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Abstract  

Diabetes Mellitus has reached epidemic proportions. Foot ulceration is a 

multifactorial complication of diabetes associated with marked morbidity and 

mortality. Innate-immune Toll-like receptor 4 (TLR4) mediated inflammation has 

been implicated in the systemic pathogenesis of diabetes and may contribute to 

impairment of wound healing. This thesis investigates the effect of high glucose and 

hypoxic conditions on TLR4 activation and signalling in vitro and in vivo. 

Human skin biopsies were stained for H&E and TLR4. Fibroblasts cultured at 

physiological glucose concentration (5.5mM) were exposed to pathological glucose 

concentrations (25mM), with duplicate samples placed in a hypoxia chamber. The 

effect of TLR4 and its signalling pathway was assessed through specific inhibitors. 

Diabetes was induced in wild-type (WT) and TLR4 knock-out C57BL/6 mice by intra-

peritoneal injection of low-dose streptozocin. Hindlimb ischaemia was induced by 

femoral artery ligation four weeks post- streptozocin, and full thickness skin wounds 

initiated below the knee. Wound healing was assessed via digital planimetry at days 

3, 7 and 14 post surgery.  

Diabetic-ischaemic ulcers demonstrated greater inflammatory cell infiltration 

(p=0.0001) and TLR4 expression (p=0.038). Hypoxic and high glucose (25mM), 

conditions led to an increase in TLR4 protein expression, apoptosis and IL-6 release. 

Inhibition with MyD88 inhibitory-peptide, TLR4 neutralising-antibody and specific 

TLR4 antagonist ameliorated the effects of high glucose and ischaemia (p<0.05). In 

vivo, wound healing was significantly impaired in the diabetic-ischaemic group at day 

14 (p<0.05). Diabetic-ischaemic wounds in TLR4 KO mice exhibited significantly 

improved healing rates compared to those in WT mice at all time points.  

Diabetic-ischaemic ulceration is associated with increased cellular inflammation and 

TLR4 expression. Hypoxia stimulates up-regulation of TLR4 protein expression and 

this effect is exaggerated by hyperglycaemia. Inhibition of TLR4 significantly reduced 

TLR4 protein expression, apoptosis and IL-6 release, suggesting a protective effect. 

In TLR4 KO mice, there was a significant improvement in the healing of diabetic-

ischaemic wounds compared to WT. We propose a synergistic effect between 
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hypoxia and hyperglycaemia impairing wound healing exists, through TLR4-mediated 

inflammation. 
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Impact statement 

With a current estimate of 450 million diabetics worldwide, diabetes will remain one 

of the biggest challenges facing healthcare providers throughout both the developed 

and developing worlds for the foreseeable future. With this number rising rapidly, 

the 15-25% of diabetics that will develop foot ulceration throughout their life will 

continue to place an ever-increasing financial burden on healthcare systems. In 2014 

an estimated $13 Billion was spent in the US on managing diabetic foot ulceration 

(DFU) alone (1). Diabetic complications do not develop in isolation, however. The 

impact of retinopathy, neuropathy, nephropathy and the need for renal replacement 

therapy and the increased risk of cardiovascular disease ensures diabetes remains a 

challenging, expensive and serious condition leading to significant morbidity, 

disability and excess mortality. 

The link between the development of these micro and macrovascular complications 

and abnormal inflammatory responses mediated via the innate immune system are 

established. In this project the role of Toll-like receptor 4 in DFU was examined using 

observational studies of human skin, in vitro models of hyperglycaemia and hypoxia 

and finally a murine model of diabetic ischaemic distal limb ulceration. We found 

TLR4 is upregulated and activated by exposure to high glucose conditions and 

hypoxia. The consequences of the pro-inflammatory effect observed, such as 

increased cellular apoptosis and IL-6 release are mediated via TLR4 signalling 

pathways and reduced by specific inhibition of these pathways. In vivo, diabetic 

ischaemic conditions resulted in a significant impairment in wound healing. The 

effect of combined diabetes and ischaemia were ameliorated in TLR4 endogenously 

deleted animals, with a significant improvement in wound healing.  

These results suggest a potential benefit for the pharmacological inhibition of TLR4 

in diabetic-ischaemic wounds. One of the most obvious utilisations for this therapy is 

in the form of an impregnated dressing, ensuring local delivery of the drug despite 

the presence of micro and macro vascular disease. This principle aims to terminate 

the positive feedback cycle of inflammation-tissue damage-inflammation mediated 

via pathologically up regulated TLR4 signalling pathways. Thereby restoring the 
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hyperinflammatory environment of the chronic wound to a physiological state and 

allowing the normal wound healing process to progress beyond the excessive and 

prolonged inflammatory phase. Such TLR4 antagonist drugs have been developed 

and in some cases been subjected to phase 3 clinical trials for alternative uses.  

The principles discovered in this project such as the synergistic relationship between 

hyperglycaemia and ischaemia have implications beyond foot ulceration. Diabetics 

are subjected to significantly worse clinical outcomes across the whole range of 

ischaemic pathologies including myocardial infarction and stroke. The widespread 

expression of TLR4 across immune and non-immune cells in tissues throughout the 

body, and the multisystemic reach of hyperglycaemia in diabetes suggest that 

excessive TLR4 mediated inflammation may occur following a latent or asymptomatic 

pre-clinical ‘priming’ phase of hyperglycaemia exposure. There may therefore be a 

survival benefit for the use of systemic TLR4 antagonists in diabetic patients suffering 

any acute ischaemic event, perhaps even pre-emptively.  
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Chapter 1 

Introduction 

 

1.1 General introduction  

The dawn of the 21st century has seen a continued increase in global life expectancy 

rates, with the average in 2015 (combining both genders) estimated at 71.5 years, 

increased from 65.3 years in 1990 (2). Considerable regional variations exist and 

observed increases in life expectancy were not evenly distributed between the 

developing and high-income developed worlds (2). The developing world saw 

average life expectancy improve mostly through a dramatic reduction in child and 

maternal mortality, the high-income world through reduction in cardiovascular, 

cancer and chronic respiratory disease related deaths (2). In 2016, Ischaemic heart 

disease remained the single most common cause of death worldwide, followed by 

stroke, lower respiratory tract infections and chronic obstructive pulmonary disease 

(COPD) (3).  

Despite the improvement in global life expectancies overall, several important causes 

of death were observed to have dramatically increased. HIV/AIDS as a cause of death 

worldwide peaked in 2005 and has been declining since, however ominously death 

rates from hepatocellular carcinoma, pancreatic adenocarcinoma, atrial fibrillation, 

drug use disorders, chronic kidney disease, sickle cell disorders and diabetes mellitus 

are continuing to rapidly rise, with little sign of improvement (2).  

When considering the major healthcare challenges of the years to come, it remains 

possible that increasing incidences of these conditions, particularly diabetes, may 

lead to a plateau or even reversal of decades of improvement in global life 

expectancy.  
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1.2 Diabetes Mellitus 

Diabetes is one of the earliest documented human diseases. Ancient Egyptian 

physicians described a condition of “too great emptying of the urine” in the Ebers 

papyrus, written approximately 1500BC. (4). Ancient Indian physicians from around 

the same time recognised the urine from diabetics attracted flies and ants and 

termed the condition “mudhumeha” or “honey urine” (4). 

In modern times, diabetes has now reached epidemic proportions. According to 

World Health Organisation (WHO) data, in 2014 an estimated 422 million people 

were living with diabetes worldwide (3). This estimate had increased to 451 million 

by 2017 and is projected to exceed 693 million by 2045 (5). However, even recent 

predictions consistently underestimate the seemingly exponential increase in 

prevalence. It is anticipated that currently, approximately half of all people with 

diabetes are currently undiagnosed, and a further 374 million are living with impaired 

glucose tolerance or ‘pre-diabetes’ (5).  

The concept or use of ‘diabetes’ to imply a single condition or pathology is a 

misnomer. It is in fact a term used to describe a group of metabolic disorders that 

result in chronic hyperglycaemia and disordered glucose homeostasis (6). Three 

classic types of diabetes are commonly described, Type 1 diabetes, where 

autoimmune destruction of pancreatic beta cells results in absolute insulin 

deficiency, type 2 diabetes, characterised by insulin resistance (and relative insulin 

deficiency) and gestational diabetes, manifested during the second trimester of 

pregnancy. This classification does not include other, less common ‘types’ or 

‘subtypes’ and may persist because of historical familiarity.   Distinct diabetes 

subtypes such as mature onset diabetes of the young (MODY), latent autoimmune 

diabetes of adults (LADA), steroid induced diabetes, diabetes secondary to pancreatic 

disorders (pancreatitis, pancreatectomy, haemochromatosis) and monogenic 

diabetes (including MODY, cystic fibrosis, mitochondrial disorders) are now widely 

recognised.  

Using the conventional taxonomy, type 1 and type 2 diabetes are by far the most 

common, with type 2 comprising approximately 90% of cases (7). The aetiology of 
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type 2 diabetes is largely unknown. There is a strong genetic preponderance with a 

polygenic influence, but an individual’s risk of developing type 2 diabetes is still 

closely associated with obesity, lifestyle and dietary factors. Insulin resistance 

remains poorly understood however. In type 2 diabetes, pancreatic paracrine 

secretion of insulin is initially maintained, the loss of sensitivity to insulin by certain 

peripheral tissues such as muscle results in a compensatory increase in insulin 

production until the beta cells capacity is overwhelmed (8). In contrast, Type 1 

diabetes is caused by autoimmune or idiopathic destruction of beta cells in the 

pancreatic islets of Langerhans and results in hyperglycaemia and loss of glucose 

regulation through the absence of insulin (9).  

A recent study has further demonstrated the heterogeneity of the classically labelled 

‘type 2’ diabetic population. This group measured blood parameters such as c-

peptide, glutamic acid decarboxylase antibodies (GADA), HBA1C and creatinine, 

coupled with clinical data such as age of onset, body mass index (BMI) and performed 

genotyping on diabetics within 2 years of diagnosis. Ongoing measurement of 

microalbuminuria, estimated glomerular filtration rate (eGFR) and the presence of 

retinopathy was undertaken. They concluded that 5 distinct and replicable ‘clusters’ 

or subtypes of type 2 diabetes exist, each with subtly different characteristics and 

risk of developing diabetic complications. For instance, they identified an older sub 

group with severe insulin resistance that is at significantly higher risk of developing 

diabetic nephropathy, likewise a young relatively insulin deficient population with 

very poor metabolic control (10). Currently these patients are treated under the 

same diagnosis.  

The implications of this more refined classification are a better appreciation of the 

potential differences in aetiology, and thus targeting clinical therapies in a more 

focussed and tailored approach. Evidence from sub-group analysis of the older but 

still relevant UKPDS study showed tight glycaemic control reduced microvascular 

complications of diabetes, but had no effect on mortality, whereas aggressive 

management of hypertension had a significantly beneficial effect on both morbidity 

and mortality (11). What is clear is that our understanding, diagnoses and 

management of ‘diabetes’ is currently drastically oversimplified.  
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1.2.1 Complications of diabetes  

It is estimated an adult patient diagnosed with type 2 diabetes has reduction in life 

expectancy of between 5-10 years (12). This is increased to 12 years in type 1 

diabetes (13). The principle cause of death in both type 1 and type 2 diabetics 

remains cardio-vascular disease (14, 15). In addition to excess early mortality, 

diabetes is associated with several complications that result in significant morbidity 

and disability. These are broadly categorised into microvascular and macrovascular, 

and often develop and present simultaneously (16). Management of the 

complications of diabetes presents a considerable economic burden to healthcare 

systems, with an estimated $237 billion directly spent on diabetes care in the US in 

2017 (17). At a cost of £14 billion in the UK, diabetes care represents approximately 

10% of the entire NHS budget.  

 

1.2.1.1 Microvascular complications of diabetes 

As mentioned in 1.2.1, the complications associated with diabetes are categorised 

into microvascular which include retinopathy, nephropathy and neuropathy and 

macrovascular including coronary artery disease, peripheral arterial disease and 

stroke (18). These do not develop in isolation and micro and macrovascular 

complications are recognised to co-exist. Reports in the literature vary, but 

estimations of type 2 diabetic complications already present at diagnosis such as 

neuropathy range from 3%, 10-15% up to 52% in certain populations (19-21). The 

presence of other microvascular complications at diagnosis are more consistent, with 

nephropathy and retinopathy rates reported at 10% (19, 20). Using data extrapolated 

from studies of retinopathy, it is estimated the delay from onset of type 2 diabetes 

to diagnosis is 4 to 6 years, even in advanced healthcare systems (22).  

Diabetic retinopathy is the most common diabetic microvascular complication, and 

manifests as non-proliferative diabetic (NPDR) or proliferative diabetic retinopathy 

(PDR) and represents a leading cause of blindness worldwide (23). NPDR is 

characterised by formation of microaneurysms, haemorrhages and hard exudates, 

all of which may still be asymptomatic. NPDR will progress into PDR and is defined by 
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the presence of neovascularisation (23). The fragile abnormal vessels are prone to 

bleeding and may lead to vision loss through vitreous haemorrhage or retinal 

detachment (23). Neovascularisation also results in a breakdown of the blood-retinal 

barrier and the formation of diabetic macular oedema, leading to loss of visual acuity 

(23). 

Diabetic nephropathy is the leading cause of end-stage kidney disease (ESKD) in many 

parts of the world including the US, having overtaken hypertension (24). Diabetic 

nephropathy typically begins with microalbuminuria and progresses to proteinuria 

and then the overt nephropathy found in ESKD (21). In the process of developing 

nephropathy, structural and functional changes occur to the nephron. These include 

glomerular basement membrane thickening, interstitial fibrosis, mesangial 

expansion, and in advanced cases macrophage and T-lymphocyte infiltration. 

Podocyte loss and decreased endothelial fenestration also occur. These glomerular 

structural changes lead to increasing protein loss and decreasing glomerular filtration 

rate (24). The development of ESKD also known as chronic kidney disease stage 5 

(CKD 5), defined as an eGFR <15ml/min/1.73m2 requires renal replacement therapy. 

This is administered in the form of dialysis (haemodialysis or peritoneal dialysis) or 

renal transplantation.  

Diabetic neuropathy is an encompassing term that describes motor, sensory and 

autonomic nerve dysfunction that develops related to chronic hyperglycaemia, in the 

absence of other causes (25). Autonomic nerve dysfunction clinically manifest in 

conditions such as gastroparesis, chronic constipation and other bowel disorders, 

erectile dysfunction and bladder dysfunction represents a considerable morbidity. 

Cardiac autonomic dysfunction can result in exercise intolerance, resting tachycardia 

and sudden death from arrhythmia (26). Pure sensory or motor neuropathies are 

uncommon, as are mononeuropathies, which are often sudden onset and typically 

affect nerves of the upper limb (21). More commonly diabetic neuropathy manifests 

as sensorimotor symmetrical polyneuropathies, frequently affecting the lower limbs 

(27). Diabetic polyneuropathies can present as ‘painful’, with symptoms of pain and 

burning, often worse at night, or ‘painless’ with paraesthesia and numbness, the 

latter of which may be asymptomatic (28). Neuropathy is strongly associated with 
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diabetic foot ulceration and increased risk of major amputation. This will be covered 

in more detail in section 1.4. 

The development of all diabetic microvascular complications is proportional to the 

degree of abnormal glycaemic control and the length of exposure (duration of 

diabetes) (29). The diabetes control and complications trial (DCCT) demonstrated 

that in type 1 diabetics, a treatment regime of intensive tight glycaemic control 

aiming for normoglycaemia achieved a 35-75% reduction in the development of 

microvascular complications compared to a regime with less rigorous glucose and 

HbA1C targets (30). Similar results demonstrating the benefit of tight glycaemic 

control in reducing microvascular complications in type 2 diabetics were 

demonstrated in the UKPDS trial (11) and Veterens Affairs Diabetes Trial (VADT) (31). 

The results of tight glycaemic control on the development of macrovascular disease 

are less clear however and will be covered in section 1.2.1.2.  

An interesting outcome from extended follow up in these trials comparing intensive 

tight glycaemic control and ‘standard’ treatment is the observation that patients with 

initial poor glycaemic control, despite later switching to tight control were still 

associated with an increase in the development of diabetic micro and macrovascular 

complications (32). This phenomenon was termed glycaemic or metabolic memory 

(33).   

Several epigenetic mechanisms have been identified to explain glycaemic memory. 

These include altered methylation of DNA by DNA methyltransferases and post 

translational histone modifications, both of which are irreversibly influenced by high 

glucose (32). Other potential mechanisms include the altered regulation of gene 

expression by micro-RNAs, which have been shown to contribute to chronic 

inflammation and are directly affected by hyperglycaemic states in human 

observational studies (34).  Compelling evidence is emerging regarding the use of 

microRNAs as biomarkers or potential therapeutic targets in diabetes (35).  

Other theories proposed to explain glycaemic memory include the glycation of 

mitochondrial proteins, oxidative stress and formation of advanced glycation end-

products (AGE) (35). Another proposed mechanism relates to activation of NFkB 
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mediated inflammatory gene expression by hyperglycaemic conditions, with toll-like 

receptors particularly implicated (35). The concept of hyperglycaemia provoked TLR 

mediated inflammation forms the basis of this thesis and will be explored in detail in 

subsequent chapters.  

 

1.2.1.2 Macrovascular complications of diabetes 

The macrovascular complications of diabetes are coronary artery disease, 

cerebrovascular disease and peripheral arterial disease (PAD). We will consider 

peripheral arterial disease separately in section 1.3, however these complications 

arise through the similar mechanism of arterial atherosclerosis resulting in plaque 

formation, stenosis or occlusion. 

As mentioned previously, cardio-vascular disease is the primary cause of death in 

type 1 and type 2 diabetics (14, 15). Coronary artery disease (CAD) can lead to angina 

and myocardial infarction (MI), cerebrovascular disease in diabetes manifests as 

ischaemic stroke secondary to cerebral large and small vessel atherosclerotic disease 

(36). Diabetes represents a significant risk factor for the accelerated development of 

atheroma. The observed 7-year MI risk for a diabetic is 22% compared to 3.5% for 

non-diabetics (37). Once established, CAD intervention is also less successful. 

Outcomes after percutaneous coronary intervention are significantly worse than for 

non-diabetics with an observed increase in subsequent MI and all cause mortality 

(38). Type 2 diabetes increases the risk of stroke by 1.5 to 4 times compared to non-

diabetics (36) and is associated with significantly increased risk of vascular dementia, 

recurrent stroke and stroke related mortality (39). 

Large clinical trials such as the diabetes control and complications trial (DCCT) (type 

1) and the UKPDS study (type 2) showed a clear benefit for tight glycaemic control in 

reducing microvascular complications. Such a benefit however was not 

demonstrated for macrovascular outcomes. There was however a non-significant 

trend towards a reduction in MI observed in the UKPDS study. The ADVANCE trial 

was designed to test this further by applying even stricter glycaemic control targets 

in type 2 diabetics. Again, no statistical benefit to strict glycaemic control on 
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macrovascular outcomes was found (40). The same conclusion was reached from the 

veteran’s affairs diabetes trial (VADT) (41). The ACCORD study in type 2 diabetics 

reported an excess mortality in the intensive glycaemic control group with no 

reduction in cardiovascular events (42). Metanalysis confirmed that intense 

glycaemic control in type 2 diabetics does not reduce all-cause mortality or 

cardiovascular death and is associated with significant risks of hypoglycaemia (43). 

 

1.2.1.3 Potential mechanisms for the development of diabetic complications 

Clinical studies have conclusively shown the microvascular complications of diabetes 

are primarily caused by prolonged exposure to high glucose. The endothelium of 

retinal, renal and nerve vascular beds appear to be particularly susceptible, possibly 

through a reduced ability by these tissues to regulate the influx of glucose into cells 

in high glucose conditions (44). Oxidative stress through mitochondrial superoxide 

overproduction has been proposed as a unifying mechanism to explain the 

development of both micro and macrovascular diabetic complications. Several 

hyperglycaemia induced pathological pathways have been described that stem from 

inhibition of GADPH through the overproduction of the superoxide free radical by the 

mitochondrial electron transport chain (45).  Briefly described these are: 

The ‘polyol pathway’, where hyperglycaemia results in a depletion of NADPH, 

resulting in inhibited production of reduced glutathione, an important antioxidant 

and scavenger of reactive oxygen species (ROS) (44).  

The production of AGE through non-enzymic binding of glucose directly inhibits both 

intra and extra cellular protein function, through alteration of protein structure. In 

addition, AGE binding with RAGE receptors and TLR4 cross-talk results in activation 

of NFkB mediated inflammatory pathways (44, 45). 

The increased activity of protein kinase C (PKC) isoforms through the accumulation 

of the PKC potentiating factor diacylglycerol (DAG), which occurs following the 

inhibition of the glycolytic enzyme GADPH.  PKC leads to increased expression of 

VEGF and TGF-β in target tissues (44, 45). 
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An increase in hexosamine pathway flux, where the physiological glycolysis pathway 

produces fructose-6-phosphate, in high glucose conditions excess is converted to 

uridine diphosphate N-acetyl glucosamine, which results in alterations to gene 

transcription factors such as Sp1, resulting in increased expression of TGF-β1 and 

plasminogen-activating factor1 (44).  

The evidence for early aggressive tight glycaemic control to reduce the development 

of diabetic microvascular complications and their consequences such as blindness, 

renal dialysis and limb loss is clear. Macrovascular complications however have a 

more complex influence of contributing risk factors, and all need to be aggressively 

individually addressed.  

 

1.3 Peripheral artery disease  

Peripheral artery disease (PAD) refers to a collection of conditions of varying severity 

caused by atherosclerotic stenosis or occlusion of a peripheral limb (46). 13% of 

people over 50 years are affected with PAD (46, 47). 

The majority of patients remain asymptomatic however and symptoms range from 

intermittent claudication, defined as exercise induced ischaemic pain relieved by rest 

to critical limb ischaemia (CLI) is defined as ischaemic pain at rest or arterial 

ulceration or gangrene (tissue loss) (48). CLI is associated with a significant increased 

risk of limb loss.  

Diabetes is a significant risk factor for the development of PAD (46), comparable to 

the relative risk of smoking (49). Diabetic patients are often asymptomatic due to the 

co-existing presence of peripheral neuropathy (49). There is a significant tendency in 

diabetics towards the disproportionate development of crural vessel disease, often 

with significant calcium burden. This is irrespective of gender, although older age is 

associated with greater progression to pedal arch involvement (50). The 

pathophysiology of this tendency is unclear. 
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1.4 Diabetic foot ulceration 

Foot ulceration (DFU) and a wide spectrum of associated diabetic foot diseases result 

in an enormous morbidity and excess mortality for diabetic patients. DFU is a 

common presentation, with a 12-25% lifetime risk of developing an ulcer in diabetes 

(51, 52). It remains the most common cause of hospitalisation in diabetics (51) and 

confers 15-20-fold risk of major amputation over non diabetics, responsible for 85% 

of all non-traumatic amputations (53). Annually an estimated 6000 diabetic patients 

undergo amputation in England, with a 50% mortality in this population within 2 

years of amputation (54). There is a significantly reduced life expectancy associated 

with DFU without amputation, with only 56% alive at 5 years following development 

of ulceration (54).  

The aetiology of DFU is multifactorial. DFU is classically and broadly described as 

either neuropathic or ischaemic with neuropathy or purely ischaemic, the reality 

however is significantly more complicated (55). As described in section 1.2.1.1, 

neuropathy is a common microvascular complication of diabetes, describing a 

combination of sensory, motor and autonomic neuropathy. Sensory neuropathy 

results in numbness and paraesthesia leaving the foot vulnerable to trauma and skin 

breakdown through reduced or absent sensation (56). Loss of joint proprioception 

compounds the ability to compensate for abnormal joint loads and pressure. 

Simultaneous motor neuropathy results in denervation and wasting of the intrinsic 

muscles of the foot, causing muscle imbalance and structural changes in foot 

architecture (57). Common structural abnormalities are claw and hammer toes, 

subluxed and prominent metatarsal heads, pes cavus and equinus and hallux valgus 

(58). These anatomical deformities result in abnormal pressure loads distributed 

through previously non-load bearing tissues, which react through 

hyperkeratinisation, forming callus and predisposing to ulceration (59). Autonomic 

neuropathy reduces local vasodilatation and sweating, resulting in dry and fissured 

skin and increases local temperature, leaving the foot more prone to ulceration and 

infection (56).  
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The presence of macrovascular disease in the form of PAD is an independent risk 

factor for the development of DFU (60). PAD is present in 50% of patients with DFU 

and recent evidence from the EURODIALE group suggests this is increasing (61). 

Unsurprisingly, diabetic ulcer healing rates are significantly impaired with co-existing 

PAD, with a greater incidence of major amputation and higher mortality (61). This 

effect is significantly worse in the presence of infection (61).  

Given the impact on outcome, it is important to identify PAD in patients presenting 

with DFU. A clinical history of pre-existing symptomatic PAD will include intermittent 

claudication, previous ulceration and ischaemic rest pain. Simple tests such as hand-

held doppler, ABPI and or toe/brachial (TBI) measurement are recommended to all 

patients with DFU. Absence of palpable pulses, monophasic doppler signals or an 

ABPI <0.9 should prompt further investigation, ABPI measurement may not be 

accurate in diabetic patients however. Arterial duplex scanning is recommended as 

the first line investigation by the national institute for health and clinical excellence 

(NICE) (62). Subsequent investigation may include gandolinium contrasted magnetic 

resonance angiography (MRA), computed tomography angiography (CTA) or digital 

subtraction angiography (DSA) (60).  

Despite optimum medical therapy and revascularisation approximately one third of 

diabetic ulcers will never heal (63). Other important aetiological factors in addition 

to neuropathy, abnormal pressure loads, and micro and macrovascular dysfunction 

include the presence of infection, including chronic osteomyelitis (60). The role of 

immunological dysfunction and innate immune mediated hyperinflammation in 

these chronic wounds will be explored in section 1.6.1.  

In certain studies, the location of ulcers on the foot has impacted on median healing 

times. Toe ulceration was associated with faster healing times than midfoot ulcers, 

which healed more quickly than heel ulceration (64). 
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1.4.1 Classification of DFU 

Many classification systems for DFU have been described for the purposes of clinical 

description or comparison, research or audit (65). Two classifications recommended 

for clinical use by NICE are the SINBAD and University of Texas classifications (62).  

 

SINBAD Score: 

 

Table 1.4.1 Reproduced from: Diabetes Care. 2008 May;31(5):964-7 (66). 
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University of Texas classification: 

 

Table 1.4.2 Reproduced from: J Foot Ankle Surg. 1996 Nov-Dec;35(6):528-31 (67)  

 

The SINBAD score compares multiple wound factors such as ischaemia, neuropathy, 

infection as well as ulcer size, site and depth. It is simple and has a binary scoring 

method which allows the classification to be used for outcome prediction and 

comparisons and research/audit purposes. The Texas classification is well established 

and simplifies the clinical assessment of individual wounds, while recognising the 

influence of infection and ischaemia as well as wound depth.  

 

1.5 Management of diabetic foot ulceration 

The development of DFU is multifactorial, and best management must strive to 

address each of the contributing factors. Broad principles for the treatment 

strategies that form current best therapy include tight glycaemic control, wound 

offloading, debridement, infection control and revascularisation where required.  
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There are also a variety of adjunctive therapies such as negative pressure dressings 

(VAC pumps) and skin substitutes currently approved by the national institute for 

health and clinical excellence (NICE), other novel therapies such as hyperbaric 

oxygen, growth factors and electrical stimulation therapies are not currently 

recommended unless part of a clinical trial (62).  

There is a dearth of quality evidence in wound care interventions as randomised 

controlled trials in wound healing are notoriously difficult to design and perform. 

Clinical trials are often subject to considerable bias, in outcome measure and patient 

selection, and often the results of promising pre-RCT studies cannot be replicated 

(68). 

Foot wounds are highly heterogenous. There is little conclusive evidence favouring 

one broad treatment strategy over another. For instance, wound characteristics such 

as size, location, or exudate will inform off-loading method. Bedside wound 

debridement is comparable to operative surgery if tolerated and depending on 

extent. Antibiotic regimes are tailored to the individual bacterial species following 

microbiological sampling.  

Re-vascularisation interventions are broadly classified as surgical or endovascular. 

Surgical options are endarterectomy or bypass. Endovascular approaches involve 

angioplasty or stenting. Comparison of these approaches or detailed discussion 

regarding the techniques used (vein vs prosthetic bypass, drug eluting vs plain 

balloon angioplasty) are beyond the scope of this brief overview.  

