepared in 25% HNO3, 

and used as calibration. A water reference standard (CRM 1643E) was also included 

for verification of the internal standards.  

Figure 2.6. Schematic of the ICP-MS set up. A digested sample is vapourised by a pneumatic 
nebuliser (A) and transported through a carrier gas (B) into the spray chamber (C). The sample 
aerosol is passed into the plasma (enters the system through D, created through auxillary gas, E) 
contained in the torch (F). The torch contains a high power, high frequency electrical current which 
creates a magnetic field. The high current causes free electrons from the sample to collide with argon 
atoms, producing ions and electrons. Once a stable high plasma temperature is reached, the aerosol 
droplets are rapidly dried, decomposed, vaporised, atomised, and finally ionised by the removal of 
an electron. The positively charged ions (G) hit the interface cones (H) which extract the ions into 
the mass spectrometer vacuum system. Electrostatic lenses (I) keep the ions in a compact ion beam 
as they pass through to the mass spectrometry chamber. The most common mass analyser in ICP-MS 
is the quadrupole (J). The quadrupole is a combination of direct and alternating current that separate 
the ions based on their mass to charge ratio (m/z). As the system contains only positively charged 
ions, the m/z is equal to the mass of the ion, making spectrum interpretation easier than other mass 
spectrometry methods. Finally, the electron multiplier (K) detects each ion as it exits the quadrupole, 
storing information on the m/z for each ion to create a mass spectrum (Figure 2.9; as discussed in 
Bradshaw et al., 1989 & Baker & Miller-Ihli, 1999). Illustration created by the author (HNW). 

2.6. In Vitro Analysis 

2.6.1. Passage of Cells 

Confluent, adherent cells were split using 0.25% trypsin. Trypsin was neutralised 

with media containing 10% FBS, or with trypsin neutralising solution (Cascade 

Biologics, Thermo Fisher Scientific) in serum-free culture. For suspension cells 

(THP-1 cells), cell suspension was removed from flasks without the need to 

trypsinise. Cell suspensions were pelleted via centrifugation at 300 x g for five 

minutes and split into plates or flasks for subsequent assays or passaging.  

In culture, primary cells can divide a finite number of times (~50) before dying, and 

show signs of ageing when they approach this limit, originally described in primary 
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HDFs (Hayflick & Moorhead, 1961). This phenomenon has been attributed to 

telomeres, which critically shorten with increased replication (Allsopp et al., 1995), 

eventually eliciting a DNA damage response that triggers senescence (IJpma & 

Greider, 2003; Chapter 3). For most assays, primary murine or primary human cells 

were used. Therefore, for functional, transcriptional and translational studies, cells 

were used between their fourth and seventh passages. As cells were used in early 

passages, monitoring for senescence was not required. Primary keratinocytes were 

used immediately after isolation due to their inherent nature to differentiate 

(reviewed by Watt, 2002). Similarly, primary Mφs were either used immediately for 

assays or frozen in liquid nitrogen prior to their differentiation from bone marrow.  

Figure 2.7. Example of a mass spectrum output for ICP-MS analysis. The mass spectrum provides 
a qualitative representation of the sample, where the magnitude of each peak is proportional to the 
concentration of an element in a sample. Calibration standards of known abundance are included, 
allowing direct comparison of the signal intensities between standards and samples to generate 
numerical data. Figure from Augusti et al. (2004). 

 
2.6.2. Scratch Migration Assay 

Scratch migration assays were performed to assess the migratory ability of 

keratinocytes and fibroblasts following treatment. Confluent flasks of cells were 

seeded into 24 well plates and left for 2 days to settle and reach an exponential 

growth phase (determined by in house growth kinetic measurements). By this point, 

scratches were performed on confluent wells by scratching a line through the centre 

of the well with a sterile 1 mL filter tip. For all scratch assays, cells were starved to 

2% FBS (unless grown in serum-free culture) with treatments added. A 0hr scratch 

was included on each plate by staining the well with 1% (w/v) Crystal Violet (Sigma-
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Aldrich). Plates were incubated at 37°C and 5% CO2 until collection. Upon collection, 

media was aspirated from the wells, which were rinsed in DPBS, incubated in Crystal 

Violet and topped with dH2O (as above). For imaging, dH2O was aspirated and plates 

were photographed on a Nikon E400 microscope. Percentage closure was deduced 

from the zero-hour scratch measured in ImageJ v.1.8.  

2.6.3. Adhesion Assay 

Plates were coated in collagen I (Sigma-Aldrich) for HDF adhesion (see Appendix 

2A.15). Cells were seeded into wells at a density of 1 x 105 per well (12 well plate) 

and incubated for 30 minutes at 37°C and 5% CO2 to allow attachment. After this 

time, media was aspirated, wells were washed in DPBS to remove non-adherent 

cells and adherent cells were stained with 1% Crystal Violet solution. Images were 

taken on an E400 Nikon microscope as previously described and attached cells per 

mm2 enumerated in ImagePro-Plus v. 6.3.0. 

 
2.6.4. MTS Tetrazolium Assay 

An MTS Tetrazolium Assay was performed using CellTiter96® AQueous One 

(Promega, Southampton, UK), a colorimetric assay for detection of viable cells. Here, 

phenazine ethosulfate is reduced within viable cells, exits the cell and converts 

tetrazolium salt into soluble formazan. The amount of soluble formazan is then 

quantified (Riss et al., 2016). This assay was repurposed to measure THP-1 cell 

adherence (Section 5.3.12.2). CellTiter96® (20 µL) was added to each well, 

incubated as per manufacturer’s instructions and read at 492 nm on a plate reader 

(ThermoScan, Thermo Fisher Scientific).  

2.6.5. Fibroblast Contraction Assay 

A contraction assay was modified from Vernon & Gooden (2002) to assess the 

contractile ability of HDFs in vitro. A 10X DMEM/MEM and sodium bicarbonate 

(NaHCO3) solution was prepared from powder (Thermo Fisher Scientific), with 1% 

penicillin-streptomycin and 2.5 µg/mL amphotericin B solution. On ice, 4 mL 

collagen type I from rat tail (Corning, New York, US) was added to 500 µL 10X 

DMEM/MEM (and 10X NAHCO3), 200 µL 0.1M sodium hydroxide (NaOH) and 300 

µL FBS. Cells were seeded at 1.5 x 105 cells per mL collagen solution and left to gel 

at 37°C and 5% CO2 for 20-30 minutes. Wells were then topped up with media 

containing treatments. Gel discs were dislodged from the sides of the culture wells 
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and plates were incubated at 37°C and 5% CO2 until collection. Contracted gels were 

imaged and gel weights were obtained using a microbalance. 

2.6.6. Flow Cytometry 

Flow cytometry was used to assess cell viability via propidium iodide (PI, Thermo 

Fisher Scientific) and calcein AM (BD Biosciences) staining. PI is a cell impermeable 

dye that intercalates with DNA. When bound to DNA, the fluorescent intensity of the 

dye increases 20-fold (Arndt-Jovin & Jovin, 1989), therefore causing intensive 

staining of the nuclei of cells with disrupted cell membranes (e.g. late apoptotic and 

necrotic cells; Rieger et al., 2011). The forward-angle light scatter (or cell diameter) 

and side-angle light scatter (or cell granularity) of the cells can also be used as an 

assessment of viability. Here, necrotic cells initially swell due to loss of membrane 

integrity, and apoptotic cells gain increased granularity due to the formation of 

apoptotic bodies (Vermes et al., 2000).  

On the contrary, live cells can be stained with calcein AM, a lipophilic dye that enters 

cells through the cell membrane. Cleavage of calcein from acetoxymethyl esters 

requires hydrolysis by esterases (only apparent in live cells), resulting in release of 

an intense green fluorescence (Bratosin et al., 2005). Viability of HDFs was assessed 

following calcium and iron treatment via calcein AM staining, although iron is 

known to quench calcein (Tenopoulou et al., 2007). HDFs were seeded into 6 well 

plates and treated at 80% confluence for up to 11 days. Upon collection, media and 

cells were pelleted and counted via trypan blue exclusion. Cell pellets were washed 

with sterile PBS/sodium azide (0.15% v/v NaN3 in PBS), re-suspended in PI (10 

µg/mL working concentration) or calcein AM (5 µM working concentration) and 

incubated at RT for 10 minutes (PI) or 30 minutes (calcein AM). PI was read on the 

FL-2 (585/42) and FL-3 (670/LP) channels (emission filters), while calcein AM was 

read on the FL-1 (530/30) channel, of a BD FACSCalibur™ (BD Biosciences). Applied 

gains and voltages across all channels were kept equivalent between treatment 

groups. Cell viability was assessed from the peak shift of ethanol-treated (PI) or 

control live (calcein AM) cells (Figure 2.8). 

2.6.7. Matrix Work 

2.6.7.1. Preparation of Cell-Derived Matrix Proteins 

HDFs were seeded into 24 well plates with coverslips (for scanning electron 

microscopy and immunofluorescence), or 6 mm2 dishes (for ECM) and incubated at 
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37°C and 5% CO2 until confluent. Media was aspirated, cells were washed in DPBS 

and treatment media was added. Media was replaced every 3 days and cells were 

left to deposit matrix for 11 days at 37°C and 5% CO2. Five days prior to collection, 

media was changed for the final time. HDFs were collected at 3 days for RNA. 

 

Figure 2.8. Example of propidium iodide flow cytometry analysis. Voltages applied within each 
channel are adjusted to visualise cell populations as peaks on histograms (cell counts versus 
fluorescence). Cells with the highest fluorescent intensity shift towards the right (e.g. ethanol treated, 
propidium iodide [PI] stained cells). Markers are placed on control peaks (ethanol peak for PI, control 
live peak for calcein AM) and the marker placed in the control position for each treatment. Thus, for 
stained cells, a higher shift to the right results in a higher percentage of cells falling within the marker 
range and being classed as positive for dye uptake. Image by the author (HNW). 

 
2.6.7.2. Preparation of Cell Lysates 

Media was collected in tubes on ice and supplemented with (western blot analysis) 

or without (zymography) 1 mM Halt protease and phosphatase inhibitor cocktail 

(Pierce, Thermo Fisher Scientific) before storing at -80°C. Cells were pelleted, placed 

on ice and lysed with ice-cold RIPA buffer (150 mM sodium chloride, 1% Triton X-

100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl [pH 8.0] and 1X Halt 

protease and phosphatase inhibitor cocktail) for two minutes. Lysates were 

collected in cold Lobind Eppendorf tubes, sonicated for 3 x 10 second pulses and 

centrifuged at 12, 000 rpm and 4°C for 20 minutes. Supernatant was collected into 

fresh, cold Lobind Eppendorf tubes and stored at -20°C until use. 

 
2.6.7.3. Extraction of Extracellular Matrix 

Media was aspirated from dishes and HDFs were removed from the deposited 

matrix with denuding buffer (see Appendix 2A.15). The remaining ECM was rinsed 
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gently with DPBS and treated with 10 µg/mL DNAse I (Roche, Sigma-Aldrich) in 

DPBS for 30 minutes at 37ᵒC and 5% CO2. ECM protein was extracted with 500 µL 

UPX buffer (Expedeon, Cambridgeshire, UK). The samples were vortexed briefly and 

left on a MACSmix™ Tube Rotator (Miltenyi Biotec) at 4ᵒC O/N. The samples were 

then heated to 100ᵒC on a heat block for 5 minutes, cooled for one hour at 4ᵒC, and 

centrifuged at 13, 000 rpm at 4ᵒC for 15 minutes. The supernatant was collected in 

fresh Lobind Eppendorf tubes and stored at -80ᵒC. 

2.6.7.4. Western Blotting 

2.6.7.4.1. Sample Preparation and Gel Separation 

Western blotting was performed to measure the expression of proteins in cells. 

Here, protein samples were separated by molecular weight on sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, transferred to 

nitrocellulose membranes and incubated in primary antibodies for detection of 

proteins of interest. HRP-linked secondary antibodies were bound to the primary 

antibodies, and HRP substrate was detected via chemiluminescence.  

To determine protein concentrations within samples, a Pierce Bicinchoninic Acid 

(BCA; Thermo Fisher Scientific) assay was used as per manufacturer’s instructions. 

Bovine serum albumin was included to produce a standard curve. Cell and ECM 

protein was collected as previously described, protein concentration was adjusted, 

and protein samples were added to electrophoresis sample loading buffer prior to 

loading in SDS-PAGE separating gels with 4% stacking gels (recipes in Appendix 

2A.17-2A.19). Acrylamide percentage in the separating gel was dependent on the 

protein of interest. High molecular weight proteins (e.g. COL1A1 and FN1) were run 

on 7% gels, while low molecular weight proteins (e.g. ferritin and PDGFA) were run 

on 12% gels. A Precision Plus Protein™ Kaleidoscope™ pre-stained standard (Biorad 

Laboratories Ltd.) was included in the first lane (5 µL) as a molecular weight marker. 

Gels were run for 1.5-2 hours at 90V in a mini protean III gel tank (Biorad 

Laboratories Ltd.) using 1X tris-glycine-SDS (TGS) running buffer (Appendix 

2A.20-2A.21). 

2.6.7.4.2. Protein Transfer 

Following SDS-PAGE, gels were transferred onto nitrocellulose membranes (0.2 µm; 

Amersham, GE Healthcare Life Sciences, Buckinghamshire, UK). Nitrocellulose, thick 
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filter papers (Thermo Fisher Scientific) and blotting sponges (Biorad Laboratories 

Ltd.) were soaked in transfer buffer (Appendix 2A.22) prior to assembly of the Mini 

Trans-Blot Electrophoretic Transfer Cell apparatus (Biorad Laboratories Ltd.; 

Figure 2.9). Gels were stacked closest to the cathode and transferred at 4ᵒC and 70V 

for 1-2 hours, depending on the size of the proteins of interest. Longer transfer times 

were required for larger proteins. The transfer was checked by assessing the protein 

ladder transfer, and proteins were visualised on the nitrocellulose membranes via 

Ponceau S (0.1% solution in 5% acetic acid, Sigma-Aldrich) staining. 

Figure 2.9. Assembly of apparatus used for wet transfer of proteins onto nitrocellulose 
membrane. Sponges, filter pads and nitrocellulose are pre-wetted in transfer buffer and assembled 
in an open transfer cassette. The gel is removed from the glass plate, rinsed in running buffer and 
placed on top of the filter pad closest to the cathode (“-”). The nitrocellulose membrane is placed on 
top of the gel and air bubbles are removed from the system using a roller. The cassette is closed 
tightly, added to a tank of transfer buffer and current is applied. Figure drawn by the author (HNW). 

2.6.7.4.3. Immunoblotting 

Membranes containing transferred proteins were blocked overnight at 4ᵒC in 5% 

(w/v) non-fat milk (in TBST, see Appendix 2A.23-2A.24). Membranes were 

washed in 1X TBST, primary antibodies were diluted in 0.5% non-fat milk block, and 

membranes sealed with primary antibody (Table 2.3) for one hour at RT. 

Membranes were washed in 1X TBST and incubated in HRP-conjugated secondary 

antibody (GE Healthcare Life Sciences), diluted in 1X TBST, for one hour at RT. 

Following final TBST washes to remove unbound secondary antibody, 

chemiluminescent detection was achieved using SuperSignal™ West Pico PLUS 

chemiluminescent substrate (Thermo Fisher Scientific). X-ray film (CL-exposure 

film, Thermo Fisher Scientific) exposure was carried out in a dark room. Films were: 

a) developed (developer and replenisher, Kodak, Hertfordshire, UK); b) rinsed in 

5% acetic acid in dH2O; c) fixed (Kodak fixer and replenisher) and; d) rinsed in tap 

water and left to dry. Bands were quantified as relative expression of the control via 

densitometric analysis in ImageJ v.1.8. Beta actin was used as a loading control. 



 

64 
 

Membranes were stripped in mild stripping buffer (Appendix 2A.25) and re-

probed with separate antibodies. 

 
Table 2.3. Antibodies used for immunoblotting. * 

Primary 
Antibody Raised in Conc. Manufacturer Secondary Dilution Transfer 

Conditions 

Beta Actin Mouse 
monoclonal 1 µg/mL Sigma-Aldrich Anti-Mouse 

HRP 1:5000 70V 1.5hr 

Collagen I Mouse 
monoclonal 0.4 µg/mL Sigma-Aldrich Anti-Mouse 

HRP 1:1000 70V 2hr 

Fibronectin Mouse 
monoclonal 0.3 µg/mL Santa Cruz Anti-Mouse 

HRP 1:500 70V 2hr 

Vimentin Mouse 
monoclonal 0.4 µg/mL Santa Cruz Anti-Mouse 

HRP 1:500 70V 2hr 

PDGFA Mouse 
monoclonal 

0.4 µg/mL Santa Cruz Anti-Mouse 
HRP 1:500 70V 1.5hr 

Collagen 6A1 Mouse 
monoclonal 

0.4 µg/mL Santa Cruz Anti-Mouse 
HRP 1:500 70V 2hr 

Ferritin Mouse 
monoclonal 

0.4 µg/mL Santa Cruz Anti-Mouse 
HRP 1:500 70V 1.5hr 

*Primary antibody dilutions were determined by optimisation experiments. All antibodies were 
incubated at room temperature for one hour with constant agitation. Conc. = concentration. 

2.6.7.5. Liquid Chromatography Mass Spectrometry 

Liquid chromatography mass spectrometry (LC-MS) was used to determine the 

protein expression profiles of cell-derived ECM following metal treatment. This 

technique allows for the separation of proteins via liquid chromatography prior to 

mass spectrometry analysis, thus is useful for the identification of thousands of 

peptides in an efficient and reproducible manner (Ocak et al., 2009).  

Protein was extracted from denuded ECM using UPX buffer (as described above). 

For label free LC-MS analysis, isolated protein requires reduction, denaturing, 

alkylation and trypsin digestion (Gundry et al., 2009). Isolation of protein with UPX 

buffer negates the need to reduce the proteins. Therefore, the FASP Protein 

Digestion Kit (Expedeon) was used for denaturing, alkylation and trypsin digestion 

of proteins. Kit reagents were prepared and all steps followed as per manufacturer’s 

instructions. For trypsin digestion, Thermo Scientific™ Pierce™ MS Grade Trypsin 

Protease (Thermo Fisher Scientific) was used. The collected filtrate was transferred 

to a clean Lo-bind Eppendorf tube and acidified with 0.5% (v/v) trifluoracetic acid. 

Insoluble proteins were pelleted (13, 000 rpm for 10 minutes) and clear filtrate was 

collected in fresh tubes and stored at -80°C until desalting.  
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Desalting is a fundamental requirement to ensure all salts and buffers that can 

interfere with mass spectrometry applications are removed (Gundry et al., 2009). 

Here, reverse phase resins capture the proteins within the column, allowing elution 

following washes. Pierce™ C18 Spin Columns (Thermo Fisher Scientific) were used 

for the capture of hydrophobic proteins. The subsequent eluted proteins were dried 

in a centrifugal vacuum evaporator (45ᵒC for 30 minutes) and stored at -80°C until 

mass spectrometry analysis. For analysis, dried protein was re-suspended in 30 µL 

of LC-MS loading buffer (0.1% formic acid with 2% acetonitrile in LC-MS grade 

water). Samples were then loaded into a refrigerated tray in the UltiMate™ 3000 

RSLCnano System using an Acclaim™ PepMap™ 100 C18 LC Column (75 µm x 250 

mm; both Thermo Fisher Scientific) for liquid chromatography. Each sample was 

injected into the column in duplicate with blanks (0.1% formic acid with 2% 

acetonitrile in LC-MS grade water) run between each sample. Mass spectrometry 

was performed using a Bruker Impact qQTOF and ProteinScape 3.1 software 

(Bruker, Coventry, UK). Proteins were identified using the MASCOT 2.1 database.  

2.6.7.6. Matrix Immunocytochemistry 

Fibroblast-derived ECM was visualised via fibronectin, collagen III and collagen I 

immunocytochemistry (ICC; Table 2.4). HDFs were denuded or stained with their 

ECM. Wells were blocked in 1% bovine serum albumin (BSA, in DPBS) for 1 hour at 

RT. Primary antibodies were added to the wells in 1% BSA (in DPBS) and stored at 

4ᵒC O/N. Primary antibodies were aspirated from the wells, the wells were rinsed 

in DPBS, and cells were incubated in Alexa Fluor™-conjugated secondary antibodies 

(Thermo Fisher Scientific) at a 1:200 concentration (in DPBS) for 1 hour at RT. Wells 

were rinsed well in DPBS, and coverslips were mounted onto slides containing 

MOWIOL mounting medium (see Appendix 2A.14). Stained ECM was visualised via 

confocal microscopy and quantified via corrected total cell fluorescence (CTCF; 

McCloy et al., 2014) or threshold analysis in ImageJ v.1.8. 

2.6.7.7. Confocal Microscopy 

A confocal laser scanning microscope (LSM 710, Zeiss) equipped with 2.5x, 10x and 

20x objective lenses and ZEN 10 software (Carl Zeiss Ltd., Cambridge, UK) was used 

to image ICC stained cells and double immunofluorescence on paraffin embedded 

tissue sections. DAPI, Alexa Fluor® 488, Alexa Fluor® 594 and Alexa Fluor® 647 

were excited using the 405 nm diode, 488 nm argon, 561 nm and 633 nm lasers, 
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respectively. Pinhole size was equalled between all lasers for optimum confocality. 

Settings for each laser (laser power, master gain, digital gain and digital offset) were 

kept consistent within experiments to avoid bias and allow accurate intensity 

determination and quantification. All images were exported as LSM files and 

imported into ImageJ v.1.8 for subsequent analysis. 

Table 2.4. Primary antibodies used for immunocytochemistry. * 

Primary Antibody Dilution Raised in Manufacturer 

Arginase1 0.5 µg/mL Goat Polyclonal Santa Cruz 

Calmodulin 1 1 µg/mL Mouse 
Monoclonal Abcam 

CASR 2 µg/mL Mouse 
Monoclonal Abcam 

Collagen I 0.5 µg/mL Mouse 
Monoclonal Santa Cruz 

Collagen III 0.5 µg/mL Mouse 
Monoclonal Santa Cruz 

CXCL2 0.5 µg/mL Goat Polyclonal Abcam 

Ferritin 0.5 µg/mL Rabbit 
Monoclonal Abcam 

Fibronectin 0.5 µg/mL Mouse 
Monoclonal Santa Cruz 

Keratin 1 1 µg/mL Rabbit 
Polyclonal Covance 

Keratin 14 1 µg/mL Rabbit 
Polyclonal Covance 

Loricrin 1 µg/mL Rabbit 
Polyclonal Covance 

Nos2 2 µg/mL Rabbit 
Polyclonal Santa Cruz 

p16 1 µg/mL Rabbit 
Polyclonal Santa Cruz 

p21 1 µg/mL Mouse 
Monoclonal Abcam 

PDGFA 1 µg/mL Mouse 
Monoclonal Santa Cruz 

*All primary antibodies incubated overnight. 
 

2.6.7.8. Scanning Electron Microscopy 

Cells seeded on coverslips were left to deposit matrix for 11-14 days as previously 

described. Media was aspirated, cells were rinsed in DPBS, and coverslips were fixed 

in 2.5% glutaraldehyde (in dH2O) for 2 hours. Coverslips were rinsed in DPBS (3 x 

10 minutes) to remove glutaraldehyde, and stored overnight at 4°C in fresh DPBS. 
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The following day, coverslips were dehydrated up and ethanol series (30%, 50%, 

70%, 90%, 100% and 100%, 15 minutes each) prior to critical point drying (CPD) 

with CO2. CPD is vital for SEM imaging to prevent water molecules interfering with 

the vacuum within the SEM, and to prevent subsequent collapse of tissue specimens 

(Bray, 2000). Within the CPD apparatus, absolute ethanol (stored in molecular 

sieve) was exchanged with liquid CO2 over an hour, with ethanol flushed twice 

during this time. The temperature of the apparatus was then increased to 41°C on a 

thermocirculator (HU1000-E3500, Betta-Tech Controls Ltd., Milton Keynes, UK), 

making the temperature inside the chamber 37°C and the pressure 1400psi. As the 

critical point of CO2 is around 35°C and 1,200psi (Bray, 2000), the CO2 vapourises 

without changing density or surface tension, thus tissue structure is maintained. 

Following CPD, coverslips were mounted onto pegs and sputter coated in carbon 

prior to imaging on a Zeiss EVO60 scanning electron microscope. 

2.6.8. Transfection 

2.6.8.1. Bacterial Transformation 

Bacterial transformation was performed using Subcloning Efficiency™ DH5α™ 

Competent Cells (Thermo Fisher Scientific). Briefly, 1-10 ng plasmid DNA was mixed 

with 50 µL of competent cells and incubated on ice for 30 minutes. Cells were heat 

shocked by transferring to 42°C for 20 seconds, then returning to ice for two 

minutes. Pre-warmed Super Optimal broth with Catabolite repression medium 

(Thermo Fisher Scientific) was added to the competent cells, which were then 

incubated at 37°C for an hour with 225 rpm shaking. The resultant culture was 

plated onto antibiotic-containing selective agar plates. For the pUC19 plasmid 

control, used to determine transformant efficiency, selective plates contained 100 

µg/mL ampicillin. For the pUNO1 control vector and pUNO1-hCXCL2 plasmid, the 

selective plates contained 100 µg/mL blasticidin. Plates were incubated at 37°C O/N 

and colonies present (e.g. transformed colonies) selected for plasmid amplification 

in Luria-Bertani broth containing blasticidin at 100 µg/mL. 

2.6.8.2. Plasmid Purification 

Plasmid DNA was purified from cultures of transformants using a QIAGEN plasmid 

midi kit (Qiagen, Manchester, UK) following manufacturer’s instructions. DNA was 

eluted in Tris-EDTA buffer (Sigma-Aldrich) and plasmid purity was determined 

using a SimpliNano nanodrop spectrophotometer (Thermo Fisher Scientific). 
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2.6.8.3. Transfecting Mammalian Cells 

Lipid-mediated transfection of HDFs was performed using Lipofectamine 3000 

(Thermo Fisher Scientific) following manufacturer’s instructions. An empty pUNO1 

vector was included as a plasmid control and a yellow fluorescent protein (YFP) 

plasmid (a kind gift from Dr Cheryl Walter, Biomedical Sciences, The University of 

Hull) added as a control for transfection efficiency. After 48 hours, control cells were 

visualised for YFP expression using the Livecyte™ imaging platform. Transfected 

HDFs were collected for ICC and SA-βGAL staining. Experiments performed with the 

transfected cells are described in detail in Chapter 3. 

2.6.9. Murine Macrophage Assays 

2.6.9.1. Macrophage Growth and Differentiation 

Mononuclear phagocyte progenitor cells from bone marrow were cultured in bone 

marrow medium (Appendix 2A.5-2A.6). WT and NDb cells were cultured in low 

glucose media, while aged and Db cells were cultured in high glucose media, to more 

closely mimic a pathological environment (Kanter et al., 2012). In the presence of 

proper cytokine stimulation (e.g. with Mφ colony-stimulating factor, M-CSF), 

mononuclear phagocytes proliferate and differentiate through monoblast, 

promonocyte and monocyte stages before becoming Mφs (reviewed in Ushach & 

Zlotnik, 2016; Chapter 1). L929 cells (CCL-1, ATCC, Middlesex, UK), which secrete 

M-csf (Rios et al., 2017), were cultured to provide conditioned media (CM) for Mφ 

differentiation (see Figure 2.10). Media was collected from L929 cells every 2 days, 

sterile-filtered (0.22 µm) and stored at -20°C until use. Mφs were differentiated for 

7 days, serum starved and polarised. 

2.6.9.2. Macrophage Polarisation 

On day 7 post-seeding, Mφs were serum-starved for six hours prior to activation. To 

classically activate (M1-polarise) Mφs, cells were treated with 100 ng/mL Ifn-γ 

(Gibco, Thermo Fisher Scientific) and 1 µg/mL LPS (Sigma-Aldrich). To alternatively 

activate (M2-polarise) Mφs, 50 µg/mL InVivoMab anti-Ifn-γ (BioXCell, New 

Hampshire, US) and 20 ng/mL Il-4 (Sigma-Aldrich) was added to fresh culture 

media. Non-polarised Mφs were treated with media only. Treatments were added 

at the time of polarisation for RNA, or the following day for phagocytosis. Cells were 

incubated O/N at 37°C and 5% CO2 and collected for analysis via ICC, quantitative 
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real-time polymerase chain reaction (qRT-PCR; see Appendix 2A.32 for primer 

sequences), or used in phagocytosis experiments. 

2.6.9.3. Macrophage Phagocytosis 

Phagocytosis assays were performed to functionally assess the effects of metal 

treatments on Mφs. Following polarisation, media was aspirated and replaced with 

metal-containing media for six hours. For phagocytosis, Escheria coli (E. coli) 

Bioparticles™ were incubated at a multiplicity of infection (MOI) of 10 (10 particles 

per Mφ) for two hours at 37ᵒC and 5% CO2. Mφs were collected, fixed in 4% (v/v) 

formaldehyde solution in PBS, permeabilised in 0.1% Triton X-100 (in PBS) and 

counterstained with Rhodamine Phalloidin (Invitrogen, Thermo Fisher Scientific) in 

sterile 1% BSA (w/v, in PBS). Imaging was performed via confocal microscopy, and 

quantification (CTCF) performed in ImageJ v.1.8. For flow cytometry, THP-1 cells 

were treated and incubated as above, lifted from their wells with 0.25% 

trypsin/EDTA (Thermo Fisher Scientific) and resuspended in 0.25% (w/v) BSA. 

THP-1 cells were then analysed on a BD FACSCalibur™ and CellQuest Pro™ software. 

 

Figure 2.10. Illustration of bone marrow isolation and macrophage culture. Bone marrow is 
collected from mice (A) to isolate myeloid progenitor cells (B). Monocytes (C) are stimulated with 
macrophage colony-stimulating factor from L929 cells (D) to cause differentiation into macrophages 
(E). Macrophages are polarised to pro-inflammatory (M1) or anti-inflammatory (M2) states with 
various cytokines (F). Illustration created by the author (HNW). 
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2.6.10. LiveCyte™ Live Cell Imaging 

To visualise changes in cell behaviour (e.g. migration) in real-time following 

treatment, the Livecyte™ (PhaseFocus, Sheffield, UK) was used. The Livecyte™ uses 

a quantitative phase imaging technique known as ptychography to allow label-free, 

high contrast, phase imaging of cells overtime, thus circumventing the need for 

fluorescent labels that may damage cells (Suman et al., 2016). Further, as the 

method records diffraction patterns of individual cells over time, the images can be 

re-focused post-imaging, preventing the loss of images through focal drift 

(Kasprowicz et al., 2017). The diffraction patterns are processed by an algorithm to 

provide information on cell characteristics, such as cell thickness, weight and 

migration (Kasprowicz et al., 2017). The Livecyte™ was specifically used in Section 

4.4.8 to quantify changes in cell migration following treatment. Scratch assays were 

prepared and plates inserted into the Livecyte™ imaging platform. Central areas 

within each well were focused and the acquisition software started. Data was 

analysed using scratch analysis and single cell segmentation within the CAT 

software (PhaseFocus). Tiff stacks, videos and CSV files were exported. Single cell 

segmentation was analysed in R v.3.6.1. (R Core Team, 2019) using ‘ggplot2’ 

(Wickham, 2016), ‘reshape’ (Wickham, 2007), ‘dplyr’ (Wickham et al., 2019), ‘plyr’ 

(Wickham, 2011) and ‘matrixStats’ (Bengtsson, 2018) packages. 

 
2.7. Quantitative Real-Time Polymerase Chain Reaction 

2.7.1. RNA Extraction from Cells and Tissue 

Each snap frozen half wound (stored at -80ᵒC) was cut into <1mm pieces and 

incubated in 1 mL cold TRIzol™ Reagent (Invitrogen, Thermo Fisher Scientific) in 

Eppendorf tubes. Tissue was homogenised (IKA T10 basic homogeniser, Oxford, UK) 

for 30 seconds and incubated at RT for five minutes in TRIzol™ Reagent. To every 1 

mL TRIzol™ Reagent, 200 µL chloroform was added to each Eppendorf tube and 

vigorously shaken for 15 seconds. Tubes were centrifuged for 15 minutes at 4ᵒC and 

13, 000 rpm. The aqueous phase, containing RNA, was removed and purified using 

the spin column method in the Invitrogen™ Ambion™ PureLink™ RNA Mini Kit 

(Thermo Fisher Scientific) following manufacturer’s instructions. RNA was stored 

at -80ᵒC until use. For cells, media was aspirated, wells were rinsed in DPBS and 

TRIzol™ Reagent was added (750 µL TRIzol™ Reagent per 1 x 106 cells). Cells were 

scraped and added to Eppendorf tubes, and RNA isolated as above. 
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2.7.2. cDNA Synthesis 

Prior to synthesis into complimentary DNA, RNA concentration was determined via 

a SimpliNano nanodrop spectrophotometer (Biochrom Ltd., Cambridge, UK) and 

samples adjusted to a final concentration of 1 µg RNA per µL, made up to 10 µL with 

RNAse free water (Thermo Fisher Scientific). Each sample was incubated in 1 µL 

Random Primers (Promega) and 1 µL dNTP mix (Promega), denatured at 70°C for 

five minutes and cooled on ice for two minutes. cDNA mastermix was prepared by 

adding 100U Bioscript reverse transcriptase (Bioline, London, UK), 4 µL 

transcription buffer (Bioline), 1 µL RNAse OUT (Invitrogen) and 2.5 µL RNAse free 

water to each sample. Samples were then placed on a thermocycler (TC-412, Techne, 

Staffordshire, UK) for set cycling parameters (Appendix 2A.26).  

2.7.3. Quantitative Real-Time PCR 

Primers were designed so that nucleotide sequences were between 18-30 

nucleotides long and amplicon product size less than 300. GC content was kept 

between 40-60% and annealing temperature was between 65-70°C. Sequences of 

more than four repeated bases were discarded to prevent secondary structure 

formation (e.g. hairpin loops and primer dimers; Bustin et al., 2009). Nucleotide 

sequences were obtained from the NCBI gene database and primers designed using 

Primer3Plus software (Untergasser et al., 2007). Forward and reverse sequences 

were designed on alternating exons to prevent amplification of contaminating gDNA 

and sequences were uploaded into BLAST to ensure specificity (Ye et al., 2012). 

Products were checked by assessing amplification curves (below). 

Samples were diluted by three orders of magnitude and plated into 96 well PCR 

plates. 2X Takyon for SYBR assay (Eurogentec, Hampshire, UK) was added to each 

well with forward and reverse primers (Appendix 2A.32-2A.34). Plates were 

analysed on a CFX Connect™ platform using CFX Manager™ software (Biorad 

Laboratories Ltd.). The optimised qRT-PCR cycling protocol is provided (Appendix 

2A.27), where annealing temperature was optimised for each set of primers used. 

Primer amplification was deemed acceptable when amplification curves crossed the 

relative fluorescent unit (RFU) threshold before 35 cycles (Figure 2.11). Primer 

specificity was shown via melt curve analysis, where a single peak confirmed 

amplification of a single product (Figure 2.12). For analysis, relative expression 

(based on quantitation cycle values) was determined from a sample standard 
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(Figure 2.13) and a standard curve produced (Figure 2.14). Again, primers were 

deemed optimal if the efficiency of the amplification was between 90-110% and the 

R2 of the standard curve equal to one (as per the minimum information for 

publication of qRT-PCR experiments guidelines, Bustin et al., 2009). Any data sets 

that fell beyond the optimal range were excluded from analysis.  

 

 

 

 

 

 

 

 

 
Figure 2.11. Example of good primer amplification. Good primers pass the relative fluorescent 
unit (RFU) threshold between 15 and 35 cycles, as shown. 

 

Figure 2.12. Single melt curve peak demonstrating primer specificity. The melt peak plots the 
rate of change in fluorescence (y axis) against the cycling temperature (x axis). The highest 
fluorescence is shown when primer annealing (double stranded [ds] DNA) is observed. As the 
temperature increases, dsDNA denatures and fluorescence is reduced. A single peak indicates primer 
annealing at a specific temperature and thus, amplification of a single product. Primers with multiple 
peaks and samples with sub-optimal amplification were excluded from analysis.  
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Figure 2.13. Selection of standards to produce a standard curve. A sample, diluted by three 
orders of magnitude, is chosen to produce a standard curve of the dataset. The dilutions must show 
equal spacing and adequate amplification (<35 cycles). 

 

Figure 2.14. Example of a standard curve for data amplified from one primer set. Standards 
from Figure 2.13 are shown (circles). All other samples are plotted on the regression line (crosses). 
Amplification efficiency should fall between 90-100% and the R2 must equal one. Cq = cycle quantity. 

 

2.8. Microbiological Assays 

2.8.1. Bacterial Culture 

Reference strains of P. aeruginosa (NCTC 10781) and S. aureus (NCTC 13297) were 

chosen as they are directly relevant to chronic wound infection (Price et al., 2009). 

Glycerol stocks of bacteria stored at -80°C were streaked onto Mueller Hinton agar 

(MHA; Oxoid, Hampshire, UK) plates and incubated at 37°C for 24-48 hours to 

produce viable colonies. A single viable colony was added to 10 mL Mueller Hinton 
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broth (MHB; Oxoid) and shaken (140 rpm, Labnet 211DS shaking incubator, Labnet 

International, US) for 16 hours (O/N) at 37°C. For all assays, O/N cultures were 

adjusted to 0.5 on the McFarland turbidity scale (as described in Balouiri et al., 

2016), unless otherwise stated (see Figure 2.15).  

 

Figure 2.15. Determination of bacterial starting concentrations from overnight cultures. 
Bacterial overnight (O/N) cultures are adjusted to an optical density (OD) of 0.08-0.12 at 625 nm on 
a Jenway spectrophotometer (Jenway 7310, Cole-Parmer, UK) using 0.85% sterile saline as the 
diluent. OD-adjusted suspensions are diluted 1 in 150 in Mueller Hinton (MH) broth to give starting 
concentrations between 5 x 105 and 1 x 106 colony-forming units per ml (CFU/mL), confirmed by 
plating on MH agar (to enumerate viable colonies, white circles). Illustration by the author (HNW). 

 
2.8.2. Agar Diffusion 

Sterile 1 cm2 pieces of Tegaderm™ pad (3M, Bracknell, US) were coated in emollient 

treatments (described in Section 6.3.1) and added to MHA plates containing 5 x 

105-1 x 106 colony forming units per mL (CFU/mL) bacteria. Plates were incubated 

statically at 37ᵒC in air for 24 to 48 hours. Growth inhibition zones were imaged 

with a Nikon camera (Finepix S5700) and measured in ImageJ v.1.8. Agar diffusion 

tests were repeated in three independent experiments for each bacterial species. 

 
2.8.3. Time-Kill Assays 

Adjusted cultures (above) were added to sterile universal tubes with treatments 

described in Section 6.3.1. Tubes were incubated at 37ᵒC with 140 rpm shaking for 

24 hours, and collected at intervals (0.5, 1, 2, 4 and 24 hours). Upon collection, tubes 

were vortexed, and 100 µL of bacterial broth was removed from each tube and 

added to 900 µL Dey-Engley Neutralising broth (DENB; Fluka, Sigma-Aldrich). A 

neutralising broth test was performed prior to experiments to ensure the DENB 

neutralised the antimicrobial treatments under study (Appendix 2A.28). Samples 

were serial diluted, plated on MHA, and incubated for 24 hours at 37ᵒC to determine 

CFU/mL. The time-kill assay was repeated in three independent experiments. 
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2.8.4. Stability and Kinetics 

To test the stability of cream preparations, Theraglass™ treatments were incubated 

at 4°C, RT and 37ᵒC for 24-120 hours. At each 24-hour interval, treatments were 

collected for agar diffusion assays. To test the kinetics of antimicrobial soluble factor 

release, Theraglass™ powders (1 g per tube) were incubated in 5 mL sterile DPBS at 

RT on a rocker over a period of 24-144 hours, and collected at 24-hour intervals. At 

each time point, supernatant was removed and replaced with fresh DPBS. 

Tegaderm™ pad was soaked in the collected supernatant and added to bacterial 

plates for agar diffusion testing as above. 

 
2.8.5. Minimum Inhibitory Concentration and Minimum Bactericidal 

Concentration Assays 

Treatments were prepared to 20% in sterile DPBS. The minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC) for each 

treatment was determined by a broth microdilution method using MHB (as in 

Balouri et al., 2016). Here, 50 µL MHB was added to each well of a 96 well plate, with 

treatments serial diluted down each row. O/N cultures were adjusted to a starting 

concentration of 5 x 105 CFU/mL and added to the wells (above), except MHB control 

wells that contained no bacteria or treatments. For co-cultures, adjusted bacterial 

suspensions were mixed in a 1:1 ratio and added to 96 well plates. The experimental 

plate was set up four times for each bacterial group. Plates were incubated statically 

at 37ᵒC for 20 hours. For MIC assays, 10 µL of PrestoBlue® Cell Viability reagent 

(Thermo Fisher Scientific) was added to each well. Plates were incubated at 37ᵒC for 

15 minutes, read at 570 nm, and values were subtracted from background values 

gathered at 600 nm. The MIC was determined as the minimum concentration of 

treatment that caused <90% reduction in bacteria (ascertained from the OD of 

untreated bacteria wells). For the MBC assay, 100 µL was removed from each 

treatment well, serial diluted in DENB, and plated on MHA to determine the lowest 

concentration of antimicrobial treatment that prevented viable colony growth. 

2.8.6. Biofilm Formation Assay 

To test whether Theraglass™ could inhibit biofilm formation in the bacterial species, 

a standard 96-well microtiter biofilm formation plate assay was performed (as 

described in O’Toole, 2011), and set up as for the MIC/MBC experiments. Plates 

were incubated under aerated conditions at 37ᵒC for 48 hours. Plates were then 
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submerged in dH2O to remove planktonic bacteria, and biofilm wells were stained 

with 125 µL 0.1% Crystal Violet (Sigma-Aldrich) for 20 minutes at RT. Plates were 

washed in dH2O and dried O/N at RT. To solubilise the Crystal Violet, 200 µL of 30% 

(w/v) glacial acetic acid (Thermo Fisher Scientific) was added to the wells. Plate 

absorbance was measured at 570 nm and biofilm formation categorised as in 

Christensen et al. (1989) based on the ODs obtained (Figure 2.16).  

 

 

 

Figure 2.16. Classification system used for biofilm formation. Optical densities (ODs) obtained 
at 570nm are used to determine the OD cut-off (ODc), deduced as three standard deviations above 
the mean OD of the negative control. If the OD of a biofilm falls below or equal to the ODc, it is classed 
as non-adherent. If the OD of a biofilm is over four times the ODc, it is categorised as a strong biofilm.  

 
2.8.7. Biofilm Culture 

Planktonic bacteria (adjusted to 0.5 on the MacFarland turbidity scale) were added 

in 20 µL droplets to sterile nylon filter membranes (Merck-Millipore, UK) on MHA 

and biofilms were left to form at the air-filter interface for 72 hours at 37ᵒC. Every 

24 hours, membrane biofilms were transferred to fresh MHA plates using sterile 

forceps. For co-culture experiments, planktonic cultures of P. aer and S. aur were 

mixed in a 1:1 ratio and added to filter membranes, as ratiometric analysis proved 

this to lead to the most equal ratio of the two species (Appendix 2A.29). 

2.8.7.1. Ex Vivo Porcine Wound Biofilm Preparation 

Fresh porcine skin, collected under University ethical approval (FEC_21_2017) from 

a local abattoir, was held in growth medium (GM) consisting of HG DMEM with 10% 

FBS, 1% penicllin-streptomycin solution, 10 µg/mL Gentamicin and 2.5 µg/mL 

amphotericin B. The subcutaneous adipose tissue was removed, the skin was 

washed in HBSS containing 2X Antibiotic-Antimycotic, and washed in DPBS prior to 

wounding. The porcine skin was cut into 1cm2 squares and the epidermis was 

completely removed to create a wound bed which was inoculated with 72 hour 

established biofilms. A 0.2 µm filter membrane was placed on top of absorbent pads 

(Merck-Millipore) soaked in GM. Each porcine biofilm explant was placed on filter 

membranes to provide an air: liquid interface, thus allowing nutrient transfer to the 
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skin without submersion (modified from Olivera & Tomic-Canic, 2013). The skin 

was cultured at 37ᵒC and 5% CO2 for 24 hours to aid biofilm attachment. Treatments 

were then added to each biofilm. Non-treated biofilm controls and uninoculated 

porcine wound controls were also included. 

 
2.8.7.2. Porcine Wound Biofilm Collection 

Post-treatment (24 hours), porcine wound biofilms were bisected at their midpoint 

and: flash frozen for RNA and protease analysis; embedded in OCT for histological 

staining and; collected for viable colony enumeration. For viable colony counts, 

tissue was cut into pieces <1 mm and added to 1 mL MHB with 5 mL sterile 3 mm 

borosilicate glass beads (Sigma-Aldrich). Samples were vortexed and 100 µL of 

suspension was removed from each universal tube, serial diluted in DENB and 

spread on MHA (for single species). For co-culture biofilms, bacteria were plated on 

MHA (to count total colonies), mannitol salt agar (MSA, S. aureus selective) and 

cetrimide agar (P. aeruginosa selective). Plates were incubated at 37ᵒC for 20-24 

hours and counted (CFU/mL). 

2.8.7.2.1. Microbiological Staining 

Samples embedded in optimal cutting temperature media (OCT, Cell Path, UK) were 

cryo-sectioned at 10 µm on a Leica CM1950 cryostat. Gram-Twort, Acridine Orange 

(Sigma-Aldrich), and Concanavalin A (ThermoFisher) staining was used to visualise 

porcine wound biofilm load. 

2.8.7.2.1.1. Gram-Twort Staining 

A modified Gram-Twort stain was carried out as previously reported (Olett, 1947). 

Here, sections were fixed in ice cold methanol (-20°C) for 10 minutes at RT, stained 

for three minutes with 0.5% Crystal Violet in 25% ethanol (Sigma-Aldrich) and 

counterstained for 3 minutes in Gram’s Iodine solution (Thermo Fisher Scientific). 

Slides were then differentiated in 2% acetic-alcohol (acetic acid in ethanol) and 

counterstained with a 9:1 solution of 0.2% Neutral Red and 0.2% Fast Green (both 

Sigma-Aldrich) in 100% ethanol. Sections were differentiated again, rapidly 

dehydrated in 100% ethanol and mounted with Pertex® mounting medium (Cell 

Path). Images were captured at 100x magnification on a Nikon E400 microscope 

with SPOT camera. Biofilm thickness analysis was performed in ImageJ v.1.8. 
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2.8.7.2.1.2. Acridine Orange 

Acridine Orange is a useful stain to enumerate bacteria in host tissue. At low pH 

(~3.5), eukaryotic cells emit a green fluorescence and prokaryotic cells emit an 

orange fluorescence when excited by blue light (Neeraja et al., 2017). Here, 

methanol-fixed sections were incubated in Acridine Orange solution (2 mg/mL in 

dH2O; Sigma-Aldrich) for five minutes at RT in a dark chamber, rinsed in dH2O, and 

mounted in Fluoroshield™ mounting medium (Sigma-Aldrich).  

2.8.7.2.1.3. Concanavalin A 

Concanavalin A is a lectin that specifically binds to carbohydrates in host tissue and 

extracellular polymeric substances (EPS) from biofilms (Strathmann et al., 2002). 

Therefore, Concanavalin A was used to visualise host tissue and biofilm matrix. 

Counterstaining with DAPI allowed direct visualisation of bacterial cells. Methanol 

fixed OCT sections were incubated in Concanavalin A Alexa Fluor™ 488 Conjugate 

(50 µg/mL; Thermo Fisher Scientific) at 4ᵒC O/N, rinsed in PBS and mounted in 

MOWIOL 4-88 containing DAPI (Appendix 2A.14). Fluorescent images were taken 

on a Zeiss Axio Vert. A1 microscope with AxioCam|cm1 camera (Carl Zeiss 

Microscopy Ltd, Cambridge, UK) at x40 magnification using FITC and DAPI channels. 

 
2.8.7.2.2. Bacterial qRT-PCR 

Snap frozen samples were cut into <1 mm pieces and biofilm aggregates were 

dissociated from porcine skin via bead-beating in 1 mL Invitrogen™ RNAlater™ 

Stabilization Solution (Thermo Fisher Scientific) and 5 mL sterile borosilicate glass 

beads. The supernatant fraction was centrifuged at 4ᵒC and 10, 000 rpm to pellet the 

bacterial cells. RNA was isolated in two ways depending on bacterial species. For the 

Gram-negative P. aeruginosa, cell pellets were re-suspended in Max™ Bacterial 

Enhancement Reagent (Thermo Fisher Scientific) following the manufacturer's 

protocol. To break down the cell walls of S. aureus in single and co-culture biofilms, 

cell lysis was achieved by incubating pellets in 100 µL Tris-EDTA buffer with 10 

mg/mL lysozyme and 25 µg/mL lysostaphin (all Sigma-Aldrich) for 20 minutes at 

37ᵒC (as in Resch et al., 2005). RNA was then isolated from all bacterial species with 

TRIzol® reagent and the aqueous phase purified with the Invitrogen™ Ambion™ 

PureLink™ RNA Mini Kit following manufacturer's instructions. RNA quantity was 

assessed using a SimpliNano Nanodrop spectrophotometer and reverse transcribed 

with Bioscript (Bioline) as outlined in previously. cDNA samples were diluted by 
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three orders of magnitude and qRT-PCR performed as described above. Primer 

sequences are available in the Appendix 2A.34. 

2.8.7.2.3. Bacterial Zymography 

Porcine biofilms dissociated via the glass bead method were centrifuged at 10,000 

x g and 4ᵒC for 10 minutes. The supernatant fraction (containing extracellular 

proteases) was removed, sterile-filtered (0.22 µm, Merck-Millipore) and stored at -

80ᵒC until use. Gelatin zymography was performed to assess extracellular protease 

activity (Caballero et al., 2001). Supernatant was run on 7.5% acrylamide gels 

containing 0.2% porcine skin gelatin (Oxoid) under non-reducing conditions at 70V 

and 4°C. The Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standards 

(Bio-Rad Laboratories Ltd.) were used to determine molecular weights of the 

separated proteins in the gel. MMP2 and MMP9 standards (Biotechne, Abingdon, 

UK) were used as an internal control. Gels were washed in 2.5% Triton X-100 

(Sigma-Aldrich) to remove SDS and incubated in gelatinase resolving buffer 

(Appendix 2A.30) for 24 hours at 37ᵒC. In areas of high activity, proteases digest 

the gels. The gels were stained blue using 0.2% amido black (Thermo Fisher 

Scientific), thus revealing digested areas that appeared white (Leber & Balkwill, 

1997). Gels were imaged on a lightbox and densitometric analysis was performed in 

ImageJ v.1.8. Relative density was determined from the control (untreated biofilm). 

2.8.7.2.4. Colorimetric Protease Analysis 

The Azocasein method (Andrejko et al., 2013) determined total extracellular 

protease activity. Here, 100 µL supernatant was added to 100 µL Azocasein (Sigma-

Aldrich) solution (5 mg/mL in 0.1 M Tris-HCl, pH 8.8) and incubated at 37ᵒC for 3 

hours. The reaction was stopped with 10% trichloroacetic acid (25 µL per tube) and 

samples were centrifuged at 14, 000 rpm for 15 minutes at RT. To each well of a 96 

well plate, 50 µL 0.5 M NaOH was added to 50 µL Azocasein supernatant in triplicate. 

NaOH was used as a blank, bacterial protease (Sigma-Aldrich) was included as an 

internal control for protease activity, and absorbance was measured at 405 nm. For 

the Azocasein assay, one protease activity unit was defined as an absorbance 

increase (OD405nm) of 0.02 per hour (Andrejko et al., 2013). 

2.8.7.3. Human Ex Vivo Biofilms 

Following assessment of Theraglass™ in a porcine biofilm model, the host response 

was further elucidated in a more translationally relevant ex vivo human wound 
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biofilm model. Established 72-hour single and co-culture biofilms were transferred 

to 2 mm partial-thickness wounds in the centre of 6 mm biopsies (described above). 

Treatments were administered following biofilm establishment (24 hours) and 

human biofilm biopsies were cultured for a further 24 hours at 37°C and 5% CO2. 

Samples were collected for biofilm colony enumeration and histology. 

2.9. Statistical Analysis 
Experiments were performed with three or more biological and/or technical 

replicates in three independent experiments where applicable. All data are 

illustrated as mean +/- standard error of the mean. Data analysis was performed in 

Microsoft® Excel 2016 (Microsoft Corporation, London, UK), R v.3.6.1. (Core Team, 

2019; Chapter 4) including the ‘car’ (Fox & Weisberg, 2011; Chapter 6) package, 

and GraphPad Prism 7 (GraphPad Software, California, US). Normal distribution of 

data was determined via Shapiro-Wilks tests and parametric statistical analysis 

performed to deduce significance at the P < 0.05 level. Independent two-tailed 

Student’s t tests were performed when comparing two independent groups. One-

way analysis of variance (ANOVA) was performed when comparing one variable 

across three or more independent groups. Two-way ANOVA was performed when 

comparing two or more variables across two or more independent groups. For 

ANOVA, relevant post-hoc (Tukey’s honest significant differences, Dunnett’s and 

Sidak’s) analysis was performed where appropriate.  
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Chapter 3: A Novel Role for Cellular 
Senescence in Acute and 

Pathological Wound Repair 
 

 

Data presented in this chapter also appears in the following publication: 

Elevated local senescence in diabetic wound healing is linked to 

pathological repair via CXCR2. 
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3.1. Introduction 
Senescence, first described by Hayflick & Moorhead (1961), is a defined process that 

globally regulates cell fate. On a cellular level, senescence is an intrinsic mechanism, 

triggered by both external and internal stressors. This stress then leads to a stable, 

essentially irreversible, loss of cellular proliferation (Demaria et al., 2014; Jun & Lau, 

2010). From an evolutionary perspective, senescence developed as an autonomous 

anti-tumorigenic mechanism, there to halt incipient neoplastic transformation 

(Campisi & Robert, 2014). Senescent cells also exist in noncancerous tissues, 

accumulating exponentially with increasing chronological age (Campisi & d'Adda di 

Fagagna, 2007; Jun & Lau, 2010). The role of senescence in these non-cancerous 

states remains to be fully elucidated. This chapter will explore the role of senescence 

in the context of pathological wound healing.  

3.1.1. Senescence as an Anti-Tumour Mechanism 

A number of age-related and stress-related mechanisms induce senescence. These 

include repeated cell division (replicative senescence; Hayflick & Moorhead, 1961), 

mitogenic signals (reviewed in Tchkonia et al., 2013), increased ROS (Passos et al., 

2010), DNA breaks (Di Micco et al., 2006) and epigenomic damage (Pazolli et al., 

2012). Given that senescence evolved as an anti-cancer mechanism, it is 

unsurprising that activated oncogenes (e.g. BRAFE600 or RASV12; Dikovskaya et al., 

2015) trigger cell cycle arrest. In higher eukaryotes, stressors and oncogenes 

subsequently cause the activation of anti-tumorigenic networks, controlled by 

transcriptional regulators such as p53 and retinoblastoma protein (pRb; Campisi & 

Robert, 2014). Sitting at the nexus of the complex anti-tumorigenic networks is p53, 

which maintains broad range stress detection (Shi & Gu, 2012). p53 directly 

transactivates the proliferation inhibitor, p21 (He et al., 2007), preventing cyclin 

dependent kinase (CDK) 2-mediated pRb inactivation (Beauséjour et al., 2003). 

Similarly, p16 transcription prevents CDK4- and CDK6-mediated phosphorylation 

of pRb (Takahashi et al., 2006).  

As pRb naturally binds to E2F/DP transcription factor complexes (Dimova & Dyson, 

2005), consequent failure to phosphorylate pRB (by CDKs) inhibits transcription of 

E2F target genes, thus preventing cell cycle progression from the G1 to S phase 

(Narita et al., 2003; Malumbres & Barbacid, 2005). Interestingly, it appears that p21 

is often upregulated before p16, even though both mechanisms can act alone or in 
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combination (van Deursen, 2014). The complex senescence signalling pathways are 

reviewed in Campisi, (2013; simplified and summarised in Figure 3.1). 

 

Figure 3.1. Principle pathways of senescence induction. Intrinsic and external stressors (e.g. 
ultraviolet radiation, oxidation and mutagens) trigger p16 and p53 tumour suppressor activities. 
Cyclin dependent kinase (CDK) 4 and CDK6 activity is inhibited by p16, while CDK2 is silenced by 
p21, transactivated by p53. CDK inhibition prevents retinoblastoma protein (pRb) phosphorylation 
and dissociation of the E2F/DP transcription factor complex, thus preventing cell cycle progression 
(from the G1 to S phase). Cell cycle arrest (G0) can be reversible (e.g. quiescence), lead to terminal 
differentiation, or cause senescence. Fully senescent cells produce a senescence-associated secretory 
phenotype (stars) which contributes to age-related disease. Figure produced by the author (HNW). 

 

The CDK inhibitors (CDKIs) fall into two distinct classes with similar, yet defined 

functions. The INK4 class comprises the well-conserved p15Ink4b (encoded by the 

gene CDKN2B), p16Ink4a (CDKN2A), p18Ink4c (CDKN2C) and p19Ink4d (CDKN2D), which 

bind CDK4 and CDK6 (Sharpless, 2004). By contrast, the Cip/Kip family of CDKIs 

include p21Cip1/Waf1/Sdi1 (encoded by the gene CDKN1A), p27kip1 (CDKN1B) and 

p57kip2 (CDKN1C; Besson et al., 2008), capable of binding to a broad range of CDKs 

and cyclins (Sherr & Roberts, 1999). The CDKIs are not only valuable in preventing 
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uncontrolled cellular division, but also aid other arrested cellular states, such as 

reversible quiescence (e.g. p21, Barr et al., 2017) and terminal differentiation (e.g. 

p21 for myotube formation, Pajalunga et al., 2007; p18 for differentiation of B cells 

into plasma cells, Tourigny et al., 2002). Furthermore, it has even been shown that 

members of the Cip/Kip family are necessary for embryonic development (p27 and 

p57 in mice, Tateishi et al., 2012), where attenuation of p21 leads to patterning 

defects (Muñoz-Espín et al., 2013; Storer et al., 2013). 

Intriguingly, CDKN2A¸ the INK4a/ARF locus, is lost in many human cancers (Karsai 

et al., 2007; Mohseny et al., 2010). While INK4a directly controls pRB, ARF itself is 

required to stabilise p53 by sequestering the main p53 repressor, mouse double 

minute 2 homolog (MDM2; Pomerantz et al., 1998; Stott et al., 1998). Hence, MDM2 

prevents transactivation of p53 to elicit potent tumorigenic activities (Shi & Gu, 

2012). Although the p53/p21 and p16 pathways globally determine cell fate, the 

relative contribution of these pathways to senescence is thought to be cell-type 

specific (Campisi & d'Adda di Fagagna, 2007; Krizhanovsky et al., 2008). 

Unlike quiescent cells, which undergo revocable cell cycle arrest, cellular senescence 

is irreversible under normal biological conditions. Morphologically, senescent cells 

show a distinct flattened and elongated appearance compared to dividing cells 

(Campisi & d'Adda di Fagagna, 2007). Senescent cells may also exhibit regions of 

highly condensed chromatin, known as senescence-associated heterochromatic foci 

(SAHF; van Deursen, 2014) and DNA segments with chromatin alterations 

reinforcing senescence (DNA-SCARS), resulting from DNA damage (Rodier et al., 

2011). SAHFs contain chromatin alterations, such as γH2AX and H3K9Me3 (Chandra 

& Zang, 2013; van Deursen, 2014), and stain notably with DAPI (Kosar et al., 2011; 

Narita et al., 2003). These modifications in chromatin sequester E2F target genes, 

thus potentiating senescence (Shah et al., 2013). Alternative markers of senescence 

include other p53 regulated tumour-suppressor genes, such as decoy receptor 2 

(Pare et al., 2019), loss of the nuclear lamina protein, lamin b1 (Wang et al., 2017a) 

and centrosome aberrations (Ohshima, 2012; reviewed in Tigges et al., 2014). 

Often, β-D-galactosidase, a lysosomal hydrolase encoded by the GLB1 gene, is used 

as an archetypal senescence biomarker (Debacq-Chainiaux et al., 2009; Dimri et al., 

1995). Ordinarily, β-D-galactosidase is detected in non-senescent cells at pH 4, but 

cellular senescence causes expansion of the lysosomal compartment and results in 
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β-D-galactosidase activity that can be detected at pH 6, which is thus termed SA-

βGAL (Kuilman et al., 2010). Multiple authors have demonstrated that SA-βGAL 

accumulates in ageing tissues (Dimri et al., 1995; Sigal et al., 1999), while others 

question specificity, arguing that SA-βGAL activity is visible in non-senescent cells 

(Krishna et al., 1999; Lee et al., 2006). Despite this, SA-βGAL remains the gold 

standard technique for detecting cellular senescence and is often used in 

conjunction with other key biomarkers, such as p16 and p21, to confirm senescence 

(Biran et al., 2017; Baker et al., 2016; Matjusaitis et al., 2016). Senescence cell 

characterisation is summarised in Figure 3.2. 

Figure 3.2. Characteristics of senescent cells. Senescent cells are characterised by morphological 
changes (1), chromatin modifications (e.g. senescence-associated heterochromatin foci, SAHF, 2), 
loss of nuclear envelope protein, lamin b1 (3), increased p16 and p21 (4), senescence–associated β-
D-galactosidase (β-GAL) activity (5), and production of a senescence-associated secretory phenotype 
(SASP, 6). By contrast, young cells are proliferative (1), have normal nuclear envelope function (2), 
low p16 and p21 activity (3), normal β-GAL activity (4) and no hyper-secretory SASP (5). Figure 
produced by the author (HNW). 

 

Although unable to divide, senescent cells are metabolically active and often possess 

a SASP, demonstrated by increased secretion of pro-inflammatory cytokines (e.g. IL-

1α, IL-6, IL-8), GFs (TGF-β, insulin GFs, Elzi et al., 2012) and proteases (MMPs) that 

alter the tissue microenvironment (Freund et al., 2010). More recently, the 

characterised SASP has been extended to include lipids such as eicosanoids (Lopes-

Paciencia et al., 2019). The SASP feature of senescent cells is a DNA damage 

response, and is not apparent in cells that naturally senesce due to overexpression 

of p16 and p21 (Coppe et al., 2011). The SASP heavily contributes to age-related 

functional decline (Rodier et al., 2009) and many chronic diseases (e.g. 

atherosclerosis, Erusalimsky & Kurz, 2005).  
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Paradoxically, the SASP can influence pre-cancerous development in proximal 

tissues (Collado et al., 2007) and thus promote tumorigenic activities, such as 

epithelial-to-mesenchymal transition (Krtolica et al., 2001; Campisi et al., 2011). 

Indeed, many SASP proteins, including the growth-regulated oncogenes and VEGF, 

are potent mitogenic drivers (Coppe et al., 2006; Coppe et al., 2010). The plasticity 

of the SASP across different cell types (reviewed in Campisi, 2013; Lupa et al., 2015) 

complicates understanding of its role within tissues, summarised in Figure 3.3. 

 

Figure 3.3. Biological roles for the senescence-associated secretory phenotype. Senescent cells 
produce a senescence-associated secretory phenotype (SASP) comprising pro-inflammatory 
mediators that influence extracellular matrix (ECM), inflammation and angiogenesis (wound healing 
processes; main components in red). The SASP also promotes senescence development in nearby 
cells (“bystander” senescence). The production of growth regulating oncogenes (GROs) in the SASP 
drives tumour formation and epithelial-mesenchymal transition, while inflammation and 
angiogenesis induce tumorigenic activity (red arrows). The SASP has been functionally linked to 
ageing, diabetes, fibrosis, wound healing and cancer. Figure produced by the author (HNW). 

 

3.1.2. Senescence and Ageing 

There is an intimate link between senescence and ageing, as it has been suggested 

that both exist to limit lifespan (Sharpless, 2004). For example, natural cellular 

ageing results in telomere shortening, which serves as a “mitotic clock” (Randle et 
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al., 2001). The importance of telomeres in preventing ageing onset becomes 

apparent in individuals with ataxia telangiectasia, a progeroid disease characterised 

by deficiency in ataxia telangiectasia mutated kinase and development of premature 

telomere shortening (Metcalfe et al., 1996). Intriguingly, mice with telomere 

attrition also show hallmark features of ageing, particularly in their skin, including 

alopecia and loss of subcutaneous adipose tissue (Rudolph et al., 1999).  

Once telomeres are diminished, further cellular division results in proliferative 

arrest and/or apoptosis (Allsopp et al., 1995; Fumagalli et al., 2012), with cells only 

able to evade this outcome via sophisticated telomere repair mechanisms. One of 

these is telomerase, highly produced in human stem cells and cancer cells (Martinez 

& Blasco, 2011). Telomerase extends the length of telomeres by adding DNA repeats, 

thus allowing unrestrained cellular division (Childs et al., 2014). Intriguingly, some 

cell types, particularly epithelial cells, undergo p16-induced senescence despite 

ectopic telomerase expression (e.g. Kiyono et al., 1998; Rheinwald et al., 2002). 

Hence, telomere length alone may not determine a cell’s senescent fate. 

Telomerase can restrain senescence and promote mitogenic activity via 

mechanisms independent of regulating telomere length. For example, mice 

expressing the catalytic subunit of telomerase (mouse telomerase reverse 

transcriptase, mTert) spontaneously produced mammary gland tumours despite 

having same length telomeres as their controls (Artandi et al., 2002). Further, mice 

expressing Krt5-mTert showed heightened proliferation in SB keratinocytes, and 

were more likely to develop skin papillomas following chemical carcinogenesis 

(González-Suárez et al., 2001). Interestingly, murine cells possess much longer 

telomeres than human cells (Kipling & Cooke, 1990), and most murine cells are 

telomerase positive (Prowse & Grieder, 1995). Yet, senescence is a feature often 

observed in short passages of primary murine cells (mouse embryonic fibroblasts, 

MEFs) due to the stress-induced shock of in vitro culture (Sherr & Depinho, 2000).  

Telomere erosion is not the sole cause of senescence during ageing. Normal cellular 

metabolism results in accumulation of oxidative damage, underpinning the free 

radical theory of ageing, discussed in Section 1.2.1. Intriguingly, MEF culture can be 

extended by lowering tissue culture oxygen tension, therefore circumventing 

oxidation-induced senescence (Parrinello et al., 2003). Concurrently, human diploid 

fibroblasts (Duan et al., 2005) and endothelial cells (Ruan et al., 2014) undergo 
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senescence following oxidant (H2O2) damage. Notably, exposure to UV as part of 

photoageing increases ROS production in skin (Herrling et al., 2006), with 

melanocytes being more highly susceptible to ROS damage than fibroblasts and 

keratinocytes (Jenkins et al., 2011). Jenkins et al. (2010) elucidated a crucial 

feedback loop between p16 and ROS, where ROS upregulates p16 in skin cells, and 

knockdown of p16 causes increased oxidative DNA damage. Hence, it is clear that a 

strong correlation exists between oxidant damage, senescence and ageing. 

Despite species-specific differences, both p21 and p16 have strong causal links with 

ageing in human (Berry et al., 2017; Dungan et al., 2017; Kim et al., 2015) and murine 

(Choudhury et al., 2007; Baker et al., 2008; Baker et al., 2013) experimental models. 

For example, gene expression analysis indicated that p16 accumulates throughout 

the body in aged rodents, confirmed at the protein level in the islets, uterus and 

spleen (IHC, Krishnamurthy et al., 2004). Of further relevance is the fervent 

association between increased skin ageing and p16+ve (Waaijer et al., 2012) and SA-

βGAL+ve (Dimri et al., 1996; Ressler et al., 2006) cell accumulation.  