Comprehensive management of this complex and challenging multifactorial 

condition must involve multidisciplinary input from vascular surgeons, 

diabetologists, podiatrists, specialist nurses, orthopaedic surgeons, microbiologists, 

radiologists, vascular scientists, physiotherapists and plaster technicians.    
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1.6 Wound healing 

Wound healing is a complex physiological process comprised of discreet but inter-

related and overlapping stages, requiring exact timing and regulation to successfully 

progress, yet occurs spontaneously in response to injury. It is characterised by four 

phases, coagulation, inflammation, proliferation and remodelling. Each phase is 

predominated by particular cell types, cytokines and chemokines. 

Immediately following trauma to the skin, platelets aggregate at the site of injury 

with haemostasis achieved following local vasoconstriction and activation of the 

clotting cascade, resulting in fibrin clot formation (69). The inflammatory phase of 

wound healing begins with release of proinflammatory cytokines such as Platelet 

derived growth factor (PDGF), transforming growth factor (TGF-β), fibroblast growth 

factor (FGF), epidermal growth factor (EGF) and Interleukin 8 (IL-8/CXCL-8) from the 

newly formed clot and directly from the damaged tissues (70). These act as potent 

chemotactic signals to immediately recruit neutrophils to the wound (71). Circulating 

polymorphonuclear neutrophils (PMN) begin migration within minutes from the 

blood into the immature wound bed formed by the clot, peaking within the first 24 

hours (72). The neutrophils now present in the wound provide a crucial defence 

against microbial invasion following disruption to the skin’s natural barrier function, 

clearing both pathogen and tissue debris by phagocytosis (70, 73).  

The process of platelet de-granulation, activation of the complement cascade, and 

the migration and signalling of PMNs results in the further production of chemotactic 

factors such as complement component 5 (C5), fibrin by products and TGF-β (53). 

These chemokines along with chemokine (C-C motif) ligand 5 (CCL5) produced by 

keratinocytes, recruit monocytes to the wound, which under the influence of local 

cytokines undergo differentiation to become mature wound macrophages (53, 74). 

By days three to five following injury, tissue macrophages become the dominant cell 

type (75). Wound macrophages continue the process of wound bed clearance 

through phagocytosis of apoptotic cells including the early phase PMNs, tissue debris 

and microbial organisms (75). In addition, macrophages also directly aide the 

debridement of injured and devitalised tissue through release of protease and 
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metalloprotease enzymes (75, 76). Over and above their phagocytic role, an 

important initial function of wound macrophages is the release of cytokines which 

further aid the recruitment and activation of inflammatory cells (70, 75). As the 

inflammatory phase progresses, macrophages produce important growth factors 

such as KGF, TGF-β, VEGF and PDGF which stimulate fibroblast and keratinocyte 

growth and migration and the process of angiogenesis (69). It is therefore considered 

that macrophages are responsible for the transition to the proliferative phase of 

wound healing (70, 75). 

The late inflammatory phase becomes characterised by infiltration of T-lymphocytes 

under the influence of IL-1, which peak at day 7 after injury. At this stage there is 

considerable temporal overlap between the late inflammatory, proliferative and 

early remodelling phases of normal wound healing (77). As described, the 

inflammatory phase involves a well characterised sequence of immune cell 

infiltration, neutrophils followed by macrophages then finally T-lymphocytes (70). 

Like macrophages, T-lymphocytes appear to have a complex yet significant role in the 

normal process of wound healing, however these processes, functions and pathways 

remain poorly understood. Studies utilising in vivo murine knock-out models have 

suggested that absent or delayed T-lymphocyte wound infiltration results in an 

impairment of the healing process (68). However there appears to be differential 

roles of CD4+ T helper and CD8+ cytotoxic T cells, with CD4+ cells found to have a 

positive promoting effect on healing, and CD8+ cells an inhibitory effect (78). In 

addition, T-lymphocytes have a regulatory effect on inflammation and fibrosis and a 

dermal subgroup of gamma delta T cells produce keratinocyte growth factor (KGF) 

and insulin-like growth factor 1 which stimulate keratinocyte proliferation, 

promoting healing (79).  

Central to the proliferative phase of wound healing is the formation of granulation 

tissue. Dermal fibroblast proliferation, migration and differentiation (into contractile 

myofibroblasts) occurs under the influence of growth factors such as fibronectin, 

PDGF, FGF, TGF-β and C5a, as inflammatory cytokine release diminishes (80). 

Fibroblasts are crucial for the production of extracellular matrix comprised of 



39 
 

collagen, glycosaminoglycans, proteoglycans, fibronectin and elastin (81). 

Angiogenesis occurs as dermal endothelial cells migrate into the newly forming 

extracellular matrix under the influence of macrophage derived angiogenic factor, 

forming new capillaries (75).  

During the proliferative phase, wound contraction is an important process that 

occurs through the action of myofibroblasts, differentiated from mesenchymal 

fibroblast cell lines (82). Myofibroblasts, unlike fibroblasts express the contractile 

protein α smooth muscle actin (αSMA) and as the wound matures are gradually lost 

from the granulation tissue (82).   

Restoration of the skins crucial barrier function requires successful epidermal 

keratinocyte migration, proliferation and differentiation to cover the newly formed 

granulation tissue and extracellular matrix in a process termed re-epithelialisation 

(83). In intact skin, keratinocytes are closely attached to adjacent epithelial cells 

through desmosomes, and to the extra cellular matrix of the underlying basement 

membrane by hemidesmosomes (84). Following injury, keratinocytes become 

mobilized by undergoing phenotypic changes favouring detachment in a process that 

remains incompletely understood. However cytokines such as IL-1, IL-6 and TNF-α 

produced in inflammatory phase seem to help modulate the migratory phenotype of 

keratinocytes (84). Migration and proliferation are influenced by growth factors such 

as IGF1 and epidermal growth factors (EGF) (85). In addition, EGF, KGF and TGF-β 

have important pro-migratory or pro-proliferative effects on keratinocytes (84). 

Essential to the process of keratinocyte migration is production of proteases such as 

collagenases and matrix metaloproteases (86). These degrade adjacent adherent 

sections of the newly formed extracellular matrix to permit cell movement (83). 

Disruption of the basement membrane after injury requires migrating keratinocytes 

to utilize fibronectin, vitreonectin and fibrin components of the provisional 

extracellular matrix for attachment through focal integrin receptors (83). Closely 

following migration is rapid proliferation and basement membrane repair through 

laminin production (87). Keratinocyte differentiation and keratin production occurs 

as the epidermal barrier and normal stratified architecture is restored (88). 



40 
 

The remodelling phase is the longest phase of the wound healing process, continuing 

for weeks to months (75). This phase is characterised by reduced proliferation and 

inflammation, active re-organisation of the extra cellular matrix and regression of the 

newly formed capillaries as the nutrient requirements of the wound site reduce (75).  

Type III collagen produced by fibroblasts during the proliferative phase is gradually 

replaced by structural type I collagen, through the action of collagenases and matrix-

metalloproteases (83). During remodelling, collagen becomes more organised and 

increasingly cross-linked strengthening the scar; fibronectin disappears, and 

hyaluronic acid and glycosaminoglycans are replaced by proteoglycans. The result is 

the re-organisation of the extracelluar matrix to an architecture more closely 

resembling normal tissue (70, 75).  

 

1.6.1 Wound Healing in diabetes 

The diabetic wound environment differs from the normal acute wound process 

through a prolonged and persistent inflammatory phase, represented in figure 1.6.1.  

There is an exaggerated and sustained neutrophil and macrophage infiltration, which 

in a db/db mouse model was demonstrated to be associated with deregulated and 

prolonged chemokine expression, such as macrophage inflammatory protein 2 and 

macrophage chemoattractant protein 1 (89). 

Although the initial infiltration of immune cells is impaired, once activated the result 

is a hyperinflammatory response with elevated inflammatory cytokine production of 

TNF-α, IL-1β and IL-6, and increased NFkB regulated matrix metalloprotease (MMP) 

production leading to excessive extracellular matrix destruction and grossly impaired 

granulation tissue formation (53). Neutrophils in particular appear to contribute to 

these destructive wound conditions through upregulated release of MMP-8 and 

downregulated release of the MMP inhibitor TIMP1 in chronic wounds (90). The 

resulting hostile environment of excess inflammatory cytokine production (TNF-α, IL-

6) also impairs other events and processes crucial to healing such as fibroblast 

migration and proliferation, collagen synthesis and promotes apoptosis in fibroblasts 
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and vascular precurser cells (53). Diabetic ulceration is an example of chronic 

inflammation directly leading to a significant impairment in the healing process and 

the creation of a chronic non-healing wound. There is compelling evidence this 

pathological inflammation is mediated via excessive activation of pattern recognition 

receptors of the innate immune system such as toll-like receptors. 

 

Figure 1.6.1 Wound healing in diabetes (Reproduced from Portou et al, 2014) (91) 

 

1.7 The innate immune system and pattern-recognition 

receptors 

Mammals and other higher vertebrate organisms have evolved complex immune 

defences against invading pathogenic microorganisms, comprised of the innate and 

adaptive immune systems (92). The innate immune system is in evolutionary terms 

primitive and unlike the clonal selection antibody-based response of the adaptive 
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immune system, is entirely encoded within the genome (93). Innate immunity 

comprises the entire immune response of invertebrate organisms, however in higher 

species it provides the first line of defence against infectious pathogens and aides 

adaptive responses through antigen presentation, with the adaptive response 

concerned with later stages of infection, providing a targeted and specific response 

and immunological memory (92).  

The innate immune system is comprised of numerous different cellular components 

such as neutrophils, eosinophils, basophils, mast cells, monocytes, macrophages, 

dendritic cells, NK cells, gamma delta T cells, B-1 cells (94).  Rather than co-ordinating 

a non-specific pro-inflammatory or phagocyte response, cell activation, pathogen 

recognition and a specificity of the innate immunity is conferred by the presence of 

specific receptors expressed by these immune cells termed pattern recognition 

receptors (PRRs) (95, 96). 

 

1.7.1 Toll-like receptors 

Toll-like receptors (TLRs) are key pattern recognition receptors of the innate immune 

system (97). Other examples of PRRs include scavenger receptors (SRs), C-type lectin 

receptors (CLRs), NOD-like receptors (NLRs) and B2 integrins (96). These receptors 

are highly conserved in evolution and recognise discreet molecular components of 

invading pathogens termed pathogen associated molecular patterns (PAMPs), such 

as lipids, lipopeptides, proteins and nucleic acids (92, 97). The recognition of 

microbial PAMPs by PRRs leads to activation of specific signalling pathways and a 

variety of cell dependant responses, including pro-inflammatory cytokine release, 

phagocytosis and antigen presentation (96). 

The Toll-like receptor family consists of thirteen identified members of which ten are 

expressed in humans (94). TLRs are located either at the cell surface (TLRs 1,2, 4, 5, 

6) or in the intracellular compartment (TLRs 3, 7, 8, 9) primarily on exosomes and 

endoplasmic reticulum (98, 99). TLRs are transmembrane proteins comprised of an 

ectodomain comprising leucine-rich repeats, a transmembrane domain and an 

intracellular (TIR) domain (98). The binding of TLR ligands results in activation 
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through the recruitment of specific adaptor molecules such as myeloid 

differentiation factor 88 (MyD88), MyD88 adaptor like (MAL), TIR domain-containing 

adapter-inducing interferon-β (TRIF) and TRIF adaptor molecule (TRAM) to the 

intracellular domain (98, 100). All TLRs except TLR3 utilise one of two signalling 

pathways, the MyD88 dependent and MyD88 independent (TRIF) pathways, resulting 

in the activation of nuclear transcription factors such as NFkB, JNK and MAPK (98). 

TLR3 signals solely through the TRIF pathway (97). TLR4 signals through both MyD88 

and TRIF pathways, as represented in figure 1.7.1. The result is proinflammatory 

cytokine and type 1 interferon gene induction (92). 

 

Figure 1.7.1 Schematic representation of TLR4 signalling pathway 

 

TLRs efficiently recognise distinct components of pathogens that are essential to 

their metabolism, preventing mutations rendering them undetectable (101). TLRs 1, 

2 and 6 recognise gram positive bacteria cell wall constituents such as lipoproteins, 

peptidoglycans and lipoteichoic acid (101). TLR4 is activated by the gram negative 
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bacteria cell wall component lipopolysaccharide (LPS) (102) and TLR5 bacterial 

flagellin (101). The intracellular TLRs 3, 7 and 8 recognise double and single stranded 

viral RNA, and TLR9 non-methylated CpG dinucleotides present in bacterial DNA (101, 

103). 

In addition to exogenous microbial PAMP ligands, TLRs are also activated by a range 

of endogenous ligands released as a result of tissue and cellular injury termed 

damage associated molecular patterns (DAMPs). These are usually hidden from 

recognition, however following injury they are released or revealed, triggering a TLR 

mediated inflammatory response (101). It has been suggested DAMPs act as danger 

signals, released by injured tissues, alerting the immune system of damage (104). The 

resulting sterile inflammation is a key stimulator for the recruitment of innate 

immune inflammatory cells and initiation of the wound healing process (101). DAMPs 

identified as TLR ligands include the extracellular matrix constituent hyaluronic acid, 

HMGB1 (a nuclear protein), Heat shock proteins (HSPs) 60 and 70, oxidised LDL, 

fibrinogen and fibronectin (105). 

 

1.7.1.1 Toll-Like receptors and apoptosis 

As described in section 1.7.1, Toll-like receptors trigger crucial pro-inflammatory 

immune responses in response to stimulation by pathogen and damage-associated 

ligands. In addition, TLR activation directly induces cellular apoptosis (106). Apoptosis 

is the process of ‘programmed cell death’ and occurs through a sequential proteolytic 

cleavage of caspases, a family of cysteine proteases (106, 107). Immune-initiated 

apoptosis is thought to reduce microbial spread throughout the organism and 

prevent overwhelming autoimmune reactions (106). 

TLR4 has been identified as the dominant pro-apoptotic signal transducer of immune 

mediated cell death (108). Additionally, TLR4 activation has been directly linked to 

cleaved caspase 3 associated apoptosis, in macrophages (108), cardiac myocytes 

(109), microglia (110) and ischaemic neurones in a cerebral infarction model (111).   
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1.7.2 Toll-like receptors and the skin 

Intact skin provides an external barrier to the environment, preventing infection by 

the majority of pathogenic bacteria, viruses and fungi (112). In addition to this 

physical defence, cells of the innate immune system present in skin such as dermal 

mast cells, phagocytes and dendritic cells such as Langerhans cells of the epidermis, 

and those readily recruited from blood such as neutrophils, macrophages, basophils, 

eosinophils, NK cells and gamma-delta T cells all express TLRs for pattern recognition 

(101). On detection of invading microbial pathogens through recognition of PAMPs, 

TLR activation results in the initiation of a pro-inflammatory defence response, 

promoting phagocytosis, immune cell recruitment and antigen presentation (112). In 

addition to immune cells, TLRs are also widely expressed by a variety of non-immune 

cells contained within both the epidermis and dermis and vital to wound healing 

(113).  

The epidermis is primarily comprised of keratinocytes, which have been 

demonstrated to express TLRs 1-6 and TLR9 and 10 (114). Unlike specialist immune 

cells, keratinocytes and other epithelial cells comprise the boundary and interface 

with the external environment and are under constant exposure to microbes and 

PAMPS (101). They are able to maintain a delicate balance between tolerance of 

commensal organisms and the detection of infection and injury and subsequent 

inflammatory response (101). The relative expression of TLRs by keratinocytes also 

seems to vary depending on position of the cell, for instance TLR5 is predominantly 

expressed in the basal layers, whereas TLR9 is expressed to a greater degree by more 

differentiated cells of the upper epidermal layers (115). It does appear however all 

TLRs are functional, and produce distinct immune responses (116). For instance, 

activation of keratinocyte TLRs 3, 4, 5 and 9 resulted in TNF-α, IL-8, CCL2 (basophil 

chemokine) and CCL20 (macrophage inflammatory protein-3) release (116). TLR3 and 

TLR9 activation produced CXCL9 and CXCL10, involved in T-memory cell activation 

and type 1 interferon production (116). 

Fibroblasts located in the dermis produce extra cellular matrix constituents, 

cytokines, growth factors and have a crucial role in the wound healing process as 

described above. They have been found to express the full range of human TLRs from 
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1 to 10 (117). Studies have demonstrated in vitro activation of TLRs 2, 3, 4, 5 and 9 

resulted in production of interferon-γ, CXCL9, CXCL10 and CXCL11, important in the 

recruitment of T-cells and NK cells (116). TLR4 activation in dermal fibroblasts has 

been demonstrated to result in IL-6, IL-8 and monocyte chemotactic protein (MCP) 

(118). Microvascular cells such as dermal endothelial cells have been shown to highly 

express TLR4 and to a lesser extent TLR2. In vitro treatment of the exogenous TLR4 

ligand LPS resulted in NFkB activation and exposure to the endogenous derived 

hyaluronan induced IL-8, a potent chemokine, stimulating the recognition of tissue 

injury and promoting initiation of the early stages of the wound healing process 

(119). 

 

1.7.3 Toll-like receptors and wound healing 

As described in 1.7.1, recognition of endogenous ligands by TLRs on both immune 

and non-immune cells of the skin provide alarm signals via TLR activation and 

resulting sterile inflammation alerting to tissue injury. However, the effect of TLR 

activation on the wound healing process extends beyond the initial recognition of 

cellular damage, and it appears depending on the location, timing and degree of 

activation may have a promoting or inhibiting effect on the process of wound healing 

and tissue regeneration (120).  

In vitro and in vivo data has suggested that TLR4 becomes upregulated within the 

first 12-24 hours following injury and slowly decreases to baseline at day 10, and is 

primarily concentrated in epidermal keratinocytes (121). The same study 

demonstrated significantly impaired wound healing in TLR4 deficient mice at days 1-

5, with no difference seen from wild type at 10 days (121). An altered pattern of 

cytokine release and inflammatory cell infiltration was observed with decreased IL-

1β and IL-6, and an increase in neutrophil, macrophage and T-cell infiltrates at 

discreet time points (121). Another study also observed impairment in wound healing 

in TLR2 and TLR4 deficient mice at days 3 and 7, but observed a decrease in 

neutrophil and macrophage infiltration, and reduced TGF-β and CCL5 expression 

(74). Activation of TLRs 4 and 2 appears therefore to have a beneficial effect on 
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wound healing in the early stages following acute injury, at least in absence of other 

influences on TLR expression, signalling and activation.  

Controversy exists however as to the exact effect of TLR4 and TLR2 in the wound 

healing process. Given the seemingly important regulatory role of TLR4 and TLR2 in 

initiating the early stages of wound healing, it perhaps seems counter-intuitive that 

wound healing was significantly improved in TLR2 deficient mice with induced 

diabetes compared to diabetic wild-type animals (122). The same effect was also 

observed in diabetic TLR4 deficient mice (123) in apparent contradiction of the 

studies described above. 

In addition to decreased healing time, the wounds from TLR2 deficient mice also 

demonstrated significantly reduced NFkB activation, IL-6 and TNF-α release (122). In 

the same study when comparing wild-type diabetic mice to non-diabetic controls, 

TLR2 mRNA and protein expression was significantly increased, along with markers 

of activation such as increased expression of MyD88, IRAK and NFkB (122). Likewise, 

TLR4 mRNA and protein expression, IL-6, TNF-α and NFkB activation was increased in 

wild-type diabetic compared to non-diabetic animals, with a corresponding 

reduction in IL-6, TNF-α and NFkB activity in the TLR4 deficient diabetic populations 

(123). 

These studies demonstrated significantly increased TLR (2 and 4) and MyD88 

expression in diabetic compared to non-diabetic wounds and suggests in diabetes, 

TLR2 and 4 mediated hyperinflammation results in an impairment of wound healing. 

Persistent activation of TLRs 2 and 4 is also associated with other chronic non-healing 

wounds such as chronic venous ulceration (124). 

Wound healing studies utilising TLR 3 deficient mice resulted in significantly delayed 

wound healing compared to wild-type controls, led to decreased neutrophil and 

macrophage recruitment, and reduced CXCL2, CCL2 and CCL3 chemokines (125). 

Further to this effect, the TLR3 agonist poly(I:C) significantly accelerated wound 

healing when applied topically to human and mouse wounds compared to control 

and resulted in greater neutrophil and macrophage recruitment and upregulated 

CXCL2 (126).  
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TLR9 deficient mice demonstrated delayed wound healing compared to wild-type 

(103). In addition, topical administration of the TLR9 agonist CpG ODN to wounds 

resulted in significantly improved healing times, increased macrophage infiltration 

and increased production of VEGF (103). 
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Chapter 2 

Materials and Methods 

 

2.1 Human Tissue 

With approval by the local ethics committee of the Royal Free Hospital and medical 

school (REC reference 29-2000), samples of human skin were collected from 

amputated lower limbs. 

Donor patients were categorised as diabetic or non-diabetic depending whether they 

had received a formal diagnosis documented in their medical notes.  Recruitment of 

donor patients occurred pre-operatively following identification of suitable 

individuals by senior members of the Royal Free hospital vascular surgery team and 

following informed, written consent. Information material was provided to every 

patient. 

All consenting patients were included irrespective of their drug therapies, duration 

of diabetes, HBA1C, the presence or absence of a co-existent diagnosis of PAD and 

infection status. Data on patient demographics, co-morbidity, medications, severity 

of ischaemia and smoking history was collected (see Appendix).  

 

2.1.1 Sample collection 

Human skin biopsies were taken following surgical removal of the limb using 

standardised aseptic technique. Full thickness skin samples incorporating the 

epidermis and dermis, down to and including subcutaneous fat were obtained by 

sharp dissection. Prior to processing, all fat was removed using sharp dissection with 

either surgical scissors or a scalpel blade. In diabetic patients undergoing amputation 

for skin ulceration wide local excision of the entire ulcer incorporating its base were 
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taken. These were subsequently divided into 1cm square samples through the ulcer 

including its edge and base. In non-diabetic patients, similar excision biopsies were 

taken through ischaemic ulcerated tissue if present, or intact distal ischaemic skin 

from the foot if no ulceration was found, 1cm2 samples were then prepared. In both 

diabetic and non-diabetic patients, a second intact sample was taken from the non-

ischaemic proximal skin edge, to provide a non-ischaemic control. Additional samples 

of non-diabetic non-ischaemic proximal skin were collected for subsequent primary 

cell culture. 

 

2.1.2 Tissue preparation 

Skin and ulcerated biopsy samples were divided into 1cm2 sections and fixed 

immediately in 10% formal saline (Cell Path, UK). Additional samples were placed in 

Eppendorf cryo tubes and snap frozen in liquid nitrogen, before transferring to a -

80°C freezer. Further samples were placed in RNALater® (Thermofisher, Ma, US) at 

4°C overnight and then transferred to -80°C freezers for possible future RNA analysis.  

The tissue samples from the non-diabetic non-ischaemic proximal skin described 

above in 2.1.1 were immediately placed in a culture medium of Dulbecco’s modified 

Eagle’s medium 4.5g/dL glucose (25mM), (DMEM), 10% fetal calf serum (FCS), 100 

U/ml penicillin (pen) and 100 g/ml streptomycin (strep). The dermis and epidermis 

were separated by scalpel dissection, and tissue from the dermal layer finely 

chopped. This tissue was then seeded in a T75 flask with 25ml of culture medium and 

incubated in a humidified atmosphere of 21% O2 and 5% CO2 at 37°C. A more 

detailed description of the primary culture process is provided in section 2.2.1.1. 

 

2.1.3 Tissue analysis 

2.1.3.1 Homogenisation of human skin samples 

Human skin samples were thawed on ice and weighed.  After removal of 

subcutaneous fat with sharp dissection, between 0.5 – 1g of skin tissue was placed 
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in a 2ml round bottom eppendorf, and 10-volumes of radio-immunoprecipitation 

assay (RIPA) buffer (150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 

0.1% SDS, and 50 mM Tris, pH 8.0; Sigma-Aldrich, UK) with 1x complete mini EDTA-

free protease inhibitor (Roche) and 10 μL/ml each of phosphatase inhibitor cocktail 

2 and 3 (Sigma-Aldrich) were added. 

 A stainless-steel metal ball was added, and the samples arranged in the TissueLyser 

(Qiagen, Nl).  Tissue was disrupted by mechanical homogenisation for a total of 6 

minutes (2 x 3 minutes) at 30 Hz.  To ensure even homogenisation, samples were 

rearranged throughout the TissueLyser reaction-tube holder after 3 minutes.  

Homogenised samples were subsequently centrifuged at 13,000 rpm for 15 minutes 

at 4°C. The supernatant was removed, and the pellet discarded. The concentration 

of liberated protein was then determined using a bicinchoninic acid assay (BCA, 

Thermo-scientific) performed according to manufacturer’s protocols.   

The Pierce BCA assay working reagent is created by a 50:1 mixing of reagent A and 

reagent B. Standardised protein standards are prepared by serial dilution of known 

concentrations of albumin (BCA). Protein standard or test samples are loaded in 

duplicate onto a 96 well plate to 200µl of working reagent and incubated at 37°C for 

30 minutes. The protein in the samples reduces Cu2+ to Cu+ in an alkaline medium. 

The BCA chelates the Cu+ ion forming a purple reaction product, the light absorbance 

of which has a linear relationship with protein concentration (127). The light 

absorbance of test samples at 460nm is determined using a microplate reader 

(Mithras LB940 microplate reader, Berthold Technologies, Switzerland).  Protein 

concentrations are calculated from the standard curve.  

Protein concentrations are then normalised to the sample with the lowest value by 

addition of further RIPA lysis buffer. NuPAGE LDS (x4) sample buffer (Invitrogen, UK) 

and Beta-mercaptoethanol (BME) were then added to each sample and heated to 

80°C for 5 minutes to denature the proteins. The samples were subsequently stored 

in -80°C.  
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2.1.3.2 Western blot  

The expression of specific individual cellular proteins with homogenised epidermal 

and dermal tissue was identified and quantified using western blot analysis from cell 

lysates (2.2.5). Protein concentrations were standardised following BCA assay as 

described above and added to NuPAGE LDS sample buffer (Invitrogen) before 

heating. A sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

method was used to separate denatured proteins based on their molecular weight 

(128). In the sample preparation stage, the addition of SDS detergent results in an 

unravelling of the three-dimensional structure of proteins to form a negatively 

charged linear structure. The addition of a reducing agent such as beta-

mercaptoethanol (BME) to the lysis homogenate-LDS sample buffer solution disrupts 

disulphide bonds between protein complex’s to further unravel and denature the 

protein structure after heating as described in 2.2.5 (129).  

The process of sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) was undertaken using a gel cartridge manufactured to comprise stacking and 

separating gel components, and (on removal of the packaging combs) 10, 12 or 15 

wells in which to load protein-sample buffer homogenates. The gels used were pre-

made 4-12% bis-tris gels (Invitrogen) or self-made tris-glycine gels (method used 

described below in 2.2.11.1). The application of an electric current across the gel 

causes the negatively charged proteins to move towards the anode to different 

degrees relative to their molecular weight (128). A reference ladder (SeeBlue®Plus2 

Pre-stained standard, Invitrogen) was added to the first well in each gel. Equal 

volumes of lysed protein-sample buffer homogenates were added to other wells as 

per the requirements of that individual experiment.  
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NuPage MES running buffer x20 (Invitrogen) was diluted 50ml up to 1L with distilled 

water. The tanks were assembled and filled with diluted running buffer, the combs 

removed, and wells loaded as explained above with 10µl SeeBlue® Plus2 ladder 

control. Protein samples were loaded at 20µl per well in 12 well gels, or 15µl per well 

in 15 well gels. Electrophoresis was initiated by the application of 180V over 1 hour 

for Bis-Tris gels or 120V over 1 hour 30 minutes for Tris-glycine gels.  

Once complete, transfer of proteins from gels to a nitro-cellulose membrane 

(Hybond-C Extra, GE Healthcare, Amersham, UK) occurred via electroblotting. Transfer 

buffer was prepared through the addition of 50ml NuPage transfer buffer 

(Invitrogen) to 100ml of methanol and diluted with distilled water to 1L total volume. 

Gels were carefully removed from cassettes and placed onto membranes, 

sandwiched between filter paper and transfer buffer-soaked sponges. Once loaded 

into transfer tanks, 35V was applied for 1 hour 30 minutes. Adequate transfer of 

proteins was assessed using Ponceau S solution (Sigma-Aldrich). Membranes were 

washed with a solution of phosphate-buffered saline (PBS) with 0.1% Tween (Sigma-

Aldrich) (PBS-T).  

Figure 2.1.3.2 SeeBlue® Plus2 

Pre-stained Standard 

Protein bands have different 

mobilities depending on the SDS-

PAGE buffer system used. 