The mechanisms underpinning cellular senescence in the context of cancer are well 

understood, yet causal roles for senescence in driving age-related pathology have 

only recently been discovered. In one example, Baker et al. (2011) directly 

demonstrated the effects of p16+ve cell eradication on age-related disease. Here, 

following constitutive expression of the checkpoint protein BubR1, hallmark 

features of premature ageing (e.g. cataracts and sarcopenia) were alleviated by 

p16+ve cell eradication. The CDKIs may also promote assisted cell cycling by 

extending cell lifespan following accumulated age-related damage (van Deursen, 

2014). Overall, it is unsurprisingly that a large body of literature pertains to the 

involvement of senescence in ageing onset and age-related disease progression (e.g. 

atherosclerosis, Erusalimsky & Kurz, 2005). 

3.1.3. Senescence in Diabetes 

Systematic approaches have validated that healthy ageing and T2DM are both 

characterised by a decrease in organismal complexity and increased inflammation 

(Spazzafumo et al., 2013). These data importantly highlighted that complexity 

reduces at an accelerated rate in diabetic patients, hence diabetes can be seen as a 

state of accelerated ageing (Prattichizzo et al., 2016). Further, serious diabetic 

comorbidities (renal and cardiovascular defects) are not only associated with 
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ageing, but are also observed in young diabetic patients (Harjutsalo et al., 2008; 

Vlassara & Striker, 2011). It is thus unsurprising that mechanisms involved in ageing 

(e.g. senescence and inflammaging) are now being explored in diabetes research. 

As aforementioned, senescent cells cause widespread disruption of normal tissue 

architecture, by virtue of their lack of function and their SASP (Coppe et al., 2010). 

Major SASP components, such as MMPs, cause matrix proteolysis (Khasigov et al., 

2001), while secretion of potent inflammatory mediators (e.g. TNF-α) triggers 

immune cell influx into tissues (Witte & Barbul, 1997). Indeed, there is growing 

epidemiological evidence suggesting that this heightened immune response, known 

as ‘sterile’ inflammation, contributes to many age-related pathological states 

(neurological, Bitto et al., 2010; cardiovascular, Erusalimsky & Kurz, 2005; 

Prattichizzo et al., 2016). 

Although complex, the onset of diabetes is typified by many autoimmune and 

inflammatory features. Likewise, obesity drives immune cell build-up (Schafer et al., 

2016), and may mediate insulin resistance and diabetic pathogenesis (Minamino et 

al., 2009; Spranger et al., 2003). For example, obese mice express many hallmark 

SASP factors, including monocyte chemoattractant protein 1 (Mcp-1, Sartipy & 

Loskutoff, 2003), macrophage (Mφ) inflammatory protein 1α (Mip-1α; Xu et al., 

2003) and Il-6 (Yoshimoto et al., 2013). Increased SASP components (MCP-1, IL-8; 

Coppe et al., 2008) are also observed in obese human subjects (Kim et al., 2006a; 

Utsal et al., 2012). Of note, removal of SASP factors, such as Tnf, protects obese mice 

from hyperglycaemia and insulinopenia (Uysal et al., 1997). 

Obesity itself is related to senescence, as obese mice have higher levels of SA-βGAL 

in their adipose tissue, and elevated p53 and p21 mRNA (Minamino et al., 2009). By 

contrast, caloric restriction (Masoro, 2006) and exercise (Schafer et al., 2016) 

reduce adipose tissue senescence in experimental models. Other areas found to be 

highly senescent in diabetes include the pancreatic β cells (greater p27, Uchida et 

al., 2005) and the aorta (greater SA-βGAL, Brodsky et al., 2003). Further, 

plasminogen activator inhibitor 1 (PAI-1), a marker of senescence, is upregulated in 

the plasma of non-insulin dependent diabetic patients (Juhan-Vague et al., 1989). 

A characteristic symptom of diabetes is hyperglycaemia, caused by insulin 

resistance or insulinopenia (Stumvoll et al., 2005). High glucose in in vitro systems 

directs premature senescence in multiple cell types, causing accelerated growth that 
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leads to advanced replicative exhaustion (Maeda et al., 2015; Yokoi et al., 2006). 

Hyperglycaemia also promotes AGE production (Coughlan et al., 2011). In the food 

industry, AGEs are produced to improve food bioavailability and taste by rapid high 

temperature protocols (O’Brien & Morrissey, 1989). Yet, within the body, AGE 

formation is a drawn-out process due to lower temperatures and lower glucose 

availability. AGEs are thus a distinctive feature of advanced lifespan (Ott et al., 2014).  

AGEs contribute to many age-related comorbidities, such as reduced tissue elasticity 

(Badenhorst et al., 2003) and inflammation (Uribarri et al., 2007). They cause 

widespread cellular damage (through protein cross-linking and ROS, Van Puyvelde 

et al., 2014), further contributing to the patho-biochemistry of many diabetic 

complications, including neuropathy (Sheetz & King, 2002). AGEs are a feature of 

replicative senescence, where accelerated replication leads to build-up of oxidised 

proteins (in human fibroblasts, Sitte et al., 2000). Similarly, AGEs can directly 

potentiate senescence as AGE treatment induces cellular senescence in cardiac 

fibroblasts (SA-βGAL staining, Fang et al., 2016). As a result, senescence can be seen 

as an outcome and driver of the diabetic condition.  

3.1.4. Macrophages and Senescence 

Many SASP factors found in diabetes attract Mφs (e.g. MCP-1; Coppe et al., 2008), 

thus Mφs are major components of metainflammation, and contribute to diabetic 

pathogenesis and senescence induction. Indeed, fundamental roles for Mφs in 

mediating metabolically driven metainflammation have been elucidated, with many 

Mφ-specific cytokines forming part of the SASP (Kamei et al., 2006; Prattichizzo et 

al., 2018; Xu et al., 2003). Mφs, which differentiate from peripheral blood 

monocytes, are important tissue resident phagocytes that perform crucial 

regulatory functions in innate and adaptive immunity (Mosser & Edwards, 2008). 

As the SASP consists of many pro-inflammatory mediators (e.g. IL-6, TNF-α, IL-8; 

Coppe et al., 2008; Freund et al. 2010) known to act on classical Mφ receptors (e.g. 

CXCR1, CXCR2, CX3CR1, reviewed in Sagiv & Krizhanovsky, 2013), the SASP not only 

promotes Mφ influx, but selects for the anti-tumour, pro-inflammatory M1 

phenotype (Mosser & Edwards, 2008). This has been demonstrated previously, 

where senescent (p53-expressing) hepatic stellate cells produced M1-stimulants in 

their SASP (e.g. IFN-y and IL-6), and non-senescent (non-p53 expressing) hepatic 

stellate cells produced M2-stimuli (e.g. IL-4; Lujambio et al., 2013). The SASP may 
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also contain granulocyte-Mφ colony-stimulating factor and granulocyte colony-

stimulating factor (Freund et al., 2010), therefore initiating monocyte recruitment 

to target tissues (Mosser & Edwards, 2008). 

Mφ migratory inhibitory factor (MIF, first coined independently by Bloom & 

Bennett, 1966 and David, 1966), is an evolutionarily conserved cytokine that 

amplifies inflammation (Lue et al., 2002), and is heavily linked to wound repair 

(Hardman et al., 2005). MIF is secreted as part of the SASP, and can induce CXCR2-

dependent monocyte chemotaxis in senescent environments (Bernhagen et al., 

2007). Intriguingly, MIF promotes insulin secretion by pancreatic β cells, and 

potentiates T2DM by reducing glucose uptake and increasing insulin resistance in 

target tissues (reviewed in Toso et al., 2008). Further, Mif -/- Ldlr (low density 

lipoprotein receptor) -/- mice show lower fasting glucose, reduced insulin levels and 

dampened inflammation compared to controls (Verschuren et al., 2009).  

The SASP is facilitated by a number of important immune response-regulating 

transcription factors, such as NF-ĸB. For example, the early SASP includes 

production of IL-1α, which acts on its receptor, IL-1R, therefore initiating a 

signalling cascade that activates NF-ĸB (Orjalo et al., 2009). Stimulation of NF-ĸB 

and partner cascades (e.g. ccaat-enhancer-binding proteins) subsequently 

promotes inflammatory cytokine transcription and drives sustained senescence 

(Salminen & Kaarniranta, 2011). Additionally, multiple authors have shown that 

induction of senescence leads to activation of NF-ĸB gene sets (as determined by 

gene ontology analysis, Kuilman et al., 2010; Lujambio et al., 2013), while p53 and 

NF-ĸB are also linked in coregulatory (in Mφs, Lowe et al., 2014) and antagonistic 

(in HeLa cells, Huang et al., 2007) manners. 

The inflammatory phenotype driven by the SASP can promote many chronic 

inflammatory disorders, but also contributes to senescent cell clearance. For 

instance, the pro-inflammatory environment attracts natural killer (NK) cells, 

neutrophils, T cells, and of course, Mφs (reviewed in Oishi & Manabe, 2016). 

Previously, Xue et al. (2007) demonstrated a key role for NK cells in removing 

senescent hepatoblasts. In fact, NK cells recognised and eliminated senescent 

hepatic stellate cells in a model of CCL4-induced liver fibrosis (Krizhanovsky et al., 

2008), and relieved senescence in chronic pancreatis (in rats, Fitzner et al., 2012) 

and multiple myeloma cells (Soriani et al., 2009). Therefore, despite its detrimental 
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effects in driving inflammation, it is likely that the SASP fundamentally evolved to 

govern cancer and senescence by virtue of immune cell clearance. Indeed, the SASP 

will be discussed in the context of its role in wound repair in this chapter.  

3.1.4.1. Chemokines and Their Receptors 

Chemokines, which form part of the SASP, are cellular signalling molecules most 

widely recognised for their potent chemoattractant abilities (reviewed in Sokol & 

Luster, 2015). Consequently, chemokine receptors exist to modulate cell 

communication and cellular influx into tissues. In wound healing, chemokines from 

wound Mφs, fibroblasts and keratinocytes send out signals to attract other cells to 

the site of injury, triggering the wound repair response (reviewed in Ridiandries et 

al., 2018). Thus, chemokine signalling is vital to allow optimal innate and adaptive 

immune function and tissue repair. 

Chemokines are relatively small proteins with highly conserved sequences, hence 

similarity is found between mouse and human cytokine analogues. There are four 

main classes of chemokines: XC (1 member), CXC (17 members), CXC3 (1 member) 

and CC (28 members), based on the pattern of their cysteine (C) residues (Kelner et 

al., 1994; Miller & Mayo, 2017). Chemokines signal through g-protein coupled 

receptors (GPCRs) and atypical chemokine receptors (reviewed in Vacchini et al., 

2016). Intriguingly, chemokine receptors display complex networks of interactions, 

with differential affinity and promiscuity for the 50 endogenous chemokines 

(summarised in Figure 3.4). For example, CCR2 is stimulated by CCL2, CCL7, CCL8, 

CCL11, CCL13 and CCL16, while CCR9 is only activated by CCL25 (Zweemer et al., 

2014). When chemokines bind to their associated cell surface receptor, this causes 

a conformational change in the GPCR and the Gα subunit dissociates and interacts 

with an effector (e.g. phospholipase C). Effector interaction then initiates secondary 

messenger cascades (e.g. Ca2+ and cyclic AMP) that actuate downstream signalling 

pathways (e.g. PKB and PKC). GPCR signalling subsides when g-protein receptor 

kinase phosphorylates the GPCR and stimulates β-arrestin binding, ultimately 

leading to receptor internalisation and degradation (Hanlon & Andrew, 2015).  

Within the bone marrow, CXCL12 is required to maintain the haematopoietic stem 

cell population, and primes stem cell development into different immune cell 

lineages (Arthur et al., 2016; Sugiyama et al., 2006). Maturation of the progenitor 

cells then ensues when CXCL12/CXCR4 signalling is downregulated. Expression of 
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chemokine receptors determines the function and fate of immune cells in the 

peripheral blood. Indeed, pro-inflammatory (Ccr2+ve) and anti-inflammatory 

(Cx3cr1+ve) murine monocytes are characterised by their receptors (Ingersoll et al., 

2011). Subsequent differentiation of monocytes into Mφs is dependent on 

chemokine signals from the local tissue microenvironment (Martinez et al., 2006), 

while polarised Mφs retain distinct chemokine expression profiles. M1 Mφs express 

CXCL9 and CXCL10 and M2 Mφs express CCL17, CCL18, CCL22 and CCL24, among 

others (Shapouri-Moghaddam et al., 2018). 

Interestingly, chemokines can be solubilised in the extracellular space, or bind to 

matrix proteins (e.g. GAGs) to form a gradient of chemical signalling (Monneau et al., 

2016; Sarris et al., 2012). For example, CXCL12α has been shown to bind to heparin 

sulphate to promote myoblast adhesion and migration (Thakar et al., 2017). Of note, 

proteins such as TNF-inducible gene 6 can inhibit chemokine-GAG interactions 

(Dyer et al., 2016), and chemokines can be cleaved by proteases (Denney et al., 

2009). Therefore, it is clear that the chemokinome is a complex, extensive network 

of ligands that remains vital for cellular communication. As chemokines are heavily 

influenced by the local milieu and stroma, their roles in tissue repair, infection and 

pathology are of wide interest. The therapeutic development of chemokine 

receptor-targeted pharmaceuticals further highlights their clinical importance (Roy 

et al., 2017). Intriguingly, the role of chemokine receptor signalling in wound healing 

pathology and senescence remains understudied. Current knowledge of chemokine 

receptor expression in wound cells is provided in Figure 3.5. 

3.1.5. Senescence in Wound Repair 

Historically, senescence has been described as a stochastic chronic mechanism 

related to pathology and ageing. However, a small number of studies have shown 

that transient senescence, and an associated short-lived SASP, is useful in the tissue 

repair environment. Krizhanovsky et al. (2008) demonstrated a role for senescence 

knockdown (e.g. p53-/-) in attenuating CCL4-induced liver fibrosis. More recently, 

Jun & Lau (2010) revealed senescence induction in fibroblasts following skin injury. 

Here, the matricellular adhesion protein CCN1 was crucial for fibroblast senescence, 

acting through nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 to 

increase intracellular ROS. Intriguingly, as senescent cells produce ECM degrading 
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proteases, the presence of Ccn1 (Jun & Lau, 2010) and Ccn2 (Jun & Lau, 2017) 

protects against fibrosis following murine skin injury. 

 

Figure 3.4. Classical chemokine receptor interactions. The major typical chemokine receptors 
matched to their ligands in a network (red tiles). Data obtained from Hughes & Nibbs (2018) and 
Zweemer et al. (2014). Atypical receptors are not shown. * = linked to wound healing (Bünemann et 
al., 2018; Ridiandries et al., 2018). # = linked to senescence (Acosta et al., 2008; Dulkys et al., 2004; 
Sagiv & Krizhanovsky, 2013). Image produced by the author (HNW). 

 

Generation of the p16-3MR mouse, in which p16+ve cells can be detected and 

eliminated by the drug ganciclovir (GCV), allowed Demaria and colleagues (Demaria 

et al., 2014) to elucidate the temporal dynamics of senescent cells during wound 

healing, and determine how senescent cell attenuation contributes to wound repair. 

Here, eliminating p16+ve and p21+ve cells (using a murine p16/p21 double knockout, 

DKO) led to delayed wound healing. However, removing p16+ve or p21+ve cells 
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individually did not significantly reduce senescence or alter wound healing. Further, 

the authors deduced that the wound senescent cells were of mesenchymal origin 

(e.g. likely fibroblasts), producing Pdgfa as part of their SASP, an important growth 

factor for myofibroblast differentiation and wound resolution. 

Although already discussed for their role in pathogenesis and the SASP, Mφs are 

important facilitators of multiple aspects of wound repair, including granulation, 

angiogenesis and tissue remodelling (reviewed in Koh & Dipietro, 2011). Mφs 

switch from a pro-inflammatory (M1-like) state to a pro-healing (M2-like) state to 

aid wound resolution (Lucas et al., 2010). In delayed healing, such as diabetes, a 

heightened pro-inflammatory Mφ response is observed (Bannon et al., 2013; 

Khanna et al., 2010). It follows that Mφs are strong candidates for involvement in 

the senescence aspect of cutaneous repair. 

 

Figure 3.5. Chemokine receptor expression in wound-relevant cell types. Expression of 
chemokine receptors in major wound-relevant cells. Platelets (Chatterjee et al., 2015; Mancuso & 
Santagostino, 2017), neutrophils (Hughes & Nibbs, 2018), macrophages (Hughes & Nibbs, 2018; 
Sokol & Luster, 2015), endothelial cells (Bünemann et al., 2018), keratinocytes (Bünemann et al., 
2018) and fibroblasts (Bünemann et al., 2018; Hughes & Nibbs, 2018). Produced by the author (HNW). 
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3.2. Chapter Aims 

It was hypothesised that senescence plays an important role in the delayed healing 

phenotype observed in diabetes. The specific aims of this chapter were to: 

1) Characterise the expression of hallmark senescence biomarkers in skin and 

wounds from murine models of normal (young and non-diabetic) and delayed 

(aged and diabetic) healing. Mφs play a crucial role in mediating senescence in 

multiple tissue types, thus diabetic Mφs were also screened for specific SASP 

components (e.g. Cxcl2).  

2) Explore the phenotypic cellular effects of senescence. As Demaria et al. 

(2014) established that wound senescent cells were mesenchymal; the 

subsequent role of the diabetic Mφ SASP in mediating fibroblast senescence was 

established using HDFs.  

3) Evaluate the translational relevance of this research. Here, an explicated 

diabetic SASP receptor (CXCR2) was blocked in vitro, during ex vivo human 

wound repair, and in Db murine wounds in vivo.  

4) Determine how p21 attrition influences wound healing. Attenuation of the 

senescence markers p16 and p21 leads to delayed murine wound repair in vivo 

(Demaria et al., 2014). Hence, a p21-/- mouse model was used to determine the 

role of p21 in the inflammatory and proliferative aspects of wound healing.   
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3.3. Materials and Methods 

3.3.1. Animal Experiments 

Senescence was first assessed in skin and wound tissue from normal (young) and 

pathological (aged and diabetic) murine models (n = 6 per group, Section 2.1). 

Female p21−/− mice (Cdkn1a<tm1Led>/J) were obtained from the Jackson 

Laboratory (#016565) and maintained on a C57BL/6J background (as in Yosef et al., 

2017). Experiments with p21-/- mice and WT controls (C57BL/6J) were performed 

at The Weizmann Institute of Science (Israel; n = 5 per group). For CXCR2 receptor 

antagonist experiments, Db mice were split into vehicle and treatment groups (n = 

6) and excisional wounds created to the dorsum of each mouse. Treatments were 

administered via subcutaneous injection at the wound site every 2 days, with 

wounds collected at day 7 post-injury (illustrated in Figure 3.4). Wounding 

procedures and tissue collection are described in Section 2.1.  

3.3.2. Histological Analysis 

Masson’s Trichrome staining was used to measure wound width, wound area and 

percentage re-epithelialisation of wounds, while IHC assessed the cellular aspects of 

wound healing. Immune cell influx was measured via Mac3 (Mφ) and Ly6-G 

(neutrophil) staining of granulation tissue. Mφ polarisation was determining via 

nitric oxide synthase 2 (Nos-2; M1-polarisation) and Arginase 1 (M2-polarisation) 

staining of p21-/- wound tissue. Matrix remodelling was evaluated via picrosirius red 

staining. Cellular proliferation was measured via counting Ki67+ve cells in the 

granulation tissue and neo-epidermis of p21-/- wounds. Levels of Mif, α-Sma 

(fibroblast differentiation) and Pdgfa (SASP factor) were also determined in p21-/- 

mice. Tissue senescence was established via measuring SA-βGAL positive cells from 

OCT (optimum cutting temperature medium) sections (as in Krizhanovsky et al., 

2008). As p16 and p21 are widely used markers of senescence, 

immunohistochemistry elucidated p16 and p21 changes in skin and wounds. 

3.3.2.1. Image Analysis 

Images were taken at x4 (Masson’s Trichrome staining) and x20 magnification (all 

other histological staining) and analysed using Image Pro-Plus v.6.2.0 (Media 
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Cybernetics, Finchampstead, UK) as in Section 2.4.9. Statistical analysis was 

performed as in Section 2.9. 

 
Figure 3.6. Design of Cxcr2 antagonist experiments for diabetic wounds. Excisional wounds 
were created on the dorsum of female, diabetic mice (8 weeks old). Mice were wounded and treated 
with vehicle (0.1% DMSO in DPBS) or antagonist (1mg/Kg SB265610 in vehicle) via wound bed 
injection. Treatments were administered every 2 days and wounds were collected at day 7 (D7) post-
injury. Figure produced by the author (HNW). 

 

3.3.3. SASP Conditioning Experiments 

NDb and Db Mφs were isolated from bone marrow (n = 5 mice), differentiated and 

cultured as described in Section 2.6.9. Stimulation media was aspirated and 

replaced with fresh serum-free DMEM. Mφs were cultured for a further 48 hours 

and conditioned media (CM) was collected and sterile-filtered (through a 0.2 µm 

filter, Merck-Millipore) for conditioning experiments. RNA was extracted from the 

Mφs to determine senescence profiles (Cdkn1a and Cdkn2a mRNA), polarisation 

state (Nos2 and Ym1 mRNA) and ligand/receptor expression (Cxcl1, Cxcl2 and Cxcr2 

mRNA). Mφs were also stained for senescence (p16 and p21) and polarisation (Nos-

2 and Arginase-1) markers via immunocytochemistry (ICC). 

Young (>50) and aged (<80) primary human dermal fibroblasts (HDFs) were 

isolated (n = 3 per group; Section 2.3.2). HDFs were treated with Mφ CM for 24 

hours at 37ᵒC and 5% CO2 and collected for RNA. Data is presented as heatmaps, 

produced in GraphPad Prism v.7.0 (GraphPad Software Inc, California, US). 

3.3.3.1 Characterising the Diabetic Macrophage Secretome 

A Proteome Profiler Mouse Cytokine Array Kit (R&D systems, Abingdon, UK) was 

used to assess cytokine profiles of NDb and Db Mφ CM. Films were developed and 
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integrated density analysis performed in ImageJ v.1.8 (as for western blot, Section 

2.6.7.6). As antibody array profiling does not elucidate changes in protease activity, 

gelatin zymogram analysis was used for this purpose (Section 2.8.7.2.3). 

Zymography gels were repeated in four independent experiments. MMP-2 activity 

was determined using densitometric analysis (ImageJ v.1.8) and ratios taken 

relative to the control group (NDb, non-polarised CM). 

3.3.4. Transfection 

HDFs were transfected with a control plasmid (pUNO1-mcs), or CXCL2-containing 

plasmid (pUNO1-CXCL2; both InvivoGen, Toulouse, France), which was amplified 

via bacterial transformation and purification (described in Section 2.6.8). Optimum 

concentrations of plasmid DNA and Lipofectamine® 3000 reagent (Thermo Fisher 

Scientific) were determined via counting YFP+ve cells (on the Livecyte™, Section 

2.6.10). Optimisation is shown in Table 3.1.  

To ascertain whether CXCL2 transfection led to potentiation of a CXCL2-driven SASP 

and induction of p21, transfected cells were collected 2 days and 6 days post-

transfection. ICC, qRT-PCR and gelatin zymography was performed as described 

above. HDF CM was profiled with a Proteome Profiler Human Cytokine Array Kit 

(Biotechne) following manufacturer’s instructions. 

3.3.5. Scratch Analysis 

To determine how CXCR2 blockade affects in vitro keratinocyte migration, the 

CXCR2 antagonist, SB265610 (Biotechne), was used at 100 nM concentration, along 

with the CXCR2 ligands, CXCL1 and CXCL2 (30 ng/mL). Confluent monolayers of 

HaCaTs (obtained from AddexBio, San Diego, UK) were scratched, treated, and 

incubated at 5% CO2 and 37°C for eight hours.  

Scratch assays were also performed at 24 hours, with SB265610 used in conjunction 

with the CXCR2 ligands, CXCL1 and CXCL2 (described in Table 3.2). This allowed 

determination of the effects of combinatorial ligand treatment, while elucidating the 

specificity of the CXCR2 antagonist. 

3.3.6. Human Wounding Experiments 

The effects of CXCR2 antagonist were next determined in ex vivo human wound 

biopsies (Section 2.3.1). Treatments (100 nM SB265610 and a DMSO vehicle 

control) were applied topically to each wound. Wounds were cultured for 24 hours 
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at 37ᵒC and 5% CO2. Epidermal wound closure (KRT14 IHC) and epidermal basal 

cell proliferation (Ki67 IHC) were measured. Later stage wound healing was also 

assessed (3 days post-injury), including the treatments described in Table 3.2. 

Epidermal repair was measured via KRT14 and KRT6 IHC.  

Table 3.1. Optimisation of transfection efficiencies using Lipofectamine® 

3000 reagent and yellow fluorescent protein plasmid DNA.  

Time 
Lipofectamine® 

3000 
DNA 

Positive 

cells 

Negative 

cells 

Transfection 

Efficiency (%) 

6hr 0.75 µL 0.25 ng 0 419 0 

6hr 0.75 µL 0.5 µg 18 504 3.448275862 

6hr 0.75 µL 1 µg 34 386 8.095238095 

6hr 1.5 µL 0.25 ng 34 244 12.23021583 

6hr 1.5 µL 0.5 µg 44 552 7.382550336 

6hr 1.5 µL 1 µg 65 341 16.00985222 

6hr 1.5 µL 2 µg 39 345 10.15625 
 
3.3.7. RT2 Profiler PCR Arrays 

PCR arrays were performed on vehicle-treated and SB265610-treated Db wounds. 

RNA was isolated and reverse transcribed into cDNA as described in Section 2.7. 

cDNA was diluted 100-fold and added to RT2 Profiler PCR Array (Qiagen) plates with 

2X Takyon SYBR mastermix (Eurogentec). qRT-PCR was performed and data was 

analysed using CFX Manager™ software (Bio-Rad Laboratories). 

Table 3.2. Treatments used for in vitro and ex vivo human wound experiments. 

Treatment Group Concentration 

DMSO 0.1% (v/v) 

CXCL1 30 ng/mL 

CXCL2 30 ng/mL 

CXCL1 & CXCL2 15 ng/mL & 15 ng/mL 

SB265610 100 nM 

CXCL1 & SB265610 30 ng/mL & 100 nM 

CXCL2 & SB265610 30 ng/mL & 100 nM 

CXCL1 & CXCL2 & SB265610 15 ng/mL & 15 ng/mL & 100 nM 
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3.4. Results 

3.4.1. Senescent cell accumulation in skin pathology. 

To quantify differences in senescent cell numbers between normal (young) and 

pathological (Db and aged) skin, SA-βGAL staining was performed (Figure 3.7A-D). 

The greatest number of SA-βGAL+ve cells was found in aged epidermis (P < 0.001), 

aged dermis (P < 0.001) and aged hair follicles (P < 0.01), compared to young. 

Interestingly, a trend towards increased dermal SA-βGAL was observed in Db tissue, 

approaching significance in dermis (P = 0.06). 

 
 
Figure 3.7. Profiling SA-βGAL in uninjured skin from normal and pathological murine wound 
models. Senescence-associated beta galactosidase (SA-βGAL) staining demonstrates increased 
senescent cells (blue) in epidermis (A), dermis (B) and hair follicles (C) of aged skin. Representative 
images of SA-βGAL+ve epidermal cells (black arrows), dermal cells (red arrows) and hair follicle cells 
(green arrows) are shown in D with a neutral red counterstain. n = 5-6 animals per group. Data 
represent mean + SEM. Bar = 100 µm. Db = diabetic. ** = P < 0.01, *** = P < 0.001 One-way ANOVA 
with Dunnett’s correction for multiple hypotheses (versus young). 

 

To further characterise the senescence in Db and aged skin, IHC was performed 

using the well-documented CDKIs, p16 and p21. In agreement with SA-βGAL 

staining, significantly more p16+ve cells were observed in aged dermis (P < 0.001; 

Figure 3.8A, D), with a trend towards induction of p16+ve cells in aged hair follicles 

(Figure 3.8B, D). Ageing also led to heightened accumulation of p21+ve dermal cells 

(Figure 3.8C-D; P < 0.05). Interestingly, little increase in p16+ve or p21+ve cells was 

observed in unwounded Db skin. 
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Figure 3.8. Profiling p16 and p21 in uninjured skin from normal and pathological murine 
wound models. Immunohistochemistry (IHC) illustrates increased p16+ve (dermal, A; hair follicle, 
B), and p21+ve (dermal, C) cells in aged skin (compared to young). IHC images depict p16+ve and p21+ve 
cells (brown red) by black arrows (D; n = 5-6 mice per group). Db = diabetic. Mean + SEM. Bar = 100 
µm. ** = P < 0.01. One-way ANOVA with Dunnett’s correction for multiple hypotheses (versus young). 

 

3.4.2. Planimetric and cellular analysis confirms delayed wound healing 

in pathological models. 

Aged and Db mice are widely used models of pathological repair (Ashcroft et al., 

1997; reviewed in Ansell et al., 2012). To confirm that the mice used in this study 

demonstrated pathological healing, wound closure at day 7 (D7) post-injury was 

assessed via histology and compared to normal healing controls. Masson’s 

Trichrome staining confirmed delayed healing in the aged (Figure 3.9) and Db 

(Figure 3.10) mouse models. Wound area (aged, P < 0.05; Db, P < 0.01) and wound 

width (aged, P < 0.001; Db, P < 0.001) were significantly larger in the aged (Figure 
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3.9A-C) and Db (Figure 3.10A-C) wounds compared to young and NDb controls, 

respectively. Percentage epidermal closure was also significantly delayed (aged, P < 

0.001; Db, P < 0.05), with ageing (Figure 3.9D) and diabetes (Figure 3.10D).  

 

Figure 3.9. Confirmation of a delayed wound healing phenotype in aged mice. Masson’s 
Trichrome staining of young and aged (A) wounds (day 7 post-injury) demonstrates a delay in wound 
repair in the aged model. Black arrows depict wound edges. Wound area (B), wound width (C) and 
percentage epidermal closure (D) were measured. Bar = 500 µm. Collagen type I (COL I, red 
birefringence) content (E), assessed by picrosirius red staining (F), was significantly reduced in aged 
wounds. White bar = 100 µm. Immunohistochemistry shows increased neutrophils (G, I) and 
macrophages (H, I) in aged wounds. Black arrows = brown-red positive staining. Black bar = 50 µm. 
n = 6 mice per group. Mean + SEM. * = P < 0.05, ** = P < 0.01, two-tailed independent Student’s t tests. 
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Figure 3.10. Confirmation of the diabetic pathological wound healing phenotype. Diabetic (Db) 
and non-diabetic (NDb) wounds at day 7 post-injury were Masson’s Trichrome stained (A, bar = 500 
µm). Black arrows depict wound edges. Wound area (B) and wound width (C) were significantly 
larger in Db wounds, while percentage epidermal closure (D) was delayed. Db wounds displayed 
reduced collagen type I (COL I, red birefringence) content (E), as illustrated by picrosirius red 
staining (F, white bar = 100 µm). Neutrophil (G) and macrophage (H) wound cell counts and 
representative immunohistochemistry (I) are provided. Black arrows = brown-red positive staining. 
Bar = 50 µm. Mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. n = 4-6 mice per group. Two-
tailed independent Student’s t tests were performed on all data sets. 
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As wound healing progresses, ECM deposited early in repair (e.g. collagen type III) 

is gradually replaced by more permanent, late-stage matrix proteins (e.g. collagen 

type I; Martin & Nunan, 2015). Picrosirius red staining was used to measure matrix 

maturation. Here, aged (P < 0.05; Figures 3.9E-F) and Db (P < 0.05; 3.10E-F,) 

wounds displayed reduced orange-red birefringence (i.e. less collagen type I) than 

normal healing control wounds. 

Finally, the inflammatory status of the pathological wounds was confirmed via 

immunohistochemistry, giving an indication of wound resolution (Martin, 1997). 

Substantially greater wound site neutrophils (P < 0.05) and Mφs (P < 0.05) were 

observed in aged wounds compared to young (Figure 3.9G-I). Mφ infiltration was 

significantly elevated in Db wounds compared to NDb (P < 0.01; Figure 3.10H-I), 

while neutrophils displayed a trend towards increased levels in Db wounds. 

 
3.4.3. Injury-induced senescence is increased in pathological wounds. 

Significantly greater numbers of SA-βGAL+ve cells were visualised in aged (P < 0.05) 

and Db (P < 0.01) wounds (D7) compared to normal healing controls (Figure 3.11A-

C). Aged wounds presented similar levels of p16 (Figure 3.11D), but significantly 

more p21+ve cells (Figure 3.11F), to young wounds. Db wounds displayed a non-

significant trend towards increased p16 (Figure 3.11E) and p21 (Figure 3.11G) 

compared to NDb. Further, qRT-PCR profiling of skin (D0) and D7 wounds from 

young, Db and aged mice confirmed heightened senescence in aged skin (Figure 

3.12A-D) where Cdkn1a (P = 0.05), Cdkn1b (P < 0.05), Cdkn2a (P < 0.01) and Trp53 

(p53; P < 0.01) were all upregulated. Intriguingly, aged wounds displayed significant 

downregulation of the senescence markers, and no change in senescence was 

observed between young skin and wounds at the mRNA level. Of note, Db wounds 

exhibited significant induction of Cdkn1a (P < 0.05; Figure 3.12A), thus suggesting 

a potential link between diabetic wound senescence and p21. Together, these data 

demonstrate that: (a) senescent cells accumulate in delayed healing wounds and; 

(b) senescence is differentially affected by pathology. 
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Figure 3.11. Accumulation of senescent cells correlates with pathological wound healing. 
Senescence-associated beta galactosidase (SA-βGAL, blue, black arrows) staining comparing young 
and aged, and non-diabetic (NDb) and diabetic (Db), wounds at day 7 post-injury (A-C, n = 6 per 
group). Immunohistochemistry showing p16+ve cells (A, D-E) and p21+ve cells (A, F-G, n = 4-6 per 
group. Brown-red p16+ve and p21+ve cells = black arrows. Mean + SEM. Bar = 100 µm. * = P < 0.05, 
two-tailed, unpaired Student’s t tests. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Aged skin displays a senescent gene profile, while diabetic wounds show p21 
mRNA induction. qRT-PCR for senescent genes Cdkn1a (p21, A), Cdkn1b (p27, B), Cdkn2a (p16, C) 
and Trp53 (p53, D). All genes are upregulated in aged normal skin (D0). Cdkn1a is significantly 
induced in diabetic (Db) wounds at day 7 post-injury (D7). n = 3 mice per group. Data = mean + SEM. 
* = P < 0.05, ** = P < 0.01. Significance was determined via two-way ANOVA with Sidak’s correction. 
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3.4.4. Diabetic wound macrophages exhibit elevated senescence. 

Senescence is a known intrinsic ageing mechanism, but its role in diabetes has only 

recently been described (Palmer et al., 2015). Therefore, immunofluorescence of 

wound Mφs in combination with p16 was performed, revealing high levels of 

senescence in Db Mφs (60%) compared to NDb (P < 0.001; Figure 3.13). This novel 

finding led to further exploration of the Db Mφ senescent phenotype. 

Figure 3.13. Diabetic wound macrophages are highly senescent. Immunofluorescent staining (A) 
for p16 (senescence) and Mac3 (macrophages) demonstrates increased p16+ve macrophages in 
diabetic (Db) wounds (compared to non-Db, NDb; B). n = 5 mice per group. Bar = 20 µm. Data = mean 
+ SEM. *** = P < 0.001. Independent two-tailed Student’s t test. 

 

3.4.5. Diabetic macrophages possess a secretome which influences 

macrophage-fibroblast cross-talk. 

Since injury-induced senescence is dependent on pathology, and delayed wound 

healing is characterised by deleterious Mφ function (Bannon et al., 2013), Db Mφ 

senescence was next profiled to establish its SASP-related influence on the wound 

environment (summarised in Figure 3.14A). Here, CM was collected from polarised 

Mφs for SASP array profiling, while the Mφs were collected for SA-βGAL, ICC and 

qRT-PCR. Finally, CM was administered to primary HDFs to determine how Db Mφ 

SASP influenced fibroblast senescence induction (qRT-PCR). SA-βGAL staining 

revealed heightened senescence in Db Mφs, regardless of polarisation state (P < 

0.001; visualised in Figure 3.14B, quantified in Figure 3.14C). As expected, Db M1- 

(P < 0.05) and M2-stimulated (P < 0.001) Mφs presented increased Cdkn1a 

expression (Figure 3.14D), while M1-stimulated Db Mφs displayed elevated levels 

of Cdkn2a (P < 0.01, Figure 3.14E). Mφ polarisation was assessed using validated 

markers of polarisation (Nos2 and Ym1), where NDb Mφs more readily shifted to M1 

(P < 0.001) and M2 (P < 0.01) states than Db Mφs (Figure 3.14F-G). These data 

clearly demonstrate that Db Mφs are less responsive to polarisation and more 

senescent than NDb Mφs. 

M
ac
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Figure 3.14. Diabetic bone marrow-derived macrophages are intrinsically susceptible to 
senescence. A schematic of the experimental set-up for testing macrophage (Mφ) senescence and 
Mφ effects on the local environment (A). Non-stimulated (M0), or stimulated (M1 and M2) Mφs from 
non-diabetic (NDb) and diabetic (Db) mice were profiled via SA-βGAL staining, qRT-PCR and 
immunofluorescence (IF). Conditioned media (CM) was collected from Mφs 48 hours post-
stimulation and: a) profiled for cytokines (SASP array); or b) directly placed on human fibroblasts 
(young and aged, n = 3 donors per group). SA-βGAL demonstrates that Db Mφs are highly senescent 
(B, quantified in C). Bar = 50 µm. qRT-PCR further confirms the Db senescent phenotype with 
significantly higher levels of Cdkn1a (gene encoding p21, D) and Cdkn2a (p16) expression (E). Db 
Mφs are also less readily polarised to M1 (Nos2, F) and M2 (Ym1, G) states. n = 5 animals per group. 
Data = mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Significance determined via two-way 
ANOVA with Sidak’s correction (NDb versus Db). 
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ICC staining for M1 and M2 markers demonstrated similar effects, where lower Nos-

2 and Arginase-1 expression was apparent in Db Mφs (Figure 3.15A). Due to the 

observed differences in both polarisation state and p16 and p21 transcription, the 

cytokine profile of Mφ CM was characterised using antibody arrays. Here, a number 

of SASP-relevant soluble factors were elevated in the Db Mφ secretomes, in both 

M1- and M2-stimulated Mφs (Figure 3.15B-C). For visualisation purposes, the data 

are shown as fold changes (NDb versus Db). A number of cytokines and chemokines 

were upregulated in Db Mφ CM, including Cxcl1, Rantes, Cxcl2, Mip-1α, Tnf-α, Il-1ra 

and Timp-1, all now subsumed as SASP components (Chien et al., 2011). Fold 

changes below two-fold difference are displayed in a separate chart (Figure 3.16A). 

Individual fold changes (in descending order) are also provided for individual M1 

(Figure 3.16B) and M2 (Figure 3.16C) comparisons. 

Returning to the Db Mφs, qRT-PCR verified upregulation of Cxcl1 and Cxcl2 and 

Cxcr2 at the mRNA level (Figure 3.17A). Gelatin zymography was used to explore 

relative changes in protease activity. Here, increased activity of the key wound 

gelatinase, MMP-2, a key component of the SASP, was revealed in Db M0 and M2-

stimulated CM (compared to NDb, P < 0.05, Figure 3.17B). To confirm that Cxcl2 

(and Cxcl1 and Cxcr2) were Db-specific SASP factors linked to wound repair, 

transcriptional profiling of these chemokines was performed in normal skin (D0) 

and wounds (D7) from young and pathological (Db and aged) murine models. In 

concurrence with the Mφ data, Cxcl1 (P < 0.001), Cxcl2 (P < 0.05) and their common 

receptor, Cxcr2 (P < 0.05; Baggiolini, 2001), were all significantly elevated in Db 

wounds, but not in aged or young wounds (Figure 3.17C-E, respectively). 

Previously, Demaria et al. (2014) demonstrated that a mesenchymal SASP 

influenced fibroblast differentiation during wound repair. Given the reported 

similarities between mouse and human fibroblast SASP components (Coppe et al., 

2010), the influence of the Db murine Mφ SASP was investigated on human 

fibroblasts. Both young and aged HDFs were directly treated with Db (and NDb) CM 

and profiled with a panel of ECM (COL1A1, COL3A1, FN1), senescence (CDKN2A, 

CDKN1A, NFE2L2, SERPINE1) and SASP (PDGFA, CXCL1 and CXCL2) markers (Figure 

3.17F). Interestingly, both CXCL1 and CXCL2 were themselves induced in human 

fibroblasts treated with Db CM. Db Mφ SASP also indiscriminately upregulated 

levels of SERPINE1 (encoding PAI-1), a well-known marker of fibroblast senescence 



 

110 
 

(Kortlever et al., 2006), in young HDFs (P < 0.05). Significant elevations in SERPINE1 

in aged HDFs were only apparent following Db M1 CM treatment (P < 0.01).  

 

 

Figure 3.15. Diabetic macrophages produce a senescent secretome governed by Cxcr2. 
Immunofluorescence demonstrates reduced polarisation capacity of diabetic (Db) (A) compared to 
non-diabetic (NDb) macrophages (Mφs). Nos2 = Nos-2. Arg1 = Arginase-1. Bar = 20 µm. M1 = pro-
inflammatory. M2 = anti-inflammatory. Conditioned media (CM) was collected from NDb and Db M1 
and M2 Mφs and investigated via cytokine array (representative M2 blots, B). Quantification (C) 
depicting substantial differences in the listed cytokines (FC = fold change), of which the Cxcr2 ligands, 
Cxcl1 and Cxcl2, showed the most differential changes between NDb and Db Mφs. n = 5 animals per 
group. Cytokine arrays were repeated in two independent experiments. 
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Figure 3.16. Further profiling of the diabetic macrophage secretory phenotype. Cytokines 
demonstrating little to no fold change difference between non-diabetic (NDb) and diabetic (Db) 
macrophage (Mφ) conditioned media are shown in A. Individual fold change graphs for M1-
stimulated (B) and M2-stimulated (C) Mφs is also provided, in order of magnitude (descending, left 
to right). Key provided in legends. * = not expressed in the NDb condition. 
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Figure 3.17. Diabetic macrophages and wounds are enriched for a Cxcr2 secretome that alters 
fibroblast chemokine expression. qRT-PCR illustrates changes in Cxcl1, Cxcl2 and Cxcr2 (A) in 
diabetic (Db) macrophages (Mφs). A gelatin zymogram (B) demonstrates increased MMP-2 activity 
in diabetic (Db) M0 and M2-polarised cells (graphed below zymogram, compared to non-diabetic, 
NDb). n = 5 animals per group. qRT-PCR shows significant induction of Cxcl1 (C), Cxcl2 (D) and Cxcr2 
(E) in diabetic (Db) wounds at day 7 (D7) post-injury (compared to normal skin, D0). n = 3 mice per 
group. Conditioned media (CM) from non-diabetic (NDb) and diabetic (Db) Mφs was added to 
cultured young and aged human dermal fibroblasts (HDFs). Heatmaps display Db versus NDb fold 
change in genes (F). Values above 4-fold difference are coloured bright red, and below -4, bright blue. 
Db Mφ CM upregulates SERPINE1 (encoding PAI-1) and the chemokines, CXCL1 and CXCL2 in young 
and aged HDFs, respectively. n = 3 human donors per group. Mean + SEM. * = P < 0.05, ** = P < 0.01, 
*** = P < 0.001. Two-way ANOVA with Sidak’s correction (versus NDb or D0). 
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3.4.6. Ectopic expression of CXCL2 propagates a CXCL2-driven 

secretome that influences senescence in non-transfected fibroblasts. 

Signalling through Cxcr2 promoted senescence in MEFs (Acosta et al., 2008), while 

Db murine wounds (D7) and Mφs were characterised by heightened Cxcr2 and its 

ligands (Cxcl1 and Cxcl2). As Cxcl1/2-rich Db Mφ CM promotes CXCR2 ligand 

production and induction of SERPINE1 in HDFs, ectopic CXCL2 was next induced in 

HDFs. Briefly, HDFs were transfected with a CXCL2 expression plasmid and 

collected: a) 2 days post-transfection to determine the influence of transfected 

CXCL2 on cellular senescence and; b) 6 days post-transfection to establish whether 

transfected HDFs produce a CXCL2-rich SASP capable of potentiating CXCL2 

signalling and senescence to non-transfected HDFs.  

ICC was performed to measure CXCL2, confirming that HDFs treated with CXCL2 

plasmid exhibited significantly higher CXCL2 levels at day 2 (D2, P < 0.05) and day 

6 (D6, P < 0.001) post-transfection (Figure 3.18A-B). CXCL2-transfected cells at D6 

showed high levels of p21 nuclear localisation (P < 0.001; Figure 3.18DC-D). 

Further, the percentage of YFP+ve cells (positive control) did not rise between D2 

and D6 post-transfection (Figure 3.18E), confirming that ectopic expression of 

CXCL2, and not transfection itself, potentiates CXCL2 signalling in HDFs. Senescence 

induction was further confirmed via p16 ICC (Figure 3.18F-G) and staining for SA-

βGAL (Figure 3.18H-I). Here, p16 expression was significantly elevated in the 

CXCL2 transfection group at D6 (P < 0.001), while SA-βGAL+ve cells were increased 

following CXCL2 transfection (P < 0.001). Together, these data confirm that CXCL2 

induction drives senescence in HDFs. 

CM was collected and evaluated via antibody arrays to profile HDF SASP. 

Intriguingly, CXCL2-exposed cells upregulated multiple SASP cytokines (Coppe et 

al., 2011), including MIF, IL-6, IL-8, CXCL1, CXCL12 and PAI-1 (Figure 3.19A-B). 

MMP2 activity was higher in CXCL2-exposed HDFs at both D2 and D6, compared to 

non-exposed HDFs (P < 0.05; Figure 3.19C), with higher MMP2 activity in CXCL2-

exposed cells at D6 than at D2 (P < 0.05). Finally, qRT-PCR revealed upregulation of 

MMP2 (P < 0.05) and COL3A1 (P < 0.01) in CXCL2-exposed HDFs (Figure 3.19D). 
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Figure 3.18. Ectopic CXCL2 induction promotes senescence in primary human dermal 
fibroblasts. Primary human dermal fibroblasts (HDFs) transfected with a control plasmid and 
CXCL2-containing plasmid were collected at day 2 (D2) and day 6 (D6) post-transfection. 
Immunocytochemistry reveals increased CXCL2 expression in CXCL2-transfected HDFs at D2 and D6 
(A-B). Nuclear p21 staining is elevated at D6 post-transfection in the CXCL2 treatment group (C-D). 
YFP+ve cells were counted for transfection efficiency (E). CXCL2-transfected HDFs also have higher 
p16 staining (F-G) and senescence-associated beta galactosidase (SA-βGAL; H-I). CTCF = corrected 
total cell fluorescence. Bar = 50 µm. n = 3 donors. Mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 
0.001. Significance determined via independent two-tailed Student’s t tests. 
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Figure 3.19. CXCL2-expressing human dermal fibroblasts exhibit upregulation of established 
senescence-linked cytokines and proteases. Antibody cytokine arrays were performed on 
conditioned media from control and CXCL2 transfected human dermal fibroblasts (HDFs) at 2 days 
(D2) and 6 days post-transfection (representative blot, A; quantified, B). FC= fold change. Gelatin 
zymography elucidates changes in MMP-2 expression (C; representative gel, top panel; 
quantification, bottom panel). HDFs were also collected to assess mRNA changes in MMP2, COL3A1 
and COL1A1 via qRT-PCR (D). n = 3 donors. Data show mean + SEM. * = P < 0.05; ** = P < 0.01. 
Significance determined via two-way ANOVA with Tukey post-hoc analysis. 

 

3.4.7. Human ex vivo wound healing is accelerated by blockade of the 

CXCR2 receptor. 

Increased secretion of CXCL2 is apparent in Db Mφs (Figure 3.15-3.17), induces 

senescence in HDFs (Figure 3.18), and exerts its effects through the CXCR2 receptor 

(Acosta et al., 2008). Thus, the next aim was to determine the translational wound 

healing relevance of blocking CXCR2 (using the antagonist, SB265610, Bradley et al., 

2009) in wound healing models in vitro (8 hours) and ex vivo (24 hours). HaCaT 

monolayers were scratched in vitro and percentage closure of scratch wounds was 

measured from a zero-hour control. Blockade of CXCR2 with SB265610 led to a 

significant (P < 0.05) improvement (>10%) in HaCaT scratch wound closure at 8 

hours (Figure 3.20A-B). 
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Treatment with the CXCR2 ligands, CXCL1 and CXCL2, led to a substantial delay in 

scratch wound closure during the same period (~15%, P < 0.01, Figure 3.20C-D). 

Early ex vivo wounding experiments corroborated these effects, where SB265610 

improved epidermal closure (Figure 3.20E-F; P < 0.05) and elevated epidermal 

basal cell proliferation in the epidermis adjacent to the wound (Figure 3.20G-H; P 

< 0.05) at 24 hours post-injury. Together, these data suggest that obstruction of 

signalling through the canonical senescence receptor, CXCR2, promotes early 

epidermal stages of healing. 

As CXCR2 blockade showed promising effects in early epidermal wound healing 

models, its efficacy, along with the activity of its ligands, CXCL1 and CXCL2, was next 

evaluated during a longer treatment period. In vitro, CXCL1 and CXCL2 significantly 

delayed HaCaT scratch wound closure at 24 hours (P < 0.05 and P < 0.01, 

respectively), while CXCR2 blockade (SB265610) significantly improved (P < 0.05) 

scratch wound repair (Figure 3.21A-B). The specificity of SB265610 was confirmed 

via co-treatment with CXCL1, CXCL2, or the two ligands in combination. Intriguingly, 

when the two ligands were used in combination, they retained their ability to 

significantly delay wound closure, even with the CXCR2 antagonist (P < 0.001). 

In human ex vivo wounds, SB265610 accelerated epidermal wound repair (~30%) 

at 3 days post-injury (P < 0.01). In the presence of SB265610, combinatorial ligand 

treatment (CXCL1 and CXCL2) still delayed epidermal wound closure (P < 0.05), 

while treatment with SB265610 and CXCL1 alone led to the same delayed effect (P 

< 0.05). Interestingly, when CXCL2 was used in combination with SB265610, the 

delayed healing phenotype was rescued (from ~40% with CXCL2 alone to ~80% 

with SB265610 co-treatment; Figure 3.22A-B). Thus, these data suggest SB265610 

to be more selective for CXCL2 than CXCL1 ex vivo. Finally, neo-epidermal 

proliferation (KRT6 staining, Figure 3.22A, C) was significantly impaired only in 

wounds co-treated with SB265610 and CXCL1 (P < 0.05), further suggesting that 

SB265610 retains reduced potency against CXCL1 than CXCL2. Together, these data 

clearly demonstrate that blocking the canonical senescence receptor, CXCR2, 

promotes human epidermal wound healing in vitro and ex vivo. 
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Figure 3.20. Classical signalling through CXCR2 delays early wound closure, while blocking of 
CXCR2 promotes in vitro and ex vivo keratinocyte migration. HaCaT keratinocytes were 
scratched in a confluent monolayer and treated with the CXCR2 ligands, CXCL1 and CXCL2. 
Representative Crystal Violet stained scratches (A, C). Original scratch = white dotted lines. At 8 
hours post-scratching, CXCL1 and CXCL2 significantly reduces migration (B). However, blocking the 
CXCR2 receptor with an antagonist (SB265610) accelerates keratinocyte migration (D). Bar = 250 
µm. Wounds were created in ex vivo human skin biopsies and treated with the CXCR2 antagonist, 
SB265610, for 24 hours. Representative keratin 14 immunohistochemistry (IHC; E) demonstrates an 
increase in epidermal migration following antagonist treatment (F; black arrows depict wound 
edges, migrating epidermis = red). Bar = 500 µm. Representative Ki67 IHC shows proliferating basal 
keratinocytes (black arrows, red-brown cells; G), increased following SB265610 treatment (H). Bar 
= 50 µm. n = 6 donors, n = 3 biopsies per donor, per treatment. Data = mean + SEM. * = P < 0.05, ** = 
P < 0.01. Significance was determined via one-way ANOVA and Dunnett’s post hoc (B, versus control) 
or independent two-tailed Student’s t tests (D, F, H).  

Control 

Control 

Control 

Control 
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Figure 3.21. Inhibition of CXCR2 signalling promotes HaCaT scratch migration. The CXCR2 
ligands, CXCL1 and CXCL2, impairs in vitro scratch wound closure (B, at 24 hours), while treatment 
with the CXCR2 antagonist, SB265610, accelerates scratch wound closure (representative of three 
independent experiments). Further, treatment with CXCL1 and CXCL2 independently with the CXCR2 
antagonist rescues the ligand-induced delay in HaCaT migration, yet SB265610 fails to improve 
HaCaT migration when both ligands are used in combination. Crystal Violet-stained scratches 
presented in A. Letters in A relate to treatments in B. White, dotted lines = original scratch. Bar = 250 
µm. Mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Independent two-tailed Student’s t tests 
compared the shown groups. 
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Figure 3.22. Human ex vivo wound repair is accelerated by blockade of CXCR2. Keratin 14 
(KRT14) staining (A and B) demonstrates increased epidermal wound closure after 3 days following 
CXCR2 antagonist (SB265610) treatment (arrows show wound edges, bar = 200 µm), whereas 
combined treatment with CXCL1 and CXCL2 delays healing. Combining SB265610 with CXCL2, but 
not CXCL1, rescues the delay in wound healing, but SB265610 does not rescue healing with 
combinatory ligand treatment. Letters in A relate to treatments in B. Keratin 6 staining (KRT6, A, 
right panels; bar = 50 µm), depicts increased neo-epidermal proliferation following SB265610 
treatment, inhibited by CXCL1 (B). Dotted lines = neo-epidermis. n = 3 donors per treatment. Data = 
mean + SEM. * = P < 0.05, ** = P < 0.01. Two-tailed, unpaired two-tailed Student’s t tests. 
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3.4.8. Blocking Cxcr2 promotes in vivo diabetic wound repair by 

reducing inflammation and senescence. 

As Db mice exhibit heightened Cxcr2, which is known to drive senescence, the effects 

of blocking Cxcr2 were next assessed during in vivo Db murine healing. Here, vehicle 

or SB265610 were administered subcutaneously to excisional wounds, which were 

collected at D7 post-injury (Figure 3.23). Interestingly, treatment with SB265610 

led to a significant reduction in histological wound width (P < 0.01; Figure 3.23A-

B) and wound area (P < 0.05; Figure 3.23A, C), but had no effect on re-

epithelialisation (Figure 3.23A, D). Characterisation of wound inflammation 

revealed significantly fewer neutrophils in antagonist-treated wounds (P < 0.05; 

Figure 3.23E, H). To determine whether the observed improvement in healing was 

due to reduced senescence, Db wound Mφs were stained with p16. Here, SB265610-

treated wounds exhibited significantly less p16+ve Mφs (P < 0.001; Figure 3.23G, I).  

Bone marrow derived Mφs from control-treated and SB265610-treated Db mice 

displayed no significant changes in polarisation (Nos2 and Ym1; Figure 3.24A, B) or 

levels of the senescence markers Cdkn1a, Cdkn1b or Trp53 (Figure 3.24C-E). Only 

Cdkn2a was differentially expressed in M0 and M2-polarised Mφs (Figure 3.24F). 

Thus, the effects of subcutaneous SB265610 administration appear localised to 

wound tissue Mφs. Overall, SB265610 improved Db murine healing by dampening 

inflammation and reducing Mφ senescence. 

 
3.4.9. Transcriptional analysis reveals an altered gene expression 

profile in SB265610-treated diabetic skin and wounds. 

To understand the effects of SB265610 treatment at the molecular level, 

transcriptional profiling (PCR array) was performed on skin and wounds from 

vehicle-treated and SB265610-treated Db mice. Treatments were injected into the 

wound site only, with normal skin collected from the dorsal region above the wound. 

Scatterplots depict changes in 84 genes analysed, with comparisons made between 

skin and wounds within and between treatment groups. Interestingly, SB265610-

treated skin showed upregulation of more genes than control skin (>1.5-fold change 

difference; Figure 3.25). 
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Figure 3.23. Blocking CXCR2 significantly improves diabetic wound healing in vivo. Diabetic 
wounds were treated with the CXCR2 antagonist, SB265610, or a vehicle control and collected at day 
7 post-injury (n = 6 per group). Haematoxylin and Eosin (A, bar = 500 µm) staining was used to 
quantify wound width (B) and area (C), which are significantly reduced following SB265610 
treatment. Arrows depict wound edges. Keratin 14 staining (D) reveals no changes in epidermal 
closure. SB265610-treated wounds have significantly reduced neutrophil infiltration (E). Although 
macrophage (Mφ) numbers are only modestly reduced (F), SB265610 treatment significantly 
reduces Mφ senescence (G). Representative immunohistochemistry (H) and immunofluorescence 
(I). Bars = 50 µm. Arrows depict positively stained cells. Mac3 = Mφs. p16 = senescence. Mean + SEM. 
* = P < 0.05, ** = P < 0.01, *** = P < 0.001. Unpaired two-tailed Student’s t tests. 
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Figure 3.24. Bone marrow-derived macrophages from SB265610-treated mice do not display 
aberrant polarisation or altered senescence marker expression. Diabetic bone marrow was 
collected from mice subcutaneously treated with a CXCR2 antagonist, SB265610, or a vehicle control 
(n = 6 per group). Macrophages (Mφs) were differentiated and polarised (M0, M1 and M2 states), 
and profiled via qRT-PCR. M1 (Nos2, A) and M2 (Ym1, B) polarisation is unaffected by SB265610 
treatment. Cdkn1a (C), Cdkn1b (D) and Tp53 (F) are unchanged with SB265610 treatment. Only M2 
polarised Mφs display altered Cdkn2a expression following SB265610 treatment (E). Data show 
mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA and Tukey post-hoc analysis. 

 
Alterations in transcriptional signatures were less apparent in SB265610-treated 

wounds than in skin (Figure 3.26). However, Ifn-y, Mif and Wnt Family Member 5A 

(Wnt5a) were significantly increased following SB265610 treatment (P < 0.05), 

while cathepsin g (Ctsg) was higher in vehicle-treated wounds (P < 0.05). As 

expected, substantial differences in gene upregulation were shown between skin 

and wounds from SB265610-treated (Figure 3.27) and control-treated (Figure 

3.28) Db mice. For example, wounding induced upregulation of the matrix-related 
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genes, Col1a1 (P < 0.01; P < 0.001), Col1a2 (P < 0.01; P < 0.001), Col3a1 (P < 0.01), 

Col5a1 (P < 0.01; P < 0.001), Col5a2 (P < 0.01), Mmp9 (P < 0.01) and Timp1 (P < 0.01) 

in the SB265610 group and control group, respectively. Higher transcription of the 

chemokines, Cxcl1 (P < 0.01) and Cxcl3 (P < 0.01), plasminogen activator, tissue 

(Plat; P < 0.01), plasminogen activator, urokinase receptor (Plaur; P < 0.001; P < 

0.05), and WNT1 inducible signalling pathway protein 1 (Wisp1; P < 0.01; P < 0.001), 

were also found in wounds. These data suggest there are high levels of specific 

inflammatory markers in skin from SB265610-treated mice, which could illustrate 

a compensatory mechanism for dampened wound-site inflammation. Similarly, it is 

difficult to discern the influence of transcriptional upregulation of a small number 

of inflammatory markers on wound repair. 

 
3.4.10. Elimination of p21-dependent senescence attenuates late-stage 

wound repair by inhibiting fibrogenesis. 

Previous authors have shown that wound-induced senescence is important for 

normal healing (Jun & Lau, 2010; Demaria et al., 2014). To assess the contribution 

of p21-driven senescence to wound healing, p21-/- mice (and controls) were 

wounded, and tissue collected on days that correlated with the inflammatory (D3) 

and proliferative (D7) stages of wound repair. Interestingly, lack of p21+ve cells did 

not impact on early stages of wound healing (D3; Figure 3.29). However, by D7, 

p21-/- wounds were significantly larger than control wounds (wound area, P < 0.05, 

Figure 3.29A, D; wound width, P = 0.07, Figure 3.29B, D) and failed to reach full 

epidermal closure (P < 0.05; Figure 3.29C, D). D7 p21-/- wounds displayed a 

substantially less mature wound matrix (red birefringence on picrosirius red 

staining) compared to WT controls (P < 0.001; Figure 3.29E-F).  
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Figure 3.25. Skin from SB265610-treated mice displays an altered gene expression profile to 
control skin. Diabetic skin was collected from the dorsum of treated mice at day 7 post-injury. 
Wounds were collected for RNA and profiled via qRT-PCR. Altered genes are shown in red (higher in 
SB265610 group) and green (higher in vehicle group). Threshold set to 1.5-fold change difference in 
expression. Black points = no change between vehicle and SB265610 groups. Table key below 
displaying genes, colour coded as graphed. Significance displayed as asterisks. * = P < 0.05, deduced 
via t tests. Data normalised to Actb, B2m, Gapdh, Gusb and Hsp90ab1. n = 3 mice per group. 
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Figure 3.26. Wound gene expression profiles are altered in diabetic mice following SB265610 
treatment. Diabetic wounds, treated with a vehicle control or SB265610, were collected at day 7 
post-injury for transcriptional profiling. Red = higher expression in the SB265610 group. Green = 
higher expression in the vehicle group. Threshold fold change in expression = 1.5. Black points = no 
change between groups. Table shows genes tested. Significance displayed as asterisks. * = P < 0.05, 
deduced via t tests. Data normalised to Actb, B2m, Gapdh, Gusb and Hsp90ab1. n = 3 mice per group. 
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Figure 3.27. Gene expression profiles comparing skin and wounds from SB265610-treated 
diabetic mice. Diabetic skin and wounds treated with SB265610 were collected at day 7 post-injury 
for qRT-PCR. n = 3 mice per group. Red = higher expression in SB265610 wounds. Green = higher 
expression in SB265610 skin. Threshold = 1.5-fold change in expression. Black points = no change 
between groups. Table shows genes tested, colour-coded as displayed in graph. Significance = 
asterisks. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, deduced via t tests, Data normalised to Actb, B2m, 
Gapdh, Gusb and Hsp90ab1.  
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Figure 3.28. Comparison of the gene expression profiles of skin and wounds from vehicle-
treated diabetic mice. Diabetic skin and wounds treated with a vehicle control were collected at 
day 7 post-injury for qRT-PCR. Red = higher expression in control wounds. Green = higher expression 
in control skin. Threshold = 1.5-fold change in expression. Black points = no change between groups. 
Table of genes tested. Significance shown as asterisks. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, 
deduced via t tests. Data normalised to Actb, B2m, Gapdh, Gusb and Hsp90ab1. n = 3 mice per group. 
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Figure 3.29. Attenuation of p21 leads to delayed healing during late-stage wound repair. 
Wound area (A) and wound width (B) are larger in p21-/- wounds at D7 (day 7) post-injury 
(compared to wild type, WT). Epidermal closure (% closure, C) is substantially impaired in D7 p21-/- 
wounds. Wounds were measured via Masson’s Trichrome staining (D). Arrows depict wound edges. 
Bar = 500 µm. Matrix deposition (E) was assessed by measuring red (mature) and green (immature) 
birefringence from picrosirius red staining (F, bar = 100 µm). n = 4-6 animals per group. Data show 
mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA with Sidak’s correction. 
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3.4.11. p21 attenuation alters inflammatory aspects of wound healing. 

Although neutrophil and Mφ wound infiltration was unaltered at D3 (Figure 3.30A-

C), by D7 post-injury p21-/- wounds contained significantly higher numbers of Mφs 

(P < 0.05; Figure 3.30B-C). As Mφ polarisation is an important determinant of 

wound repair (Campbell et al., 2014), with crucial roles in senescence (Mauer et al., 

2014), the levels of Nos-2 (M1) and Arginase-1 (M2) expression were measured in 

Mφs in p21-/- and WT wounds. No difference was observed in Arginase-1 at D3, 

while a slight reduction in Nos-2 was seen in p21-/- wounds (P < 0.05; Figure 3.31A-

C). By D7, a marginal rise in Nos-2 (Figure 3.31A, C) and a significant increase in 

Arginase-1 were observed in p21-/- wounds (Figure 3.31B-C; P < 0.05).  

 

 

 

Figure 3.30. Lack of p21 modulates wound immune cell composition. Infiltrating neutrophils 
(A) and macrophages (B) were measured in wild type (WT) and p21-/- wounds at D3 (day 3) and D7 
(day 7) post-injury. At D7, p21-/- wounds retain significantly more immune cells. Representative 
staining (C) demonstrates immune cells (brown-red, black arrows). Bar = 50 µm. n = 4-6 per group. 
Data show mean + SEM. * = P < 0.05. Two-way ANOVA with Sidak correction. 
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Figure 3.31. Macrophage polarisation is altered by p21 depletion. Macrophage polarisation was 
assessed in wound tissue from wild type (WT) and p21-/- mice at day 3 (D3) and day 7 (D7) post-
injury. Here, M1 (pro-inflammatory) cells are positive for Nos-2 (A) and M2 (anti-inflammatory cells) 
are positive for Arginase-1 (B). Representative images are provided in C, where black arrows depict 
positively-stained (brown-red) cells. Bar = 50 µm. n = 4-6 per group. Data show mean + SEM. * = P < 
0.05. Two-way ANOVA with Sidak’s post-hoc analysis. 

 
3.4.12. Removal of p21 heightens proliferation and induces an 

alternative senescence pathway. 

Excessive cellular proliferation (Ki67+ve cells) was apparent in the epidermis (P < 

0.05; Figure 3.32A, C) and granulation tissue (P = 0.06; Figure 3.32B-C) of D7 p21-

/- wounds. Further analysis also demonstrated impaired fibroblast differentiation 

(α-Sma, P < 0.05, Figure 3.32A, C) and a significant reduction in Pdgfa+ve cells (P < 

0.05, Figure 3.32B-C). α-Sma and Pdgfa are important in promoting fibroblast 

differentiation (Demaria et al., 2014), confirming that D7 p21-/- wounds lacked 

appropriate fibroblast function. D7 p21-/- wounds displayed increased levels of Mif 

in the granulation tissue (P < 0.05; Figure 3.33D, F), thus were less resolved than 

WT control wounds (Hardman et al., 2005). Intriguingly, p21-/- D7 wounds showed 

heightened p16+ve cell infiltration (P < 0.05; Figure 3.33E-F), suggesting that p21 

attenuation may induce a compensatory mechanism of senescence induction. 
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Figure 3.32. p21-/- wounds possess altered proliferation in the dermis and granulation tissue. 
Epidermal proliferation (% Ki67+ve cells) is significantly increased at D7 (day 7) post-injury in p21-/- 
wounds (compared to wild type, WT; A), with an increased trend in granulation tissue proliferation 
(B). Representative staining (brown-red cells, black arrows; C). Bar = 50 µm. n = 4-6 animals per 
group. Data show mean + SEM. * = P < 0.05. Two-way ANOVA with Sidak’s multiple hypothesis testing. 

Figure 3.33. Fibrogenesis, inflammatory cytokines, and cell cycle progression are aberrantly 
affected by p21 attrition. Levels of α-Sma (A, C) and Pdgfa (B-C) are significantly lower in D7 (day 
7 post-injury) p21-/- wounds, compared to WT (wild type), while Mif+ve (D, F) and p16+ve cells (E-F) 
are higher in p21-/- wounds. Representative staining = red-brown cells (black arrows). Bar = 50 µm. 
n = 4-6 animals per group. Mean + SEM. * = P < 0.05. Independent two-tailed Student’s t tests. 
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3.5. Discussion 
The phenomenon of cellular senescence has been extensively characterised in a 

myriad of in vitro environments (reviewed in Matjusaitis et al., 2016), yet the 

mechanisms underlying its correlation with age-related tissue dysfunction are not 

fully understood. Senescence is believed to contribute to ageing and associated 

disease states, partly through regulation of the SASP (Coppe et al., 2008). Additional 

roles for the SASP are emerging in embryogenesis (Storer et al., 2013), liver 

regeneration (Krizhanovsky et al., 2008; Yosef et al., 2017) and cutaneous wound 

repair (Demaria et al., 2014; Jun & Lau, 2010; Jun & Lau, 2017).  

This chapter aimed to establish how the senescent secretome contributes to wound 

healing. Previous work has highlighted a central role for PDGFA, a newly 

characterised SASP component, in governing fibroblast phenotype (Demaria et al., 

2014). Pdgfa, expressed by mesenchymal cells, stimulated fibroblast differentiation 

(by increasing α-Sma+ve cells). However, in this landmark paper, the specific identity 

of the wound mesenchymal cells was not known, and although the p16/p21 DKO 

mice possessed significantly reduced wound collagen, the link between Pdgfa and 

fibroplasia was not mechanistically determined. Nevertheless, the authors did 

reveal that senescence is fundamentally required for wound resolution and matrix 

deposition. New data presented in this chapter reveal a direct relationship between 

senescence, fibroblast function and pathological wound repair. As Demaria et al. 

(2014) demonstrated peak senescent cell infiltration around 7 days post-injury, 

senescence in aged and Db wounds was assessed at this time point. However, further 

investigation will be required to fully elucidate the temporal regulation of 

senescence during pathological wound repair.  

Unsurprisingly, aged murine skin possessed significantly greater numbers of SA-

βGAL+ve (Figure 3.7), p16+ve and p21+ve cells (Figure 3.8) than young skin. Of 

particular interest was the very high level of SA-βGAL in Db wounds (Figure 3.11) 

accompanied by increased Cdkn1a transcription (Figure 3.12). Indeed, previous 

authors have identified the presence of senescent fibroblasts in chronic venous leg 

ulcers (Agren et al., 1999; Mendez et al., 1998; Stanley & Osler, 2000; Vande Berg et 

al., 1998). The novel data presented suggested that: (a) senescence may be a 

correlative marker of impaired wound healing; but crucially (b) senescence is 

induced in Db wounds in the absence of a chronological ageing phenotype.  
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Previous studies have already uncovered a central connection between senescence 

and Db pathology, where Db mice (induced via a high-fat diet) displayed high SA-

βGAL+ve and reduced Ki67+ve islet β cells (Sone H & Kagawa, 2005), and greater SA-

βGAL staining in adipose tissue (Minamino et al., 2009). It has also been suggested 

that a Db SASP originating from the circulation or adipose tissue may cause loss of 

function in nearby organs that lack high levels of senescence (Palmer et al., 2015).  

Here it is interesting to note that diabetes shares many common features with 

ageing, such as accumulation of AGEs (Goova et al., 2001) and heightened ER stress 

(reviewed in Naidoo & Brown, 2012), which demonstrably promote premature 

senescence (Liu et al., 2014a). Along with being linked to T2DM, senescence has 

been shown in T1DM. Here, STZ-induced diabetes elevated rat kidney senescence, 

measured via upregulation of p16, p21 and p27 proteins and SA-βGAL in tissue 

(Satriano et al., 2010). Interestingly, removal of p16+ve cells may attenuate the 

decline in islet repair associated with STZ-induced diabetes, while increasing 

survival in aged STZ-induced mice (Krishnamurthy et al., 2006). Thus, these data 

validate a strong feedback loop between diabetes and senescence. 

To delve deeper into the link between diabetic pathological wound repair and 

induction of senescence, Mφs were isolated from the bone marrow of NDb and Db 

mice. Mφs govern the switch between inflammation and wound resolution 

(Mantovani et al., 2013), where M1-polarised Mφs mediate inflammation and M2 

Mφs promote tissue repair (reviewed in Ferrante & Leibovich, 2012). Contrasting 

findings are reported for the consequences of Mφ-specific ablation, which is 

detrimental to healing in adult mice (F4/80+ve ablation only; Goren et al., 2009; 

Mirza et al., 2009). However, healing in the PU. 1 null mouse, which lacks both 

neutrophils and Mφs, is scar-free and not impaired (Martin et al., 2003). Mφs exhibit 

cross-talk behaviours that promote fibroplasia (reviewed in Novak & Koh, 2013; 

Wynn, 2004), often through cytokine production (Murray et al., 2011; Vidal et al., 

2008). Nonetheless, diabetic Mφs display impaired behaviours, including delayed 

initial wound infiltration through defective chemotaxis and migration (Bannon et 

al., 2013), prolonged inflammation (Wood et al., 2014), and reduced M2-

polarisation (e.g. reduced peroxisome proliferator-activated receptor gamma 

activity, Mirza et al., 2015).  
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As in previous work, the diabetic model used in this chapter presented with aberrant 

wound repair and excessive inflammation (Figure 3.10). Db wound tissue Mφs 

were highly senescent (Figure 3.13), and Mφs isolated from the bone marrow of Db 

mice exhibited reduced retention of polarisation state (Figure 3.14). Here, Nos2 

(M1) and Ym1 (M2) mRNA was significantly reduced (compared to NDb Mφs) at 72 

hours post-stimulation. Db Mφs also retained increased expression of the 

prominent CDKIs, Cdkn1a and Cdkn2a, suggesting they were highly senescent and 

less functional than NDb Mφs. As the SASP is an important characteristic of the 

senescent phenotype, and a potent paracrine mediator of senescence, a cytokine 

array was performed on CM from NDb and Db Mφs. Here, Db Mφs produced a 

number of conserved SASP factors, including Cxcl1, Rantes, Mcp-1 and Cxcl2 (Figure 

3.15; Coppe et al., 2008; Coppe et al., 2010).  

Indeed, a short-term hyperglycaemic environment promotes SASP production in 

human THP-1-derived Mφs, which show increased SA-βGAL+ve staining and 

elevated production of SASP factors (PAI-1, MCP-1, IL-6, TNF-α and others; 

Prattichizzo et al., 2018). On the contrary, glucose restriction can extend human 

fibroblast lifespan in vitro (Jin & Zhang, 2013; Li & Tollefsbol, 2011), suggesting a 

correlation between glucose metabolism and senescence induction. Additionally, 

the antidiabetic drug, metformin, reduces SASP (e.g. IL-6 and CXCL1 mRNA) in 

human diploid fibroblasts following oncogene-induced senescence, and dampens 

pro-inflammatory cytokine production in mouse RAW264.7 cells (Moiseeva et al., 

2013). Thus, it is clear that the diabetic environment is associated with heightened 

senescence and a characteristic senescence-based secretome. 

As aforementioned, Cxcl1 and Cxcl2 were identified as having the largest fold change 

differences between Db and NDb Mφ CM (Figure 3.15), and Cxcl1, Cxcl2 and their 

common receptor, Cxcr2, were upregulated in Db Mφs (Figure 3.17). Intriguingly, 

the CXCR2 receptor has previously been linked to senescence (Acosta et al., 2008). 

Here, ectopic expression of CXCR2 induced senescence via a p53-dependent 

mechanism in MEFs, and shRNA targeting of CXCR2 ameliorated replicative, 

oncogenic and DNA damage-induced senescence in IMR-90 cells. Db wounds also 

exhibited significantly elevated levels of Cxcr2 and its ligands, corroborating 

previous work showing prolonged Mip-2 (Cxcl2) expression in Db wounds (Wetzler 

et al., 2000). Furthermore, recent findings demonstrated excessive CXCR2 
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expression in T cells from T2DM patients, which were highly senescent compared to 

healthy controls (Lau et al., 2019). Accordingly, these data provide evidence that 

upregulation of CXCR2 is a common feature of diabetic pathology that may 

contribute to senescence. 

Other authors have demonstrated the importance of CXCR2 signalling in 

potentiating the diabetic condition. For example, circulating levels of CXCR1/2 

ligands are increased in human T1DM blood (Hakimizadeh et al., 2013), while 

inhibition of Cxcr1/2 prevents the onset of T1DM in preclinical (STZ-induced and 

NOD) models by blocking inflammation-mediated damage to pancreatic islets (Citro 

et al., 2015). Amplified expression of CXCR1 and CXCR2 is also observed in T1DM 

rabbits (ear skin; Pradhan et al., 2011) and STZ-induced (male and female) mice 

(pancreas; Aseer et al., 2015). Of note, Cxcl1 is upregulated in the white adipose 

tissue of genetically and diet-induced T2DM mice (Neels et al., 2009).  

A fundamental role for the SASP is its paracrine “bystander” influence on the local 

microenvironment. Positive and negative effects of the SASP have been examined, 

including promoting tumour growth (e.g. chemerin in squamous cell carcinoma, 

Farsam et al., 2016) and aiding in wound repair (Demaria et al., 2014). Of course, 

the influence of immune cells on fibroblast behaviour has been characterised in 

multiple scenarios. For example, Muller et al. (2000) demonstrated that NK cells 

promoted pro-inflammatory cytokine production in HDFs, while fibroblasts may 

play an active role in aiding the persistence of wound inflammation (Buckley, 2011). 

As a result, the role of the Db SASP in mediating wound repair was assessed through 

modulation of fibroblast behaviour (Figure 3.17). Interestingly, significant 

upregulation of SERPINE1 (the gene encoding the well-known senescence marker, 

PAI-1; Kortlever et al., 2006) was observed in young HDFs following Db CM 

treatment, while aged HDFs showed SERPINE1 upregulation following M1 CM 

treatment. Further, expression of CXCL1 and CXCL2 was elevated in HDFs following 

treatment with Db CM from M1-stimulated Mφs. Therefore, these data reveal a 

hitherto unappreciated role for the Db Mφ secretome in regulating HDF senescence. 

As discussed, Acosta et al. (2008) determined a potent role for CXCR2 and its ligands 

in inducing senescence in murine fibroblasts and immortalised cell lines, yet the 

authors did not consider the possible effects of the SASP on the local environment. 

Data in this chapter for the first time elucidated the role of CXCL2 and a CXCL2-



 

136 
 

driven SASP in HDFs transfected with a CXCL2 plasmid (Figure 3.18). Staining 

verified that transfected cells produced CXCL2 (2 days post-transfection), while 

longer culture (6 days) amplified CXCL2 expression, suggesting that the CXCL2-

containing SASP potentiated CXCL2 expression in neighbouring cells. HDFs 

transfected with CXCL2 showed higher nuclear p21, cytoplasmic p16 and increased 

SA-βGAL, and produce SASP-related cytokines. Indeed, nuclear p21 staining (e.g. in 

endothelial cells, Matthaei et al., 2012), cytoplasmic p16 (IMR90 fibroblasts, Acosta 

et al., 2013) and SA-βGAL (in human fibroblasts, Dimri et al., 1995) are associated 

with cellular senescence. Hence, these data provide evidence that a CXCL2-rich SASP 

promotes senescence in primary human dermal fibroblasts.  

Pathological murine wounds (aged and Db) are characterised by elevated 

senescence, but fibroblast senescence may also be deemed a contributing factor to 

poor healing outcome in human leg ulcers (Harding et al., 2005). Chronic wound 

fibroblasts display high senescence (Agren et al, 1999; Mendez et al, 1998; Vande 

Berg et al, 1998; Wall et al., 2008), and a correlation exists between fibroblast 

senescence and time to heal in leg ulcers (Stanley & Osler, 2001). As signalling 

through CXCR2 is a recognised mediator of senescence, a CXCR2 antagonist 

(SB265610, Bradley et al., 2009) was used to treat human keratinocytes in vitro and 

human skin wounds ex vivo (Figure 3.20, Figure 3.21 and Figure 3.22). 

Intriguingly, SB265610 treatment accelerated scratch wound closure at 8 hours and 

24 hours, suggesting blockade of CXCR2 to aid keratinocyte migration. This finding 

was supported by ex vivo wound experiments, where CXCR2 antagonism improved 

epidermal migration at day 1 and day 3 post-injury, while ligand treatment delayed 

both in vitro and ex vivo epidermal migration. Intriguingly, CXCR2 inhibition rescued 

the effects of CXCL2 in vitro and ex vivo, yet failed to negate the inhibitory effects of 

CXCL1 or combinatory ligand treatment. This likely reflects the fact that CXCL1, but 

not CXCL2, displays promiscuous receptor activation activity (reviewed in Balkwill 

et al., 2012), and suggests these alternative receptors are active in skin wounds. 

Consequently, blocking with SB265610 alone is insufficient to prevent the CXCL1-

induced delay in epidermal migration. 

Curiously, it has previously been shown that CXCR2 activation (through CXCL1 

treatment) may promote keratinocyte migration and proliferation (Kroeze et al., 

2011), although this effect occurs in a dose-dependent manner. Further, mice 



 

137 
 

ubiquitously lacking Cxcr2 exhibit delayed re-epithelialisation, less wound 

granulation, impaired neovascularisation (Devalaraja et al., 2000), diminished 

neutrophil influx and less monocyte recruitment to wounds (Milatovic et al., 2003). 

The significance of Cxcr2 antagonism was finally demonstrated in Db wounds, 

where SB265610 treatment dampened neutrophil influx and reduced Mφ 

senescence. Consequently, it is clear that CXCR2 signalling must be tightly regulated 

for optimum wound repair. 

Despite senescence being a potential contributor to delayed healing, a short-term 

transient senescence response is required for wound repair. In fact, p21-/- mice 

show a marked delay in healing at day 7 post-injury (Figure 3.29), which correlates 

with the timing of senescence induction in normal wounds (Demaria et al., 2014). At 

D7, significant reduction in matrix deposition, and reduced α-Sma+ve and Pdgfa+ve 

cells (Figure 3.33), confirmed impaired fibrogenesis following p21 attenuation. 

Previous findings using these mice support these data, where p21-/- livers possessed 

delayed ECM deposition (Yosef et al., 2017). 

Heightened neutrophil and Mφ infiltration were present in p21-/- mouse wounds at 

D7 (Figure 3.30), along with increased expression of the pro-inflammatory 

cytokine, Mif (Figure 3.33), known to contribute to delayed healing in a context-

dependent manner (Gilliver et al., 2010). Prolonged inflammation undeniably 

contributes to poor healing outcome (Lohmann et al., 2017), suggesting one reason 

for delayed repair in p21-/- wounds. Interestingly, p21 has been shown to centrally 

regulate immune cell function (Rackov et al., 2016). Ablation of p21 causes murine 

and human monocyte-derived Mφs to over-secrete IL-1β (Scatizzi et al., 2009), and 

promotes the activation of murine peritoneal Mφs following LPS stimulation 

(Trakala et al., 2009). Neutrophil influx is also observed in p21-/- mouse lung tissue 

(Martin et al., 2016), thus it clear that p21 mediates immune cell function by 

preventing excessive inflammation. 

Inhibition of the p21/p53 senescence pathway is associated with increased 

proliferation in the liver (Krizhanovsky et al., 2008) and hair follicle stem cells (Lee 

et al., 2013), known to have vital roles in wound resolution (Ansell et al., 2011; Ito 

et al., 2005). Indeed, heightened proliferation was observed in the epidermis and 

dermis of p21-/- wounds (Figure 3.32), yet, this was accompanied by a delay in 

wound closure. As a result, it is clear that senescence induction and wound repair 
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are both multifactorial and complex processes, signifying that the p21-/- mouse 

delayed healing phenotype cannot be explained by one feature alone. 

Intriguingly, p21-/- wounds possessed more p16+ve cells (Figure 3.33), suggesting a 

compensatory senescence mechanism might be at play. In a model of progeroid 

aging, Baker et al. (2013) demonstrated increased p16+ve cells in p21-/- mice, thus 

elucidating an important role for p21 in controlling p16-mediated senescence. 

Hence, the authors suggested that p21 might cause temporary quiescence to relieve 

stress that would otherwise stimulate induction of the p16-pRb pathway. It is 

important to note, however, that induction of p16+ve cells may not directly result in 

elevated tissue senescence. For example, p21-/- human diploid fibroblasts bypassed 

senescence induction despite accumulation of p16 (Brown et al., 1997). Therefore, 

further wound profiling studies will be required to elucidate how p21 attenuation 

influences senescence in wound healing. 

Overall, it is clear that senescence contributes to delayed wound repair through 

excessive senescent cell accumulation, senescence potentiation and loss of cellular 

function (summarised in Figure 3.34). On the other side of the wound healing 

“coin”, attenuation of p21 leads to impaired fibroplasia, highlighting the importance 

of a transient, wound-induced senescence response in promoting ECM deposition. 

Of particular interest, data presented in this chapter explicitly link Db healing and 

localised wound senescence, modulated in part through Cxcr2 activation. Indeed, 

CXCR2-activating SASP mediated the function of human fibroblasts, while blockade 

of the CXCR2 receptor promoted healing during human ex vivo and in vivo Db murine 

wound repair. These data not only suggest that excessive CXCR2 may contribute to 

the Db wound healing phenotype, but that treatment with selective antagonists may 

promote wound healing. Collectively, these results provide a basis for the 

development of new wound therapies targeting the CXCR2 receptor and, 

consequently, wound-induced cellular senescence. 
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Figure 3.34. Overview of the potential links between senescence and wound repair. Transient 
senescence occurs during normal wound healing and strongly correlates with fibroplasia, 
extracellular matrix (ECM) deposition and wound resolution. Lack of p21 (p21-/-) delays wound 
healing by increasing p16+ve senescence and inflammation. In diabetic murine wounds, too much 
inflammation and a Cxcr2-driven senescent phenotype contributes to delayed repair. Blockade of 
Cxcr2 (SB265610) dampens inflammation and reduces macrophage (Mφ) senescence to improve 
murine diabetic wound healing. Image produced by the author (HNW). 
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4.1. Introduction 

Metallomics, the global characterisation of metals and metalloids in biological 

systems, is a rapidly emerging life sciences field, anticipated to complement 

proteomics, genomics and metabolomics in the integrated, systematic 

understanding of biology (Sun & Chai, 2010; Zierer et al., 2015). Metals are 

fundamental for almost all biological processes in eukarya, archaea and bacteria 

including metabolism, energy transduction, gene expression and cell signalling 

(Säbel et al., 2009). Some of these metals are required in large quantities (e.g. 

calcium and sodium), but most are trace elements (e.g. zinc, copper, manganese, 

iron) needed at more minute levels (Gladyshev & Zhang, 2012). Almost half of all 

enzymes contain a transition metal core (e.g. copper, zinc or iron), necessary for 

proper enzymatic function (Andreini et al., 2008; Ascone & Strange, 2009). Even 

non-essential metals have found their uses in medicine, where they are used in the 

treatment (e.g. platinum) or diagnosis (e.g. gadolinium and technetium) of disease 

(Sun & Chai, 2010). Despite their clear importance, current understanding of the 

temporal and spatial distribution of metals in organic processes, and their biological 

integration with other omics data, remains limited. 

4.1.1. Measuring Metals in Biological Samples 

Quantification and functional characterisation of metals in biology is challenging as 

techniques must be sensitive enough to measure trace metals in very low 

abundance, yet also be able to distinguish these from non-metal elements. Flame 

atomic absorption spectroscopy (FAAS) was traditionally used to measure metals in 

biological and non-biological substrates (Landown et al., 1999), but offers less 

sensitivity than contemporary approaches. The current gold standard method used 

to measure metals in inorganic and organic materials is inductively coupled plasma 

mass spectrometry (ICP-MS). This technique is capable of identifying individual 

elements by mass, down to one part per quadrillion (reviewed in Liu et al., 2014b). 

As described in Section 2.5, biological samples are digested, vaporised, atomised 

and ionised through a stream of argon plasma. These ions are then collected and 

interpreted via mass spectrometry (Montaño et al., 2016).  

A limitation of standard ICP-MS is that used alone, it does not provide information 

about the spatial distribution of elements under study, as whole samples are 

digested and ablated. To overcome this, many researchers isolate specific tissue 
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regions via crude physical methods, or use laser-capture microdissection, prior to 

ICP-MS (Becker et al., 2010). The laser ablation ICP-MS (LA-ICP-MS) technique 

circumvents this problem to allow sensitive, spatial characterisation of metals in 

situ. First used by Wang et al. (1994) to image strontium and calcium in fish scales, 

LA-ICP-MS allows ablation of specific tissue regions, which are ionised, separated 

and detected as per ICP-MS (Becker, 2005).  

Other techniques used to assess regional metal distribution include scanning 

electron microscopy with energy-dispersive X-ray analysis (Zvyagin et al., 2008), 

energy-filtering transmission electron microscopy (Reimer, 1991), and secondary 

ion mass spectrometry, each with advantages and disadvantages (Smart et al., 2010; 

Wu & Becker, 2011). Synchrotron radiation X-ray fluorescence is a more 

sophisticated technique that shows the 3D tomography of metal distribution at high 

resolution (to 0.1 µm), allowing spatial determination down to subcellular 

compartments (Kim et al., 2006b; Ortega et al., 2009; Yang et al., 2005).  

Histological staining, while considerably less sensitive than elemental analysis, 

offers a more affordable and readily available approach to assessing the regional 

distribution of metals in tissue sections (Danscher, 1984). These stains include: 

Perl’s Prussian blue (Sindrilaru et al., 2011) and Turnbull’s staining for non-heme 

iron (Hansen, 1969); Von Kossa (Rungby et al., 1993) and Alizarin Red staining for 

calcium deposits (Gilmore et al., 1986); magnesium-dithizonate silver-dithizonate 

staining for copper (Szerdahelyi & Kása, 1986) and; Timm’s method for zinc 

(Chafetz, 1986). However, many stains are limited to binding labile metal ions, and 

accordingly, are often not sensitive enough to detect endogenous metals in normal 

homeostatic tissue (McRae et al., 2009).  

Of more biological relevance, antibody staining may be used to detect specific metal-

associated proteins and receptors (Bekircan-Kurt et al., 2014). Autometallography 

techniques, whereby ions are autocatalytically amplified with silver, have also been 

shown to detect metals, such as zinc, with more sensitivity than traditional methods 

(Danscher & Stoltenberg, 2006). The development of metal-specific fluorescent 

probes and probe-based colorimetric assays has allowed direct determination of the 

location and concentration of active metals in biological tissues (Dlouhy & Outten, 

2013; Price et al., 2018; Säbel et al., 2009). These probes, however, require 

consideration of metal binding kinetics, chelator dissociation constants and metal 
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availability in the sampled tissue (Tsien et al., 1984). Of note, if protein binding 

affinity supplants that of the chelator, then minimal chelator binding will occur, 

leading to false negative results (Dlouhy & Outten, 2013).    

Traditional metallomics studies do not generally consider the biological status of the 

metals in question, including their oxidative state and whether they are bound to 

specific protein complexes. Indeed, a third of all proteins are associated with metals 

and the biological state of the metal confers its properties and functions (Da Silva & 

Williams, 2001). Thus, elemental analysis alone does not fully appreciate the role of 

metals in biological contexts (reviewed in Yannone et al., 2012). Recently, 

researchers have acknowledged this limitation and have begun to employ methods 

to combine ICP-MS with other, more informative, techniques. For example, 

combining ICP-MS with electrophoresis or chromatography allows specific 

separation of molecules (McSheehy et al., 2001), and combining ICP-MS with 

sophisticated proteomic approaches permits identification of metal-containing 

species in samples (reviewed in Bettmer et al., 2009; Wang et al., 2010). More 

recently still, an x-ray crystallography technique has been developed to characterise 

metal binding sites of proteins (Handing et al., 2018). Despite these developments, 

it remains clear that no single method can fully capture native metal status in vivo, 

and a unifying approach to this problem has yet to be developed. 

4.1.2. Bodily Distribution of Metals 

Elegant regulatory mechanisms have evolved to tightly control the interplay 

between metals and DNA, proteins and biomolecules (McRae et al., 2009). Despite 

their crucial roles in maintaining body function, accumulation of metals can cause 

severe toxicity. In fact, imbalances in metal homeostasis are linked to wide-ranging 

degenerative pathologies. One example is Parkinson’s disease, which is 

characterised by accumulation of zinc and iron, and dissipation of copper, in the 

substantia nigra (Barnham & Bush, 2008). Although it is acknowledged that 

abnormal metal accretion and loss leads to disease, the cellular and molecular 

causes are still unclear in many settings. Therefore, the priority should be to identify 

the subcellular distribution and function of metals in various biological contexts to 

understand how homeostatic aberrations in the metallome can manifest in disease.  

Metals are heterogeneously distributed, both at the tissue level and within cells. 

Metal abundance usually correlates with function, with metals found concentrated 
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at the site where they are most highly used (e.g. iron in spleen, Arezes & Nemeth, 

2015; calcium in bone, Pozzan et al., 1994). At the cellular level, metals are also 

distributed based on their role. High amounts of iron are found in mitochondria, 

where it is required for heme synthesis and iron-sulphur cluster formation (Lill & 

Kispal, 2000). Zinc concentration is greatest in the cellular nucleus, where it is 

bound to zinc finger proteins for transcription (Nieto, 2002), while the Golgi 

apparatus contains high amounts of copper (copper ATPases; Festa & Thiele, 2011). 

The cellular distribution of metals species is summarised in Figure 4.1. 

 

Figure 4.1. Intracellular localisation of metals based on their major cellular functions. Metals 
are associated with the nucleus (transcription), endoplasmic reticulum (protein and lipid synthesis), 
Golgi apparatus (protein trafficking) and mitochondria (metabolism). Metals in the cytoplasm are 
found in free form, bound to metal transport proteins, or incorporated into cytoplasmic structures 
(e.g. ribosomes). Image modified from Hare et al. (2015). 

 

4.1.3. Calcium in the Body 

Calcium is the most abundant element in the body, found as a major constituent of 

bone (as hydroxyapatite) and present in every cell to orchestrate signalling 

activities (Moe et al., 2015). Calcium drives cellular processes through tight 

regulation of its storage and release, where its intracellular concentration is 1000-

fold lower than in the blood (Berridge et al., 2003). Extracellular calcium is 

maintained by intestinal absorption, reabsorption from the kidney, and resorption 

from bone (Peacock, 2010). In the intestine, calcium is absorbed via transcellular or 
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paracellular uptake (illustrated in Figure 4.2). Transcellular uptake occurs at the 

duodenum brush border via transient receptor potential vanilloid type 6 (TRPV6), 

a TRP channel regulated by vitamin D, calcium deficiency (van de Graaf et al., 2004) 

and intracellular calcium binding proteins such as calmodulin (Lambers et al., 

2004). The importance of TRPV6 in regulating dietary calcium uptake and 

availability becomes apparent in genetic knockdown experiments, where Trpv6 null 

mice develop osteopenia (Chen et al., 2014a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Calcium uptake and transport in the body. Calcium is absorbed into the body via 
transcellular and paracellular transport. Transcellular transport occurs at the apical surface of the 
duodenum brush border via transient receptor potential vanilloid type 6 (TRPV6). Ionic calcium 
(Ca2+) then binds to calbindin-D9k (CD9K) and is transported into the blood via plasma membrane 
calcium ATPase (PMCA) 1b and sodium-calcium exchangers (e.g. NCX1) at the basolateral membrane. 
Transcellular transport may also ensue via vesicle trafficking (endocytosis and exocytosis). 
Paracellular transport occurs between adjacent cells via transepithelial electrochemical gradients 
modulated through tight junction proteins (claudins 2, 12, and 15). Intestinal calcium absorption 
requires calcitriol, which signals through the vitamin D receptor (VDR) to regulate TRPV6, CD9K, 
PMCA and NCX1 transcription. Image produced by the author (HNW). 
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Once intracellular, ionic calcium (Ca2+) binds to the buffering protein calbindin-D9k, 

which is also modulated by vitamin D and calcium availability (Lambers et al., 2006). 

Ca2+ is then transported into the blood via plasma membrane calcium ATPase 1b 

(PMCA1b) and a sodium-calcium exchanger (NCX) at the basolateral membrane of 

the enterocyte (Khanal & Nemere, 2008). Intriguingly, knockdown of calbindin-D9k 

did not affect serum calcium levels in mice (Kutuzova et al., 2006), which was likely 

compensated for by induction of other calcium transport genes (e.g. Trpv6, Lee et al., 

2009). Vesicle trafficking was recently proposed as another method of transcellular 

transport (DiMeglio & Imel, 2019). Unlike transcellular transport, paracellular 

transport is an energy-independent uptake mechanism that occurs between 

adjacent cells on the enterocyte membrane. This process is driven by transepithelial 

electrochemical gradients, through tight junctions consisting of claudins 2, 12, and 

15 (Diaz de Barboza et al., 2015; Moor & Bonny, 2016). These claudins are regulated 

by calcitriol (1, 25-dihydroxyvitamin D3) and calcium binding proteins (e.g. sorcin; 

Emkey & Emkey, 2012; Meyers et al., 1998). 

Plasma calcium is sensed by the calcium sensing receptor (CaSR) and regulated by 

three calciotropic hormones: parathyroid hormone (PTH), calcitonin, and calcitriol 

(Zhang et al., 2015a). Ca2+ is the primary ligand for CaSR, but it also senses other 

metal ions (e.g. Mg2+ and Be2+; Chakravarti et al., 2012), changes in pH, peptides, 

amino acids and antibiotics (Hofer & Brown, 2003). Under high calcium conditions, 

or hypophosphatemia, elevated FGF23 and reduced calcitriol (Moe et al., 2015; 

Rodriguez-Ortiz et al., 2012), chief cells of the parathyroid gland sense calcium (via 

the CaSR). This causes activation of phopholipases C, A2 and D, release of inositol 

1,4,5-trisphosphate (IP3), mobilisation of Ca2+ from intracellular stores, and 

reduced PTH secretion (Loupy et al., 2012). PTH causes calcium resorption in bone 

and in the renal tubules, and stimulates renal production of calcitriol. Hence, the 

CasR serves to balance calcium absorption and resorption in the body (Kameda et 

al., 1998; Toka et al., 2015).  

Previtamin D3 is ingested or synthesised in the skin through exposure to sunlight, 

enters the blood bound to vitamin D binding protein, and undergoes hydroxylation 

(via CYP27A1) in the liver to form calcidiol. Calcidiol is further hydroxylated (via 

CYP27B1) in the kidney to form the biologically active calcitriol (Bikle, 2014; Moe et 

al., 2015). This rise in calcitriol increases calcium absorption in the intestine, and 
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synergistically promotes PTH activity. Consequently, low PTH and calcitriol reduce 

calcium uptake (Pu et al., 2016). When PTH is released, its effects are short-lived, as 

PTH is rapidly cleared from the body via the liver and kidneys (D’Amour, 2012; Moe 

et al., 2015). On the contrary, calcitonin, produced by the parafollicular parathyroid 

cells, correlates positively with serum calcium (Chakravarti et al., 2012) to prevent 

excessive osteoclastic bone resorption. 

4.1.4. Regulation of Intracellular Calcium  

Calcium is important in starting life at fertilisation, and ending cellular life through 

apoptosis (Brini & Carafoli, 2009). In fact, this was first shown by Ringer (1883) who 

made the discovery that frog hearts contracted in tap water containing “inorganic 

constituents” but not in distilled water. Nowadays, a large body of literature pertains 

to the importance of Ca2+ as a versatile intracellular secondary messenger, capable 

of operating in multifaceted ways to govern cellular processes including 

proliferation, differentiation, metabolism, motility and gene transcription (Berridge 

et al., 2000). Calcium is arguably the most ubiquitous cation in the body (Carafoli et 

al., 2001), and extracellular concentrations (~1 mM) exceed cytosolic amounts 

(~100 nM) to allow incremental fluctuations and signal conduction (Uhlén & Fritz, 

2010). Maintaining low cytosolic Ca2+ is crucial for cell survival, as uncontrolled 

accumulation of cytosolic Ca2+ causes apoptosis and necrosis (Orrenius et al., 2003). 

Therefore, specialised proteins, buffers and transport systems control intracellular 

Ca2+ in a temporal and spatial-dependent manner to sustain intracellular levels 

within the nanomolar range (Berridge et al., 2002). These regulatory systems are 

highly dynamic and sophisticated, comprising hormonally-regulated feedback loops 

and many pumps, exchangers, channels and buffers (Krebs et al., 2015). 

Intracellular Ca2+ is regulated by “on” (entry into the cytoplasm) and “off” 

(sequestration and expulsion from the cytoplasm) reactions. During the “on” 

reactions, most of the internalised Ca2+ is bound to buffers, while a small quantity is 

free to bind to effectors to actuate cellular responses (Berridge et al., 2003). 

However, during “off” reactions, Ca2+ is removed from effectors and cytoplasmic 

buffers, and is expelled from the cytoplasm via pumps and exchangers. The NCX, 

which has high capacity and low affinity for Ca2+ (Sharma & O'Halloran, 2014), and 

plasma-membrane Ca2+-ATPases (PMCA or ATP2B), which have low capacity and 

high affinity for Ca2+ (Brini et al., 2013), extrude Ca2+ from the cell. On the contrary, 
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sarco(endo)plasmic reticulum Ca2+-ATPases (SERCAs, encoded by ATP2A1, ATP2A2, 

and ATP2A3; Elaïb et al., 2016), with low capacity and high affinity for Ca2+ 

(Toyoshima, 2009), store Ca2+ in the endoplasmic reticulum (ER) at a concentration 

range of 0.1-1mM (Bygrave & Benedetti, 1996). Mitochondria aid this process, 

rapidly sequestering free cytosolic Ca2+ via a mitochondrial uniporter (MCU; 

Kirichok, 2004; Liu et al., 2017), and slowly releasing it for uptake (SERCA) and 

export (PMCA) via a mitochondrial NCX (Schwaller, 2012; Figure 4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Calcium “on” and “off” signalling reactions. During “on” status, calcium enters the cell 
and causes ionic calcium (Ca2+) release from intracellular stores via second messengers. At the 
endoplasmic reticulum (ER) or sarcoplasmic reticulum (SR), calcium is released into the cytosol via 
an inositol 1,4,5-trisphosphate receptor (IP3R). Mitochondrial release of calcium occurs via a 
mitochondrial sodium-calcium exchanger (NCX). Cytosolic calcium then binds to buffers to actuate 
cellular responses. During “off” reactions calcium is rapidly sequestered into the ER/SR (SERCA) or 
mitochondria (MCU) and extruded from the cell via plasma membrane calcium ATPase (PMCA) 1b 
and the sodium-calcium exchanger (e.g. NCX). SERCA = sarco/endoplasmic reticulum Ca2+-ATPase. 
MCU = mitochondrial uniporter. Image produced by the author (HNW). 
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Within the lumen of intracellular stores, Ca2+ binds to low affinity, high capacity 

calcium binding proteins (calsequestrin or calreticulin), but in the cytoplasm, Ca2+ 

binds to high affinity, low capacity binding proteins such as the calbindins and the 

S100 proteins (Krebs et al., 2015). These calcium “buffers” function to fine tune 

calcium signalling by altering the amplitude of the calcium signal, and the recovery 

time following signal activation (Berridge et al., 2003). The calcium binding ratio 

determines the buffering capacity of cells, where low ratios lead to accelerated 

responses but increase the risk of cytotoxicity (Krebs et al., 2015).  

Ca2+ enters the cell in response to extrinsic stimuli and loss of intracellular Ca2+ 

stores via an electrochemical gradient through plasma membrane channels 

(Schwaller, 2012). These include voltage-gated Ca2+ channels, receptor-operated 

Ca2+ channels, TRP channels, or store-operated Ca2+ entry channels. Release of Ca2+ 

from intracellular organelles (e.g. the ER) occurs against the Ca2+ chemical gradient, 

thus requiring energy from ATP hydrolysis (Toyoshima & Inesi, 2004). When a first 

messenger binds to a G-protein coupled receptor (GPCR), this causes G-protein 

activation followed by activation of phospholipase C. Phospholipase C triggers 

phosphatidylinositol 4,5-bisphosphate hydrolysis, forming diacylglycerol (DAG) 

and IP3 (Rosenbaum et al., 2009). DAG, which remains bound to the plasma 

membrane, activates protein kinases (e.g. PKA), leading to protein phosphorylation 

and functional responses (Wang, 2006). However, IP3 diffuses into the cytoplasm, 

binds to an IP3 receptor (IP3R) on the ER and causes release of Ca2+ into the cytosol 

(Mikoshiba, 2007). This process is summarised in Figure 4.4. 

To further convolute matters, there are three IP3Rs (ITPR1, ITPR2 and ITPR3) that 

can be stimulated by various calcium-binding proteins (e.g. calmodulin; Carafoli et 

al., 2001; Patterson et al., 2004; Taylor & Laude, 2002) and chemical messengers 

such as cyclic ADP ribose, nicotinic acid adenine dinucleotide phosphate (NAADP) 

and sphingosine-1-phosphate (S1P; Bootman et al., 2002; summarised in Table 

4.1). Ca2+ release via NAADP is unaffected by Ca2+ depletion from IP3R-regulated 

stores, hence NAADP serves to liberate Ca2+ from intracellular stores separately 

from IP3R-regulated pathways (Calcraft et al., 2009). Tight control of intracellular 

Ca2+ is important as depletion of ER Ca2+, if persistent, can cause an unfolded protein 

response in many important proteins (e.g. calreticulin, calsequestrin, calnexin), 

leading to protein degradation (Arruda & Hotamisligil, 2015).  
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Figure 4.4. Classical intracellular calcium signalling. G-protein coupled receptor (GPCR) 
activation occurs via first messengers, leading to activation of PLC and hydrolysis of 
phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). DAG stimulates protein kinases (e.g. PKA) causing protein phosphorylation. IP3 
binds to an IP3 receptor (IP3R) on the sarcoplasmic or endoplasmic reticulum (SR/ER), releasing 
ionic calcium (Ca2+). GPCR activation additionally leads to cyclic (cAMP) release, PKA production and 
IP3R stimulation. Ca2+ is sequestered in the ER/SR via sarco/endoplasmic reticulum Ca2+-ATPase 
(SERCA) or in the mitochondria via mitochondrial uniporter (MCU). The sodium-calcium exchanger 
(NCX) pumps Ca2+ from the mitochondria and the cell. Ca2+ is also extruded through plasma 
membrane calcium ATPase (PMCA) 1b. In the cytosol, Ca2+ binds to buffers (e.g. calmodulin, CaM), 
while calcium sensors (calmodulin-dependent protein kinases, CaMKs) phosphorylate proteins to 
actuate cell responses (e.g. inflammation). NFAT = nuclear factor of activated T cells. JNK = c-Jun N-
terminal kinase. Image produced by the author (HNW). 



 

151 
 

Table 4.1. Organelle-based calcium-regulating proteins. * 

Name 

(isoforms) 

Tissue and 

sub-cellular 

location 

Function Endogenous 

regulators 

References 

SERCA 
(SERCA1a, 
SERCA1b, 
SERCA2a, 
SERCA2b, 
SERCA3) 

Skeletal muscle & 
non-muscle 

(SERCA3 only). 

ER membrane. 

Ca2+ uptake from 
the cytosol to ER 

lumen. 

Sarcolipin & 
Phospholambam. 

Meis & Vianna, 1979; 
Prasad et al., 2004; 
Toyoshima & Inesi, 

2004; Wu et al., 1995; 
Vandecaetsbeek et al., 

2011. 

IP3R (IP3R1, 
IP3R2, 
IP3R3) 

Ubiquitous. 

ER membrane. 
Ca2+ release from 
the ER to cytosol. 

IP3, Ca2+, ATP, 
PKA, PKC, AKT, 
PKG & CaMK. 

Choe & Ehrlich, 2006; 
Foskett et al., 2007. 

RyaR 
(RyaR1, 
RyaR2, 
RyaR3) 

Muscle and brain. 

ER membrane. 
Ca2+ release from 
the ER to cytosol. 

Ca2+, Mg2+, PKA, 
PKG & CaMK. 

Fill & Copello, 2002; 
Meissner, 1994; Van 

Petegem, 2012. 

STIM 
(STIM1, 
STIM2) 

Ubiquitous. 

ER membrane. 

Ca2+ entry from 
extracellular 

space to cytosol. 

Ca2+ depletion, 
ROS, 

Temperature, 
Hypoxia, SGK1 & 

AMPK. 

Carrasco & Meyer, 
2011; Soboloff et al., 

2012. 

Orai (Orai1, 

Orai2, Orai3) 

Ubiquitous. 

Plasma membrane. 

Ca2+ entry to 
cytosol, coupled 

with STIM. 
N/A Cao et al., 2015; Gwack 

et al., 2008. 

Calreticulin 
Ubiquitous. 

ER lumen. 
Ca2+ chaperone N/A 

Michalak et al., 2009; 
Prins & Michalak, 

2011. 

Calnexin 
Ubiquitous. 

ER membrane. 
Chaperone N/A 

Caramelo and Parodi, 
2008; Prins & 

Michalak, 2011. 

VDAC 
(VDAC1, 
VDAC2, 
VDAC3) 

Ubiquitous. 

Mitochondrial 
membrane. 

Diffusion of Ca2+ 
across 

mitochondrial 
membrane. 

Hexokinase, 
Bcl2, PKA, PKCe 

& ROS. 

Colombini, 2012; 
Messina et al., 2012; 
Shoshan-Barmatz & 

Ben-Hail, 2012. 

MCU 
Ubiquitous. 

Mitochondrial 
membrane. 

Ca2+ uptake into 
the mitochondria. 

MICU1, MICU2, 
MICUR1 & 

EMRE. 

Chaudhuri et al., 2013; 
De Stefani et al., 2011; 

Deluca & Engstrom, 
1961; Foskett & 
Philipson, 2015. 

Na+/Ca2+ 
exchanger 

(NCX) 

Ubiquitous. 

Mitochondrial 
membrane. 

Ca2+ efflux from 
the mitochondria 

to the cytosol. 

K+, Ni2+, Mg2+, 
Ba2+, La3+, PKC & 

PINK1. 

Chaudhuri et al., 2013; 
De Stefani et al., 2011; 
De Stefani & Rizzuto, 

2014; Foskett & 
Philipson, 2015. 

*Adapted from Arruda & Hotamisligil (2015). 
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Despite all Ca2+ signalling pathways relying on Ca2+ pulses to potentiate signals, 

small variations in the spatial and temporal properties of these systems adds to the 

complexity of studying Ca2+-related networks. The combination of pumps, 

exchangers and Ca2+ binding proteins is unique to each cell, allowing rapid or slow 

Ca2+ transients depending on the cell’s major function (Caride et al., 2001). These 

transients can occur in quick pulses (microseconds to milliseconds) to allow cardiac 

contraction (Fearnley et al., 2011), or ensue in waves (seconds to minutes) via 

saltatoric propagation to orchestrate processes from fertilisation (Campbell & 

Swann, 2006), to gene expression (Di Capite et al., 2009), to wound inflammation 

(Razzell et al., 2013). Ca2+ signalling can also be remodelled, particularly in cancers, 

to promote tumorigenic behaviours such as proliferation (Monteith et al., 2017). 

From this, it is clear that the molecular Ca2+ toolkit is highly dynamic, adapting to 

cell death and disease. 

4.1.5. Calcium in Pathology 

Calcium homeostasis is certainly complex, mediated by a multitude of dynamic, 

conserved signalling processes and compensatory mechanisms. However, in 

instances of metabolic dysregulation, the adaptive integrity of Ca2+ signalling is lost. 

Abnormally high (hypercalcemia) and abnormally low (hypocalcemia) calcium 

indicate serious imbalances in calcium homeostasis (Peacock, 2010). Patients with 

chronic kidney disease often suffer absorptive hypercalcemia, as they are ill-

equipped to deal with excess dietary calcium, or hypocalcemia, as they produce less 

calcitriol (Gallant & Spiegel, 2017). Hypercalcemia and hypocalcemia can also occur 

as a result of too much or too little bone resorption, as seen in patients with cancer 

(hypercalcemia; Goldner, 2016) or following parathyroidectomy (hypocalcemia; 

Afshan et al., 2017). Calcium deficiency leads to widely acknowledged non-

communicable diseases such as osteoporosis (Nordin & Morris, 1989) and rickets 

(Allgrove & Shaw, 2015), while excessive calcium deposits are found in atheroma 

plaques (Doherty et al., 1999) and renal calculi (Khan et al., 2016).  

Genetic mutations in Ca2+ transport proteins, such as SERCA, are associated with 

increased susceptibility to disease (e.g. certain cancers, Korošec et al., 2006; Korošec 

et al., 2009; Prasad et al., 2005). Many pathologies are also accompanied by 

oxidative stress (e.g. obesity), which is known to affect Ca2+ transport systems 
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(Balderas-Villalobos et al., 2013). Thus, it is clear that calcium imbalance within the 

body is self-perpetuating, both caused by, and exacerbated by, pathology. 

4.1.5.1. Calcium and Diabetes 

Given the well-defined link between perturbed calcium and body system 

maintenance, it follows that calcium dysbiosis is associated with many metabolic 

diseases. One of the most prevalent metabolic disorders is diabetes, which 

encompasses a number of glucose-mediated subtypes (American Diabetes 

Association, 2010; Section 1.3). Diabetic patients often develop electrolyte 

disorders, such as diabetic ketoacidosis or nonketotic hyperglycemic hyperosmolar 

syndrome, and show characteristic deficiencies in magnesium (Ramadass et al., 

2015), calcium (Dong & Qin, 2012), phosphate and potassium (Ahn et al., 2017; 

Liamis et al., 2014). T1DM also poses an increased risk of developing renal failure, 

leading to hyperphosphatemia, hypocalcemia, and hypoparathyroidism (Liamis et 

al., 2014). These changes then cause major effects on peripheral tissues, such as 

altering muscle contraction, and affecting insulin and glucagon secretion in the 

pancreas (Ahn et al., 2017).   

Following stimulation by glucagon or epinephrine, hepatic regulation of glucose is 

controlled by Ca2+, which modulates gluconeogenesis enzymes and glycogenolysis 

(Amaya & Nathanson, 2013; Arruda & Hotamisligil, 2015). In the pancreas, elevated 

intracellular Ca2+ causes insulin secretion, mediated in part by calcitriol (Pittas & 

Dawson-Hughes, 2010). However, in diabetes, pancreatic β cells are subjected to 

high levels of oxidative stress, which enhances the production of ER chaperone 

proteins as part of the ER stress response and can lead to apoptosis (Ma et al., 2017; 

Ron & Walter, 2007). High glucose and excessive inflammation also dampen ER 

SERCA expression in pancreatic β cells (Cardozo et al., 2005; Hara et al., 2014), while 

induction of Serca, to increase Ca2+ accumulation in the ER, results in improved 

glucose homeostasis in mice with genetic (ob/ob) and diet-induced obesity (Fu et 

al., 2015). Hence, these findings show the importance of maintaining normal 

intracellular calcium for natural metabolic function. 

Diabetic foot ulcers are a major complication of diabetes, perpetuated by 

neuropathy and poor tissue perfusion (Tesfaye et al., 2005). Indeed, impairment in 

Ca2+ signalling is known to play a role in neuropathy (Fernyhough & Calcutt, 2010) 

and endothelial and vascular smooth muscle cell dysfunction related to diabetes 
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(Tabit et al., 2010), yet the molecular mechanisms contributing to this are not fully 

understood (Fernández-Velasco et al., 2014). As aforementioned, diabetic tissues 

are hyperglycaemic, develop insulin resistance, retain reduced endothelial nitric 

oxide (eNOS) production and are more susceptible to oxidative stress and apoptosis 

(Fernández-Velasco et al., 2014; Tamareille et al., 2006). eNOS is a Ca2+-dependent 

enzyme that stimulates SERCA-mediated Ca2+ uptake in the sarcoplasmic reticulum 

to induce vascular smooth muscle cell hyperpolarisation (Fernández-Velasco et al., 

2014). Consequently, diminished eNOS is accompanied by reduced Ca2+ signalling 

and increased oxidative stress, which compromises vascular tone and promotes 

inflammation (Makimattila et al., 1996).  

There is a current shift in the focus of research to target the molecular pathways 

governing this oxidative-stress induced vascular damage to treat vascular 

complications. For example, overexpression of transcription factor EB has been 

shown to reduce oxidative stress and attenuate vascular damage in HUVECs and 

mice (Lu et al., 2017). It is important to note, however, that disparities exist in how 

diabetes affects Ca2+-dependent vascular function. These reports include data from 

T1DM (Sheikh et al., 2012; Weber et al., 1996) and T2DM (Bagi et al., 2003; Stalker 

et al., 2005) rodent models and patients with varying aetiologies (McVeigh et al., 

2002; Johnstone et al., 1993). Therefore, although Ca2+ is clearly crucial for vascular, 

hepatic and pancreatic function, development of a unifying hypothesis and 

treatment modality for calcium perturbations must be approached with caution. 

4.1.5.2. Calcium and Ageing 

A large body of literature describes the relationship between calcium and 

chronological ageing, where the expression of a number of calcium-linked genes 

change with age. One of the most widely known models of premature ageing is the 

klotho mutant mouse, whose major mutation is in the α-Klotho gene (Kuro-o et al., 

1997). This mutation leads to many hallmark features of ageing, including 

arteriosclerosis, skin atrophy, infertility, hypoglycemia, osteoporosis, emphysema 

and a shortened life span (Nabeshima, 2002). Conversely, overexpression of α-

Klotho extends lifespan by 20-30% in mice (Kurosu et al., 2005). Interestingly, α-

Klotho protein is expressed in tissues involved in calcium homeostasis, such as the 

kidney and parathyroid gland (Erben & Andrukhova, 2017; Krajisnik et al., 2010), 

suggesting a pivotal role for α-Klotho in mediating calcium homeostasis. In fact, 
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Imura et al., (2007) demonstrated that PTH is rapidly induced in mice in an α-

Klotho- and NCX-dependent manner. Fan et al., (2018) showed that Casr and α-

Klotho regulate PTH synthesis and growth of the parathyroid glands, where α-

Klotho can compensate for Casr deletion. Roles for α-Klotho in attenuating oxidative 

stress (Wang et al., 2012) and suppressing cancer (Doi et al., 2011) have also been 

determined. 

The link between cellular senescence, ageing and diabetes has already been 

discussed (Section 3.1.4), yet calcium also plays a fundamental role in mediating 

cellular senescence. Cytoplasmic calcium influx (from the ER or extracellular space) 

leads to apoptosis, but is also observed in response to senescence-induced stress. 

Oncogene-induced senescence in mammary epithelial cells is induced by elevated 

cytosolic Ca2+, and can be prevented by blocking ER Ca2+ release (via ITPR1 and 

ITPR2; Wiel et al., 2014), while depleting ER Ca2+ stores prevented H2O2-induced 

senescence in endometrial mesenchymal stem cells (Borodkina et al., 2016). 

Furthermore, calcium is implicated in mediating SASP production via regulation of 

the nuclear factor of activated T cells (NFAT) pathway (via calcineurin mediated 

dephosphorylation, Fric et al., 2014), and is a key regulator of cell cycle, increased 

during anaphase to speed cell division (Farfariello et al., 2015; Poenie et al., 1986; 

Tombes & Borisy, 1989). Additionally, CDKIs are modulated by Ca2+, where loss of 

ER Ca2+ stores triggers p16 and p21 activation in vitro (Chen et al., 1999). Hence, it 

is clear that Ca2+ modulation is importantly associated with cellular ageing. 

4.1.6. Calcium in Skin and Wounds 

The epidermal calcium gradient is widely acknowledged, serving to regulate 

terminal differentiation and thus conserve epidermal barrier integrity (Menon et al., 

1985). Interestingly, Ca2+ transport to the stratum granulosum, and maintenance of 

the Ca2+ gradient, is lost during skin ageing (Rinnerthaler et al., 2013). In skin 

disorders such as Hailey-Hailey disease (mutated ATP2C1 encoding the Golgi pump) 

and Darier’s disease (mutated ATP2A2 encoding the SERCA pump), epidermal 

calcium balance is disrupted, causing decreased cell adhesion and misexpression of 

differentiation markers, such as loricrin and involucrin (Dhitavat et al., 2003; Elias 

et al., 2002; Leinonen et al., 2009; Savignac et al., 2014). A switch from low (0.03 

mM) to high (above 0.1 mM) calcium in vitro triggers keratinocyte differentiation, 

characterised by formation of tight junctions (redistribution of claudin and 
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occludin), adherens junctions (E-cadherin), and the expression of KRT1 and KRT10, 

involucrin and transglutaminase-I, and loricrin and filaggrin, in sequential order 

(Bikle et al., 1996; Pillai et al., 1990). Keratinocytes also contain a number of store-

operated Ca2+ entry channels (including TRPV6 and TRPC1, 3 and 4; Cai et al., 2006; 

Lehen'kyi et al., 2011; Tu et al., 2005), modulated by phospholipase C and CaSR (Tu 

et al., 2008).  

Skin wound healing is a process that must be initiated rapidly, and tightly controlled 

by signalling molecules (Fathke et al., 2006; Greaves et al., 2013). Thus, it is 

unsurprising that calcium plays a major part in orchestrating this cascade, 

modulating components of each wound repair phase. Proper Ca2+-directed 

communication is required for activation of platelets in haemostasis, as knockdown 

of Atp2a3 leads to delayed thrombosis in mice in vivo, and perturbed adhesion and 

aggregation of platelets in vitro (Elaïb et al., 2016). Moreover, intracellular Ca2+ 

directs neutrophil migration (Mandeville & Maxfield, 1997), and activates MCU 

(Zheng et al., 2017), TRPC1 (Lindemann et al., 2015) and TRPC6 (Damann et al., 

2009) to promote neutrophil polarisation and chemotaxis. Inhibition of Ca2+ 

mobilisation with Ca2+ channel blockers can prevent Mφ activation (Wright et al., 

1985), while a Ca2+-dependent PIP3 gradient is required for Golgi-mediated 

phagocytosis (Vashi et al., 2017). In later phases of healing, Ca2+ is required for 

cellular proliferation (Berridge, 1995; Schwarz et al., 2006; Zhang et al., 2014b) and 

the directed migration of fibroblasts (Wei et al., 2009). Ca2+ signalling is therefore 

crucially important for early and late-stage wound repair processes. 

 

 

 

 

 

 

 

 



 

157 
 

4.2. Chapter Aims 

Despite relatively detailed understanding of how calcium regulates cell signalling 

and function, little information is available regarding the temporal, spatial and 

pathological distribution of calcium and other metals in skin wound repair. It was 

therefore hypothesised that the metallome would be altered throughout normal and 

pathological healing in a temporal and spatial manner, which would correlate with 

metal-linked transcriptional changes and cellular functions. The specific aims of this 

chapter were to: 

1) Globally characterise endogenous metal levels in skin and determine their 

temporal profile throughout normal and pathological wound repair. ICP-

MS was used to measure metals in skin and wounds from normal (young and 

non-diabetic) and pathological (aged and diabetic) healing mice. 

2) Perform comparative analysis of metallome changes (ICP-MS) and gene 

expression (RNA-Seq) in normal and pathological healing. This will be the 

first attempt to perform direct correlative analysis between wound metallomics 

and transcriptomics. 

3) Explore in detail how changes in a single metallome component (calcium) 

are linked to functional aspects of wound repair. Here the contribution to 

specific aspects of healing will be evaluated using in vitro murine and human 

wound healing models. 

4) Generate pilot data on the spatial distribution of metals in skin and 

wounds. The LA-ICP-MS method was optimised and applied to normal mouse 

wounds. 
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4.3. Materials and Methods 

4.3.1. Animal Experiments 

Initially, the study aimed to profile the global distribution of metals in murine tissue 

across a time course of skin wound healing. Time points were chosen based on their 

correspondence with the major stages of wound healing (haemostasis, 

inflammation, proliferation and matrix remodelling; Witte & Barbul, 1997). Two 

6mm excisional wounds were created on the dorsum of female wild-type (WT) 

C57BL/6J mice at 8-10 weeks of age and left open to heal via secondary intention (n 

= 5 per group). Mice were collected at 1 day (D1), 3 days (D3), 7 days (D7) and 14 

days (D14) post-injury. Metal profiling was also undertaken in aged and diabetic 

murine models of delayed wound healing. Aged (80-90 weeks of age) female WT 

mice were wounded and collected at D3 (n = 4), diabetic (Db; Lepr-/-) young (8-10 

weeks of age) female mice were wounded and collected at D3 and D7, along with 

Non-Db (NDb; Lepr-/+) controls (n = 5 per group). All wounding experiments were 

performed as described in Section 2.1. 

4.3.2. Wound Processing and Analysis 

Wounds were collected from each animal and processed for histology (Section 

2.4.1), ICP-MS (Section 2.5) or qRT-PCR (Section 2.7). Calcium-related genes 

assessed in skin and wound tissue via qRT-PCR were calmodulin 1 (Calm1), S100 

calcium-binding protein A8 (S100a8), S100a9, translocating chain-associated 

membrane protein 2 (Tram2), phosphoinositide 3-kinase (Pi3k) and the calcium-

sensing receptor (Casr). 

4.3.3. Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

To determine how metals changed temporally and spatially throughout normal and 

pathological repair, laser-ablation ICP-MS (LA-ICP-MS) was performed on a 

RESOlution-SE instrument (Applied Spectra, California, US). Here, samples are 

ablated with a focussed laser beam within a laser ablation chamber, and the ablated 

material is analysed via mass spectrometry (as per ICP-MS; Becker et al., 2010). 

Methodology was optimised with OCT and paraffin embedded sections of varying 

thickness. From these optimisation experiments, 8 µm thick paraffin sections were 

deemed suitable for use in subsequent work. For the generation of pilot data for this 

thesis, D7 WT samples were processed. LA-ICP-MS laser conditions were set so the 

energy level was 2.7 mJ, with a fluence of 0.3-0.5 J/cm-2, pulse rate of 20 Hz, spot size 
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of 200 µm and line scanning at 100 µm/s (as in Hare et al., 2017; Ouypornkochagorn 

& Feldmann, 2010). The distances between spots were 200 µm and delay times 

between each analysed spot was 50 seconds. To calibrate the instrument, NIST 612 

Trace Elements in Glass (Sigma-Aldrich) were used. Fish liver (DOLT5, Section 2.5) 

was prepared as a reference.  

4.3.4. In Vitro Analysis 

4.3.4.1. Keratinocyte Experiments 

WT, NDb and Db MEKs were isolated (Section 2.2.2), cultured and scratched upon 

confluency (Section 2.6.2). Calcium was added as calcium chloride up to 5 mM 

concentration and migration assessed at 24 hours post-scratching. qRT-PCR was 

used to measure the differentiation markers keratin 14 (Krt14), Krt1, 

transglutaminase-1 (Tsg1), involucrin (Ivl) and small proline-rich protein 2 (Sprr2). 

Calcium markers assessed were Calm1, Casr, IP3R (Itpr1), Tram2 and Pi3k. NHEKs 

were analysed via qRT-PCR (as above) and immunocytochemistry (Section 2.6.7.4) 

for KRT14, KRT1, Loricrin, CALM1 and CaSR. Positively stained cells were counted 

or analysed via threshold intensity in ImageJ v.1.8. 

4.3.4.2. Fibroblast Assays 

WT and Db MDFs, and HDFs, were isolated, cultured and scratched for experiments 

as described above. HDF migratory behaviours were also determined in real-time 

using the Livecyte™ (Section 2.6.10). qRT-PCR was performed for the matrix 

markers fibronectin 1 (FN1), collagen type 1 alpha chain 1 (COL1A1) and collagen 

type 3 alpha chain 1 (COL3A1), and the differentiation marker cadherin 11 (CDH11). 

Immunocytochemistry was performed to measure fibronectin, collagen III, collagen 

I production following calcium treatment for 11 days. For collagen gel contraction 

assays, calcium was added to media surrounding collagen-fibroblast gels, left to 

contract for 48 hours (Section 2.6.5). For adhesion assays, HDFs were pre-treated 

for 24 hours with calcium and seeded onto collagen I-coated plates for 30 minutes 

(Section 2.6.3). Crystal Violet stained cells were counted in Image-Pro. 

4.3.4.3. Bone Marrow-Derived Macrophages and THP-1 Cells 

NDb and Db BMDMs were differentiated and polarised in the presence of calcium. 

After 24 hours, polarisation markers (Nos2, Cd86, Arg1 and Ym1) and calcium-linked 

genes (Casr, Calm1, Tram2, Pi3k, Itpr1 and S1P Receptor 2, S1pr2) were assessed via 
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qRT-PCR. Phagocytosis was determined using E. coli (K-12 strain) BioParticles® 

following 6 hours of calcium treatment (Section 2.6.9). 

THP-1 cells (ATCC® TIB-202™, ATCC, Middlesex, UK), used as a model of human 

monocytes (Bosshart & Heinzelmann, 2016), were grown in RPMI 1640 (Thermo 

Fisher Scientific) with 10% FBS and 1% penicillin-streptomycin solution. THP-1 

cells were treated with or without phorbol 12-myristate 13-acetate (PMA) at the 

same time as administering calcium. After 3 days, cells were collected for RNA to 

assess the expression of the differentiation markers, CD11b, CD14, CD36 and CD54 

(Michée et al., 2013; Wang et al., 2014) and the calcium-linked genes, CALM1, CASR, 

TRAM2 and Pi3K. To measure THP-1 cell adhesion following PMA and FAC 

stimulation, wells were Crystal Violet stained and counted. 

4.3.5. Transcriptional Profiling via RNA-Sequencing 

RNA was prepared from skin and wound tissue from WT and Db mice (D0, D3 and 

D7; n = 3 per group) for RNA-sequencing (RNA-Seq). RNA-Seq offers advantages 

over DNA-sequencing (e.g. microarray) as it not only allows the investigator to 

determine changes in the expression of large subsets of genes in a more quantifiable 

manner with less noise, but it will also identify post-translational modifications of 

mRNA and alternative splicing events (reviewed in Wang et al., 2009).  

RNA-Seq was performed using the paired-end method and Illumina platform. Error 

rate distribution among reads was <0.04%, while over 90% of reads from each 

sample were clean and passed quality control. Isolated RNA was enriched for mRNA, 

fragmented to allow short read (200-300kB) sequencing and cDNA was reverse 

transcribed from fragmented mRNA. The cDNA 5’ and 3’ ends were repaired and dA-

tailing was performed on blunt 3’ ends of the cDNA strands. Adapters were ligated 

to the 5’ ends of each cDNA strand to allow hybridisation to a flow cell and unique 

identification of each sample. PCR amplification of the cDNA library was then 

performed to enrich cDNAs containing adapter sequences. Library concentration 

and fragment lengths were verified, and the library was sequenced. These 

sequences, or reads, were then aligned to the reference genome (using HISAT2) and 

assembled to map the transcriptome. Gene expression was determined from 

number of transcripts, normalised to Fragments per Kilobase Million (FPKM). The 

full workflow for RNA-Seq is shown in Figure 4.5. The above sample – and 
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bioinformatic – processing was performed by Novogene Ltd. (Cambridge, UK). All 

subsequent analysis was performed by the author (HNW) as described below. 

 

Figure 4.5. Outline of the workflow used for RNA-sequencing and analysis. Quality control (QC) 
was performed at each major step in the process (RNA, cDNA library and raw data processing) before 
raw data outputs were mapped onto the reference genome and quantified. Analysis of data was 
performed using R v.3.6.1, DAVID v.6.8 and ingenuity pathway analysis software. PCA = principal 
component analysis. DE = differential expression.  

4.3.5.1. Multidimensional Scaling of RNA-Sequencing Data 

Analyses were performed on differentially expressed (DE) genes. Genes were 

deemed DE when expression between experimental groups was above 1.5-fold 

different, with 5% alpha level significance following multiple correction to reduce 

false discovery rate (Benjamini-Hochberg procedure, shown as Padj). Principal 

component analysis (PCA) was performed on log2-transformed FPKM count data 

from DE genes using R v.3.6.1 (Core Team, 2019) and the ‘ggplot2’ package 

(Wickham, 2016). A scree plot was generated to determine the contribution of each 

PC to the variation in the dataset. From this, PC1, PC2 and PC3 were plotted and the 

top genes contributing to each PC were determined. For hierarchal clustering, FKPM 
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counts were log-transformed and scaled prior to clustering using Euclidian distance 

and Ward D2’s method within the R packages ‘ISLR’ (James et al., 2017), 

‘RColorBrewer’ (Neuwirth & Brewer, 2014) and ‘gplots’ (Warnes et al., 2016). 

Heirarchal clusters were generated for the entire DE gene set (10,187 genes), the 

top 250 most variable genes and DE genes identified from annotated pathways 

(below). Interactive plots for analysis were prepared in the R packages ‘d3heatmap’ 

and ‘heatmaply’ (Galili et al., 2017). 

4.3.5.2. RNA-Sequencing Functional Annotation and Pathway Analysis 

Upregulated and downregulated subsets of genes were compared between Db and 

WT skin and wounds, and between skin and wounds within each genotype (Db or 

WT). ENSEMBL gene identifiers for DE genes were copied into InteractiVenn 

(Heberle et al., 2015) to create Venn diagrams. Volcano plots were made using the 

R Bioconductor package ‘EnhancedVolcano’ (Blighe, 2019) and allowed 

visualisation of upregulated and downregulated genes in different comparison 

groups. Fold change expression was plotted against Benjamini-Hochberg adjusted P 

values. For functional analysis, ENSEMBL gene identifiers were scrutinised in the 

Database for Annotation, Visualization and Integrated Discovery (DAVID) v.6.8 

(Huang et al., 2009), with relevant top annotations (Gene ontology, KEGG pathway 

or UniProt knowledgebase, UniProtKB) plotted against P value (Benjamini-

Hochberg false discovery rate). DAVID was also used to find annotations spanning 

the entire DE data set, thus enabling hierarchal clustering analysis to be performed 

on chosen significant pathways (metal binding, calcium, aging and iron). Finally, 

Ingenuity® Pathway Analysis (IPA; Qiagen) was used to generate gene networks 

with direct interactions and DE data overlays (Db versus WT at D0, D3 and D7). 

Genes of interest were picked out from the DE data for scatterplots and bar graphs, 

and analysed via two-way ANOVA with Tukey post-hoc analysis in GraphPad Prism 

v.7.0 (GraphPad Software, California, US).  

4.3.6. Data Analysis  

All non-RNA-Seq data are presented as mean +/- standard error of the mean. 

Statistical analysis was performed on these data sets in GraphPad Prism. Livecyte™ 

analysis was performed in R v.3.6.1 as described in Section 2.6.10. 
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4.4. Results 

4.4.1. ICP-MS reveals temporal changes in the metallome across normal 

wound repair. 

Histological analysis confirmed the expected healing profile in WT mouse tissue 

used in this study (Appendix Figure 4A.1). Wound width and area decreased over 

time, while full closure (re-epithelialisation) was achieved at D7. Neutrophil 

infiltration was lower at D3 and D7 (P < 0.001), and Mφ levels peaked at D3 (P < 

0.05) before starting to decline. The pro-inflammatory Mφ marker, Nos-2, was 

highest at D3 (P < 0.05), and reduced by D7 (P < 0.001), and the pro-healing Mφ 

marker, Arginase-1, was greatest at D7 (P < 0.05).  

ICP-MS demonstrated changes in metals throughout normal murine wound repair. 

A heatmap demonstrates metal abundance as fold change versus D0 normal skin 

(Figure 4.6A). At D1, no significant alterations were observed in the seven elements 

tested compared to D0. However, by D3 calcium was significantly upregulated (P < 

0.001), increasing from 381 to 1063 µg/g of tissue (Figure 4.6B). At D7 calcium 

remained significantly higher than D0 (P < 0.001; 1222 µg/g). However, calcium was 

greatly reduced by D14 (61 µg/g; P < 0.001). Other metals were also significantly 

upregulated at D7, compared to D0: Magnesium (215 to 399 µg/g tissue; P < 0.01; 

Figure 4.6C); iron (41 to 120 µg/g tissue; P < 0.001; Figure 4.6D); copper (1.49 to 

2.69 µg/g tissue; P < 0.001; Figure 4.6F) and; manganese (0.19 to 0.47 µg/g tissue; 

P < 0.01; Figure 4.6G). At D14, iron (151 µg/g tissue; P < 0.001), manganese (0.64 

µg/g tissue; P < 0.001) and aluminium (14.37 µg/g tissue; P < 0.001) were 

significantly upregulated compared to D0. Collectively, these data highlight clear 

temporal changes in the wound metallome. 