(Invitrogen) 
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Non-specific antibody binding was reduced by blocking the membranes with 5% milk 

protein reconstituted with PBS-T for a period of 1 hour at room temperature with 

gentle agitation. After blocking, primary antibody diluted into reconstituted 5% milk 

was applied to the membrane, at the antibody dilutions recommended by 

manufacturers. Primary antibodies were applied overnight and stored at 4°C with 

constant gentle agitation.  

Multiple primary antibodies were on occasions applied simultaneously to each 

membrane. If the proteins in question were a sufficiently different molecular size, 

then the membrane was carefully cut to allow separation and application of different 

primaries as per the method described above. Beta-tubulin was used as a loading 

control for all membranes at a dilution of 1 in 50000.  

Following incubation, the membranes were removed from the primary antibody and 

thoroughly washed with submergence in 50ml PBS-T for at least ten minutes on a 

tube roller at room temperature. This process was repeated twice more. Following 

washing, the species-specific HRP linked secondary antibody was applied diluted in 

5% milk at a concentration of 1 in 1000 for 1 hour at room temperature. The washing 

process described above was then repeated three times.  

A luminescence based protein band detection method was used, by the application 

of ECL™ western blotting detection reagents (GE Amersham). This occurs through the 

oxidation of luminol via HRP/peroxidase catalysm in alkaline conditions. Chemical 

enhancers such as phenols increase light output and duration of luminescence (130). 

After addition of the combined detection reagent mixture, the membranes were 

placed in a detection cassette with photographic film (Hyperfilm ECL, GE Amersham) 

in dark-room conditions. Exposure duration was determined by the strength of the 

protein bands, with stronger signals requiring less exposure time. An automatic film 

developer was used to produce final western blot films. Protein band density was 

determined after digital scanning using densitometry software (VisionWorkLS) and 

expressed as a ratio of the corresponding beta-tubulin band density.  
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2.1.3.3 Histology 

Samples collected and prepared as described in section 2.1.2 were removed from 

10% formal saline containing 4% formaldehyde (CellPath, UK). Fixed tissues were 

processed and dehydrated overnight and embedded in molten paraffin wax to 

generate the formalin-fixed paraffin embedded (FFPE) samples.  Following this 3μm 

sections were cut using a microtome (Leica, UK) and mounted onto polylysine-coated 

slides (VWR, UK). Sections were heated overnight at 42°C and then used to perform 

staining. 

Haematoxylin and Eosin  

FFPE sections were dewaxed in xylene (Genta Medical, York, UK) and passed through 

a series of graded ethanols and then transferred to water.  To ensure correct cross-

sectional orientation of the embedded muscle tissue, and also to assess tissue 

architecture, haematoxylin and eosin (H&E) staining was performed using standard 

protocol.  Following H&E staining, sections were dehydrated by passing through 

graded alcohols, cleared in xylene, and then mounted in permanent DePeX mountant 

(VWR, UK).  

Immunohistochemistry 

All immunohistochemistry undertaken was performed on FFPE sections prepared as 

described above.  After dewaxing, slides were immersed in 0.5% hydrogen peroxide 

in methanol for 10 minutes to quench endogenous peroxidase activity.  Antigen 

retrieval was achieved through a heat-mediated method by microwave heating of 

sections submersed in 10mM Citrate buffer (pH 6.0) for 10 – 20 minutes.   

Reduction of non-specific antibody binding was achieved through the addition of a 

blocking serum to tissue samples for 15 minutes, horse serum was chosen as the 

secondary anti-rabbit antibody was horse derived.  A rabbit derived human anti-TLR4 

primary antibody was applied to the samples at a concentration of 1:100, and 

incubated overnight at 5°C.  

After warming to room temperature, the slide is repeatedly washed in PBS, before a 

non-biotin polymer conjugated anti-rabbit secondary antibody at 1:200 
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concentration (Immpress reagent kit, Vector laboratories, UK) was added for 30 

minutes. After washing, a DAB (Diaminobenzidine) peroxidase substrate solution was 

added for a period of 10 minutes. Following further PBS wash, the slide was placed 

into Mayers haematoxylin for 5 minutes. Finally, the slides were dipped into acid 

alcohol and bluing solution and passed through the reversal of the de-waxing process 

utilising graded alcohols and xylene.  

 

2.2 In vitro model of diabetic ischaemic conditions 

In the context of a complex and multifactorial pathology such as diabetic foot 

ulceration, in vitro studies allow modelling and individual control of many of the 

variables concerned. Observation and assessment of these variables on individual 

cell function, processes and signalling pathways and the effect of manipulation of 

these pathways is possible, accepting that skin is a complex tissue containing multiple 

interacting cell types, extracellular matrix, immune and vascular cells. The complexity 

of interaction between these constituent components of whole tissue such as skin is 

not possible to adequately replicate in vitro but will at least provides proof of concept 

to direct and inform whole organism in vivo studies. 

 

2.2.1 Cell culture 

2.2.1.1 Culture of Human dermal fibroblasts 

Primary cultured normal Human dermal fibroblasts were obtained from the proximal 

wound edges of non-diabetic patients as previously described. After overnight 

refrigeration in a culture medium containing 25mM DMEM, 10% FCS, 1% pen/strep, 

mechanical separation of the dermis from epidermis was undertaken. The epidermal 

layer was discarded, and the dermal tissue finely chopped and placed as multiple 

islands of tissue within a T75 flask with 25ml of culture medium and incubated in a 

humidified atmosphere of 21% O2 and 5% CO2 at 37°C. Cultures were checked daily 

under light microscopy and media changed every 48 hours.  
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High glucose DMEM culture medium (25mM) was required for successful primary 

culture, as the primary obtained dermal fibroblasts failed to survive in low glucose 

(5.5mM) DMEM conditions. Once established however, at passage 2 to 3 all cells 

were successfully transferred to a low glucose media (5.5mM), and further cultured 

for at least two weeks to limit the phenotypic changes that might occur in prolonged 

high glucose conditions during the process of achieving culture.  

 

Cell passage 

At 90% confluence, cell cultures were passaged utilising an established lab protocol. 

The culture medium was aspirated and discarded, and the cell layer washed with 3ml 

of 0.25% trypsin/1mM EDTA to mitigate the neutralising effect of any residual FCS in 

the T75 flask. After aspiration of this fluid, a further 10ml of 0.25% trypsin/1mM EDTA 

was added and incubated for 5 minutes. The detachment and round appearance of 

the cells were confirmed by light microscopy. Trypsin was inactivated by the addition 

of 5ml of normal culture medium (outlined above), suspensions were then split into 

equal volumes and centrifuged at 1000rpm for 5 minutes. Following this, the fluid 

was discarded and the cellular pellet resuspended in 5ml of normal media, which can 

be further split and diluted with growth medium depending on the required use of 

the cells.  

 

Cell cryopreservation 

Samples of cultured cell lines were preserved in liquid nitrogen at low passage. A 

solution of 1ml 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich), 2ml 20% FCS and 

7ml normal culture medium is prepared and filtered through a 2µm filter using a 

sterile syringe. A 2ml volume of this cryosolution is added to the cellular pellet, 

following the passage procedure outlined above. 1ml volumes are transferred to 

Nalgene cryoware cryogenic vials (ThermoFisher), placed within cryofreezing 

containers and stored in -80°C freezers for at least 6 hours before transfer into liquid 

nitrogen.  

 



58 
 

2.2.1.2 Culture of HaCat epithelial cells 

HaCat cells are a commercially available immortalised human keratinocyte cell line, 

with a high capacity for differentiation and potential for proliferation (131). HaCat 

cells were successfully cultured in both very high (25mM) and low (5.5mM) glucose 

DMEM media, with 10% FCS and 1% pen/strep, maintained with 48-hour media 

changes. They were passaged at 90% confluence utilising the above described 

method. 

 

2.2.1.3 Culture of human microvascular dermal endothelial cells (HMDEC) 

HMDEC cells are commercially available human endothelial cells derived from 

juvenile foreskin or adult skin of various source locations (Promocell, Germany). 

HMDEC cells were successfully cultured in 25mM very high glucose DMEM with 10% 

FCS and 1% pen/strep media, however HMDEC cells would not proliferate in lower 

glucose concentrations. Cells were passaged at 90% confluence utilising the before 

mentioned protocol.   

 

2.2.2 Simulation of tissue ischaemia  

Our research group has considerable experience in developing protocols for the 

simulation of the local hypoxic environment of ischaemic tissues in PAD and has 

utilised these in a variety of human cell lines (132). This validated protocol was 

therefore employed to replicate the hypoxic conditions in diabetic-ischaemic 

ulceration using a hypoxic chamber (Modular Incubator Chamber, MIC-101; Billups-

Rothenberg, Del Mar, CA, USA). Cell cultures are placed in this air-tight container and 

flushed with a gas mixture of 20% CO2 and 80% N2 (BOC Ltd, UK) and a rate of 15L/min 

for 15 minutes, before sealing. The modular chamber is then placed in an incubator 

at 37°C for 8 hours. 
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Figure 2.2.2 Hypoxic chamber (reproduced from Joshi et al, 2011) (132) 

 

2.2.3 Glucose treatments and simulation of hyperglycaemia 

The cell culture medium utilised in this project for all cell types was based on DMEM. 

The medium was completed by the addition of varying concentrations of FCS and 1% 

penicillin/streptomycin. Importantly, the standard DMEM media contains 4.5g/dL of 

glucose, which translates to a glucose concentration of 25mM, or extrapolated in 

clinical terms, the blood glycaemic concentration of a very poorly controlled diabetic 

patient. To model the physiological environment as closely as possible a ‘resting’ 

physiological glucose concentration of 5.5mM was chosen, as this represents the 

mid-point of the normal human physiological glycaemic range of 4-7mM. This low 

glucose concentration media was therefore utilised throughout the cell culture 

process and for low glucose controls during experiments.  

The bespoke glucose concentration media were created through relative dilution of 

the DMEM 4.5g/dL glucose solution with DMEM no glucose (Invitrogen, UK) as 

illustrated in table 2.2.3 below.  
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Target concentration Proportion of DMEM 

4.5g/dL 

Proportion of DMEM no 

glucose 

O mM 0 45 

5.5 mM 10 35 

15 mM 27 18 

25mM 45 0 

 

Table 2.2.3 shows the relative proportions of each DMEM solution required to create 

the desired glucose concentration solution. For instance, to mix a final media volume 

of 500ml containing 10% FCS, 1% pen/strep, the desired DMEM volume required is 

450ml to allow for the addition of 45ml FCS and 5ml pen/strep.  

 

2.2.3.1 Glucose dose-response relationship on TLR4 expression 

Low glucose (5.5mM) cultured dermal fibroblasts were seeded into 6 well plates at a 

density of 80,000 cells per well. The media was changed daily and at 90% confluence 

a low serum media (0.1% FCS) was applied 24 hours before commencing the 

experiment.  The fibroblasts were subsequently exposed to a 2ml volume of DMEM, 

10% FCS 1% pen/strep culture media containing glucose concentrations of 0mM, 

5.5mM, 15mM and 25mM for 24 hours and included 14mM mannitol in low glucose 

(5.5mM) as an osmotic control in accordance with published studies employing a 

similar protocol. In early preliminary experiments an additional 6th group was 

included containing 25mM glucose and LPS (Sigma Aldrich, UK), to provide a positive 

control for TLR4.  
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2.2.3.2 Very high glucose treatment exposure duration  

Several published studies examining the effect of hyperglycaemia on TLR4 expression 

in human monocytes and gingival fibroblasts selected 24 hours as the very high 

glucose treatment exposure duration (133-135). A time course experiment to 

examine optimum exposure duration of very high glucose conditions on TLR4 

expression in dermal fibroblasts was therefore required. In accordance with the 

above method, 3 different cell lines of low glucose cultured dermal fibroblasts were 

seeded into 6 well plates, at a density of 80,000 cells per well. Identical plates across 

all cell line repeats were created for the 6-hour, 12-hour, 24-hour and 48-hour 

glucose exposure time points. At 90% confluence, a low serum medium (0.1% FCS) 

was applied for 24 hours. A 2ml volume of DMEM, 10% FCS 1% pen/strep culture 

media was added at the start of the experiment, at glucose concentrations of 5.5mM, 

5.5mM plus 14mM mannitol, and 25mM. The experiment was stopped at each of the 

4 time points for the corresponding plates within each cell line, the cell cultures 

washed and lysed according to the standard protocol described below (2.2.5).   

 

2.2.4 Inhibitor treatments 

2.2.4.1 TLR4 Antagonists 

The effect of TLR4 inhibition was assessed through the addition of a selective TLR4 

inhibitor (LPS-RS, Invivogen, Ca, US) and neutralising antibody (mabg-htlr4, 

Invivogen) to the glucose-dosed cell cultures. The dose utilised was derived from 

optimisation experiments conducted in cell migration studies (explained in more 

detail in 2.2.7), corroborated with similar experiments conducted by others within 

our research group (on different cell lines), and based on manufacturers 

recommendations. The inclusion of both a TLR4 antagonist and neutralising antibody 

in these studies provided selective but different mechanisms of inhibition of TLR4. A 

dose of 1µg/ml of the TLR4 neutralising antibody and 10µg/ml of the LPS-RS TLR4 

antagonist was used.  
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2.2.4.2 MyD88 and TRIF inhibitors 

Further inhibitor compounds were utilised to determine the pathway through which 

TLR4 activation results in the observed effects. MyD88 and TRIF inhibitory peptides 

(Invivogen) were added to the very high glucose (25mM) media. Early experiments 

(migration studies 2.2.7) to optimise dose measured the response of these 

compounds based on the recommended working concentration range advised by the 

compounds data sheet (5µM-50µM). 50µM doses of both peptides were observed to 

be lethal to the fibroblasts. Subsequently, doses of 5, 10 and 20µM of both peptides 

were retested using the same method, and an optimal dose of 10µM was chosen.    

The experiments were conducted with low-glucose cultivated human dermal 

fibroblasts seeded into 6 well plates at a density of 80,000 cells per well. As before, 

at 90% confluence cells were serum starved for 24 hours in 0.1% FCS containing 

media. High glucose treatment media at a concentration of 25mM was then added 

containing 2ml DMEM, 10% FCS and 1% pen/strep, and the inhibitor compounds at 

the previously mentioned doses, to the cell cultures for a period of 24 hours. Low 

glucose (5.5mM) and very high glucose only (25mM) controls were also included. This 

method was repeated across three different human dermal fibroblast cell lines, and 

conducted in both normoxia and in the hypoxic chamber as per the previous protocol 

described in 2.2.2.  

 

2.2.5 Cell lysis 

Following the completion of the exposure and inhibitor experiments, the 

supernatant from individual wells was aspirated, decanted to appropriately labelled 

Eppendorf’s and immediately stored in -20°C overnight, before being moved to -

80°C. Cellular protein was harvested using a well-established lab protocol.  

A lysis buffer mixture was prepared containing RIPA lysis buffer (Thermo-scientific, 

UK), Pierce protease inhibitor (Thermo-scientific) and phosphatase inhibitor cocktails 

2 and 3 (Sigma-Aldrich, UK). Test wells were washed and aspirated three times with 

sterile phosphate buffered saline (PBS, Sigma-Aldrich). A 120µl volume of the pre-
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prepared lysis buffer was added to each well. Cell scraping was performed using the 

barrel of a sterile, single use 3ml syringe. After physical disruption of the cells, the 

lysis buffer-protein mixture was repeatedly drawn into the 3ml syringe through a 23 

gauge needle (Terumo). The mixture was transferred to an appropriately labelled 

Eppendorf and cooled on ice. Samples were centrifuged at 15,000rpm for 15 minutes 

at 4°C. The protein-lysate liquid was removed and the solid pellet discarded. Samples 

were stored in -20°C overnight before being transferred to -80°C.  

The protein concentration of each lysis sample was subsequently determined using 

a BCA Assay (Thermo-scientific) using the protocol described in section 2.1.3.1. 

Protein concentrations were then normalised to the sample with the lowest value by 

addition of further RIPA lysis buffer. NuPAGE LDS (x4) sample buffer (Invitrogen, UK) 

and Beta-mercaptoethanol (BME) were then added to each sample, and heated to 

80°C for 5 minutes to denature the proteins. The samples were subsequently stored 

in -80°C.  

 

2.2.6 Immunocytochemistry 

Immunofluorescence analysis was performed on each of the primary cultured human 

dermal fibroblast cell lines as a quality control measure to ensure the cultured cells 

were a correctly identified line of fibroblasts without significant contamination or 

differentiation. A similar technique was utilised for HaCat cells. Fibroblast 

populations were seeded into four chamber slides (BD Bioscience, Bedford, MA, USA) 

after passage, and suspended in 1ml of normal culture medium containing 5.5mM 

glucose DMEM, 10% FCS and 1% pen/strep. At 90% confluence, the media was 

removed and the chambers washed and aspirated three times with sterile 

phosphate-buffered saline (PBS). The cell cultures were then fixed using a solution of 

freezing 50:50 methanol/acetone (stored at -20°C), and subsequently placed in -20°C 

freezer for 5 minutes. After further repeated PBS wash, a species specific block 

(specific to secondary antibody species) was applied for 30 minutes (10% chicken 

serum).  
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Primary antibody was then applied for 1 hour at room temperature.  Fibroblast 

specific protein (FSP- Anti S100A4, Abcam, Cambridge, UK) was used for fibroblast 

cultures at a concentration of 1 in 200 (5µl in 1ml). Pan-Cytokeratin (Thermofisher), 

a keratin marker antibody cocktail was used for HaCat cells at a concentration of 1 in 

100 (10µl in 1ml). An IgG control was used for all cell lines at a concentration of 1 in 

200. After one hour of room temperature incubation, further repeated PBS washes 

are carried out before application of the secondary antibody. A 1 in 2000 

concentration of chicken anti-rabbit (fibroblast) and chicken anti-mouse (HaCat) was 

applied for 30 minutes at room temperature.  

After a final repeat of PBS wash, the chamber slides were fixed using Vectashield® 

mounting medium for fluorescence (Vectorlabs, Burlingame, CA), containing 4’,6-

diamidino-2-phenylindole (DAPI), a fluorescent stain for DNA. The chamber slide is 

broken and the chambers discarded, the slide is then stored in the dark. Fluorescence 

signal was detected using AxioSkop2 fluorescence microscope and Axiovision v4.8 

software (Carl Zeiss GmbH, Germany).  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

2.2.7 Cell migration 

Scratch migration assay was undertaken to assess the functional consequences of 

high glucose concentrations, with or without hypoxia on the migration of dermal 

fibroblasts. This is a key occurrence in the physiological process of normal wound 

healing. A simulated high glucose and hypoxic environment models the local 

conditions found in poorly controlled diabetic and diabetic-ischaemic wounds. The 

use of selective inhibitors will determine the effect of TLR4 and its down-stream 

MYD88 and TRIF inflammatory signalling pathways on the process of fibroblast 

migration.  

Low glucose (5.5mM) cultured human dermal fibroblasts were seeded into 24 well 

plates at a density of 20000 cells per well and incubated at 40°C. The media 

containing DMEM at a 5.5mM glucose concentration, 10% FCS and 1% pen/strep was 

changed daily. At 70% confluence the media was removed and replaced with a low-

serum media (0.1% FCS) of otherwise identical composition. After 24 hours of serum 
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starvation, the media was aspirated and a standardised straight-line scratch wound 

was inflicted across the fibroblast mono-layer using a sterile 20-200µl pipette tip and 

the plate lid as a straight edged ruler (136, 137). The scratched fibroblast monolayer 

was washed with sterile PBS to remove debris and aspirated to dryness. Phase 

contrast microscopy was used to capture images of the scratched wounds (Olympus 

CDK2 microscope). Treatment media was then applied containing the proliferation 

inhibitor Mitomycin-C (Merck Millipore, UK). Preliminary dose optimisation 

experiments determined a dose of 1% mitomycin-C, which was used for all 

subsequent experiments. Higher doses were lethal to test cells.  

Treatments applied were DMEM, 10% FCS 1% pen/strep at glucose concentrations 

of 5.5mM, 5.5mM with mannitol, 15mM and 25mM. Treatments were added in 

triplicate and included a 1% FCS control group without the addition of mitomycin-C. 

All experiments were simultaneously conducted in the hypoxic chamber using the 

above described protocol (2.2.2).  

In addition to increasing glucose concentration and hypoxia, the effect of specific 

TLR4 inhibition on fibroblast migration was assessed using the selective TLR4 

inhibitor (LPS-RS, Invivogen) and neutralising antibody (mabg-htlr4, Invivogen) added 

to the very high glucose (25mM) media.  An optimisation experiment was conducted 

to determine the working dose for both treatments, this informed all subsequent 

experiments. Concentrations of 0.01µg/ml, 0.1µg/ml, 1µg/ml and 10µg/ml of both 

the TLR4 inhibitor and neutralising antibody were added to the high glucose 

treatment media. After the scratch was inflicted, this media was applied to the 

fibroblast monolayer and placed in the hypoxic chamber. Following migration 

analysis, optimised doses of 1µg/ml of the TLR4 neutralising antibody and 10µg/ml 

of the LPS-RS TLR4 antagonist were chosen.  

The effect on fibroblast migration of inhibiting the MYD88 dependant and TRIF 

downstream signalling pathways of TLR4 was investigated by the addition of MyD88 

and TRIF inhibitory peptides. Doses of 10µM were used following preliminary dose 

optimisation experiments. Images were taken of each well at 24 hours. Cellular 

migration was estimated by using a blinded visual estimation method, following an 

established lab protocol. Migration was expressed as a percentage wound coverage.   
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2.2.8 Cell proliferation 

In addition to migration, proliferation is an essential physiological cellular function 

fundamental to the process of normal wound healing. To determine how fibroblast 

proliferation was affected by conditions of simulated diabetic-ischaemic conditions 

in vitro, a crystal violet assay was conducted using different lines of primary cultured 

normal human dermal fibroblasts. Crystal violet binds to DNA located within the cell 

nuclei. The dye-DNA binding forms a quantifiable colourmetric complex, allowing for 

comparable measurement of DNA density, and thus indirect assessment of cell 

proliferation (138).  

Fibroblasts were seeded into 96 well plates at a density of 4000 cells per well. The 

cells were suspended in either a normal low glucose media (5.5mM) or very high 

glucose (25mM) DMEM, 10% FCS, 1% pen/strep culture medium. Duplicate plates 

were seeded, all plates were immediately incubated in a humidified atmosphere of 

21% O2 and 5% CO2 at 37°C. At 8 hours post trypsinisation, duplicate plates were 

removed and placed within the hypoxic chamber as per the protocol described in 

2.2.2, for a period of 16 hours.  

At 24 hours post seeding, the media was aspirated from each well and the cell culture 

carefully washed with sterile phosphate buffered saline (PBS). Excess moisture was 

removed and to each well a 50µl volume of a pre-prepared solution of 0.1mg crystal 

violet and 10ml methanol diluted in 40ml distilled water (20% methanol solution) 

was added. The plates were then incubated for 10 minutes at room temperature. 

After thorough repeat distilled water washing, the plates were air dried to complete 

dryness. Crystal violet-DNA complexes were then solubilised by the addition of 100µl 

of 33% acetic acid. Light absorption at 560nm was measured on a microplate reader 

(Mithras LB940 microplate reader, Berthold Technologies). The relative colour 

density as an indirect measurement of cellular proliferation was then expressed as a 

factor change from the lowest measured density. 
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2.2.9 Gel contraction 

The ability of a tissue injury with a resulting defect and loss of architecture to heal 

and restore structural integrity involves a variety of complimentary and inter related 

cellular functions. Proliferation and migration discussed in 2.2.7 and 2.2.8 are two of 

these functions, which along with the ability of tissue defects to contract, comprise 

the major fundamental physiological cellular processes of normal wound healing 

(139). Fibroblast differentiation into contractile myofibroblasts enables structural 

tissue defects to physically reduce their incongruity. The effect of high glucose and 

hypoxic conditions on this functional property of dermal fibroblasts was assessed 

with a gel contraction assay.  

Sterile 24 well plates were pre-coated overnight with filtered 2.5% bovine serum 

albumin (BSA) at 37°C. The BSA was removed and each well washed and aspirated 

three times with sterile phosphate buffered saline (PBS). A collagen solution 

comprising 3mg/ml collagen (Vitrogen-100, Cohension technologies, Ca, US) and 

0.2M N-2-hydroxyethylpiperazine--2-ethanesulfonic acid (HEPES) mixed in a 4:1 ratio 

was mixed. An equal volume of DMEM media, (plus 1% FCS, 1% pen/strep) containing 

a suspended trypsinised fibroblast culture was added to this collagen/HEPES 

solution. The final gel composition was therefore 10% HEPES, 40% collagen and 50% 

cell suspended media. 

The glucose dose of the DMEM media was varied between 0mM, 5.5mM and 25mM. 

In addition, various inhibitor compounds were added to separate solutions 

containing 25mM glucose. A selective TLR4 neutralising antibody was added at a dose 

of 1µg/ml, and TLR4 antagonist at 10µg/ml. MYD88 and TRIF inhibitory peptides were 

also tested in these very high glucose solutions (25mM) at a dose of 10µM. Following 

component mixing, the plate was incubated at 37°C in a 5% CO2 atmosphere to allow 

polymerisation of the collagen gel. After an hour, a 1ml solution of DMEM culture 

medium at the same glucose concentration as the cell suspension was added to 

detach and float the gel.  

All plates were prepared in duplicate, and at the stage of collagen-cell gel 

detachment, one plate was placed in the hypoxic chamber as per the method 
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outlined in 2.2.2. After 24 hours contraction was quantified by reduction in gel 

diameter and loss of gel weight.  

 

2.2.10 Enzyme Linked Immunosorbent Assay (ELISA) 

2.2.10.1 Multi analyte ELISArray 

Unlike functional assays such as proliferation, scratch migration and gel contraction 

assays which determine the effect of test conditions on essential physical cellular 

functions, enzyme linked immunosorbent assay (ELISA) is used to detect and quantify 

the release of specific inflammatory cytokines in response to these same conditions.  

At the time of fibroblast cell lysis described in 2.2.5, treatment supernatant was 

aspirated and frozen at -20°C. To determine the spectrum and quantity of 

inflammatory cytokines released by our sample cultures of human dermal fibroblasts 

into the supernatant, a multi-analyte ELISArray kit (Product number MEH-006A, 

Qiagen, Nl) was performed according to the manufacturer’s protocol. The multi-

analyte ELISArray kit allowed simultaneous analysis of 12 pro-inflammatory cytokines 

through pre-coating of target-specific capture antibodies on a supplied 96-well plate 

for: IL1α, IL1β, IL2, IL4, IL6, IL8, IL10, IL12, IL17A, IFN-γ, TNF-α, GM-CSF.  

To each well, 50µl of the supplied assay buffer was added along with 50µl of the 

supernatant sample. These samples included supernatant aspirated from fibroblasts 

cultured in low glucose (5.5mM) normoxia and hypoxia, very high glucose (25mM) 

normoxia and hypoxia, and very high glucose in hypoxia with a TLR4 neutralising 

antibody and antagonist (as per 2.2.4.1). These were gently mixed on a plate shaker 

and incubated at room temperature for 2 hours. The wells were subsequently 

aspirated and washed with 350µl of the supplied wash buffer. After blotting, this 

process was repeated twice more. On completion of washing, 100µl of the specific 

diluted detection antibody was pipetted into the relevant plate row using a 12-

channel pipette, gently shaken and incubated for 1 hour at room temperature. The 

wash process was thereafter repeated as described above. After blotting, 100µl of 

diluted streptavidin- horse radish peroxidase (Avidin-HRP) was added to each well, 
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gentle shaken and for 10 seconds for mixing and incubated for 30 minutes in the 

dark. The wash process was repeated as before but repeated four times.  

A 100µl volume of development solution was pipetted into each well at room 

temperature and incubated in the dark for 15 minutes. Finally, 100µl of stop solution 

was added in the same order as the development solution. The absorbance at 450nm 

was then immediately read on a microplate reader (Mithras LB940) and absorbance 

calculated by subtracting the measured figure for each antibody in the panel from its 

corresponding negative control.  

 

2.2.10.2 Interleukin-6 ELISA 

The multi analyte ELISArray was utilised to profile the predominant cytokine(s) 

produced by our cultured fibroblast populations. Of specific interest was interleukin-

6 (IL- 6), an inflammatory cytokine associated with TLR4 activation (140). To assess 

the effect of very high glucose and hypoxia, and of TLR4 through a specific antibody 

and antagonist (2.2.4.1) on IL-6 release by our primary cultured fibroblast cell lines, 

an IL-6 sandwich ELISA was conducted according to manufacturer’s protocols.  