As calcium was the most abundant metal, with the greatest temporal variation 

during healing, the expression of a number of candidate calcium genes was next 

assessed in WT wounds. Casr (P < 0.05 to P < 0.001; Figure 4.6I), S100a8 (P < 0.05 

to P < 0.001; Figure 4.6J) and S100a9 (P < 0.05; Figure 4.6K) were upregulated at 

D1, D3 and D7, compared to D0, while Calm1 (Figure 4.6L) and Pi3k (Figure 4.6M) 

were unchanged throughout healing. On the contrary, Tram2 expression was 

downregulated at each post-wound time point (P < 0.01; Figure 4.6N).  
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Figure 4.6. ICP-MS reveals temporal alterations in the metallome across normal wound repair. 

Heat map summary of metal fold changes across healing (versus D0 normal skin; A). D = day post-

injury. Graphs of abundance (µg/g tissue) for calcium (Ca; B), magnesium (Mg; C), iron (Fe; D), zinc 

(Zn; E), aluminium (Al; F), copper (Cu; G) and manganese (Mn; H). qRT-PCR of calcium-linked genes 

(I-N). Mean +/- SEM. n = 5 mice per group. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA 

with Tukey’s post-hoc analysis (* alone versus D0). 
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4.4.2. Pathological wounds display an altered skin and wound 

metallome. 

As with the normal time course tissue, pathological healing was confirmed in aged 

(Appendix Figure 4A.2) and Db (Appendix Figure 4A.3) wounds. Aged wounds 

healed more slowly than young wounds, with reduced wound closure (P < 0.01), 

heightened neutrophil influx (P < 0.05) and greater Nos-2 expression (P < 0.001) at 

D3. In Db wounds, wound width was higher (P < 0.05) and wound closure was 

reduced (P < 0.01) at D7 compared to NDb. Neutrophil infiltration was increased in 

Db wounds at D3 (P < 0.05) and D7, while Mφs were greatest at D7 in Db wounds (P 

< 0.05). Nos-2 infiltration was higher in Db wounds at D3 (P < 0.01) and D7 (P < 

0.05), whereas Arginase-1 expression was reduced at D7 in the Db model compared 

to NDb (P < 0.05). Taken together, these data confirm significant healing impairment 

in the aged and Db murine wound tissue used in this study. 

Comparisons were first made between the metallome of young versus aged and NDb 

versus Db skin (Figure 4.7A). Here, calcium (P < 0.001), aluminium (P < 0.01) and 

copper (P < 0.001) were significantly reduced in aged skin, compared to young. 

Calcium (P < 0.05), magnesium (P < 0.001), iron (P < 0.001), zinc (P < 0.01) and 

copper (P < 0.05) were also significantly reduced in Db skin, compared to NDb. In 

day 3 wounds, calcium was reduced in aged mice (P < 0.05), while calcium (P < 0.05), 

magnesium (P < 0.05), iron (P < 0.01), zinc (P < 0.01) and copper (P < 0.05) were 

reduced in Db mouse wounds (Figure 4.7B and Figure 4.8).  

The metallome was also compared at D7 (with D0 and D3) in NDb versus Db mice 

(Figure 4.8). Here, calcium (1308.49 versus 725.15 µg/g; P < 0.05), magnesium 

(350.16 versus 124.23 µg/g; P < 0.001), iron (137.11 versus 41.02 µg/g; P < 0.01) 

and zinc (23.94 versus 14.62 µg/g; P < 0.001) levels were significantly higher in the 

NDb group. These findings therefore demonstrate that the normal metallome is 

greatly perturbed in pathological aged and Db healing, with differential changes in 

metals observed between the two delayed healing models. 
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Figure 4.7. The metallome of skin and wounds is crucially altered in pathological healing. Fold 
change in metals in skin (A) and wounds at day 3 post-injury (B). Young versus aged fold change 
plotted against non-diabetic (NDb) versus diabetic (Db) fold change. Sphere size illustrates element 
abundance in young tissue, where calcium (Ca) was the most abundant metal in skin and wounds. 
Magnesium (Mg), iron (Fe), zinc (Zn), aluminium (Al), copper (Cu) and manganese (Mn) also shown. 
Dotted lines = fold change of 1. n = 3-5 mice per group. 

 

Figure 4.8. Temporal alterations in metals during diabetic healing. Fold change in metals in skin 
(D0), and wounds at day 3 (D3) and day 7 (D7) post-injury (A). Calcium (Ca), magnesium (Mg), iron 
(Fe), zinc (Zn), aluminium (Al) and copper (Cu). Non-diabetic (NDb) versus diabetic (Db). Dotted line 
highlights fold change of 1. Values above 1 were upregulated in NDb skin and wounds. Bar graph 
showing data in A plus compound SEM error bars (B). n = 3-5 mice per group. * = P < 0.05, ** = P < 
0.01, # = P < 0.001. Independent two-tailed Student’s t tests performed on B. 

 

4.4.3. LA-ICP-MS highlights the spatial distribution of metals in skin and 

wounds. 

A pilot study was performed to determine the spatial location of altered metals in 

D7 normal healing wounds using LA-ICP-MS (Figure 4.9). Elemental abundance 

matched the scales observed in normal ICP-MS, where calcium (Figure 4.9B) and 
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magnesium (Figure 4.9C) levels were higher than iron (Figure 4.9D), zinc (Figure 

4.9E), and aluminium (Figure 4.9F). Calcium showed regional distribution, where 

it was over twice as abundant in the granulation tissue and dermis compared to the 

epidermis. Similarly, the highest amount of iron was exhibited in the granulation 

tissue of D7 wounds, but was lower in the surrounding dermis and epidermis. By 

contrast, magnesium and zinc displayed scattered dispersal throughout the entire 

tissue that was not wound-site specific, which could reflect cell-specific localisation. 

Aluminium levels appeared more uniform than the other metals tested, but still 

demonstrated marginal differences in distribution throughout the wound tissue. 

Together, these preliminary data reveal regional variations in wound metals that 

may confer their specific roles in modulating wound cell behaviours. 

4.4.4. Calcium genes are altered in pathological skin and wounds. 

Calcium was highlighted as a key metal decreased in delayed healing wounds. Thus, 

expression of a number of candidate calcium-linked genes was assessed in normal 

(young and NDb) and pathological (aged and Db) skin and D3 wounds via qRT-PCR. 

Calm1 (Figure 4.10A) and Pi3k (Figure 4.10E) were downregulated in aged 

wounds compared to aged skin (P < 0.01 and P < 0.001, respectively) and young 

wounds (P < 0.05). S100a8 was upregulated following injury in young (P < 0.001) 

and aged (P < 0.01) wounds (Figure 4.10B), while S100a9 was only upregulated in 

young D3 wounds (P < 0.05; Figure 4.10C). Tram2 expression was not altered by 

injury or aged pathology (Figure 4.10D), whereas Casr was upregulated in young 

(P < 0.05) and aged (P < 0.01) wounds, but lower in aged wounds (Figure 4.10F).  

In the NDb versus Db mice, Calm1 (Figure 4.10G) and Tram2 (Figure 4.10J) were 

unchanged with injury and showed a non-significant decrease in Db wounds (versus 

NDb). However, differential effects in other calcium genes were observed. S100a8 

(Figure 4.10H) and S100a9 (Figure 4.10I) were significantly higher following 

injury in NDb (P < 0.001 and P < 0.01, respectively) and Db (P < 0.001 and P < 0.05, 

respectively) mice. Pi3k (P < 0.01; Figure 4.10K) was lower in Db wounds than skin, 

while Casr (P < 0.05; Figure 4.10L) expression were downregulated in Db wounds 

compared to NDb. These findings indicate that calcium dysregulation in pathology 

occurs at both the elemental and molecular level, and correlates with impaired 

wound healing. 
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Figure 4.9. Spatial distribution of metals in normal wounds at day 7 post-injury. LA-ICP-MS was 
used to measure metal distribution spatially in tissue sections. Representative D7 wild-type wound. 
Original wax section (A) and measurements of calcium (Ca, B), magnesium (Mg, C), iron (Fe, D), zinc 
(Zn, E) and aluminium (Al, F). PPM = parts per million. Bar = 500 µm. 

4.4.5. Calcium intrinsically modulates keratinocyte differentiation and 

migration, which is perturbed by diabetic pathology. 

The functional effects of exogenous calcium were determined using wound-relevant 

in vitro assays. Experiments were first performed on MEKs to assess migration and 

the expression of differentiation- and calcium-linked genes. MEK migration was 

highest following 0.1 mM calcium (P < 0.05), with 5 mM significantly impairing 

migration (P < 0.001; Figure 4.11A-B). By contrast, differentiation markers were 

significantly altered only following 5 mM calcium treatment, where Krt14 was 

reduced (P < 0.001; Figure 4.11C), and Krt1 significantly increased (P < 0.01; Figure 
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4.11D). Tsg1 (Figure 4.11E) and Ivl (Figure 4.11F) were modestly elevated with 

high (1-5mM) calcium, while Sprr2 was upregulated at all calcium doses (P < 0.001; 

Figure 4.11G). High (5mM) calcium upregulated expression of the calcium-linked 

genes, Calm1 (P < 0.01; Figure 4.11H), Casr (P < 0.001; Figure 4.11I) and Tram2 (P 

< 0.05; Figure 4.11K). Itpr1 was highest following 1 mM calcium (P < 0.05; Figure 

4.11J) and Pi3k was elevated at 0.1 mM calcium treatment (P < 0.05; Figure 4.11L). 

As ICP-MS demonstrated calcium perturbation in pathological healing, the effect of 

calcium on NDb and Db MEKs was next determined. In NDb MEKs, 0.1 mM calcium 

accelerated scratch closure (P < 0.05), yet closure was significantly impaired in Db 

versus NDb MEKs at 0.1 mM (P < 0.05), 1 mM (P < 0.01) and 5 mM (P < 0.001) 

calcium (Figure 4.12A-B). NDb Krt1 (P < 0.01; Figure 4.12D) and Sprr2 (P < 0.01; 

Figure 4.12G) expression were highest at 5 mM calcium, while 1 mM and 5 mM 

calcium significantly increased Ivl expression in NDb MEKs (P < 0.01; Figure 4.12F). 

Db MEKs showed significantly reduced Krt1, Ivl and Sprr2 expression following 5 

mM calcium (P < 0.05). Of the calcium-linked genes, Calm1 expression was modestly 

reduced in Db MEKs (Figure 4.12H) and Casr expression was significantly 

dampened in Db MEKs following 5 mM calcium (P < 0.05; Figure 4.12I). Collectively, 

these data establish that calcium influences both migration and differentiation in 

MEKs, which is impaired in Db pathology. 

4.4.6. Calcium induces dose-dependent differential effects on primary 

human keratinocyte differentiation. 

To provide translational relevance, calcium was next added to NHEKs with 

differentiation marker expression assessed (Figure 4.13). KRT14 and KRT1 were 

downregulated in a dose-dependent manner following calcium administration (P < 

0.05 to P < 0.01), while TSG1 expression was elevated (P < 0.05 to P < 0.001). Flg (P 

< 0.001) was reduced at all quantities assessed (Figure 4.13A). Calcium treatment 

increased CALM1 (P < 0.05 to P < 0.001) and CASR (P < 0.01) expression and reduced 

ITPR1 (P < 0.01) and TRAM2 (P < 0.05; Figure 4.13B). Immunocytochemistry was 

performed using KRT14, CALM1, KRT1, CaSR and loricrin antibodies to further 

evaluate NHEK responses to calcium (Figure 4.13C).  NHEKs were co-stained with 

KRT14 and CaSR, KRT1 and CALM1, and loricrin and Phalloidin (cytoskeleton stain). 

Contrary to qRT-PCR, 1 mM and 5 mM calcium increased KRT14 (compared to no 

calcium; P < 0.01 to P < 0.001; Figure 4.13D). CaSR was elevated at 0.4 mM (P < 
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0.01), 1 mM (P < 0.05) and 2 mM (P < 0.05) calcium. Protein and transcript levels of 

KRT1 did not correlate either, as the number of KRT1+ve NHEKs increased at 2mM 

(P < 0.01) and 5 mM (P < 0.001) calcium, while CALM1+ve cells were highest 

following 5 mM calcium (P < 0.001). Finally, the cornified envelope marker, loricrin 

(Mehrel et al., 1990), was increased at 1 mM (P < 0.01), 2 mM (P < 0.01) and 5 mM 

(P < 0.05) calcium. Together, these results show that NHEK migration and 

differentiation are dose-dependently affected by calcium treatment. 

Figure 4.10. Calcium genes are altered in the skin and wounds of pathological healing mice. 
Calm1 (A), S100a8 (B), S100a9 (C), Tram2 (D), Pi3k (E) and Casr (F) expression in young and aged 
skin (D0) and wounds at day 3 post-injury (D3). Calm1 (G), S100a8 (H), S100a9 (I), Tram2 (J), Pi3k 
(K) and Casr (L) at D0 and D3 in non-diabetic (NDb) and Db mice. Mean + SEM. n = 4-5 mice per 
group. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA with Tukey’s post-hoc analysis. * 
alone versus young/NDb. 
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Figure 4.11. Calcium dose-dependently alters murine epidermal keratinocyte migration and 
differentiation. Murine epidermal keratinocytes (MEKs) were isolated from young mouse skin and 
treated with calcium. Scratch assays (A-B) shows calcium dose-dependently affects MEK migration. 
Bar = 500 µm. Arrows = wound edges. qRT-PCR demonstrates changes in differentiation markers (C-
G) and calcium-related genes (H-L) following calcium administration. Mean + SEM. n = 4-5 mice. * = 
P < 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA with Tukey’s post-hoc analysis. * alone versus 
control (0 calcium). 
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Figure 4.12. Diabetic epidermal keratinocytes show impaired responses to calcium. Murine 
epidermal keratinocytes (MEKs) were isolated from non-diabetic (NDb) and diabetic (Db) mouse 
skin and treated with calcium. Scratch assays (A-B) demonstrate impaired migration in Db MEKs. 
Bar = 500 µm. Arrows = wound edges. qRT-PCR of differentiation markers (C-G) and calcium-related 
genes (H-K). Mean + SEM. n = 4-5 mice. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA 
with Tukey’s post-hoc analysis. * alone versus control (no calcium). 
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Figure 4.13. Calcium modulates differentiation, calmodulin expression, and the calcium-
sensing receptor of human epidermal keratinocytes. Human epidermal keratinocytes (NHEKs) 
were isolated from human skin and treated with calcium. qRT-PCR demonstrates changes in 
differentiation markers (A) and calcium-related genes (B). Immunocytochemistry for keratin 14 
(KRT14, red), calcium-sensing receptor (CaSR, green), KRT1 (red), calmodulin 1 (CALM1, green) and 
loricrin (green; C), quantified in D. Loricrin staining + Phalloidin (red). DAPI = blue nuclei. Bar = 100 
µm. Mean + SEM. Representative of three donors. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. One-way 
ANOVA with Tukey’s post-hoc analysis. Significance versus control (no calcium). 
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4.4.7. Calcium alters migration of murine fibroblasts, independent of 

diabetic pathology. 

Scratch migration assays were performed on WT and Db MDFs (Figure 4.14). In WT 

MDFs, calcium dose-dependently increased migration, leading to accelerated 

scratch wound closure at 24 hours following 0.4 mM, 1mM and 2 mM treatment (P 

< 0.001; Figure 4.14A, C). Although scratch migration was substantially perturbed 

in Db MDFs, 2 mM calcium significantly improved scratch closure versus no calcium 

(P < 0.05). Intriguingly, 5 mM calcium led to a major delay in scratch closure in Db 

MDFs (P < 0.001; Figure 4.14B, D), suggesting that these cells are particularly 

sensitive to high calcium. 

 

Figure 4.14. Murine dermal fibroblast scratch migration is dose-dependently affected by 
calcium. Scratch assays were performed on young wild-type (A, C) and young diabetic (B, D) mouse 
dermal fibroblasts (MDFs). Representative images (C-D). Bar = 500 µm. Arrows = wound edges. 
Combined 3 donors. Mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA with 
Tukey’s post-hoc analysis performed on all data sets. * alone versus control (no calcium). 
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4.4.8. Calcium modulates human dermal fibroblast migration, 

extracellular matrix production and cellular differentiation. 

In human dermal fibroblasts, 1 mM calcium significantly accelerated end-point 

scratch wound closure as early as 12 hours post-scratching (P < 0.001 versus no 

calcium; Figure 4.15A-B). By 48 hours, 0.1 mM, 1 mM and 5 mM calcium 

significantly increased closure (P < 0.001 versus no calcium). Note, HDF migration 

was minimal in low (0 mM to 0.01 mM) and high (10 mM) calcium, indicating careful 

modulation of calcium is critical for normal physiological responses.  

 

Figure 4.15. Calcium modulates scratch migration in human dermal fibroblasts. Human dermal 
fibroblasts (HDFs) were isolated from human skin and scratched in confluent monolayers. End-point 
scratch assay migration data (A) and representative crystal violet stained images (B). Representative 
donor. Bar = 300 µm. Mean + SEM. * = P < 0.05, ** = P < 0.01, red* = P < 0.001. One-way ANOVA with 
Tukey’s post-hoc analysis performed on all data sets. Significance versus control (no calcium). 

 
End-point migration assays provide limited information about temporal changes in 

cellular behaviour, therefore the Livecyte™ (ptychographic imaging) was used to 

monitor HDF scratch migration in real-time. Scratch analysis was first performed to 

measure track length and scratch area. Track length measures migration distance 

from the scratch border at time zero, thus increased track length is equivalent to 

increased scratch migration. Area measures the area of the scratch wound, where 
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reduced area is equivalent to increased scratch closure. Representative images with 

scratch overlay demonstrate closure rates at the final imaging frame (24 hours; 

Figure 4.16A). Graphs show track length and area at every 4th frame with error bars 

(every 1 hour 20 minutes; Figure 4.16B, D), and at each frame with linear 

regression lines (Figure 4.16C, E). Over time, track length, and thus scratch 

migration, increased in all groups, but was highest following 2 mM calcium and 

lowest following 5 mM calcium. Similarly, the area of scratch closure increased the 

most following 2 mM calcium, and by 24 hours, this was significantly different to all 

other treatment groups (P < 0.001).  

A real advantage of ptychography is the ability to track individual cells in real-time 

in a non-invasive manner (Suman et al., 2016). Single cell segmentation analysis was 

therefore performed, where HDFs at the scratch wound edge were individually 

identified and tracked over time (representative images in Figure 4.16F). Data was 

filtered to include cells tracked for more than four frames, and an average for each 

parameter (across all tracked cells) was taken for each treatment group. Track 

length measured the distance travelled by each cell, while displacement determined 

the distance displaced by each cell (end position divided by starting position; Petrie 

et al., 2009). Cell speed measured track length over time (µm/min), and 

instantaneous velocity determined the velocity (µm/s) of a cell between successive 

frames (Kasprowicz et al., 2017). Single cell segmentation identified greater track 

length (migration length) at 1 mM (P < 0.001) and 2 mM (P < 0.001) calcium 

treatment, which was significantly impaired at 5 mM calcium (P < 0.001; Figure 

4.16G). The same profile was observed for cell displacement (P < 0.01 to P < 0.001; 

Figure 4.16H), cell speed (P < 0.05 to P < 0.001; Figure 4.16I) and instantaneous 

velocity (P < 0.01; Figure 4.16J), showing that cells treated with 1 mM and 2 mM 

calcium moved the fastest and covered the highest distance.  

Meandering index determined the directional persistence of the cells. Meandering 

index is described as the distance travelled by the cell divided by the cell’s 

displacement, where a higher meandering index demonstrates more directionally 

persistent migration (Petrie et al., 2009). Meandering index was highest at 1-2 mM, 

and was significantly reduced at 5 mM calcium (P < 0.05; Figure 4.16K), showing 

that migration in cells treated with 1 mM and 2 mM calcium was less random and 

more directed than in other treatment groups.  
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The growth and proliferation of cells during scratch wound closure can be 

determined from cell volume and dry mass measurements (Kasprowicz et al., 2017). 

Here, cell volume (P < 0.001; Figure 4.16L) and dry mass (P < 0.001; Figure 4.16M) 

were drastically reduced following 5 mM calcium, indicating reduced growth. 

Finally, cell sphericity was significantly enhanced at 5 mM calcium treatment (P < 

0.001; Figure 4.16N). As migratory cells develop a flattened and elongated 

appearance (Herant & Dembo, 2010), these data further establish that 5 mM calcium 

reduces migratory behaviours in HDFs. 

Calcium clearly dose-dependently influenced HDF migration. However, another 

important function of the fibroblast is to deposit ECM and reform the dermis 

following injury (Frienkel & Woodley, 2001). Thus, qRT-PCR was used to determine 

expression levels of key matrix-linked (COL1A1, COL3A1, FN1 and CDH11) and 

calcium-linked (CALM1 and CASR) genes in HDFs treated with calcium (Figure 

4.17). To mimic pathological calcium conditions in these cells, 0.4 mM Ca (20 % of 

2 mM) was used, with 2 mM mimicking normal physiological levels of calcium. 

Evaluation of higher concentrations of calcium was not possible for ECM 

assessment, as sustaining (72 hours onwards) calcium >2 mM led to high 

proportions of cell death in HDF monolayers (data not shown). Interestingly, low 

calcium (0.4 mM) caused the highest expression of COL1A1 (Figure 4.17A), COL3A1 

(Figure 4.17B) and FN1 (Figure 4.17C), which were significantly reduced following 

1-2 mM calcium treatment. CDH11 was also highest following 0.4 mM calcium, and 

reduced at 1 mM (P < 0.01) and 2 mM (P < 0.001) treatment (Figure 4.17D).  

By contrast, immunocytochemistry demonstrated that lowered (0.4 mM) calcium 

did not alter fibronectin accumulation (Figure 4.17E), but led to substantially 

decreased deposition of collagen III (P < 0.001; Figure 4.17F) and collagen I (P < 

0.001; Figure 4.17G; representative images, Figure 4.17H). Low calcium (0 and 0.4 

mM) also significantly impaired HDF collagen gel contraction (P < 0.05), while HDFs 

in 1- and 2-mM calcium contracted to a similar extent as TGF-β1 stimulated HDFs 

(Figure 4.17J-K). Further, low calcium (0 and 0.4 mM) greatly reduced the number 

of adherent cells (to collagen I-coated plates), which were highest at 1 mM (P < 

0.001) and 2 mM (P < 0.01) calcium (Figure 4.17L-M). Overall, these data illustrate 

that abnormal levels of calcium impair fibroblast migration and differentiation-

linked behaviours, including ECM production, contraction and cellular adhesion. 
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Figure 4.16. Live cell imaging demonstrates calcium-induced modulation of migratory 
behaviours in human dermal fibroblasts. Live imaging was performed via ptychography. Scratch 
images from the final frame (24 hours, A) with quantification of track length (B-C) and area of scratch 
closure (D-E). Single cell segmentation at the final frame (24 hours, F) where cells were tracked 
individually. Mean quantification of single cell parameters (G-M). Representative donor. Bar = 200 
µm. Mean +/- SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA with Tukey’s post-hoc 
analysis performed on G-M. * alone versus 0.1 mM calcium. 
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Figure 4.17. Phenotypic behaviours of human dermal fibroblasts are calcium-dependent. qRT-
PCR for COL1A1 (A), COL3A1 (B), FN1 (C), CDH11 (D) and CALM1 (E) following two days treatment. 
Immunocytochemistry for fibronectin (Fn, F), collagen III (Col III, G) and Col I (H) production. DAPI 
= blue nuclei. Markers = Alexa Fluor® 488. Representative images (I). Bar = 50 µm. Collagen 
contraction gels (J) and quantification of gel weights (K). Bar = 5 mm. Collagen I adherence assay (L) 
and adherent cell numbers (M). Bar = 100 µm. Combined 3 donors. Mean + SEM. * = P < 0.05, ** = P < 
0.01, *** = P < 0.001. One-way ANOVA with Tukey’s post-hoc analyses. * alone versus 0.4mM (A-H) 
or 0 mM (K, M) groups. 
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4.4.9. Diabetic macrophages display intrinsically-altered polarisation 

and responses to calcium. 

Wound Mφs are upregulated at D3 (Appendix Figure 4A.1), where calcium levels 

significantly accumulate (Figure 4.6). Transcriptional changes in polarisation and 

calcium-linked genes were directly assessed between NDb and Db Mφs under 

different calcium conditions. A heatmap demonstrates Db versus NDb fold change 

in expression (values above 5 and below -10 are colour saturated, significance not 

shown, Figure 4.18A).  

NDb and Db Mφs were compared at 2 mM calcium, where as expected, Arg1 (Figure 

4.18B) and Ym1 (Figure 4.18C) were elevated in M2-stimulated Mφs and Nos2 

(Figure 4.18D) and Cd86 (Figure 4.18E) were upregulated in M1-stimulated Mφs. 

Polarisation markers were lower in Db Mφs (Figure 4.18B-E), suggesting they were 

less responsive to stimulation. Casr expression was lower in M1 and M2 (P < 0.01) 

Db Mφs (compared to NDb, Figure 4.18F). Tram2 (P < 0.05 at M0 and M2; Figure 

4.18G), Pi3k (P < 0.05 at M2; Figure 4.18H), Calm1 (P < 0.001; Figure 4.18I) and 

Itpr1 (P < 0.05 at M2; Figure 4.18J) were higher in NDb than Db Mφs under different 

polarisation states (full comparisons, Appendix Figures 4A.4-4A.6). A 

phagocytosis assay was also performed using E. coli BioParticles™ (Appendix 

Figure 4A.7), where high calcium increased particle uptake in M0 and M1 Mφs. 

4.4.10. PMA-induced differentiation in THP-1 cells is calcium-

dependent. 

THP-1 cells were used as a human monocyte model due to their versatility and 

availability (Bosshart & Heinzelmann, 2016). As THP-1 cells are immortalised, there 

were no concerns around maintaining their viability for differentiation experiments. 

THP-1 cells were stimulated to differentiate into Mφ-like cells with PMA in the 

presence of calcium, evaluated using qRT-PCR for validated markers and physical 

assessment of cellular adhesion. CD11b expression was unaffected by calcium level 

(Figure 4.19A), while CD14 expression was highest in THP-1 cells stimulated with 

PMA under 2mM calcium conditions (P < 0.001; Figure 4.19B). Similarly, CD36 

expression was only significantly upregulated in PMA-stimulated cells treated with 

2 mM calcium (P < 0.05; Figure 4.19C). CD54 expression was greatest in THP-1 cells 

plus PMA (versus no PMA) irrespective of calcium dose (Figure 4.19D). The 

connection to calcium was further assessed by profiling candidate calcium-linked 
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genes. Here, PMA stimulation significantly increased expression of Calm1 following 

2 mM calcium treatment (P < 0.05; Figure 4.19E), while Casr expression was 

downregulated following PMA stimulation in 0.4 mM (P < 0.001) and 3 mM (P < 

0.001) calcium (Figure 4.19F). PMA stimulation also dampened Tram2 expression 

in low (0.4 mM) calcium (P < 0.01; Figure 4.19G) and Pi3K expression in high (3 

mM) calcium (P < 0.05; Figure 4.19H). Finally, the effect of stimulation and calcium 

administration on THP-1 cell adhesion was explored (Figure 4.19I). Here, PMA-

stimulated THP-1 cells in 2 mM calcium displayed the greatest adherence (P < 0.05; 

Figure 4.19J). Hence, calcium is required to promote differentiation marker 

expression and adherence in differentiating monocytes.  

Figure 4.18. Calcium alters transcriptional profiles of bone marrow-derived macrophages. 
Macrophages were left unstimulated (M0) or stimulated to pro-inflammatory (M1) or anti-
inflammatory (M2) states. Heatmap depicting diabetic (Db) versus non-Db (NDb) fold change in 
expression via qRT-PCR (A). Values above 5 and below -10 colour saturated. Individual graphs of 
expression of M1 (Cd86 and Nos2) and M2 (Arg1 and Ym1) polarisation markers and calcium-linked 
genes and following 2 mM calcium treatment (B-K). n = 4 mice per group. Mean + SEM. ** = P < 0.01, 
*** = P < 0.001. Two-way ANOVA with Tukey’s post-hoc analysis. * alone versus M0 group. 
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Figure 4.19. PMA-induced THP-1 cell differentiation is governed by calcium. Phorbol 12-
myristate 13-acetate (PMA) was used to differentiate THP-1 cells. qRT-PCR assessed differentiation 
markers in non-stimulated and PMA-stimulated cells (A-D). Calcium-linked genes were also assessed 
(E-H). Adhesion was determined by counting adherent crystal violet stained cells (I, quantified in J). 
Bar = 100 µm. Three independent experiments. Mean + SEM. ** = P < 0.01, *** = P < 0.001. Two-way 
ANOVA with Tukey’s post-hoc analysis. * alone versus 0.4 mM (A-H) or 0.1 mM (J) groups. 

 

4.4.11. Transcriptional profiling links metals to wound healing and 

diabetic pathology at a global level.  

The metallome was clearly temporally and spatially altered throughout normal 

healing and perturbed by pathology. Preliminary investigations also revealed that 

the expression of a number of candidate calcium-linked genes was dysregulated 

with healing pathology (Figure 4.10), while calcium modulated many wound-

relevant cellular functions (Figure 4.11-4.19). Thus, a global approach was taken 

to transcriptionally profile skin and wounds from normal (WT) and pathological 

(Db) healing mice, and relate transcriptional changes to the metallome. 
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RNA-Seq identified 10,188 differentially expressed (DE) genes, first visualised via 

scree plot to determine the contribution of each PC to the variability in the dataset 

(Figure 4.20A). Here, PC1 accounted for over 41.2% of the variability, PC2 for 

19.2% and PC3 for 10.9% of the variability. PC1, PC2 and PC3 pair-wise plots 

revealed inter- and intra-group transcriptional clustering of individual samples. In 

all cases, sample groups were tightly clustered, with only slight overlap between D3 

and D7 Db groups (Figure 4.20B). The top 10 genes contributing to each PC was 

based on determining the genes with the highest loading scores (Figure 4.20E). 

Hierarchal clustering analysis of the entire DE dataset showed WT and Db skin 

transcriptional profiles were more similar to each other than wounds. WT wounds 

(D3 and D7) also retained a higher degree of similarity, and were independent of Db 

wounds (D3 and D7; Figure 4.21). The top 250 most variable genes formed very 

similar clusters, confirming conserved grouping of the DE data (Figure 4.22). Next, 

direct comparisons were made between DE genes in Db and WT tissue at D0, D3 and 

D7. Here, 2,288 genes were upregulated in Db versus WT skin, with 1,403 of these 

genes specific to Db D0. Large numbers of genes were similarly upregulated in Db 

D3 (1,191; 259 specific) and D7 (1,300; 419 specific) wounds versus WT 

counterparts (Figure 4.23A). A smaller number of genes were exclusively 

downregulated in Db skin (360) and D3 wounds (209) versus WT, with many more 

distinct genes (860) down in Db D7 wounds versus WT (Figure 4.23B).  

Volcano plots allow the spread of significantly upregulated and downregulated 

genes at D0, D3 and D7 to be visualised (Figure 4.23C). Functional annotation 

analysis of DE genes highlighted over-representation of key pathways associated 

with wound healing and the metallome. Genes upregulated in Db tissue (D0, D3 and 

D7) displayed high enrichment for inflammation (Padj = 1.80E-15, 4.30E-13 and 

9.50E-20; Gene Ontology), calcium (Padj = 2.00E-14, 0.036 and 0.006, UniProtKB) 

and metal binding (Padj = 0.001, 0.002 and 0.02, UniProtKB), respectively (Figure 

4.23D-F). By contrast, calcium signalling (KEGG pathway) was highly enriched in 

genes downregulated in Db D0 (Padj = 0.042) and D3 (Padj = 8.10E-05) tissues. 
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Figure 4.20. Principal component analysis demonstrates tight clustering of skin and wound 

expression profiles. RNA-sequencing was performed on skin (D0) and wounds at day 3 (D3) and 

day 7 (D7) post-injury in wild-type (WT) and diabetic (Db) mice. A scree plot shows the contribution 

of each principal component (PC) to the variability in the dataset (A). PC1 versus PC2 (B), PC1 versus 

PC3 (C) and PC2 versus PC3 (D). Top 10 genes contributing to each PC (E), where + = positive effect 

on PC value and -ve = negative effect on PC value. n = 3 mice per group.  
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Figure 4.21. Heirarchal clustering of differentially expressed genes by RNA-sequencing. Skin 
(D0) and wounds at day 3 (D3) and day 7 (D7) post-injury. Wild-type (WT) and diabetic (Db) mice. 
Clustering of 10,188 differentially expressed genes based on Euclidian distance and Ward D2’s 
method. Distinct clustered branches of dendrograms coloured. n = 3 mice per group. 

 

 

 

 

 

 

 

 

 

 

Figure 4.22. Heirarchal clustering of the top 250 differentially expressed genes in the RNA-
sequencing dataset. RNA was isolated from WT and Db skin (D0) and wounds (D3 and D7, day post-
injury) for transcriptional profiling. Skin clustered more closely than wounds, which clustered based 
on genotype. Dendrogram branches coloured to indicate distinct clusters. n = 3 mice per group. 
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Figure 4.23. Differential expression analysis comparing diabetic and normal murine skin and 
wounds. Differentially expressed genes in diabetic (Db) versus wild-type (WT) skin (day 0) and 
wounds (post-injury). Venn diagrams show proportions of genes upregulated (Up, A) and 
downregulated (Down, B) in Db tissue, illustrated further by volcano plots (C). Cut-off = fold change 
< 1.5 and P < 0.05. Functional annotation analysis revealing significantly annotated pathways in Db 
versus WT tissue (D-F). Red = Up. Green = Down. Inflamm Resp = Inflammatory Response. C. 
Envelope = Cornified Envelope. Benjamini-Hochberg adjusted P value. n = 3 mice per group. 
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Similar comparisons were made within Db tissues (Figure 4.24A-C). Of the genes 

downregulated in Db wounds at D3 (Figure 4.24D) and D7 (Figure 4.24E), highly 

annotated pathways included the calcium signalling KEGG pathway (Padj = 5.00E-07 

and Padj = 1.70E-04), and UniProtKB terms metal binding (Padj = 1.20E-06 and P = 

2.60E-06) and iron (Padj = 1.60E-04 and Padj = 7.10E-05), respectively. On the other 

hand, the UniProtKB group calcium was highly enriched in gene subsets upregulated 

in Db D3 (Padj = 9.60E-06) and D7 (and Padj = 2.10E-10) wounds, and immunity (Padj 

= 6.50E-46, UniProtKB) was upregulated in D3 Db wounds. Inflammatory response 

(D7, Padj = 3.30E-37) and aging (D3, Padj = 0.004; D7, Padj = 0.047) Gene Ontology 

terms were highly enriched in DE genes upregulated in Db wounds. Comparing Db 

D3 and D7 wounds (Figure 4.24F) revealed immunity (UniProtKB) was highly 

associated with D3 wounds (Padj = 2.20E-22), whereas ECM (Padj = 3.40E-08, Gene 

Ontology) and calcium (Padj = 4.50E-06, UniProtKB) were more enriched at D7.  

Finally, DE genes were compared within WT skin and wounds. Interestingly, 

although similar numbers of genes were upregulated at D3 versus D0, more genes 

were upregulated at D7 compared to D0 (Figure 4.25A-C). Metal binding (Padj = 

1.50E-09, UniProtKB), calcium signalling pathway (Padj = 2.50E-05, KEGG pathway), 

iron (Padj = 4.50E-04, UniProtKB) and magnesium (Padj = 0.002, UniProtKB) were all 

annotated in DE genes upregulated at D0 versus D3, whereas calcium (Padj = 6.30E-

18, UniProtKB), aging (Padj = 0.003, GO), and copper (Padj = 0.02, UniProtKB) were 

significantly enriched at D3 (Figure 4.25D). In D7 wounds (compared to D0), highly 

annotated Gene Ontology pathways included ECM (P = 7.00E-32) and cornified 

envelope (Padj = 5.10E-28), while UniProtKB terms calcium (Padj = 4.00E-18) and 

copper (P = 0.04; Figure 4.25E) were also enriched in D7 wounds. Calcium (Padj = 

5.00E-05 and Padj = 1.30E-08, UniProtKB) and ECM (Padj = 0.005 and Padj = 1.90E-16, 

Gene Ontology) were enriched in genes upregulated at both D3 and D7, respectively, 

while the UniProtKB term metal binding was specific to D7 (Padj = 0.017; Figure 

4.25F). Together, these novel findings demonstrate that key metal-linked and 

ageing-linked pathways are independently identified in global RNA-Seq. These data 

thus validate the importance of the metallome and senescence in normal and 

pathological repair.  
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Figure 4.24. Functional annotation analysis comparing differentially expressed genes in 
diabetic skin and wounds. Differentially expressed genes in diabetic (Db) skin (day 0) versus 
wounds (day post-injury). Venn diagrams of proportions of genes upregulated (Up, A) and 
downregulated (Down, B) in Db tissue. Volcano plots of upregulated and downregulated genes 
between day 0, day 3 and day 7 (C). Cut-off = fold change < 1.5 and P < 0.05. Functional annotation 
analysis showing significantly annotated pathways upregulated (red) and downregulated (green) in 
Db tissue (D-F). C. Envelope = Cornified Envelope. Inflamm Resp = Inflammatory Response. 
Benjamini-Hochberg adjusted P value. n = 3 mice per group. 
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Figure 4.25. Global profiling of differentially expressed genes in normal wound healing. 
Differentially expressed genes in wild-type (WT) skin (day 0) and wounds (day post-injury). Venn 
diagrams show proportions of genes upregulated (Up, A) and downregulated (Down, B) in WT tissue. 
Volcano plots of upregulated and downregulated genes (C). Cut-off at fold change = 1.5 and P < 0.05. 
Functional annotation analysis revealing significantly annotated pathways in WT tissue (D-F). Red = 
upregulated. Green = downregulated. C. Envelope = Cornified Envelope. Benjamini-Hochberg 
adjusted P value. n = 3 mice per group. 
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4.4.12. RNA-sequencing network analysis confirms altered calcium in 

diabetic pathology. 

To test global association between key biological pathways and healing in WT 

versus Db tissue, functional annotation was performed on the entire DE data set. 

Amongst the most highly enriched (UniProtKB) pathways were metal binding (Padj 

= 1.9E-23; 1609 genes) and calcium (Padj = 2.6E-27; 1607 genes). To explore 

distribution of these 1607 and 1609 genes across and between experimental groups, 

hierarchal clustering analysis was repeated using only these genes (Figure 4.26 and 

Figure 4.27). In the “metal binding” heatmap, wounds and skin clustered into two 

main independent groups. As with the full data set heatmap (Figure 4.21), D3 and 

D7 WT wounds were clustered, as were D3 and D7 Db (Figure 4.26). The “calcium” 

functional annotation pathway exhibited similar clustering, where skin (WT and Db) 

clustered more closely than wounds, and wounds clustered by genotype (Figure 

4.27). Of note, gene clusters revealed co-ordinate regulation of key wound-

associated genes. For example, “calcium” cluster 5 contained Cdkn1a, Klf6, Klf7, 

S100a8 and S100a9, all highly expressed at Db D3. By contrast, “calcium” cluster 6 

contained ECM-linked (Col1a1, Col1a2, Mmp14, Tgfb1il and Col18a1) and 

calmodulin-linked (Calml3 and Calm4) genes, all selectively upregulated in D7 WT 

tissue. Indeed, ECM genes show dampened expression in Db wounds (Bhattacharya 

et al., 2015) and correlate with reduced ECM deposition (Campbell et al., 2010), 

while inflammatory mediators (e.g. S100A8 and S100A9) are more highly expressed 

in diabetes (Jin et al., 2013). Therefore, it is clear that calcium-linked genes cluster 

based on healing stage and pathology. 

To further investigate the association between calcium and the wound 

transcriptome, pathway analysis was performed using IPA software. Corroborating 

an important biological role, Ca2+ was strongly predicted as an upstream regulator 

in Db versus WT tissue at D0 (P < 3.36E-4), D3 (P < 1.83E-3) and D7 (P < 1.8E-11). 

Next, networks were created from the well-documented calcium-linked complexes, 

Casr and calmodulin (Clapham, 2007; Tu & Bikle, 2013). IPA annotated genes were 

confirmed as altered in the RNA-Seq data by overlaying DE data sets (Db versus WT 

at D0, D3 and D7). Complexes upregulated in Db skin with annotated relationship to 

Casr included Ras homolog (Rho) genes (Rhob, Rhoc, Rhof, Rhoj), known to be 

associated with diabetic complications (e.g. neuropathy; Kolavennu et al., 2008), 

and von Hippel-Lindau tumour suppressor genes (Vhl and Vhl-ps1), important for 
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regulating hypoxia inducible factors (HIFs, Mole et al., 2001). In Db wounds, Notch1, 

Notch2 and Nfkbia were upregulated at D3, and Hif1a was highest at D7 (compared 

to WT). On the contrary, Casr expression itself was higher in WT skin (Figure 4.28A) 

and wounds (Figure 4.29A and Figure 4.30A), confirming its potential 

dysregulation in diabetic pathology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26. Clustering of differentially expressed genes enriched for metal binding. 
Clustergram demonstrating similarity between wild-type (WT) and diabetic (Db) skin (D0) and 
wounds at day 3 (D3) and day 7 (D7) post-injury. Clustering based on a subset of genes significantly 
annotated as metal binding in enrichment analysis (UniProtKB). Dendrogram branches coloured 
based on clustering. Selected sub-clusters (based on high differential expression) and their 
constituent genes also shown. n = 3 mice per group. 
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Figure 4.27. Hierarchal clustering analysis of differentially expressed genes associated with 
calcium annotation. Clustergram demonstrating similarity between wild-type (WT) and diabetic 
(Db) skin (D0) and wounds at day 3 (D3) and day 7 (D7) post-injury. Clustering based on genes linked 
to the significantly annotated calcium pathway in enrichment analysis (UniProtKB). Selected sub-
clusters (based on high differential expression) of genes also shown. n = 3 mice per group. 

 
In the calmodulin network, Ca2+ was revealed as a direct mediator of calmodulin 

activation (Figure 4.28B). Ryr1, Tni and Map6 were directly linked to calmodulin, 

and were more highly expressed in Db skin, while Pmca was more highly expressed 

at WT D0. F actin genes (Acta1, Actn3, Actn4 and Actc1), shown to have impaired 

function in diabetic cells previously (Advani et al., 2002), were also upregulated in 

WT skin. By D3, most complexes directly connected to calmodulin, such as Ryr1, 

were downregulated in Db tissue (Figure 4.29B). Calmodulin genes (Calml3, Calm4 
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and Calm5) were higher in WT than Db tissue regardless of time point, therefore 

validating its association to the Db model.  

Figure 4.28. Network analysis of calcium-linked complexes demonstrates differential 
expression of calcium genes in diabetic skin. Ingenuity pathway analysis was used to construct 
pathways for the calcium-sensing receptor (Casr, A) and calmodulin (B). Overlays of differentially 
expressed genes in wild-type (WT) and diabetic (Db) skin also shown. n = 3 mice per group. 
Complexees, relationships and expression (Db versus WT) described in the key (right). 



 

194 
 

  

 

Figure 4.29. Networks illustrating major calcium complexes that are differentially expressed 
in diabetic wounds. Pathways were built for the calcium-sensing receptor (Casr, A) and calmodulin 
(B) using Ingenuity Pathway Analysis. Differentially expressed genes are also shown for diabetic (Db) 
versus wild-type (WT) wounds at day 3 post-injury. n = 3 mice per group. Key (right) describing 
complexes, relationships and Db versus WT expression. 
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Figure 4.30. Diabetic wounds show altered expression of a number of calcium-linked genes. 
Networks were built for the calcium-sensing receptor (Casr, A) and calmodulin (B) using Ingenuity 
Pathway Analysis, overlaid with differentially expression data from diabetic (Db) versus wild-type 
(WT) wounds at day 7 post-injury. n = 3 mice per group. Key (right) showing complexes, their 
relationships and expression (Db versus WT). 
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A small number of DE genes was picked out from the UniProtKB “calcium” gene list 

based on their known importance in calcium regulation (summarised in Section 

4.1.4), and comparisons were made between D0, D3 and D7 WT and Db groups 

(Figure 4.31A-C). Here, Calm5 (Figure 4.31E), Casr (Figure 4.31F), Ryr1 (Figure 

4.31G) and Vdr (Figure 4.31H) were upregulated at different time points in WT 

versus Db tissue. Indeed, these genes are vital for calcium uptake and transport, and 

some have been shown to be downregulated in diabetic pathology previously (Casr 

in rat eyes, Jiang et al., 2018; Ryr1 in rat hearts, Bidasee et al., 2003). By contrast, 

Atp2b1 (Figure 4.31I), S100a8 (Figure 4.31J) and S100a9 (Figure 4.31K) were 

upregulated in Db wounds. S100A8 and S100A9 (the calgranulins) activate the NFĸB 

pathway and drive inflammation in diabetic pathology (Markowitz & Carson III, 

2013; Wang et al., 2018d), while inhibition of calgranulin signalling promotes 

wound repair in vivo (in mice, Goova et al., 2001). These findings confirm the 

metallome and healing profiles observed, whereby calcium genes associated with 

poor healing are upregulated in Db mice. 

4.4.13. Senescence-associated pathways are highly enriched in diabetic 

wounds.  

Novel data presented in Chapter 3 revealed that diabetic wounds accumulate 

senescent cells, a hallmark of ageing. The RNA-Seq data set provided an opportunity 

to independently validate this observation, while delivering additional molecular 

insight. In fact, ageing (Padj = 1.9E-6) was a top functional annotation identified in 

the full DE dataset. As in Section 4.4.13, hierarchal clustering was performed on the 

genes within the ageing Gene Ontology grouping to further explore this biological 

process (Figure 4.32). Clustering on “ageing” genes alone led to a quite different 

heatmap profile to that generated by the entire DE dataset (Figure 4.21), top most 

variable genes (Figure 4.22), and metal-based annotations (Figure 4.26 and 

Figure 4.27). Overall, samples clustered primarily on wound time-point, with a 

major difference shown between skin and wounds.  

The senescence-related factors, Cdkn1a (p21, P < 1.74E-2), Cdkn2b (p27, P < 1.38E-

2), Cdkn2a (p16, P < 1.13E-5) were identified as upstream regulators in D7 Db 

wounds via IPA. Network analysis was performed in IPA on the Cxcr2 pathway, 

newly identified in Chapter 3 to play a key role in Db pathological healing. To 

reinforce this observation, Cxcl1 (P < 8.03E-3 and P < 4.04E-6), Cxcl2 (P < 5.05E-6 
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and P < 5.47E-11), and Cxcr2 (P < 5.64E-7 and P < 1.21E-8) were independently 

identified by IPA as upstream regulators in Db skin and D7 wounds, respectively. In 

the Cxcr2 network, based on direct interactions (IPA) and regulatory predictions 

(DE dataset), Cdkn2a was shown to activate Cxcr2, and Cxcr2 was able to bind to 

Cav1 (Figure 4.33). Multiple senescence regulators were altered in Db versus WT 

at D0, D3 and D7 (Figure 4.34A-C). For example, Serpine1, Cdkn2b, Cav1 and Cxcl2 

were more highly expressed at Db D0 compared to WT (Figure 4.34A). By D3, 

additional complexes were upregulated in Db tissue (e.g. Cdkn1a; Figure 4.34B), 

while Cxcr1 and Cxcr2 were upregulated in Db wounds versus WT at D7 alone 

(Figure 4.34C). Longitudinal profiles across groups corroborated increased 

expression of Cdkn1a (P < 0.01; Figure 4.34D), Cxcl1 (P < 0.001; Figure 4.34E), 

Cxcl2 (P < 0.001; Figure 4.33F) and Cxcr2 (P < 0.05; Figure 4.34G) in Db D7 wounds, 

with Cav1 (P < 0.001 and P < 0.05; Figure 4.34H), Cyr61 (CNN1 gene, P < 0.01; 

Figure 4.34I) and Serpine1 (P < 0.01; Figure 4.34K) upregulated in Db versus WT 

in at least one time-point. Collectively, this transcriptomics data independently 

confirms major enrichment of senescence markers in Db skin and wounds. 

4.4.14. Iron is transcriptionally distinct between normal healing and 

diabetic wounds. 

Iron abundance is temporally and pathologically altered in wound repair (Figure 

4.6 and Figure 4.7). Interestingly, the “iron” UniProtKB group was high 

overrepresented in the full DE dataset (Padj = 2.7E-7; Figure 4.23-4.25). Therefore, 

the “iron” UniProtKB genes were pulled from the full DE dataset and scrutinised 

further. Hierarchal clustering of these iron-associated genes demonstrated high 

similarity in gene expression between Db and WT skin, and separate clustering of 

WT and Db wounds (Figure 4.35). 

Returning to the full DE dataset, network analysis identified the transferrin receptor 

(Tfrc) pathway as a highly predicted upstream regulator in Db versus WT D0 (P < 

2.1E-3), D3 (P < 4.7E-4), and D7 (P < 4.86E-11) DE datasets. Tfrc directly binds to 

iron, Steap3 and Trf (Figure 4.36). In Db skin, Hfe and Tfr2 were upregulated 

(compared to WT; Figure 4.36A), while Slc38a2 was upregulated at Db D3 (Figure 

4.36B) and D7 (Figure 4.36C). Tfrc itself was increased in D7 Db wounds versus 

WT. Finally, Steap3, responsible for the conversion of Fe3+ to Fe2+, was decreased in 

Db D7 wounds (versus WT).  



 

198 
 

 
Figure 4.31. Transcriptional profiling reveals alterations in a subset of calcium genes between 
diabetic and normal healing tissue. Scatterplots show log2 fold change expression of a number of 
calcium-linked genes between diabetic (Db) and wild-type (WT) skin (D0, day 0, A) and wounds at 
day 3 (D3, B) and day 7 (D7, C) post-injury. Up = upregulated in Db. Down = downregulated in Db. 
Individual genes from RNA-sequencing data (D-K). n = 3 mice per group. Mean + SEM. Two-way 
ANOVA with Tukey’s post-hoc analysis performed. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 

 
An important subset of the genes from the UniProtKB “iron” gene list was 

scrutinised further, based on their importance in regulating the cellular processing 

of iron (reviewed in Arezes & Nemeth, 2015; Papanikolaou & Pantopoulos, 2017; 

Figure 4.37A-C). Here, Steap3 was downregulated in D7 Db wounds (P < 0.01; 

Figure 4.37D), while Slc11a1 (Figure 4.37E) and Ftl1 (Figure 4.37F) were 

increased in Db wounds at D3 (P < 0.01 and P < 0.05) and D7 (P < 0.01 and P < 0.001). 

Slc39a4 (P < 0.01; Figure 4.37G) and Tfrc (P < 0.01; Figure 4.37H) were similarly 

upregulated in Db wounds at D7, Tfr2 expression was higher at Db D0 (P < 0.001), 
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D3 (P < 0.01) and D7 (P < 0.05; Figure 4.37I), and Hif3a was increased at Db D0 (P 

< 0.001; Figure 4.37J). On the contrary, Hfe expression was elevated in WT skin (P 

< 0.001) and D3 wounds (P < 0.01; Figure 4.37K). Accordingly, these data strongly 

suggest that the transcriptional regulation of iron is altered across wound healing 

and perturbed in diabetic repair. A more thorough investigation into the role of iron 

in normal and pathological (Db) wound healing is provided in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.32. Hierarchal clustering analysis of differentially expressed genes that are 
functionally enriched for ageing processes. Clustering based on differentially expressed genes 
significantly annotated as part of the ageing Gene Ontology pathway (enrichment analysis). 
Comparisons made between wild-type (WT) and diabetic (Db) skin (D0) and wounds at day 3 (D3) 
and day 7 (D7) post-injury (n = 3 per group). Differentially altered sub-clusters also shown. 
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Figure 4.33. Cxcr2 network analysis in diabetic versus normal skin and wounds. Ingenuity 

Pathway Analysis was used to construct a network around CXCR2. Differential gene expression data 

was overlaid from skin (A), day 3 (B) and day 7 (C) wounds. Diabetic (Db) versus wild-type (WT) 

mice. n = 3 mice per group. Key demonstrates complex type, relationship and expression. 
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Figure 4.34. Senescence-linked genes are differentially expressed in diabetic and normal skin 
and wounds. Scatterplots show log2 fold change expression of a number of senescence genes 
between diabetic (Db) and wild-type (WT) skin (D0, day 0, A) and wounds at day 3 (D3, B) and day 
7 (D7, C) post-injury. Up = upregulated in Db. Down = downregulated in Db. Individual comparisons 
highlighted from transcriptional profiling data (D-K). n = 3 mice per group. Mean + SEM. Two-way 
ANOVA with Tukey’s post-hoc analysis performed. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 
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Figure 4.35. Hierarchal clustering of iron-associated genes in diabetic and normal skin and 
wounds. Clustergrams assembled based on Euclidian distance and Ward’s D2 method. Differentially 
expressed genes from the significantly annotated UniProtKB iron pathway. Comparisons between 
diabetic (Db) and wild-type (WT) skin (D0) and wounds at day 3 (D3) and day 7 (D7) post-injury (n 
= 3 per group). Subsets of differential expressed gene clusters presented. 
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Figure 4.36. Tfrc network analysis illustrates different gene expression profiles in diabetic 
and normal healing mice. Pathways created in Ingenuity Pathway Analysis, with differential 
expression datasets overlaid. Diabetic (Db) versus wild-type (WT) comparisons in skin (A) and 
wounds at day 3 (B) and day 7 (C) post-injury. Key (right) illustrates complex type, relationship and 
expression (up in Db/WT). n = 3 mice per group. 
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Figure 4.37. Diabetic skin and wounds display temporal changes in genes associated with iron 
processing. Scatterplots of genes filtered from RNA-sequencing data, depicting log2 fold change 
expression between diabetic (Db) and wild-type (WT) skin (day 0, D0; A) and wounds at day 3 (D3; 
B) and day 7 (D7; C) post-injury. Up = upregulated in Db. Down = downregulated in Db. Individual 
genes were analysed (D-K) with two-way ANOVA and Tukey’s post-hoc analysis. Mean + SEM. * = P < 
0.05, ** = P < 0.01, ***= P < 0.001. n = 3 mice per group. 
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4.5. Discussion  

Endogenous metals are a requirement for all life, and despite obvious applications 

for metals in biomedicine, the study of metals in biology is a fairly new concept. 

Emerging evidence is uncovering how specific metals are linked to pathologies such 

as ageing (Möller et al., 2019) and diabetes (Fernández-Cao et al., 2019). However, 

understanding of how temporospatial fluctuations in metals may contribute to 

disease remains limited. The role of the metallome in orchestrating cellular and 

molecular processes is even more unclear in skin. Here, research is focussed on 

simple in vitro assessments of cellular behaviours following metal administration 

(e.g. Doyle et al., 1996), or measuring metal bioaccumulation following treatment or 

occupational exposure (Al-Dayel et al., 2011; Bianco et al., 2015; Lidén et al., 2008). 

The present work therefore aimed to determine how the principle skin-related 

endogenous metals were altered temporally and spatially throughout normal and 

pathological wound repair. Indeed, this information would provide a platform to 

underpin further studies exploring the mechanistic consequences of skin metallome 

dysbiosis and addressing clinical translation.  

A previous study attempted to characterise endogenous metal abundance in rat skin 

wound healing (Lansdown et al., 1999). Here the authors used FAAS, a technique up 

to a thousand times less sensitive than ICP-MS for some of the elements analysed in 

the present work (Liu et al., 2014b). However, Lansdown et al. (1999) did show that 

calcium, magnesium, zinc and copper levels fluctuated throughout normal rat 

wound repair, with calcium and magnesium peaking at day 5 post-injury, when 

wounds had fully re-epithelialised. Data presented in this thesis confirm similar 

changes in calcium and magnesium, while significantly extending understanding of 

time-dependent variations in iron, zinc, aluminium, copper and manganese during 

normal murine skin healing (Figure 4.6; summarised in Figure 4.38). Here, calcium 

abundance peaked at times correlating with inflammation and proliferation, but was 

significantly downregulated at later-stage healing (D14). Copper and magnesium 

were elevated at D7, while the transition metals iron, aluminium, and manganese 

were highest at D7 and D14. Spatial measurements (LA-ICP-MS) provide an 

additional level of characterisation, clearly demonstrating that metals were 

differentially localised in late-stage healing wounds (Figure 4.9) and thus likely 

associated with diverse healing processes.  
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Figure 4.38. Summary of the temporal profile of metals throughout normal healing, and their 
corresponding wound repair stages. Calcium abundance was greatest at stages correlating with 
inflammation and repair and was downregulated at later-stage healing. Iron levels were elevated at 
stages correlating with proliferation and matrix remodelling. Copper and magnesium increased 
during the proliferative phase, while and aluminium and manganese were highest during 
remodelling. All changes versus normal skin. Figure by the author (HNW). 

 
The relationship between ECM production and transition metals has been 

confirmed previously in a number of studies. For example, overexpression of 

manganese superoxide dismutase (MnSOD) caused contraction of collagen gel 

lattices, and substantially increased TGFβ1 expression and cytoplasmic H2O2 

production in fibroblasts (Treiber et al., 2009), while overexpression of MnSOD in 

murine mesangial cells caused accumulation of collagen (hydroxyproline; Craven et 

al., 2001). Treatment of mice and human airway epithelial (H292) cells with copper 

nanoparticles led to similar results by increasing production of TGFβ1 (Ko et al., 

2018), a potent stimulator of ECM production (Leask, 2010; Ohmaru-Nakanishi et 

al., 2018). Copper, largely recognised for its role in angiogenesis (Das et al., 2016), 
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is crucial for the functioning of the collagen-stabilising lysyl oxidase (LOX) enzymes 

(Csiszar, 2001; Lucero and Kagan, 2006). LOX knockdown contributes to impaired 

collagen production in multiple experimental models (human skin equivalents, 

Huang et al., 2019; hepatic stellate cells, Ma et al., 2018a), thus demonstrating its 

significance in ECM maintenance. An additional recent association has been made 

between iron and ECM deposition and remodelling (Wilkinson et al., 2019c), with a 

mechanistic explanation for this phenomenon described in detail in Chapter 5. 

Collectively, these data reinforce the importance of preserving timely fluctuations 

in metals to regulate normal wound-relevant cellular behaviours. 

Crucially, novel differential alterations in the metallome were revealed in 

pathological aged and Db skin and wounds (Figure 4.7). A major reduction in 

calcium was observed, which is consistent with previous analyses of human skin, 

where decreased epidermal calcium was shown with ageing (FAAS and histology, 

Rinnerthaler et al., 2013). As the epidermal calcium gradient is vital for normal skin 

barrier function (reviewed in Feingold & Denda, 2012), the age-related decline in 

epidermal calcium may contribute to reduced barrier integrity and increased 

chronic wound susceptibility (reviewed in Sen, 2009). However, it remains difficult 

to determine from existing data whether pathological alterations in the skin 

metallome are associated with delayed healing in a correlative or causative manner.  

Calcium perturbations are connected to multiple age-associated disorders (e.g. 

Alzheimer’s disease, Mattson, 2007; Simpson et al., 2011) and mutations in Ca2+ 

signalling can cause various pathologies (reviewed in Missiaen et al., 2000). In fact, 

disturbed modulation of intracellular Ca2+ may be linked to diabetes as it is essential 

for normal glucose metabolism (reviewed in Guerrero-Hernandez & Verkhratsky, 

2014). Although direct research relating calcium to pathological skin repair is 

lacking, some data exists demonstrating links between abnormal calcium and 

chronic healing environments. During hypoxia for example, cell-cell communication 

is lost between sensory neurons and epithelial cells, and Ca2+ mobilisation and 

propagation upon epithelial injury is diminished, leading to delayed corneal 

epithelial repair (in rats, Lee et al., 2014a). 

There is already substantial literature demonstrating the role of calcium in 

keratinocyte differentiation (Bikle et al., 2001), where calcium-induced 

stratification was described nearly forty years ago (Hennings et al., 1980; Hennings 
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& Holbrook, 1983). Indeed, many cornified envelope markers are under the control 

of calcium and calcium response elements, requiring calcium at concentrations 

above 0.1 mM (Rinnerthaler et al., 2015). It is therefore unsurprising that high 

calcium led to upregulation of differentiation markers in NHEKs (KRT1 and loricrin, 

Figure 4.13) and normal MEKs (including Krt1 and Sprr2; Figure 4.11). Of 

significant interest was the observation that Db MEKs were intrinsically altered, 

displaying reduced migratory capacity and perturbed responses to calcium 

(reduced Krt1, Ivl, Sprr2 and Casr; Figure 4.12). Here, it is known that compromised 

Ca2+ signalling, particularly release of Ca2+ from the ER, leads to impaired 

keratinocyte migration (Trollinger et al., 2002) and improper stratification (Celli et 

al., 2011; Celli et al., 2016). Hence, these data propose a critical association between 

reduced responsiveness to calcium and loss of cell function in Db MEKs. 

Calcium administration increased Casr expression in normal MEKs and NHEKs 

(Figure 4.11 and Figure 4.13). In tissue, Casr expression was induced upon injury 

during normal healing (Figure 4.6), but impaired in the Db model (Figure 4.10). In 

mice, keratinocyte-specific ablation of Casr caused loss of the epidermal Ca2+ 

gradient, reduced the expression of terminal differentiation markers, and led to skin 

barrier defects (Tu et al., 2012). Similarly, loss of CaSR in NHEKs inhibited calcium-

induced differentiation (Tu et al., 2008), while overexpression of CaSR in basal 

keratinocytes enhanced epidermal permeability barrier formation and accelerated 

hair growth during murine development (Turksen & Troy, 2003). Hence, abnormal 

CaSR expression may contribute to diabetic cellular defects during wound healing. 

Ca2+ propagation in epithelial wound healing is a conserved process that occurs 

following injury in invertebrates (Drosophila melangaster embryos, Razzell et al., 

2013; Caenorhabditis elegans, Xu & Chisholm, 2011), Xenopus laevis (Soto et al., 

2013), zebrafish (Yoo et al., 2012), murine skin ex vivo (Tu et al., 2019), murine 

epithelial cells (Leiper et al., 2006) and human keratinocytes in vitro (Tsutsumi et 

al., 2013). As reduced calcium and altered expression of calcium genes was observed 

in Db skin, dysregulated calcium processing may contribute to reduced skin 

integrity and impaired wound healing in the Db model. Indeed, blocking Ca2+ 

propagation caused delayed re-epithelialisation in murine skin and human 

keratinocytes (Tu et al., 2019), while keratinocyte-specific ablation of Casr alone (Tu 

et al., 2019) and in combination with the Vdr (Oda et al., 2017) led to delayed re-
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epithelialisation of mouse wounds in vivo. Consequently, it is clear that impaired 

epidermal calcium homeostasis is linked to poor healing. 

Most of the literature pertaining to the role of calcium in wound repair relates to the 

epidermal calcium gradient (described above), while less evidence exists for the role 

of calcium in dermal reformation and maintenance. Dermal remodelling occurs 

during development, ageing, and repair (Antonicelli et al., 2007; Haydont et al., 

2019). Until recently, collagen fibrils were thought to be relatively static (based on 

their incredibly long half-lives; Screen et al., 2015). However, new data has 

challenged this dogma, demonstrating that tendon ECM undergoes daily, 

homeostatic turnover regulated by circadian rhythm (Chang et al., 2019). This opens 

up questions about dermal ECM remodelling and whether Ca2+, and other metals, 

may not only be connected to formation of the dermis during development and 

repair, but also to these daily oscillations in matrix breakdown.  

Preliminary LA-ICP-MS data presented in this thesis reveal, somewhat 

controversially, that calcium is higher in the dermis than epidermis (Figure 4.9). In 

fact, calcium signalling (e.g. through TRPV4) is involved in myofibroblast 

differentiation and contributes to fibrosis (Rahaman et al., 2014; Sharma et al., 

2017). Thus, it would be fascinating to determine whether exogenous calcium-

induced ECM deposition identified in the present work was the result of HDF 

differentiation. Calcium also clearly dose-dependently altered HDF migratory 

behaviours and contraction (as shown earlier, Kawai et al., 2011; Navarro-Requena 

et al., 2018), and led to previously unreported effects on adhesion (Figure 4.17).  

Calcium maintains the structural integrity of many matrix proteins, such as fibrillin-

1 (Handford, 2000) and collagen I (Cabral et al., 2016), while MMPs, required for 

ECM remodelling, are calcium- and zinc-dependent (reviewed in Singh et al., 2015). 

Likewise, laminins, thrombospondins and proteoglycans possess calcium binding 

sites, as they can be extracted using the Ca2+ chelator EDTA (Foulcer et al., 2015; 

Glasgow et al., 2016). Mutations in the calcium binding sites of these structural 

proteins leads to a plethora of connective tissue disorders (reviewed in Maurer & 

Hohenester, 1997; Sherratt et al., 2007; Thur et al., 2001).  

The role of calcium in modulating ECM becomes even more apparent in mechanistic 

knockdown experiments. Pharmacological inhibition of calcium influx decreased 

angiotensin II-induced collagen I, fibronectin and CTGF protein expression in 
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cardiac fibroblasts (Chen et al., 2017). Genetic knockdown of the calcium binding 

protein, calreticulin (Bedard et al., 2005), dampened collagen transcription and 

deposition (Graham et al., 2010b) and reduced Tgfβ1-dependent collagen I 

synthesis, which was rescued by calreticulin treatment (in MEFs; Zimmermann et 

al., 2013). In murine wound healing, intravenous administration of calcium chloride 

or calcium nanoparticles improved re-epithelialisation and reduced scarring (Kawai 

et al., 2011), while calreticulin treatment accelerated wound closure and 

granulation tissue formation in Db mouse wounds, and dose-dependently improved 

MEF scratch wound closure (Greives et al., 2012). As aged (Peterson et al., 1989) and 

diabetic (Husni et al., 2014) fibroblasts show impaired Ca2+ signalling and reduced 

ECM production (aged, Cole et al., 2018; Db, Maione et al., 2016), this research 

suggests that calcium and calcium-regulated proteins are required for ECM 

production, remodelling and maintenance. 

Calcium is important for orchestrating cell migration (reviewed in Minton, 2014), in 

part through calcium flickers at the leading edge of migrating cells, modulated via 

the stretch-activated calcium channel, TRPM7 (Wei et al., 2009) and others. Wei et 

al. (2009) further hypothesised that calcium flickers may control cell steering and 

chemotaxis. As calcium was the only metal under study to significant accumulate in 

early repair, it was suggested to be important in early wound signalling events. 

Indeed, the Ca2+ flashes observed upon injury are not only critical for adequate re-

epithelialisation, but act as a cue to draw inflammatory cells to the site of injury 

(Razzell et al., 2013; reviewed in Wood & Martin, 2017). Ca2+ signalling in leukocytes 

is also vital for inflammatory purposes, as calcium directly modulates the NLRP3 

inflammasome pathway, where it increases ROS production (Murakami et al., 2012) 

and promotes assembly of NLRP3 components (Lee et al., 2012). Moreover, store-

operated calcium entry is importantly linked to ROS production in neutrophils 

(Clemens et al., 2017) and Mφs (Jin et al., 2006).  

The importance of calcium on immunological function is further demonstrated 

through calcium inhibition, where calcium chelation prevents Rankl-induced 

differentiation in BMDMs (Zhou et al., 2010) and genetic knockdown of important 

calcium signalling factors impairs chemokine production (Trpm2 in monocytes, 

Wehrhahn et al., 2010) and phagocytosis (Trpv2 in murine peritoneal Mφs, Link et 

al., 2010). Of note, altered Ca2+ signalling is observed in Mφs from ob/ob mice (Liang 
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et al., 2012; Li et al., 2009). These studies are in keeping with the current work 

revealing that low calcium reduced differentiation in THP-1 cells (Figure 4.19) and 

hindered phagocytosis in murine BMDMs (Appendix 4A.7). Bone marrow-

mediated calcium influx also promotes Mφ-driven angiogenesis in ischemic sites in 

vivo (Wu et al., 2009), hence identifying an additional wound-relevant benefit of 

calcium-mediated governance of immune cell function.  

Of the candidate calcium genes assessed, Calm1, a gene encoding the cytosolic Ca2+-

binding protein calmodulin (Edsberg et al., 2012), displayed one of the most 

interesting profiles. Although its transcription was unaltered throughout normal 

repair, Calm1 was downregulated in aged and Db wounds (Figure 4.10) and lower 

in M0, M1 and M2-stimulated Db Mφs (Figure 4.18). Calmodulin-linked genes were 

also DE in RNA-Seq analysis (Figure 4.27 and Figure 4.31). In keratinocytes, Calm1 

expression was induced upon calcium administration (Figure 4.11 and Figure 

4.13). It follows that calmodulin, and other calcium-binding proteins, regulate 

epidermal differentiation (Fairley et al., 1985). Despite these data demonstrating 

clear perturbations in Calm1 in ageing and diabetes, little evidence exists linking 

calmodulin to these pathologies. In fact, the relationship between calmodulin and 

diabetes is controversial. Calmodulin is implicated in driving the pathogenesis of 

diabetes by upregulating Ca2+ signalling in pancreatic β cells (Epstein et al., 1989; 

Epstein et al., 1992), and genetically obese mice possess increased calmodulin 

expression in kidney and heart tissue (Morley et al., 1982). Yet others have shown 

that streptozocin induction of diabetes leads to significant loss of calmodulin 

expression (Öztürk et al., 1994), thus demonstrating the importance of evaluating 

studies in a context-dependent manner. 

A transcriptomic approach allowed the direct identification of key gene expression 

signatures in normal and pathological skin and wounds. Numerous DE genes were 

identified and multiple annotated pathways significantly enriched. Within the 

analysis of this plethora of information, the DE data set was found be enriched for 

the UniProtKB pathways “calcium” and “metals”, and the Gene Ontology pathway 

“aging”. Of interest, transcriptional profiling demonstrated high annotation of iron, 

calcium and copper in normal wounds at the same time as their elemental levels 

accumulated (Figure 4.25). Hierarchal clustering analysis of the subsets of DE genes 

annotated in calcium and metal-based pathways provided additional insight into the 

https://www.sciencedirect.com/science/article/pii/S1550413115002776#bib97
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global ties between the metallome and transcriptome, revealing a number of key, 

metal-linked genes that are differentially expressed between WT and Db tissues.  

IPA network analysis expanded the DE gene data, constructing gene networks 

around calcium, CaSR and calmodulin (Figure 4.28-4.30). Here, magnesium, the 

second most abundant metal in the body, was shown to directly bind calmodulin. 

Magnesium is pivotal in the regulation and function of many enzymes and channels 

(Luo et al., 2012), with calcium and magnesium playing combinatorial and 

antagonistic roles in different cellular contexts. Magnesium alone is antithrombotic, 

but when combined with calcium, promotes calcium-dependent thrombin 

production and coagulation (reviewed in Tavoosi & Morrissey, 2014). On the 

contrary, magnesium prevents calcification in many pathologies (reviewed by 

Floege, 2015; Villa-Bellosta, 2017). Interestingly, magnesium deficiency has long 

been associated with T2DM, where magnesium is crucial for glucose and insulin 

metabolism (Gröber et al., 2015), and reduced serum magnesium is seen in diabetic 

patients (Resnick et al., 1993; Song et al., 2005). Of note, ICP-MS confirmed that 

magnesium levels were reduced in murine Db skin and wounds. 

RNA-Seq analysis also focussed on senescence, as work in this thesis established 

that Db wound healing is heavily influenced by senescence and the senescence-

associated receptor, CXCR2 (Chapter 3). One particularly exciting observation came 

from the hierarchal clustering analysis of highly enriched pathways. In most cases, 

D3 and D7 wounds clustered more closely to each other within genotype, but when 

hierarchal clustering was performed on genes from the “ageing” Gene Ontology 

pathway, D3 Db and WT, and D7 Db and WT profiles were more similar (Figure 

4.32). It is known that senescence is induced in normal healing wounds at D7 to aid 

myofibroblast differentiation (Demaria et al., 2014) and proper tissue resolution 

(Jun & Lau, 2010), while senescent cells accumulate in Db wounds and exacerbate 

pathology (Chapter 3). This is interesting, and demonstrates that although WT and 

Db wound “ageing” profiles show a high degree of similarity, that senescence 

induction can lead to opposing tissue outcomes in different cellular environments. 

An example of this is with cancer, whereby senescence terminates uncontrolled cell 

growth and prevents neoplastic transformation (Campisi & Robert, 2014), yet 

accumulation of senescent cells and their SASP can drive tumour formation in 

nearby tissues (Farsam et al., 2016). 
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IPA pathways were also constructed to determine the associations between 

senescence markers. RNA-Seq confirmed previous findings in Chapter 3, 

demonstrating upregulation of key senescence markers in Db skin and wounds 

(Cdkn1a, Cxcl1, Cxcl2 and Cxcr2) and pathway analysis revealed new links between 

Cxcr2 and transcription factors such as Klf7 (Figure 4.33). The Krüppel-like factor 

(KLF) family of transcription factors are important in cell development and 

differentiation (Ghaleb & Yang, 2017), and appear to play pivotal roles in 

adipogenesis (Moreno-Navarrete et al., 2017). KLF7 in particular has been 

suggested to confer susceptibility to the development of T2DM through impaired 

insulin biosynthesis and secretion (Kanazawa et al., 2006), and through its role in 

modulating IL-6 (Zhang et al., 2018). An association has also been made between the 

major A-allele of rs2302870 in KLF7 and diabetes in a Japanese population 

(Kanazawa et al., 2005). By contrast, no correlations were made between KLF7 and 

T2DM during screening of a Danish population (Zobel et al., 2009). Therefore, 

currently no robust data exists to demonstrate a fervent connection between KLF7 

and T2DM. Other interesting observations included the specific upregulation of a 

number of senescence-linked genes in WT wounds only. One such factor was Cav3, 

important for calcium channel activity (Garcia-Caballero et al., 2018) and the 

regulation of cell proliferation (Hu et al., 2018). Interestingly, siRNA silencing of 

CAV3 upregulated p21 in vitro (Li et al., 2011). These data propose that the 

transcriptional control of these senescence-linked factors, and their relationships to 

metals such as calcium, may be key in understanding the functional differences 

between normal and diabetic-induced senescence in wound healing. 

Another metal-based pathway that was highly enriched in functional annotation 

analysis was iron, a metal with high dermal wound accumulation (Figure 4.9). 

Pathways were developed in IPA to determine the links between major iron 

processing components (described in Chapter 5), which were temporally and 

pathologically altered. For example, Steap3 was upregulated in WT wounds, while 

Steap2 was more highly expressed in Db wounds (Figure 4.35), and Tfrc, although 

higher in WT skin, was elevated in Db D7 wounds (Figure 4.37). The role of iron in 

wound repair will been explored in depth in Chapter 5.  



 

214 
 

In conclusion, the results obtained in this chapter show that metal abundance is 

altered spatially and temporally in normal and pathological healing wounds. Metals 

orchestrate many aspects of the dynamic healing process in a conserved manner by 

centrally controlling wound-relevant cellular behaviours. Transcriptional profiling 

elucidated a novel link between the genome and metallome, where a large subset of 

genes DE during healing were connected to essential, metal-regulated processes 

(summarised in Figure 4.39). Indeed, these data establish a fundamental, exciting 

new role for metals in normal and pathological repair, highlighting a timely need to 

explore the metallome in acute and chronic wounds in the clinical setting. 

 

Figure 4.39. Linking the metallome, transcriptome and senescence to known mechanisms of 
pathological diabetic wound repair. Diabetic (Db) pathological healing wounds show 
hyperproliferation at the wound edge, high levels of senescence, sustained inflammation and reduced 
extracellular matrix (ECM) deposition (underlined). Highly annotated RNA-sequencing (RNA-Seq) 
pathways associated with each pathological healing process shown in each box (first). Cellular effect 
of low calcium correlated highly with functional process defects (second). A small subset of RNA-Seq 
genes specific to each process and altered in Db wounds also shown (final). Green arrows/genes = 
downregulated in diabetic. Red arrows/genes = upregulated in diabetic. Figure by the author (HNW). 
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Chapter 5: Iron Influences 
Macrophage and Fibroblast 

Behaviour to Promote Late-Stage 
Wound Repair 
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5.1. Introduction 
Iron is one of the body’s most abundant trace elements, responsible for 

orchestrating a diverse range of cellular functions. The importance of iron pertains 

to its reactive nature, where it can drive biological processes that require electron 

transfer, such as oxidative phosphorylation, DNA synthesis and repair (Bogdan et 

al., 2016). Thus, it is unsurprising that both iron deficiency and accumulation can 

lead to a range of metabolic abnormalities (e.g. anaemia and hemochromatosis; 

Bridle et al., 2003). The function of iron in many disease states has been described 

at length (e.g. chronic inflammation; Cullis, 2011). However, current understanding 

of how iron interplays with the innate wound healing response is limited. Therefore, 

this chapter will explore iron in the context of modulating crucial repair processes, 

with further investigation into its role in pathological diabetic healing. 

5.1.1. Iron as a Life-Forming Trace Metal 

Iron (chemical symbol Fe, from the latin ferrum) is a well-known transition metal. It 

retains eight oxidative states (-6 to +2) in total, which confer its redox potential 

(Frey & Reed, 2012). However, only two states are biologically important, ferrous 

and ferric (Fe2+ and Fe3+, respectively; Philpott et al., 2017). The most noted reaction 

involving Fe2+ and Fe3+ is the Fenton reaction (Barbusiński et al., 2009; summarised 

in Figure 5.1). Iron can complex with organic compounds, and remains a critical 

cofactor for a multitude of enzymes (Philpott et al., 2017). Hence it is unsurprising 

that iron was likely to be central to life’s evolutionary advancement, prior to the 

Great Oxidation Event (2.4 billion years ago, Dupont et al., 2010; Harel et al., 2014). 

As Fe2+ is found in anoxic environments (Hazen & Ferry, 2010), Fe3+ enabled redox 

reactions in Eubacteria and Archeabacteria, forming the basis of cellular metabolism 

long before oxygen became environmentally available. Today, some 

microorganisms remain relics of the past, preserving anaerobic iron-regulated 

respiration (e.g. lithotrophs; Singh et al., 2018). 

In higher eukaryotes, the redox potential of iron is utilised in oxygen metabolism, 

where it can act as an oxygen or electron transporter (Dixon & Stockwell, 2014). 

Iron is crucially associated with three main protein groups: heme-containing 

proteins for oxygen metabolism; Fe-sulfur cluster-containing proteins for electron 

transport and; iron-containing enzymes devoid of sulphur clusters that provide a 

myriad of functions (Arezes & Nemeth, 2015). As the oxygen-rich environment 
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favours ferrous iron at neutral pH, Fe2+ is reduced to Fe3+ to cross the plasma 

membrane. This occurs through acidification in eukaryotes (Sharp, 2010) and 

through siderophores in prokaryotes (Neilands, 1995). 

 

 

 

 

 

Figure 5.1. The Fenton chain reaction. Fe2+ reacts with H2O2 leading to the release of hydroxyl free 
radicals (OH•), hydroxide ions (OH-) and Fe3+ in the typical Fenton reaction (1). Steps 2 and 3 then 
ensue, leading to O2 and H2O release, but this also causes the production of hydroperoxyl radicals 
(HO2•) and hydrogen ions (H+). The chain reaction is terminated by steps 4 and 5. The free radical 
by-products cause cellular damage; thus, iron is tightly controlled within the body to prevent 
unwanted oxidative reactions. Taken from Barbusiński et al. (2009). 

In mammalian physiology, Fe3+ is more stable than Fe2+, which reduces O2 to form 

free radicals that cause lipid peroxidation, and degradation of proteins and 

carbohydrates (Ray et al., 2012). As a result, the body has evolved critically sensitive 

mechanisms that tightly regulate dynamic iron fluxes to prevent cellular toxicity. 

These include sophisticated coordination between intestinal iron uptake, transport, 

and cellular sequestration, which will be examined in further detail below. 

5.1.2. Iron Uptake and Transport 

In healthy individuals, total bodily iron ranges from 3-5 g, yet dietary iron intake 

only accounts for a minute proportion of the amount necessary to replace small 

daily losses (urination, bleeding, sweating, skin desquamation; Moll & Davis, 2017). 

The largest bodily iron demand comes from haemoglobin, whose requirement is met 

by the reprocessing of ageing erythrocytes by specialised splenic Mφs (Arezes & 

Nemeth, 2015). Most cell types require very little iron for metabolic processes. 

Notably, muscles (myoglobin) use approximately 2.5% of the daily iron budget for 

oxygenation (Papanikolaou & Pantopoulos, 2017). Total body iron is stored in 

haemoglobin (heme iron; 70%) and in the intracellular stores of hepatocytes (20%) 

and Mφs (5%; non-heme iron; Arezes & Nemeth, 2015).  

Fe2+ + H2O2             Fe3+ + OH- + OH•                                        (1) 

OH• + H2O2             HO2• + H2O                                                   (2) 

Fe3+ + HO2•             Fe2+ + H+ + O2                                              (3) 

Fe2+ + HO2•             Fe3+ + HO2-                                                   (4) 

Fe2+ + OH•               Fe3+ + OH-                                                    (5) 
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Like most nutrients, ingested iron enters the enterocytes of the duodenum lining. At 

the enterocyte brush border, iron is absorbed as a protein complex (heme, broken 

down by heme oxygenase 1, HO-1), or as free iron (Fe3+), which is reduced to Fe2+ 

by ascorbic acid and the ferric reductase enzyme, duodenal cytochrome B (Dcytb, 

Sharp, 2010). Divalent metal transporter 1 (DMT1) then transports iron (plus 

divalent metals) across the cell membrane and into the enterocyte (Gulec et al., 

2014). Intracellular iron is subsequently stored in ferritin or driven to the 

basolateral membrane for transport into the body via the only known cellular iron 

exporter, ferroportin (reviewed in Arezes & Nemeth, 2015). The role of ferroportin, 

a member of the large solute carrier gene family (Drakesmith et al., 2015), was first 

elucidated in transgenic mice, where exclusive deletion of ferroportin in intestinal 

cells caused anaemia (Donovan et al., 2005). Additionally, mice with Mφ- (Zhang et 

al., 2011) and hepatocyte- (Zhang et al., 2012) specific ferroportin deletion became 

anaemic due to cellular sequestration of iron (Wang et al., 2018b), thus 

demonstrating the importance of ferroportin in regulating iron availability. The 

major pathways of intestinal iron absorption are illustrated in Figure 5.2. 

At the extracellular (bodily) enterocyte surface, Fe3+ is oxidised by ferroxidases 

(hephaestin and ceruloplasmin; Vashchenko & MacGillivray, 2013), rapidly 

associates with serum transferrin (Tf), and is carried throughout the body to areas 

of requirement, such as the bone marrow (Papanikolaou & Pantopoulos, 2017). 

Serum Tf exists in three states to allow the body to respond appropriately to 

fluctuations in iron uptake. Tf can be iron-free (apo-Tf), bound to one iron molecule 

(monoferric Tf) or fully saturated (diferric Tf, of holo-Tf; Recalcati et al., 2017). 

Cellular uptake of Tf-bound iron (TBI) is mediated through the cell surface receptor, 

Tf receptor 1 (TfR1; Arezes & Nemeth, 2015). The TBI-TfR1 complex is internalised 

by clathrin-mediated endocytosis (Mayle et al., 2012), the pH of the endosome 

lowers, and Fe3+ is released from the Tf-TfR1 complex (Arezes & Nemeth, 2015). Six-

transmembrane epithelial antigen of prostate 3 (STEAP3) reduces Fe3+ in the 

endosome to Fe2+, which is transported to the cytoplasm by DMT1 (Muckenthaler et 

al., 2017). Meanwhile, the Tf-TfR1 complex returns to the cell surface and apo-Tf is 

released. Iron chaperones, such as poly (rc) binding protein 2 (PCBP2), exist to aid 

the transport of Fe2+ within the cell. PCBP2 binds to both DMT1 and ferroportin to 

aid extrication of cellular iron, so has been described as a “gatekeeper” to safely 

transport iron through the cytoplasm (Yanatori et al., 2017).  
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Figure 5.2. Schematic demonstrating the major pathways of iron absorption and transport 
within the body. Once dietary iron (in non-heme form) reaches the intestinal lumen, it is reduced 
from its ferric (Fe3+) to ferrous (Fe2+) form by the ferric reductase enzyme, duodenal cytochrome B 
(Dcytb). Divalent metal transporter 1 (DMT1) transports ferrous iron into the enterocyte, which is 
stored (in ferritin) or exported (through ferroportin, FPN). For extracellular transport, ferroxidase 
converts Fe2+ to Fe3+, which is safely contained in blood transferrin and transported to required areas 
(e.g. bone marrow and liver). Alternatively, heme iron enters the enterocyte through a heme 
transporter and is broken down by heme oxygenase 1 (HO-1) prior to storage or transport. Image 
produced by the author (HNW). 
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Non-TBI (NTBI) transport only occurs when Tf is fully saturated, allowing a pool of 

NTBI to form (Recalcati et al., 2017). NTBI can be bound to citrate (rat hepatocytes, 

Graham et al., 1998), or synthetic iron chelates in vitro (e.g. Garrick et al., 1999), 

while roles for metal transporters in trafficking NTBI have been recently 

demonstrated. Here, the Zrt/Irt-like protein family member, Zip14, can aid 

intracellular transport of TBI and NTBI (in mouse cells, Liuzzi et al., 2006). However, 

as human pancreatic β cells can still uptake NTBI independently of ZIP14 (Coffey & 

Knutson, 2017), the complete repertoire of NTBI uptake mechanisms remains to be 

revealed. Cellular iron trafficking and storage is summarised in Figure 5.3. 

5.1.3. Regulation of Bodily Iron  

The body regulates intestinal uptake of iron through multiple mechanisms, 

fundamentally determined by an individual’s requirements. For example, during 

iron deficiency anaemia, ferroportin, DMT1 and Dcytb are upregulated to aid iron 

uptake and export from enterocytes, hepatocytes and Mφs (Arezes & Nemeth, 

2015). Similarly, expression of the iron-regulating hormone, hepcidin, is repressed 

during iron deficiency, erythropoiesis and hypoxia (Ganz & Nemeth, 2012). In 

response to high iron, and/or chronic inflammation and infection, HAMP gene 

expression is upregulated, resulting in hepcidin production by hepatocytes 

(D’Alessio et al., 2012). Hepcidin prevents iron export by stimulating ferroportin 

internalisation and degradation (Ganz, 2013). Intriguingly, one of the pathways 

involved in HAMP regulation is the hemojuvelin (HJV)-bone morphogenic protein 

(BMP) –axis (Babitt et al., 2006). This is important, as BMPs are cytokines within the 

TGF-β superfamily, playing major roles in fibrosis (Guo & Wang, 2009). Activated 

HJV-BMP complexes trigger phosphorylation of mothers against decapentaplegic 

homologs (SMADs) 1, 5 and 8 (Andriopoulos et al., 2009), which complex with 

SMAD4, and are translocated to the nucleus. Here, the complex binds to two BMP 

response elements (BMP-RE1 and BMP-RE2) that regulate HAMP gene transcription 

(Papanikolaou & Pantopoulos, 2017; Shi & Massagué, 2003). The most relevant BMP 

ligand for hepcidin release is iron-regulated BMP6, as revealed in vivo (in mice, 

Andriopoulos et al., 2009). 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4026703/#B101
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Figure 5.3. Cellular iron uptake and transport. Transferrin (Tf) bound ferric (Fe3+) iron enters the 
cell through the Tf receptor via endocytosis. Within the endosome, ferric iron is reduced to its ferrous 
(Fe2+) form by six-transmembrane epithelial antigen of prostate (STEAP3) and transported into the 
cytosol (via divalent metal transporter 1, DMT1). Ferrous iron is then: a) used by the cell (e.g. in the 
mitochondria for respiration); b) becomes part of the labile iron pool (LIP); c) is stored in ferritin; or 
d) is exported via ferroportin (FPN). Transport of Fe2+ within the cytoplasm is supported by the iron 
chaperone, poly (rc)-binding protein 2 (PCBP2). Non-Tf bound iron can also enter the cell through a 
number of transporters (e.g. DMT1, ZIP8, and ZIP14). Schematic produced by the author (HNW). 
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Hepcidin can be further regulated by human hemochromatosis protein (HFE) 

binding to TfR2. Under normal iron conditions, HFE binds to hepatic TfR1, but when 

iron levels increase, holo-Tf has higher affinity for TfR1 than HFE, causing HFE to 

dissociate and complex with TfR2 (Core et al., 2014; Goswami et al., 2006). This 

activation leads to HAMP expression through the ERK1/2 pathway. The importance 

of HFE/TfR2 binding has been shown in vitro (Gao et al., 2009) and in experimental 

murine models (e.g. Wallace et al., 2009), where global knockdown of both Hfe and 

Tfr2 leads to greater iron loading than knockdown of either protein alone. In 

humans, the significance of HFE and TfR2 is illustrated in patients with hereditary 

hemochromatosis (HH), who possess mutations in HFE or TFR2 (Camaschella et al., 

2000; Del-Castillo-Rueda et al., 2012). To further complicate matters, HFE and TfR2 

may interact with the BMP axis, as Hfe/Tfr2 knockout mice possess downregulation 

of BMPs (Corradini et al., 2009; Wallace et al., 2009), and BMP signalling is impaired 

in HH patients (Bolondi et al., 2010). Yet, due to the complex nature of iron-

regulation, full understanding of the key molecular processes that lead to iron 

disease pathology have yet to be garnered. 

Following release into the cytoplasm, Fe2+ is trafficked by iron chaperone proteins 

towards the major iron-metabolism organelle, the mitochondrion. Within 

mitochondria, iron is packaged into heme or iron-sulfur clusters for metabolic 

processes (Muckenthaler et al., 2017). As aforementioned, free iron is highly 

reactive and must be tightly regulated by the body. If cellular uptake exceeds 

requirement, or oxidative stress is induced (Cairo et al., 1995), iron is sequestered 

within a protein cage known as ferritin (Papanikolaou & Pantopoulos, 2017). 

Intracellular iron storage also allows for iron bioavailability in times of deficiency 

(discussed below). Ferritin consists of heavy and light polypeptide chains, which 

self-assemble into a capsule able to retain up to 4, 500 iron atoms (Huard et al., 2013; 

Wilkinson & Pantopoulos, 2014). The heavy chain acts as a ferroxidase enzyme, 

while the light chain aids iron transport to the ferritin core (Finazzi & Arosio, 2014). 

Ferritin can be found in the nucleus, mitochondria, cytoplasm, and even serum, 

where it acts as an indicator of iron status (Arenzes & Nemeth, 2015).  
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5.1.3.1. HIFs and Iron Regulation 

Hypoxia inducible factors (HIFs) are heterodimeric transcription factors 

responsible for modulating cellular responses to low oxygen, thus driving 

angiogenesis and erythropoiesis (Majmundar et al., 2010). HIFs contain an oxygen-

dependent α subunit (e.g. HIF-1α, HIF-2α and HIF-3α) and constitutively–expressed 

β subunit (Suzuki et al., 2017). During normoxia, two proline residues on HIF α 

subunits undergo prolyl hydroxylation by prolyl hydroxylase domain-containing 

enzymes (PHDs), bind to von Hippel-Lindau tumour suppressor protein, and are 

degraded (Ivan et al., 2001). During hypoxia, PHDs are repressed and HIF α subunits 

are stabilised via dimerisation with β subunits. HIF complexes then interact with 

hypoxia response elements, cause hypoxia response gene transcription, increase 

cellular oxygenation, and allow metabolic adaptation to hypoxic stress (Arany et al., 

1996). Intriguingly, HIFs can regulate iron metabolism. During hypoxia, HIFs 

downregulate Hamp gene expression (in mice, Nicolas et al., 2002), and during iron 

depletion, HIFs upregulate DMT1, and HIF-1 alone decreases ferritin (Shah et al., 

2009). Cellular iron can also directly affect HIF protein production as under low iron 

conditions, PHDs are inactive and HIFs are stabilised (Shah & Xie, 2014).  

5.1.3.2. The Labile Iron Pool 

Despite free iron being a potent oxidant and ROS generator, cells contain a labile 

iron pool (LIP) of free iron (first described by Jacobs, 1977). The LIP comprises of 

Fe2+ and Fe3+ bound to small molecules (nucleic acids, amino acids and glutathione) 

and serves as an iron store and iron status indicator (Eisenstein, 2000). In general, 

the LIP contains less than 5% of the cell’s iron, but the LIP is dynamic, changing in 

size in response to iron availability (Kakhlon et al., 2002). Upon TBI uptake, ferritin 

degradation, and reduced export, the cytosolic LIP enlarges. This increase in LIP size 

is sensed by iron-responsive element-binding proteins (IRPs), which degrade in iron 

replete states (Eisenstein, 2000; Kaklon et al., 2002). As a result, the LIP serves as 

another intricate level of iron regulation. 

5.1.3.3. Molecular Iron Regulation 

Hormones and receptor binding modulate large-scale regulation of iron, but on a 

molecular level, individual cells can determine the fate of iron to ensure its tight 

regulation. For example, post-transcriptional modifications of iron-related mRNAs 

is controlled largely by the IRP/IRE (iron-responsive element) system. IRP1 and 
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IRP2, the cytosolic iron sensors, bind to conserved hairpin structures (IREs) in the 

5’ or 3’ direction of untranslated regions (UTRs) of iron-related mRNAs.  During low 

iron, 5’-UTR IREs are translationally repressed, while 3’-UTR IREs mediate mRNA 

stability (Bogdan et al., 2016). 5’-UTR IREs are present in genes that lower the labile 

iron pool, such as ferritin and ferroportin, while 3’-UTR IREs are found in DMT1 and 

TfR1 that enhance iron uptake (Connell et al., 2018). Therefore, during iron 

deficiency, binding to the 3’-UTR of TfR1 and DMT1 mRNA protects against 

degradation, while repression of 5’-UTR IREs of ferritin and ferroportin mRNA by a 

steric hindrance mechanism prevents their translation, thus enhancing cellular iron 

uptake (Wilkinson & Pantopoulos, 2014).  

By contrast, in enterocytes, ferroportin translational is not repressed during iron 

depletion, as this would prevent intestinal absorption of iron into the blood. It is 

thought that ferroportin is translated in this context due to splice variants (e.g. 

fpn1b; Zhang et al., 2009a) that lack the 5’ IRE, thus evading translational repression.  

During iron saturation, iron (4Fe-4S) clusters occupy IREs, while IRP1 contains its 

own iron cluster and is converted to an aconitase-like enzyme that functions in 

cellular metabolism (e.g. producing NAPDH and acetyl-CoA; Wilkinson & 

Pantopoulos, 2014). IRP2 is similarly prevented from binding to IREs when 

intracellular iron is high, but it undergoes ubiquitination and proteosomal 

degradation (Arenzes & Nemeth, 2015). During iron starvation, iron clusters 

dissociate from IRP1, and IRP2 is not degraded, allowing binding to IREs. A 

schematic of IRE/IRP translational regulation is provided in Figure 5.4. 

5.1.4. Iron disorders 

Despite the complex and sophisticated processes that occur to regulate body iron, 

genetic, physiological and environmental alterations can lead to iron deficiency or 

iron overload. The most common iron overload disorder is HH, characterised by 

toxic accumulation of iron in vital organs. HH is driven by abnormally low hepcidin, 

resulting in high serum iron, Tf saturation and bodily iron accumulation (Bridle et 

al., 2003). The four main subtypes of the disease are: a) HFE-HH, the most frequent 

type; b) juvenile hemochromatosis, the deadliest; c) TFR2-associated and; d) 

ferroportin disease (Arenes & Nemeth, 2015). As aforementioned, iron-loading 

disorders are characterised by mutations in important iron-regulating genes. For 

example, inactivation of HAMP and HJV lead to juvenile hemochromatosis (Lin et al., 
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2005; Roetto et al., 2003). Consequently, these mutations cause hyperabsorption of 

dietary iron and failure of iron-loading cells, such as Mφs, to retain recycled iron. Of 

note, mouse models that possess targeted deletion of HFE, HAMP and TFR2 

recapitulate the clinical manifestations of HH (reviewed in Fleming et al., 2011). 

Figure 5.4. Molecular regulation of cellular iron. Under low iron conditions, iron-responsive 
element-binding protein 1 (IRP1) and IRP2 bind to the 5’ end of untranslated regions (UTR) of iron-
related mRNAs, which prevents ferritin and ferroportin translation. IRP1 and IRP2 bind to the 3’ end 
of transferrin receptor 1 (TfR1) and divalent metal transporter 1 (DMT1) mRNA, thus stabilising 
mRNA translation and increasing cytosolic iron uptake. During high iron conditions, IRP1 is bound 
to cytosolic iron while IRP2 degrades, therefore preventing UTR binding. Hence, ferritin and 
ferroportin are translated, while TfR1 and DMT1 mRNA degrades. These changes lower cytosolic iron 
by reducing uptake and increasing storage and export. Illustration provided by the author (HNW). 

 

5.1.4.1. Iron Deficiency 

Iron deficiency disorders include iron deficiency anaemia, the most common 

nutritional deficiency worldwide (Miller, 2013). Iron deficiency anaemia is 

characterised by deficient serum Tf saturation, as well as reduced serum ferritin 

(Baker, 2000). Iron deficiency anaemia usually develops slowly, except in the case 

of blood loss, as iron can be released from recycled erythrocytes and iron stores 
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during urgent requirement (Miller, 2013). Therefore, these sources of iron must 

become replete before anaemia develops. Genetic mutations may also lead to iron 

deficiency, such as iron refractory iron deficiency anaemia, caused by inactivation 

of the hepcidin silencer, TMPRSS6 (Finberg et al., 2008). As a result, sustained 

upregulation of hepcidin results in wide scale iron sequestration by Mφs, and 

ultimately leads to hypoferraemia (Wang & Babitt, 2016). 

The second most prevalent form of anaemia, anaemia of chronic diseases, or 

anaemia of inflammation, results from chronic illness or inflammation that reduces 

serum iron. It is characterised by low serum iron, reduced Tf saturation and 

increased storage of iron in the reticuloendothelial system (Cullis, 2011). This 

reduction in iron is mediated via upregulation of hepcidin, found in patients with 

multiple myeloma (Sharma et al., 2008), chronic kidney disease (Mercadal et al., 

2014) and chronic obstructive pulmonary disease (Tandara et al., 2015).  

5.1.4.2. Hepcidin and Inflammation 

Inflammation plays an important role in iron regulation, protecting the host from 

sepsis (Park et al., 2001). Release of hepcidin, a well-known AMP (Michels et al., 

2015), causes cellular hoarding of iron, which reduces serum iron availability to 

extracellular pathogens, dampens inflammation (demonstrated in Vibrio vulnificus 

infection in mice, Arezes et al., 2015), and subsequently protects against sepsis 

(Chen et al., 2014b). The hepcidin-inflammation link was primarily demonstrated in 

a murine model of LPS administration, which led to upregulation of hepcidin (Pigeon 

et al., 2001), later found to be dependent on IL-6 (Nemeth et al., 2004). Furthermore, 

IL-6 infusion in human volunteers increased urine hepcidin and reduced serum iron 

(Nemeth et al., 2004), while ablation of Il-6 prevented inflammation-induced 

hepcidin production (Nicolas et al., 2002). It is now known that hepcidin-mediated 

inflammation is regulated by both the IL-6/JAK/STAT pathway, and the BMP-SMAD 

axis (Sangkhae & Nemeth, 2017).  

5.1.5. The Role of Iron in Diabetes 

Diabetes is a well-known complication of HH as iron loading can cause pancreatic β 

cell apoptosis and lead to the development of insulin resistance (McClain et al., 

2006). Diabetes is also commonly associated with thalassemia (β globin 

[haemoglobin] subunit deficiency), a disease that causes iron overload due to the 

frequent requirement of blood transfusions (Simcox et al., 2013; Weatherall, 2001). 
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However, iron may be additionally linked to the pathogenesis and phenotype of 

typical T2DM. Patients with T2DM generally retain increased iron stores, 

characterised by elevated serum ferritin (Eshed & Lishner, 2001; Yeap et al., 2015). 

Indeed, serum ferritin positively correlates with obesity (a strong risk factor for 

T2DM onset, Ford & Cogswell, 1999), and insulin and glucose levels (in women, Sheu 

et al., 2003; in men, Tuomainen et al., 1997).  

Raised serum ferritin and increased heme iron uptake have previously been 

associated with a greater risk of developing T2DM (Jehn et al., 2007; Rajpathak et 

al., 2006), yet these effects are attenuated when data is adjusted for inflammation 

markers (Bao et al., 2012). High serum ferritin is also closely coupled to increased 

central adiposity (Jehn et al., 2004), cardiovascular disease (Qi et al., 2007) and fatty 

liver disease (Valenti et al., 2012). Consequently, it is difficult to determine whether 

iron is directly influencing the etiology of diabetes, or whether it is associated with 

a secondary symptom of the disease. 

Elevated iron stores may induce T2DM through a number of mechanisms, including 

causing oxidative damage and destruction to pancreatic β cells, as observed in HH 

in humans (Abraham et al., 2006; Fernandez-Real et al., 2002) and mice (Jouihan et 

al., 2008). Of note, heightened hepatic iron storage impairs glucose metabolism by 

reducing insulin extraction and the responsiveness of adipocyte insulin receptors 

(Taylor et al., 1984), while iron loading via a high iron content diet causes insulin 

resistance and increases glucose uptake in mice (Huang et al., 2013). Rats fed on 

high fat diets also developed changes in iron metabolism that promoted iron 

loading, such as elevated hepcidin and reduced ferroportin (Meli et al., 2013). In 

summary, it is clear that many of the risks that lead to the development of T2DM 

(e.g. high fat diet) are associated with alterations in iron metabolism. 

A clear negative correlation exists between adiponectin, an adipokine causally 

linked to insulin sensitivity (Kubota et al., 2002), and serum ferritin levels (in 

humans, Forouhi et al., 2007; Gabrielsen et al., 2012). Changes in iron genes (e.g. 

increased ferritin and IRP) are also associated with adipocyte differentiation (Festa 

et al., 2000), while mice with adipocyte-specific deletion of ferroportin display 

greater iron storage, increased insulin resistance and reduced adiponectin 

production (Gabrielsen et al., 2012). However, a dichotomy exists between 

adiponectin and insulin sensitivity in HH patients compared to T2DM patients. In 
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HH, hepcidin production is impaired, resulting in low cellular iron and high 

adiponectin levels, while the opposite exists in T2DM alone (Gabrielsen et al., 2012).  

As a viable therapeutic option, dietary restriction of iron is associated with 

improved prognosis. For example, T2DM rats fed on iron-restricted diets displayed 

improved glycaemia (Minamiyama et al., 2010), while leptin-deficient ob/ob mice 

on iron-restricted diets or iron chelation therapy showed increased insulin 

sensitivity and improved β cell function, compared to controls (Cooksey et al., 2010). 

It is clear that dietary iron and iron homeostasis are intimately linked to the diabetic 

metabolic phenotype, and as impaired wound healing is a major complication of 

diabetes, this opens up speculation about how local iron levels are affected in 

diabetic skin, and how this may contribute to wound repair.  

5.1.6. Iron in the Skin 

The role of iron in modulating metabolism has been explored since before the 1950s 

(Granick, 1954). Therefore, it is not surprising that researchers have been 

postulating the relationship between iron in skin pathology and wound healing for 

decades (Heughan et al., 1974; Jacobson & Vanprohaska, 1965). The skin remains 

the first barrier against external insult, with crucial mechanisms to protect against 

chemical-induced and UVR-induced oxidative damage (Applegate et al., 1998). UVA 

radiation exposure triggers increased fibroblast and keratinocyte labile iron 

(Pourzand et al., 1999; Reelfs et al., 2010), causes heme iron release from fibroblasts 

(Kvam et al., 1999), and upregulates ferritin expression in human skin (Applegate et 

al., 1998). As elevated free iron leads to oxidative damage, this offers one 

explanation for the predominant role of UVA in ROS generation. Indeed, 

keratinocytes are more resistant to UVA damage than fibroblasts in vitro (in 

humans, Applegate et al., 1995) and in a human skin equivalent model, partly 

through upregulation of ferritin (Marionnet et al., 2010). Indeed, overexpression of 

ferritin protects against UV-induced stress in multiple cell types (HeLa cells, Cozzi 

et al., 2000; lens epithelial cells, Goralska et al., 2001). 
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5.1.7. Iron in Wound Healing 

5.1.7.1. Haemostasis 

In wound healing, iron is most noted for its oxidative function in haemostasis, where 

ferrous iron is released from haemoglobin (Lipinski & Pretorius, 2012). Although 

associated with negative consequences, free radical production in this instance acts 

to promote blood clotting (by polymerising fibrinogen to insoluble fibrin in human 

blood, Kell & Pretorius, 2015; Pretorius et al., 2013), while ROS production also 

triggers thrombin release and platelet activation (in mice, Woollard et al., 2009).  

5.1.7.2. Inflammation 

Chronic wounds contain an abundant source of heme (erythrocytes; Wenk et al., 

2001; Yeoh-Ellerton & Stacey, 2003; Zamboni et al., 2006), which sustains wound 

site neutrophil recruitment through heme-driven release of OH- (Yeoh-Ellerton & 

Stacey, 2003). Similarly, Fe2+ sequestration heightens M1 polarisation via increased 

Tnf-α and Nos2 (in murine studies, Kroner et al., 2014; Sindrilaru et al., 2011; 

Sindrilaru & Scharffetter-Kochanek, 2013), and elevates the expression of the M2 

markers, Arg1 and Ym1, in splenic and peritoneal Mφs (in iron-loaded mice, Agoro 

et al., 2018). Indeed, the importance of iron in modulating Mφ function has been 

discussed at length (e.g. Ganz & Nemeth, 2015; Jung et al., 2015), as iron 

sequestration is an innate part of the phagocytic anti-infection machinery.  

Pro-inflammatory Mφs are directed by cytokines to sequester heme and non-heme 

iron, thus reducing its availability to extracellular pathogens (Ganz, 2009; Nairz et 

al., 2008). However, Mφs can alter their iron transport systems depending on 

whether an infection is extracellular or intracellular. During intra-Mφ Salmonellae 

infection, ferroportin expression is increased (Chlosta et al., 2006) and TfR1 

expression (mRNA and protein) is decreased to aid iron secretion (Nairz et al., 

2008). This mechanism is driven by the pro-inflammatory phenotype, as Mφs 

lacking Ifn-γ (Nairz et al., 2008), Nos2 (Nairz et al., 2013) and lipocalin-2 (Nairs et 

al., 2015) are unable to effectively excrete iron during intracellular infection. 

M2-like Mφs primarily act to dampen inflammation and drive wound resolution (Li 

et al., 2007), and like M1 Mφs, have characteristic iron processing behaviours 

(Recalcati et al., 2010). Gene ontology analysis has demonstrated substantial 

differences in iron-regulated genes between M1 and M2 Mφs (Recalcati et al., 2010), 

which correlates with their opposing functions for iron processing. One key feature 
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of the M2 Mφ is the overexpression of scavenger receptors, which aid in clearing cell 

debris and damaging particles (Biswas & Mantovani, 2010), and are required for 

heme scavenging (e.g. CD163, Bacci et al., 2009; CD91, Maniecki et al., 2006) to 

dampen inflammatory processes (Cairo et al., 2011). Further, the M2 (IL-10high) 

phenotype is associated with elevated HO-1 activity (Lee & Chau, 2002), which 

reduces inflammation by catalysing the breakdown of heme into biliverdin, CO and 

ferrous iron (Gozzelino et al., 2010). M2 Mφs counteract the damaging effects of HO-

1-driven ferrous iron release by increasing ferroportin expression through IRP1 

inhibition (Recalcati et al., 2010; Vallelian et al., 2010). The key differences in the 

iron regulatory mechanisms of M1 and M2 Mφs are summarised in Figure 5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Key differences in iron metabolism between M1 and M2 macrophages. M1 (pro-
inflammatory) macrophages (Mφs) show an iron sequestration phenotype characterised by high 
ferritin and low ferroportin (FPN), thus depleting extracellular iron in the microenvironment. By 
contrast, M2 (anti-inflammatory) Mφs have high levels of scavenger receptors (e.g. CD163 and CD91) 
and increased heme oxygenase 1 (HO-1) activity. HO-1 breaks down heme into ferrous iron, 
biliverdin and carbon monoxide (CO), which drives wound resolutory processes (e.g. angiogenesis, 
Józkowicz et al., 2003). Ferrous iron is then expelled through FPN. The crucial roles of M1 and M2 
Mφs are summarised in boxes beneath the schematic. Image produced by the author (HNW) 
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5.1.7.3. Angiogenesis 

Oxidative stress can be a detrimental process, yet induction of hypoxia, through 

iron-dependent enzymes (such as factor inhibiting HIF [FIH]; Lando et al., 2002), is 

required for the stimulation of angiogenesis (Loenarz & Schofield, 2008; Ozer & 

Bruick, 2007). Indeed, the functional importance of iron in promoting blood vessel 

formation has been demonstrated previously. For example, lipocalin-2 

administration increased intracellular ferrous iron and ROS, which subsequently 

improved endothelial cell migration and tubule formation (in rat cells in vitro, Wu 

et al., 2015). However, excessive Fe2+ accumulation altered hepcidin function, 

caused heightened Vegf production and abnormal retinal angiogenesis in hjv-/- mice 

(Tawfik et al., 2014). Consequently, balancing intracellular free iron is not only 

important for regulating oxidative stress and inflammatory processes, but also in 

modulating blood vessel formation. 

5.1.7.4. Fibroplasia 

Collagen synthesis and stability requires a dynamic series of post-translational 

modifications (Vasta et al., 2016). Interestingly, Fe2+ is vital for formation of 2-

oxoglutarate 4-dependent oxygenases, such as prolyl 3-hydroxylase, prolyl 4-

hydroxylase (P4H) and LOX3, which modulate post-translational collagen synthesis 

through catalysis of pro-collagen (Hutton et al., 1967; Markolovic et al., 2015). One 

of the most prevalent collagen hydroxylation modifications involves P4H (Gorres & 

Raines, 2010). As mentioned, Fe2+ is a vital cofactor for P4H, a non-heme Fe (II)- and 

α-ketoglutarate-dependent dioxygenase (Vasta & Raines, 2016), and without P4H-

mediated hydroxylation, (2S,4R)-4-hydroxyproline would not form stable collagen 

triple helices (Pihlajaniemi et al., 1991; Sakakibara et al., 1973). Of note, ascorbate 

(vitamin C) can convert ferric iron into its ferrous form, reactivating P4H and 

preventing malformation of collagen (as otherwise observed with scurvy, Myllylä et 

al., 1978). Similarly, iron chelation, through α, α’-dipyridyl, has been shown to 

disrupt procollagen mRNA stability, leading to increased procollagen I mRNA 

turnover (IMR-90 fibroblasts, Ikeda et al., 1992). Overall, it is clear that ferrous iron 

is vital for the formation of stable ECM, yet how this relates to wound-relevant 

matrix remodelling remains elusive.  
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5.2. Chapter Aims 
Iron plays a fundamental role in orchestrating cellular metabolism, and is implicated 

in the pathogenesis of chronic disease. Iron has also been linked to Mφ behaviour, 

and is required for collagen stabilisation, yet its role in cutaneous biology remains 

tenuous. It was therefore hypothesised that iron would play crucial roles in 

modulating fibroblast and Mφ behaviour during wound-relevant processes. 

Specific aims were to:  

1) Characterise iron abundance in normal and pathological wound 

healing. Total wound iron abundance was measured across a time course of 

acute healing using ICP-MS. Given that iron is linked to diabetes, and diabetes 

is a major factor for chronic wounds, ICP-MS was used to demonstrate 

temporal changes in iron during Db murine wound repair. 

2) Profile the functional response(s) of major wound-relevant cells to 

iron. Here, matrix production, secretion and remodelling were assessed in 

HDFs following iron administration. The effects of a high iron environment 

were determined in murine Mφs and human Mφs to elucidate how iron alters 

their behaviour to contribute to late-stage wound healing. 

3) Explore the paracrine effects of iron-loaded immune cells on wound 

relevant fibroblast functions. Iron-loaded human Mφs were cultured with 

HDFs to establish the influence of their secretomes on matrix production in 

HDFs. Characterised secretome components were then assessed in human ex 

vivo wounds to elucidate their role in the context of wound repair. 

 

Considering that little evidence pertains to the actual role of endogenous iron in 

cutaneous wound biology, the ultimate aim of the chapter was to reveal the 

importance of iron in regulating cellular behaviour in the wound environment to 

promote effective repair. 
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5.3. Materials and Methods 

5.3.1. Animal Experiments 

Normal skin and excisional wounds were collected from young (8-10 weeks old) 

female WT (C57BL/6J) mice for a time course healing experiment (day 1, day 3, day 

7 and day 14 post-injury, n = 5 per group). NDb heterozygous mice and Db 

homozygous mice (described in Section 2.1) were wounded at 8-10 weeks of age (n 

= 3-5 per group) and wounds collected at day 3 (D3) and D7 post-injury, along with 

normal skin (D0). Wounds were left to heal via secondary intention. Wounding 

procedures and tissue collection are described in Section 2.1.  

5.3.2. Measuring Iron in Cells and Tissue 

ICP-MS was performed as described in Section 2.5 to determine the relative 

abundance of iron in wounds throughout a time course of healing, and to elucidate 

changes in wound iron with Db pathology. Perl’s Prussian Blue (PPB) staining 

(described in Section 2.4.5) was used to visualise iron deposition in wound tissue. 

PPB was also used to demonstrate intracellular and extracellular iron deposits in 

HDF cultures treated with and without iron. Iron was administered as ferric 

ammonium citrate (FAC), a highly soluble, biologically available form of NTBI (Wang 

et al., 2018a). For PPB analysis, the colour deconvolution plugin (as in Zhou et al., 

2015) of ImageJ v.1.8 was used. Colour channels were separated based on Alcian 

Blue and Haematoxylin staining, and the percentage area of blue staining quantified 

via threshold analysis. To prevent bias, a macro was created by the author (HNW) 

to ensure the same parameters were applied to all images.  

5.3.2.1. Ferrozine Assay 

A ferrozine assay was used to elucidate whether HDFs internalised administered 

iron. Ferrozine is an effective chelator of ferrous iron (Stookey, 1970), but the assay 

was modified and performed as in Riemer et al. (2004) to allow for the detection of 

ferrous and ferric iron. HDFs were treated with Minimum Essential Media (MEM; 

Gibco, Thermo Fisher Scientific) in 2% FBS and FAC where applicable. Cells were 

incubated for two days, five days and 11 days, with treatment changes performed 

every three days. Upon collection, media was aspirated and cells were scraped on 

ice in 50 mM NaOH containing 1% HALT™ protease inhibitor cocktail (Thermo 

Fisher Scientific). Cell lysates were stored at -80°C until use. Cellular iron 

concentration (in µM) was determined from a FAC standard curve. 
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5.3.2.2. Tissue Assessment of Intracellular Iron 

To determine the major iron sequestering cell types, skin and wound tissue were 

stained for ferritin with Mac3 (Mφs) or α-Sma (fibroblasts). Fluorescently 

conjugated secondary antibodies were used (Alexa Fluor 594, ferritin; Alexa Fluor 

488, Mac3 and α-SMA; both Thermo Fisher Scientific) and images obtained via 

confocal microscopy (Section 2.6.7.5). Cell count analysis was performed in ImageJ 

v.1.8. Tissue infiltration of Nos-2+ve and Arginase-1+ve Mφs was verified via 

immunoperoxidase staining as described in Section 2.4.4. 

5.3.3. Collagen Content of Wound Tissue 

Matrix remodelling was assessed across the WT, NDb and Db tissue using picrosirius 

red staining (Section 2.4.6) and immunofluorescent staining for rat anti-collagen 

type I, rat anti-collagen type III (Abcam) and mouse anti-fibronectin (Santa Cruz 

Biotechnology). Appropriate Alexa Fluor-conjugated secondary antibodies (594 and 

488; Thermo Fisher Scientific) were used and images obtained via confocal 

microscopy. Threshold intensity analysis of tissue staining was performed in ImageJ 

v.1.8. qRT-PCR was performed on murine tissue for Fn1, Col1a1 and Col3a1 

transcript levels. 

5.3.4. Iron-Regulated Matrix Production 

HDFs (isolated as described in Section 2.3.2), were cultured in MEM containing 2% 

FBS for all matrix assays (described below). HDFs from three human donors were 

used for all experiments. Prior to matrix assessment, viability, growth rates and 

scratch migration experiments were performed as described in Section 2.6.2.  

5.3.4.1. Hydroxyproline Assay 

Collagen content of FAC-treated HDFs was first assessed indirectly using a 

hydroxyproline assay kit (Abcam) as per manufacturer’s instructions. 

Hydroxyproline is an amino acid exclusively present to collagen, and is extensively 

used to determine the collagen content of cells and tissues (Cissell et al., 2017). 

Alkaline hydrolysis was performed using 10N NaOH, which was neutralised with an 

equal volume of 10N HCl. Samples were dried to remove HCl and hydroxyproline 

was then detected using p-dimethylaminobenzaldehyde solution. Plates were 

measured at 560nm and hydroxyproline concentration ascertained from a 

hydroxyproline standard curve. 



 

235 
 

5.3.4.2. Immunofluorescence 

HDFs were seeded and left to adhere O/N at 37°C and 5% CO2. The following day, 

media was changed to MEM (above) with 10 µM FAC, 100 µM FAC or no FAC 

(control) and changed every three days (up to day 6). Cells were collected at day 5 

or day 11 post-first treatment. Immunofluorescent staining was performed on 

matrix containing cells, or matrix with cells denuded. Images were captured via 

confocal microscopy and analysed in ImageJ v.1.8 (Section 2.6.7.5).  

5.3.4.3. Western Blotting 

Western blotting was performed on FAC-treated HDFs at day 5 post-initial 

treatment for anti-mouse PDGFA and anti-mouse ferritin (Santa Cruz 

Biotechnology). Western blotting was also performed on denuded ECM collected at 

day 11 post-initial treatment, prior to mass spectrometry analysis. Primary 

antibodies used for ECM samples were: anti-mouse COL1A1, anti-mouse PDGFA, 

anti-mouse COL6A1 and anti-mouse vimentin (all Santa Cruz Biotechnology). In-

depth western blotting procedures are provided in Section 2.6.7.6. Western blots 

were also performed on THP-1 cells following FAC administration (for ferritin). 

5.3.4.4. Conditioned Media Zymography 

Conditioned media was taken from matrix plates at day 11. Cell media was collected, 

sterile-filtered and stored at -80°C until use. Gelatin zymography gels were 

performed as described in Section 2.8.7.3, and protease activity determined 

relative to the control group.  

5.3.4.5. Mass Spectrometry 

Label free LC-MS was performed on denuded matrix from HDFs treated with FAC 

for 11 days. Protein was isolated and analysed as described in Section 2.6.7.8. 

5.3.4.6. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was performed to assess HDF structural 

changes following FAC treatment. Full details are provided in Section 2.6.7.7. 

5.3.5. Fn-488 Remodelling  

HDFs were seeded into 12-well µ-slides (Ibidi, Munich, Germany) at 2.5 x 105 

cells/mL media. After 6 hours adherence, media was aspirated and changed to MEM 

with 2% FBS and FAC where applicable. At the same time, Fibronectin HiLyte 488 

(Cytoskeleton Inc, Colorado, US) was added at 4 µg/mL for 24 hours. HDFs were 
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fixed in 4% formaldehyde, counterstained with DAPI and imaged on a confocal 

microscope. Remodelling of the 488-conjugated fibronectin was assessed via 

fluorescence intensity analysis in ImageJ v.1.8. 

5.3.5.1. MMP2 Inhibition 

To determine whether MMP2 was involved in FAC-mediated remodelling of 

fibronectin, the MMP2 inhibitor, ARP101 (Biotechne), was used. ARP101 was added 

at the same time as FAC at a concentration of 20 µM (as in da Rocha-Azevedo et al., 

2015). Fn-488 remodelling was performed as described above.  

5.3.5.2. Fibronectin Degradation Assay 

MMP2 was treated with or without the protease activator, 4-aminophenylmercuric 

acetate, at a concentration of 1 mg/mL for 1 hour prior to the assay (as in Hu & 

Beeton, 2010). MMP2 was then incubated in 600 µg/mL recombinant human 

fibronectin (Sigma-Aldrich, as in Steffensen et al., 2011) at 37°C for 24 hours in 

zymography resolving buffer. Fibronectin alone was included as a control. Following 

incubation, western blot was performed for fibronectin as previously described. 

5.3.6. Oxidative Stress 

Intracellular ROS were measured using CellROX® Green Reagent (Thermo Fisher 

Scientific) as per manufacturer’s instructions. Briefly, HDFs were seeded and left to 

adhere O/N before treating with FAC. After 24 hours, CellROX® was added to each 

well for 30 minutes, aspirated, and HDFs were fixed in 4% formaldehyde solution. 

Cells were imaged within 24 hours of CellROX® treatment using a confocal 

microscope (described in Section 2.6.7.5). CTCF was determined in ImageJ v.1.8. 

A ROS-Glo™ H2O2 Assay (Promega) was performed to determine H2O2 production. 

HDFs were seeded into white opaque-walled 96 well plates and left to adhere O/N. 

FAC, deferoxamine and PMA were added for 8 hours prior to adding H2O2 substrate. 

In contact with H2O2, the substrate breaks down into a luciferin precursor, which is 

converted to luciferin upon D-cysteine addition. The luciferin then reacts with 

luciferase, resulting in luminescence proportional to the H2O2 in culture. Menadione 

(20 µM, Thermo Fisher Scientific) was included as a control. Luminescence was read 

on a VICTOR X Multilabel plate reader (PerkinElmer, Buckinghamshire, UK).  
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5.3.7. Antioxidant Treatments 

To ameliorate oxidative stress, antioxidants (ascorbic acid, MnTBAP chloride and 

mannitol) were screened (using CellROX®) in HDF cultures at the same time as FAC 

administration. For main text experiments, mannitol was used at 1 mM 

concentration in combination with 100 µM FAC.  

5.3.8. Oxygen Sensing 

Oxygen saturation in FAC-treated HDF cultures was assessed using the SDR 

SensorDish® Reader (Presens, Regensburg, Germany) and accompanying software. 

The SDR SensorDish® was calibrated as per manufacturer’s instructions before 

adding a sensor plate with seeded HDFs to the reading platform. Measurements 

were recorded every five minutes and data output analysed using Microsoft Excel. 

5.3.9. Iron Gene Regulation  

RNA and cDNA were made as described in Section 2.7. qRT-PCR was performed to 

determine relative changes in the expression of iron-related genes throughout a 

time course of normal (WT) healing, and a time course of pathological (Db) repair. 

The genes under study were: Slc11a2 (DMT1), Irp1, Steap3, Slc40a1 (ferroportin), 

Tf, Tfr1 (TfR1), Ftl (ferritin light chain) and Fth (ferritin heavy chain). HDFs treated 

with iron were additionally profiled for alterations in LOX1 and LOX-like genes, 

LOXL1 and LOXL2, prolyl 4-hydroxylase subunits α1, α2 and β (P4HA1, P4HA2 and 

P4HB, respectively), matrix genes (COL1A1, COL1A2, COL3A1, COL6A1, FN1, PDGFA 

and VIM), MMP2, differentiation markers, α-SMA (ACTA2) and CDH11, and the 

hypoxia regulators, HIF1A, HIF2A and FIH. Polarisation was assessed in bone 

marrow derived Mφs (BMDMs; Nos2, Cd86, Ym1, Arg1, Tnf, Il1b, Ccl17 and Ccl22) 

and THP-1-derived Mφs (TDMs; TNF, IL1B, CCL17 and CCL22). Mφs were also 

profiled for iron genes (primer sequences provided in Appendix 2A.32-2A.33). 

5.3.10. SiRNA Transfection 

HDFs were seeded into 24 well plates at a density of 2x104 cells per well without 

antibiotics. The following day, cells were transfected with two validated Silencer® 

Select SiRNAs (Thermo Fisher Scientific) targeting STEAP3 (Si-S3#1 and Si-S3#2). 

Cationic lipid-based transfection was achieved with Lipofectamine® RNAiMAX in 

Opti-MEM™ (both Thermo Fisher Scientific) as per manufacturer’s guidelines. 

Silencer® Select Negative Control No. 1 SiRNA (Si-Ctrl) and Silencer® Select 
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Positive Control GAPDH SiRNA (Si-GAPDH) were used for optimisation experiments, 

and as internal controls. After six hours, media was replaced with fresh MEM and 

HDFs were treated with FAC for 5 days. HDFs were analysed via qRT-PCR to 

determine expression levels of STEAP3. CellROX® assay, immunocytochemistry 

(ICC), zymography and western blot was performed as previously described.  

For experimental optimisation, HDFs were treated with control siRNA (Si-Ctrl), 

GAPDH siRNA (Si-GAPDH) or STEAP3 siRNA (Si-S3#1) for 2 days and 5 days and 

collected for RNA. qRT-PCR demonstrated significant, stable knockdown of GAPDH 

and STEAP3 at 2 days and 5 days (Appendix Figure 5A.6). Next, HDFs were 

transfected with or without 100 µM FAC to determine knockdown efficiency, where 

FAC treatment did not affect GAPDH or STEAP3 knockdown efficiency (Appendix 

Figure 5A.6). Preliminary ICC experiments were carried out in siRNA knockdown 

cells to assess collagen I and collagen III production (Appendix Figure 5A.7), and 

fibronectin and ferritin expression (Appendix Figure 5A.8). Zymography and 

western blot analysis (Appendix Figure 5A.9) was also performed. 

5.3.11. Bone Marrow-Derived Macrophages 

NDb and Db BMDMs were stimulated to M1 and M2 states as described in Section 

2.6.9. BMDMs were collected at 24, 48- and 72-hours post-stimulation to assess 

polarisation via qRT-PCR. Cytokines were added in the presence of FAC to determine 

how FAC influenced BMDM polarisation and iron processing (qRT-PCR). As a 

functional readout of Mφ behaviour, phagocytosis assays were performed (below). 

5.3.12. THP-1 Cell Culture 

THP-1 cells were cultured and differentiated as described in Section 4.3.4.3. For 

polarisation experiments, TDMs were stimulated to M1 (IFN-γ and LPS) and M2 (IL-

13 and IL-4) states as in Bi et al., (2016) and Genin et al., (2015). TDMs were treated 

with FAC at the time of polarisation for qRT-PCR analysis and western blotting, or 

treated with FAC for 6 hours post-stimulation prior to phagocytosis experiments.  

5.3.12.1. Phagocytosis Experiments 

NDb BMDMS, Db BMDMs, and TDMs, were tested for their ability to phagocytose E. 

coli (K-12 strain) BioParticles®, with CTCF used to measure particle uptake 

(Section 2.6.9.3). Polarised TDMs were also incubated with live E. coli (ATCC® 

25922) at a MOI of 10 for two hours at 37ᵒC and 5% CO2. Media was plated on MHA 
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to determine CFU/mL of non-internalised bacteria. TDMs were next incubated in 

gentamicin for one hour to kill any remaining external E. coli, lysed with 0.1% triton 

X-100 and plated on MHA to count the number of internalised bacterial colonies. 

5.3.12.2. THP-1 Differentiation Experiments 

THP-1 cells were treated with or without PMA at the same time as administering 

FAC. After 3 days, cells were collected for RNA to assess differentiation marker 

expression (Section 4.3.4.3). THP-1 adhesion was measured using CellTiter 96® 

AQueous One Solution (Section 2.6.4). Zymography and Proteome Profiler™ 

chemokine arrays (Biotechne) were also performed (described in Section 3.3.3.1) 

on CM collected from TDMs. 

5.3.13. Transwell Co-Culture 

THP-1 cells were differentiated and polarised in transwell inserts (0.4 µm; Corning, 

Flintshire, UK), washed in DPBS to remove exogenous cytokines, and transferred to 

plates seeded with HDFs. TDM inserts were replaced after 3 days of culture. On day 

9, HDFs were fixed and stained for collagen type I, illustrated in Figure 5.6.  

5.3.14. Human Ex Vivo Wounding 

Human skin was collected and wounded as described in Section 2.3.1. Wounds 

were treated with a vehicle, CCR4 antagonist (C021), CCL17 and/or CCL22 (R&D 

Systems, Oxford, UK), applied topically every 2 days (Table 5.1). Wounds were 

collected at 3 days post-wounding for histological analysis.  

5.3.15. Statistical Analysis 

All data is presented as mean +/- standard deviation of the mean (SEM). Appropriate 

statistical tests and post-hoc analyses were performed as described in Section 2.9. 
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Figure 5.6. Schematic of the macrophage-fibroblast transwell set-up. THP-1 cells were seeded 
into transwell inserts and differentiated with phorbol 12-myristate 13-acetate (PMA) in RPMI media 
containing foetal bovine serum (FBS). On day 2 (D2), THP-1 cells were polarised to M1 or M2 
macrophage (Mφ) states in serum free RPMI with ferric ammonium citrate (FAC). On day 3, transwell 
inserts containing polarised THP-1 Mφs were rinsed in human dermal fibroblast (HDF) media and 
added to HDFs. HDFs were collected for analysis on day 9. Image by the author (HNW). 
 

Table 5.1. Treatments used for ex vivo human wound experiments. 

Treatment Group Concentration 
Vehicle 1% BSA + 0.002% DMSO 
CCL17 50 ng/mL 
CCL22 50 ng/mL 

CCL17 + CCL22 25 ng/mL & 25 ng/mL 
C021 100 nM 

CCL17 + C021 50 ng/mL & 100 nM 
CCL22 + C021 50 ng/mL & 100 nM 

CCL17 + CCL22 + C021 25 ng/mL & 25 ng/mL & 100 nM 
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5.4. Results 

5.4.1. Iron accumulates during late-stage wound repair and correlates 

with extracellular matrix deposition. 

ICP-MS, the gold standard technique for measuring metal abundance (Lee et al., 

2014b), was used to determine the total concentration of iron within wounds across 

a time course of normal healing. Wounds were collected at day 1 (D1), D3, D7 and 

D14 post-injury and iron abundance was compared to D0 (normal skin; Figure 

5.7A). Here, iron accumulated significantly in D7 and D14 wounds, compared to D0 

(P < 0.001). PPB staining was used to confirm the ICP-MS data via histological 

visualisation (Figure 5.7B), where D7 (P < 0.001) and D14 (P < 0.001) wounds 

displayed increased iron deposits, confirmed via quantification (Figure 5.7C). 

As late-stage wound healing is associated with ECM remodelling (Li et al., 2007), 

ECM deposition was characterised in murine wound tissue. Immunofluorescent 

staining (Figure 5.7D) showed fibronectin was highest at D3 (P < 0.01) and 

significantly reduced by D14 (P < 0.05; Figure 5.7E). Collagen III (Figure 5.7F) and 

collagen I (Figure 5.7G) staining was significantly greater at D7 than D1 (Collagen 

III, P < 0.001; Collagen I, P < 0.01), D3 (Collagen III, P < 0.001; Collagen I, P < 0.01) 

and D14 (Collagen III, P < 0.05; Collagen I, P < 0.01). Thus, iron accumulation in 

normal healing correlated strongly with wound collagen deposition.  

5.4.2. Diabetic wounds display impaired iron accretion and delayed 

extracellular matrix deposition. 

As Db wounds display significantly delayed healing (Chapters 3, 4 and reviewed in 

Ansell et al., 2012), a further aim was to characterise iron accumulation in 

pathological Db healing. Total wound iron was compared between NDb and Db skin 

and excisional wounds at D3 and D7 post-injury (Figure 5.8A). NDb wounds 

displayed significantly elevated iron at D7 (compared to D0, P < 0.01), comparable 

to the levels shown in WT mice (Figure 5.7A). Iron in Db wounds was also 

upregulated at D7 (P < 0.01), yet Db skin (P < 0.001) and wounds (D3, P < 0.01; D7, 

P < 0.001) possessed significantly reduced iron compared to NDb. PPB histology 

confirmed reduced iron in Db wounds at D3 (P < 0.001) and D7 (P < 0.001; Figure 

5.8B-C). As expected, NDb wounds acquired significant iron deposits at D3 (P < 

0.001) and D7 (P < 0.001, compared to D0). 
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ECM deposition was impaired in Db wound healing (Figure 5.8D), where 

fibronectin was substantially increased at D7 (P < 0.001) (Figure 5.8E), and 

collagen III (Figure 5.8F) and collagen I (Figure 5.8G) deposition were impaired 

compared to NDb (representative images in Figure 5.9B-C). Further, mRNA 

assessment showed upregulation of Col3a1 (P < 0.01) and Col1a1 (P < 0.001) in 

normal healing (Figure 5.9D), while levels of Col3a1 and Col1a1 (Figure 5.9E) were 

not altered in Db wounds. Impaired matrix remodelling was confirmed via 

picrosirius red staining, used to assess immature and mature fibre composition 

from birefringence excited via polarised light microscopy (Junqeira et al., 1978). In 

normal healing, D7 and D14 wounds possessed significantly greater overall collagen 

content (P < 0.001), and more mature fibres than at D1 (P < 0.001) and D3 (P < 0.01; 

Figure 5.10A-B). NDb D7 tissue also possessed greater collagen content compared 

to D3, while immature (P < 0.001) and mature (P < 0.05) fibre deposition was 

significantly reduced in Db D7 wounds compared to NDb (Figure 5.10C-D). 

Together, these data demonstrated that Db pathological healing wounds possessed 

reduced iron and impaired ECM deposition.  

5.4.3. Fibroblasts sequester administered iron, which has no 

detrimental effects on cell viability. 

As wound iron accumulation correlates strongly with ECM deposition, the effects of 

iron (as FAC) were determined on fibroblasts in vitro. A ferrozine assay 

demonstrated that 100 µM FAC increased intracellular iron storage at 5 days (D5, P 

< 0.001) and 11 days (D11, P < 0.01; Figure 5.11A). Western blot confirmed 

intracellular iron storage via increased ferritin expression in HDFs treated with 100 

µM FAC (P < 0.05; Figure 5.11B). ICC allowed visualisation of elevated cytoplasmic 

ferritin stores following 100 µM FAC (P < 0.001; Figure 5.11C-D). Treatment with 

deferoxamine plus 100 µM FAC significantly reduced ferritin stores, directly 

showing that deferoxamine chelated FAC. Finally, high iron was observed in HDFs 

cultured with 100 µM FAC at 5 days (P < 0.001; Figure 5.11F) and 11 days (P < 

0.001; Figure 5.11G), which was both internalised (inset, Figure 5.11E) and 

associated with deposited ECM (PPB staining). Hence, it is clear that FAC 

administration leads to excessive internalisation and storage of iron in HDFs. 