A human IL-6 DuoSet ELISA development kit (R&D systems, MN, USA) prepared by 

adding 100µl of capture antibody to each well of the 96 well plate and incubating 

overnight at room temperature. Following overnight incubation, each well was 

aspirated and washed with the supplied wash buffer a total of three times, and after 

the final wash blotted to dryness. The plate was then blocked using 300µl of reagent 

diluent and incubated at room temperature for 1 hour. Following this, the wash 

process was repeated as outlined above. Once prepared, 100µl of supernatant 

sample was added to the relevant well, covered and incubated at room temperature 

for 2 hours. The wells were washed as before, following this step was the addition 

100µl of diluted detection antibody. This was again covered with an adhesive cover 

and incubated for 2 further hours at ambient temperature. The aspiration and wash 

of each well was repeated using the same methodology, 100µl streptavidin-horse 

radish protein (HRP) was thereafter added to each well and incubated in the dark for 

20 minutes. The avidin-HRP was discarded and wells washed as before. Finally, 100µl 
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of substrate solution (equal mixture of hydrogen peroxide and tetramethylbenzidine) 

was added and kept in the dark for 20 minutes, before the addition of 50µl stop 

solution.  

The optical density of each well was then measured with a microplate reader 

(Mithras LB940) at 450nm. The concentrations were calculated from a best fit curve 

plotting log IL-6 concentration against the log of the measured optical density. 

 

2.2.11 Western blotting 

The expression of specific individual cellular proteins by fibroblasts was identified 

and quantified using western blot analysis from cell lysates (2.2.5). Protein 

concentrations were standardised following BCA assay as described in 2.2.5 and 

added to NuPAGE LDS sample buffer (Invitrogen) before heating. As described in 

more detail above in section 2.1.3.2, equal volumes of protein in LDS sample buffer 

were fractionated by SDS-polyacrylamide gel electrophoresis using 4-12% bis-tris gels 

(Invitrogen). A reference ladder (SeeBlue® Plus2 Pre-Stained Standard, Invitrogen) 

was included, and samples electrophoresed at 180 V for 1 hour. Proteins were 

transferred by electro-blotting from each gel onto a nitrocellulose membrane 

(Hybond-C Extra, GE Healthcare). Adequate transfer was assessed by Ponceau S 

solution (Sigma-Aldrich) staining of each membrane.  The membrane was washed 

with 0.1% phosphate-buffered saline with Tween 20 (PBS-T) (Sigma-Aldrich). Non-

specific binding was blocked by incubation with 5% nonfat dry milk in PBS-T for 2 

hours at room temperature.  Membranes were incubated overnight at 4°C with 

gentle agitation with primary antibodies. Primary antibodies used are listed in table 

2.2.11.  
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Table 2.2.11 Primary antibodies used for Western blotting 

Antibody Species Dilution  Manufacturer  Cat. number  

Anti-TLR4  Rabbit  1:1000 Abcam ab47093 

Anti-TLR2 Rabbit 1:1000 Abcam ab24192 

Cleaved caspase 3 Rabbit 1:1000 Cell Signalling #9664 

HMBG1 Rabbit 1:1000 Abcam ab18256 

Anti-MyD88  Rabbit 1:1000 Abcam ab2064 

NFκB Rabbit 1:1000 Cell Signalling #4764 

pNFκB Rabbit 1:1000 Cell Signalling #3033 

Β-Tubulin Rabbit 1:50000 Abcam ab24192 

 

Before the addition of a secondary, species-specific antibody, membranes were 

washed thoroughly with PBS-T.  Secondary antibodies were used at 1:1000 dilution 

in 5% nonfat dry milk solution and incubated for 1 hour at room temperature. Signal 

was detected using a luminescence kit (ECL detection kit; Amersham) followed by 

exposure to photographic film (Hyperfilm ECL; Amersham). Exposure duration was 

determined by the strength of the protein bands, with stronger signals requiring less 

exposure time. An automatic film developer was used to produce final western blot 

films. Protein band density was determined after digital scanning using densitometry 

software (VisionWorkLS) and expressed as a ratio of the corresponding beta-tubulin 

band density.  

 

2.3 In vivo model of chronic diabetic-ischaemic ulceration 

As mentioned before, in vitro cell-culture based techniques are essential to 

determine individual cell line response on a functional, receptor and downstream 

pathway level to the variety of conditions and treatments explored above in 2.2.  The 

ultimate purpose of these experiments is to model as much as possible the local 

conditions found in chronic diabetic- ischaemic wounds. Given the complex, time 

critical and multicellular nature of the wound healing process, whole tissue and thus 
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whole organism studies are required to more accurately understand and influence 

the effect of diabetes and ischaemia in chronic ulceration.  

The in vivo studies aim to provide a murine model of non- or poorly healing human 

diabetic-ischaemic chronic ulceration. Initial experiments are therefore intended to 

validate this model. Four arms to the initial experiment were therefore chosen as 

demonstrated in figure 2.3. A non-diabetic, non -ischaemic group, a diabetic non-

ischaemic group, a non-diabetic ischaemic group and finally a diabetic-ischaemic 

group. Three time points are chosen for evaluation of wounds at days 3, 7 and 14 

post induction of ischaemia.  

 

 

Figure 2.3 In vivo experimental plan 
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2.3.1 Animal housing 

All animals were licenced and all procedures were conducted in accordance with UK 

home office regulations under an Animals (Scientific Procedures) Act 1986 project 

license and conducted and reported in accordance with ARRIVE guidelines. Home 

office approval was obtained through the granting of an updated project licence, 

specifically amended to include the induction of diabetes and hindlimb wounding 

(project licence number 70/7087).  

Male C57Bl/6 mice were sourced due to a greater reported association of female 

animals of this inbred strain developing dermatitis (141, 142). This was identified as 

a potential confounding factor within this study, as the outcome focussed primarily 

on wound healing. All animals were obtained from lab bred in-house stocks at 8 

weeks old and transferred to individually ventilated cages with 2-3 animals in each 

cage. They were exposed to 12 hour light/dark cycles, a temperature and humidity 

controlled environment, provided with enrichment and allowed standard chow and 

water ad libitum. 

 

2.3.2 Induction of diabetes  

Animals were not formally randomised into the treatment groups outlined above, 

however they were assigned randomly into the individually ventilated cages. 

Adjacent cages were then assigned to each arm of the study, with a total of 12 per 

group.  

Simulation of type 1 diabetes was achieved through a low dose daily streptozotocin 

(STZ) intra-peritoneal injection method (143). STZ is an alkylating chemotherapeutic 

agent, with a potent toxicity for mammalian pancreatic insulin-producing beta cells. 

Clinical use of STZ as chemo-therapy is therefore restricted to metastatic insulin 

producing tumours of pancreatic beta cells (144).  The induction of type 1 diabetes 

through the low dose multiple STZ injection method was favoured over the large 

single dose method to reduce the effects of STZ toxicity. These effects include weight 

loss, respiratory distress, hypoglycaemia and death (145).  
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Streptozotocin was purchased from commercial suppliers (Abcam) and reconstituted 

using a cold (5°C) 0.1M citrate buffer at pH 4.5, created through the addition of 

trisodium citrate (2.941g in 100ml distilled water) and citric acid monohydrate (2.1g 

in 100ml distilled water). The citrate buffer was used to reconstitute the STZ at a dose 

of 1g/ml (146). After aliquoting on ice and away from light into 50x 10mg in 30µl 

aliquots, they were subsequently stored at -20°C.  

At first dosing, the individual 8-week-old male C57Bl/6 mice were weighed and a dose 

of 40mg/kg body weight STZ injected into the peritoneal cavity. The same dose was 

given for five consecutive days per animal. The animals were monitored for signs of 

distress or injury at least twice per day. 

 

2.3.3 Monitoring of diabetic mice 

Throughout and after the five consecutive days of low dose STZ injection, the mice 

were maintained on unrestricted standard feed and water. Monitoring post diabetes 

induction followed protocols reported by other groups utilising this low-dose STZ 

method (146). Animals were weighed on day 1 of dosing, for correct volumes to be 

administered to give a 40mg/kg dose daily and as a baseline pre-diabetes value. 

Weights were repeated on day 7. Day 14 post dosing the animals were weighed 

again, had urine checked for glycosuria and capillary tail blood sampling was 

performed for random capillary blood glucose (CBG) testing.  

 

2.3.3.1 Urinalysis  

The presence of urinary glucose is a pathological marker of elevated blood glucose 

levels, as glucose is efficiently reabsorbed in the proximal convoluted tubule of the 

nephron. The ability of the nephron to reabsorb excreted glucose is limited and at 

glucose thresholds exceeding 160mg/dL (8.6mmol/L) the active transport process is 

overwhelmed, leading to urinary loss of glucose (147).  

The individual animals were removed from their housing and placed on a cleaned 

bench. If they had not spontaneously micturated then they were picked up and 
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‘scruffed’. This was sufficient to provoke a micturition response. Standard human 

urine test strips (Bayer) were used and urine droplets placed directly on the relevant 

glucose test. After 30 seconds the colour change was compared to the standard 

chart, and the glucosuria recorded. A urinary glucose concentration of 500mg/dL (2+) 

was used as the threshold for confirming the successful induction of diabetes.  

 

2.3.3.2 Capillary blood glucose sampling 

The successful induction of diabetes was also confirmed through random non-fasted 

capillary blood glucose monitoring (CBG). A commercially available human 

glycometer (ACCU CHEK® Performa, Roche, Germany) with corresponding test strips 

was purchased and calibrated according to manufacturers instructions.  

Animal tail capillary samples were obtained by pin prick at the base of the tail using 

a 23g hypodermic needle (BD microlance, Becton Dickenson, UK). Test strips were 

then applied directly to the blood spot and the result recorded. A value of 

>11.1mmol/L was taken to indicate successful induction of diabetes, in line with the 

World Health Organisation (WHO) human diagnostic criteria (148). 

 

2.3.4 Induction of hindlimb ischaemia and creation of lower limb 

wound 

2.3.4.1 Anaesthetic 

Induction of anaesthesia occurred in a specialist anaesthetic chamber in an adjacent 

room to the operating room. Individuals were placed inside the anaesthetic chamber, 

where 2l/min O2 was applied as a pre-oxygenation step. Isoflurane gas was 

introduced, increasing gradually to a minimum flow setting of 2 (maximum 5) on the 

anaesthetic machine. Once anaesthetised the animal was removed and placed on a 

warming mat and transferred to nasal gas anaesthetic using a scavenger circuit. 

Isoflurane anaesthesia was delivered driven via 2l/min O2 at setting of 2-5. 

Anaesthesia was confirmed by applying toe pressure.  
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Hind limb fur was shaved on the left limb (or both if bilateral wounds were created) 

and the limbs were fully extended and taped in place. The skin was cleansed with 

aqueous chlorhexidine. From this point full aseptic technique was observed. 

 

2.3.4.2 Operative procedure 

Full aseptic technique was utilised. Instruments were cleansed in alcoholic 

chlorhexidine, and heat sterilised using hot bead sterilisation. The animal was 

positioned supine on an isothermal heating pad, and the surgical area prepared using 

alcoholic chlorhexidine.  Under x10 magnification, a 1 cm longitudinal incision was 

made in the left groin at the level of the inguinal ligament, and down the leg to above 

the knee.  The subcutaneous fat pad overlying the groin was swept away to reveal 

the femoral artery, vein and nerve, covered by a thin layer of fascia.  The fascia was 

divided to expose the neurovascular bundle.  The external iliac artery was mobilised, 

avoiding damage to the vein. It was ligated between two 7-0 prolene ligatures 

(Ethicon, Johnson and Johnson, UK).  The superficial femoral artery (SFA), just distal 

to bifurcation was ligated using a 7-0 prolene (Ethicon) with the popliteal artery just 

proximal to the knee joint ligated the same way.  The SFA between the two ligatures 

was excised.  Skin closure was with interrupted 3-0 vicryl rapide (Ethicon).    

 

2.3.4.3 Hindlimb wound 

While still anaesthetised, the animal was rotated exposing the lateral left lower leg. 

A 4mm full thickness punch biopsy was taken below the knee using a standardised 

sterile disposable punch biopsy (Stiefel, Glaxo-SmithKlien, UK).   
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2.3.5 Wound assessment 

2.3.5.1 Wound photography 

Prior to recovery from anaesthesia, a Day 0 digital photograph was taken for wound 

area measurement. A sterile measuring tape was placed in the image area to later 

allow size standardisation. Repeat wound imaging was subsequently repeated post 

mortem following euthanasia observing schedule 1 methods at time points of 3-, 7- 

and 14-days post infliction of wound.  

 

2.3.5.2 Sample collection 

Following euthanasia under terminal anaesthesia, skin wounds were completely 

excised using sharp dissection. The samples were mounted on filter paper to 

maintain architecture and placed into 10% formal saline (Cell Path). Skin immediately 

distal to the excised specimens was harvested by sharp dissection and snap frozen in 

liquid nitrogen.  

 

2.3.6 Homogenisation of murine skin samples 

Protein samples were liberated from homogenised mouse skin samples utilising the 

TissueLyser (Qiagen) protocol. After thawing, any residual hair was removed and the 

samples were weighed. The skin sample was placed in a 2ml round bottom Eppendorf 

tube, and a weight corresponding volume of RIPA buffer/protease and phosphatase 

inhibitor cocktail solution was added along with a steel ball bearing. Tissue was then 

disrupted by mechanical homogenisation for a total of 6 minutes at 30 Hz.  

Homogenised samples were then centrifuged at 13,000 rpm for 15 minutes at 4°C 

and the protein supernatant collected. The protein concentration was measured 

using a BCA assay as previously described.   
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2.3.7 Wound area planimetry 

Wound areas were measured from digital photographs using ImageJ software. The 

Jpeg images loaded into ImageJ were enlarged via the ‘Image’ ‘Zoom’ toolbar 

function to improve accuracy. The tape measure contained within each image was 

used to calibrate the scale, using the ‘analyse’ and ‘set scale’ dropdown option to 

ensure standardised measurement of each individual image. Wound area was 

measured using the ’freehand selection’ tool in the main taskbar, and area obtained 

through the ‘analyse’ ‘measure’ function. 

 

Figure 2.3.7 Image J wound area measurement with standard for accurate scale  

 

The variation between individuals of the day 0 starting wound area, and the 

subsequent inability to identify individual animals required a mean area for each test 

group, at each time point, to be calculated. Subsequent individual wound area 

measurements within groups were normalised against the starting day 0 mean of 

that group. This ensured all groups day 0 wound area was assigned a value of 1, and 

comparisons between test groups was then possible. 
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2.4 Statistical analysis  

2.4.1 Power calculations 

Required sample sizes for human sample collection and in vivo animal numbers were 

estimated using data from prior similar experiments conducted within this research 

group, to provide a 90% power of detecting a difference at the 5% significance level.  

 

Where  

δ is the true difference 

σ is the standard deviation of the outcome 

α is 5% (significance level) 

1-β is power 

 

Based on mean values and SD of prior studies, required sample sizes were estimated 

to be approximately 6 patients per group for human tissue analysis, 12 animals per 

group for in vivo validation.  

  

2.4.2 Statistical analyses 

Non-parametric data were expressed as median + ranges. Statistical analyses were 

performed using GraphPad Prism (GraphPad Software). Comparisons between two groups 

were performed using two-tailed Mann-Whitney test. Comparisons between multiple 

independent groups were performed using the Kruskall-Wallis test. A p-value < 0.05 was 

considered statistically significant. 
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Chapter 3 

 

Effect of diabetic ischaemia on human skin and 

TLR4 expression 

3.1 Introduction 

This physiological process of wound healing occurs following tissue injury and is 

described in detail in section 1.6. It is characterised by overlapping and inter-

dependent phases with differing dominant cell types, cytokines and processes. The 

rapid initial response is haemostasis through coagulation where platelet aggregation 

and degranulation results in cytokine release, leading to progression to the 

inflammatory phase of the process. 

This stimulates a rapid recruitment of inflammatory cells to the site of injury. This 

crucial physiological reaction is mediated via innate immune cell surface receptor 

signalling, through pattern-recognition receptors such as toll-like receptors (TLR). 

TLR4 is widely expressed throughout skin and is closely associated with initiation of 

the wound healing process.  

The migration of innate immune cells such as polymorphonuclear neutrophils into 

the areas of tissue damage within minutes following injury helps to prevent bacterial 

invasion following skin breach, and initiates phagocytosis of tissue debris. Further 

chemokine and cytokine release from neutrophils recruit monocytes, which 

differentiate into wound macrophages. Mature wound macrophages continue 

phagocytosis, recruitment of further inflammatory cells and importantly launch the 

proliferative phase of healing, through the release of growth factors that stimulate 

fibroblast, keratinocyte and endothelial cell proliferation. By day 7 post-injury T-

lymphocytes have become the most numerous inflammatory cell type, inflammatory 

effects start waning, and proliferative processes dominate.  
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In diabetes, the inflammatory response to tissue injury appears to be excessive and 

pathological. This is discussed in more detail in section 1.6.1. Histological studies in 

genetically diabetic mice have illustrated a sustained and excessive neutrophil and 

macrophage infiltration (89), and an excessive production of destructive MMPs and 

pro-inflammatory cytokines leads to impaired granulation tissue formation (53).  

Human histology studies of chronic diabetic ulcers have demonstrated the 

preponderance of infiltrating neutrophils and macrophages, with a localisation 

around capillaries and absence of granulation tissue (53). Direct comparison between 

diabetic wounds and proximal intact skin margins of amputated limbs reveals the 

same pattern of increased inflammatory cell infiltration in the chronic diabetic 

wounds compared to normal diabetic skin (149). In addition to the peri-capillary 

inflammation, significant occlusive microvascular disease was observed in diabetic 

ulcerated samples with intimal hyperplasia and medial fibrosis, compared to non-

diabetic ulcerated (venous) tissue (149). Studies comparing neuropathic, pressure 

and diabetic-ischaemic ulcer histology have identified a ‘typical’ pattern 

characterising diabetic-ischaemic ulcers, with the same pericapillary inflammation 

previously described, intimal thickening, scarcity of endothelial cells in abnormal 

granulation tissue and significantly greater infiltration of mononuclear inflammatory 

cells (150).  

There is observational evidence through immunohistochemistry (IHC) analysis for the 

detrimental involvement of TLR4 in diabetes. While no direct IHC studies have been 

reported in diabetic skin, intact or ulcerated, a murine model of diabetic bladder 

dysfunction demonstrated significantly increased TLR4 staining in diabetic animals 

compared to non-diabetic in bladder muscle (151). Similar IHC studies in human 

patients with nephropathy revealed an increase in TLR4 staining in diabetic 

nephropathy vs diabetes alone or non diabetic controls (151). Further histological 

evidence for the pathological effect of TLR4 in diabetes was reported in KO animals, 

where reduced infiltration of inflammatory cells in TLR4 KO was observed compared 

to WT (74). 

These histological features provide compelling evidence of the excessive and 

destructive inflammatory conditions that characterise chronic diabetic-ischaemic 
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wounds, where healing fails to progress, and the wounds become stalled in the 

inflammatory phase. Evidence from IHC studies cannot ascertain causality, however 

the strong association between increased TLR4 expression and diabetes-related 

processes and complications warrants further study. 

 

3.2 Aims 

Human tissue analysis, while entirely observational, is important to establish 

whether the outcomes of the hypothesised associations to be tested in vitro and in 

vivo are present in real world human samples. The aim of this chapter is therefore to 

observe the relative difference in cellular inflammation and TLR4 expression between 

diabetic and non-diabetic, ischaemic and non-ischaemic tissues. We hypothesise that 

increased inflammatory cell infiltrate and increased expression of TLR4 will be 

present in diabetic ischaemic skin.  

 

3.3 Methods 

3.3.1 Human skin sample collection 

Human skin cell biopsies were obtained after written consent from patients 

undergoing either above or below knee amputation. As described in section 2.2.1, 

full thickness skin samples were taken from the most proximal margin of the 

amputation specimen, just along the incision. A second sample was taken distally, 

from the edges of ulcers or from intact but ischaemic skin. Specimens were placed in 

10% formal saline containing 4% formaldehyde (CellPath, UK) immediately after 

collection. Further duplicate 1cm2 samples were taken and immediately snap frozen 

in liquid nitrogen.  
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3.3.2 Patient demographics 

A total of 13 patients undergoing major amputation were recruited to this study. All 

patients were male, mean ages were comparable across groups. Seven patients were 

diabetic. All recruited irrespective of diabetes status had a documented diagnosis of 

ischaemic heart disease, which varied from previous MI and CABG, to previous 

coronary stent insertion and atrial fibrillation. Two diabetic patients had end-stage 

renal failure on haemodialysis, each of the diabetic patients not on dialysis had an 

identified degree of nephropathy and a diagnosis of chronic kidney disease (CKD). All 

patients across both groups were diagnosed with hypertension. Three of the non-

diabetic patients were current smokers, the rest were ex-smokers, the diabetic group 

contained no active smokers, six ex-smokers and one never smoker.  

Most diabetic patients (5/7) were taking an antiplatelet agent and the same number 

a statin. Three patients in the non-diabetic group were taking an antiplatelet and four 

a statin.   

 

Table 3.3.2 Summary of patient demographics/ characteristics  

 Diabetic Non-diabetic 

Male/Female 7/0 6/0 

Age 67  68 

Ischaemic Heart disease 7 6 

ESKD on dialysis 2* 0 

Hypertension 7 6 

Smoking 

(Current/Ex/Never)  

0/6/1 3/3/0 

Anticoagulant 1 0 

Antiplatelet 5 3 
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Statin 5 4 

ASA grade 1/2/3/4 0/1/5/1 0/1/5/0 

 

All patients undergoing major amputation in the non-diabetic group had confirmed 

critical limb ischaemia, in the form of either rest pain (2/6) or tissue loss (4/6). Arterial 

duplex, angiogram or computed tomography (CT) examinations demonstrated 

unreconstructable peripheral artery disease and the decision to proceed to major 

amputation was confirmed in a peripheral vascular multidisciplinary team (MDT) 

meeting.  

 

3.3.3 Sample preparation 

Formalin fixed tissues were dehydrated overnight and embeded in molten paraffin 

wax to create formalin-fixed paraffin embeded histology samples. Thin 3µm slices 

were cut using a microtome (Leica, UK) and mounted onto polylysine- coated 

microscopy slides (VWR, UK). When required to perform staining, skin histology 

sections were heated overnight at 42°C.  

Snap-frozen skin samples were removed from liquid nitrogen and placed in -80°C 

freezers. These samples were used for protein analysis, with protein homogenates 

processed as described in section 2.1.3.1.  

 

3.3.3.1 Haematoxylin and Eosin 

Haematoxylin and eosin (H&E) staining was performed using a standard lab protocol. 

Skin histology sections were dewaxed in xylene (Genta Medical, York, UK) and passed 

through graded ethanols before transfer to water.  After immersion in running tap 

water, sections were immersed in Harris haematoxylin for 5 minutes before dipping 

in a weak acid alcohol solution (20mM HCl in 70% ethanol).  Sections were then 

rinsed in running tap water before immersion in eosin for 1 minute.  Sections were 

then rinsed and dehydrated by passing through graded alcohols, cleared in xylene, 
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and then mounted in permanent DePeX mountant (VWR, UK).  

 

3.3.3.2 Immunohistochemistry 

As above, prepared skin sample slides were dewaxed in xylene and graded ethanol 

baths before tap water rinsing. Residual endogenous perioxidase activity was 

blocked by soaking samples in methanol and hydrogen peroxide for 10 minutes, 

before tap water wash. Antigen retrieval was achieved through submersing samples 

in heated 10mM citrate buffer and microwaving for 10minutes.  

Reduction of non-specific antibody binding was achieved through the addition of a 

blocking serum to tissue samples for 15 minutes, horse serum was chosen as the 

secondary anti-rabbit antibody was horse derived.  A rabbit derived human anti-TLR4 

primary antibody was applied to the samples at a concentration of 1:100, and 

incubated overnight at 5°C. After warming to room temperature, the slide is 

repeatedly washed in PBS, before a non-biotin polymer conjugated anti-rabbit 

secondary antibody at 1:200 concentration (Immpress reagent kit, Vector 

laboratories, UK) was added for 30 minutes. After washing, a DAB 

(Diaminobenzidine) peroxidase substrate solution was added for a period of 10 

minutes. Following further PBS wash, the slide was placed into Mayers haematoxylin 

for 5 minutes. Finally, the slides were dipped into acid alcohol and bluing solution 

and passed through the reversal of the de-waxing process utilising graded alcohols 

and xylene.  

 

3.3.3.3 Inflammatory cell quantification 

The semi-quantitative analysis of inflammatory cell infiltration was compared 

between samples taken from proximal (non-ischaemic) and distal (ischaemic) tissue 

in both diabetic and non-diabetic donors after the H&E staining process described in 

section 3.3.3.1. Slide preparations were photographed under light microscopy at 

x100 magnification.  

Three areas of each slide were sampled by applying an identical template over 

individual slides. This standardised method was used to prevent sampling bias, and 
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to maximise the accuracy of analysis. A semi-quantitative blinded scoring system was 

then employed to categorise inflammatory cell density on H&E staining in each of the 

sampled areas. Slides were anonymised and placed in a random order. The scoring 

was done by a single independent individual who was blinded to the slide origin, and 

who had participated in a prior series of on-line multimedia tutorials in cell 

identification. Inflammatory cells were then identified based on their morphology 

and their density assigned to a score measured against provided standards. 0= 

Absent, 1= Mild, 2= Moderate, 3= Severe.   

 

3.3.3.4 TLR4 Staining intensity measurement  

Following the immunohistochemistry preparation and staining process described in 

2.1.3.3, slides stained using TLR4 antibody were photographed under microscopy at 

x100 magnification. All samples from all patient groups were processed together, 

employing an identical staining protocol. This was to ensure valid comparison of 

results between the groups by reducing any potential bias in the staining process, 

that may lead to differences in staining intensity.  

Image J software was used to compare the brown pigment staining intensity of each 

slide, expressed in relative units.  
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3.4 Results 

3.4.1 Inflammatory cell infiltration in H&E Stained Human skin samples 

To explore the presence and relative number of inflammatory cells in Human skin 

biopsies, samples were collected and prepared as described in section 3.3 and 

stained for haematoxylin and eosin. Figure 3.4.1 demonstrates representative 

samples taken from proximal (non-ischaemic) and distal (ischaemic) tissue and in 

both diabetic and non-diabetic patients. Figures 3.4.1 A and C are taken from 

proximal amputation margins and represent healthy intact, non-ischaemic skin. 

Figures 3.4.1 B and D are biopsied from distal tissues at the site of ulceration.  

 

 

 

A 
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Figure 3.4.1 Haematoxylin and Eosin staining inflammatory cell infiltrate 

Figure 3.4.1 A Representative H&E staining image of non-diabetic, proximal non-ischaemic 

tissue. B Non-diabetic, distal ischaemic tissue sample. C Diabetic proximal non-ischaemic skin 

sample, arrow denotes pericapillary thickening. D Diabetic, distal ulcerated ischaemic tissue. 

E Semi-quantitative Inflammatory cell infiltrate score. Inflammatory cells seen on H&E 

staining include neutrophils and macrophages (arrowed). (****p=0.0001, Kruskall-Wallis 

test, n=7). Key: NDM N- Non diabetic non ischaemic, NDM I- Non diabetic ischaemic, DM N- 

Diabetic non ischaemic, DM I Diabetic ischaemic. 

 

There was a significant difference in inflammatory cell infiltration observed across 

patient sample sub-types, with increased inflammatory cell density in the diabetic 

ulcerated distal ischaemic tissues (Figure 3.4.1 E, Kruskal-Wallis test n=7). In addition, 

figure 3.4.1 C demonstrates greater peri-capillary thickening (arrowed) compared to 

the non-diabetic dermal capillaries found in figure 3.4.1 A. Inflammatory cell 

infiltrates were concentrated in the dermis (Figure 3.4.1 A, B, C, D) and were greatest 

in ischaemic distal tissues (Figure 3.4.1 E). Individual dots in figure 3.4.1 E correspond 

to each individually scored sample section. As mentioned in section 3.3.3.3, each 

slide prepared following H&E staining was sampled in three places by the application 

of a set template, hence three samples per patient. The positioning of the histology 

sample on certain slides meant no specimen was contained within the template 

border, hence the differing number of dots within each group.  
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3.4.2 TLR4 immunohistochemistry staining  

Skin samples were mounted on slides and stained for Toll-Like receptor 4 to observe 

the relative density of TLR4 expression in each of the four experimental conditions of 

interest. As before, samples of proximal non-ischaemic and distal ischaemic skin in 

diabetic and non-diabetic patients were tested. The intensity of TLR4 expression was 

assessed across the whole sample using image J software.  
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Figure 3.4.2 Relative Toll-like receptor 4 expression density 

Figure 3.4.2 A Representative TLR4 immunostaining image of non-diabetic, proximal non-

ischaemic skin sample. B Non-diabetic distal ischaemic. C Diabetic proximal non-ischaemic. 

D Diabetic distal ulcerated and ischaemic. E Quantitative TLR4 staining densities. Brown 

colour immunostaining was measured across all sample using Image J software. (*p=0.038, 

Kruskall-Wallis test n=4). More intense TLR4 staining was observed in the diabetic-ischaemic 

group. Key: NDM N- Non diabetic non ischaemic, NDM I- Non diabetic ischaemic, DM N- 

Diabetic non ischaemic, DM I Diabetic ischaemic. 

 

TLR4 immunohistochemistry staining revealed a greater observed intensity of TLR4 

expression in the diabetic- distal ischaemic biopsy samples compared to non-diabetic 

and non-ischaemic samples. This observation is consistent with the results shown in 

figure 3.4.1 which demonstrated a higher density of innate immune inflammatory 

cells in the diabetic ischaemic samples. While no firm conclusions can be drawn from 

these observations, these results are consistent with an excessive pro-inflammatory 

environment characterised by increased inflammatory cell infiltration and excess 

expression of pro-inflammatory TLR4 receptors in diabetic-ischaemic conditions. 

Four patient samples per group are represented by individual dots in figure 3.4.2 E. 

Only four samples in each patient group were tested for TLR4 

immunohistochemistry, as all sixteen were analysed together simultaneously to 

reduce variability in the staining protocol process.   
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3.4.3 Toll-like receptor 4 staining density and distribution 

In addition to the quantified relative TLR4 staining density, immunohistochemistry 

can also be used to determine the distribution of TLR4 expression within the skin 

tissue. The cells which express TLR4 to the greatest degree stain darker, indicating a 

higher expression density. A direct visual comparison of TLR4 staining intensity in 

non-diabetic proximal non-ischaemic tissue and diabetic distal tissues reveals an 

increase in TLR4 staining intensity throughout all skin structures.  
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Figure 3.4.3 Distribution and staining intensity of TLR4 

Figure 3.4.3 A representative TLR4 immunohistochemistry staining image of a non-diabetic, 

proximal non-ischaemic skin sample. B Diabetic distal ischaemic sample. C Comparison 

between TLR4 staining intensity in capillary endothelial cells in diabetic ischaemic tissue and 

non-diabetic non ischaemic tissue. D Differential TLR4 staining density in epidermal 

keratinocytes. E TLR4 staining intensity in inflammatory cells.  

 

Visual comparison of TLR4 staining in the immunohistochemistry slides shown in 

figures 3.4.3 A representing non-diabetic proximal non-ischaemic skin and diabetic 

distal ischaemic skin (figure 3.4.3 B) clearly shows increased background staining 

density throughout the epidermis and dermis in the diabetic- ischaemic sample.  
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Observational comparison between the individual structures in these two samples 

reveals increased concentration density of TLR4 expression in epidermal 

keratinocytes (figure 3.4.3 D), endothelial cells (figure 3.4.3 C) and inflammatory cells 

which include neutrophils and monocytes figure 3.4.3 E). These cells types, along 

with fibroblasts (not identified in these samples) are well recognised to highly express 

TLR4 (120, 152).  

The observation in diabetic-ischaemic human tissue samples of increased TLR4 

expression by cell types crucial to the physiological process of wound healing, gives 

real world correlation to the hypothesised association between diabetes, ischaemia 

and increased TLR4 expression, and the inhibitory effect on wound healing of 

excessive TLR4 mediated inflammation. 
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3.5 Discussion 

This chapter examines the relationship between inflammatory cell recruitment and 

infiltration and the presence of diabetes, ischaemia or both combined in human 

patients undergoing major amputation for end-stage disease. The relative expression 

and distribution of TLR4 was ascertained through IHC studies.  

The observation of increased inflammatory cell infiltrate in the diabetic-ischaemic 

human skin samples compared to non-ischaemic and non-diabetic samples in figure 

3.4.1 is consistent with the published findings of other groups utilising similar 

methodology (153). Morphological changes in diabetic non-ischaemic or ulcerated 

tissues are also evident, such as the peri-capillary tissue thickening observed in figure 

3.4.1 C, when compared to non-ischaemic non-diabetic dermal capillaries.  

The hyperinflammatory and pathological nature of the healing process in diabetes is 

characterised by excessive and prolonged infiltration of innate immune cells such as 

neutrophils and macrophages, and absence of normal granulation tissue formation. 

It is hypothesised the lack of progression of the healing process, through inhibited 

cellular proliferation and failure of termination of the inflammatory phase of healing 

leads to a chronic, non-healing wound. The data presented in this chapter is 

consistent with this proposed mechanism.   

The association between exaggerated cellular inflammation and diabetes is evident, 

however the underlying mechanism of this pathological process is unclear. Pattern 

recognition receptors of the innate immune system such as TLR4 have been 

implicated, through evidence of their crucial role in the normal healing process and 

observation through IHC studies of their over expression in diabetic-ischaemic 

pathologies. Figure 3.4.2 demonstrated an increased TLR4 expression in diabetic-

ischaemic skin tissues when compared across groups. While no comparable results 

in Human skin could be found in the literature, the increased IHC expression of TLR4 

in diabetes has been observed in other tissue types.  

The distribution of TLR4 expression concentrated within keratinocytes, endothelial 

and inflammatory cells is consistent with cell types well known to express TLR4. The 
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higher staining intensity observed in diabetic tissues compared to non-diabetic 

suggests a greater TLR4 expression in diabetic conditions.  

The comparison of TLR4 staining intensity through image J software in sample groups 

highlighted a significant difference between diabetic ischaemic and non-diabetic 

non-ischaemic groups, however there was less variation than was expected. One 

explanation for this is the small sample size, recognised as a major limitation to the 

validity of any conclusions drawn from this data. Another potential but 

unquantifiable limitation to these results is the potential confounding influence of 

patient’s medications on TLR4 expression. Drugs commonly prescribed to diabetic 

patients such as statins and ACE inhibitors have been shown to have anti-

inflammatory effects through anti-TLR4 activity.  

Atorvastatin and simvastatin reduced TLR4 expression and inhibited signalling in 

human monocytes (154), similarly aortic valve interstitial cells demonstrated reduced 

TLR4 induced pro-inflammatory activity when treated with simvastatin (155). 

Atorvastatin inhibited HMGB1 mediated TLR4 activation and expression in human 

endothelial cells (156), with similar effects discovered in mouse hepatocytes (157). 

Likewise, TLR4 expression was significantly reduced in endothelial cells, macrophages 

and smooth muscle cells taken from carotid artery plaques of patients taking statins 

vs those of non-statin users (158). Angiotensin II is also associated with systemic pro-

inflammatory effects mediated via TLR4 signalling (159). There is evidence for the 

anti-inflammatory effect of ACE inhibitors through inhibition of the TLR4/NFkB 

signalling pathway in human monocytes (160), and cardiac myocytes where ramipril 

reduced TLR4 expression in hypertensive rats (161). The benefit of statin and ACE 

inhibitor use on cardiovascular mortality in diabetes appears to be over and above 

that of the cholesterol and blood pressure lowering effects of these drugs 

respectively (162).  

Of the patients recruited for this study 5/7 of the diabetic group and 4/6 of the non-

diabetic were prescribed statins and no information regarding dose was recorded. 

Information regarding the use of ACE inhibitors or angiotensin receptor blockers 

(ARBs) was incomplete. The effect of dose, individual variability in efficacy of each 

drug, compliance and duration of prescription are all potential confounding factors. 
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Comparisons and conclusions from this human tissue data are therefore limited and 

should be considered descriptive only.  

The further confounding effect of infection on TLR4 expression has not be discussed 

so far in this study. It is inevitable that chronic, non-healing diabetic wounds will be 

exposed to bacterial colonisation, if not overt infection. TLR4 expression and 

activation will occur through the processes of infection and trauma, resulting in the 

introduction of many different variables, impossible to control for. This is an 

important factor that limits the direct comparison of human tissue samples.  

 A crucial piece of data missing from this chapter is the quantification of protein 

concentrations through Western Blot analysis. The protein was collected as a full-

thickness skin biopsy sample from the amputated limbs in the same manner as 

histology samples, and immediately snap frozen in liquid nitrogen. After thawing 

from -80°C, the skin sample was separated from underlying subcutaneous fat tissue 

using a scalpel blade. The protein was homogenised as described in section 2.1.3.1, 

utilising protease and phosphatase inhibitors. Unfortunately, despite concentration 

adjustment through BCA assay as described in section 2.2.5, the sample proteins had 

completely degraded, and no results were obtained from successive Western blot 

attempts.  

The failure of the protein quantification experiments almost certainly lies in the 

significant degradation of the proteins that occurred during both the storage, 

thawing and homogenising processes. These samples were collected over a period of 

18 months from consenting patients undergoing major amputations, and in hindsight 

the protein samples should have been prepared shortly after collection, avoiding the 

damaging effect of prolonged storage. In any future analysis utilising similar 

methodology, samples must be prepared contemporaneously.  

 

3.6 Summary 

In conclusion, this chapter has examined and compared the histological appearance 

of human skin in diabetic-ischaemic, diabetic only, ischaemic only, and non-diabetic, 
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non-ischaemic skin. There was an increase in the density of inflammatory cell 

infiltrate in the diabetic-ischaemic tissues. The relative expression and location of 

TLR4 was also examined, demonstrating an increase in TLR4 expression in diabetic-

ischaemic skin throughout both the epidermal keratinocytes, and dermal structures 

such as endothelial cells and inflammatory cells.  

These experiments show a consistency with published work from other groups 

reporting similar findings in other tissues, and suggest an excessive inflammatory 

response mediated by TLR4 expression and signalling in diabetic conditions. Caution 

is required when interpreting this data however, as no conclusions regarding 

causality can be drawn from this observational study. However, the wider association 

between TLR4 over-expression and excessive inflammation leading to wound non-

healing is compelling.  
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Chapter 4 

 

The effect of hyperglycaemia and ischaemia on 

TLR4 expression, signalling and activation in vitro 

 

4.1 Introduction 

Diabetes is now recognised as a systemic pro-inflammatory condition. There is 

compelling evidence this effect is mediated through pattern recognition receptors 

(PRRs) of the innate immune system (163). Toll-like receptor 4 (TLR4) has been 

particularly implicated in the systemic pathogenesis of diabetes and its complications 

(105). TLRs are key PRRs of the innate immune system and activate through 

recognition of exogenous microbial components termed pathogen associated 

molecular patterns (PAMPS) (97). Binding PAMPS leads to activation of downstream 

signaling pathways, ultimately resulting in the release of pro-inflammatory cytokines 

such as interleukin-6 (IL-6) and tissue necrosis factor alpha (TNF-α) (98). In addition 

to the PAMPs, TLRs are also activated by a variety of host derived endogenous ligands 

termed damage associated molecular patterns (DAMPs). These are usually hidden 

from immune recognition but are exposed by tissue damage alerting the innate 

immune system to injury (91). The resulting inflammatory response is a physiological 

mechanism for the recruitment of immune cells and stimulation of the normal 

process of wound healing (91).  

The crucial role of TLR2 and 4 in initiating the early physiological stages of wound 

healing is recognised, if not fully understood (74). There is evidence to suggest that 

in the presence of diabetes, the process of TLR2 and 4 activation seems to produce 

the opposite effect, becoming pathological and impeding wound healing. In animal 
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studies of induced diabetes, wound healing was significantly improved in TLR2 

deficient mice compared to diabetic wild-type animals (122) with the same effect 

observed in diabetic TLR4 deficient mice (123). Other studies have demonstrated 

significantly increased TLR2, TLR4 and MyD88 expression in diabetic compared to 

non-diabetic wounds and suggest that in diabetes, TLR2 and TLR4 mediated 

pathological inflammation results in an impairment of wound healing. 

The effect of hyperglycaemia on the expression, signalling and activation of TLR4 in 

cells comprising the skin in vitro is therefore of particular interest in chronic non-

healing wounds, which in the case of diabetic patients is often co-associated with 

ischaemia. 

 

4.2 Aims 

In this chapter we aim to ascertain the effect of increasing glucose concentrations on 

cultures of human cells present in skin and essential for wound healing. In addition, 

we will also examine the effect of hypoxia; these simulated diabetic-ischaemic 

conditions aim to model the local wound environment of diabetic wounds in vitro. 

Specifically, we will examine the effect on the expression, signalling and function of 

toll-like receptor 4 (TLR4) within these dermal and epidermal cells in these 

conditions.  

 

4.3 Methods 

Normal human dermal fibroblasts from non-ischaemic skin of patients without 

diabetes were primary cultured as per the protocol outlined in 2.2.1.1. Immortalised 

HaCat keratinocytes and human microvascular dermal endothelial cells (HMDEC) 

were purchased (Promocell).  

Detailed protocols utilised in this chapter are provided in chapter 2. Briefly, low 

glucose (LG, 5.5mM) cultured dermal fibroblasts were seeded into 6 well plates 

(Falcon product code #353046) at a density of 80,000 cells per well. The media was 



108 
 

changed daily and at 90% confluence a low serum media (0.1% FCS) was applied 24 

hours before commencing the experiment.  The cells were subsequently exposed to 

media containing glucose concentrations of 0mM to 25mM for 24 hours and included 

14.5mM mannitol in low glucose as an osmotic control. Identical plates were 

simultaneously placed in a hypoxic chamber (Modular Incubator Chamber, MIC-101) 

with a gas mixture of 20% CO2 and 80% N2 for 8 hours. 

For subsequent experiments, low glucose cultured fibroblasts were exposed to a very 

high glucose (VHG, 25mM) media for 24 hours utilising the above described protocol. 

Various inhibitors were added to the VHG treatment media. A selective TLR4 

neutralising antibody (Anti-hTLR4 IgG, Invivogen) and inhibitor (LPS-RS, Invivogen) 

were used. Identical plates were once again simultaneously placed in a hypoxic 

chamber.  

Protein lysates were prepared from the cultured fibroblasts following completion of 

the 24 hours of treatment exposure. Fibroblast monolayers were placed on ice and 

washed with PBS before addition of a 175µl volume of lysis buffer, containing RIPA 

buffer, protease and phosphatase inhibitors and 2-mercaptoethanol. The lysates 

were liberated using a cell scraper and agitation through a 23G needle and syringe. 

The lysates were placed into 1.5ml Eppendorff tubes and centrifuged at 10,000rpm 

for 4mins at 4°C. 

Western blot analysis of protein lysates was undertaken following normalisation of 

protein concentrations by BCA assay (Thermo-scientific), and densitometric analysis 

conducted using VisionWorkLS software. 

IL-6 concentrations were measured from the supernatants of treated human dermal 

fibroblasts by ELISA (R&D systems) and analysed using Mithras LB940 microplate 

reader. All Statistical analyses were performed using GraphPad Prism (GraphPad 

Software). 

A multianalyte ELISArray (Qiagen) was performed according to manufacturer’s 

protocol, allowing simultaneous non-quantitative analysis of 12 pro-inflammatory 

cytokines. Results were read by microplate reader and normalised to the lowest 

observed absorbance. Further assessments of IL-8 and TNF-α concentrations in the 
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supernatants of treated human dermal fibroblasts were measured using ELISAs (R&D 

Systems).  
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4.4 Results 

4.4.1 Effect of glucose treatments on cell cultures  

Preliminary experiments were conducted on all three chosen human dermal and 

epidermal cell types to determine their ability to survive and proliferate in 

subsequent experiments.  

 

Primary cultured normal human dermal fibroblasts 

Fibroblasts at low passage following primary culture placed in culture media at 0mM 

glucose concentration did not survive. They did however survive and proliferate after 

transfer to low glucose (5.5mM) media once passaged 2-3 times in the very high 

glucose media (25mM) required for successful primary culture. Images seen in figure 

4.1 are after 48 hours of culture. This indicated fibroblasts cultured directly from 

human non-diabetic skin samples are suitable for subsequent analysis.  

 

HaCat Keritinocytes 

The Immortalised HaCat keratinocyte cell line did not survive in 0mM glucose 

conditions. After 48 hours this cell line achieved 90% confluence in culture media at 

5.5mM glucose concentration. In very high glucose (25mM) media, cells exceeded 

100% confluence and clusters detached.  

 

Human microvascular dermal endothelial cells (HMDEC)  

This commercially purchased human cell line was extremely sensitive to low glucose 

conditions. Cells exhibited in figure 4.4.1 were photographed after 1 week of culture. 

No glucose (0mM) conditions was fatal for HMDEC cells. Cultures in low glucose 

(5.5mM) media failed to proliferate, even after 1 week. Cells in very high glucose 

conditions did not reach 90% confluence at 1 week but demonstrated proliferation 

over longer time spans. The inhibition of proliferation in low glucose conditions 
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prohibited further study of this cell line and no further experiments were conducted 

utilising HMDEC.   
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Primary cultured human dermal fibroblasts 

 

HaCat kerintocytes 

 

HMDEC 

 

Figure 4.4.1 Glucose treatment influences culture success of all three test cell types 

Preliminary experiments all conducted in a normoxic environment demonstrated primary 

cultured fibroblasts could be successfully cultured in low glucose conditions. The 

proliferation of HaCat cells was also maintained, however this proliferation was not inhibited 

on attainment of 100% confluence in very high glucose media, raising suspicions of cell 

differentiation. HMDEC cells did not tolerate low glucose conditions.   
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4.4.2 Immunocytochemistry  

Following primary culture, all fibroblast cell lines were checked for purity and 

homogeneity culture using immunocytochemistry staining for the Anti-S100A4 

fibroblast specific protein (FSP) marker. Suspicions of HaCat cell differentiation were 

raised given their unregulated growth in very high glucose conditions. Multiple 

samples of this immortalised keratinocyte cell line were stained for keratin markers 

using the Pan-CK cocktail antibody.  

Fibroblasts 

 

A 
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Hacat 

 

 

Figure 4.4.2 Immunocytochemistry identification of experimental cell lines  

(A) Successfully cultured primary cell lines of different donor origin named NF1, NF3 and NF4 

all strongly stained positive for FSP indicating a homogenous culture of fibroblasts. (B) The 

samples of HaCat cells, derived from the same initial cell line, demonstrated variable, but 

generally poor expression of keratin markers. It was concluded the samples could not be 

used for further experiments.   

B 
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4.4.3 Effect of glucose concentration on TLR4 protein levels  

Increasing concentrations of glucose increased TLR4 protein levels in fibroblasts in a 

dose response fashion. The addition of 14.5mM mannitol to 5.5mM glucose media 

as an osmotic control had no significant effect on TLR4 protein levels. The effect on 

TLR4 is therefore independent of the increased osmotic effect of higher glucose 

concentrations.  

 

 

Figure 4.4.3 Dose response relationship between glucose and TLR4 protein levels in 

fibroblasts 

(A) Representative western blot analysis demonstrating the effect of increasing glucose 

concentration on TLR4 protein levels by fibroblasts. (B) Densitometric analysis of western 

blots. (n=9, p=0.029, Mann-Whitney U test).  

A 

B 
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4.4.4 Glucose dose-exposure time-trial 

A dose-time exposure experiment was carried out to determine the optimum 

duration for the exposure of fibroblasts to very high glucose conditions (25mM) 

necessary to observe the statistically significant increase in TLR4 protein levels shown 

in figure 4.4.3. 

 

 

Figure 4.4.4 Effect of very high glucose becomes significant after 24 hours 

Densitometric analysis of western blots of TLR4 protein levels after exposure to 5.5mM (LG), 

5.5mM and 14.5mM mannitol (M) and 25mM (VHG) at set time points indicated. (n=9, 3 

fibroblast cell lines with 3 experimental repeats, *p=0.035, Mann-Whitney U Test). 

A time course analysis to determine the optimum duration of exposure to very high 

glucose (25mM) on TLR4 levels was performed (figure 4.4.4). The difference between 

the VHG group time points reached significance at 24 hours (p=0.035); Subsequent 

experiments were conducted for this duration.   
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4.4.5 The effect of very high glucose and hypoxia on TLR4 protein levels 

Comparing the effect of LG (5.5mM) glucose and VHG (25mM) exposure on TLR4 

protein levels in nomoxia and hypoxia, hypoxic conditions led to an increase in TLR4 

protein expression. This effect was significantly increased (p=0.017) in very high 

glucose concentrations (25mM).  

 

 

Figure 4.5.5 Effect of LG vs VHG in normoxia and hypoxia on TLR4 protein levels  

Figure 4.5.5. (A) Representative Western Blot comparing the effect of LG (5.5mM) glucose 

and VHG (25mM) exposure in normoxia and hypoxia on expression of TLR4. (B). 

Densitometric analysis of TLR4 expression. (n=9, *p=0.017, Mann-Whitney U test).  

A 

 

 

 

 

 

B 
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4.5.6 The effect of very high glucose and hypoxia on the TLR4 signalling pathway 

Hypoxia results in increased TLR4 expression (figure 4.5.5) and signalling and this 

effect is exaggerated in very high glucose conditions (figure 4.5.6). 

 

 

 

A 

B 



119 
 

 

 

Figure 4.5.6 Effect of LG vs VHG in normoxia and hypoxia on TLR4 signalling pathway 

(A)  Representative Western Blots comparing the effect of LG (5.5mM) and VHG (25mM) 

exposure in normoxia and hypoxia on expression of TLR4, MyD88, NFkB and phosphorylated 

NFkB, a marker of NFkB activation. (B) Densitometric analysis of MyD88 expression and (C) 

NFkB activation.  

 

Hypoxic, VHG (25mM) conditions results in increased expression of MyD88 (figure 

4.5.6 B) (p=0.014, n=6) and phosphorylation of NFkB (figure 4.5.6 C) suggesting 

increased activation of TLR4 in addition to the observed increase in expression, 

through the NFkB mediated MYD88 dependent pathway.  

  

C 
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4.5.7 The effect of very high glucose and hypoxia on TLR4 endogenous ligands 

 

 

Figure 4.5.7 Effect of LG vs VHG in normoxia and hypoxia on TLR4 endogenous ligand 

HMBG1 

(A) Representative Western blots comparing the effect of LG (5,5mM) and VHG (25mM) 

exposure in normoxia and hypoxia on HMBG1, a potent endogenous ligand of TLR4. (B) 

Densitometric analysis of HMBG1 protein bands.   

Results for the comparison of HMBG1 expression between groups did not reach 

statistical significance (n=6, P= 0.3, Krusal-wallis test). There was a trend towards an 

increase in HMBG1 release in hypoxia, with a non-significant increase in VHG 

conditions (figure 4.5.7 B).  

A 

B 
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4.5.8 The effect of very high glucose and hypoxia on apoptosis and IL-6 release 

Hypoxic VHG (25mM) conditions resulted in a significant increase in cell apoptosis 

represented by cleaved caspase 3 (apoptotic marker) when compared to low glucose 

(5.5mM) in hypoxia (p=0.0001). The same conditions led to a significantly increased 

concentration of the pro-inflammatory cytokine IL-6, released into fibroblast 

supernatant (p=0.043). 

 

 

 

 

 

A 

B 
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Figure 4.5.8 Effect of LG vs VHG in normoxia and hypoxia on apoptosis and IL-6 release 

 (A) Representative Western Blots comparing the effect of LG (5.5mM) and VHG (25mM) 

exposure in normoxia and hypoxia on cleaved caspase 3 expression (apoptosis). (B) 

Densitometric analysis of cleaved caspase 3 expression (p=0.0001, n=6 Mann-Whitney U 

Test) (C) IL-6 concentration of cell supernatant samples. VHG conditions resulted in a greater 

release of IL-6 compared to LG. Hypoxia increased IL-6 release in both LG and VHG 

conditions. (n = 12, p = 0.043, Mann-Whitney U test). 

  

C 



123 
 

4.5.9 Effect of TLR4 inhibition in VHG and hypoxia and effect on TLR expression 

The use of a specific TLR4 antagonist and neutralising antibody in very high glucose 

hypoxic conditions resulted in a significant decrease in TLR4 protein expression 

(p=0.003). There was a corresponding increase in TLR2 expression observed. 

 

 

 

A 

B 
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Figure 4.5.9 Effect of TLR4 inhibitors in VHG and hypoxia on TLR4 protein expression 

(A) Representative Western Blots comparing VHG vs. VHG + specific inhibitor treatment in 

hypoxic conditions on TLR4 and TLR2. (B). Densitometric analysis of TLR4 (**p=0.003, n=9 

Kruskal-Wallis test). 
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4.5.10 Effect of TLR4 inhibition in VHG and hypoxia and effect on TLR4 

endogenous ligands 

HMBG1 is a potent endogenous ligand of TLR4. An increase in the protein expression 

of HMBG1 was observed in response to a very high glucose hypoxic environment 

seen in figure 4.5.7 when compared to low glucose and normoxic conditions. The 

addition of TLR4 antagonists results in significant decrease in HMBG1 expression by 

fibroblasts in hyperglycaemic hypoxic conditions (p=0.025).  

 

 

A 

B 
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Figure 4.5.10 Effect of TLR4 inhibitors in VHG and hypoxia on TLR4 endogenous ligand 

HMBG1 

(A) Representative Western Blots comparing VHG vs. VHG + specific inhibitor treatment in 

hypoxic conditions on HMBG1. (B) Densitometric analysis of HMBG1. The use of TLR4 

inhibitors in VHG and hypoxia resulted in a significant decrease in HMBG1 release, a potent 

TLR4 endogenous ligand (n= 6, p=0.025 Kruskal-Wallis test).  
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4.5.11 Effect of TLR4 inhibition in VHG and hypoxia and effect on apoptosis and IL-

6 

An increase in cellular apoptosis through cleaved caspase 3 was observed in a very 

high glucose (25mM) hypoxic environment (figure 4.5.8). The addition of TLR4 

inhibitors resulted in a significant decrease in cell apoptosis in these same conditions 

(p=0.003). IL-6 release was also significantly decreased by the selective antagonism 

of TLR4.  

 

 

 

 

B 

A 
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Figure 4.5.11 Effect of TLR4 inhibitors in VHG and hypoxia on apoptosis and IL-6 release 

(A) Representative Western Blots comparing VHG vs. VHG + specific inhibitor treatment in 

hypoxic conditions on cleaved caspase 3 expression. (B) Densitometric analysis of cleaved 

caspase 3 expression. (C) IL-6 concentration of cell supernatant samples. TLR4 inhibition 

resulted in a significant reduction in the release of IL-6, ameliorating the inflammatory effect 

of hyperglycaemia + hypoxia. (n= 11, Kruskal-Wallis test). 

  

C 
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4.5.12 Multi-analyte ELISArray  

To determine the spectrum and quantity of inflammatory cytokines released by 

cultured human dermal fibroblasts into the supernatant, a multi-analyte ELISArray 

kit was used initially which allowed simultaneous analysis of 12 pro-inflammatory 

cytokines: IL1α, IL1β, IL2, IL4, IL6, IL8, IL10, IL12, IL17A, IFN-γ, TNF-α, GM-CSF.  

The NF1, NF3 and NF4 primary cultured cell lines were utilised, and strongly 

demonstrated fibroblast production of IL-6 and IL-8 and to a lesser degree GM-CSF. 

TNF-α was not detected by this ELISArray. Values presented are relative values and 

not concentrations.  

 

 

 

Figure 4.5.12 Multicytokine ELISA array for pro-inflammatory cytokines 

This assay is not quantitative but indicates IL-6 and IL8 are produced to the greatest 

degree by our fibroblast population across the whole range of test environments.  
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4.5.13 IL-8 and TNF-α ELISA 

The multi-analyte inflammatory cytokine array presented in 4.5.12 demonstrated IL-

8 release by fibroblasts in addition to IL-6. Individual IL-8 enzyme-linked 

immunosorbent assay (ELISA) examination allowed for quantitative comparison of 

cytokine release. A TNF-α ELISA was also conducted due to the known association 

between TLR4 activation and TNF-α release. No significant difference between 

glucose concentration and the presence/absence of hypoxia was seen.  

 

 

Figure 4.5.13 IL-8 and TNF-α concentration in fibroblast supernatant  

There was no significant difference in the release of IL-8 (A) (p=0.17, n=6 Kruskal-

Wallis test) or TNF- α (B) between treatment groups observed (n=6, p= 0.43 Mann-

Whitney test).     

A 

B 
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4.5 Discussion 

Three cell types found in the dermis and epidermis of the skin were initially identified 

for examination in this study. Human microvascular dermal endothelial cells 

(HMDEC) were very sensitive to low glucose conditions, with complete arresting of 

proliferation observed. The ‘low glucose’ concentration utilised in this in vitro model 

is physiological, corresponding to a value of 5.5mM and within the normal non-

diabetic human glucose homeostatic range. It is therefore likely the difficulty in 

utilising HMDEC cells is an artefact of the in vitro process. 