 



 

243 
 

 

 

Figure 5.7. ICP-MS demonstrates abundant accumulation of iron during late-stage healing, 
which correlates with extracellular matrix deposition. Iron abundance is upregulated at day 7 
(D7) and D14 post-injury in normal healing (A). Perl’s Prussian blue staining confirms increased iron 
deposition at D7 and D14 (B), quantified in C. Black arrows = blue iron deposits. Spleen = positive 
control. Inset = high magnification. Bar = 50 µm (10 µm inset). Immunofluorescent staining (D) and 
quantification of fibronectin (E), collagen III (COL III; F) and collagen I (COL I; G). Bar = 50 µm. n = 5 
mice per group. Mean +/- SEM. * = P < 0.01, ** = P < 0.01, red* = P < 0.001. One-way ANOVA with 
Tukey’s post-hoc test performed on all data. * alone versus D0. 
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Figure 5.8. Diabetic wounds display significantly reduced wound iron correlating with 
impaired extracellular matrix deposition. ICP-MS demonstrates reduced iron in diabetic (Db) skin 
(D0) and wounds (day post-injury; A). Perl’s Prussian Blue staining (B), quantified in C. Black arrows 
= blue iron deposits. Spleen = positive control. Inset = high magnification. Bar = 50 µm (inset 10 µm). 
Immunofluorescence (D) of fibronectin (E), collagen III (COL III; F) and collagen I (COL I; G). Bar = 
50 µm. n = 3-5 mice per group. Mean +/- SEM. * = P < 0.01, ** = P < 0.01, red* or # = P < 0.001. # in A 
= NDb versus Db. Two-way ANOVA with Tukey’s post-hoc test analysis. * alone versus D0. 
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Figure 5.9. Diabetic wounds show altered collagen deposition during late-stage wound repair. 
Time course wounds with representative regions in white boxes (collagen I; A). NDb (non-diabetic) 
and Db wounds at high (B) and low (C, collagen I) magnification.  Bar on A and C = 200 µm. Bar on B 
= 50 µm. qRT-PCR of Fn1, Col3a1 and Col1a1 in wild-type (WT, D) and NDb versus Db (E) wounds. 
D0 = normal skin. D = day post-injury. Mean + SEM. n = 3-5 mice per group. * = P < 0.05, ** = P < 0.01, 
red* = P < 0.001. One-way ANOVA was performed on WT time course data. Two-way ANOVA was 
performed on NDb versus Db data. Tukey’s post-hoc analysis where applicable. * alone versus D0. 
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Figure 5.10. Picrosirius red staining demonstrates altered dermal matrix in diabetic wounds. 
Normal skin (D0) and wounds at day 1 (D1), D3, D7 and D14 post-injury were collected from wild-
type mice (n = 5 per group). Picrosirius red staining illustrates changes in early (green-yellow 
birefringence, green arrows) and late (red-orange birefringence, red arrows) extracellular matrix 
(ECM) fibres via polarising light microscopy. Representative images are shown in A and quantified 
in B. One-way ANOVA for time course data, comparing early and late fibres separately. Diabetic (Db) 
mice (n = 3 per group), showed delayed ECM deposition (images, C; quantified, D) compared to non-
Db (NDb). Bar = 50 µm. Mean + SEM. Two-way ANOVA for Db data, comparing early and late fibres 
separately. Tukey’s post-hoc analysis was performed where applicable. * alone compared to D0 (time 
course) or NDb to Db within each time point. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 

 
As iron is a highly reactive metal, the effects of FAC on cellular viability and function 

were next ascertained. Propidium iodide (PI) uptake was used to assess cell death 

via flow cytometry (read in the FL-2 and FL-3 channels; see Chapter 2 for 

description). Here, 100 µM FAC did not significantly increase cell death following 5 

days (Figure 5.12A-C) and 11 days (Figure 5.12D-F) of treatment, while ethanol-

treated cells (positive control) were over 90% positive for PI (P < 0.001). 

Histograms with overlays demonstrated the peak shift for ethanol-treated cells, 

absent in control and FAC-treated cells (Figure 5.12C, E). FAC-treated cells showed 

a modest reduction in calcein AM uptake at 5 days (P < 0.001; Figure 5.12G) and 11 
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days (Figure 5.12H-I), but viability was significantly higher than in the ethanol 

controls (P < 0.001). Examples of scatter plots and histograms with markers are 

provided in Appendix Figures 5A.1-5A.4. 

 

Figure 5.11. Human dermal fibroblasts sequester administered iron. A ferrozine assay 
demonstrates accumulation of intracellular iron over time (A).  D2 = day 2 post-initial treatment. 
Western blot (B, β-actin loading control) and ferritin immunocytochemistry (C, quantified, D). FAC = 
ferric ammonium citrate. CTCF = corrected total cell fluorescence. Bar = 50 µm. Arrows = ferritin 
(red). DAPI = nuclei (blue). DEF = 100 µM FAC plus 100 µM deferoxamine. Perl’s Prussian blue 
staining (arrows, blue staining) shows iron deposits (E), quantified in F and G. Bar = 100 µm. n = 3 
donors. Mean +/- SEM. * = P < 0.05, ** = P < 0.01, red* = P < 0.001. Two-way ANOVA performed on A. 
One-way ANOVA performed on all other data. Tukey’s post-hoc tests where applicable. 

 
FAC led to a significant increase in HDF proliferation from D2 onwards (P < 0.001; 

Figure 5.12J), while migration was only impaired at 1 mM concentration in young 

HDFs (P < 0.001; Figure 5.12K, M). However, in aged HDFs, migration was 

significant reduced at 100 µM (P < 0.05) and 1 mM (P < 0.001; Figure 5.12L-M), 

suggesting increased susceptibility to iron treatment. Collectively, these data show 
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that FAC does not alter young HDF viability or migration up to 100 µM, indicating 

that 100 µM FAC was suitable for use in subsequent experiments on young HDFs. 

5.4.4. qRT-PCR elucidates changes in fibroblast gene expression 

following iron treatment. 

HDFs treated with or without FAC were collected 48 hours post-treatment for qRT-

PCR analysis. Data was pooled from three individual donors. Genes assessed 

included those important for matrix protein translation, iron transport regulation, 

oxygen sensing and differentiation (Figure 5.13). Matrix genes significantly 

downregulated by FAC treatment included COL1A1 (100 µM, P < 0.001; Figure 

5.13A), COL3A1 (P < 0.001, Figure 5.13B), FN1 (P < 0.01, Figure 5.13C) and PDGFA 

(10 µM, P < 0.05; 100 µM, P < 0.01; Figure 5.13D). Intriguingly, expression of VIM 

was significantly increased (100 µM, P < 0.05; Figure 5.13E). Of the iron-regulating 

genes, TFR1 (10 µM, P < 0.05; 100 µM, P < 0.05; Figure 5.13F), FHC (10 µM, P < 0.01; 

100 µM, P < 0.001; Figure 5.13G), SLC11A2 (100 µM, P < 0.05; Figure 5.13H) and 

SLC40A1 (10 µM, P < 0.01; 100 µM, P < 0.001; Figure 5.13I) were significantly 

dampened following FAC treatment.  

Expression of hypoxia inducible factors, HIF1A (P < 0.05; Figure 5.13K) and HIF2A 

(P < 0.05; Figure 5.13L), were decreased following 100 µM FAC, while no change in 

FIH (Figure 5.13M) expression was found. Furthermore, a modest reduction in the 

differentiation markers, ACTA2 (Figure 5.13N) and CDH11 (Figure 5.13O) was 

observed following 100 µM FAC administration. As ECM and iron gene transcription 

was altered by FAC treatment, genes important for modulating ECM stability were 

also assessed (Figure 5.14). LOX is one such enzyme, required for collagen 

crosslinking (Markolovic et al., 2015). Here, LOX and the functionally similar, LOXL1, 

were unaltered by FAC treatment while LOXL2 was downregulated following 100 

µM FAC (P < 0.05, Figure 5.14C). Another enzyme crucial for ECM maintenance was 

P4H, required to catalyse the synthesis of hydroxyproline. As hydroxyproline 

increases the melting temperature of collagen, it is fundamental in allowing collagen 

to remain stable at body temperature (Gorres & Raines, 2010). Here, P4HA1 was not 

significantly altered by FAC treatment, while P4HA2 (Figure 5.14E) was 

significantly reduced by 10 µM (P < 0.05) and 100 µM (P < 0.05) FAC treatment. FAC 

administration did not alter P4HB expression (Figure 5.14F). 
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Figure 5.12. Viability, growth and migration of human dermal fibroblasts following iron 
treatment. Flow cytometry assessed human dermal fibroblast (HDF) viability using propidium 
iodide (PI; A-F) and calcein AM (G-I) after 5 days (A-C, G, I) and 11 days (D-F, H-I) of culture. Ethanol 
(EtOH) included as a control. Histograms with overlays (C, F, I). Growth kinetics following iron 
treatment (J). HDFs from young (<40 years of age, K) and aged (>65 years of age, L) donors. Crystal 
violet staining at 24 hours (M). Bar = 500 µm. n = 3 donors. Data represent mean +/- SEM. * = P < 
0.05, red* = P < 0.001. One-way ANOVA and Dunnett’s test for multiple hypotheses on data sets A-I 
and K-M (versus control). Two-way ANOVA and Tukey’s post-hoc analysis performed on J. 
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Figure 5.13. Iron alters gene expression in human dermal fibroblasts. qRT-PCR showing 
changes in human dermal fibroblast gene expression following 72 hours of ferric ammonium citrate 
treatment. Matrix genes analysed were COL1A1 (A), COL3A1 (B), FN1 (C), PDGFA (D), VIM (E). Iron 
genes analysed were TFR1 (F), FHC (G), SLC11A2 (H), SLC40A1 (I), IRP1 (J), HIF1A (K), HIF2A (L) and 
FIH (M) by RT-qPCR. The differentiation markers, ACTA2 (N) and CDH11 (O), were also assessed. 
Mean + SEM. Combined from 3 donors. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Significance deduced 
via one-way ANOVA and Dunnett’s post-hoc analysis (compared to control).  
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Figure 5.14. Iron administration alters the expression of matrix stabilising genes in vitro. qRT-
PCR analysis demonstrates changes in human dermal fibroblast matrix gene expression following 72 
hours of ferric ammonium citrate treatment. Genes analysed were LOX (A), LOXL1 (B), LOXL2 (C), 
P4HA1 (D), P4HA2 (E) and P4HB (F). Data show mean + SEM. Combined from 3 donors. * = P < 0.05. 
Significance deduced via one-way ANOVA and Dunnett’s post-hoc analysis (compared to control).  

 
5.4.5. Administration of iron heightens PDGFA expression. 

The next aim was to determine how FAC treatment modulated matrix production at 

the protein level. The first protein of interest was PDGFA, a potent inducer of 

connective tissue remodelling (Horikawa et al., 2015). PDGFA expression was 

verified via ICC on cells treated with iron for five days (Figure 5.15B) and 11 days 

(Figure 5.15C), with representative staining (Figure 5.15A). FAC treatment 

significantly increased PDGFA expression at day 5 (P < 0.001) and day 11 (10 µM, P 

< 0.01; 100 µM, P < 0.05). Western blot analysis on cells at day 5 confirmed the 

elevated PDGFA expression following 100 µM FAC treatment (P < 0.001; Figure 

5.15D-E). As iron clearly modulated PDGFA protein levels in HDFs, the effects of 

iron administration on major ECM proteins was subsequently assessed. 
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Figure 5.15. The expression of platelet-derived growth factor subunit A is modulated by iron. 
Human dermal fibroblasts treated with ferric ammonium citrate (FAC) displayed greater PDGFA 
expression at day 5 (A-B) and day 11 (A, C) post-initial iron exposure. Data combined from 3 
experiments in 3 donors. Representative images of PDGFA (green) are shown in A (phalloidin, red; 
DAPI, blue nuclei). Bar = 50 µm. Western blot at day 5 confirms increased PDGFA expression with 
FAC (representative blot, D, normalised to β actin, E). Mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P 
< 0.001. One-way ANOVA with Dunnett’s multiple comparisons analysis (versus control). 
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5.4.6. Iron accelerates fibronectin remodelling in vitro in an MMP2-

dependent manner. 

An important aspect of wound repair is ECM deposition (Gurtner et al., 2008). 

Therefore, the next objective was to establish whether iron affected ECM 

production. At day 5, fibronectin was significantly increased with 10 µM FAC 

treatment (P < 0.01), and decreased to control levels with 100 µM FAC (Figure 

5.16A-B). By day 11, levels of fibronectin were not significantly different between 

control and 10 µM FAC, but HDFs treated with 100 µM FAC still showed significantly 

less fibronectin compared to 10 µM FAC-treated cells (P < 0.01; Figure 5.16C).   

FAC treatment altered the abundance of deposited fibronectin, therefore the ability 

of HDFs to remodel exogenous fibronectin was determined using an Fn-488 assay 

(as in Torr et al., 2015). Here, 488-conjugated fibronectin was introduced to naïve 

HDF cultures at the same time as FAC (Figure 5.16D-E). When HDFs cleaved the 

exogenous fibronectin, this resulted in release of the 488 conjugate, therefore 

fluorescent intensity was measured as a readout of fibronectin remodelling. FAC 

treatment increased fibronectin cleavage in a dose-dependent manner (100 µM, P < 

0.001). To elucidate whether MMP2 was involved in FAC-mediated remodelling of 

fibronectin, a potent MMP2 inhibitor (ARP101) was added to HDFs treated with 100 

µM FAC (Figure 5.16F). FAC-induced fibronectin remodelling was significantly 

reduced in the presence of ARP101 (P < 0.01; Figure 5.16G), suggesting that FAC-

mediated MMP2 production may aid fibronectin remodelling in vitro.  

In concurrence, CM from HDF cultures treated with 100 µM FAC showed higher 

MMP2 activity on gelatin zymograms (P < 0.05; Figure 5.16H-I). To determine 

whether iron directly altered the activity of MMPs, MMP2 and MMP9 protease 

standards were incubated with FAC alone (Figure 5.16J-L). Zymography revealed 

that FAC did not significantly alter the activity of MMP2 and MMP9 proteases, thus 

the effect of FAC on MMP2 expression was HDF-dependent. Finally, exogenous 

fibronectin was incubated with recombinant MMP2 to directly demonstrate that 

MMP2 cleaves fibronectin (Figure 5.16M). Overall, it was clear that FAC treatment 

accelerated fibronectin remodelling, in part via upregulation of MMP2.  
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Figure 5.16. Iron loading causes rapid fibronectin remodelling in human dermal fibroblasts 
in vitro. Human dermal fibroblasts (HDFs) were treated with FAC (ferric ammonium citrate), stained 
for fibronectin (A) and quantified (B-C). DAPI = blue nuclei. 488 = fibronectin. Fn-488 remodelling 
(D), quantified in E. ARP101 (MMP2 inhibitor) remodelling with 100 µM FAC (F-G). Bar = 50 µm. 
Zymography on HDF conditioned media (H-I). A= 0 FAC, B = 10 µM FAC, C = 100 µM FAC. MMP2 and 
MMP9 standards plus FAC (J-K). Black boxes = bands measured. MMP2 expression increases 
following 100 µM FAC treatment (qRT-PCR, L). Western blot demonstrating that MMP2 degrades 
human fibronectin (M). 4-aminophenylmercuric acetate (APMA) = MMP2 activator. n = 3 donors. 
Mean + SEM. * = P < 0.05, * = P < 0.01, *** = P < 0.001. Significance determined via one-way ANOVA 
with Tukey’s multiple comparisons test (versus control). 
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5.4.7. Elevated iron causes accelerated extracellular secretion of 

collagen type III and collagen type I. 

Collagens are the major structural protein of the dermis and their deposition and 

remodelling is vital for proper skin reformation following injury (Bainbridge, 2013). 

Collagen content of FAC-treated HDFs was first assessed indirectly by measuring 

their hydroxyproline content. Indeed, 100 µM FAC significantly increased 

hydroxyproline (P < 0.001), which was attenuated in the presence of the iron 

chelator, deferoxamine (P < 0.001; Figure 5.17A).  

Subsequently, HDFs were treated with or without FAC for 11 days and stained for 

collagen type III and collagen type I via immunofluorescence. Collagen III (P < 0.001; 

Figure 5.17B-C) and collagen I (P < 0.001; Figure 5.17B, D) deposition were not 

only significantly higher following 100 µM FAC treatment, but were only visible as 

extracellular fibres following 100 µM FAC administration. When HDFs were 

denuded from their ECM, the same result was observed whereby collagen III (P < 

0.001; Figure 5.17E-F) and collagen I (P < 0.001; Figure 5.17E, G) deposition were 

much greater following 100 µM FAC administration. Immunofluorescence for 

collagen III (Figure 5.17H) and collagen I (Figure 5.17I) was also performed at a 

range of FAC doses to determine whether a dose-dependent effect could be seen. 

However, only 100 µM FAC led to significant extracellular collagen deposition (P < 

0.001). Treatment with the iron chelator, deferoxamine, prevented FAC-induced 

collagen deposition, while treatment with an iron-independent oxidant (PMA) did 

not increase collagen deposition. These results demonstrated that high iron 

administration induced the extracellular deposition of collagen III and collagen I 

matrix in vitro. 

 
5.4.8. Profiling of denuded extracellular matrix confirms that iron 

induces hypersecretion of matrix proteins.  

The protein content of deposited ECM was further characterised from denuded 

plates following 11 days of FAC treatment. Western blot of denuded ECM showed 

that 100 µM FAC treatment lead to significantly greater expression of COL1A1 (P < 

0.05; Figure 5.18A-B), COL6A1 (P < 0.001; Figure 5.18A, C), PDGFA (P < 0.001; 

Figure 5.18, D) and vimentin (P < 0.001; Figure 5.18A, E). Western blot analysis 

only allows targeted monitoring of a small group of proteins with limited sensitivity 

(Naba et al., 2015). Thus, mass spectrometry was employed as a non-directed 
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approach, and also demonstrated that high FAC treatment increased extracellular 

deposition of collagen-rich ECM (Appendix Table 5A.1). 

Previous analyses focussed on assessing protein expression via western blot and 

low-power fluorescent visualisation (ICC). Scanning electron microscopy (SEM) 

allowed for the determination of cellular structural changes following FAC 

treatment at higher magnification and resolution. Limited structural alterations 

were evident in 10 µM FAC-treated fibroblasts versus control (Figure 5.18F). By 

contrast, following 100 µM FAC treatment HDFs displayed large microvesicles 

(white arrows) and an increase in extracellular secretions (grey arrows). Together, 

these data show that treatment with high FAC promoted ECM secretion and 

deposition in HDFs. 

 
5.4.9. Naïve fibroblasts respond to extracellular matrix deposited by 

iron-treated cells. 

Naïve HDFs were exposed to denuded ECM from FAC-treated HDFs to determine 

whether the FAC-deposited ECM could influence gene expression in non-FAC 

stimulated HDFs. After 48 hours, the naïve HDFs were collected to assess changes in 

gene transcription (schematic of the experiment in Figure 5.19A). Intriguingly, 

naïve HDFs showed the same responses as seen in iron treated cells. For example, 

naïve HDFs cultured on matrix from 100 µM FAC-stimulated HDFs retained 

significantly dampened mRNA levels of COL1A1 (P < 0.01; Figure 5.19B), COL3A1 

(P < 0.001; Figure 5.19C), FN1 (P < 0.05; Figure 5.19D) and COL6A1 (P < 0.01; 

Figure 5.19E), and modest reductions in PDGFA (Figure 5.19F) and ACTA2 (Figure 

5.19G). Significant reductions in of P4HA2 (P < 0.001; Figure 5.20B), LOX (P < 0.01; 

Figure 5.20D), LOXL1 (P < 0.01; Figure 5.20E) and SLC40A1 (P < 0.05; Figure 

5.20H) were also observed. These results demonstrated that exposure to ECM 

produced by FAC-loaded HDFs, and not direct FAC administration, induced gene 

expression changes in naïve HDFs comparable to those shown in FAC-treated HDFs.  
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Figure 5.17. Iron supplementation promotes extracellular deposition of collagen. 
Hydroxyproline content was measured in human dermal fibroblasts following 11 days of ferric 
ammonium citrate (FAC) treatment (A). Extracellular production of collagen III (C) and I (D) 
increases following 100 µM FAC. Images in B. Collagens = green. DAPI = blue nuclei. Cells were 
removed (denuded) from extracellular matrix (E) and extracellular collagen III (F) and I (G) assessed. 
Dose-dependent analysis of collagen III (H) and collagen I (I). DEF = 100 µM FAC plus 100 µM 
deferoxamine (iron chelator). VEH = vehicle for phorbol 12-myristate 13-acetate (PMA). Bar = 50 µm. 
Representative of 3 donors. Mean + SEM. * = P < 0.05, ** = P < 0.01, red* = P < 0.001. Data in H and I 
compared to 100 µM FAC. One-way ANOVA and Tukey’s post-hoc analysis.  
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Figure 5.18. Iron treatment enhances extracellular matrix secretion in vitro. Representative 
western blots of denuded ECM (A). Quantification of COL1A1 (B), COL6A1 (C), PDGFA (D) and 
Vimentin (E). n = 3 donors. FAC = ferric ammonium citrate. Mean + SEM. * = P < 0.05, *** = P < 0.001. 
One-way ANOVA with Dunnett’s multiple comparisons test (versus control). High FAC treatment 
increased extracellular secretions (grey arrows) and caused larger microvesicle formation (white 
arrows), as demonstrated by scanning electron microscopy (F). 1K magnification bar = 50 nm. 3K 
magnification bar = 10 nm. 8.5K magnification bar = 5 nm. 
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Figure 5.19. Naïve human dermal fibroblasts are influenced by extracellular matrix produced 
by iron-loaded cells. Human dermal fibroblasts (HDFs) were treated with or without ferric 
ammonium citrate (FAC) for 11 days and denuded from their deposited extracellular matrix. Donor 
matched naïve cells were deposited onto the denuded ECM without iron supplementation. After 48 
hours, HDFs were collected for qRT-PCR (schematic, A). Gene expression for COL1A1 (B), COL3A1 
(C), FN1 (D), COL6A1 (E), PDGFA (F) and ACTA2 (G). Data pooled from 3 donors. Mean + SEM. * = P < 
0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA with Dunnett’s post-hoc analysis (versus control). 
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Figure 5.20. Iron-loaded extracellular matrix influences enzyme expression in naïve human 
dermal fibroblasts. Naïve human dermal fibroblasts (HDFs) were seeded onto denuded 
extracellular matrix from cells treated with or without ferric ammonium citrate. HDFs were collected 
after 48 hours exposure and profiled via qRT-PCR for changes in prolyl 4 hydroxylase (P4H) and lysyl 
oxidase (LOX) gene expression and iron-regulatory genes. P4HA1 (A), P4HA2 (B), P4HB (C), LOX (D), 
LOXL1 (E), LOXL2 (F), SLC11A2 (G), SLC40A1 (H), STEAP3 (I), IRP1 (J), TFR1 (K) and TF (L). Data 
pooled from 3 donors. Mean +/- SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA 
performed on all data sets with Dunnett’s post-hoc analysis (compared to control). 

 
5.4.10. Iron induces extracellular matrix deposition via an oxidative 

stress-dependent mechanism. 

To elucidate whether oxidative stress was involved in FAC-mediated deposition of 

ECM, a CellROX® assay was performed. Here, FAC caused a dose-dependent 

increase in intracellular ROS (Figure 5.21A-B), where 100 µM FAC led to the most 

significant effect (P < 0.001), attenuated by deferoxamine treatment (P < 0.001). 
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Oxygen content was also measured in HDF cultures, but was not altered by FAC 

administration (Appendix Figure 5A.5). A number of antioxidants were screened 

to determine whether they could inhibit FAC-mediated oxidative stress (Appendix 

Figure 5A.5). Only mannitol, a hydroxyl radical scavenger (Shen, 1997), effectively 

and consistently dampened ROS production in 100 µM FAC-treated HDFs (P < 0.05; 

Figure 5.21C-D). Interestingly, FAC-treated HDFs supplemented with mannitol 

showed reduced collagen III (P < 0.001; Figure 5.21C, E) and collagen I (P < 0.01; 

Figure 5.21C, F) production, and decreased cytoplasmic ferritin stores (P < 0.001; 

Figure 5.21G). Hence, it is clear that FAC induced ECM deposition occurred via an 

oxidative stress-dependent mechanism. 

 
5.4.11. STEAP3 is required for FAC-induced oxidative stress-dependent 

extracellular matrix deposition. 

To determine a molecular link between FAC-induced ECM deposition and wound 

repair, a wound tissue screen of iron-related genes was performed via qRT-PCR 

(Figure 5.22A). Data are depicted as heat maps showing fold change in expression. 

The left panel demonstrates fold change differences in normal healing WT wounds 

(versus skin). The right panel shows fold change differences in Db wounds (versus 

NDb). In normal healing, Steap3 (P < 0.05; Figure 5.22B), Slc40a1 (P < 0.05) and 

Slc11a2 (P < 0.05) were significantly upregulated at D7 post-injury, Ftl was elevated 

at D1 post-injury (P < 0.05), and Fth was modestly higher at D1. In Db wounds, TfR1 

(P < 0.05) was upregulated at D7, while Irp1 (P < 0.001), Fth (P < 0.01) and Ftl (P < 

0.001) were increased at D3 post-injury. Of note, Steap3 was significantly 

downregulated at D7 post-injury in Db versus NDb wounds (P < 0.001; Figure 

5.22C). In HDFs, 100 µM FAC led to STEAP3 upregulation (P < 0.05; Figure 5.22D), 

which was attenuated by mannitol treatment (P < 0.05; Figure 5.22E), suggesting a 

potential link between STEAP3 and FAC-induced oxidative stress.  
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Figure 5.21. Iron induces collagen deposition via oxidative stress, which is attenuated by 
mannitol. Ferric ammonium citrate (FAC) treatment leads to a dose-dependent increase in oxidative 
stress (CellROX®, A-B). CellROX® =green. DAPI = blue nuclei. Phalloidin = red cytoskeleton. Mannitol 
(MAN) attenuates FAC (100 µM) induced oxidative stress (C-D) and reduces collagen III (C, E) and 
collagen I deposition (C, F). MAN also reduces ferritin storage (G). Ferritin = red. Bar = 50 µm. CTCF 
= corrected total cell fluorescence. n = 3 donors per experiment. Data show mean + SEM. * = P < 0.05, 
** = P < 0.01, *** = P < 0.001. One-way ANOVA with Tukey’s post-hoc analysis (versus control). 
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Targeted knockdown of STEAP3 was optimised (Appendix Figures 5A.6-5A.9) and 

performed with two validated siRNAs (Si-S3#1 and Si-S3#2; Figure 5.22F), leading 

to a significant reduction in collagen I (P < 0.001; Figure 5.22G-H) and collagen III 

production (P < 0.001; Figure 5.22I-J) compared to control siRNA (Si-Ctrl). Finally, 

as mannitol treatment dampened STEAP3 in HDFs, a CellROX® assay was performed 

on siRNA treated cells (Figure 5.22K-L). Here, ROS production was significantly 

reduced in no FAC (P < 0.01; P < 0.05) and 100 µM FAC-treated (P < 0.001) HDFs 

following siRNA knockdown. Taken together, these findings suggested that HDFs 

require STEAP3 for FAC-mediated oxidative stress-induced extracellular deposition 

of collagen I and collagen III. 

 
5.4.12. Macrophages are major iron sequestering cells in late-stage 

wound healing. 

So far this chapter has focussed on the role of iron in modulating HDF behaviour, yet 

other cell types are present and required for adequate late-stage wound repair. To 

establish the co-interaction between iron and other wound-relevant cells, 

immunofluorescent staining was performed on WT mouse wound time course 

tissue. The overall percentage of ferritin+ve cells increased throughout healing, and 

was significantly higher at day 3 (P < 0.001) and day 7 (P < 0.001) post-injury versus 

normal skin (day 0; Figure 5.23A-C). A proportion of wound Mφs (Mac3) co-stained 

for ferritin (Figure 5.23A, B). Quantification revealed a significant accumulation of 

sequestered ferritin in Mφs at day 3 (P < 0.05) and day 7 (P < 0.001; Figure 5.23B, 

D) post-injury. Note, α-Sma+ve fibroblasts accrued ferritin only at day 7 post-injury 

(P < 0.05; Figure 5.23B, E). By day 7 post-injury, tissue infiltrating Mφs were largely 

anti-inflammatory, characterised by reduced Nos-2 (P < 0.001 versus day 3; Figure 

5.24A-B) and increased Arginase-1 (P < 0.05 versus day 3 post-injury; Figure 

5.24A, C). These results suggest that wound iron preferentially accumulated in Mφs, 

temporally correlating with tissue infiltration of pro-healing (M2) Mφs. 
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Figure 5.22. Oxidative stress-induced collagen deposition requires STEAP3. Iron genes across 
normal (A, left panel) and diabetic (Db) healing (A, right panel). Fold change expression versus 
normal skin (D0) or Non-Db (NDb). D3 = day 3 post-injury. Steap3 in normal (B) and Db wounds (C). 
n = 3-4 mice per group. Human dermal fibroblasts treated with ferric ammonium citrate (FAC) show 
increased STEAP3 (D), attenuated by mannitol (MAN, plus 100 µM FAC; E). STEAP3 knockdown via 
siRNA (F). FAC-mediated collagen I (G-H) and collagen III (I-J) deposition and stress (K-L). si-Ctrl = 
validated siRNA control. si-S3 = STEAP3 siRNA. n = 3 human donors. Bar = 50 µm. Mean + SEM. * = P 
< 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA with Tukey’s post-hoc test was performed on A 
(left panel), B, D and E. Two-way ANOVA was performed on other data sets. 
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Figure 5.23. Wound cells sequester iron during late-stage wound healing. Full wound images 
demonstrating ferritin (red) and α-Sma (green) staining (A). DAPI = blue nuclei. Five regions in the 
granulation tissue were analysed (white boxes). Representative images in B from red boxes in A. 
Ferritin+ve cells accumulate at day 3 and day 7 post-injury (C). Ferritin+ve macrophages (Mac3; D) and 
fibroblasts (α-Sma; E) also increase in late-stage repair. Bar in A = 100 µm. Bar in B = 50 µm. n = 5 
per group. Mean + SEM. * = P < 0.05, # = P < 0.001. n = 5. One-way ANOVA with Tukey’s post-hoc 
analysis (versus day 0 in C or day 1 in D-E). 
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Figure 5.24. Temporal changes in macrophage polarisation throughout normal wound repair. 
Representative staining of Nos-2 and Arginase-1 positive macrophages (Mφs) in normal wounds (A). 
Nos-2 Mφs reach peak infiltration at day 3 (B) and Arginase-1 Mφs reach peak infiltration at day 7 
post-injury (C). Arrows = positive staining. Bar = 50 µm. Mean + SEM. * = P < 0.05, ** = P < 0.01, # = 
P < 0.001. n = 5 per group. One-way ANOVA with Tukey’s post-hoc analysis. */# alone versus day 1. 

 
In both NDb and Db mouse wounds, ferritin was increased at day 3 (P < 0.01 versus 

P < 0.05) and day 7 post-injury (P < 0.001 versus P < 0.01; Figure 5.25A-B). 

However, absolute ferritin levels were reduced in Db wounds (P < 0.05 at day 7 post-

injury). At day 3, NDb and Db wounds displayed approximately equal ferritin+ve 

Mφs, however, by day 7 Mφ iron sequestration was clearly reduced in Db wounds 

(Figure 5.25A, C). This reduced proportion of ferritin+ve Mφs in day 7 Db wounds 

was observed in the context of increased total Mφs (P < 0.01; Figure 5.25E) and 

Nos2+ve cells (M1 Mφ marker; Figure 5.25D, F). By contrast, and in agreement with 

published literature (Bannon et al., 2014), wound Arginase-1+ve cells (M2 Mφ 

marker) were reduced in day 7 Db versus NDb wounds (P < 0.05; Figure 2D, G), 

mirroring total ferritin+ve Mφs (Figure 5.25C). Collectively, these data revealed 

altered Mφ iron sequestration and polarisation in Db wounds. 
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5.4.13. Diabetic macrophages show altered profiles to non-diabetic 

counterparts when stimulated with cytokines and iron. 

In vitro studies were performed to further explore the effect of iron on Mφ function. 

Murine Mφs were isolated from bone marrow and stimulated to M1 and M2 states 

with cytokines (Section 2.6.9). In NDb Mφs, M1 (Nos2 and Cd68) and M2 (Ym1 and 

Arg1) polarisation markers were assessed 24 hours, 48 hours and 72 hours post-

stimulation. Each marker was upregulated as expected (i.e. M1 markers with M1 

polarisation) at each time point, but expression of Nos2 (P < 0.001; Figure 5.26A), 

Cd86 (P < 0.05; Figure 5.26B), and Arg1 (P < 0.001; Figure 5.26D) was reduced by 

72 hours, suggesting reduced retention of polarisation by this time. Therefore, Mφs 

were subsequently stimulated and used at 24- and 48-hours post-stimulation. 

To examine key markers of polarisation and iron regulation (via qRT-PCR), NDb 

Mφs were treated with FAC at the time of cytokine stimulation and collected after 

24 hours. Data were represented as a heatmap (Figure 5.26E) to demonstrate fold 

change differences between the no FAC and FAC (10 µM or 100 µM) treatment 

groups. As expected, M1-polarised Mφs possessed higher levels of Nos2 (P < 0.01) 

while Ym1 (P < 0.01) was upregulated in M2-polarised Mφs (Figure 5.26E and 

Appendix Figure 5A.10). Profiling of iron-related genes revealed a number of key 

observations. Firstly, M1-stimulated Mφs showed reduced expression of Steap3, 

Slc40a1, Tf (P < 0.05) and Tfr1 compared to unstimulated Mφs. Secondly, M2-

stimulated Mφs retained heightened Slc11a2 (P < 0.05) and TfR1 (P < 0.001) versus 

unstimulated Mφs. Finally, FAC treatment led to a significant reduction in Slc11a2 

(P < 0.05) and Tfr1 (P < 0.001) in M2 Mφs.  

The same analysis (polarisation, iron treatment and qRT-PCR) was performed in Db 

Mφs. Data were presented as a heatmap comparing FAC-treated to control (no FAC) 

Db Mφs (Figure 5.27A). Slc40a1 expression was downregulated in M1 and M2-

stimulated Db Mφs compared to M0, regardless of FAC treatment (P < 0.001; Figure 

5.27B). Steap3 expression was lower in M0 Mφs treated with 100 µM FAC (P < 0.01; 

Figure 5.27C), while M1-stimulated Db Mφs possessed reduced Steap3 expression 

compared to M0 Mφs (P < 0.001). FAC significantly dampened Tf expression in M0 

Db Mφs at 10 µM (P < 0.001) and 100 µM (P < 0.05) concentrations (Figure 5.27D), 

while Tf expression was dampened in M1 (P < 0.001) and M2-stimulated (P < 0.01) 

Db Mφs compared to M0. Finally, TfR1 expression was upregulated in M2-
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stimulated Mφs compared to M0 (P < 0.01) and M1 (P < 0.001) states, while 100 µM 

FAC reduced TfR1 expression in M2-stimulated Db Mφs (Figure 5.27E). 

Collectively, these data show that FAC treatment differentially alters NDb and Db 

BMDM iron-related transcriptional profiles. 

5.4.14. Iron skews human THP-1 cytokine expression towards a pro-

healing state.  

THP-1 cells were used as a human monocyte model that, although limited, 

recapitulates many of the responses of true primary human monocytes (reviewed 

in Qin, 2012). The effects of FAC on human TDM differentiation and stimulation 

were thus investigated. Human THP-1 cells were differentiated into Mφs using PMA, 

and stimulated with cytokines in the presence of FAC. STEAP3 expression was 

reduced in M1 TDMs compared to M0 (P < 0.01), while 100 µM FAC downregulated 

STEAP3 in M0 (P < 0.001) and M2 TDMs (P < 0.05; Figure 5.28A). SLC40A1 was 

upregulated in M0 (P < 0.001), M1 (P < 0.001) and M2 (P < 0.001) TDMs following 

100 µM FAC treatment (Figure 5.28B). M1-stimulated TDMs also retained higher 

FHC expression than M0 TDMs (P < 0.001), which was dampened by FAC treatment 

(Figure 5.28C). However, no differences in TF (Figure 5.28D), TFR1 (Figure 5.28E) 

or SLC11A2 (Figure 5.28F) were shown between treatment groups. 

FAC treatment led to a significant decrease in the M1 markers IL1B (P < 0.01; Figure 

5.29A) and TNF (P < 0.001; Figure 5.29B) in M1-stimulated TDMs, while expression 

of the M2 markers CCL17 (P < 0.001; Figure 5.29C) and CCL22 (P < 0.001; Figure 

5.29D) were elevated in M2-stimulated TDMs following 100 µM FAC. As alterations 

in TNF, IL1B, CCL17 and CCL22 were seen in TDMs, the expression of these cytokines 

was confirmed in NDb and Db BMDMs. Here, similar effects were observed in NDb 

BMDMs, where Il1b expression was reduced at both FAC concentrations (P < 0.001; 

Figure 5.29E). Db BMDMs were less responsive to iron with Il1b expression only 

reduced by 100 µM FAC treatment (P < 0.05; Figure 5.29I). High FAC (100 µM) did 

not reduce Tnf expression in NDb (Figure 5.29F) or Db (Figure 5.29J) BMDMs. 

Intriguingly, 100 µM FAC treatment significantly elevated Ccl17 in M0 (P < 0.001) 

and M1-stimulated (P < 0.001) BMDMs (Figure 5.29G, K), and Ccl22 expression in 

M0 (P < 0.001) and M1 (P < 0.001) NDb and Db BMDMs (Figure 5.29H, L), 

respectively. Together, these data reveal that iron skews the expression of the pro-

inflammatory cytokines in TDMs and BMDMs. 
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Figure 5.25. Diabetic wound macrophages show impaired ferritin sequestration and altered 
polarisation. Non-diabetic (NDb) and Db wounds stained for Mac3 (macrophages, green) and 
ferritin (red; A). DAPI = blue nuclei. Quantification of total ferritin+ve cells (B) and ferritin+ve 
macrophages (Mφs, C). Immunoperoxidase staining for Nos-2 and Arginase-1 (D). Quantification of 
wound Mφs (E), Nos-2+ve (F) and Arginase-1+ve (G) Mφs. Bar = 50 µm. n = 3-5 mice per group. Mean 
+ SEM. * = P < 0.05, ** = P < 0.01, # = P < 0.001. Two-way ANOVA with Tukey’s post-hoc analysis. */# 
alone versus day 3. 
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Figure 5.26. Iron alters macrophage gene transcription. Non-diabetic (NDb) macrophages were 
polarised for 24, 48 and 72 hours and collected for qRT-PCR. Expression of M1 (Nos2, A and Cd86, B), 
and M2 (Ym1, C and Arg1, D) markers.  Alterations in iron genes were determined following ferric 
ammonium citrate (FAC, µM) treatment (E). Heatmap fold change expression versus control (no 
FAC). n = 3 donors. Mean + SEM. * = P < 0.05, ** = P < 0.01, # = P < 0.001. Red * versus M0 group. Black 
* versus 24hr. Two-way ANOVA with Tukey’s post-hoc analysis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.27. Iron gene regulation in diabetic macrophages is altered by iron. Diabetic (Db) 
macrophages were polarised and treated with ferric ammonium citrate (µM, FAC) for 24 hours prior 
to qRT-PCR. Heatmap fold change expression versus control (A). Slc40a1 (B), Steap3 (C), Tf (D) and 
TfR1 (E). n = 3 donors. Mean + SEM. * = P < 0.05, ** = P < 0.01, # = P < 0.001. Red */# versus M0 group. 
Black * versus control. Two-way ANOVA with Tukey’s post-hoc analysis. 
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Figure 5.28. Iron-regulated genes are altered in THP-1 macrophages following iron 
administration. THP-1 macrophages were treated with ferric ammonium citrate (FAC) for 24 hours 
prior to qRT-PCR. STEAP3 (A), SLC40A1 (B), FHC (C), TF (D), TFR1 (E) and SLC11A2 (F) were 
investigated. Mean + SEM. * = P < 0.05, ** = P < 0.01, # = P < 0.001. Red */# versus M0 group. Black 
*/# versus control. Two-way ANOVA with Tukey’s post-hoc analysis. 

 
As a functional readout of Mφ behaviour, phagocytic ability of E. coli Bioparticles™ 

was determined in NDb (Figure 5.30A-B) and Db (Figure 5.30C-D) BMDMs. In NDb 

BMDMs, M2 stimulation increased E. coli uptake (P < 0.05), while uptake was not 

altered by polarisation state in Db BMDMs. In NDb M2-stimulated BMDMs, 100 µM 

FAC reduced phagocytic ability (P < 0.05), while FAC treatment reduced E. coli 

uptake in Db BMDMs regardless of stimulation state (M0, P < 0.01; M2, P < 0.01). 

qRT-PCR was performed in BMDMs following phagocytosis, which showed similar 

gene responses to FAC-treated BMDMs without E. coli (Appendix Figure 5A.11). 

Phagocytic ability in TDMs was also reduced by FAC (Appendix Figure 5A.12). 
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Figure 5.29. Iron administration crucially alters macrophage polarisation and phagocytosis. 
THP-1 macrophages (Mφs) were treated with ferric ammonium citrate (FAC) for 24 hours prior to 
qRT-PCR for M1 (IL1B and TNF; A-B) and M2 (CCL17 and CCL22, C-D) markers. Non-diabetic (NDb) 
and Db Mφ expression of Il1b (E, I), Tnf (F, J), Ccl17 (G, K) and Ccl22 (H, L). n = 3 donors/experiments. 
Mean + SEM. * = P < 0.05, ** = P < 0.01, # = P < 0.001. Red */# versus M0 group. Black */# versus 
control. Two-way ANOVA with Tukey’s post-hoc analysis. 

5.4.15. Exposure to an iron-rich environment increases macrophage 

differentiation. 

The tissue microenvironment drives monocyte to Mφ differentiation (reviewed in 

Lawrence, 2016), thus the next aim was to investigate the influence of exogenous 

iron on the differentiation of THP-1 Mφs in vitro. Here, FAC (100 µM) administration 

significantly potentiated THP-1 monocyte differentiation in response to PMA 

treatment, marked by enhanced expression of the differentiation markers CD11b (P 

< 0.001), CD14 (P < 0.001), CD36 and CD54 (P < 0.001; Figure 5.31A-D). FAC also 

increased cellular adhesion, a phenotypic marker of differentiation (P < 0.001; 

Figure 5.31E) and significantly induced MMP-9 activity (P < 0.001; Figure 5.31F-

G). In the wound environment Mφs will be exposed to iron deposited in the ECM, 

thus THP-1 monocytes were exposed to FAC-treated HDF ECM to determine how 

this influenced their differentiation. HDFs treated with 100 µM FAC deposited an 

extensive collagen-rich ECM (see Figure 5.30H and Figure 5.15) with high iron 

content, as demonstrated by PPB staining (Figure 5.31I) and ferrozine assay 
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(Figure 5.31J). THP-1 monocytes were seeded onto this denuded ECM and 

stimulated with PMA to induce differentiation. Exposure to the iron-rich ECM 

upregulated the expression CD11b (P < 0.05), CD14 (P < 0.001), CD36 (P < 0.001) 

and CD54 (P < 0.01; Figure 5.31K-N). Clearly, both exogenous iron treatment and 

exposure to iron-rich ECM stimulated Mφ differentiation. 

Figure 5.30. Phagocytosis is impaired in diabetic macrophages, and reduced with iron 
treatment. Non-diabetic (NDb; A-B) and Db (C-D) bone-marrow derived macrophages were 
subjected to phagocytosis following ferric ammonium citrate (FAC) treatment. E. coli Bioparticles™ 
= green. Phalloidin = red. DAPI = blue nuclei. CTCF = corrected total cell fluorescence. Bar = 50 µm. n 
= 3 donors/experiments. Mean + SEM. * = P < 0.05, ** = P < 0.01. Red * versus M0 group. Black * 
versus control. Two-way ANOVA with Tukey’s post-hoc analysis. 

 

5.4.16. M2-stimulated iron-loaded macrophages produce ECM-

enhancing soluble factors. 

TDMs treated with 100 µM FAC show significantly greater ferritin storage in M0 (P 

< 0.001) and M2 states (P < 0.001; Figure 5.32A-B) by ICC, and in all three activation 

states via western blot (P < 0.01 to P < 0.001; Figure 5.32C). For both techniques, 

the highest levels of ferritin were observed in 100 µM FAC-treated M2-polarised 

TDMs. As Mφs play a key role in ECM remodelling (Varol & Sagi, 2018), a transwell 

co-culture approach was used to test the paracrine effects of FAC-stimulated TDMs 

on HDF ECM production. Transwell co-culture of M2-stimulated FAC-treated TDMs 
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upregulated COL1A1 (P < 0.05; Figure 5.32D), COL1A2 (P < 0.001; Figure 5.32E) 

and COL3A1 (P < 0.05; Figure 5.32F) expression in HDFs. Collagen I protein levels 

were also highest in HDFs co-cultured with M2-stimulated, FAC-treated TDMs (P < 

0.001; Figure 5.32G-H). As M2-stimulated TDM CM enhanced ECM production in 

HDFs, TDM CM was profiled using chemokine arrays to characterise secreted factors 

of interest (Figure 5.32I). Here, CM from M2-stimulated TDMs treated with 100 µM 

FAC displayed higher levels of multiple chemokines, including CCL17 and CCL22.   

5.4.17. CCL17 and CCL22 promote human wound repair ex vivo. 

An ex vivo wound model was used to test the biological significance of TDM-derived 

chemokines. Given that the CCL17-CCR4 receptor axis has previously been 

suggested to be important for healing (Bünemann et al., 2018), CCL17, CCL22 and 

an antagonist to their common receptor, CCR4 (Yoshie & Matsushima, 2014), were 

topically applied to human ex vivo wounds. Wound closure (re-epithelialisation) was 

significantly increased following treatment with CCL17 (P < 0.01) or CCL22 (P < 

0.05) in isolation, and to a greater extent by a combination of both ligands (P < 0.001; 

Figure 5.33A-B). While the CCR4 antagonist (CO21) had no direct effect on wound 

closure, it significantly blocked the healing promoting effect of CCL17 (P < 0.05) and 

the effect of the combination of both ligands (P < 0.01). Finally, CCL17 and CCL22 

effects on ECM production were evaluated. Collagen I and collagen III content were 

assessed from three regions close to the wound surface (Figure 5.33C). Collagen I 

was significantly increased following treatment with CCL17 (P < 0.05) or a 

combination of both ligands (P < 0.05), an effect that was reversed by co-treatment 

with the antagonist, C021 (Figure 5.33D-E). Collagen III was significantly elevated 

following treatment with each ligand alone or in combination (P < 0.05), which was 

again blocked by the receptor antagonist, CO21 (Figure 5.33D, F). Together, these 

data reveal a novel, previously unappreciated role for the Mφ-derived chemokines, 

CCL17 and CCL22, in promoting human ex vivo wound repair. 

 

 

 



 

275 
 

 

Figure 5.31. A high iron environment enhances PMA-induced differentiation in THP-1 
macrophages. THP-1 macrophages (TDMs) were treated with ferric ammonium citrate (FAC) at the 
same time as phorbol 12-myristate 13-acetate (PMA) for differentiation. CD11b (A), CD14 (B), CD36 
(C), CD54 (D) expression. FAC increases adhesion (E) and MMP9 activity (F-G). a = control, b = 10 µM 
FAC, c = 100 µM FAC. Human dermal fibroblasts (HDFs) deposit extracellular matrix (ECM) rich in 
collagen (green, H) and iron, shown by Perl’s Prussian blue staining (I, arrows for deposits) and 
ferrozine assay (J). TDMs seeded onto FAC-treated HDF ECM show high expression of differentiation 
markers (K-N). Bar = 50 µm. n = 3 donors/3 independent experiments. Mean + SEM. * = P < 0.05, ** 
= P < 0.01, # = P < 0.001. Two-way ANOVA with Tukey’s post-hoc analysis. */# alone versus control. 

a a b c b c 
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Figure 5.32. Iron-loaded THP-1 macrophages secrete factors that stimulate extracellular 
matrix production. Ferric ammonium citrate (FAC) treated THP-1 macrophages (TDMs) show high 
ferritin expression via immunocytochemistry (A-B) and western blot (C). + FAC = 100 µM. TDM 
conditioned media (CM) upregulates COL1A1 (D), COL1A2 (E) and COL3A1 (F) in human dermal 
fibroblasts (HDFs). Transwell co-culture (TDMs + HDFs) increases collagen I production in HDFs (G-
H). Chemokines in M2 THP-1 CM (I). Bar = 50 µm. n = 3 donors. Mean + SEM. * = P < 0.05, ** = P < 
0.01, # = P < 0.001. Two-way ANOVA with Tukey’s post-hoc analysis. # in B versus control. */# alone 
in C & E versus M0 group. Red # in H versus M0 group. Black # alone in H versus control. 
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Figure 5.33. CCL17 and CCL22 promote healing during human ex vivo wound repair. Keratin 14 
staining (KRT14, A) and quantification of re-epithelialisation (% closure, B). Representative image 
of collagen quantification from three regions (white boxes, C). Collagen I and collagen III 
immunocytochemistry (D) and images (E). Bar = 50 µm. n = 3 donors. Mean + SEM. * = P < 0.05, ** = 
P < 0.01, # = P < 0.001. Significance versus control. Red* in B = versus ligand only group. One-way 
ANOVA with Tukey’s post-hoc analysis. 
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5.5. Discussion 

Iron is a crucial trace element that has driven organismal life since the dawn of 

evolutionary time. Its role as a redox active metal is well-known, as is its major 

function in, and sequestration for, erythropoiesis (Majmundar et al., 2010). The 

main aim of this chapter was to explore the temporal regulation of iron during 

wound repair, and elucidate a novel mechanistic function for iron in skin healing. 

Iron is largely recognised for driving haemostasis (e.g. Lipinski & Pretorius, 2012) 

and modulating inflammatory cell behaviour (Kroner et al., 2014; Sindrilaru et al., 

2011; Sindrilaru & Scharffetter-Kochanek, 2013; Agoro et al., 2018) in early-stage 

wound healing. Both deficiency (VLUs, Mekkes et al., 2003; Rayner et al., 2009) and 

excessive (PPB deposits in VLUs, Caggiati et al., 2010; DFU serum, Wenk et al., 2001) 

iron have also been associated with human wound chronicity. Therefore, 

manipulation of wound iron to prevent venous insufficiency and dampen 

inflammation may be a viable future therapeutic option for chronic wounds, but only 

once the biological roles of iron in late-stage wound healing are better understood.  

The present work showed that iron plays a major role in modulating the dermal 

ECM, a characteristic function of late-stage wound repair. The first line of evidence 

for this new role came from ICP-MS profiling across a murine acute wound time 

course (Figure 5.7). Unexpectedly, iron levels were upregulated during late-stage 

wound repair, rather than earlier stages of healing that retain crucial iron-

responsive processes, such as blood clotting and inflammation (Lipinski & Pretorius, 

2012; Yeoh-Ellerton & Stacey, 2003). Although previous authors have measured 

metals in experimental rat wounds (using FAAS, Lansdown et al., 1999), and iron in 

chronic wound exudate (ICP-optical emission spectroscopy, Yeoh-Ellerton & Stacey, 

2003), this is the first time the abundance of iron has been measured in murine 

wound tissue using the more sensitive and accurate technique of ICP-MS (Liu et al., 

2014b). Pathological Db wounds displayed significantly aberrant iron levels (Figure 

5.8) suggesting that iron may be crucial for regulating late-stage healing processes 

known to be impaired in diabetic healing, such as angiogenesis (Icli et al., 2016) and 

ECM deposition and remodelling (reviewed in Schultz & Wysocki, 2009; Figure 5.8). 

The resolution state of acute wounds was characterised by focussing on ECM 

formation and remodelling. Picrosirius red staining allowed for the visualisation of 

immature and mature ECM fibres via histology (Junqueira et al., 1979). Substantial 
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matrix deposition occurred in late-stage healing and was impaired in Db wounds 

(Figure 5.10). The use of picrosirius red staining to demonstrate differences in 

collagen type I and collagen type III has come under scrutiny in recent years, where 

it has been suggested that changing the orientation of the imaging stage alters tissue 

fibre birefringence (Lattouf et al., 2014). In the present study, picrosirius red 

staining was useful to assess the overall abundance of matrix fibres, but to fully 

distinguish between collagen I and collagen III, more direct techniques were used. 

As expected, acute wounds displayed significant upregulation of Col1a1 and Col3a1 

mRNA, and heightened deposition of collagen III and collagen I (ICC) at day 7 post-

injury. However, diabetic wounds showed impaired fibroplasia, with reduced 

deposition of red birefringent fibres and collagen I, and dampened expression of 

Col1a1 and Col3a1, at day 7 post-injury (shown previously, Hsu et al., 2014).  

In wound tissue, iron deposits appeared to be associated with the dermal matrix 

(Figure 5.7 and Section 4.4.3 LA-ICP-MS), while ferritin stores were apparent in 

both Mφs and fibroblasts (Figure 5.23). Combined with the late-stage iron profile 

shown via ICP-MS, these data suggested Mφs and fibroblasts to be intimately linked 

to the wound iron response. HDFs readily uptake and store administered FAC, which 

aids cellular proliferation (reviewed in Le & Richardson, 2002; Figure 5.11). Along 

with significantly increased ferritin storage, HDFs treated with FAC displayed higher 

intracellular and extracellular PDGFA expression (Figure 5.15 and Figure 5.18). 

Indeed, overexpression of Pdgfa in cardiac myocytes contributes to fibrosis (Gallini 

et al., 2016), and PDGFA has long been associated with late-stage wound healing 

(humans, Pierce et al., 1995) and proper connective tissue formation during 

development (mice, Olson & Soriano, 2009). As this suggested that FAC treatment 

stimulated pro-fibrotic behaviour in HDFs, the effects of FAC on fibronectin 

remodelling, and collagen III and collagen I production, were next ascertained. 

The immature matrix protein fibronectin was first assessed due to its early and 

selective abundance in cell culture (Greiling & Clark, 1997). Fibronectin, a large 

glycoprotein associated with the ECM, is important for binding platelets during 

haemostasis and forming granulation tissue for epithelial migration and cellular 

adhesion (Barker & Engler, 2017; Leiss et al., 2008). Despite its crucial function in 

early repair, fibronectin is replaced by stronger and more stable collagen fibres 

during late-stage dermal remodelling (reviewed in Lenselink, 2015). Intriguingly, 
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under higher iron conditions, HDFs deposited less fibronectin due to increased 

remodelling via MMP2 (Figure 5.16). Previous work has also demonstrated that 

MMP2 cleaves fibronectin in vitro (Jiao et al., 2012). 

On the contrary, high intracellular iron loading led to greater deposition of collagen-

rich ECM, and increased microvesicles and secretions were observed via SEM 

(Table 5A.1, Figure 5.17-5.18). Early studies have illustrated that iron deficiency 

leads to the formation of weakened scar tissue (Bains et al., 1966; Jacobson & 

Vanprohaska, 1965). Concurrently, delivery of iron in vitro aids spheroid growth 

and ECM production in rat aortic smooth muscle cells (Casco et al., 2017), 

proliferation in human myeloid progenitor cells (Pourcelot et al., 2015), and 

fibrogenesis in murine hepatic stellate cells (Mehta et al., 2018). A number of studies 

have also shown iron-loading, as a result of HH, to coincide with inflammation and 

fibrosis (reviewed in Wood et al., 2008), or correlate with serum fibrosis markers 

(Wang et al., 2017b). Yet, HH patients often present with comorbities known to 

contribute to fibrosis (e.g. alcohol consumption, Bataller et al., 2003) and fibrosis in 

a cohort of HH patients was not associated with TGF-β (Wood et al., 2013), a potent 

fibrotic stimulant (reviewed in Penn et al., 2012). This fits with experimental data 

comparing mouse models of HH where iron-loading occurs in the liver, but is not 

correlated to increased ECM production (picrosirius red staining), or upregulation 

of Col1a1 or Acta2 mRNA (Subramaniam et al., 2012). Therefore, it is difficult to 

determine whether iron is directly linked to fibrosis in iron-loading pathologies. 

Accumulation of iron may drive liver fibrosis through increased free radical 

production (Lunova et al., 2014). As oxidative stress induces fibroblast senescence 

(Volonte et al., 2015), and knockdown of senescent pathways (e.g. p21) alleviates 

liver fibrosis (Yosef et al., 2017), it can be assumed that iron plays a key role in 

modulating collagen deposition through its redox potential. Iron causes oxidative 

stress through the release of OH- (Gao et al., 2009), which promotes collagen 

production in cardiac rat fibroblasts via NADPH oxidase (Wang et al, 2013), and 

induces fibrosis in human hepatic stellate cells in vitro (Zhan et al., 2006). More 

recently, high levels of protein oxidation have been linked to idiopathic pulmonary 

fibrosis, and bleomycin and TGFβ-induced fibrosis in mice, which can be attenuated 

by antioxidant administration (Anathy et al, 2018). Finally, excessive production of 

dermal ECM and heightened ROS is characteristic of systemic sclerosis skin 
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fibroblasts (from patients and mice; Sambo et al., 2001; Kavian et al., 2010), and can 

be downregulated by the antioxidant stimulator, nuclear factor-like 2 (Kavian et al., 

2018). Together, these findings suggest a potential contributor to ECM deposition in 

FAC-treated HDFs is oxidative stress.  

Dermal wound healing is subject to redox control, where oxidative stress, caused by 

an excess of oxidants (e.g. ROS and RNS), is useful in early wound repair to combat 

infection. However, if wound oxidants are not effectively scavenged by antioxidants, 

inflammation persists and wound tissue breakdown exceeds repair (Schäfer & 

Werner, 2008). Antioxidant enzymes, such as SODs, catalase and glutathione 

peroxidases, and non-enzymatic oxidants, such as ascorbic acid, α-tocopherol and 

glutathione, are key in this oxidant scavenging (Koskenkorva-Frank et al., 2013). 

Despite ROS production often being negatively associated with driving persistent 

inflammation in chronic wounds (reviewed in Schafer & Werner, 2008), ROS are 

vital wound signal transducers, attracting leukocytes to injured sites in zebrafish 

(Niethammer et al., 2009) and Drosophila (Razzell et al., 2013), and stimulating 

regeneration in amphibians (Love et al., 2013). ROS also play an important role in 

mammalian wound healing responses, where impaired NADPH oxidase signalling 

delays healing (Lévigne et al., 2016; reviewed in André-Lévigne et al., 2017).  

As expected, FAC treatment heightened ROS production in HDFs (Figure 5.21), 

which was first dampened by iron chelation. Indeed, iron chelation can accelerate 

wound closure in normal (Mohammadpour et al., 2012) and pathological aged and 

diabetic murine wounds by reducing ROS and inflammation (Duscher et al., 2017). 

The OH- scavenger, mannitol (Shen, 1997), also inhibited FAC-induced ROS 

production, leading to reduced ECM deposition. This suggested a direct association 

between FAC-mediated ECM production and oxidative stress. To investigate the 

mechanistic link between FAC-induced oxidative stress and ECM deposition further, 

a tissue screen of iron genes was performed. Slc11a2, Slc40a1 and Steap3 were 

elevated in normal healing at day 7 post-injury, suggesting there may be increased 

endosomal conversion of Fe3+ and Fe2+ (Muckenthaler et al., 2017), combined with 

higher extracellular export of iron once it becomes available in the cytosol (Yanatori 

et al., 2017). Nevertheless, it was difficult to discern from this data whether iron-

loaded wound cells were contributing to extracellular iron deposition in wounds, or 

internalising and processing iron deposits already present in the granulation tissue.  
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Db wounds displayed an altered profile of iron gene expression with significant 

downregulation of Steap3 compared to NDb, while Slc11a2 and Slc40a1 were not 

upregulated (Figure 5.22). Accordingly, these findings suggest an altered wound 

iron response, whereby Db wound cells sequester iron (increased Tfr1, Fth, Ftl; as 

observed in iron-loaded Mφs previously, Philippot et al., 2014) but fail to efficiently 

convert ferric iron to its biologically available state, or export excess iron. Direct 

targeting of STEAP3 with two validated siRNAs reduced collagen deposition in vitro. 

In silico, Han et al. (2018) recently demonstrated that STEAP3-associated genes are 

linked to cellular functions including ECM organisation. Crucially, antioxidant 

treatment in vitro dampened STEAP3 in FAC-stimulated HDFs, while siRNA targeting 

of STEAP3 reduced oxidative stress, implying a direct role for STEAP3 in FAC-

mediated oxidative stress-induced ECM deposition (summarised in Figure 5.34).  

 
Figure 5.34. Iron induces oxidative stress which leads to collagen deposition in fibroblasts. 
High iron uptake and endosomal conversion from Fe3+ to Fe2+ (via STEAP3) increases hydroxyl 
radical production (OH) in fibroblasts, which promotes extracellular collagen deposition. Under low 
iron conditions, endosomal iron uptake and oxidative stress are reduced, resulting in low collagen 
deposition. Antioxidant treatment reduces STEAP3 activity and attenuates oxidative stress under 
high iron conditions, thus preventing collagen deposition. Further, siRNA targeting of STEAP3 
prevents endosomal conversion of iron in iron-loading conditions, therefore mitigating FAC-
mediated oxidative stress and reducing collagen deposition in vitro. Image by the author (HNW). 

 
In wound healing, Mφs are able to perform versatile functions with high plasticity 

to allow effective repair. Functionally, Cd11b-specific (Mirza et al., 2009), and 

arginase-specific (Campbell et al., 2013) ablation leads to delayed healing and 

excessive inflammation. This illustrates not only the importance of the presence of 
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Mφs, but also effective temporal modulation of Mφ phenotype in wound healing. As 

Mφs in day 7 wounds were largely of the M2 phenotype (Krzyszczyk et al., 2018; 

Figure 5.24), M2 Mφs may be intricately involved in the deposition and 

sequestration of iron during late-stage repair and linked to pathology. Indeed, it was 

previously suggested that heme clearance (i.e. increased iron sequestration) by Mφs 

could aid healing. Here, wounds treated with chemerin15 possessed higher levels of 

Mφ iron sequestration, increased Arginase-1+ve Mφs and healed faster than vehicle-

treated wounds (Cash et al., 2014). In the present work, the number of ferritin+ve 

Mφs increased in normal healing (Figure 5.23), while Mφ infiltration and 

sequestration of iron was impaired in Db wounds (Figure 5.25).  

Circulating monocytes differentiate into wound site Mφs in response to 

environmental cues (Das et al., 2015), potentially including iron. Iron deficiency 

reduced CD14 expression in blood monocyte-derived Mφs (Kramer et al., 2002) and 

heme iron mediated Spic-induced Mφ differentiation in mice (Haldar et al., 2014). 

In concurrence, the present work revealed that exposure to high iron increased Mφ 

differentiation (Figure 5.30), but also significantly extended this observation to 

demonstrate a role for iron in modulating Mφ polarisation and chemokine secretion.  

Mφs have gained much press regarding their iron-modulating roles and were first 

classified as cells of the reticuloendothelial system before later being assigned to 

their true monocyte lineage (van Furth, 1972). Mφs not only modulate bodily heme 

storage and erythrocyte recycling (Arezes & Nemeth, 2015), but as discussed above, 

are also responsible for engulfing damaged erythrocytes in the wound bed 

(Sindrilaru et al., 2011). M1- and M2-like Mφs display opposite iron-dependent 

functional phenotypes, where M1 Mφs sequester iron and M2 Mφs return iron to 

the extracellular environment (Jung et al., 2015). It is important to note, however, 

that the traditional dichotomous classification of Mφ polarisation is becoming 

outdated as human (Xue et al., 2014) and murine (Lavin et al., 2014) Mφs show 

diverse transcriptional and phenotypic responses to different stimuli (reviewed in 

Ginhoux et al., 2016). Future work investigating iron processing in Mφs should be 

extended to include tissue-specific and pathology-specific differences. 

In the present work, NDb M1-stimulated Mφs showed increased Fhc and lowered 

Fpn and TfR1, whereas M2-stimulated Mφs possessed higher levels of TfR1 (as in 

Corna et al., 2010; Recalcati et al 2010), reduced by FAC treatment (as in microglia, 
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Mairuae et al., 2011; Figure 5.26). M1 and M2 Mφs demonstrated reduced Fpn 

mRNA compared to non-stimulated cells (as in Recalcati et al., 2010). However, the 

effect of iron on Mφ phenotype appears to be context dependent. Heme uptake by 

Mφs in the damaged spinal cord promoted an M1 phenotype in mice (Kroner et al., 

2014), while iron sequestration induced an M1 phenotype in raw264.7 Mφs (Zhou 

et al., 2018b). It has even been suggested that sustained, iron-induced, pro-

inflammatory Mφs may contribute to poor healing via triggering fibroblast 

senescence (Sindrilaru & Scharffetter-Kochanek, 2013; Wlaschek et al., 2019).  

On the contrary, in atherosclerotic plaques, haemoglobin-haptoglobin complexes 

shifted Mφs towards an M2 phenotype both in vivo (higher CD163) and in vitro 

(increased IL-10 and IL-1RA; Finn et al., 2012). Likewise, high iron also upregulated 

M2 marker expression (Arg1, Ym1 and Il-10) and reduced pro-inflammatory 

cytokines, in LPS-stimulated Mφs (Agoro et al., 2018). Thus, it is clear that iron 

loading can switch Mφs to a pro-healing state in the right environmental context, 

reinforcing that Mφs retain extensive functional plasticity.   

Although not widely characterised, the late-stage M2 switch may be driven by 

degradation of M1 receptors (Lin et al., 2016) and activation of STAT6 and PPARγ 

(Nelson et al., 2011). The present work also revealed that iron may critically 

promote alternative activation by reducing the expression of TNF-α and IL-1β and 

upregulating CCL17 and CCL22 (Figure 5.29). M2 Mφs release a myriad of factors 

(e.g. TGFβ1) to promote re-epithelialisation, fibroplasia, fibroblast differentiation 

(Li et al., 2007) and ECM remodelling (Varol & Sagi, 2018). In the current study, iron 

treatment of Mφs significantly potentiated the release of a range of chemokines, 

which promoted collagen production by HDFs (Figure 5.32). M2 Mφ CM is known 

to stimulate collagen 1 and collagen 3 production in fibroblasts in vitro (Ploeger et 

al., 2013), but direct application of M2-stimulated BMDMs did not alter diabetic 

healing in vivo (Jetten et al., 2014). Nevertheless, these novel data suggest that iron 

indirectly stimulates HDF ECM deposition via modulation of Mφ behaviour, with 

potential therapeutic application in pathological healing. 

A chemokine screen of the iron-treated M2 TDMs identified CCL17 and CCL22, 

which directly promoted re-epithelialisation and collagen deposition in human ex 

vivo wound repair (Figure 5.33). This is in line with previous work in HaCaTs 

(Nakahigashi et al., 2011), fibroblasts (Buskermolen et al., 2017), and during fibrosis 
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in vivo (Belperio et al., 2004). Ccl17 overexpression promoted wound closure and 

granulation tissue formation in murine wounds (Kato et al., 2011). Curiously, Barros 

et al. (2019) demonstrated improved healing in aloxan-induced CCR4-/- T1DM mice 

and in WT T1DM mice treated with anti-CCL17 and anti-CCL22. 

In summary, data presented in this chapter reveal a previously unappreciated role 

for iron during the remodelling phase of wound repair in vivo, which was impaired 

in pathological Db healing. Both fibroblasts and Mφs were crucially modulated by a 

high iron environment, which stimulated ECM deposition in vitro (summarised in 

Figure 5.35). Iron-mediated collagen production was further shown to be 

dependent on oxidative stress and STEAP3. Iron promoted Mφ differentiation and 

skewed Mφs towards an M2-like state that produced a secretome highly enriched 

with ECM-stimulating factors. Finally, two identified factors, CCL17 and CCL22, 

promoted re-epithelialisation and collagen deposition in human ex vivo wounds. It 

is tempting to speculate that local iron administration, perhaps targeted to the latter 

stages of wound repair, could deliver clinical benefit. Further studies are now 

essential to explore the feasibility of directly manipulating tissue iron and iron-

regulated factors as a conduit to improving healing pathology.    

Figure 5.35. Iron stimulates late-stage healing by altering macrophage and fibroblast 
behaviours. High iron promotes macrophage (Mφ) differentiation (1) and skews Mφs towards a 
pro-healing M2 phenotype (2). Iron-stimulated M2 Mφs release chemokines that upregulate 
extracellular collagen deposition in fibroblasts (3). Iron independently increases fibroblast 
extracellular collagen deposition (4) and promotes fibronectin remodelling (5). Image by HNW. 
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6.1. Introduction 
The integumentary system provides a physical barrier against the external 

environment while performing an array of vital physiological functions (Hardman 

et al., 1998). Hence, breaches to the skin barrier must be repaired in a timely and 

efficient manner to prevent infection and wound persistence (Bjarnsholt et al., 

2008). Sadly, non-healing, chronic wounds affect millions of patients each year and 

incur substantial healthcare costs worldwide (Posnett et al., 2008, Gould et al., 

2015). For many years, one of the most discussed contributing factors to wound 

chronicity has been critical colonisation by pathogenic organisms (infection), 

present in the form of biofilms (Dow et al., 1999; James et al., 2008; Wilkinson et al., 

2016; Wolcott et al., 2015). Biofilms are aggregates of bacteria that evade extrinsic 

stressors and develop rapid pathogenicity due to their multi-faceted, adaptable 

features (reviewed in Flemming et al., 2016; see Figure 6.1). They are encapsulated 

in self-produced EPS, which provides a protective barrier against host defences and 

systemic antibiotics (Flemming & Wingender, 2010).  