Given the high degree to which TLR4 is expressed by endothelial cells, and the 

implication in the development of diabetic macro and microvascular complications 

of abnormal TLR4 mediated endothelial inflammation, further study is necessary.  It 

may be possible for this methodology to be adapted successfully by comparing very 

high glucose (25mM) and ultra-high glucose (>35mM) concentrations.  

The HaCat immortalised keratinocyte cell line was used to model epidermal cells. 

Suspicions regarding the suitability of the available cell samples, particularly 

abnormal proliferation and failure to adequately express keratinocyte markers led to 

the decision not to pursue further experiments with this cell line. Primary culture of 

keratinocytes from human donor skin samples is possible but precluded by time 

constraints in this project. Like HMDEC cells, keratinocytes highly express TLR4, and 

given the importance of the re-epithelialisation process in wound healing, warrant 

further study.  

From our data, increasing concentrations of glucose increased TLR4 protein levels in 

a dose response fashion in fibroblasts (figure 4.5.3). Very high glucose conditions 

(VHG, 25mM) significantly increased TLR4 protein levels compared to physiological 

‘low glucose’ (LG, 5.5mM) conditions (Figure 4.5.3 B). The addition of 14.5mM 

mannitol to 5.5mM glucose media as an osmotic control had no significant effect on 

TLR4 protein expression, indicating this effect is not driven by the increased osmotic 

potential of higher glucose concentrations. A similar effect on TLR4 gene expression 

has been observed in gingival fibroblasts (135) , monocytes (134) and adipocytes 

(164). In accordance with these other published studies which utilised a similar 
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methodology on different cell types, our data indicated 24 hours of very high glucose 

exposure is sufficient for a clear biological difference to be observed (134, 135, 164).  

The exposure of dermal fibroblasts to very high glucose and hypoxic conditions led 

to an increase in TLR4 protein levels (figure 4.5.5). MyD88 is a crucial adaptor 

molecule recruited to the intracellular domain of TLR4 following activation and NFkB 

is an essential nuclear transcription factor in the production of pro-inflammatory 

cytokines such as IL-6.  In addition to TLR4 upregulation, there was an observed 

increase in MyD88, NFkB phosphorylation and IL-6 release. This suggests very high 

glucose and hypoxic conditions lead to an increase in TLR4 activation and signalling 

through the MYD88 dependant NFkB pathway, resulting in a significant increase in 

pro-inflammatory cytokine (IL-6) release. A significant increase in apoptosis and a 

trend towards an increased release of HMBG1, a potent endogenous ligand of TLR4, 

was also observed, offering a possible mechanism for the increased expression and 

activation of TLR4. 

To examine further the effect of very high glucose and hypoxic conditions on TLR4 

activation and signalling, a specific TLR4 neutralising antibody and an antagonist 

were utilised.  TLR4 inhibition resulted in a significant reduction in TLR4 protein 

expression (figure 4.5.9 A). There was a corresponding increase in TLR2 protein 

expression in the TLR4 antagonist groups (figure 4.5.9 A). There is considerable co-

activation and cross-talk between TLR4 and TLR2 via NFkB (165), and compensatory 

upregulation of TLR2 has been reported in TLR4 knockout mice and in human 

adipocytes ((166, 167). 

Selective blocking of TLR4 mediated pathways in VHG-hypoxic conditions led to a 

significant reduction in IL-6 release, apoptosis and release of HMGB1. These findings 

suggest the harmful pro-inflammatory effects of simulated high glucose hypoxic 

conditions are ameliorated by inhibition of TLR4. 

The range of inflammatory cytokines released by our primary cultured cell lines are 

consistent with other published studies, observing IL-6 and IL-8 as commonly 

associated inflammatory cytokines (168, 169). It is surprising this data did not show 

an association between IL-8 and TNF-α release and very high glucose hypoxic 
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conditions, as both cytokines are associated with TLR4 activation, like IL-6 (170, 171).  

An explanation for this discrepancy may be down to lack of experimental repeats due 

to cost constraints, and further examination is desirable.  

It has been demonstrated by other groups that high glucose results in an increase in 

TLR4 mediated inflammation, however the novel observation from these results is 

the effect of adding a second noxious variable, hypoxia. Data from others in this 

research group have demonstrated hypoxia induces TLR2, 4 and 6 expression and 

activation in skeletal muscle (97, 172).  

These results in dermal fibroblasts suggest this effect is significantly exaggerated by 

concurrent exposure to high glucose. This inflammatory effect signals and actions via 

the TLR4 MYD88 dependant pathway, and as previously described leads to increased 

and excessive inflammation via downstream production of cytokines such as IL-6.  

In clinical situations of chronic non-healing diabetic-ischaemic ulceration, it is 

possible to see the consequences of this dysregulated process. The release of pro-

inflammatory cytokines via TLR4 activation, and the subsequent recruitment of the 

innate immune cellular response results in tissue damage and cellular apoptosis and 

the release of damage associated molecular patterns (DAMPS) such as HMGB1. 

These DAMPS act as potent ligands for TLR4 activation, resulting in the release of 

further pro-inflammatory cytokines, perpetuating a dysregulated positive feedback 

cycle of tissue damage-inflammation-tissue damage. 

The aim of this chapter was to model the local wound environment of a chronic 

diabetic-ischaemic wound, however there have not been any direct physiological 

studies of wound fluid/environment measuring these in-vivo conditions. Studies of 

chronic venous wounds demonstrated a significant reduction in wound glucose 

concentration compared to serum, however these were non-diabetic subjects (173).  

For the purposes of this study therefore, the assumption was tissue glucose 

concentration was equal to that of serum concentration. PAD has been shown to 

significantly decrease the tissue oxygen levels (174) and increase carbon dioxide 

(CO2) levels (175) in skin measured at the foot compared to normal control subjects. 



134 
 

The hypoxia protocol utilised for these in-vitro experiments has been shown to model 

reduced tissue oxygen and increased CO2 levels (132). 

 

4.6 Summary 

Very high glucose culture media lead to an increase in TLR4 protein expression in 

human dermal fibroblasts. Simulated diabetic-ischaemic conditions resulted in a 

significant increase in TLR4 protein expression, signalling through the MyD88 adaptor 

pathway and activation of NFkB, with corresponding increase in pro-inflammatory 

cytokine (IL-6) release. This resulted in increased cellular apoptosis and release of 

endogenous TLR4 ligands. Inhibition of TLR4 ameliorated the pro-inflammatory 

effect of very high glucose hypoxic conditions with a reduction in TLR4 expression, 

apoptosis, endogenous ligand and IL-6 release. There can be little doubt diabetes is 

an innate immune induced pro-inflammatory condition, however in addition there 

appears to be a synergistic effect between this innate inflammatory reaction to high 

glucose, and hypoxia.  
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Chapter 5 

 

Effect of hyperglycaemia, ischaemia and TLR4 on 

cell function in vitro 

 

5.1 Introduction 

Dermal fibroblasts are essential cellular components of the normal process of skin 

wound healing through the production of extracellular matrix comprised of collagen, 

glycosaminosglycans, proteoglycans, fibronectin and elastin essential for the 

development of granulation tissue. In addition they undergo the crucial functional 

processes of proliferation, migration and differentiation into contractile 

myofibroblasts in response to tissue injury (176).  

Fibroblasts are the most important cellular constituent of connective tissues and 

maintain skin homeostasis through a balance between proliferation and 

differentiation (177). Following tissue damage, growth factors such as platelet 

derived growth factor (PDGF) and tissue transforming growth factor β1 (TGF-β1) 

stimulate fibroblast proliferation and migration into the wound (178). Fibroblast 

proliferation characterises the proliferative phase of wound healing. During this 

phase fibroblasts rapidly produce extracellular matrix (ECM) which provides the 

matrix framework for the formation of granulation tissue (179). 

In response to tissue injury, fibroblasts migrate from the surrounding undamaged 

dermal tissues (180). Chemoattractant signals released by platelets and 

macrophages located in the newly formed fibrin clot direct fibroblasts towards the 

site of injury (181). It has been observed that fibroblasts migrate in an ordered 

fashion along the fibronectin structures of the extracellular matrix using specific 

fibronectin binding integrins (182). The stimulus for fibroblast migration results in a 
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down-regulation and internalisation of desmosomes that tightly link fibroblasts to 

adjacent extra cellular matrix proteins allowing migration, although this mechanism 

is poorly understood (183).  

Contraction is another important tissue property that occurs during the proliferative 

phase of wound healing (184). As mentioned above, fibroblast proliferation and ECM 

production leads to the formation of early granulation tissue and within granulation 

tissue fibroblasts undergo differentiation to myofibroblasts, under the influence of 

transforming growth factor β (TGF-β) (177, 185). A combination of fibroblast traction 

and myofibroblast contraction then acts to reduce the wound area size (186). 

Myofibroblasts, like fibroblasts also secrete extra cellular matrix proteins  (184).  

Many of these essential processes are impaired in fibroblasts taken from diabetic 

human donors (187). Fibroblasts isolated from diabetics demonstrated reduced 

proliferation capacity compared to non-diabetics. This effect persisted even when 

both cell groups were cultured in high glucose media, implying a pre-existing 

phenotypic change to the cell cultured from diabetic donors (187).  

Likewise, cardiac fibroblasts isolated from diabetic rats exhibited a greater 

contractile property than non-diabetic controls, this was associated with an 

increased expression of α smooth muscle actin (αSMA) suggesting differentiation to 

a myofibroblast phenotype (188). Studies of fibroblasts cultured from diabetic db/db 

mice were compared to wild-type and exhibited significantly impaired migration, in 

both normoxia and hypoxia (189).  

 

5.2 Aims 

The aim of this chapter was to assess the consequences of very high glucose and 

hypoxia on important functional abilities of fibroblasts, essential to the wound 

healing process. Proliferative capacity, contraction and migratory potential will be 

investigated. Given the importance of TLR4 in wound healing, the role of TLR4 was 

explored through selective inhibition and its consequences on the functional 

properties of the cells.    
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5.3 Methods 

Methodologies are explained in more detail in chapter 2, sections 2.2.7, 2.2.8, 2.2.9 

and 2.2.10.1.  

Cell proliferation was measured via the crystal violet assay: fibroblasts were seeded 

into 96 well plates after re-suspension in either low glucose (5.5mM) or very high 

glucose (25mM) media, and subsequently cultured for 24 hours. Simultaneously, 

duplicate plates were placed in a hypoxic chamber. Crystal violet dissolved in 20% 

methanol was added to each well for 10 minutes, after which the solution was 

aspirated, and wells washed and air dried. DNA-crystal binding was then measured 

by microplate reader after re-constitution with acetic acid. 

Collagen gels containing collagen, HEPES, DMEM media at variable glucose 

concentrations and suspended trypsinised fibroblast cells were created and added to 

pre-BSA coated 24 well plates. Inhibitors were added to media at very high glucose 

concentrations. After polymerisation a further 1ml of media was added to each well 

to float the gels. Duplicate plates were simultaneously placed within a hypoxic 

chamber. After 24 hours contraction was measured by gel weight.  

Scratch migration assay was performed by seeding low glucose cultured dermal 

fibroblasts into 24 well plates, culturing to 90% confluence and inflicting a 

standardised scratch wound. Following PBS wash, treatment media at glucose 

concentrations of 5.5mM, 25mM and 25mM with inhibitors, were added in addition 

to 0.1% mM mitomycin c as a proliferation inhibitor. Duplicate plates were placed in 

a hypoxic chamber for 24 hours as previously described. Fibroblast migration was 

assessed via camera microscopy and percentage migration measured using a visual 

optical method.  
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5.4 Results 

5.4.1 Crystal violet proliferation assay 

The effect of variable glucose concentrations in a normoxic and hypoxic environment 

on fibroblast proliferation was measured via crystal violet assay. There was a 

significant increase in fibroblast proliferation between very high glucose and low 

glucose control groups in normoxic conditions (p=0.0002), however no difference 

was observed in hypoxia (figure 5.4.3). In very high glucose media, fibroblasts 

subjected to hypoxia demonstrated significantly reduced proliferation compared to 

normoxia (p=0.01). There was no statistically significant difference between 

normoxia and hypoxia in low glucose treatment groups (figure 5.4.3).  

 

 

Figure 5.4.1 Effect of simulated hyperglycaemia and ischaemia on fibroblast proliferation 

Fibroblasts subjected to very high glucose demonstrated a greater proliferative response 

compared to low glucose in normoxia (p=0.0002, n=32 Mann-Whitney test). In very high 
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glucose conditions, simulated ischaemia inhibited fibroblast proliferation (p=0.01, n=32 

Mann-Whitney test). This effect was not seen in normoxia.  
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5.4.2 Gel contraction assay  

Gel contraction assay analysis of fibroblast contraction was performed using all three 

primary cell lines, comparing contraction between normoxic and hypoxic conditions 

in low glucose and very high glucose media. Gels in hypoxic environments 

demonstrated an increase in contraction compared to normoxia, in both low glucose 

or very high glucose groups, however these differences did not reach statistical 

significance (figure 5.4.2 A and B). Comparison of gel contraction between low and 

high glucose groups in normoxia suggested a trend towards impaired contraction in 

very high glucose, however this did not reach significance (figure 5.4.2 D). There was 

a significant difference observed however when comparing differences across all 

groups (figure 5.4.2 B). 

 

A 
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Figure 5.4.2 Effect of LG vs VHG in normoxia and hypoxia on fibroblast contraction 

Gel contraction assay comparing fibroblast contraction in low glucose (5.5mM) and very high 

glucose (25mM) conditions, with and without hypoxia. There was no significant difference 

observed when directly comparing normoxia and hypoxia in either low glucose (A) or very 

high glucose (B) conditions p=0.4 and p=0.1 respectively (n=9 Mann-Whitney test). (C) 

Representative scan of collagen gels, corresponding to treatment groups, labelled in (D). 

Kruskal-Wallis test analysis demonstrated a significant difference across all the treatment 

groups (p= 0.021, n= 9) (D).  
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5.4.3 Effect of TLR4 pathway inhibition on fibroblast gel contraction 

 

To determine the effect of TLR4 inhibition on fibroblast contraction, a specific TLR4 

neutralising antibody and antagonist were added to very high glucose treatment 

media. There was no significant difference in contraction in either normoxia or 

hypoxia (p=0.086). The addition of specific MyD88 and TRIF inhibitory peptides 

similarly demonstrated no difference compared to very high glucose hypoxic 

conditions (p=0.99). This provides conclusive evidence fibroblast contraction is not 

related to TLR4 activation, signalling and function. 
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Figure 5.4.3 Effect of TLR4 pathway inhibition on fibroblast contraction 

(A) Representative scan of collagen gels corresponding to treatment groups labelled in (B). 

(B) gel weight comparison between very high glucose hypoxic control and TLR4 inhibitor 

treatments. No difference was observed between groups (p=0.086, n=6 Kruskal-Wallis test). 

(C) Representative scan of collagen gels corresponding to treatment groups labelled in (D). 

(D) Very high glucose hypoxia and MyD88 and TRIF inhibitors. No difference in contraction 

was seen in these conditions with the addition of MyD88 and TRIF inhibitors (p=0.99, n=6 

Kruskal-Wallis test).  

C 

D 
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5.4.4 Scratch migration assay  

Fibroblast migration was assessed using a scratch assay. The proliferation inhibitor 

mitomycin c (MMC) was added to remove the effect of proliferation from the scratch 

closure process, allowing the effect observed to be isolated cell migration. Fibroblast 

migration was inhibited by simulated ischaemia (figure 5.4.4 B) p=0.01, and this 

effect was significantly exaggerated in very high glucose concentrations (figure 5.4.4 

D) p=0.01. In a normoxic environment very high glucose led to an increase in cell 

migration figure 5.4.4 C) p=0.05. 
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Figure 5.4.4 Effect of LG vs VHG in normoxia and hypoxia on fibroblast migration 

(A) Representative phase contrast images of fibroblasts 24 hours following wounding. (B) 

Fibroblasts displayed a reduced migratory potential in hypoxic conditions (p=0.01, n=8 

Mann-Whitney test). (C) Migration was increased in very high glucose compared to low 

glucose in normoxia (p=0.05, n=8 Mann-Whitney test). (D) The impairment in migration 

observed in hypoxic conditions (figure 5.4.6 B) was exaggerated by very high glucose (p=0.01, 

n=8 Mann-Whitney test).  

  

D 
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5.4.5 Inhibitor dose-response effect on fibroblast migration 

To examine the effect of TLR4 activation on fibroblast migration, a specific 

neutralising antibody and a selective antagonist were used. A preliminary experiment 

was conducted to confirm the optimum dose for each, informed by previous lab 

experience using these treatments. No statistical analysis was performed. A dose of 

1µg/ml was selected for the TLR4 neutralising antibody (figure 5.4.5 A), and 10µg/ml 

for LPS-RS TLR4 antagonist (figure 5.4.5 B). 

 

 

Figure 5.4.5 Dose response effect of TLR4 inhibitors on fibroblast migration 

Dose-response effect on fibroblast migration in very high glucose hypoxic conditions of 

adding (A) A selective TLR4 neutralising antibody. A dose of 1µg/ml was selected. (B) The 

TLR4 antagonist LPS-RS, a dose of 10µg/ml was selected. 

A 

B 
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5.4.6 Effect of TLR4 pathway inhibition on fibroblast migration  

Having established simulated hyperglycaemic ischaemic conditions significantly 

inhibit fibroblast migration (5.4.6), the effect of TLR4 activation and signalling was 

assessed through the addition of TLR4 neutralising antibody and TLR4 antagonist to 

the high glucose media in a hypoxic environment. Both compounds resulted in 

significant improvement in migration (figure 5.4.6 B) p=0.01. Migration was similarly 

improved by the addition of MYD88 inhibitory peptide (figure 5.4.6 D) p=0.001. TRIF 

inhibitory peptide had no beneficial effect on migration.  TLR4 inhibition ameliorates 

the negative effect of hyperglycaemia and ischaemia on migration, and this occurs 

via the MYD88 dependant signalling pathway. 
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Figure 5.4.6 Effect of TLR4 and signalling pathway inhibition on fibroblast migration 

The effect of inhibitor addition to the very high glucose media in hypoxic conditions on 

fibroblast migration. (A) Representative phase contrast images of fibroblasts 24 hours 

following wounding, comparing migration in TLR4 inhibitor groups vs control (B) The addition 

of TLR4 neutralising antibody or TLR4 antagonist significantly improved fibroblast migration 

(p=0.01, n=8 Kruskal-Wallis test). (C) Representative phase contrast images comparing TLR4 

signalling pathway inhibitors vs control. (D) MYD88 inhibition significantly improves 

migration (p=0.001, n=8 Kruskal-Wallis test). Groups treated with TRIF inhibitory peptide 

demonstrated no improvement in migration. TLR4 inhibition attenuated the harmful effect 

of combined hyperglycamia and ischaemia, and this effect is mediated via the MYD88 

dependant signalling pathway.   

D 
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5.5 Discussion 

In this chapter, the effect of simulated hyperglycaemia and ischaemia on fibroblast 

proliferation, migration and contraction was examined. The role of TLR4 activation 

and TLR4 signalling pathways in these cellular functional abilities was also assessed.  

An increase in fibroblast proliferation in very high glucose conditions compared to 

low glucose in normoxia was found. The published literature offers conflicting 

evidence however. An increase in proliferation by high glucose, consistent with our 

observations has been reported in dermal fibroblasts (190), renal fibroblasts (191) 

and cardiac fibroblasts (192). In direct contradiction, others have reported inhibition 

of proliferation by high glucose in cardiac fibroblasts (193) and dermal fibroblasts 

(194). Another study noted a decrease in fibroblast proliferation in high glucose, 

however this effect was attenuated or reversed with the addition of FCS, which 

offered protection through increased cellular resilience to stress (195). Cells cultured 

from diabetics demonstrated reduced proliferation compared to non-diabetics, and 

this effect persisted even when both groups were cultured in high glucose (187). 

These differences and contradictions between groups only highlights the limitations 

of cell culture and in vitro studies in modelling complex disease patterns.  

Once again unexpectedly the data suggested an inhibitory effect of hypoxia on 

fibroblast proliferation when combined with very high glucose. Hypoxia-induced 

increases in fibroblast proliferation are widely reported and often associated with 

abnormal healing processes such as hypertrophy and fibrosis (196). Studies utilising 

cells cultured from non-healing diabetic ulcers observe reduced proliferative and 

migratory capacity however (197), and no direct comparison of fibroblast 

proliferation in simulated hyperglycaemic ischaemic conditions has been reported 

previously. This novel finding suggests that the stimulatory effect of hypoxia is 

inhibited by the concurrent presence of hyperglycaemia.  

The gel contraction assay suggested a trend towards increased contraction in hypoxic 

conditions in both low glucose and very high glucose environments, however this did 

not reach significance. Comparison of treatment groups across the full range of 

variable combinations utilising a Kruskal-Wallis test was significant however (figure 
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5.4.4 D). Published studies report the stimulatory effect of hypoxia on fibroblast 

contractile properties and differentiation to myofibroblasts through TGF-β activation 

of the SMAD pathways, leading to increased expression of α-smooth muscle actin 

(αSMA) (198). Other studies contradict this observation, reporting an inhibitory 

effect of hypoxia on contraction through inhibited myofibroblast differentiation 

(199). Our results are not conclusive in answering this discrepancy. The addition of 

TLR4 and TLR4 signalling inhibitors did not significantly alter contraction, suggesting 

the process of fibroblast differentiation is independent of TLR4 activation and 

signalling.   

In normoxia, greater contraction ability was observed in the low glucose group, 

however this effect was not significant. An inhibitory effect of high glucose conditions 

has previously been reported in the literature in support of these findings (200). 

While trends in support of some published observations are seen, no significant 

differences between glucose concentrations and oxygen environments tested in this 

chapter on fibroblast contraction were demonstrated. No published study has 

reported the effect of combining hyperglycaemia and ischaemia, however these 

results remain inconclusive and further experimental repeats are required.  

Very high glucose conditions led to a significantly increased fibroblast migration 

compared to low glucose in normoxia (figure 5.4.6 C). This effect was completely 

reversed however in hypoxia with a significantly reduced migration in the VHG 

hypoxia group (figure 5.4.6 D). This unexpected improvement in fibroblast migration 

by very high glucose conditions in normoxia, is contrary to several studies in which 

high glucose impeded migration through the overexpression of gap junction protein 

connexin 43 (Cx43) (201).  

This outcome although unexpected, was very consistent. Multiple biological and 

temporal repeats using at least 3 separate lines of primary cultured fibroblasts 

produced remarkably similar results. It is possible the difference in observation 

between these results and others in the literature may be a consequence of 

experimental protocol. For instance, Mendoza-Naranjo et al (2013) reported 

inhibited migration in cultured fibroblasts at treatment glucose concentrations of 

40mM, far exceeding the treatment dose of 25mM in this project (201). Xuan et al 
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(2014) reported an inhibition of migration at 30mM, however they observed a 3-day 

treatment exposure period, in comparison to the 24 hours in this protocol (195). It is 

also possible the process of primary culture may also have contributed.  

It has previously been shown that hypoxia stimulates fibroblast migration, however 

cells harvested from diabetic animals failed to demonstrate this improved migratory 

property in hypoxia (189). The significant reduction in migration observed in this 

chapter by fibroblasts in high glucose and hypoxic conditions may in fact be due to 

the pathological combination of both factors, resulting in a deleterious signalling or 

phenotypic change to the cell.  

A significant improvement in migration with the addition of TLR4 and MYD88 

inhibitors was observed in simulated hyperglycaemia and ischaemia. TLR4 inhibition 

ameliorated the inhibitory effect of these conditions mediated through the MYD88 

signalling pathway. The mechanism for this remains unclear and requires further 

investigation. The inhibitor doses were selected based on previous dose-response 

experiments performed within the group on other cell types. A preliminary dose-

response experiment was done for this chapter to confirm the efficacy of these doses 

in fibroblasts. Formal studies were not repeated due to cost constraints. 

 

5.6 Summary 

Primary cultured human dermal fibroblast cell lines predominantly release IL-6 and 

IL-8 inflammatory cytokines. In this population, fibroblasts treated with very high 

glucose concentrations demonstrated increased proliferative capacity in normoxia, 

an effect which was completely reversed by the addition of hypoxia, with a significant 

reduction in proliferation measured. A similar observation occurred in the process of 

migration. A simulated diabetic-ischaemic environment resulted in a significant 

reduction in migration compared to very high glucose normoxic controls. These 

observations suggest a synergistic relationship between hypoxia and high glucose, 

with hyperglycaemia exaggerating the deleterious consequences of ischaemia. This 

effect appears to occur via the TLR4 MyD88 pro-inflammatory pathway.    
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Chapter 6 

 

Murine model of diabetic ischaemic ulceration 

and the effect of endogenous TLR4 deletion 

 

6.1 Introduction 

As mentioned previously, in vitro studies utilising single cell types allow close 

manipulation of environmental conditions and give essential biological insight into 

the behaviour of cells under variable but specific experimental parameters. These 

studies are indispensable for the testing of individual receptors and downstream 

pathways and for the examination of physical cellular processes, such as migration. 

In vitro studies can model these processes in isolation under a variety of controlled 

specific conditions but cannot adequately replicate physiological complex tissue or 

organ level processes such as wound healing. As described in section 1.6, wound 

healing involves a complex interaction between multiple cell types and multiple 

complimentary cell processes such as phagocytosis, proliferation, migration, 

contraction and extracellular matrix production. These are closely regulated by 

cytokines, chemokines, growth factors and other inter-cell signalling processes, all 

with the correct temporal relationship.  

A process of such overwhelming complexity that cannot be meaningfully recreated 

in vitro requires a whole organism study prior to human testing of disease specific 

therapeutic targets. It is therefore essential for in vivo studies to, as accurately as 

possible, model the pathology of human disease. The in vitro experiments presented 

in chapters 4 and 5 were conducted in very high glucose and hypoxic conditions 

(alongside relevant controls), in vivo studies however must reproduce the 
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hyperglycaemic and ischaemic conditions commonly found in the peripheral limb 

tissues of patients with chronic diabetic foot ulceration.  

 

6.1.1 Murine models of diabetic ischaemic ulceration  

Murine models of both type 1 and type 2 diabetes have been described (202). Type 

1 diabetes is typically induced via the intraperitoneal injection of the diabetogenic 

antibiotic drug streptozotocin (STZ) and protocols include the single high dose 

intraperitoneal injection (at doses of 160-240mg/Kg) (203) and the multiple low dose 

STZ (20-40mg/Kg per day for 5 days) regime (204). The single high dose technique 

leads to rapid chemical destruction of pancreatic beta cells with a near immediate 

induction of severe hyperglycaemia (205).  It is commonly utilised for beta cell 

transplantation models and for the testing of new insulin preparations (205) but is 

associated with increased morbidity such as drastic weight loss, diarrhoea, organ 

toxicity and sudden death, with a mortality of up to 20% (206). The low dose STZ 

dosing regime is described as producing a less severe diabetic phenotype but is 

associated with significantly less toxicity and reduced mortality (207). The 

diabetogenic effect is via an immune induced insulitis, a macrophage mediated T-

lymphocyte cytotoxic destructive inflammatory response to pancreatic beta cells 

rather than direct toxicity (208). This method has been shown to induce a type 1 

phenotype of diabetes in mice (209). A type 1 model is preferred in this study for 

continuity with in vitro studies, and because hyperglycaemia rather than insulin 

resistance is the pathological mechanism of interest. 

Genetic models of type 1 diabetes in mice exist, the most extensively used is the 

autoimmune model non-obese diabetic (NOD) mouse (205). Murine models of type 

2 diabetes utilise transgenic animals, examples include db/db mouse and the ob/ob 

mouse strains, both of which have an extreme obesity phenotype (205). 

There are a variety of surgical hindlimb ischaemia models described in the literature, 

inducing differing severities of ischaemia. The described techniques differ in level of 

artery ligation, number of vessel levels ligated, the ligation of side branches and the 

ligation and excision of arteries (210). Recovery of hindlimb perfusion is observed 



157 
 

more readily in younger animals 6-8 weeks old compared to older individuals (8-10 

months) (211).  

Modelling chronic ischaemia is difficult due to the significant recovery potential of 

the mice, and techniques such as single level femoral ligation have been shown to 

exert little ischaemic effect due to the extensive collateral circulation (210). A model 

of high ligation and transection of the EIA proximal to the inferior epigastric and CFA 

bifurcation, with ligation and excision of the SFA in the C57BL/6 strain has been 

demonstrated to induce severe ischaemia that more closely resembles the chronic 

ischaemia found in human patients with PAD (212). 

Murine models of diabetic wound healing are well described. Some protocols 

utilising digital image planimetry to measure wound area employ 9mm dorsal skin 

wounds inflicted on the animals back (122). While this allows larger wounds to be 

created and topical treatments and controls within the same animal, is clearly 

unsuitable to model diabetic ischaemia. Hindlimb models utilising induced ischaemia 

are however established, some utilise a 5mm thigh dorsal skin wound (143), others 

locate the wound more distally below the knee, at the expense of a smaller 4mm 

wound (52).  

The model created for this project combines elements of all these techniques. Low 

dose multiple STZ regime was used to reduce animal morbidity and the potentially 

confounding effect of organ toxicity. The double ligation ischaemia model was 

chosen to more accurately model chronic ischaemia, and the wound created as distal 

as possible to better reflect foot ulceration. 

 

6.2 Aims 

The in-vitro experiments conducted in simulated high glucose and hypoxic conditions 

provided adequate proof of concept to justify progression to whole organism studies. 

Several murine models of diabetic hindlimb ischaemia have been described, with a 

variety of subtly different methods used to model diabetic ischaemic limb ulceration. 
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The first aim of this chapter therefore was to utilise aspects of previously described 

models to produce a validated model of chronic ulceration.  

The second and most important aim was to utilise this model to determine the 

potential benefit of TLR4 antagonism on wound healing in chronic diabetic ischaemic 

ulceration. TLR4 antagonists are already available and have been evaluated in phase 

3 clinical trials in the context of severe sepsis. Our aim is to again establish the proof 

of concept by first ascertaining the effect of endogenous TLR4 deletion through 

transgenic TLR4 -/- mice.  

 

6.3 Methods 

A more comprehensive description of methodologies is provided in section 2.3. 

6.3.1 Induction of diabetes 

Induction of type 1 diabetes was achieved through a low dose daily streptozotocin 

(STZ) intra-peritoneal injection method. Streptozotocin was reconstituted using a 

cold (5°C) 0.1M citrate buffer at pH 4.5, created through the addition of trisodium 

citrate (2.941g in 100ml distilled water) and citric acid monohydrate (2.1g in 100ml 

distilled water). The citrate buffer was used to reconstitute the STZ at a dose of 

1g/ml. After aliquoting, STZ doses were stored at -20°C.  

At first dosing, the individual 8-week-old male C57Bl/6 mice were weighed and a dose 

of 40mg/kg body weight STZ injected into the peritoneal cavity. The same dose was 

given for five consecutive days per animal. The animals were monitored for signs of 

distress or injury at least twice per day. 

 

6.3.2 Post induction monitoring 

Animals were observed and monitored throughout the experiment. A strict schedule 

was closely followed to ensure the well-being of subject animals was maintained, and 

that any of the common side effects of STZ use were detected. These include weight 

loss, respiratory distress, hypoglycaemia and sudden death. Any animal with >5% 
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weight loss detected requires euthanasia via a schedule 1 method as per project 

license protocol. 

The STZ monitoring schedule was as follows: 

Day 1  Weight   

Day 7 Weight   

Day 14 Weight Urinalysis Capillary blood 

glucose 

Day 21 Weight Urinalysis  

Day 28  Weight Urinalysis  

Day 35 (day of 

surgery) 

Weight  Capillary blood 

glucose 

 

Table 6.3.2 Animal monitoring schedule  

6.3.3 Induction of hindlimb ischaemia and infliction of lower limb wound 

Diabetic animals at day 35 post first STZ injection, aged matched non-diabetic 

animals destined to become the non diabetic ischaemic cohort and TLR4 knock out 

animals day 35 post STZ injection underwent surgery to inflict hindlimb ischaemia 

and ipsilateral skin wounds. In addition, individuals in the non diabetic non ischaemic 

cohort had 4mm full thickness below knee wounds inflicted.   

Prior to surgery, individual cages were moved through to a designated anaesthetic 

area outside of the operating room.  All animals were weighed immediately prior to 

anaesthetic induction. 

 

6.3.3.1 Induction of anaesthesia 

Individuals were placed inside the anaesthetic chamber, where 2l/min O2 was 

applied as a pre-oxygenation step. Isoflurane gas was introduced, increasing 
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gradually to a minimum flow setting of 2 (maximum 5) on the anaesthetic machine. 

Once anaesthetised the animal was removed and placed on a warming mat and 

transferred to nasal gas anaesthetic using a scavenger circuit. Isoflurane anaesthesia 

was delivered driven via 2l/min O2 at setting of 2-5.  

Anaesthesia was confirmed by applying toe pressure. Hind limb fur was shaved on 

the left limb (or both if bilateral wounds were created) and the limbs were fully 

extended and taped in place. The skin was cleansed with aqueous chlorhexidine. 

From this point full aseptic technique was observed. 

 

 

Figure 6.3.3.1 The operating room 

Figure 6.3.3.1 A photograph demonstrating the pre-operative organisation of the operating 

room. Visible are the sterile drapes overlying the heat mat on which animals were placed in 

a supine position. The nasal gas anaesthesia and scavenger apparatus are located at the top 

of the heat mat. Additional lightening and x10 magnification microscope were arranged as 

seen.  
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6.3.3.2 Induction of hindlimb ischaemia 

A 1cm longitudinal skin incision was made along the medial left thigh and the skin 

separated and undermined using blunt dissection. The artery was exposed by 

sweeping away the overlying fat pad using a peanut swab. The external iliac artery 

was located by continued proximal blunt dissection and separated from the vein by 

dissecting along its length. After isolating the artery, a 7-0 prolene suture was passed 

behind and tied proximally and again distally. The external iliac artery (EIA) was then 

divided between these sutures. The superficial femoral artery (SFA) was separated 

from the vein and isolated proximally after the common femoral (CFA) bifurcation, 

and distally at the above knee popliteal artery (figure 6.3.3.2 A). Without damaging 

the deep vein, the SFA was then completely excised (figure 6.3.3.2 B). Haemostasis 

was achieved and the wound closed using interrupted 3-0 vicryl rapide.  
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Figure 6.3.3.2 Mouse arterial ligation and excision 

Figure 6.3.3.2 A diagrammatical representation of the levels of ligature placement and 

division of the artery, with representation of the excised section of SFA. B excised length of 

SFA on a cotton swab.  

 

 

B 

A 
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6.3.3.3 Infliction of below knee skin wound 

Following closure of the operative wounds and while still anaesthetised, the securing 

tape was removed, and the animal placed in the right lateral position. The knee was 

located and a 4mm punch biopsy was used to remove a full thickness skin sample on 

the lateral aspect of the leg below the knee. 

Prior to removal from nasal anaesthetic, a capillary blood glucose sample was taken 

via a tail pin prick, and a 40µL volume of buprenorphine (Temgesic®) was injected 

subcutaneously for post-operative analgesia. Laser doppler imaging was performed 

when available prior to recovery from anaesthetic to examine the perfusion of the 

operated limb and confirm induction of ischaemia (figure 6.4.3).  

The animals were removed from nasal isoflurane anaesthesia and placed into a 

warmed recovery pen. Once fully recovered, they were returned to their individually 

ventilated cages and highlighted as post-operative animals to be closely observed.  

 

6.3.4 Wound photography 

A more detailed explanation of this method is outlined in section 2.3.5.1. Wounds 

were photographed using digital photography for subsequent wound area analysis. 

A standard measure was placed within the photograph to allow for size 

standardisation (figure 6.3.4). Wounds were photographed immediately post 

infliction of skin wound on day 0 while under anaesthesia, and on days 3, 7 and 14 

post mortem after sacrifice using schedule 1 methods.  
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Figure 6.3.4 Wound digital photography incorporating measurement standard 

Representative photograph of a mouse hindlimb wound containing a tape measure for 

accurate standard comparison in wound area measurement. This photograph depicts a day 

3 wound in a diabetic ischaemic TLR4 knock out mouse.  

 

6.3.5 Sample collection 

The animals were euthanased using the schedule 1 methods of neck dislocation and 

aortic disruption under terminal anaesthesia. Post mortem the hindlimb wound was 

photographed as described in section 6.3.4. The ulcer was then circumferentially 

excised, fixed onto filter paper backing and placed into formalin. Skin biopsies from 

immediately adjacent to the ulcer excision site were taken and snap frozen in liquid 

nitrogen. They were subsequently placed in -80°C. Protein samples were liberated 

from the skin samples according to the tissue lysis protocol described in section 2.3.6.  

 

6.3.6 Wound area planimetry  

Wound areas were measured for each animal using ImageJ software. A more detailed 

explanation of this protocol is found in section 2.3.7. The images were magnified to 

improve accuracy and the tape measure used to calibrate each image to ensure 

standardised measurement. Due to the degree of variation in the day 0 initial wound 

areas, a mean starting wound area for each test group was calculated. Subsequent 

individual wound area measurements within that group were normalised against this 

starting mean. This ensured all groups day 0 wound area was assigned a value of 1, 

and comparisons between test groups was then possible. Subsequent data points are 

therefore expressed as relative mean wound areas, and the graphs demonstrate 

relative wound area reduction.   
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6.4 Results 

6.4.1 Assessment of hyperglycaemia  

Following the intra-peritoneal injection of STZ, animals were monitored as described 

in section 6.3.2. The successful induction of diabetes was confirmed through capillary 

blood glucose monitoring (CBG) and through the presence of glycosuria in urine. 

Figure 6.4.1 A demonstrates the glucose monitor used, and figure 6.4.1 B the urine 

test strips, along with the visual colour comparison method for interpretation.  

 

 

 

A 

B 
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Figure 6.4.1.1 Capillary blood glucose test meter and urinary glucose test strips 

Figure 6.4.1 A Photograph of portable capillary blood glucose monitor used for tail capillary 

blood sampling. B Photograph demonstrating urinalysis test strip comparison against colour 

key on test strip bottle. C The glycosuria colour comparison chart. The CBG tests were 

conducted at random, the fasting status of each animal was unknown.  

 

  

C 
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6.4.1.2 Animal glycaemic control measurement 

Diabetes was induced through a consecutive five-day dosing regimen of low dose 

(40mg/kg) intra-peritoneal STZ. Day one was considered as the first day of dosing. 

Random non-fasting capillary blood glucose measurements were taken on day 14 

post first intraperitoneal injection of STZ. Glycosuria was assessed first at day 14 and 

at the intervals described in 6.3.2. Table 6.4.1.2 demonstrates the mean capillary 

blood glucose levels at each measurement interval. A urinary glucose reading of ++ 

or more and/or a random CBG measurement of >11.1mmol/L was taken to be 

diagnostic of the successful induction of diabetes (148). 

 

 Pre Surgery Post surgery 

Day 14 Day 21 Day 28 Day 35 Day 3 Day 7 Day 14 

Diabetic 

non 

ischaemic 

9.1 9.1 13.7 16.1 18.6 17.9 20.9 

Urinalysis + ++ ++ ++   

Diabetic 

Ischaemic 

9.1 10.9 13.9 18.6 23.3 19.4 23.1 

Urinalysis ++ ++ +++ +++  

TLR4 KO 11.5 13.1 15.7 18.8 20.8 20.1 21.3 

Urinalysis + ++ ++ +++  

 

Table 6.4.1.2 Mean CBG measurements and urinalysis 
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Figure 6.4.1.2 Non-fasting capillary blood glucose measurements confirming induction of 

diabetes 

Data illustrated in Table 6.4.1.2 and figure 6.4.1.2 demonstrates comparable mean random 

capillary blood glucose levels between groups with no statistical difference observed 

(p=0.17, 2way ANOVA). There was a trend for increasing CBG in all groups throughout the 

duration of the study period. There was a suggestion of a post-surgery peak in CBG levels at 

day 3, with this effect more pronounced in the DM-I group.  By day 14 post-surgery CBG 

results had regained parity between groups. 

 

The mean random non-fasting blood glucose measurements were comparable 

between the three diabetic treatment groups. Group mean results are presented as 

identification of individual mice was impossible owing to multi-occupancy cages. 

Data is therefore not available on an individual animal level, however the narrow 

error bars indicate there was little variation. By day 21 the mean observed glycosuria 

measurement across all groups was the ++ value set as diagnostic for successful 

diabetes induction. By day 28 the mean random non-fasting CBG measurement in all 

groups exceeded the 11.1mmol/L value used clinically as diagnostic for diabetes 
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(148). There appeared to be a post-operative peak in measured CBG, particularly in 

the diabetic ischaemic cohort, this reached a plateau by day 7.   
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Figure 6.4.2 Animal weight measurements 

Diabetes was induced through a consecutive five-day dosing regimen of low dose 

(40mg/kg) intra-peritoneal STZ. Day one was considered as the first day of dosing. 

Multiple post-dosing assessments of weight were made following the schedule 

described above in section 6.3.2. Table 6.4.2.1 demonstrates the mean weight of 

groups at each monitoring interval following STZ administration.  

Four weeks following induction of diabetes, animals in the relevant groups (diabetic 

ischaemic and TLR4 KO diabetic ischaemic) underwent surgical ligation of the right 

common femoral artery and excision of the superficial femoral artery to provoke 

hindlimb ischaemia. Animals in the non-diabetic group did not undergo STZ dosing 

and therefore received no specific pre-surgery monitoring. Table 6.4.2.2 lists the 

mean weight of animals in each group following surgery to induce hindlimb 

ischaemia. The TLR4 KO group were heavier than wild-type, attempts were made to 

weight match groups, however the differential growth rate between them made this 

particularly difficult. 

 

 Day 1 Day 7 Day 14 Day 21 Day 28 

Diabetic 

ischaemic  

26.1g 25.7g 26.1g 26.6g 27.3g 

Diabetic Non- 

ischaemic  

25.7g 26.2g 26.7g 27.5g 27.6g 

TLR4 KO  

(DM-I) 

42.2g  40.0g  40.7g 

 

Table 6.4.2.1 Mean weight at scheduled monitoring intervals post STZ dosing 
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Figure 6.4.2.1 Weight change following diabetes induction 

Table 6.4.2.1 and figure 6.4.2.1 document the progression of animal weight from the first 

day of dosing to day 28. There was no difference in age and starting weight between the 

diabetic ischaemic and diabetic non-ischaemic groups. An initial decrease in weight post-

dosing was observed in the diabetic ischaemic group at day 7. This effect was not sustained, 

with weights regaining parity by day 28. TLR4 KO mice were significantly heavier than WT 

controls (p=0.0001, unpaired t test, n=21). The KO group exhibited a weight decrease post-

dosing but failed to regain pre-STZ injection levels. This effect did not reach statistical 

significance.  
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 Day 0 Day 3 Day 7 Day 14 

Diabetic 

ischaemic  

27.4g 26.0g 25.9g 27.4g 

Diabetic Non-

ischaemic  

27.7g 27.5g 27.9g 27.7g 

Non-diabetic 

ischaemic 

27.3g 27.1g 27.9g 30.3g 

TLR4 KO  

(DMI) 

41.3g 41.0g 39.3g 41.1g 

 

Table 6.4.2.2 Mean weight at scheduled intervals post-induction of hindlimb ischaemia   

 

 

Figure 6.4.2.2 weight change following induction of hindlimb ischaemia 
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Table 6.4.2.2 and figure 6.4.2.2 demonstrate animal weights pre-surgery and at intervals of 

3, 7- and 14-days post-surgical induction of hindlimb ischaemia. These represent the same 

individuals as those documented in figure 6.4.2.1 with the addition of the non-diabetic 

ischaemic cohort. At day 3 post surgery, animals in each group had lost weight, with animals 

in the diabetic ischaemic cohort observed to have reduced in weight by the greatest degree 

(5% pre-op body weight). This effect was/not significant (p=0.43, unpaired t-test, n=7). By 

day 14, diabetic animals had regained weight to pre-operative levels except in the TLR4 KO 

group. Non diabetic animals were also observed to gain weight, and by day 14 exceeded 

weights measured pre-surgery.  

 

At day 7 after the induction of diabetes, animals in the group destined to undergo 

hindlimb ischaemia were observed to have lost weight. This effect was not seen in 

the comparable ‘non-ischaemic group’ however and was not sustained, with mean 

weights recovering by day 14. TLR4 KO animals were also observed to decrease in 

weight post STZ dosing but failed to recover to pre-dosing levels (figure 6.4.2.1). This 

effect was not statistically significant.  

The surgical infliction of hindlimb ischaemia and a below the knee full thickness skin 

wound resulted in a decrease in weight in all groups (figure 6.4.2.2). This effect, 

although not statistically significant, appeared to be greatest in the diabetic groups, 

including TLR4 knock outs. The subsequent trend observed suggested these weights 

increased, however results after day 7 are difficult to interpret as experimental 

animal sacrifices resulted in a reducing population. Although the cages were chosen 

at random for sacrifice, there was considerable variation between individuals within 

each cage (from 33g to 48g). The sacrifice of larger individuals therefore affected the 

mean weight due to the small sample size.   
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6.4.3 Assessment of post-operative hindlimb ischaemia 

Following induction of left hindlimb ischaemia through CFA ligation and SFA excision, 

the operated limb was imaged with a LASER doppler to confirm successful 

establishment of ischaemia. This was performed on all operated animals where 

available, prior to recovery from anaesthesia.  

 

Figure 6.4.3 LASER doppler image post ligation of Left CFA and SFA excision 

Figure 6.4.3 demonstrates a representative LASER doppler image post ligation of the left CFA 

and excision of the SFA, rendering the left limb ischaemic. In this image the fur of both lower 

limbs was shaved to allow visualisation of perfusion, and the animal is viewed lying supine. 

The left limb demonstrates no detectable blood flow indicating successful achievement of 

severe ischaemia.  

LASER doppler images taken post operatively confirm establishment of severe 

hindlimb ischaemia. Previous work from this group has indicated rapid 

collateralisation and re-establishment of a degree of perfusion by day 7 in a similar 
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model of hindlimb ischaemia. In the context of co-existing diabetes, the degree of 

collateralisation throughout the time course remains unknown.
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6.4.4 Murine diabetic-ischaemic model of lower limb ulceration 

To determine the effect of diabetes and ischaemia on healing in a full-thickness lower 

limb wound, a murine model of induced diabetes and hindlimb ischaemia was 

created. To validate this model, diabetic-ischemic wound healing was compared to 

healing in diabetic non-ischaemic, non-diabetic ischaemic and non-diabetic non-

ischaemic animals.  

Diabetes was induced as described above utilising the repeat low-dose STZ regimen 

four weeks prior to induction of hindlimb ischaemia. Under isoflurane gas 

anaesthesia, the left common femoral artery was ligated with excision of the 

superficial femoral artery as described in section 2.3.4 and 6.3.3. A 4mm full thickness 

punch biopsy was taken below the knee at the time of surgery.  

Photographs of each wound were taken prior to reversal of anaesthesia, and again 

at the time of sacrifice under terminal anaesthesia on day 3, 7, 14 post surgery.  

 

 

 

A 
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Figure 6.4.4 Diabetic-ischaemic conditions result in slower wound healing 

Figure 6.4.4 A Representative photographic images demonstrating lower limb wound areas 

at perioperative (day 0) and 3,7 and 14 days post induction of hindlimb ischaemia. Control 

groups comparing diabetic and non-diabetic animals with or without ischaemia are 

represented. Images were obtained under anaesthesia (day 0), or terminal anaesthesia prior 

to sacrifice (days 3,7,14). B Comparison of relative mean wound areas between groups at 

highlighted time intervals. Analysis of wound area was conducted using image J software. A 

tape measure was included within each photograph for size comparison and accurate scaling 

(not shown). Animals with diabetic-ischaemic wounds had a significantly greater wound area 

at day 14 compared to other groups (p=0.03, Kruskal-Wallis test, n=4). 

Animals with diabetes and hindlimb ischaemia were the only group to have wounds 

persist to day 14 (P=0.03). No animal in this group demonstrated complete wound 

healing (n=4). All wounds on animals from the other control groups healed by day 14. 

There was no significant difference between healing in diabetic non-ischaemic and 

non-diabetic ischaemic animals. All subjects in the non-diabetic non-ischaemic 

wounds had 100% wound closure at day 7.   

B 
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Wound areas are represented as mean values, as the individuals within each group 

were not individually identifiable. The animals were housed in cages together by 

treatment group, therefore individual comparison of wound area reduction was not 

possible. As explained in section 6.3.6, these mean areas are then further 

represented relative to the starting (Day 0) mean wound area. The relative mean 

wound areas at each time point are therefore presented in figure 6.4.4 B, 

incorporating measurements from all individuals within the group.  

The significant impairment in wound healing in the diabetic-ischaemic group 

suggests this may be a successful murine model of chronic diabetic-ischaemic 

ulceration. Further time points beyond 14 days, potentially up to 3 months are 

required to determine whether the effect is truly induction of a chronic wound, or 

simply significantly delayed wound healing. While no significant difference in wound 

area was observed between diabetes only and ischaemia only wounds, both groups 

failed to exhibit the rapid healing of animals in the non-diabetic non-ischaemic group. 

It is therefore possible that with a larger sample size this measured impairment in 

healing may reach statistical significance.  
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6.4.5 Effect of TLR4 knock-out on wound healing 

The control experiments in wild-type male C56BL/6 strain mice described in figure 

6.4.4 provided validation for this experimental protocol as a successful model of 

impaired wound healing in diabetic-ischaemic ulceration. The experiment was 

repeated utilising endogenously deleted TLR4 -/- mice on a background strain of 

C56BL/6. Male mice were exclusively used as before. Due to the slower growth rates 

of TLR4 KO animals compared to WT, the specimens could not be age matched. The 

TLR4 KO mice were aged approximately 14 months and are larger than control mice. 

Results are again expressed as relative mean wound areas. 

 

 

 

A 
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Figure 6.4.5 TLR4 knock-out significantly improves wound healing in diabetic-ischaemic 

conditions 

Figure 6.4.5 A Representative photographic images comparing lower limb wound areas at 

time of operation (day 0), and post-operative days 3, 7 and 14. Diabetes and hindlimb 

ischaemia were induced in aged TLR4 KO mice as per previously described. Identical 4mm 

full thickness punch biopsy wounds were made on the contralateral non-ischaemic limb to 

provide a diabetic non-ischaemic TLR KO control. Images were obtained under anaesthesia 

as in figure 6.4.4. B Comparison of relative mean wound areas between WT diabetic 

ischaemic and TLR4 KO diabetic ischaemic wounds at days 3, 7 and 14. There was a 

significantly reduced wound area representing improved healing at each time point in the 

TLR4 KO mouse compared to WT (p=0.006, 0.006 and 0.01 at days 3, 7 and 14 respectively, 

Mann-Whitney test n=7 at each time point).  

Endogenous TLR4 knock out was associated with an improvement in wound healing 

at each time point compared to comparable diabetic ischaemic wild type animals 

(figure 6.4.5 B). All wounds were healed by day 14.   

B 
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6.4.6 Protein expression in wild-type vs TLR4 knock-out diabetic animals 

Below knee skin samples were collected post mortem following ulcer excision. Biopsy 

samples underwent homogenisation as described in section 2.3.6. A comparison of 

day 3 post-operative TLR4 and cleaved caspase 3 tissue concentrations from diabetic 

non ischaemic, diabetic ischaemic and diabetic ischaemic TLR4 -/- animals is 

represented in figure 6.4.7. As expected TLR4 knock out animals did not express TLR4.   

 

 

Figure 6.4.6 TLR4 expression and apoptosis appear increased in diabetic ischaemic wounds  

Western blot analysis of TLR4 expression and cleaved caspase 3, an apoptotic marker, in 

tissue biopsies taken from diabetic non ischaemic, diabetic ischaemic and diabetic ischaemic 

TLR4 knock out animals on day 3 post skin wounding. Insufficient experimental repeats were 

conducted to statistically analyse these observations, however the trend appears to be a 

greater TLR4 expression in tissue from diabetic ischaemic wounds than from diabetic non 

ischaemic skin. It appeared cleaved caspase 3 concentration was increased in diabetic 

ischaemic tissue compared to diabetic only, and reduced in TLR4 knockout. As expected no 

TLR4 expression was observed in tissue from knock out animals.  

TLR4 expression and cellular apoptosis appeared to be increased in diabetic 

ischaemic tissue and reduced under the same conditions in TLR4 knock out animals. 

Without statistical significance no firm conclusions can be made from these 

Day 3 
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observations, however the suggested trend closely correlates with the results of the 

in vitro experiments.   
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6.4.7 Temporal comparison between wild-type and TLR4 knock-out animals  

Harvested tissue protein was used to compare TLR4 and cleaved caspase 3 

expression between individuals sacrificed at each time point within treatment 

groups. Figure 6.4.6 demonstrates the expected absence of TLR4 expression in the 

knock-out animals, therefore TLR2 expression was examined instead to determine 

whether the absence of TLR4 results in a compensatory increase in TLR2.  

 

 

 

 

A 

B 
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Figure 6.4.7 Increased TLR expression appears sustained to day 14 post wounding 

Figure 6.4.7 A Western blot analysis comparing TLR4 protein expression and cleaved caspase 

3 at days 3, 7 and 14 post skin wounding in wild-type diabetic ischaemic animals. It appears 

that TLR4 expression is maintained with comparable protein density bands observed at days 

3, 7 and 14. Cleaved caspase 3 protein concentration appears to be greatest at days 3 and 7, 

with an observed decrease in protein band intensity by day 14, however no statistical 

analysis or densitometry comparisons can be performed due to lack of repeat data. B 

Western blot analysis comparing TLR2 protein expression and cleaved caspase 3 at days 3, 7 

and 14 post skin wounding in TLR4 knock-out diabetic ischaemic animals. TLR2 appears to be 

readily expressed by the TLR4 endogenously deleted animals. TLR2 expression was greater 

at day 7 compared to day 3 and was sustained to day 14. Cleaved caspase 3 protein 

concentration appeared to be greatest at day 3. It had largely disappeared by day 14. Further 

conclusions and statistical measurements cannot be applied due to the unavailability of 

experimental repeats. 

 

Both TLR4 in wild-type animals and TLR2 in TLR4 -/- animals appeared to be readily 

expressed. Expression was consistent throughout the duration of the experiment, 

possibly indicating the activation effect of ischaemia induction and wounding results 

in an upregulation of the receptors, subsequently sustained to at least 14 days. 

Further work is necessary to corroborate this. TLR2 expression appeared to peak at 

day 7 (figure 6.4.7 B), which may suggest a lag phase in TLR2 upregulation, however 

without further experimental repeats no firm conclusions can be drawn from this 

result. In diabetic ischaemic skin samples, the apoptosis marker cleaved caspase 3 

appeared to decrease by day 14 (figure 6.4.7 A), an effect also observed in the TLR4 

knock out samples at day 7 (figure 6.4.7.B). By day 14 cleaved caspase 3 protein was 

largely undetectable. This correlates to the pattern of wound healing demonstrated 

in figure 6.4.5 A and B.    
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6.5 Discussion 

The aim of this chapter was to establish a murine model of chronic ulceration that 

closely resembles the non-healing foot ulcers commonly found in diabetic patients 

with concomitant ischaemia. This is an essential first process in the testing of novel 

therapeutic targets such as TLR4 inhibitors, prior to translation into first in human 

trials. Our murine diabetic ischaemic ulceration model was therefore chosen to be as 

close to the human pattern of disease as possible.  

A type 1 phenotype of diabetes was chosen, as the in vitro focus had been on high 

glucose concentrations and thus hyperglycaemia, rather than the potentially 

confounding factors of insulin resistance or obesity. Likewise, from inception it was 

our intention to progress to TLR4 knock-out animals, therefore an induced model of 

type 1 diabetes removed the complexity of creating/obtaining double transgenic 

strains. The low dose multiple injection STZ regime was selected and written into the 

project license as it is associated with significantly less morbidity and mortality than 

the single large dose protocol. The low dose mechanism avoids the organ toxicity and 

significant initial hypoglycaemic events caused by insulin release during direct 

chemical destruction of the beta cells (205). The diabetogenic effect is produced by 

a progressive immune insulitis, and results in a gradual onset of hyperglycaemia 

better tolerated by the animal.  

The strain and gender of the mice are essential to the consistency of the model, as 

there is considerable variation between strains in susceptibility and response to 

diabetes induction by STZ (206, 213, 214). Male mice are reported to be more 

sensitive to STZ and the C56BL/6 strain identified as particularly sensitive to its 

diabetogenic effects (206). There is also considerable variation between strains in the 

recovery from induction of hindlimb ischaemia, with C56BL/6 mice exhibiting a 

greater degree of pre-existing collateral vessels, resulting in less extreme ischaemia 

following femoral artery ligation (215).  

The C56BL/6 strain was used in this model both for the response to STZ dosing and 

the availability of TLR4 -/- mice with C56BL/6 as the background strain. Male 

specimens were exclusively sourced.  It is reported there is a greater incidence of 
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female animals of this strain developing dermatitis (141, 142). This was identified as 

a potential confounding factor within this study, as the outcome focussed primarily 

on wound healing.  