The heterogeneity of biofilm communities confers increased virulence through the 

inter-specific transfer of metabolites and antimicrobial-resistance genes (Mah et al., 

2012; Parsek & Greenberg, 2005). Despite improved healthcare and the widespread 

availability of antimicrobial therapies, wound infection remains a key driver in the 

recalcitrant nature of chronic wounds (Velnar et al., 2009). These pervasive wound 

infections persist largely due to the prevalence of antibiotic-resistant bacterial 

strains and the presence of biofilms (reviewed in Percival, 2018). Therefore, there 

remains significant need to develop novel treatments that will provide consistent 

antimicrobial effectiveness while also aiding in tissue repair.  

6.1.1. Metals as Therapeutic Agents 

6.1.1.1. Antimicrobial Properties of Metals 

Metals have long been known to be potent antimicrobials, with silver and copper 

used since ancient times to disinfect water and preserve food (reviewed in 

Alexander, 2009). In the 1880’s, copper was incorporated into fungistatic agents to 

prevent crop infections (Ayres, 2004), paving the way towards the agricultural 

practices maintained today. In medicine, ancient Egyptians used copper as 

astringents (Lemire et al., 2013), while the use of silver in historic medical practices 

is far reaching, including treating polyps of the larynx (Bedingfield, 1849), as sutures 
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for vaginal tears (Sims, 1852), and in child eye infections (Credé, 1881). Metal 

preparations have even been used to treat a number of communicable diseases, 

including tuberculosis (gold in guinea pigs, Dewitt, 1918) and syphilis (reviewed in 

De Medina, 1922). With the prominent discovery of antibiotics by Sir Alexander 

Fleming in the 1920’s, the application of metals in medicine greatly diminished 

(Lemire et al., 2013). However, with the advent of antibiotic resistance (e.g. 

methicillin-resistant S. aureus, MRSA), the use of metals in medicine is undergoing a 

renaissance (Lemire et al., 2013), and in today’s clinics formulations of copper and 

silver can be found in abundance (Hodgkinson & Petris, 2012). 

 
Figure 6.1. Main stages of biofilm formation. Planktonic bacteria form biofilms in response to 
specific environment cues. Firstly, planktonic bacteria attach to a surface (1), and then attach to each 
other via adhesion proteins (2). Next, adhered bacteria start to proliferate and produce extracellular 
polymeric substances (EPS; 3). Once matured (4), encapsulated bacteria within a biofilm are 
protected from the environment, and planktonic bacteria are dispersed for new colony formation (5; 
Vogeleer et al., 2014). Image based on O’Toole et al. (2000). 
 
 
Silver is particularly toxic to bacteria, even at incredibly low (µM) concentrations 

(Harrison et al., 2004). Independent of hyperosmotic shock, the underlying 

mechanisms of metal antimicrobial efficacy have been discussed and illustrated at 

length, where their activities have been termed “oligodynamic” (Marx & Barillo, 

2014). The main actions by which metals exert their antimicrobial effects are: (1) by 

replacing hydrogen and creating metal-sulphur and metal-disulphide bonds, thus 

inhibiting oxidase enzymes and altering protein structure and; (2) replacing 

hydrogen bonds between DNA strands and interfering with DNA replication (Klueh 

et al., 2000; Percival et al., 2005). The reductive activity of metals leads to loss of the 
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bacterial cell envelope, damage to the cell membrane and cell wall, inhibition of 

electron-transport driven respiration, and ultimately cell death (reviewed in 

Mijnendonckx et al., 2013; illustrated in Figure 6.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. The major antibacterial mechanisms of metal ions. In summary, metal ions cause 
damage to cell membranes (1) and cell walls (2), inhibit electron transport-driven respiration (3), 
and produce toxic levels of intracellular reactive oxygen species (ROS). High ROS leads to lipid 
peroxidation, DNA damage (4), protein damage (5) and loss of function. From Wilkinson et al. (2016). 

 
Metals also exert their effects through their ROS-generating capabilities, causing 

DNA, lipid and protein damage to cells. This was revealed in cultures of S. aureus and 

E. coli, where addition of silver ions led to increased expression of ROS-sensitive sox 

genes (Park et al., 2009). Morones-Ramirez et al. (2013) visibly demonstrated that 

silver administration increased hydroxyl free radicals (using 3’-[p-hydroxyphenyl] 

fluorescein dye) in E. coli. Anaerobic organisms, although less susceptible 

(Mijnendonckx et al., 2013), can be killed by higher concentrations of silver 

combined with other factors (e.g. UVR; Kim & An, 2012). As silver enters the cell 

through transmembrane transport, it has been suggested that Gram-negative 

bacteria may be more susceptible than Gram-positive bacteria, by virtue of their 

peptidoglycan cell wall (Morones et al., 2005).  
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As more metal-containing treatments are emerging, metal resistant strains of 

common bacteria, such as Pseudomonas aeruginosa (P. aeruginosa), S. aureus and E. 

coli, are emerging (Percival et al., 2005; Randall et al., 2015). Bacterial resistance 

mechanisms can be intrinsic, or acquired through exposure to an antimicrobial 

agent. Therefore, bacteria inherit or develop (through horizontal gene transfer) 

plasmid-resistance genes and metal ion efflux systems, or lack metal-membrane 

binding sites altogether (e.g. outer membrane porins; Mijnendonckx et al., 2013). 

For example, a specific E. coli strain resistant to copper and silver presents a 

cusCFBARS gene cluster containing heavy metal-sequestering MTT-like proteins, 

and a sophisticated efflux system involving P-type ATPase heavy metal pumps 

(Franke et al., 2003). In this strain, copper and silver are rapidly sequestered and 

expelled from the cells before they can cause irreversible damage. Development of 

resistance to one type of metal can also confer protection against others; copper 

resistance, for example, is often accompanied by resistance to silver and zinc 

(Mijnendonckx et al., 2013). Metal resistance occurs less frequently than antibiotic 

resistance as metals target multiple bacterial processes, making it more difficult to 

acquire resistance (Percival et al., 2005; Percival et al., 2012). Moreover, as metals 

specifically damage bacterial cell walls, they may present an attractive co-treatment 

to improve overall bacterial susceptibility to antibiotics (as demonstrated in vitro 

with copper, aluminium and zinc; Goh et al., 2008; Panáček et al., 2018).  

Despite current knowledge of the antimicrobial capacity of metals, and evidence of 

how microbes develop resistance, few studies have addressed the specific 

biochemical and biophysical mechanisms by which metals exert their effects. This is 

likely due to the difficulty in pinpointing a single metal-driven bactericidal process 

within the diverse, sophisticated and adaptable metabolism of microorganisms. 

Nevertheless, determining the intricacies in metal functionality is crucial for 

development of novel and efficacious metal-based therapies. 

 
6.1.1.2. Anti-Inflammatory Properties of Metals 

Endogenous metals are carefully balanced to prevent excessive inflammation and 

toxicity. Clinically, the potential effects of metals on the host inflammatory response 

are secondary to their antimicrobial efficacy. Yet, both pro-inflammatory and anti-

inflammatory effects of metals (e.g. copper, zinc and silver) have been observed 

experimentally. Zinc, for example, plays a potent role in inflammation, where it 
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rapidly accumulates in renewing tissues (e.g. bone marrow) and affects the function 

of polymorphonuclear leukocytes and Mφs (Wellinghausen et al., 1997). Zinc can 

dampen LPS and IL-1β-induced inflammation via the uncoupling of eNOS (in rats, 

Abou-Mohamed et al., 1998; Förstermann & Münzel, 2006), and protect against 

oxidation of enzyme sulfhydryl groups (in vivo, Lim et al., 2004; Zhou et al., 2005) to 

inhibit nitric oxide synthesis. 

By contrast, silver and copper are most prominently known for their oxidant 

activities, where they stimulate pro-inflammatory activities at high concentrations 

(Bonham et al., 2002). However, many authors have argued that the inflammatory 

effects of metals are largely dependent on their delivery mechanism. In one study of 

mouse burn wounds, the use of silver nanoparticles dampened inflammation by 

reducing neutrophil infiltration and Il-6 levels (Tian et al., 2007). Moreover, 

inhalation of silver nanoparticles did not cause an inflammatory response in rodent 

lungs (Braakhuis et al., 2014), thus suggesting silver nanoparticles to be a viable 

option for treating infection without being detrimental to the host. Intriguingly, 

copper and zinc complexes are often included in non-steroidal anti-inflammatory 

drug preparations to increase their antioxidant activity (via increasing SODs; Dimiza 

et al., 2011). As a result, there is clear scope to develop novel metal-based 

treatments for many anti-inflammatory applications. 

6.1.1.3. Metals Promoting Wound Repair 

In both experimental and clinical studies, a number of metal complexes have 

demonstrated promising effects in wound restoration (e.g. in mice, Borkow et al., 

2010; Rakhmetova et al., 2010; in human burns, Atiyeh et al., 2007). The 

mechanisms underlying the regenerative capabilities of metals are largely 

undefined, but likely include: (a) metal-mediated pro-angiogenic effects via 

increased vascular endothelial growth factor, Vegf (e.g. γ‐Fe2O3 nanoparticles in rat 

wounds, Ziv-Polat et al., 2010); (b) stimulating keratinocyte and fibroblast 

migration via increased cytokine and growth factor (GF) release (Sen et al., 2002) 

and; (c) regulating the balance between fibrosis and apoptosis during ECM 

remodelling (Sarsour et al., 2008). It is therefore not surprising that a large number 

of wound care products incorporate metal modulating complexes in the hope of 

improving chronic wound outcome. 
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6.1.1.4. Traditional Metal Therapies 

The simplest mode to deliver therapeutics is topically, and traditionally, metal salts 

such as silver sulphadiazine have been incorporated into creams for wound surface 

application (Toy & Macera, 2011). In the wound care industry today, metal salt 

emollients are viewed as a crude application as this treatment modality does not 

allow for metal delivery in a biologically active (ionic) form. It is also difficult to 

accurately manage silver sulphadiazine concentration and subsequent 

sequestration of silver by tissues. Therefore, a number of complications, including 

cytotoxicity (Toy & Macera, 2011) and argyria (silver staining of tissues, Marx & 

Barillo, 2014) can arise. One example of the pitfalls of using metal salts is evident 

from a study in 1993 (Ågren, 1993), where application of zinc sulphate caused 

delayed re-epithelialisation of porcine wounds. When zinc was applied in a more 

controlled manner as zinc oxide in the same study, wound healing was greatly 

improved. Another important consideration for metal-based therapies is the 

possibility of interaction of exogenous metal ions with endogenous biological ions. 

For example, metal ions bind to halide ions (e.g. chloride ions) to form salt 

complexes. In wound fluid, excess chloride ions are found which could therefore 

affect metal ion availability (Percival et al., 2005). Consequently, delivery systems 

and metal formulations must be engineered to regulate their bioavailability and 

treatment suitability. 

6.1.1.5. Current Metal Preparations 

A multitude of metal incorporated dressings are currently commercially available, 

including metal nanoparticles which oxidise upon contact with wound fluid, thus 

aiding ionic metal delivery (Rai et al., 2009). However, a crucial requirement of 

dressings is to remove excess wound exudate while preventing extreme drying 

(Boateng et al., 2008). Highly exuding wounds require absorbent dressings such as 

alginates, hydrogels and hydrocolloids (Jones, 2013). Alginates in particular have 

been combined with metals, such as silver (e.g. Aquacel® Ag, Convatec, Flintshire, 

UK) and zinc (Zinc Alginate®, Covidien, Medtronic Ltd, Watford, UK; reviewed in 

Klinkajon & Supaphol, 2014) for their antimicrobial properties. Nanoparticle 

preparations (e.g. ACTICOAT, Smith and Nephew Ltd) are often used as they 

increase bioactive surface area and thus allow reduced heavy metal incorporation 

(reviewed in Rai et al., 2009). Utilising nanoparticles permits control over particle 

size and metal oxidative state, while nanoparticles also demonstrate a larger 
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antimicrobial effect (than traditional preparations) during in vitro assays (Lu et al., 

2013; Martinez-Castanon et al., 2008). Despite the plethora of metal-containing 

topical wound products, their bioactive effects during in vivo wound repair remain 

contentious. Thus, there is a current shift towards developing novel systems for 

metal-based therapies. 

6.1.2. Novel Delivery Systems 

6.1.2.1. Biological Scaffolds 

In chronic wound pathophysiology, ECM degradation prevents adequate migration 

by endothelial cells, fibroblasts and keratinocytes (Demidova-Rice et al., 2012). One 

exciting avenue of pre-clinical wound healing research is therefore the use of 

scaffolds to promote cellular migration (Boateng et al., 2008). Incorporation of the 

ECM components, collagen and hyaluronic acid (Koria et al., 2011), is popular in 

cellular and acellular biological scaffolds. Cellular scaffolds integrate recombinant 

and patient-derived cells and ECM, which is advantageous for enhancing the half-

life of growth factors (GFs) and controlling of the kinetics of GF delivery (Lee et al., 

2011). In wound healing, evidence exists to show that cellular scaffolds promote re-

epithelialisation and dermal remodelling (in rat wounds, Tan et al., 2014; Zeinali et 

al., 2014). Acellular ECM scaffolds maintain the correct tissue architecture for the 

host (as they are made of endogenous matrix) but retain none of the complications 

associated with cell seeding (Boateng et al., 2008; Nichols et al., 2012). Empirical 

studies also use acellular scaffolds extensively to determine their effects on cellular 

migration in vivo (mice, Kobsa et al., 2013; pigs, Adolph et al., 2015) and in vitro 

(human dermal fibroblasts, and mesenchymal stem cells, Griffin et al., 2015).  

Despite the numerous advances of using ECM scaffolds in wound healing, there 

remains an ethical stigma around the use of stem cells to create biological scaffolds, 

with biological risks including antigenicity and infection (Boateng et al., 2008). Host 

complications can arise through use of the wrong source material, inefficient 

decontamination processes, and lack of full consideration of the host environment 

(Keane et al., 2012). To counteract any adverse effects, stringent decontamination 

methods are regulated by the US Food and Drug Administration Agency. However, 

these harsh purifying processes can damage the ECM and reduce functionality 

(Keane et al., 2015), meaning non-biological scaffolds, such as polymers, are often 

favoured (Bose et al., 2012).  
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6.1.2.2. Non-Biological Scaffolds 

Non-biological scaffolds are usually applied to tissues with high collagen content, 

such as bone. Common non-biological scaffolds include porous ceramics (e.g. 

incorporating calcium phosphate), synthetic polymers (e.g. graphene, Goenka et al., 

2014) and composites with metallic matrices (Bose et al., 2012), each conferring 

their own advantages and disadvantages. As with all matrices, the mechanical 

properties of the scaffold must be matched to the intended tissue (Bose et al., 2012), 

and the porosity and shape manipulated correctly to facilitate cell seeding, cellular 

migration and nutrient diffusion (Walthers et al., 2014). Non-biological scaffolds, 

like biological scaffolds, should also be properly sterilised prior to application to 

prevent infection (Daghighi et al., 2013). Indeed, non-biological scaffolds have 

shown promise in facilitating wound repair in vivo, promoting migration, cell 

attachment and proliferation (in mice, Babaeijandaghi et al., 2010; in rats, Rho et al., 

2006; in guinea pigs, Khil et al., 2003). 

6.1.2.3. Electrospinning 

Electrospinning is one of many techniques available to produce 3D non-biological 

scaffolds with adequate porosity for tissue integration. Electrospinning was 

developed in the 1930’s, where it was particularly useful in the textile industry (Khil 

et al., 2003) and in filtration (producing parts for gas masks, Persano et al., 2013). It 

is now used extensively in tissue engineering (Sill & von Recum, 2008). Although 

electrospinning processes are widespread and variable, they all follow the same 

basic approach (Figure 6.3). First, a scaffold solution (e.g. polymer) is fed through a 

syringe and spinneret (Sarsour et al., 2005). At the same time, an electrical field is 

generated, causing the scaffold solution in the syringe to deform and stream out of 

the syringe as a rectilinear jet (Persano et al., 2013; Poologasundarampillai et al., 

2014). The charged jet of scaffold solution is subjected to strong electrostatic forces 

that cause it to bend and stretch towards the counter electrode at the opposite end 

of the machinery. Fibres elongate from the liquid, which straightens and solidifies 

as it is deposited on the target electrode/substrate.  

The resultant product is a scaffold of nanoparticle fibres that can be uniaxial, cross-

linked, non-woven or layered (Sarsour et al., 2005; Persano et al., 2013; 

Poologasundarampillai et al., 2014). Fibre structure, porosity and diameter can be 

manipulated via changing the voltage, composition, concentration and viscosity of 
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the solution (Khil et al., 2003). Of interest, electrospinning incorporates therapeutic 

agents into scaffolds more efficiently than other methods (e.g. covalent bonding), 

demonstrated when electrospinning poly (ι-lactic acid) with laminin (Koh et al., 

2008). Electrospun scaffolds are ideal matrices for regenerative purposes, due to 

their high porosity and large surface area to aid cell attachment 

(Poologasundarampillai et al., 2014). 

 

Figure 6.3. An illustration of the electrospinning technique. A jet of charged solution leaves the 
syringe spinneret and stretches towards the opposite electrode/collector, resulting in a number of 
identical fibres with large surface area for bioactivity. The diagram shows typical vertical (a) and 

horizontal (b) apparatus. Taken from Bardwaj & Kundu (2010).  

6.1.2.4. Bioactive Glass 

Base materials for most scaffolds include polyglycolic acid, poly (ι-lactic acid) and 

polylactide (Venugopal & Ramakrishna, 2005). However, bioactive glass (BG) is a 

silicon-based alternative to other scaffolds, first proposed in a seminal report where 

it was used to heal rat femurs (reviewed in Bose et al., 2012; Hench, 2006). BG is 

now available in an array of different forms, and is categorised into two main types: 

borate-based BGs and silicon-based BGs, with the former displaying faster 

biodegradability (Liu et al., 2014c). Conventional BG preparations are used in 

dentistry and bone repair, where their composition includes compounds with 

known pro-healing effects (e.g. CaO, SiO2, P2O5 and MgO; Lin et al., 2012; see Table 

6.1). In fact, the most extensively researched BG (Miguez-Pacheco et al., 2015), 45S5 

Bioglass™, has lower amounts of silicon dioxide than more recent formulations. BGs 

bond compatibly to tissues via dissolution and precipitation reactions that actuate 

surface ion exchange. In damaged bone tissue, BG ion release (usually silicon and 

calcium) increases pH, causing the formation of a hydroxycarbonate apatite 

interface layer between the host tissue and BG, usually via damaged collagen fibres 



 

296 
 

(Jones, 2013). This interface is thought to form rapid, stable conduits for cell 

migration. Indeed, BG has been shown to promote cell migration, osteoprogenitor 

differentiation and ultimately accelerate bone reformation (reviewed in Kargozar et 

al., 2018; Miguez-Pacheco et al., 2015; see Figure 6.4). 

Figure 6.4. Scanning electron micrographs of six commercially available bioactive glasses 
following 24-hour immersions in simulated body fluid. Light particles on the bioactive glass 
exteriors are hydroxycarbonate apatite. BG, Bioglass®; NB, Novabone™; BA, BonAlive™; traditional, 
13-93P; Sr-BG, Strontium Bioglass®; TG, Theraglass™. From Maçon et al. (2015). 

 
Table 6.1. Compositions of widely studied bioactive glass. * 

Composition 
(Mol%) 

Common Bioactive Glass Formulations 
45S5 13-93 S53P4 

SiO2 45 53 53 
CaO 24.5 20 20 
P2O5 6 4 4 
K2O 0 12 0 

Na2O 24.5 6 23 
MgO 0 5 0 

*Data from Miguez-Pacheco et al. (2015). 

 
Of note, the increased alkalinity provided by BG may have antibacterial effects 

(Zehnder et al., 2006). BG components can also be used as a substrate for 

incorporating known antimicrobials, such as metal nanoparticles 

(Gholipourmalekabadi et al., 2016; Kaya et al., 2018). Despite its main therapeutic 

application being bone restoration, BG may retain efficacy in soft tissue research. 

These potential effects include promoting cell adhesion and migration (human lung 

epithelial cells, Verrier et al., 2004) and increasing epidermal and fibroblast GF 
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expression (Keshaw et al., 2005; Yang et al., 2015). In experimental studies on rats, 

BG has also demonstrated efficacy in normal and diabetic healing, via upregulation 

of Vegf and Fgf2 (Lin et al., 2012).   

The first electrospun BG, a sol-gel derived BG (Lu et al., 2009), showed large 

bioactivity, fast degradability and versatility (Liu et al., 2014c). Since then, BG 

electrospun scaffolds have become increasingly more favourable in soft tissue 

studies, incorporating anything from matrix components (e.g. gelatin), to cells (Fu 

et al., 2010; Jones, 2013; Wang et al., 2018c), to inorganic metals (Liu et al., 2014c; 

Moura et al., 2017). One advantage of using electrospun BG for metal incorporation 

is the release of metals at non-cytotoxic levels as the BG degrades (Liu et al., 2014c). 

Interestingly, metal integration into mesoporous borate BG nanofibers has 

previously resulted in pro-angiogenic responses in wounds (copper, Zhao et al., 

2015) and bone (Cobalt, Wu et al., 2012). In wound healing, the use of copper did 

not adversely impact the structure and function of BG, yet copper was released at a 

therapeutic rate, stimulating human umbilical vein endothelial cell migration and 

the production of βFGF and PDGF in human dermal fibroblasts (Zhao et al., 2015).  

Assessment of metal ion release (copper, zinc, iron and strontium) from BG into 

simulated body fluid further corroborated that BG degradability was not altered 

with metal incorporation. However, metal ion release was dependent on the 

composition of the metal investigated (Liu et al., 2009). Other studies have 

considered the effects of zinc-BG on osteoblast proliferation (Du et al., 2006), silver 

and calcium incorporated BG in angiogenesis (in rabbits, Dai et al., 2011), and 

strontium oxide-BG to promote re-epithelialisation (in rats, Jebahi et al., 2013). BG-

supported regeneration has even been assessed in cardiovascular, nervous and 

gastrointestinal repair (reviewed Miguez-Pacheco et al., 2015). Despite the 

promising implications of BG, to date, only a handful of case studies exist for the use 

of BG for wound-related complications (e.g. charcot foot, Godoy-Santos et al., 2019).  

Along with its effects on host tissue function, the antimicrobial efficacy of BG 

preparations incorporating known antimicrobial agents has been investigated in 

multiple studies (Moghaddam et al., 2018; Munukka et al., 2008; Tejido-Rastrilla et 

al., 2019). However, these have all focussed solely on in vitro effects against 

planktonic bacterial viability and have not considered clinically relevant models 

such as biofilms or infected host systems (e.g. cells or tissue). Further, determination 
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of other measures of antimicrobial efficacy, such as reducing bacterial pathogenicity 

and virulence, have been greatly understudied. As a result, there is clear need to 

assess how both BG, and BG incorporating known antimicrobials (e.g. silver), 

influence bacterial pathogenic modalities in more sophisticated models of infection. 

6.1.3. Theraglass™ 

Theraglass™ (TG, Theraglass Ltd., London, UK) is a novel, highly bioactive, binary 

sol-gel derived BG (Maçon et al., 2015) composed of 70SiO2: 30CaO by mol% 

(Bellantone et al., 2002; Poologasundarampillai et al., 2014; Saravanapavan & 

Hench, 2001). Sol-gel BGs maintain advantages over melt-derived glasses as they 

have fewer manufacturing steps and consequently less potential for contamination. 

Melt-derived glasses are also subjected to extremely large temperatures, thus 

limiting their composition (Li et al., 1991). Further, the high content of silicon and 

calcium in sol-gel BGs increases the formation of a hydroxycarbonate apatite 

interface allowing for increased bioactivity (Bellantone et al., 2002; 

Poologasundarampillai et al., 2014; Saravanapavan & Hench, 2001). Other 

advantages of TG manufacture include the ability to prepare electrospun 3D cotton 

wool-like matrices incorporating 2 mol% silver oxide (AgO) for increased 

therapeutic action (Hack, 2014). Although AgO is added to the TG solution prior to 

manufacture, electrospun TG matrices may be functionalised by dipping the 

engineered mesh into a therapeutic agent, which is taken up into the TG matrix due 

to the tailored nanoporous size (Lin et al., 2010).  
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6.2. Aims of the Chapter  
TG is a novel, sol-gel derived AgO functionalised BG (Maçon et al., 2015; 

Poologasundarampillai et al., 2014), used in bone regeneration and oral repair. The 

research hypothesis of this chapter was that AgO functionalised TG would 

beneficially influence multiple aspects of skin wound healing.  

Specific aims were to: 

1) Assess the beneficial effects of Theraglass™ (AgO-functionalised TG, and non-

functionalised TG) on in vivo murine wound repair.  

2) Elucidate the antimicrobial and anti-biofilm effectiveness of AgO-

functionalised TG, and non-functionalised TG, against two well-known 

opportunistic wound pathogens, P. aeruginosa and S. aureus.  

Current BG studies are limited to simple in vitro assays. Here single-and mixed-

species biofilm models, as well as ex vivo models of porcine and human wound 

infection, were employed. 
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6.3. Materials and Methods 

6.3.1. Theraglass™ Formulations 

TG is composed of 70 mol% SiO2 and 30 mol% CaO, with one formulation 

functionalised further with 2 mol% AgO. Commercially available emollients used in 

this study contained 20% (“Tg20”) and 40% (“Tg40”) TG with AgO. Freshly 

prepared powder-cream preparations were manufactured by mixing TG powder 

(“Tg”), and TG containing AgO (“TgAg”), with a vehicle (NIVEA, Beiersdorf Global AG, 

Germany) to produce fresh 20% (w/w) creams. NIVEA was used as the vehicle as it 

most closely matched the commercial TG base cream. A 2% (w/w) silver (AgO) 

control (“Ag”) was prepared in NIVEA, and included at the equimolar concentration 

of AgO in BgAg. NIVEA alone was used as a vehicle only control (“Vehicle” or “Veh”). 

6.3.2. Animal Experiments 

Initially, the effects of TG were assessed using a murine excisional wounding model. 

Female (C57BL/6J) mice were wounded at 8-10 weeks of age as described in 

Section 2.1 and split into treatment groups (Table 6.2). Treatments were applied 

topically to wounds immediately after excision, and daily until collection (3 days 

post-injury). Wounds were left open to heal and were collected as outlined in 

Section 2.2. 

Table 6.2. Theraglass™ treatments used for murine excisional wound healing 
experiments. 

Treatment Animals used Composition 
Vehicle 6 NIVEA 

Tg20 6 20% Theraglass™ Ag 
Tg40 6 40% Theraglass™ Ag 

Tg 6 NIVEA + 20% Theraglass™  
TgAg 6 NIVEA + 20% Theraglass™ Ag 

 

6.3.2.1. Wound Processing and Histology 

Wounds were excised and bisected at their midpoint and fixed in saline buffered 

formalin. The fixed tissue was processed, embedded and stained as described in 

Section 2.4. H&E stained sections were used to determine wound width and area; 

Krt14 IHC was used to assess wound closure (re-epithelialisation) and; Mac3 and 

Ly-6G IHC was used for wound Mφs and neutrophils, respectively. All other 

methods, including in-depth microbiological assays, are provided in Chapter 2. 
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6.4. Results 
 
6.4.1. Topical Theraglass™ application does not substantially alter the 

inflammatory phase of acute murine wound repair. 

TG formulations or vehicle controls were topically administered to excisional mouse 

wounds and re-administered daily throughout the three-day treatment period. The 

efficacy of commercial (cream) TG incorporating silver (20%, Tg20; 40%, Tg40) was 

compared to freshly prepared TG (powder mixed with NIVEA vehicle immediately 

prior to administration) with (TgAg) or without (Tg) silver at 20% concentration. 

These treatment groups allowed direct comparison of the efficacy of fresh versus 

shelved TG, and comparison of formulations with and without silver. Macroscopic 

and histological analysis was performed to determine whether TG altered the rate 

of repair in a model of normal murine wound healing. Overall wound area was 

quantified from macroscopic images, histological wound area and wound width 

were quantified from H&E stained images, and percentage wound closure (re-

epithelialisation) was measured via Krt14 IHC. Macroscopically, wound area was 

significantly reduced by Tg40 and TgAg treatment (P < 0.05; Figure 6.5A). However, 

histological assessment failed to reveal any significant effects of TG on wound area, 

wound width or percentage re-epithelialisation (Figure 6.5B-D).  

Neutrophils arrive at the wound site from the peripheral blood during the first stage 

of inflammation, and despite their importance in triggering a wound repair 

response, excessive neutrophil infiltration can cause impaired healing (Ashcroft et 

al., 1997; Baltzis et al., 2014). In the present work, neutrophils, detected with Ly6-

G, were only elevated following Tg40 treatment (P < 0.05; Figure 6.6A-B), although 

there was also a strong trend towards increase with Tg20 treatment.   

Like neutrophils, Mφs play a large role in the innate immune response and wound 

repair, yet excessive inflammation can lead to poor healing outcome (Ashcroft et al., 

2003). Assessment of wound Mφs (Mac3) demonstrated that Tg20 treatment 

caused an overall reduction in infiltrating Mφs (P < 0.05; Figure 6.6A, C), with a 

trend towards reduced Mφs with Tg40 and TgAg treatment also observed. Given the 

limited effects observed for TG of non-infected wounds in vivo, the next aim was to 

assess the antimicrobial efficacy of TG treatments, as multiple authors have 

suggested BG to hold antimicrobial efficacy (e.g. Jiang-Chang et al., 2009). The 
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antimicrobial effects of TG were assessed against two wound-relevant pathogens, S. 

aureus and P. aeruginosa (Price et al., 2009). 

 

Figure 6.5. Theraglass™ does not substantially alter macroscopic wound closure. Total wound 
area was measured from macroscopic images (A, bar = 0.5 cm). Wound area (B), wound width (C) 
and percentage epidermal closure (% Closure, D) were measured from histological images. n = 5 mice 
per group. Veh = vehicle. Tg20 = 20% commercial Theraglass™. Tg40 = 40% commercial 
Theraglass™. Tg = Theraglass™ in vehicle. TgAg = Theraglass™ with silver oxide in vehicle. Mean +/- 
SEM. * = P < 0.05. One-way ANOVA with Dunnett’s post-hoc, comparing treatment to control group.  

6.4.2. TgAg elicited potent antimicrobial effects against planktonic 

cultures of P. aeruginosa and S. aureus. 

Growth inhibition following TG treatment was determined using planktonic agar 

diffusion assays. Here, potent yet differential effects of Tg and TgAg against P. 

aeruginosa (P. aer) and S. aureus (S. aur) at 24 and 48 hours were revealed. 

Interestingly, TgAg elicited the greatest antimicrobial effect, producing the largest 

inhibition zones in agar diffusion assays against P. aer and S. aur at both 24 hours (P 

< 0.001) and 48 hours (P < 0.001; Figure 6.7A-D). Tg also significantly inhibited P. 
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aer growth at 24 (P < 0.05) and 48 (P < 0.05) hours, but failed to inhibit S. aur growth 

(Figure 6.7B, D). By contrast, AgO alone (Ag), at equimolar concentration to that of 

TgAg, caused only modest, non-significant inhibition of P. aer and S. aur. 

 

Figure 6.6. Wound inflammatory cell infiltration is disparately altered by Theraglass™. Wound 
site neutrophils (Ly6-G immunohistochemistry [IHC], A) are not dampened by any Theraglass™ 
formulation (B). Wound site macrophages (measured by Mac3 IHC, A) are only reduced following 
Tg20 treatment (C). n = 5 mice per group. Bar = 50 µm. Veh = vehicle. Tg20 = 20% commercial 
Theraglass™. Tg40 = 40% commercial Theraglass™. Tg = Theraglass™ in vehicle. TgAg = Theraglass™ 
with silver oxide in vehicle. Data show mean +/- SEM. * = P < 0.05. One-way ANOVA with Dunnett’s 
multiple comparisons was performed (versus Veh).  

 
Next, the temporal bactericidal activity of TG was assessed via time-kill assays. Here, 

all treatments maintained potent, statistically significant (P < 0.001), antimicrobial 

efficacy, causing over a 6-log reduction in P. aer and S. aur within 2 hours (Figure 

6.7E-F). Again, disparate yet interesting results were observed between the two 

bacterial species. TgAg and Tg caused a 6-log reduction in P. aer within 30 minutes 

(P < 0.001), while Ag took twice as long to induce this effect (P < 0.001; Figure 6.7E). 

TgAg (P < 0.001) caused a 6-log reduction in S. aur within one hour, but Tg and Ag 
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took two hours to confer this level of viable colony reduction (Figure 6.7F). In 

summary, both agar diffusion and time-kill assays revealed P. aer to be more 

susceptible to both Tg and TgAg than S. aur, while TgAg was significantly more 

effective than Tg or Ag alone. 

 

Figure 6.7. Differential antimicrobial efficacy of Theraglass™ against planktonic P. aeruginosa 
and S. aureus. Zones of inhibition (illustrated by black lines) from agar diffusion assays against P. 
aeruginosa (P. aer, A, C) and S. aureus (S. aur, B, D). Time kill assays of P. aer (E) and S. aur (F). Bar = 
5 mm. Three independent experiments for each data set. Ag = silver oxide alone. Tg = Theraglass™. 
TgAg = Theraglass™ with silver oxide. Data show the mean +/- SEM. * = P < 0.05, ** = P < 0.01, *** = P 
< 0.001. Two-way ANOVA with Tukey’s post-hoc test (Veh/bacteria only). 
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6.4.3. TgAg, but not Tg, maintains antimicrobial efficacy over a clinically 

meaningful time frame.  

To determine the stability of the TG and Ag treatments, formulations were freshly 

mixed and pre-incubated at 4ᵒC, RT or 37ᵒC for 24-120 hours before performing 

24hr agar diffusion assays. When TgAg and Ag were pre-incubated at 4ᵒC and RT, 

significant efficacy was maintained against P. aer over the full 120-hour period 

(Figure 6.8A-B). On the other hand, Tg maintained statistically significant efficacy 

for only 72 hours at 4ᵒC and exhibited little to no inhibitory effect following pre-

incubation at RT. Following pre-incubation at 37ᵒC, all three treatments lost their 

effectiveness against P. aer (Figure 6.8C). Pre-incubation of Tg at 4ᵒC, RT and 37ᵒC 

fully abrogated inhibition of S. aur growth (Figure 6.9A-C). This differed largely to 

TgAg, which maintained statistically significant efficacy against S. aur over the full 

120 hours at both 4ᵒC and RT (Figure 6.9A-B). Ag, although more efficacious than 

Tg alone, was less effective than TgAg against both bacterial species.  

An alternative measure of treatment effectiveness is the capacity of a compound or 

dressing to release antimicrobial over time (Anguita-Alonso et al., 2006). Here, the 

kinetics of TG release were measured by serially incubating Tg, TgAg and Ag powders 

in sterile DPBS over six consecutive days. Every 24 hours, the PBS supernatant was 

removed and used in agar diffusion assays. In this model, Tg and Ag maintained no 

antimicrobial efficacy against P. aer or S. aur at any time point (Figure 6.8D and 

Figure 6.9D, respectively), indicating that no antimicrobial factors were released 

from the Ag-free TG compound or Ag alone. By contrast, TgAg strongly inhibited the 

growth of P. aer over the first 96 hours before losing efficacy. Against S. aur, TgAg 

exhibited a strong inhibitory effect for the first 96 hours, with subsequent 

antimicrobial activity rapidly declining. Collectively, these data show that TgAg 

maintains antimicrobial efficacy over a clinically meaningful period when stored at 

4ᵒC and RT, and is able to release soluble antimicrobial factors consecutively over 

four days. Wound dressings are typically replaced every two days or longer to 

reduce wound disruption and cut nurse time and associated costs (Lindholm & 

Searle, 2016). Thus, maintaining efficacy over four days would suitably fit with, and 

reduce the cost of, clinical wound management. 
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Figure 6.8. Theraglass™ incorporating silver maintains stability and releases soluble 
antimicrobial factors over a clinically relevant period against P. aeruginosa. Tg, TgAg and Ag, 
pre-incubated at 4ᵒC (A), room temperature (RT, B), and 37ᵒC (C) prior to 24-hour agar diffusion 
assays. Veh = vehicle. Kinetic testing reveals release of soluble antimicrobial factors from TgAg, with 
potent antimicrobial effectiveness over 4 days against P. aeruginosa (P. aer; D). PBS = phosphate 
buffered saline. Three independent experiments. Mean +/- SEM. * = P < 0.05, ** = P < 0.01, *** = P< 
0.001. Two-way ANOVA with Tukey’s post-hoc analysis (versus Veh/PBS). 

6.4.4. Theraglass™ antimicrobial efficacy is different for single-species 

and co-cultured planktonic bacteria.  

The above data clearly indicated that 20% TG maintained potent antimicrobial 

effectiveness against planktonic forms of P. aer and S. aur. The next step was to 

determine the minimum concentration of each TG formulation required to maintain 

an inhibitory and bactericidal effect. To do this, minimum inhibitory concentration 

(MIC) and minimum bactericidal concentration (MBC) testing was used (Table 6.3). 

In time-kill assays (Figure 6.7), TgAg showed the greatest effect against P. aer. This 

was mirrored in MIC and MBC assays, where lower concentrations of TgAg were able 

to inhibit (6.25 mg/mL) and kill (12.5 mg/mL) P. aer than S. aur (both 100 mg/mL). 

Interestingly, while Tg conferred a reduced effect against S. aur in previous 

susceptibility tests, the MIC of Tg was identical for both species (50 mg/mL) and the 

MBC was higher for P. aer (100 mg/mL) than S. aur (50 mg/mL). In summary, these 
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data reveal that S. aur is more resistant to the inhibitory and bactericidal effects of 

TgAg than P. aer, while P. aer can maintain viability against Tg at higher 

concentrations than S. aur. Ag alone showed greater efficacy against P. aer than TgAg, 

but was relatively less efficacious against S. aur. 

 

 
Figure 6.9. Theraglass™ incorporating silver maintains stability and releases soluble 
antimicrobial factors over a clinically relevant period against S. aureus. Tg, TgAg and Ag 
incubated at 4ᵒC (A), room temperature (RT, B) and 37ᵒC (C). Veh = vehicle. Kinetic testing reveals 
release of soluble antimicrobial factors from TgAg, with potent antimicrobial effectiveness over 4 days 
against S. aur (D). PBS = phosphate buffered saline. n = 3 experiments. Mean +/- SEM. * = P < 0.05, ** 
= P < 0.01, *** = P < 0.001. Two-way ANOVA with Tukey’s post-hoc (versus Veh/PBS). 

 
Next, P. aer and S. aur cultures were mixed in a 50:50 ratio to give co-culture 

suspensions. Intriguingly, co-culture existence conferred increased bacterial 

resistance to TgAg versus P. aer alone, but decreased resistant versus S. aur alone 

(Table 6.3). Further, co-culture bacteria displayed decreased resistance to Tg than 

single-species bacteria (via MIC), and enhanced susceptibility to Ag (MIC and MBC).  

Together, these results demonstrate that in co-culture, planktonic bacteria are more 

susceptible to growth inhibition caused by Tg and Ag, potentially reflecting 

accumulative toxicity induced by competition for resources (Rendueles et al., 2014). 
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Table 6.3. Minimum inhibitory concentration (MIC) and minimum 
bactericidal concentration (MBC) of Theraglass™ (Tg), Theraglass™ with silver 
(TgAg), and silver (Ag). 

Treatment 

S. aureus 

NCTC 13297 

P. aeruginosa 

NCTC 10781 
Co-culture 

MIC 90 MBC MIC 90 MBC MIC 90 MBC 

TgAg 100 mg/mL 100 mg/mL 6.25 mg/mL 12.5 mg/mL 31.25 mg/mL 125 mg/mL 

Tg 50 mg/mL 50 mg/mL 50 mg/mL 100 mg/mL 15.63 mg/mL 125 mg/mL 

Ag 3.13 µg/mL 6.25 µg/mL 12.5 µg/mL 25 µg/mL 31.25 µg/mL 125 µg/mL 

 

6.4.5. Biofilm formation in P. aeruginosa and S. aureus is differentially 

affected by Theraglass™ treatment. 

Given the potent effects of Tg and TgAg against planktonic bacteria, the next query 

was whether the treatments altered the ability of planktonic cultures to form 

biofilms. This was assessed via the Crystal Violet microtiter method, where the 

strength of biofilm formation was categorised via measurement of dye uptake (OD 

values at 495nm; Table 6.4). Here, S. aur and co-cultured bacteria were less able to 

form adherent biofilms than P. aer alone, which was categorised as a strong biofilm 

producer (Table 6.5). At 0.625%, TgAg caused S. aur to become non-adherent, and 

reduced biofilm formation by P. aer and co-cultures from strong to weak. However, 

at 0.15%, S. aur, P. aer and co-culture biofilm formation was unaffected by TgAg 

treatment. Interestingly, Tg had little effect on S. aur and co-culture biofilm 

formation at 0.625%, yet inhibited P. aer biofilm formation at this concentration. Ag 

alone was less effective against S. aur than TgAg, but reduced P. aer and co-culture 

biofilm formation equally. Overall, S. aur and co-culture biofilm formation was less 

affected by Tg treatment than P. aer biofilm formation. 

Table 6.4. Classifications used to determine biofilm production in biofilm 
formation assays. 

OD495nm Value  Classification  
≤0.04 Non-adherent 

>0.04 and <0.08 Weak biofilm 
>0.08 and <0.16 Moderate biofilm 

>0.16 Strong biofilm 
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Table 6.5. Concentrations (“Conc”) of Theraglass™ (Tg), Tg with silver (TgAg) 
and silver (Ag) required to inhibit biofilm formation. * 

*+ve = bacteria only control. Optical density (OD) at 495nm. 

6.4.6. TgAg reduces biofilms of both P. aeruginosa and S. aureus in an ex 

vivo porcine wound model. 

To more accurately model in vivo biofilm infection, an ex vivo porcine skin/bacterial 

biofilm model was previously developed by the author (Wilkinson et al., 2016). 

Established 72-hour biofilms of P. aer and S. aur were applied to the apical surface 

of porcine wound explants, cultured at 37ᵒC and 5% CO2 for 24 hours to allow 

biofilm adherence. Treatments were added to biofilms for 24 hours. In this model, 

treatment with Tg, TgAg and Ag alone led to a visible reduction in biofilm thickness 

via histology (Figure 6.10). Representative images illustrate biofilms stained via 

Gram-Twort (P. aer, pink; S. aur, purple; Figure 6.10A, D), Concanavalin A (Figure 

6.10B, E) and Acridine Orange (Figure 6.10C, F). Gram-Twort stained skin tissue 

appears green (Fast Green), while Gram-negative bacteria appear pink (Neutral 

Red), and Gram-positive bacteria are purple (Crystal Violet; Cunningham et al., 

2014). Here, P. aer, a Gram-negative rod-shaped bacterium, displays a pink biofilm, 

and S. aur, a Gram-positive coccus, stains purple (Inzana et al., 2015; Saraswathi & 

Beuerman, 2015). Concanavalin A, a carbohydrate conjugate used to illustrate the 

presence of lectins (green; Howard et al., 1981), stained porcine tissue green, while 

the DAPI counterstain (blue) showed biofilm cell aggregates.  

 
S. aureus  

NCTC 13297 

P. aeruginosa  

NCTC 10781 
Co-culture 

Conc OD Biofilm Conc OD Biofilm Conc OD Biofilm 

+ve  0.1 Moderate  0.54 Strong  0.14 Moderate 

TgAg 
.625% 0.04 Non-

adherent .625% 0.08 Weak .625% 0.06 Weak 

.15% 0.1 Moderate .15% 0.23 Strong .15% .09 Moderate 

Tg 
.625% 0.11 Moderate .625% 0.07 Moderate .625% 0.09 Moderate 

.15% 0.1 Moderate .15% 0.5 Strong .15% 0.11 Moderate 

Ag 
.625% 0.07 Weak .625% 0.07 Weak .625% 0.07 Weak 

.15% 0.08 Weak .15% 0.24 Strong .15% 0.1 Moderate 
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Quantification of biofilm thickness demonstrated that TgAg treatment alone led to a 

statistically significant reduction in P. aer and S. aur (P < 0.05) biofilm thickness, 

reducing thickness from 30 µm to less than 10 µm in both species (Figure 6.10G-

H). Viable colony enumeration (CFU/mL) was performed on dissociated biofilms 

post-treatment to confirm biofilm reduction. Here, Tg, TgAg and Ag significantly (P < 

0.001) reduced the number of viable colonies (P. aer and S. aur; Figure 6.10I-J), 

causing over a 2-log reduction in biofilm bacteria. However, TgAg was considerably 

more effective than Tg or Ag alone, leading to a 3-log reduction in S. aur biofilms. 

Together, these data provide direct evidence that TG functionalised with silver 

maintains antimicrobial efficacy against established ex vivo wound biofilms. 

6.4.7. P. aeruginosa biofilm virulence factors are influenced by 

Theraglass™. 

Bacterial colony enumeration alone does not directly convey bacterial 

pathogenicity, as invasion and adherence are fundamental for establishing tissue 

infection (reviewed in Percival et al., 2015). Thus, biofilm virulence was investigated 

by evaluating protease activity (zymography; Figure 6.11) and candidate virulence 

factors (qRT-PCR; Figure 6.12). P. aer virulence factors include elastase (lasA and 

lasB), alkaline protease (aprA), alginate (algD), toxin A (toxA), and the exotoxin, exoS 

(Badamchi et al., 2017; Goodman & Lory, 2004; Khosravi et al., 2016).  On gelatin 

zymogram, P. aer biofilm supernatant gave a range of bands, indicating high and 

varied protease activity. Quantification was performed for the principle bands 

(~70KDa and ~50KDa) and the total protease activity in each lane. Protease activity 

depicted by band 1 (~70KDa), described as a distinct version of elastase (Lomholt 

et al., 2001), was significantly (P < 0.01) inhibited by TgAg compared to vehicle 

(Figure 6.11A, B), but not Tg or Ag alone. For band 2 (~50KDa), corresponding to 

the molecular mass of alkaline protease activity (Caballero et al., 2001; Lomholt et 

al., 2001), a different pattern of activity was observed, where both Tg and TgAg 

reduced expression (P < 0.05) compared to the vehicle (Figure 6.11A, C). TgAg and 

Tg concurrently (P < 0.01) inhibited total protease activity (Figure 6.11A, D). An 

independent colorimetric protease assay (the Azocasein method; Andrejko et al., 

2013) was performed (Figure 6.12A) and also illustrated that total protease activity 

was significantly reduced following TgAg treatment (P < 0.05, compared to vehicle). 
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 Figure 6.10. Theraglass™ reduces biofilm load in ex vivo porcine wounds. Modified Gram-Twort 
staining for P. aeruginosa (P. aer; pink; A) and S. aureus (S. aur; purple; D) biofilm (black arrows) on 
porcine skin (blue) following Tg, TgAg and Ag treatment. Quantification of Gram-Twort P. aer (G) and 
S. aur (H) biofilm thickness following TgAg treatment. Concanavalin A (blue biofilm, B, E) and Acridine 
Orange (red biofilm, C, F) staining of P. aer (B, C) and S. aur (E, F) biofilm (white arrows). Biofilm is 
not apparent on uninoculated porcine wounds. Colony forming units (CFU)/sample of P. aer (I) and 
S. aur (J) biofilms. n = 3 biopsies per treatment. Black bar = 10 µm, white bar = 20 µm. Mean + SEM. * 
= P < 0.05, *** = P < 0.001. One-way ANOVA with Dunnett’s post-hoc analysis (versus P. aer). 
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Figure 6.11. Extracellular protease activity from P. aeruginosa biofilms is differentially 
altered by Theraglass™ treatment. Zymography analysis (A-D) illustrated changes in protease 
activity, where each lane showed P. aer biofilm (P. aer), vehicle (Veh), Tg, TgAg and Ag treatments, 
respectively (lanes were cut and placed in this order, white dotted lines). Significantly dampened 
activity in band 1 protease (~70kDa; A, B) was demonstrated following TgAg treatment, while both 
Tg and TgAg significantly reduced band 2 protease activity (~50kDa, A, C), and overall protease action 
(D), compared to Veh. Proteases were pooled from three biopsies per treatment and run on three 
separate gels. Mean + SEM. * = P< 0.05, ** = P < 0.01. One-way ANOVA with Dunnett’s post-hoc 
performed (versus P. aer). 

 
A number of virulence factors are specifically associated with biofilm formation. 

qRT-PCR analysis of P. aer biofilms revealed that Tg, TgAg and Ag significantly 

reduced expression of the gene lasB (P < 0.05; Figure 6.12B), important in encoding 

elastase B production (Casilag et al., 2016). Similarly, all three treatments severely 

dampened aprA expression (a gene encoding alkaline protease, Lomholt et al., 2001; 

Figure 6.12C), but this effect was more considerable following Tg and TgAg 

treatment. Tg and TgAg showed a trend towards reduced algD (important for 

alginate biosynthesis, Wiens et al., 2014; Figure 6.12D). Other virulence factors 

unaffected by Theraglass™ treatment include toxA and lasA (data not shown). 
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Figure 6.12. Virulence factors from P. aeruginosa biofilms are reduced by Theraglass™ 
treatment. Colorimetric analysis (Azocasein, A) illustrated a reduction in proteolytic activity with 
TgAg compared to Vehicle (Veh). Significant reductions were also observed in expression of the 
virulence genes lasB (B) and aprA (C), while no significant changes were shown in algD (D), 
illustrated via qRT-PCR. Mean +/- SEM. * = P < 0.05, ** = P < 0.01. Three independent experiments. 
One-way ANOVA with Dunnett’s post-hoc analysis for multiple comparisons (versus P. aer). 

 
6.4.8. S. aureus virulence factor production is unaffected by 

Theraglass™. 

The invasive mechanisms of S. aur differ considerably to those of P. aer, also 

involving coordinated production of multiple virulence factors (Chen et al., 2013). 

Although S. aur is a lesser biofilm producer than P. aer (Table 6.5), it still produces 

a potent biofilm. On a gelatin zymogram, gelatinase activity of S. aur biofilms was 

only detected in two bands (37-50kDa), and the activity of these gelatinases was 

unaffected by any topical treatment (Figure 6.13A-C). Concurrently, colorimetric 

protease analysis (Azocasein method, above) confirmed this observation (Figure 

6.13D). Some of the most discussed virulence factors of S. aur are the fibronectin 

binding proteins, which allow S. aur to adhere strongly to wound substrates (Sinha 

et al., 2000). In the present work, TG failed to dampen expression of the fibronectin 

binding protein genes, fnbpA and fnbpB (Figure 6.13E-F).  
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Figure 6.13. Extracellular protease activity from S. aureus biofilms is unaffected by 
Theraglass™ treatment. Zymography analysis (A-C) illustrated that Theraglass™ did not alter S. aur 
protease activity in band 1 (~50kDa; B) or band 2 (~60kDa; C), where each lane showed S. aur 
biofilm (S. aur), vehicle (Veh), Tg, TgAg and Ag treatments, respectively (lanes were cut, white dotted 
lines). Azocasein assay of total extracellular protease (D) and expression of the virulence genes fnbpA 
(E), fnbpB (F) and eno (G). Mean + SEM. Three independent experiments. * = P < 0.05. One-way 
ANOVA with Dunnett’s post-hoc analysis (versus S. aur). 
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Another S. aur attachment factor, which associates with the bacterial cell surface, is 

enolase, or eno (Foulston et al., 2014). Here, Tg and TgAg reduced eno expression in 

S. aur biofilms (compared to the vehicle), reaching significance with Tg treatment (P 

< 0.05; Figure 6.13G). Intriguingly, Ag caused upregulation of eno (P < 0.05). 

Expression of other virulence factors, such as the sialoprotein-binding protein, sdrE, 

and the staphylococcal accessory regulator, sarA, remained unchanged by treatment 

(data not shown). Therefore, although TG reduces S. aur biofilm viability, protease 

activity and virulence factor expression are largely unaffected.  

6.4.9. Administration of BgAg provides host protection from biofilm-

induced dermal apoptosis and ECM degradation. 

P. aer and S. aur biofilms produce a number of proteases and virulence factors 

(discussed above), therefore the direct consequences of bacterial biofilm exposure 

on host tissue was next assessed. Firstly, porcine wound viability was determined 

histologically in non-biofilm inoculated samples (Figure 6.14). Here, comparable 

levels of cell proliferation (via Ki67 staining) were observed in freshly collected 

(4%; pre-culture) tissue versus tissue cultured ex vivo for 48 hours (3%; post-

culture; Figure 6.14D), agreeing with previous work (Yeung et al., 2016). Similarly, 

TUNEL staining and caspase 3 IHC demonstrated only a marginal increase in cell 

death following culture, where 20% of cells were TUNEL+ve (Figure 6.14B, E) and 

5% of cells were in early apoptosis (caspase 3+ve; Figure 6.14C, F). By contrast, 

wounds maintained ex vivo for 48 hours with P. aer and S. aur biofilms displayed 

significantly increased de-cellularity compared to pre-cultured tissue (P < 0.01 and 

P < 0.001, respectively; Figure 6.14G-H). In P. aer wounds, Tg administration 

reduced biofilm-induced cellular lysis, while TgAg-treated explants maintained 

higher cellularity compared to P. aer and S. aur biofilm controls.  

Given that TG treatment significantly reduced bacterial protease production, 

biofilm-induced ECM degradation was determined (Figure 6.15). In this model, 

biofilm infection increased collagen turnover at the biofilm-wound interface 

(illustrated by an increase in green birefringent fibres). Interestingly, treatment 

with Tg (P < 0.05), TgAg (non-significant) and Ag (P < 0.05) decreased ECM turnover 

in wounds inoculated with P. aer biofilms, thus reducing breakdown of early wound 

matrix (Figure 6.15A, C). In S. aur wounds, TgAg alone (P = 0.05) maintained a 

protective effect against biofilm-induced collagen degradation (Figure 6.15B-C). 
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Collectively, these results illustrate that Tg treatment, particularly TgAg, is not only 

effective at killing biofilm bacteria, but also demonstrably reduces the detrimental 

tissue degrading consequences of biofilm infection. 

Figure 6.14. Biofilm inoculation drastically reduces porcine explant viability, yet Theraglass™ 
protects against biofilm-induced de-cellularisation. Viability of porcine wounds was determined 
via structural assessment (A, Masson’s Trichrome staining), cell proliferation (Ki67+ve staining, D), 
cell viability (TUNEL-ve cells, blue, B and E) and apoptosis (Caspase 3+ve cells, green, C and F). 
Independent two-tailed Student’s t tests on data sets D-F. n = 3 biopsies per treatment. Cell death 
following biofilm exposure was determined as tissue cellularity (number of DAPI stained cells per 
mm2) in P. aeruginosa (P. aer, G) and S. aureus (S. aur, H) biofilm explants. Mean + SEM. One-way 
ANOVA with Dunnett’s post-hoc analysis on G-H (versus P. aer and S. aur). Black bar = 100 µm, white 
bar = 20 µm. White arrows = apoptotic (green) cells. * = P < 0.05, ** = P < 0.01, # = P < 0.001. 
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Figure 6.15. Theraglass™ protects against biofilm-induced extracellular matrix turnover. 
Picrosirius red staining of biofilm-loaded porcine wound tissue revealed changes in collagen III 
turnover via measurement of % green: red fibres (green birefringence = white arrows). Significantly 
more collagen III turnover was demonstrated in P. aeruginosa (P. aer, A, C) biofilms. S. aureus (S. aur, 
B, C) biofilms increased collagen III turnover compared to TgAg and uninoculated porcine explants. 
Bar = 100 µm. n = 3 biopsies per treatment. Mean + SEM. * = P < 0.05, ** = P < 0.01. One-way ANOVA 
was performed with Dunnett’s post-hoc analysis (versus P. aer and S. aur). 

6.4.10. Theraglass™ reduces co-culture porcine wound biofilm load and 

the relative contribution of P. aeruginosa and S. aureus. 

The prevalence of polymicrobial infections is a major clinical problem, contributing 

to the intransigent nature of chronic wounds (Pastar et al., 2013; Fleming et al., 

2017). Therefore, to begin to mimic the polymicrobial wound biofilm environment, 

a co-culture porcine wound biofilm model was established. In this model, all three 

treatments were less effective against co-culture than single-species biofilms 

(Figure 6.16). Here, direct quantification of Gram-Twort stained biofilms showed 

BgAg to cause a modest, non-significant reduction in biofilm thickness (Figure 

6.16A-B). Similarly, Concanavalin A and Acridine Orange staining demonstrated 

that Tg, Ag and TgAg only mildly reduced visual biofilm load. However, a statistically 

significant 1-log reduction in viable co-cultured bacteria was revealed following Tg, 



 

318 
 

TgAg and Ag treatment (P < 0.001; Figure 6.16C). Taken together, these data 

illustrate that TG is less effective against co-cultured than single-species biofilms.  

 
Figure 6.16. Co-culture biofilms of P. aeruginosa and S. aureus appear more resistant to 
Theraglass™ than single-species biofilms. Gram-Twort staining (black arrows), Concanavalin A 
(ConA, blue biofilms, white arrows) and Acridine Orange (AO, red biofilms, above the white-dotted 
line, depicted by white arrows; A). Biofilm thickness (B, quantified by Gram-Twort) and biofilm load 
(colony forming units, CFU/sample; C). Percentage contribution of P. aer and S. aur to the co-culture 
biofilms (D). Black bar = 10 µm, white bar = 20 µm. n = 3 biopsies per treatment. Mean + SEM. * = P 
< 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA with Dunnett’s post-hoc analysis. 

 
In polymicrobial communities, a dynamic equilibrium is formed between 

component species to allow co-existence (Gabrilska & Rumbaugh, 2015). These 

relationships can involve cooperative behaviours, such as syntrophy, where one 

organism produces a metabolite that benefits the growth of another (Ramsey et al., 

2011). However, when pathogenic infections arise, these are often a result of 

competitive behaviour, where one potentially pathogenic species may outcompete 

more commensal species for resources through highly antagonistic mechanisms 

(reviewed in Gabrilska & Rumbaugh, 2015). As a co-culture system was employed, 

the relative proportion of P. aer and S. aur in co-cultured biofilms was determined 

via enumeration on selective agars (Figure 6.16D). Following 72 hours of co-

culture, membrane biofilms were transferred to porcine wounds for a further 48 
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hours of culture. After this time, vehicle-treated biofilms were quantified as 55:45 P. 

aer to S. aur, while Ag application caused a non-significant shift in these proportions 

to approximately 65:35. By contrast, Tg treatment led a much larger, statistically 

significant shift to almost 90:10 P. aer to S. aur (P < 0.05). However, the greatest 

effect was observed following TgAg treatment, where virtually no S. aur could be 

recovered (P < 0.01). Collectively, these data mirror the disparate efficacy of TG 

against single-species biofilms, while also illustrating the extent to which topical 

wound treatment can alter the dynamic synergy/antibiosis between bacterial 

species. 

6.4.11. Theraglass™ elicits disparate effects on protease production and 

virulence factors in co-culture biofilms. 

Congruous to single-species assessment, co-culture virulence was assessed via 

gelatin zymography and analysis of candidate virulence genes. In a zymogram, co-

culture biofilms produced greater extracellular protease profile activity compared 

to single S. aur biofilms, yet showed reduced activity compared to P. aer biofilms 

(Figure 6.17A). Remarkably, however, additional bands were observed, including 

aggregates above 250kDa and bands between 100-150kDa which were not 

visualised in single-species biofilms. Despite the wide profile of proteases in 

untreated co-cultured biofilms, treatment diminished these bands. The band 

observed between 50-75kDa was quantified, illustrating that even the vehicle 

reduced co-culture protease activity (P < 0.001; Figure 6.17B). However, no 

significant differences were found between the vehicle and Tg or Ag treatments, 

proving that the reduction in protease profile was TG-independent. Total protease 

was also determined via the colorimetric Azocasein assay (Figure 6.17C), where an 

intriguing reduction in protease activity was again observed following vehicle 

treatment (P < 0.05). These observations are likely due to methodological pitfalls of 

analysing supernatant proteases from samples containing viscous substances. 

Virulence factors related to P. aer and S. aur were next screened in co-culture 

biofilms (Figure 6.18A-C). Here, expression of aprA (Figure 6.18A) was not 

affected by treatment (compared to Veh), while lasB (Figure 6.18B) and algD 

(Figure 6.18C) were modestly (non-significantly) reduced following Tg and TgAg. 

No significant effect of TG was observed on fnbpA or fnbpB compared to the vehicle 

(Figure 6.18D-F; respectively). Further, Tg and TgAg dampened eno expression, 
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although this effect failed to reach significance (Figure 6.18F).  Together, these data 

show that only modest changes in viability and virulence are observed in co-cultures 

following TG treatment, and that these effects are less substantial than those 

observed in single-species biofilms. 

 

Figure 6.17. Theraglass™ disparately affects protease production in co-culture biofilms. 
Zymography analysis (A-B) showing P. aeruginosa: S. aureus co-culture biofilm (Co), vehicle (Veh), 
Tg, TgAg and Ag treatments, respectively (lanes were cut and placed in order, white dotted lines). 
Colorimetric Azocasein (C) for protease activity. Proteases were pooled from each treatment and run 
via gelatin zymogram in three independent experiments. Mean + SEM. * = P < 0.05, *** = P < 0.001, 
deduced via one-way ANOVA and Dunnett’s post-hoc analysis (versus Co). 

 
6.4.12. Theraglass™ eliminates biofilm and protects host tissue in a 

human ex vivo wound biofilm model.  

The antimicrobial effects of TG were assessed in a more translational model of 

human ex vivo wound biofilms (Figure 6.19A). Here, Tg and TgAg treatment caused 

a 2-log reduction in P. aer, S. aur and co-culture biofilms, achieving significance in P. 

aer (P < 0.001) and co-culture (P < 0.05) groups (Figure 6.19B-D). Interestingly, 

post-culture quantification of relative P.aer and S. aur in co-culture biofilms revealed 

differential effects to those observed in porcine wounds (Figure 6.19E). Veh-

treated biofilms were 35:65 P. aer to S. aur, and 45:55 following TgAg treatment. Yet 

in this model, Tg and Ag alone significantly shifted the proportions to <90% P. aer. 
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Figure 6.18. Virulence factor expression in co-culture biofilms is unaffected by Theraglass™. 
Relative expression of P. aeruginosa genes aprA (A), algD (B) and lasB (C), and S. aureus virulence 
genes fnbpA (D), fnbpB (E), and eno (F) is not significantly altered by Theraglass™ treatment. n = 3. 
Mean + SEM. One-way ANOVA was performed on each data set (versus Co). 

 



 

322 
 

 

Figure 6.19. Theraglass™ reduces biofilm load in human ex vivo wounds. A human ex vivo wound 
biofilm model was employed (schematic, A) to assess the efficacy of Theraglass™ in a translationally 
relevant construct. Enumeration of viable colonies was performed on Mueller Hinton (MHA; both 
species), mannitol salt (MSA; S. aureus-specific) and cetrimide (CET; P. aeruginosa-specific) agar. Tg, 
TgAg and Ag significantly reduces P. aeruginosa (P. aer) biofilm load (colony forming units, 
CFU/sample; B), but has less effect on S. aureus (S. aur; C). Tg, TgAg and Ag also significantly reduce 
P.aer: S. aur co-culture biofilms (D), while Tg alters the relative contribution of P. aer and S. aur to co-
culture biofilms (E). n = 3 biopsies per treatment. Mean + SEM. * = P < 0.05, *** =P < 0.001, deduced 
via one-way ANOVA and Dunnett’s post-hoc analysis (versus bacteria only). 
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6.5. Discussion 
It is axiomatic that silver maintains potent antimicrobial efficacy against a wide 

range of bacterial species (e.g. Gholipourmalekabadi et al., 2016; Drago et al., 2014). 

However, the effects of silver in wound repair remain controversial, promoting 

cellular migration and repair in some contexts, while causing eukaryotic cytotoxicity 

in others (reviewed in Marx & Barillo, 2014). Similarly, very few studies have 

addressed how BG alters in vivo wound repair, and fewer still have determined how 

BG may influence complex models of infection, focussing only on in vitro planktonic 

assays (e.g. Cunha et al., 2018) and single-species in vitro biofilm cultures (e.g. 

Siqueira et al., 2017). Therefore, the aim of this chapter was to elucidate how a novel 

BG (TG) functionalised with silver affects both in vivo murine wound repair and 

bacterial viability in models of ex vivo skin wound infection. 

Although numerous in vitro studies have characterised the reparative effects of BG 

(Keshaw et al., 2005; Verrier et al., 2004; Yang et al., 2015), they cannot be directly 

compared as BG compositions and cell-based assays vary considerably from study 

to study. Furthermore, reports assessing how BG may influence in vivo wound repair 

are few and far between. In one example, BG promoted angiogenesis in rat excisional 

wounds, but this BG formulation contained no silicon dioxide, was doped with 

copper, and was applied beneath an occlusive pressure dressing (Zhao et al., 2015). 

In a second investigation, rat wounds were again occluded, and assessed over a 

period of 16 days (Lin et al., 2012). As the model employed in the current work used 

a non-occlusive treatment and assessed early stage healing (day 3 post-injury), it is 

difficult to compare the potential wound-reparative effects of TG to previous work. 

In the literature, positive wound healing effects of BG treatment appear to pertain 

to angiogenesis, matrix restoration and re-epithelialisation, which all correlate with 

healing stages later than 3 days (in mice; Ansell et al., 2014). Therefore, future 

studies should aim to assess the efficacy of TG across a time course of wound healing. 

As murine wounds heal primarily via contraction (Wong et al., 2010), application of 

an occlusive dressing may also unmask the possible impact of TG on re-

epithelialisation. Furthermore, it is difficult to promote acute wound healing in a WT 

mouse, as cellular functions are already occurring at near optimal rates. Testing TG 

in models where re-epithelialisation, collagen deposition and angiogenesis are 
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substantially delayed, such as in aged and Db mice, may therefore reveal the 

potential functional benefits of TG in repair. 

Few studies have addressed the antimicrobial and anti-biofilm efficacy of BG 

formulations (Galarraga-Vinueza et al., 2017) and their functionalisation with silver 

(Gholipourmalekabadi et al., 2016), while those that have demonstrate limited 

efficacy. Data presented in this study has directly assessed TG bactericidal activity 

against planktonic and biofilm forms of wound-relevant bacteria (P. aer and S. aur). 

These findings reveal that TG incorporating silver (TgAg) is more potently 

bactericidal against planktonic P. aer and S. aur than Tg alone. A key novel 

observation was that Tg conferred species-specific efficacy, maintaining higher 

effectiveness against P. aer than S. aur (Figure 6.7). In fact, in agar diffusion tests, 

Tg alone failed to inhibit S. aur growth. This may be due to S. aur metabolism (acid 

production) circumventing increased pH associated with BG, hence reducing the 

diffusibility of TG into agar (Martins et al., 2011; Stoor et al., 1998).  

More likely, the observed differences in the present study most likely reflect the 

differing cell-wall structure between the two bacterial species. The gram-positive S. 

aur is encapsulated by a thickened peptidoglycan cell wall, which is crucial for 

maintenance of cell integrity (Zoeiby et al., 2001) and may convey enhanced 

resistance (McCallum et al., 2010). Indeed, a number of antibiotic-tolerant S. aur 

strains maintain resistance via cell wall-related mechanisms (Utaida et al., 2003; 

Dengler et al., 2011). P. aer also produces antibiotic resistance through evolved cell 

wall mechanisms, where the outer membrane has low permeability to limit the rate 

of transport of substances into the cells, while secondary efflux mechanisms expel 

toxic substances (Breidenstein et al., 2011). The less substantial P. aer cell wall 

structure could confer susceptibility to the increased pH caused by BG ion 

dissolution (e.g. Ca2+ and Na+ release; Stoor et al., 1998), altering bacterial 

membrane potential (Munukka et al., 2008) and inducing osmotic stress (Van der 

Waal et al., 2011). In the present work, testing of pH from microtiter assays revealed 

that Tg and TgAg dissolution raised the pH of MHB to ~10 (data not shown). 

Regional variation in skin pH is reported to influence spatial localisation of skin 

bacteria (reviewed in Schreml et al., 2009), where S. aur favours more acidic 

conditions than P. aer (Ushijima et al., 1984). If altered pH were the sole reason for 

the differential results obtained with TG treatment, then Ag alone would convey 
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similar effects against S. aur as TgAg. The antimicrobial efficacy of TG could therefore 

be substantiated through its relative components, such as silicon dioxide (Maçon et 

al., 2017; Siqueira et al., 2017). 

Of more physiological relevance, TG significantly reduced biofilm load in an ex vivo 

porcine wound model, albeit less effectively than against planktonic species (Figure 

6.10). Interestingly, TgAg led to a greater reduction in S. aur than P. aer biofilm, which 

could be a consequence of the species-specific differences observed in biofilm 

formation. P. aer is a notoriously strong biofilm-producer (Harrison-Balestra et al., 

2003), as shown via biofilm formation assays in the present study (Table 6.5), and 

established previously by its ability to produce a multitude of extracellular 

proteases (Andrejko et al., 2013). By contrast, S. aur forms weaker initial biofilms, 

heavily relying on adhesion proteins and autolysin production for its virulence and 

biofilm generation (Bose et al., 2012; Foulston et al., 2014; Rice et al., 2007).  

As aforementioned, S. aur favours acidic conditions in the clinical setting (Weinrick 

et al., 2004), therefore it is likely that low physiological pH aids biofilm growth. 

Indeed, this was demonstrated in vitro, where S. aur biofilm matrix is strongly 

induced by a drop in pH, and can be reversed by increasing alkalinity (Foulston et 

al., 2014). As TG treatment increases pH, it is postulated that alkaline stress could 

contribute to reduced biofilm load. However, this assumption does not fit with one 

particular study where increasing pH with calcium hydroxide did not affect biofilm 

viability (Van der Waal et al., 2011), thus other factors are likely to be contributing 

to the observed anti-biofilm effects.  

The most common method for determining bacterial load in samples is through 

assessing colony viability (Buysschaert et al., 2016). However, recent evidence 

suggests some bacteria, including P. aer and S. aur, can enter a viable but not 

culturable state, where they are unable to grow, but maintain metabolic activity that 

may contribute to biofilm virulence (Pasquaroli et al., 2014; Zhang et al., 2015b). 

Further, as alterations in exogenous stimuli are known to modify virulence factor 

expression (P. aer; Rumbaugh et al., 1999; Shigematsu et al., 2001; Breidenstein et 

al., 2011), bacterial virulence was quantified via analysis of protease and cell-host 

matrix binding genes. In fact, effective invasion and adherence are fundamental in 

establishing tissue infection (reviewed in Percival et al., 2015).  
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TgAg and Tg significantly reduced expression of lasB and aprA, while causing a 

modest reduction in algD (Figure 6.12). Examination of P. aer gelatinases confirmed 

these effects (Figure 6.11), demonstrating that Tg and TgAg substantially reduced 

activity corresponding to elastase (~37kDa; Miyajima et al., 2001) and alkaline 

protease (50-75kDa; Engel et al., 1997; Schmidtchen et al., 2003), confirmed via 

colorimetric analysis. LasB is particularly interesting as it exhibits potent 

widespread proteolytic activity, causing excessive wound proteolysis which inhibits 

repair (Kessler et al., 1998) and prevents normal dermal fibroblast growth 

(Schmidtchen et al., 2003). LasB has also been shown to degrade antimicrobial 

peptides (AMPs; Schmidtchen et al., 2002), and prevent host inflammatory 

responses via peptide cleavage (Van Der Plas et al., 2016).  

Tg caused a significant reduction in the S. aur virulence factor enolase (eno; Figure 

6.13), which binds plasminogen, fibrinogen and laminin to aid bacterial virulence 

(in vitro, Carneiro et al., 2004; Furuya & Ikeda, 2011). Interestingly, TG did not affect 

gelatinase activity (Figure 6.13; ~55kDa aureolysin and ~50kDa enolase; Beenken 

et al., 2010; Furuya & Ikeda, 2011; Shaw et al., 2004), or the expression of any other 

S. aur virulence genes under study. Previous authors have demonstrated that 

infection type and duration can alter extracellular protease production (Lomholt et 

al., 2001; Rumbaugh et al., 1999). Therefore, future work will aim to address how 

proteolytic activity is temporally altered following TG treatment. 

As TG substantially reduced protease and virulence in P. aer biofilms; the effects of 

dampening bacterial proteases were next assessed on host tissue. Here, P. aer and S. 

aur caused reduced cellularity (Figure 6.14) and increased matrix turnover (Figure 

6.15), while TgAg substantially ameliorated this effect in P. aer, directly protecting 

porcine tissue from bacterial degradation.  

Chronic wounds are home to diverse microbial communities (Gardner et al., 2013; 

Kalan et al., 2016) and it is this polymicrobial nature of infection that can profoundly 

affect clinical outcome (Baldan et al., 2014; Loesche et al., 2017; Wolcott et al., 2015). 

Indeed, it was recently shown that bacterial abundance is not only linked to poor 

healing in DFUs, but that microbial diversity profiling following debridement can be 

used to predict healing outcome (Kalan et al., 2019). Although the exact 

consequences of interspecies interactions on wound pathogenesis remain to be 

elucidated, in experimental studies, multi-species biofilms elicit major influences on 
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host tissue responses, such as inflammation (Pastar et al., 2013). In this regard, a co-

culture porcine biofilm model, incorporating both S. aur and P. aer, was developed 

to further investigate the intricacies of clinical infection. In co-culture, biofilm 

bacteria appeared more resistant to TG than single-species biofilms (Figure 6.16). 

Experimental fabrication of biofilm communities can be difficult as one species often 

predominates (Dalton et al., 2011; Malic et al., 2009). Interestingly, in the present 

work, a stable ratio of 60:40 P. aer: S. aur was adopted, in line with the potentially 

synergistic relationship observed between the two species (Dalton et al., 2011; 

Korgaonkar et al., 2013 Pastar et al., 2013). However, following TG treatment, P. aer 

became more dominant. This result reflects previous studies demonstrating that P. 

aer may outcompete S. aur when resources are limited (Mashburn et al., 2005), in 

part by sequestering vital cofactors and producing metabolites toxic to S. aur 

(Biswas et al., 2009; DeLeon et al., 2014; Hazan et al., 2016). 

Many authors have speculated that infection arises when commensal flora is 

outcompeted by a pathogenic species with a highly virulent response (Rendueles et 

al., 2014; reviewed in Tlaskalová-Hogenová et al., 2011). As a result, the dynamic 

interplay between S. aur and P. aer in the co-culture model could possibly be 

influencing TG resistance, potentially through virulent mechanisms. Assessing 

virulence via protease production revealed that the protease profile (zymogram) of 

co-culture biofilms was different to those produced by single-species biofilms. 

Alterations in exogenous stimuli are known to modify P. aer virulence, particularly 

LasB (Breidenstein et al., 2011; Pearson et al., 1997; Rumbaugh et al., 1999; 

Shigematsu et al., 2001), largely through quorum-sensing systems (Dong & Zhang, 

2005). Topical treatment, even with the vehicle, dampened protease activity 

drastically, making it difficult to deduce TG-specific effects. Expression of the P. aer 

virulence factors algD and lasB, and the S. aur virulence factor eno, was slightly 

reduced following TG application (Figure 6.18). By contrast, the vehicle was the 

only treatment to affect total protease activity (Figure 6.17), where the 

contribution of S. aur was at its highest (~50%; Figure 6.16). It may therefore be 

stipulated that in co-culture, P. aer contributes more to the measurable proteases. 

Human and porcine skin, although similar, exhibit subtle differences in structure 

(reviewed in Summerfield et al., 2015) and immunology (e.g. alterations in dendritic 

cell subsets, Marquet et al., 2011; discussed in Chapter 1). As a result, a more 
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translationally relevant human ex vivo biofilm experiment was performed to fully 

confirm the antimicrobial efficacy of TG. Here, TG significantly reduced P. aer and 

co-culture biofilm load, while a more modest reduction in S. aur biofilm was 

observed (Figure 6.19). The relative contribution of S. aur and P. aer to biofilms 

differed in the human model, with the vehicle-treated biofilms comprising of 35: 65 

S. aur: P. aer. The ratio in TgAg-treated biofilms was moderately altered (~50:50), 

and in Tg and Ag treatments, S. aur was almost entirely absent.  

One potential reason for this shift could be the presence of a host response, mediated 

through the epidermis. For example, broad-range AMPs, such as β-defensins and LL-

37, are produced by epidermal keratinocytes and act directly or via immune 

modulation (Clausen et al., 2015). AMP production is also locally increased by skin 

barrier disruption to prime the skin antimicrobial defences (Harder et al., 2010). 

Previously, it has been shown that silver treatment (Duan et al., 2018), and BG 

treatment (Zhou et al., 2017) alone can promote epidermal proliferation, however 

evidence for their combined effects, and/or efficacy in infection models is lacking.  

Furthermore, although the present work used ex vivo models, which better mimic 

the bacterial-host interactions than in vitro models, they do not necessarily reflect 

the dynamic interactions observed during in vivo infection (Andrejko et al., 2013; 

Gardette et al., 2019). Recently, diverse spatial and temporal differences in virulence 

factor expression have been elucidated during in vivo infection (Rozemeijer et al., 

2015), thus it is becoming increasingly difficult to fully characterise host-pathogen 

relationships in vitro and ex vivo. Future work with therefore aim to fully determine 

the TG-specific effects on the host response by observing changes in epidermal 

proliferation, inflammation and AMPs in an ex vivo and in vivo context. 

Collectively, this work demonstrates clear potential for Tg and TgAg as wound-

relevant antimicrobials. Exploration of novel antimicrobial agents, especially for 

indications where mechanisms of antibiotic resistance and silver resistance are of 

concern, is crucial (Dalton et al., 2011; Su et al., 2011; Randall et al., 2015). Although 

not currently addressed, TG presents an attractive opportunity for future 

functionalisation with a variety of compounds designed to promote wound repair 

(Bonvallet et al., 2015). Combining both the versatility of TG with its clear 

antimicrobial efficacy offers exciting prospects for future wound management.   
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Chapter 7: Discussion and Future 
Work 

 

Age-related disease is a problem of population dynamics. Life expectancy continues 

to increase at an exponential rate, and although this is an existential achievement 

for the human race, numerous societal burdens are associated with an ageing 

population. One such example is the expansion of individuals suffering from non-

healing chronic wounds (Guest et al., 2015), which becomes even more problematic 

due to the inadequacies of current wound care treatments. Consequently, there is 

an urgent requirement to understand the molecular and cellular correlates 

associated with poor healing in order to develop viable new therapies. Together, 

mechanistic data presented in this thesis has elucidated novel senescence-linked 

and metal-linked characteristics of pathological healing that confer therapeutic 

potential. These areas should be explored further in basic research and in the clinic. 

7.1. Senescence is an intrinsic ageing mechanism linked to diabetes 

and wound repair via CXCR2 (Chapter 3). 

Cellular senescence evolved as an anti-tumour mechanism (van Deursen, 2014), and 

is a hallmark feature of ageing. Senescent cells accumulate with age due to extrinsic 

stress, repeated mitotic division, and prolonged intrinsic oxidative damage (Campisi 

& d'Adda di Fagagna, 2007). More recently, the focus has shifted to assessing the 

contribution of senescence to chronic disease, including the group of pathologies 

encompassed by the term diabetes (Prattichizzo et al., 2016; Spazzafumo et al., 

2013). Similar to ageing tissues, diabetic hyperglycaemia causes excessive AGEs and 

sterile inflammation that are thought to underpin replicative exhaustion, cellular 

stress and senescence (Coughlan et al., 2011; Ott et al., 2014). Despite this known 

correlation, little research has scrutinised the mechanistic link between senescence 

and diabetes in detail. Findings presented in this thesis now strongly implicate 

senescence may be a common feature of diabetic and aged wound pathology. 

Indeed, the prevailing hypothesis is that senescence has negative consequences on 

tissue repair, due to its association to ageing and diabetes (Baker et al., 2011; Moura 

et al., 2019, Waaijer et al., 2012), yet curiously, transient induction of senescence 
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following injury may actually be a key driver of adequate tissue resolution. Burton 

& Faragher (2018) even recently stated that senescent cells “mimic a wound healing 

response” by virtue of their morphogenic and hypersecretory changes. Indeed, 

Krizhanovsky et al. (2008) first related senescence to tissue repair using a murine 

model of damage-induced senescence during liver fibrosis, which was attenuated by 

genetic knockdown of p53. Of direct relevance, senescence is induced in dermal 

fibroblasts following skin injury, requiring the matricellular proteins, CCN1 (Jun & 

Lau, 2010) and CCN2 (Jun & Lau, 2017). This data contrasted with the work of 

Krizhanovsky et al. (2008), as CCN1 and CCN2-induced senescence was associated 

with reduced fibrosis during skin wound repair. These disparities most likely reflect 

the complexities of the in vivo environment, the differences in the models used (e.g. 

physical injury in skin versus chemical liver damage) and the specific research 

questions addressed in each study. 

The report most relevant to the injury-induced senescence data presented in this 

thesis came from Demaria et al. (2014), who developed a p16-3MR mouse model to 

track p16+ve cells via luminescence throughout healing. Using this model, the 

authors were the first to reveal temporal induction of transient senescence during 

murine wound repair, which occurred between days 3 and 9 post-injury. 

Eliminating both p16+ve and p21+ve cells in a DKO mouse both attenuated senescence 

and delayed healing. Thus, it was crucially established that senescent wound 

mesenchymal cells are important in driving fibroblast differentiation through the 

release of SASP factors such as PDGFA. However, many unanswered questions 

remain, including how these senescent mesenchymal cells appear, in what manner 

they are induced, and if they can contextually delay healing. 

Data presented in Chapter 3 provides the first direct characterisation of senescence 

in Db murine wounds, elucidating a causative role for senescence in delayed Db 

wound healing. These findings, supported by the observation that SA-βGAL+ve cells 

are apparent in human chronic wound fibroblasts (e.g. Agren et al., 1999; Mendez et 

al., 1998), suggest that increased wound senescence is a potentially important 

therapeutic target for chronic wounds. Intriguingly, the present work confirmed 

that short-term senescence induction is necessary for fibroplasia in late-stage repair 

(Section 3.4.10), opening up speculation as to why Db injury-induced senescence 

delays healing. Perhaps Db wounds show impaired senescent cell clearance or 
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produce factors that promote/exacerbate senescence in normal wound cells? These 

questions directed investigation of both theories, through the assessment of Db Mφs 

and their communication within the cellular wound environment. 

Mφs play critical roles in wound healing (Mirza et al., 2009) and diabetes (reviewed 

in Wicks et al., 2014). Consequently, it was expected that Mφs would be a key cell-

type governing senescence in Db pathology (Section 3.4.4). Further analysis 

demonstrated how the Mφ secretome was directly linked to senescence and Db 

delayed healing (Section 3.4.5-3.4.6), where a novel function for the explicated 

senescence receptor, CXCR2 (Acosta et al., 2008), was discovered. The effects of 

CXCR2 appeared conserved across experimental approaches, where its blockade 

improved human in vitro and ex vivo healing, and accelerated repair in vivo in Db 

murine wounds (Section 3.4.7-3.4.8). These data certainly challenge the outdated 

dogma that senescent cells, although irreversibly arrested, are non-functional. In 

fact, they fundamentally modulate the wound environment during normal and 

pathological repair to promote two very different healing outcomes.  

7.2. Global profiling reveals temporospatial changes in the 

metallome throughout normal and pathological repair (Chapter 4). 

Endogenous metals pervade the body, playing necessary roles in transcription, 

translation and a multitude of cellular functions. A good example is calcium 

signalling, which controls cell migration (Minton, 2014), proliferation (Pinto et al., 

2015) and contraction (Lee & Auersperg, 1980). It is therefore unsurprising that 

there are scientific journals specifically dedicated to individual metals (e.g. Cell 

Calcium) and more generalised multi-disciplinary metal research (e.g. Metallome).  

It follows that dysregulation of metal homeostasis will be a major contributor to 

disease. For instance, abnormal levels of circulating magnesium (Resnick et al., 

1993; Wu et al., 2017), calcium (reviewed in Ramadan et al., 2011) and iron (in the 

form of ferritin, Yeap et al., 2015) have been linked to diabetes and other age-related 

pathologies. As ageing and diabetes are strong risk factors for developing non-

healing wounds (Watson et al., 2011), this led to the hypothesis that the skin 

metallome would change throughout normal wound healing, and be perturbed in 

pathological (aged and Db) skin and wounds. New data presented in this thesis 

directly addressed this hypothesis, identifying substantial temporospatial 
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variations in the metallome during acute and pathological repair. Indeed, 

differential changes were also highlighted between aged and Db mice, proposing 

that the disparate etiology of the models may drive distinct metallome signatures. 

A non-biased approach was next taken to explore the global temporal changes in the 

transcriptome (RNA-Seq) of normal and Db wounds, and determine how these 

alterations may be linked to the metallome. The findings were profound, where 

many of the thousands of genes DE in Db wounds were crucially correlated with 

metal-regulated pathways (Section 4.4.12). Hence, these data suggested that 

numerous metals are temporally, spatially and pathologically altered at the 

elemental and molecular level. Previous authors have demonstrated direct metal 

modification of the zebrafish transcriptome (Sonnack et al., 2017), with 

transcriptional changes associated with metabolism and cell signalling. It would be 

fascinating to establish: a) how metal treatments transcriptionally and functionally 

alter Db wound healing and; b) whether genetic manipulation of important metal-

regulated genes could restore healing. 

RNA-Seq transcriptional profiling independently elucidated a link between diabetic 

healing and senescence (Section 4.4.14). Given that accumulation of senescent cells 

temporally correlates with changes in wound metals, it would be interesting to 

define whether wound-induced senescence is metallome regulated. In other context, 

evidence is emerging to show potential connections between metals and 

senescence. Elevated intracellular calcium, through release from ER stores (Wiel et 

al., 2014), has been observed during senescence induction (e.g. via oxidative stress 

in human stem cells, Borodkina et al., 2016; reviewed in Martin & Bernard, 2018). 

Calcium is also linked to the inflammatory SASP via modulation of NFĸB (Sen et al., 

1996; Shatrov et al., 1997) and NFAT (Hogan et al., 2003; Mognol et al., 2016). 

Finally, mitochondrial accumulation of calcium increases ROS in vitro, (Görlach et 

al., 2015; Ma et al., 2018b). Interaction networks suggested additional associations 

between diabetes, metals and senescence at the molecular level (Section 4.4.13-

4.4.15). For example, Cav3, downregulated in Db wounds and part of the senescence 

CXCR2 network, is calcium regulated (Garcia-Caballero et al., 2018; Li et al., 2011). 

Moreover, iron is associated with senescence, due to its high oxidative potential 

(Frey & Reed, 2012). Accumulation of iron causes oxidative stress and senescence 

(bone marrow stem cells, Yang et al., 2017), while senescent MEFs accumulate large 
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amounts of intracellular iron (Masaldan et al., 2018). Interestingly, data presented 

in this thesis demonstrate that senescent cells accumulate when wound iron is 

elevated, signifying potential causation. Taken together, these findings reveal a 

novel relationship between the metallome and pathological wound repair, and also 

imply that temporospatial metallome regulation may be associated with other 

pathology-related mechanisms, such as senescence. 

7.3. Temporal accumulation of iron is required for late-stage 

healing, governing macrophage behaviour and extracellular 

matrix turnover (Chapter 5). 

Global metallome profiling studies uncovered significant upregulation of iron 

during late-stage repair. As Db wounds displayed reduced iron and impaired ECM 

deposition (Section 5.4.2), it was hypothesised that a central relationship between 

iron and ECM remodelling exists. This theory was assessed using in vitro assays that 

measured ECM protein production and remodelling, revealing that iron accelerated 

deposition of collagen-rich ECM via an oxidative stress-dependent mechanism 

requiring the metalloreductase, STEAP3 (Section 5.4.11).  

The deposited ECM from iron-loaded fibroblasts was enriched for collagens, 

however, further characterisation (e.g. mass spectrometry analysis) is required to 

fully characterise matrix composition differences between non-treated and iron-

loaded fibroblasts. Iron-loaded fibroblasts also exhibited increased secretions 

(including large microvesicles - via scanning electron microscopy; Section 5.4.8). 

These microvesicles may traffic matrix proteins, or contain interesting molecular 

components (e.g. miRNA) for uptake by other cells (Turchinovich et al., 2012). 

Certainly, keratinocyte microvesicles are capable of stimulating fibroblasts (Huang 

et al., 2015) and have been postulated as an innovative approach for regenerative 

medicine (Sabin & Kikyo, 2014). A future aim will be to characterise the size, number 

and components of microvesicles produced by iron-loaded fibroblasts, and explore 

their mechanistic effects on other wound cells.  

Literature measuring iron levels in diabetic patients is controversial, where elevated 

serum ferritin is observed in diabetic patients (Thomas et al., 2004), elevated serum 

ferritin is only apparent in certain cohorts of diabetic patients (Fernández-Real et 

al., 2002), or there is no difference in serum ferritin between non-diabetic and 
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diabetic subjects (Kazi et al., 2008). Indeed, high iron is seen as a risk factor for 

developing diabetes-associated perturbations in insulin sensitivity (Gabrielsen et 

al., 2012), and patients with hereditary hemochromatosis certainly possess 

increased risk of diabetic complications (McClain et al., 2006) that can be alleviated 

with phlebotomy and iron chelation therapy (Inoue et al., 1997; reviewed in 

Kontoghiorghes et al., 2010). By contrast, data in this thesis demonstrated reduced 

iron in skin and wound tissue of Db mice using the sensitive elemental analysis 

technique, ICP-MS. Indeed, differences in local skin tissue architecture, such as poor 

micro-vascular perfusion (Jonasson et al., 2017; Levy et al., 2008), could underlie 

the reduced iron observed in Db mouse skin and wounds.  

There are a number of general caveats to the presented studies. In this thesis, and in 

most other published studies, cells are grown on tissue culture plastic. Tissue 

culture plastic is over a thousand times stiffer than native fibroblast matrix (Liu et 

al., 2015), which will alter fibroblast transcription, proliferation and TGFβ-regulated 

activation (Hadjipanayi et al., 2009; Hinz, 2015; Karamichos et al., 2007). Therefore, 

to better mimic natural cellular responses, these experiments should be repeated on 

matrix that better represents the skin’s mechanical properties.  

Overall, data in this thesis demonstrate the importance of iron in modulating cellular 

processes required for wound repair and highlight the significance of assessing 

these functions in a context-dependent manner. Thus, future studies should focus 

on exploring the influence of iron across more translationally relevant models and 

settings, to ultimately support therapeutic evaluation in chronic wounds. 

7.4. Bioactive glass offers therapeutic potential to infected non-

healing wounds (Chapter 6). 

Critical colonisation of wounds by bacterial biofilms is a long-standing problem that 

contributes to wound persistence and more serious systemic infections (Velnar et 

al., 2009). Hence, it is unsurprising that the wound care market is dominated by 

products designed to prevent or kill locally infecting bacteria (Han & Ceilley, 2017). 

While silver and iodine have been used since ancient times (Alexander, 2009), their 

wound healing efficacy remains controversial (Marx & Barillo, 2014). The aim of this 

this chapter was to explore the wound healing and antimicrobial efficacy of a 

commercial bioactive glass (BG) material (Theraglass™; TG) doped with silver. 
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Data presented in this thesis show that TG was potently antimicrobial in 

formulations with and without silver. Previous studies demonstrated benefits of 

using BG, where BG doped dressings improved wound closure (in rats, Hu et al., 

2018; Li et al., 2016). Unfortunately, the TG formulations used in the present work 

did not beneficially alter normal murine wound healing, reflecting the fact that they 

need to be assessed in a pathological (aged and Db) wound context. Moreover, the 

effects of TG on immune cell function during infection remain to be determined. 

Nevertheless, these data provide convincing evidence that TG can be used in an 

antimicrobial and anti-biofilm capacity. 

As it is now known that metals such as calcium, magnesium and iron are temporally 

and spatially impaired in pathological healing wounds, a clear next step would be to 

develop a novel metal-based delivery platform. Indeed, TG could be functionalised 

for this purpose, following characterisation and tailoring of its metal release 

kinetics, to therapeutically restore the wound metallome.  

7.5. Future work. 

Work in this thesis has elucidated previously unknown mechanistic links between 

senescence, the metallome, and pathological (diabetic) repair (Wilkinson et al., 

2019a; Wilkinson et al., 2019b; Wilkinson et al., 2019c). While these findings are 

fundamentally important, they leave many basic science and clinical questions 

unanswered. For instance, it is still unknown what drives transient senescence 

during wound repair (microbiota, metals, host response?), and how pathology 

causes excessive senescence. In this regard, future studies should aim to temporally 

profile senescence in pathological repair to understand how senescent cells 

accumulate, and more significantly, how these cells resolve post-injury. This could 

be achieved using histological assessments of wounds collected at later stages of 

healing, utilising previously published reporter models (e.g. p16-3MR mouse; 

Demaria et al., 2014), or using receptor-directed tracers for positron emission 

tomography live imaging (as developed to Burke et al., 2019; Vag et al., 2018). 

There is evident need to additionally characterise the effects of CXCR2 on 

senescence in human chronic wounds. Tissues could be first profiled for senescence 

and CXCR2 levels, with the response of chronic wound-derived cells and ex vivo skin 

to CXCR2 antagonism then assessed. This data would determine whether CXCR2 
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may be of clinical benefit, and strengthen the case for obtaining ethical approval for 

a phase I study. As CXCR2 antagonists already possess proven clinical safety from 

previous clinical trials (Kirsten et al., 2015; O’Byrne et al., 2016; Watz et al., 2017), 

they should be relatively easy to repurpose for wound healing. Moreover, 

understanding how metal fluctuations may be linked to the temporal senescence 

profile, and CXCR2 signalling, is of fervent interest.   

Although combining ICP-MS with RNA-Seq allowed correlations to be garnered 

between metals, healing and senescence, they only gave an indication of the 

functional relevance of these relationships. To really understand the prominence of 

metal changes and how this relates to cellular machinery and functional output, 

metals must be examined at the subcellular compartment level (e.g. using 

synchrotron radiation X-ray fluorescence; Ortega et al., 2009). This is essential, as 

high extracellular metal quantities may be irrelevant to cellular concentrations and 

functions. For example, high influx of calcium from intracellular stores alone can 

massively impact cellular responses. Thus, extracellular elemental abundance does 

not necessarily reflect intracellular concentration or cellular output.  

Metallome profiling identified elemental fluctuations in a temporospatial manner 

throughout wound repair. However, one of the major remaining queries concerns 

how metals enter and leave the wound site. In reality, it is likely that metals arrive 

at the wound via the blood, and through the influx of metal-containing cells. It was 

postulated that wound iron may accrue due to accumulation of Mφs that 

sequestered heme from the wound clot (Chapter 5), but another key wound process 

that was not addressed was angiogenesis. At day 7, the granulation tissue becomes 

highly vascularised (Gurevich et al., 2018), and the formation of new blood vessels 

would likely contribute to wound iron abundance. By contrast, Db wounds are 

poorly perfused (Boyko et al., 1999; Icli et al., 2016) and do not heal at the same rate 

as NDb wounds. To address this fully, angiogenesis would need to be assessed and 

correlated with elemental abundance, and in vitro investigation of metal functions 

would need to be extended to endothelial cells. Another option would be to broaden 

ICP-MS analysis to include measurements of metals in the blood and metal storing 

organs, such as the spleen and liver. This would determine whether stored elements 

contribute to skin metallome changes, and vice versa, during wound repair. 
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Following on from this thesis, it will be essential to verify whether the skin and 

wound metallome is altered in a temporospatial manner in human acute and chronic 

wounds. Here, ICP-MS and LA-ICP-MS could be used to accurately measure element 

quantities, and would be compared to cellular functions and wound repair stage. If 

a global deficit in metals was confirmed in human chronic wounds then it would be 

relatively easy to envisage metal-targeted treatment modalities with clinical benefit.  

Finally, wound healing research has recently shifted its focus to the microbiome, 

which is known to be altered by ageing (Jugé et al., 2018) and diabetes (Gardiner et 

al., 2017) and is associated with chronic wound healing (Kalan et al., 2019; Loesche 

et al., 2017). In fact, dysbiosis in the microbiome causes delayed wound healing in 

vivo (Williams et al., 2017; Williams et al., 2018). Although the relationship between 

the transcriptome and metallome is only just beginning to be explored, it would be 

of fundamental interest to ascertain whether the skin metallome contributes to the 

bacterial composition of the skin, and vice versa.   

7.6. Concluding statement. 

Despite constant technological and knowledge-based advancements in wound 

research, understanding of the underlying biology of poor healing remains limited 

and current chronic wound therapies are insufficient. Research is now shifting to 

focus on less well-studied areas in the hope that this may shed light on these long-

standing clinical problems. One emerging area is metallomics, where current 

methodologies open a number of novel capabilities. In this work, ICP-MS profiling of 

wound tissue has highlighted fascinating spatial and temporal alterations in the 

metallome throughout normal wound repair, and demonstrated that perturbations 

in time-dependent metal accumulation are correlated with pathological healing. At 

a fundamental level, this study provides a new platform for exploration of how 

metals may transcriptionally regulate conserved wound processes and cellular 

mechanisms, such as senescence. There is now an unprecedented opportunity to 

further investigate the crucial relationship between the metallome, transcriptome 

and microbiome in acute and pathological skin wound repair. 
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Chapter 2: Appendix 
2A.1. Formalin Fixative 

Formalin fixative was prepared as follows: 

1. 450 mL dH2O. 

2. 40 mL formaldehyde solution (Thermo Fisher Scientific). 

3. 10 mL glacial acetic acid (Thermo Fisher Scientific). 

4. 4.5 g sodium chloride (Thermo Fisher Scientific). 

5. 0.25 g alkyltrimethylammonium bromide (Sigma-Aldrich). 

Fixative was always made fresh and discarded after 24 hours. 

2A.2. Collagen IV-Coated Plates 

A vial of Collagen IV (Sigma-Aldrich) was defrosted slowly on ice and diluted to 0.5 

mg/mL with 0.25% glacial acetic acid. Diluted solution was added to plates and 

incubated for three hours at RT, or 1 hour at 37°C with 5% CO2. The remaining 

solution was aspirated and plates were rinsed with sterile DPBS. Plates were stored 

at 4°C until use.  

2A.3. Dermal Fibroblast Media 

High glucose DMEM with no phenol red, 10% FBS, 100 U/mL penicillin (1%), 100 

µg/mL streptomycin (1%), 2.5 µg/mL amphotericin B solution and 10 µg/mL 

gentamicin sulphate solution (all Thermo Fisher Scientific). 

2A.4. Bone Marrow Growth Medium 

High glucose (for Db Mφs) or low glucose (for all other Mφs) DMEM (Sigma-

Aldrich), 10% FBS, 1% penicillin-streptomycin solution and 20% L929 conditioned 

media. Prior to supplementation, 100 mL DMEM was removed from the bottle of 

DMEM and stored in separate, sterile falcon tubes (used for serum starvation).  
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2A.5. L929-Conditioned Media 

L929 cells (CCL-1, ATCC, Middlesex, UK) were grown to 80% confluence in 162 cm2 

flasks. Media was changed (high glucose DMEM containing 10% FBS and 1% P/S) 

and cells were incubated for two days at 37°C and 5% CO2. At collection, media was 

collected, sterile-filtered (0.2 µm filter), and stored at -20°C until use.  

2A.6. VECTABOND® Coating Slides 

1. Clean glass slides were immersed in acetone (Thermo Fisher Scientific) for 5 

minutes at RT. 

2. VECTABOND® Reagent (7 mL bottle; Vector Laboratories, Ltd.) was added 

to 350 mL acetone. 

3. Slides were transferred to VECTABOND®-acetone for 5 minutes at RT. 

4. Slides were rinsed in dH2O, dried O/N and stored at RT until use. 

2A.7. Masson’s Trichrome Reagents 

2A.7.1. Weigart’s Haematoxylin 

1. Solution A was prepared by adding 5 g Haematoxylin (Thermo Fisher 

Scientific) to 500 mL 95% ethanol (in dH2O). 

2. Solution B was prepared by adding 5.8 g ferric chloride (Thermo Fisher 

Scientific) to 295 mL dH20, topped up with 5 mL glacial acetic acid. 

3. Equal parts of solution A and solution B were mixed immediately prior to use. 

2A.7.2. Biebrich Scarlet-Acid Fuschin Solution 

1. 3.6 g Biebrich Scarlet was added to 360 mL dH2O. 

2. 0.4 g Acid Fuchsin was added to 40 mL dH2O. 

3. Biebrich Scarlet and Acid Fuchsin (Sigma-Aldrich) were mixed. 

4. The solution was topped up with 4 mL glacial acetic acid. 

2A.7.3. Phosphomolybdic-Phosphotungstic Acid Solution 

25 g phosphomolybdic acid and 25 g phosphotungstic acid (both Sigma-Aldrich) 

were mixed with 1 litre of dH2O.  

2A.7.4. Analine Blue Solution 

25 g Analine Blue (Sigma-Aldrich) was mixed with 20 mL acetic acid in 1L dH2O. 
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2A.8. Citrate Buffer Antigen Retrieval Solution 

1. 3.8 g citric acid (Thermo Fisher Scientific) was added to 1800 mL dH20. 

2. The buffer was adjusted to pH 6 with NaOH pellets (Thermo Fisher Scientific) 

and topped up to 2 litres with dH2O. 

2A.9. Phosphate Buffered Saline Solution 

1. 150 g sodium chloride (Thermo Fisher Scientific) was added to 2.5 litres 

0.1M PBS (Sigma-Aldrich). 

2. The buffer was topped up to 25 litres with 22.5 litres dH2O. 

2A.10. VECTASTAIN® ELITE ABC Kit Reagents 

1. Block was made by adding 3 drops of animal serum to 10 mL PBS. 

2. Seondary antibody solution was made by adding 2 drops biotinylated 

secondary antibody to 10 mL PBS. 

3. ABC reagent was prepared using 2 drops Reagent A and 2 drops Reagent B 

added to 5 mL PBS, mixed and stored on ice for 30 minutes prior to use. 

2A.11. NovaRED™ Substrate Solution 

1. 3 drops Reagent 1 was added to 5 mL dH20 and mixed well. 

2. 2 drops Reagent 2 was added and mixed well. 

3. 2 drops Reagent 3 was added and mixed well. 

4. 2 drops H2O2 was added and mixed well. 

5. The solution was used immediately and not stored. 

2A.12. X-Gal Solution 

1. 1 mM MgCl2 (Sigma-Aldrich) was added to 9.5 mL PBS (above). 

2. 5 mM potassium ferricyanide and 5 mM potassium ferrocyanide (Sigma-Aldrich) 

were added to the PBS/MgCl2 solution in step 1. 

3. 2 mM additional MgCl2 was then added to the reagent made in step 2. 

4. 1.6 mg (16 µL) X-Gal stock (100 mg/mL in N,N-dimethylformamide; both 

Thermo Fisher Scientific) was added the reagent made in step 3. 
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2A.13. Proteinase K Solution 

1. 1 M Tris-HCl stock (pH 7.5) was prepared by adding 121.14 g Tris base to 1 

litre dH2O, brought to pH 7.5 with hydrochloric acid. 

2. Tris-HCl stock was diluted 1:100 in dH2O to give a 10 mM solution. 

3. Proteinase K (Thermo Fisher Scientific) was added to the 10 mM Tris-HCl 

solution to give a working solution of proteinase K at 20 µg/mL. 

2A.14. MOWIOL Mounting Media with DAPI 

1. 2.4 g MOWIOL 4-88 (Sigma-Aldrich) was added to 6 g glycerol (Thermo 

Fisher Scientific) and 6 mL dH20 and left to mix for several hours at RT on a 

stirrer. 

2. 12 mL 0.2 M Tris base was added and heated to 50°C for 10 minutes with 

occasional mixing. 

3. MOWIOL 4-88 was clarified by centrifuging at 5,000 x g for 15 minutes. 

4. 2.5% 1,4-diazabicyclo[2.2.2]octane (Thermo Fisher Scientific) was added to 

the collected supernatant to reduce fading. 

5. DAPI was added at 1 µg/mL concentration (3.6 µL per 18 mL solution) as a 

counterstain. 

6. The mounting media was stored in airtight containers at -20°C in the dark. 

2A.15. Collagen I Coating Plates 

1. 45.6 µL of 4 mg/mL stock collagen I from rat tail (Sigma-Aldrich) was added 

to 12 mL acidified water (82.5 µL acetic acid to 34.5 mL dH2O). 

2. Plates were incubated at RT for 3 hours. 

3. Excess collagen I was aspirated. 

4. Plates were rinsed in DPBS and stored at 4°C in Clingfilm until use. 

2A.16. Matrix Denuding Buffer 

20 mM ammonium hydroxide (Sigma-Aldrich) in 0.5% Triton X-100 in DPBS. 
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2A.17 Electrophoresis Sample Loading Buffer 

1. 0.08 g Tris base. 

2. 0.2 g sodium dodecyl sulphate. 

3. 200 µL 10% Bromophenol Blue. 

4. 1 mL glycerol. 

5. 10 mL 18.2Ω water. 

6. Stored in aliquots at -20°C. 

2A.18 Western Blot Acrylamide Gel Recipe 

Stock Solution 
Final Acrylamide Concentration (%) 

7 10 12 
40% Acrylamide: Bis-

Acrylamide 37.5:1 
17.5 mL 25 mL 30 mL 

1.5M Tris-HCl pH 8.8 25 mL 25 mL 25 mL 
18.2Ω H2O 56 mL 48.5 mL 43.5 mL 
10% SDS 1 mL 1 mL 1 mL 
10% APS 500 µL 500 µL 500 µL 
TEMED 50 µL 50 µL 50 µL 

SDS = sodium dodecyl sulphate; APS = ammonium persulphate. All reagents were prepared in 18.2Ω 
water. APS was aliquoted and stored at -20°C for long term use. APS and TEMED were added 
immediately prior to use to prevent premature gel polymerisation. Isopropanol was added to the top of 
the separating gel to level the gel surface while setting. Isopropanol was rinsed off with dH2O prior to 
adding the stacking gel. 

2A.19. Stacking Polyacrylamide Gel (4%) 

40% Acrylamide: Bis-Acrylamide 37.5:1 2.5 mL 

0.5 M Tris-HCl pH 6.8 6.3 mL 

18.2Ω H2O 15. 9 mL 

10% SDS 250 µL 

10% APS 125 µL 

TEMED 25 µL 
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2A.20. 10X Tris-Glycine-SDS Buffer 

1. 30 g Tris base. 

2. 144 g glycine. 

3. 10 g SDS. 

4. Made up to 1 litre with 18.2Ω water. 

2A.21. 1X Tris-Glycine-SDS Buffer 

1. 900 mL 18.2Ω water. 

2. 100 mL 10X Tris-Glycine-SDS buffer. 

2A.22. Western Blot Transfer Buffer 

1. 200 mL analysis reagent grade methanol. 

2. 100 mL 10X TGS. 

3. 700 mL 18.2Ω water. 

2A.23. 10X Tris-Buffered Saline 

1. 6 g Tris base. 

2. 9 g sodium chloride. 

3. Made up to 1 litre with 18.2Ω water. 

2A.24. 1X Tris-Buffered Saline 

900 mL 18.2Ω water and 100 mL 10X Tris-buffered saline (TBS). 

For 1X TBST, Tween 20 (0.1%) was added to 1X TBS prior to immediate use. 

2A.25. Mild Stripping Buffer 

1. 15 g glycine. 

2. 1 g SDS. 

3. 10 mL Tween 20. 

4. Dissolved in 800 mL of 18.2Ω water. 

5. pH adjusted to 2.2 with HCl. 

6. Made up to 1 litre with 18.2Ω water. 
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2A.26. Cycling Parameters for cDNA Synthesis 

Stage Temperature (Celsius) Time 
Extension 25 10 min 

cDNA synthesis 42 60 min 
Reaction Termination 85 5 min 

 

2A.27. qRT-PCR Cycling Parameters* 

Stage Temperature (Celsius) Time 
Initial Denaturing 95°C 3 min 

X40 cycles 
Denaturing 95°C 10 secs 
Annealing Primer Dependent 30 secs 
Extension 70°C 30 secs 

Melt Curve 65-95°C in 5°C 
increments 5 secs 

*Annealing temperature was optimised for each set of primers. 

2A.28. Dey-Engley Neutralising Broth Test 

 

Figure 2A.1. Testing Dey-Engley Neutralising Broth (DENB) against Theraglass™. Here, the 
neutralisation capacity of DENB was tested against treatments (NIVEA vehicle, “veh”; Theraglass™, 
“Tg”; Theraglass with silver, “TgAg” and; silver oxide control, “Ag”). Untreated bacteria were included 
as a positive control. DENB (5 mL) was added to each treatment (1 g) and incubated at RT for 15 
minutes. Adjusted cultures (see main text) of Pseudomonas aeruginosa (P. aer; A) and Staphylococcus 
aureus (S. aur, B) were added to the tubes and plated on Mueller Hinton agar to assess viability 
(colony forming units per millilitre, CFU/mL). As no differences in viability were found, it was 
assumed that DENB effectively neutralised the treatments under study. 
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2A.29. Ratiometric Co-Culture Analysis 

 

Figure 2A. 2. Ratiometric determination of the relative proportions of Pseudomonas 
aeruginosa (P. aer) and Staphylococcus aureus (S. aur) in membrane biofilms. Adjusted cultures 
were added in ratios of 9:1, 7:1, 5:1, 3:1, 2:1 and 1:1 S. aur (S): P. aer (P) to form biofilms over 72 
hours. Colony forming units per ml (CFU/mL) were enumerated on agar selective for P. aer and S. 
aur. Addition of each species in a 1:1 ratio gave the most equal recovery of each species from biofilms.  

 
2A.30. Zymography Gels 

Reagent Separating Gel (16 mL) Stacking Gel (5 mL) 

Tris-HCl 4 mL (1.5 M pH 8.8) 1.25 mL (0.5 M pH 6.8) 

40% Acrylamide: Bis-

Acrylamide 37.5:1 
3 mL 502.5 µL 

dH2O 5 mL 3.25 mL 

Porcine skin gelatin 
4 mL (8 mg/mL stock in 

dH2O) 
Not required 

10% SDS 160 µL 50 µL 

10% APS (made in dH2O) 160 µL 50 µL 

TEMED 20 µL 10 µL 

SDS = sodium dodecyl sulphate; APS = ammonium persulphate. All reagents prepared in 18.2Ω water. 
APS working solution was aliquoted and stored at -20°C for long term use. 

2A.31. Gelatinase Resolving Buffer 

1. 1.7 mL 1.5 M Tris-HCl pH 8.8 plus 47.5 mL dH20. 

2. 500 µL Triton X-100 (Sigma-Aldrich). 

3. 250 µL 1M stock calcium chloride (Sigma-Aldrich). 

4. 80 µL of 10% sodium azide (Thermo Fisher Scientific). 

5. 0.5 µL of 0.1 M zinc chloride (Sigma-Aldrich). 
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2A.32. Murine Primer Sequences for qRT-PCR* 

Primer Forward Sequence Reverse Sequence 
18s* AGTCCCTGCCTTTGTACACA CATCCGAGGGCCTAACTAAC 
Arg1 TGACATCAACACTCCCCTGACAAC GCCTTTTCTTCCTTCCCAGCAG 

Calm1 GTTACATCAGTGCGGCAGAA GTCCGTCGCCATCAATATCT 
Casr TCATTGATGAACAGTCTTTCTCCCT TCTGTTCTCTTTAGGTCCTGAAACA 
Ccl17 TGCTTCTGGGGACTTTTCTG TGGCCTTCTTCACATGTTTG 
Ccl22 CAGGCAGGTCTGGGTGAA TAAAGGTGGCGTCGTTGG 
Cd86 TCAGTGATCGCCAACTTCAG TTAGGTTTCGGGTGACCTTG 

Cdkn1a  CAGTACTTCCTCTGCCCTGC GCTCAGACACCAGAGTGCAA 
Cdkn1b TTGGGTCTCAGGCAAACTCT TTCTGTTCTGTTGGCCCTTT 
Cdkn2a GTACCCCGATTCAGGTGATG CAGTTCGAATCTGCACCGTA 
Col1a1 GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC 
Col3a1 GCACAGCAGTCCAACGTAGA CCAGAGATCCCATTTGGAGA 
Cxcl1 GCTGGGATTCACCTCAAGAA TGGGGACACCTTTTAGCATC 
Cxcl2 AGTGAACTGCGCTGTCAATG TTCAGGGTCAAGGCAAACTT 
Cxcr2 ATCTTCGCTGTCGTCCTTGT AGCCAAGAATCTCCGTAGCA 
Fn1 AATGGAAAAGGGGAATGGAC GAGCAAGAAGGACAACCGAG 
Fth CGAGATGATGTGGCTCTGAA GTGCACACTCCATTGCATTC 
Ftl AATCAGGCCCTCTTGGATCT GGCGCTCAAAGAGATACTCG 

Gapdh* TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 
Il1b GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG 
Irp1 GACTTTGAAAGCTGCCTTGG AGCTAGTGATGGCAGCGATT 
Ivl AGGAGTCACCTGAGCCAGAA CTTTCTGATCCCCTGCCATA 

Krt1 AACTTCAGCTCAGGCTCTGC CCTCCTCCTGAAAATCTCCC 
Krt14 ATCGAGGACCTGAAGAGCAA TCGATCTGCAGGAGGACATT 
Nos2 GTGGTGACAAGCACATTTGG AAGGCCAAACACAGCATACC 
Pi3k CCCAAGCTGGATGTGAAGTT TGCTTCGATAGCCGTTCTTT 

S100a8 CCATGCCCTCTACAAGAATGA ATCACCATCGCAAGGAACTC 
S100a9 AGGACCTGGACACAAACCAG TTACTTCCCACAGCCTTTGC 
S1pr2 TCTCAGGGCATGTCACTCTG CAGCTTTTGTCACTGCCGTA 

Slc11a2 TCAGAGCTCCACCATGACTG GATAGACCGGGTCAGGATCA 
Slc40a1 CCCTGCTCTGGCTGTAAAAG GGTGGGCTCTTGTTCACATT 
Sprr2f GCACTTTGGAGGAGGACAAG AAGAACAGCAGTGCAAGCAA 
Steap3 GCTGGCCTTGAACTCAAAAG CGTGGTGACACACATCTTCC 

Tf TTCTCATGCTGTTGTGGCTC CAGCAGGTCTTTCCCAAGAG 
Tfr1 TGCAGAAAAGGTTGCAAATG TGAGCATGTCCAAAGAGTGC 
Tnf GAACTGGCAGAAGAGGCACT AGGGTCTGGGCCATAGAACT 

Tram2 TCCTCATCGGGCTTATGTTC CAGCATGGAAGATGATGGTG 
Trp53  AGAGACCGCCGTACAGAAGA CTGTAGCATGGGCATCCTTT 
Tsg1 GTGCTCACGATCAGACCAGA CAATGCGATCAGAGGACTCA 
Ym1 GGCTACACTGGAGAAAATAGTCCCC CCAACCCACTCATTACCCTGATAG 

*Housekeeping genes. 
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2A.33. Human Primer Sequences for qRT-PCR* 

Primer Forward Sequence Reverse Sequence 
ACTA2 ACCCACAATGTCCCCATCTA GAAGGAATAGCCACGCTCAG 
CALM1 TGCTGAATTCAAGGAAGCCT CTGTTGGGTTCTGACCCAGT 
CASR AGCTAAAGATCAAGATCTCA TGGGAAGAAGGGCTGGGCTG 
CCL17 CTTCTCTGCAGCACATCCAC AGTACTCCAGGCAG-CACTCC 
CCL22 TGCCGTGATTACGTCCGTTA AAGGTTAGCAACACCACGCC 
CD11b AGAACAACATGCCCAGAACC GCGGTCCCATATGACAGTCT 
CD14 CGAGGACCTAAAGATAACCGGC GTTGCAGCTGAGATCGAGCAC 
CD36 GCCAGTTGGAGACCTGCTTA CAGCGTCCTGGGTTACATTT 
CD54 GGCTGGAGCTGTTTGAGAAC TCACACTGACTGAGGCCTTG 

CDH11 CTTTGCAGCAGAAATCCACA TGGGAGCATTATCGTTGACA 
CDKN1A GACTCTCAGGGTCGAAAACG CTCTTGGAGAAGATCAGCCG 
CDKN2A GAGCAGCATGGAGCCTTC CCGTAACTATTCGGTGCGTT 
COL1A1 CACACGTCTCGGTCATGGTA CGGCTCCTGCTCCTCTTAG 
COL1A2 AGCAGGTCCTTGGAAACCTT GAAAAGGAGTTGGACTTGGC 
COL3A1 ATATTTGGCATGGTTCTGGC TGGCTACTTCTCGCTCTGCT 
COL6A1 CTACACCGACTGCGCTATCA GCCACCGAGAAGACTTTGAC 
CXCL1 ATTCACCCCAAGAACATCCA TGGATTTGTCACTGTTCAGCA 
CXCL2 GCAGGGAATTCACCTCAAGA GGATTTGCCATTTTTCAGCA 

FHC TGGAGTTTTGCTTTCCCATC GGTTTGCTATTCGACACCGT 
FIH GTGGGCAGGAAGATTGTCAT GGGTGATGAACAGGGTATGG 
FLG GTGTCCCTCACTGTCCCTGT CCAGGTACCATTGCAGGAGT 
FN1 TGACCCCTACACAGTTTCCCA TGATTCAGACATTCGTTCCCAC 

GAPDH* TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 
HIF1A TGCGTGTGAGGAAACTTCTG CCTCATGGTCACATGGATGA 
HIF2A CAACAGAGGCCGTACTGTCA TGCTGGATTGGTTCACACAT 
IL1B CTCGCCAGTGAAATGATGGCT GTCGGAGATTCGTAGCTGGAT 
IRP1 AGGCCTAGCTAAGGACCAGC CGAAGACGGGTGGACTGTAT 

ITPR1 CCATTGCTGGGAAGCTAGAG CTCTGTTGGGCTTGGAGAAG 
IVL CTGCCTCAGCCTTACTGTGA GGAGGAGGAACAGTCTTGAGG 

KRT1 ATTTCTGAGCTGAATCGTGTGATC CTTGGCATCCTTGAGGGCATT 
KRT14 GGCCTGCTGAGATCAAAGAC GTCCACTGTGGCTGTGAGAA 

LOX CAGAGGAGAGTGGCTGAAGG CCAGGTAGCTGGGGTTTACA 
LOXL1 CATTACCACAGCATGGACGA ATGTAGTTCCCAGGCTGCAC 
LOXL2 GAGTTGCCTGCTCAGAAACC GTTGTGGATCTGGGAGGAGA 
MMP2 ATGACAGCTGCACCACTGAG ATTTGTTGCCCAGGAAAGTG 

NFE2L2 AAACCAGTGGATCTGCCAAC ACGTAGCCGAAGAAACCTCA 
PDGFA ACACGAGCAGTGTCAAGTGC CCTGACGTATTCCACCTTGG 
PH4A1 GGCAGCCAAAGCTCTGTTAC GGCTTGTTCCATCCACAGTT 
PH4A2 ACGAGATAGGAGCTGCCAAA CCTGTGACTTGGTTGTGGTG 
PH4B CTCGACAAAGATGGGGTTGT GCAAGAACAGCAGGATGTGA 

SERPINE1 ATACTGAGTTCACCACGCCC GTTGGTGAGGGCAGAGAGAG 
SLC11A2 GTTCAAGTGCTTCTCCTGCC GAGTTCGAGACCAGCCTGAC 
SLC40A1 CCAAAGGGATTGGATTGTTG AAATAAAGCCACAGCCGATG 
STEAP3 GCAGAGCCACCAAAATGCC GGCTACTATCGCTGTCCACC 

TF ACTCACACAGGAGGGGTCAC CTGTGGTAACAGAGGCCCAT 
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TFR1 CAGGTGGATCACTTGTGGTG AGTGGCTGGGATTACAGGTG 
TNFA CCAGCTGGAGAAGGGTGAC AGGCGTTTGGGAAGGTTG 

TRAM2 TCCTCATCGGGCTTATGTTC ATCAGCAAACGGCTTCATCT 
TSG1 CCCAAGAGACTAGCAGTGGC GCTGCCAGTACACCTTGTCA 
VIM TCCCGCATCTCCTCCTCGTA CTGAATGACCGCTTCGCCAA 

YWHAZ* ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT 
*Housekeeping genes. 
 
2A.34. Bacterial Primer Sequences for qRT-PCR*# 

Gene Forward Sequence Reverse Sequence 
16S* GTGGAAAAGAGCTTCTGGCA CTTCTCGACGATGATTTCCG 
16S# TGATGCAGAGAACTGAACCG TTCTTTGTGCAAATGCTGCT 

aprA* CTTCAATACGCCGTGGAAGT GCGTCGACGAAGTGGATATT 
algD* ATCAGCATCTTTGGTTTGGG CACCAATGACTTCATGACCG 
lasB* GTCGCAGTACTACAACGGCA ATTGGCCAACAGGTAGAACG 

fnbpB# CGTTATTTGTAGTTGTTTGTGTT TGGAATGGGACAAGAAAAAGAA 
eno# CGTACAGCTGCAGAACAAGTTGA CACCGATACGTTCTGTAAGTTGTTC 

fnpbA# ACTTGATTTTGTGTAGCCTTTTT GAAGAAGCACCAAAAGCAGTA 
*Pseudomonas aeruginosa genes. #Staphylococcus aureus genes. 
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Chapter 4: Appendix 

Figure 4A.1. Histological profiling of temporal healing rates across normal murine wound 
repair. Haematoxylin and Eosin stained wounds at day 1 (D1), D3, D7 and D14 post-injury (A). 
Arrows = wound edges. Wound width (B), area (C) and % closure (D) quantified from A. 
Immunohistochemistry was used to assess neutrophils, macrophages, and Nos-2+ve and Arginase-1+ve 
macrophages (E), representative staining in F and G. Arrows = positive (brown/red) cells. Bar = 50 
µm.  Mean +/- SEM. n = 5 mice per group. * = P < 0.05, ## = P < 0.01, *** = P < 0.001. One-way ANOVA 
with Tukey’s post-hoc analysis. * versus D0. # versus D3.  
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Figure 4A.2. Confirmation of delayed healing in aged versus young murine wounds at day 3 
post-injury. Representative Haematoxylin and Eosin staining (A). Bar = 500 µm. Arrows = wound 
edges. Wound width (B), area (C) and percentage closure (D) quantified from A. 
Immunohistochemistry for neutrophils, macrophages, and Nos-2+ve and Arginase-1+ve macrophages 
(E), quantified in F and G. Arrows = positive (brown/red) cells. Bar = 50 µm. Mean +/- SEM. n = 5 
mice per group. * = P < 0.05, *** = P < 0.001. Independent two-tailed Student’s t tests. 
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Figure 4A.3. Confirmation of delayed healing in diabetic versus non-diabetic murine wounds 
at day 3 and day 7 post-injury. Wound width (A), area (B) and percentage closure (C) quantified 
from representative Haematoxylin and Eosin staining (D). Bar = 500 µm. Arrows = wound edges. 
Immunohistochemistry for neutrophils, macrophages, and Nos-2+ve and Arginase-1+ve macrophages 
(E), quantified in F and G. Arrows = positive (brown/red) cells. Bar = 50 µm. Mean +/- SEM. n = 5 
mice per group. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA with Tukey’s post-hoc 
analysis. * alone versus D3. 

 

 



 

438 
 

 

 

 

Figure 4A.4. Calcium alters responses to polarisation stimuli in non-diabetic and diabetic 
macrophages. qRT-PCR was used to assess the expression of M1 (Nos2 and Cd86) and M2 (Arg1 and 
Ym1) polarisation markers in bone marrow-derived macrophages, stimulated with cytokines at 
difference calcium concentrations. M0 = unstimulated. NDb = non-diabetic. Db expression relative to 
NDb. Mean +/- SEM. n = 4 mice per group. ** = P < 0.01, *** = P < 0.001. Two-way ANOVA with Tukey’s 
post-hoc analysis. 
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Figure 4A.5. Calcium and polarisation alter the expression of calcium-linked genes in non-
diabetic and diabetic macrophages. Bone marrow-derived macrophages were polarised to M1 and 
M2 states (or left unstimulated, M0). Calcium was added at the same time as cytokines. qRT-PCR was 
used to assess the expression of calcium-linked genes. NDb = non-diabetic. Db expression relative to 
NDb. Mean +/- SEM. n = 4 mice per group. ** = P < 0.01, *** = P < 0.001. Two-way ANOVA with Tukey’s 
post-hoc analysis. * alone versus M0 group. 
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Figure 4A.6. Itpr1 and S1pr2 are altered by calcium in non-diabetic, but not diabetic, 
macrophages. Bone marrow-derived macrophages were polarised to M1 and M2 states (or left 
unstimulated, M0). Calcium was added with cytokines. qRT-PCR was used to assess the expression 
of the calcium-linked genes, Itpr1 and S1pr2. NDb = non-diabetic. Db expression relative to NDb. 
Mean +/- SEM. n = 4 mice per group. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA with 
Tukey’s post-hoc analysis. * alone versus M0 group. 

Figure 4A.7. Calcium administration alters the phagocytic ability of non-diabetic 
macrophages. Bone marrow-derived macrophages (Mφs) were polarised to M1 and M2 states (or 
left unstimulated, M0). Following stimulation (24 hours), calcium was added to Mφs for six hours. 
Mφs were then incubated with E. coli Bioparticles™ (green) for two hours, counterstained with 
Phalloidin (red) and DAPI (blue) and imaged. Quantification (A) and images (B). Bar = 50 µm. CTCF 
= corrected total cell fluorescence.  Mean +/- SEM. n = 4 mice per group. * = P < 0.05. Two-way ANOVA 
with Tukey’s post-hoc. 
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Chapter 5: Appendix 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5A.1. Iron administration does not significantly alter human dermal fibroblast viability 
after 5 days of treatment. Propidium iodide (PI) staining was performed on human dermal 
fibroblasts (HDFs) following ferric ammonium citrate treatment. Ethanol (EtOH)-treated HDFs = 
control.  Representative side scatter and forward scatter scatterplots. PI staining read in the FL-2 and 
FL-3 channels. Representative histograms and markers showing percentage PI+ve staining.  
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Figure 5A.2. Iron administration does not significantly alter human dermal fibroblast viability 
after 11 days of treatment. Propidium iodide (PI) staining was performed on human dermal 
fibroblasts (HDFs) following ferric ammonium citrate treatment. Ethanol (EtOH)-treated HDFs = 
control.  Representative side scatter and forward scatter scatterplots. PI staining read in the FL-2 and 
FL-3 channels on a BD FACSCalibur™. Representative histograms and markers show PI+ve staining.  
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Figure 5A.3. Calcein AM staining of iron treated human dermal fibroblasts 5 days post-initial 
treatment. Calcein AM staining was performed on human dermal fibroblasts (HDFs) following ferric 
ammonium citrate treatment to determine HDF viability. Ethanol (EtOH)-treated HDFs = control.  
Representative side scatter and forward scatter scatterplots. Calcein AM staining read in the FL-1 
channel on a BD FACSCalibur™. Representative histograms and markers showing percentage Calcein 
AM staining.  

 

 

 



 

444 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5A.4. Calcein AM staining of iron treated human dermal fibroblasts 11 days post-initial 
treatment. Calcein AM staining was performed on human dermal fibroblasts (HDFs) following ferric 
ammonium citrate treatment to determine HDF viability. Ethanol (EtOH)-treated HDFs = control.  
Representative side scatter and forward scatter scatterplots. Calcein AM staining read in the FL-1 
channel on a BD FACSCalibur™. Representative histograms and markers showing percentage Calcein 
AM staining.  
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Table 5A.1. Liquid chromatography mass spectrometry identifies an altered 

fibroblast extracellular matrix proteome following iron treatment. * 

Protein  
Score Peptides % SC 

0FAC 100FAC 0FAC 100FAC 0FAC 100FAC 
CO1A1 501.9 1069.2 4 15 1.8 7.3 
CO1A2 191.9 120.9 2 1.9 2.4 2.16 
CO6A1 2691.6 1511.1 11 11 15 17 
FINC 2821.3 2376.7 21.5 16 31 10.2 
TSP1 1035.7 2549.9 4 20 4.5 26.2 
FBN1 684.4 NA 9 NA 3.8 NA 
VIME 431.7 607.3 6 6 13.3 16.1 
VTNC 536.7 51 1 1 3.1 3.1 
TENA 3177.5 2703.1 19 18.4 12.1 0.87 
CO6A2 1124.6 529.9 9 8 10.4 10.6 
MXRA5 150.6 NA 3 NA 1.2 NA 
CALL5 101.3 NA 1 NA 7.5 NA 
NET1 NA 99 NA 9 NA 2.6 
LEG1 NA 66.4 NA 1 NA 8.9 
LEG7 NA 63 NA 1 NA 8.1 
ACTA NA 50.8 NA 1 NA 7.1 
TSP2 NA 277.8 NA 4 NA 5.5 

*NA = not identified. %SC = percentage sequence coverage. Enrichments, number of peptides and SC 

were higher in iron-loaded cells for collagens (CO1A1, CO6A1 and CO6A2), thrombosposondins (TSP1 

and TSP2), vimentin (VIME) and α-SMA (ACTA). 
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Figure 5A.5. Iron treatment does not substantially alter cell culture oxygen, but induces 
oxidative stress via CellROX® assessment. A presens oxygen plate monitor was used to measure 
saturated oxygen in cell culture following ferric ammonium citrate (FAC) treatment over 5 days (A). 
A CellROX® assay measured intracellular reactive oxygen species (ROS; B-C). The antioxidants, 
ascorbic acid and MnTBAP chloride, did not significantly rescue iron-induced oxidative stress. 
CellROX = green ROS. Phalloidin = red cytoskeleton. DAPI= blue nuclei. H2O2 production (ROS-Glo 
assay, Promega) was increased following FAC treatment (D). Bar = 50 µm. n = 3 donors. 
Representative of three independent experiments. Mean + SEM. Two-way ANOVA and Tukey post-
hoc analysis on B, one-way ANOVA and Tukey’s post-hoc analysis on D (versus no FAC, 0).  
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Figure 5A.6. SiRNA knockdown of STEAP3 is stable at 5 days following iron treatment. Human 
dermal fibroblasts (HDFs) were transfected with control (Si-Ctrl), GAPDH (Si-GAPDH) or STEAP3 
siRNA (Si-S3#1) and collected at 2 and 5 days post-transfection. Silencing of GAPDH (A) and STEAP3 
(B) remained stable over 5 days, and with 100 µM ferric ammonium citrate (+ FAC) administration 
(C and D, respectively). COL1A1 (E), COL3A1 (F), HIF1A (G) and HIF2A (H) were also assessed. n = 3 
donors. Data represent mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA was 
performed on all data sets with Tukey’s post-hoc analysis. * alone versus Si-Ctrl. 
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Figure 5A.7. STEAP3 knockdown reduces extracellular collagen I and collagen III deposition 
in vitro. Human dermal fibroblasts (HDFs) were transfected with control (Si-Ctrl), GAPDH (Si-
GAPDH) or STEAP3 (Si-S3#1) siRNA, with or without 100 µM ferric ammonium citrate (FAC) for 5 
days. Si-S3#1 treated HDFs produce less collagen I (A-B) and collagen III (C-D) following FAC 
treatment. Collagen I/III (green), nuclei (blue) and phalloidin (red cytoskeleton in A). Bar = 50 µm. n 
= 3 donors. Data represent mean + SEM. * = P < 0.05, ** = P < 0.001. Two-way ANOVA with Tukey’s 
post-hoc. * alone versus Si-Ctrl. 
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Figure 5A.8. STEAP3 knockdown alters fibronectin and ferritin expression. Human dermal 
fibroblasts (HDFs) were transfected with control (Si-Ctrl), GAPDH (Si-GAPDH) or STEAP3 (Si-S3#1) 
siRNA, with or without 100 µM ferric ammonium citrate (FAC) for 5 days. HDFs were stained for 
fibronectin (A, green), quantified in B, and ferritin (C, red), quantified in D. DAPI = blue nuclei. Bar = 
50 µm. n = 3 donors. Data represent mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way 
ANOVA was performed on all data sets with Tukey’s post-hoc analysis. * alone versus Si-Ctrl. 
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Figure 5A.9. STEAP3 knockdown reduces protease activity and collagen expression. Human 
dermal fibroblasts (HDFs) were transfected with control (C, Si-Ctrl), GAPDH (G, Si-GAPDH) or 
STEAP3 (S, Si-S3#1) siRNA, with or without 100 µM ferric ammonium citrate (FAC) for 5 days. 
Conditioned media was assessed for MMP2 activity via zymogram (A), quantified in B. HDFs were 
also collected for western blot analysis (C), quantified in D and E. β-actin = loading control. n = 3 
donors. Data represent mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA was 
performed on all data sets with Tukey’s post-hoc analysis. * alone versus Si-Ctrl. 
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Figure 5A.10. Iron treatment alters iron gene transcription in murine bone marrow-derived 
macrophages. qRT-PCR shows the expression of the M1 and M2 markers, Nos2 (A) and Ym1 (B), 
respectively. The iron-regulating genes, Fhc (C), Steap3 (D), Slc11a2 (E), Slc40a1 (F), Tf (G) and Tfr1 
(H) are also shown. M0 = unstimulated. M1 = M1-stimulated. M2 = M2-stimulated. n = 3 mice per 
group. Data = mean + SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Red * = versus M0, black * = 
versus control within polarisation group. Significance determined via two-way ANOVA and Tukey’s 
multiple comparisons tests. 
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Figure 5A.11. Iron treatment alters iron gene transcription in murine bone marrow-derived 
macrophages following E. coli phagocytosis. qRT-PCR shows the expression of the M1 and M2 
markers, Nos2 (A) and Ym1 (B), respectively. The iron-regulating genes, Fhc (C), Steap3 (D), Slc11a2 
(E), Slc40a1 (F), Tf (G) and Tfr1 (H) are also shown. M0 = unstimulated. M1 = M1-stimulated. M2 = 
M2-stimulated. n = 3 mice per group. Data = mean + SEM. * = P < 0.05, ** = P < 0.01, # = P < 0.001. 
Red */#= versus M0, black */# = versus control within polarisation group. Significance determined 
via two-way ANOVA and Tukey’s post-hoc tests. 
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Figure 5A.12. Iron treatment reduces phagocytosis in THP-1 macrophages. Propidium iodide 
staining of THP-1 macrophage viability following ferric ammonium citrate (FAC) treatment (A). E. 
coli Bioparticle™ phagocytosis analysed by flow cytometry (B) and confocal microscopy (C-D). CTCF 
= corrected total cell fluorescence. E. coli = green. Phalloidin = red cytoskeleton. DAPI = blue nuclei. 
Bar = 50 µm. Live bacterial phagocytosis (E). CFU/mL = colony forming units per millilitre. Three 
independent experiments. Data = mean + SEM. * = P < 0.05, ** = P < 0.01, # = P < 0.001. Significance 
determined via two-way ANOVA and Tukey’s post-hoc tests. */# alone versus M0 group. 
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