The double ligation model of hindlimb Ischaemia was chosen as the collateral supply 

through the inferior epigastric artery and profunda femoris provides a pattern of 

ischaemia more closely reflective of chronic peripheral artery disease. Ligation of the 

external iliac and excision of the SFA results in severe ischaemia, however in this 

project it was tolerated well with no animals experiencing limb necrosis or requiring 

euthanasia. Our research group has used this method previously, having gathered 

experience of it directly from Dardik’s group at Yale university (216).  

The methods and schedule employed to measure the successful induction of 

diabetes were consistent with similar published studies. Significant glycosuria, 

defined as ++ or greater, was confirmed in all groups by day 21 and was maintained 

at each time point thereafter (table 6.4.1.2). Tail capillary blood glucose sampling 

demonstrated no significant difference in the mean measured blood glucose levels 

between each diabetic group (figure 6.4.1.2). The index figure of 11.1mmol/L for 

diabetes diagnosis on random non-fasting blood glucose measurement was achieved 

in all groups by day 28. Mean capillary blood glucose levels increased at each time 

point, until a plateaux was achieved at day 7 post op (day 42 post first STZ dose). This 

observation is consistent with the multiple low dose STZ regime, where STZ initiated 

immune-mediated insulitis causes gradual and progressive beta cell destruction, 

leading to rising CBG levels (205).  

There appeared to be a post-operative peak in CBG in the diabetic ischaemic group 

observed on day 3 post op (table 6.4.1.2). This may represent a stress response 

following the trauma of hindlimb ligation and skin wounding, not seen in the diabetic 

non-ischaemic and TLR4 knock-out groups, possibly due to the exaggerated pro-

inflammatory effect of diabetes and ischaemia.  

Weights did not differ between control groups however TLR4 knock-out animals 

were significantly heavier (figure 6.4.2.1) and older (56 weeks vs 12 weeks) than wild-

type controls. Post-dosing there was no-significant reduction in weight, with all 
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groups except TLR4 knock-outs gaining weight. There is no data to explain this 

observation, specifically in this group currently available in the literature. Pre-dose 

fasting is associated with significantly greater weight loss post STZ than non-fasted 

groups (217), however in this study all groups had free access to standard chow and 

water throughout. The effect of age on post-STZ weight loss has been examined in 

the C56BL/6 strain, where females aged 18 months were compared to 9-month-old 

individuals with no difference in weight observed between groups (218). At 9 months 

old however the control group in that study is considerably older than the 12-week-

old wild-type group used in this project. It remains possible the sustained post STZ 

dosing weight loss effect observed in the aged TLR4 knock-out group is due to age 

rather than their transgenic status.  

In wild-type animals, diabetes and hindlimb ischaemia was associated with a 

significant impairment in distal limb wound healing (figure 6.4.4 A). No individual in 

this group had achieved complete wound closure by day 14 (p=0.03). In comparison, 

all individuals in the diabetic non-ischaemic and the non-diabetic ischaemic group 

healed by day 14. Non-diabetic non-ischaemic mice achieved 100% wound closure 

by day 7 (figure 6.4.4 B). This provided adequate validation of this experimental 

protocol as a suitable murine model of impaired wound healing in diabetic ischaemic 

distal limb ulceration.  

Identical experimental protocol was employed using a cohort of aged (56 weeks) 

male TLR4 deleted mice on a background strain of C56BL/6 with identical 4mm 

wounds inflicted. At each time point post wounding, wound area had significantly 

reduced in the diabetic ischaemic TLR4 knock-out group compared to the diabetic 

ischaemic wild-type group. Despite comparable mean CBG levels and identical 

patterns of hindlimb ischaemia between the two groups, all wounds had healed in 

the TLR4 KO cohort by day 14. Diabetic non-ischaemic wounds inflicted on the 

contralateral limb achieved 100% healing by day 7, comparable to the non-diabetic 

non-ischaemic wild-type control group (figure 6.4.5 A). This represents a 

considerable improvement in wound healing in diabetes irrespective of ischaemia. 

We therefore conclude that endogenous TLR4 deletion confers a beneficial effect on 

wound healing, but particularly in diabetic ischaemic conditions. 
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Protein analysis from skin tissue homogenates taken from the distal hindlimb 

suggested an increase in TLR4 expression and apoptosis in diabetic ischaemic tissue 

compared to diabetic non-ischaemic tissue, TLR4 KO animals did not express TLR4 

(figure 6.4.6). While completely expected this was important to demonstrate, for 

both confidence in the KO animal, and to act as a negative control against the DM I 

and DM N groups. Apoptosis also appeared to be reduced in the TLR4 KO group 

compared to wild-type controls. Unfortunately, no firm conclusions can be drawn 

from this data and no statistical analysis possible due to the lack of experimental 

repeats. Irreversible physical loss of these irreplaceable protein samples has 

prevented the completion of necessary and desired repeat experiments. The trends 

presented however, are compelling.  

The temporal trend in TLR4 expression was examined in the diabetic ischaemic wild-

type cohort (figure 6.4.7 A). It appeared that TLR4 was consistently expressed across 

all three time points, suggesting TLR4 upregulation is maintained out to at least day 

14. The apoptosis marker cleaved caspase 3 appeared to be uniformly expressed at 

days 3 and 7, with a possible decrease in concentration by day 14. This correlates 

closely with the clinical appearance of the wounds (figure 6.4.4 A).  

The same temporal trend was explored in the TLR4 KO cohort (figure 6.4.7 B). 

Cleaved caspase 3 concentration appeared to be reduced at each time point 

compared to wild-type, becoming weakly detectable by day 14, suggesting near 

complete resolution of apoptotic processes consistent with a healed wound. TLR2 

expression was examined in this TLR4 KO population, as the possibility of a 

compensatory upregulation of TLR2 was of interest. It appeared TLR2 expression did 

not peak until day 7 and remained consistently expressed thereafter. The trend 

proposed by these observations is of a delayed but sustained increase in TLR2 

expression. Further work is necessary to explore this further. As with figure 6.4.6, the 

lack of experimental repeats precludes substantial conclusions from this data.    

A significant limitation with the conclusions from the in vivo studies presented in this 

chapter is the lack of corroborating evidence from histological studies. During the 

study design phase ulcer tissue collection post mortem was intended to be a crucial 

area of study in determining both the cellular components of inflammation through 
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H&E staining and receptor level examination using immunohistochemistry. Likewise, 

histological comparison between the human tissue biopsies presented in figure 3.4.1 

and murine ulcerated skin would have given further credibility to the use of this 

model as an accurate representation of human disease. Ulcerated skin from every 

individual was excised post mortem and mounted on filter paper backing to maintain 

tissue architecture, before being placed in formalin. Unfortunately, the loss of these 

precious and irreplaceable samples has precluded the completion of this highly 

desirable aspect of the project. We aim to obtain this data in the future through 

further projects that utilise this model.   

The lack of availability of age-matched knock out individuals was another limitation 

of this project. The considerable age difference between the wild-type and TLR4 

knock-out animals potentially had an attenuating effect on the improvement in 

wound healing seen in the KO group. As discussed above, a study comparing 9 and 

18-month-old STZ induced diabetic animals demonstrated significantly increased 

levels of oxidative stress in the aged group (218). Likewise, data from our own 

research group comparing the recovery from hindlimb ischaemia between aged and 

non-aged cohorts demonstrated a significantly impaired development of collateral 

circulation and hence capacity for ischaemia recovery in aged animals (216). The 

dramatic improvement in wound healing demonstrated by the TLR4 cohort is likely 

to be even more significant than these results report given their aged related 

disadvantages. 

The choice of the multiple low dose STZ regime has been discussed previously in this 

chapter. It is considered to be a closer appropriation of autoimmune type 1 diabetes 

and avoids the considerable toxicity and mortality associated with the high dose 

protocol. There have been reports however of pancreatic beta cell recovery after STZ 

dosing, resulting in restoration of insulin secretion (219). This occurred following beta 

islet transplantation and became evident after removal of the transplant graft after 

120 days. The mice presented in his chapter received no insulin replacement or any 

form of exogenous glycaemic control and were sacrificed at days 38 to 49 post first 

STZ dose. Peri mortem CBG measurement confirmed their ongoing diabetic status.  
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A significant limitation to using mouse surrogates to model human peripheral artery 

disease is the considerable collateralisation potential and recovery post ischaemia 

induction these animals possess. The surgical models for the creation of hindlimb 

ischaemia also lack the contributary adverse effects on the individual that other 

atherosclerotic risk factors such as hypertension, dyslipidaemia, age, family history 

and smoking pose in real-world disease. Some of these risk factors can be explored 

with the use of specific strains and enriched food, animal models, while essential for 

testing concepts in a pre-clinical setting, cannot guarantee translation to successful 

therapies in patients.    

 

6.6 Summary  

A murine model of progressive type 1 diabetes / hyperglycaemia and peripheral limb 

ischaemia results in significantly impaired wound healing and the creation of a non-

healing lower limb wound at day 14. In this project, despite being considerably older, 

endogenously deleted TLR4 transgenic mice exhibited significantly improved wound 

healing in the same diabetic ischaemic conditions, suggesting a potential therapeutic 

benefit of TLR4 antagonism in chronic diabetic wounds.  

This gives further evidence for the involvement of innate immune pattern 

recognition receptors in the pathogenesis of micro and macro vascular complications 

of diabetes, through their upregulation and activation, leading to excessive 

inflammation.  
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Chapter 7 

 

General discussion and further work 

 

7.1 General discussion 

This thesis presents the results and conclusions of an in vitro and in vivo project 

designed to study the role of toll-like receptor 4 in diabetic foot ulceration. The 

project was in three parts.  

Human tissue samples from ulcerated and intact, non-ischaemic skin from diabetics 

and non-diabetics were collected from patients undergoing major amputations for 

comparison of inflammatory cell infiltration, TLR4 expression and tissue distribution 

of TLR4.  

In vitro, the effects of a high glucose environment and hypoxia on primary cultured 

human dermal fibroblasts were tested, along with the effect of those conditions on 

TLR4 expression, function and activation, by utilising selective inhibitors. Functional 

cell processes essential to wound healing such as migration, proliferation and 

contraction were tested in fibroblasts subjected to the simulated diabetic ischaemic 

conditions. 

An in vivo model of wound healing was created to examine the effects of induced 

type 1 diabetes and surgical hindlimb ischaemia on distal limb ulceration. It was 

utilised to compare endogenously deleted TLR4 -/- mice with wild-type controls.  

 

7.1.1 Diabetic foot ulceration 

Diabetes is associated with the development of micro- and macro-vascular 

complications which carry considerable morbidity and mortality. Macrovascular 

complications include accelerated atherosclerosis, manifest as coronary artery 
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disease, cerebro-vascular disease and peripheral arterial disease. Microvascular 

complications include neuropathy, retinopathy and nephropathy (220). Having 

diabetes confers a 15-20% lifetime risk of developing foot ulceration and leads to a 

20 times greater risk of major amputation compared to non-diabetics (18, 52).The 

development of foot ulcers is multifactorial, involving infection, trauma, micro- and 

macro-vascular insufficiency, immunological dysfunction and neuropathy (51, 221). 

Treatment consists of managing the predominant causes such as wound bed 

debridement, infection control, revascularisation and off-loading of the wound (221, 

222). Despite current best medical and surgical intervention, 33% of these ulcers will 

fail to heal (223).  

 

7.1.2 Wound healing 

Wound healing in diabetes is significantly impaired with the observation that wounds 

fail to progress through the normal physiological phases of healing, often becoming 

stalled in the inflammatory phase (224). These wounds are characterised by 

excessive inflammation, with significantly prolonged and sustained neutrophil and 

macrophage infiltration observed (53). In addition to the cellular components, the 

hyper-inflammatory environment also comprises a dramatic increase in the release 

of pro-inflammatory cytokines IL-6, TNF-α and IL-1β and matrix metalloprotease 

(MMP) production (224). This results in exaggerated destruction of the extracellular 

matrix, impairment in granulation tissue formation and dysfunction of other 

processes crucial to healing such as fibroblast migration and proliferation, and 

collagen synthesis (224). 

 

7.1.3 Toll like receptor 4 

Diabetes is now widely considered a systemic pro-inflammatory condition. There is 

compelling evidence this effect is mediated through pattern recognition receptors of 

the innate immune system (89).  In particular, TLR4 has been implicated in the 

systemic pathogenesis of diabetes and its complications particularly cardio-vascular 
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disease, retinopathy, neuropathy and nephropathy (163, 225). TLRs are key PRRs of 

the innate immune system, they activate through recognition of exogenous microbial 

components termed pathogen associated molecular patterns (PAMPS) (91). Binding 

PAMPS leads to activation of downstream signaling pathways, ultimately resulting in 

the release of pro-inflammatory cytokines such as IL-6 and TNF-α (97). In addition to 

the PAMPs, TLRs are also activated by a variety of host derived endogenous ligands 

termed damage associated molecular patterns (DAMPs). These are usually hidden 

from immune recognition but are exposed by tissue damage alerting the innate 

immune system to injury (98). The resulting inflammatory response is a physiological 

mechanism for the recruitment of immune cells and stimulation of the normal 

process of wound healing (98).  

  

7.1.4 Human tissue 

We observed increased inflammatory cell infiltrate in the diabetic-ischaemic human 

skin samples compared to non-ischaemic and non-diabetic samples. Morphological 

changes in both diabetic ulcerated and non-ulcerated tissues were also seen, such as 

peri-capillary tissue thickening. These observational studies provide supportive 

evidence for the hyperinflammatory and pathological nature of the healing process 

in diabetes, through the excessive and prolonged infiltration of innate immune cells 

such as neutrophils and macrophages, and absence of normal granulation tissue 

formation. 

Immunohistochemistry studies demonstrated increased TLR4 expression in diabetic-

ischaemic skin tissues when compared to the other groups. This is consistent with 

the hypothesis implicating TLR4 with the exaggerated cellular inflammation found in 

diabetes.  The distribution of TLR4 expression concentrated within keratinocytes, 

endothelial and inflammatory cells is consistent with cell types known to freely 

express TLR4.  
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7.1.5 TLR4 activation and downstream pathway  

High glucose conditions induced significant TLR4 protein expression in primary 

cultured human dermal fibrobasts in a dose-response fashion. The addition of 

hypoxia significantly increased TLR4 expression, signalling and activation. This was 

evident through increased MyD88 expression and NFkB activation, resulting in 

increased levels of caspase-3 and IL-6. These effects were inhibited by the addition 

of a specific TLR4 antibody and inhibitor, which also resulted in a decrease in the 

potent TLR4 endogenous ligand, HMBG1.  

This data provides evidence for the mediation of the pro-inflammatory effect of high 

glucose and hypoxia signalling and actioning via TLR4 pathways, leading to increased 

and excessive inflammation via downstream production of cytokines such as IL-6.  

A potential mechanism for this pathological hyperinflammatory effect in diabetes is 

through the release of pro-inflammatory cytokines via TLR4 activation. The 

subsequent recruitment of the innate immune cellular response results in further 

tissue damage and cellular apoptosis and the release of damage associated molecular 

patterns (DAMPS) such as HMGB1. These DAMPS act as potent ligands for ongoing 

TLR4 activation, resulting in the release of further pro-inflammatory cytokines, 

perpetuating a dysregulated positive feedback cycle of tissue damage-inflammation-

tissue damage. 

 

7.1.6 Functional consequences of TLR4 

High glucose conditions led to an increase in fibroblast proliferation. There is 

conflicting evidence in the literature regarding the effects of high glucose and 

ischaemia when applied separately on fibroblast proliferation (191-197). In this study 

proliferation was significantly inhibited by the combination of high glucose and 

hypoxia. Contraction was non-significantly increased in hypoxic conditions 

irrespective of glucose environment. TLR4 inhibition did not influence contraction, 

leading to the conclusion that differentiation of fibroblasts into myofibroblasts 

occurs independently of TLR4 signalling.  
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Fibroblast migration was significantly impaired by combined high glucose and 

hypoxia, and this effect was ameliorated by the addition of a selective TLR4 antibody 

or inhibitor and MyD88 inhibitory peptide. The mechanism for this effect however 

remains uncertain. One study observed migration was impaired in fibroblasts 

cultured from diabetic animals in hypoxia and suggested this was due to increased 

oxidative stress (189). It is therefore possible that through this mechanism, inhibition 

of TLR4 mediated inflammation results in reduced oxidative stress. 

Unexpectedly, migration was improved in high glucose conditions. This outcome was 

very consistent. Multiple biological and temporal repeats using at least 3 separate 

lines of primary cultured fibroblasts produced remarkably similar results, contrary to 

several published studies. One study reported inhibited migration in cultured 

fibroblasts at treatment glucose concentrations of 40mM, which far exceeds the 

treatment dose utilised in this project of 25mM (201). Another reported an inhibition 

of migration at 30mM glucose, however they evaluated a 3-day treatment exposure 

period, in comparison to the 24 hours in this project (195). The difference in 

observation between our project and others in the literature may therefore be a 

consequence of dose, exposure time and experimental protocol.  

 

7.1.7 In vivo model of diabetic ischaemic ulceration 

In vivo, the creation of hindlimb ischemia in induced type I diabetic mice resulted in 

significantly impaired wound healing compared to control conditions, and the 

formation of a non-healing wound at day 14. TLR4 knock out mice exhibited 

significantly improved wound healing at each time point in the same diabetic 

ischaemic conditions. This observation complements the results described in the in 

vitro studies and is consistent with the conclusion that exaggerated TLR4 mediated 

inflammation results in impaired wound healing. 
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7.1.8 Implications of this project 

In this project, crucial aspects of both the pathological effect of high glucose and 

hypoxia in vitro and impaired diabetic ischaemic wound healing in vivo were 

ameliorated by inhibition or endogenous deletion of TLR4. We suggest this occurs 

via a reduction in the local and systemic hyper-inflammatory response that is 

observed in diabetic wounds.  

TLR4 and TLR2 knock out has previously been shown to have a protective effect on 

wound healing in diabetic animals (122, 123). The data from this project suggests 

this beneficial effect also persists when ischaemia is applied, simulating the 

hyperglycaemic, locally ischaemic micro-environment of a diabetic foot wound. 

This apparent synergistic effect between the innate inflammatory reaction to high 

glucose and hypoxia has significant clinical consequences. In addition to impaired 

wound healing, diabetic patients are observed to have poorer outcomes in other 

ischaemic pathologies such as acute myocardial infarction (226) and cerebro-

vascular accident (227). This observation has led to the proposal of a two-hit 

hypothesis for the inflammatory basis of the clinical complications of diabetes. 

The process requires a subclinical ‘priming’ phase in diabetics of hyperglycaemia 

resulting in chronic low-grade inflammation and upregulated TLR4 expression. 

A second noxious stimulus such as infection, ischaemia or trauma, then triggers a 

significant TLR4 mediated response. TLR4 activation following injury is however 

an important physiological mechanism (91), with endogenous ligands such as 

HMBG1 released during tissue damage act as ‘alarm signals’ to precipitate a TLR 

mediated inflammatory response, recruiting innate immune cells and stimulating 

tissue healing. 

In diabetes, the normal physiological healing process is instead characterised 

by pathological hyper-inflammation, preventing the progression of the normal 

phases of wound healing. TLR4 antagonism therefore presents a novel therapeutic 

target in diabetic ischaemic pathologies in both acute and chronic conditions. 

The mechanism of how hyperglycaemia leads to TLR4 up-regulation remains 

uncertain. There is evidence high glucose induces TLR 2 and 4 expression through 
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increased oxidative stress, via the activation of protein kinase C (PKC) and NADPH 

oxidase activity (134). There is also considerable overlap and convergence 

between TLRs 2 and 4, and receptors for the advanced glycosylated end-products 

(RAGE), which utilise common signalling pathways to activate NFkB dependent gene 

expression (228). RAGEs are PRRs activated by a variety of ligands including 

advanced glycosylated end-products (AGE). These are protein, nucleic acid and fatty 

acid products produced non-enzymically in pro-oxidative environments, whose 

formation is accelerated by exposure to high glucose (228).  

A number of highly potent endogenous ligands such as HMGB1 and S100 are 

common to TLRs 2 and 4 and RAGE (229). NFkB activation results in increased 

expression of TLR4 and TLR2, and it has been observed that TLR4 activation 

increases expression of TLR2 in endothelial cells (165). It is therefore possible that 

cross-talk between TLR2, TLR4 and RAGE and co-activation by ligands such as 

HMGB1 result in the over-expression of these pro-inflammatory receptors by high 

glucose.  

The ultimate purpose of this project was not just to identify a potential mechanism 

for the hyperinflammatory destructive reactions that are observed in diabetic foot 

disease, but also the translation of this understanding into a genuine intervention for 

use in clinical practice. The poor healing outcomes, particularly in the diabetic 

patients with co-existent peripheral arterial disease requires the development of 

novel adjunctive therapies. The development of an off-the-shelf product such as a 

TLR4 antagonist treated dressing, which can be applied by community nurses, stable 

at room temperature and is readily available to patients in any part of the world, 

however inaccessible remains the goal.  
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7.2 Limitations 

Specific experimental limitations are explored in more detail in the discussion section 

of each chapter.  

The interpretation of immune cellular inflammation, TLR4 intensity and distribution 

in the human tissue analysis, is undoubtedly influenced by external variables not 

specifically controlled for in sample collection. Factors such as medications and 

doses, particularly of drugs known to modulate TLR4 function such as ACE inhibitors 

and statins were not matched between groups due to the small sample size. Similarly, 

the infection status of the ulcerated areas prior to amputation was not explored. 

Although biopsy samples were purposely taken away from areas of infection, the 

effect of bacterial colonisation is unclear.  Infection, like ischaemia and trauma will 

result in activation of TLR4 inflammatory pathways. 

A crucial piece of data missing from these results are the quantification of protein 

concentrations through Western Blot. Tissue samples were collected as a full-

thickness skin biopsy sample from the amputated limbs in the same manner as 

histology samples, and immediately snap frozen in liquid nitrogen and stored in -

80°C. Unfortunately, after tissue homogenisation and standardisation no results 

were obtained from multiple Western blot attempts. The failure of the protein 

quantification experiments almost certainly lies in the significant degradation of the 

proteins that occurred during both the storage, thawing and homogenising 

processes. These samples were collected over a period of 18 months and should have 

been prepared shortly after collection to avoid the damaging effect of prolonged 

storage.  

Results from in vitro studies of the effect of high glucose and hypoxia on TLR4, its 

signalling pathway and endogenous ligands were presented as semi quantitative 

concentrations of protein expression rather than RNA RT-PCR. This was due to the 

consistency of band intensity patterns found on western blot, and the conclusion that 

gene transcription must also be increased as the protein expression is increased. The 

functional protein-level consequence of the exposure to study variables provides 

more information as post-transcriptional changes are also possible. Comparable 
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studies utilising similar experimental protocols in monocytes (134) and gingival 

fibroblasts (135) presented the effect of increasing glucose concentration on TLR4 

gene expression and markers of its activation, and not the combination of high 

glucose and hypoxia represented in our study, which we have demonstrated results 

in a greater effect.  

The exploration of the TLR4 downstream signalling mechanism presented in this 

study are only in the context of the migration assays. The inhibitory peptides were 

tested utilising the same methodology as that presented in figure 4.5.9, however 

experimental repeats yielded inconsistent protein concentrations after cell lysis and 

therefore shed doubt on the validity of these results. Subsequent repeat experiments 

remained inconclusive. Further work is necessary to re-examine these pathways in 

greater detail, however in this project time constraints meant TLR4 rather than its 

downstream mechanisms remained the priority and focus.  

The TNF and IL8 concentration measured by ELISA as illustrated in figure 5.4.2 was 

more variable and of a lower magnitude than that of IL6. The multicytokine array 

(figure 5.4.1) highlighted IL6 and IL8 as the significant cytokines produced by test 

populations of dermal fibroblasts, with TNF produced to a comparatively minor 

degree. TNF is cytokine known to be associated with TLR4 activation and signalling 

(170); it is therefore surprising its release under the same test conditions did not 

match that of IL6. It is possible this effect was artefact and a consequence of 

insufficient experimental repeats.  

A significant limitation of the animal studies is the unfortunate lack of histological 

data on the density and duration of inflammatory cell infiltration. This was explored 

in chapter 3 in the human tissue samples and was intended to give further validation 

to this as a suitable small animal model of the human pattern of disease. Likewise, 

the comparison between wild-type and TLR4 would have provided crucial evidence 

regarding the cellular component of inflammation, possibly strengthening the 

evidence for the absence of TLR4 mediated inflammation as the mechanism for the 

significant improvement in wound healing observed. The loss of these irreplaceable 
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skin wound samples occurred as a consequence of an unavoidable prolonged 

absence from the lab and not technical or experimental failure.  

The accuracy of mouse surrogates to model human peripheral artery disease is 

limited by the considerable collateralisation and rapid recovery following ischaemia 

induction these animals develop. More drastic ischaemia models can lead to 

extensive tissue loss, necrosis and autophagy and therefore a balance between rapid 

recovery and loss of the animal through euthanasia is necessary. The surgical models 

for the creation of hindlimb ischaemia also lack the systemic and multiorgan effects 

that long-term exposure to atherosclerotic risk factors such as hypertension, 

dyslipidaemia, age, family history and smoking pose in real-world disease. Some of 

these risk factors or their combinations can be included in the development of an 

atherosclerosis model. Due to these limitations, animal studies while essential for 

testing concepts in a pre-clinical setting, cannot guarantee translation to successful 

therapies in patients.    

 

7.3 Further work  

There are multiple areas of ongoing interest generated by this project. Some such as 

the mouse hindlimb histology analysis will be repeated during future projects with 

similar experimental design. Other interesting questions posed, but not explored due 

to time constraints include further examination of the effect of high glucose and 

hypoxia on TLR2 and RAGE receptors. These PRRs of the innate immune system are 

of considerable interest when contemplating the potential mechanism for the effect 

of high glucose and hypoxia on TLR4, and further dedicated study regarding their role 

is certainly warranted.  

A specific focus on the endogenous ligands of TLR4 is also highly desirable to further 

examine the proposed underlying mechanism. Time constraints precluded further 

investigation of the other potent endogenous ligands of TLR4, TLR2 and RAGE, 

DAMPs such as HSP and S100 (230).  
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As mentioned above in section 7.2, re-examination of the TLR4 downstream 

signalling pathway is desirable to gain a better understanding of the role of MyD88 

and TRIF in this process, including the potential of an additional therapeutic 

opportunity in the inhibition of down-stream signalling apparatus such as NFkB, given 

this pathway is common to TLR2 and RAGE, in addition to TLR4.  

The purpose of this project was to ascertain the role of TLR4 in chronic non-healing 

diabetic wounds and to establish whether there is a therapeutic benefit to its 

inhibition. TLR4 knock out animals were therefore chosen as the first step to 

determine proof of concept. The next step is to utilise this model to administer TLR4 

antagonists or inhibitors to the diabetic-ischaemic mouse wound. This is one of the 

priorities for subsequent projects and studies are already underway within our group 

to determine the optimum delivery method for TLR4 inhibitors. Potential 

mechanisms currently being explored by our biomaterials group include the use of 

polymer mesh scaffolds.  

Given the systemic effect of hyperglycaemia, and the widespread expression of TLR4 

by multiple cells types in tissues and organ beds throughout the body, there may 

ultimately be therapeutic potential in diabetes for systemic TLR4 inhibition in the 

prevention of micro- and macrovascular complications. This will certainly require 

further study. Projects aimed at examining the systemic effects of chronic ulceration 

are also needed and are in the design phase.  

 

7.4 Conclusion  

The clinical impact of this study goes beyond the introduction of an adjunctive 

therapy for chronic diabetic wounds. It provides evidence and potential mechanism 

for the excessive and destructive inflammatory processes seen in clinical practice 

associated with poorly controlled diabetes. This phenomenon is not limited to 

diabetes and ischaemia. Trauma and infection in diabetes, even with normal vascular 

supply, produces similarly destructive consequences. The addition of ischaemia only 

adds further significant challenge to successful wound healing.  
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D: Patient consent form and information pack 

Royal Free and University College Medical School 
UNIVERSITY COLLEGE LONDON  

Address for Correspondence:  

University Department of Surgery 

Royal Free Campus 

The Royal Free Hospital  

Pond Street, 

London NW3 2QG 

Telephone: 020 77940500 

 Facsimile: 02074726711 

PATIENT 
INFORMATION 
SHEET  

Study Title: A study of tissue damage in peripheral vascular 
disease and diabetes 

 
You are invited to participate in a research study. This information sheet explains why 

we are conducting this study and how it is being done. Please take some time to read the 

information carefully and to decide whether you would like to take part or not. Please 

discuss it with your family and friends as you wish and ask us if you have any questions.  

 What is the purpose of this study?  
The aim of this project is to study some aspects of peripheral vascular disease and 

diabetes which are not well understood. Peripheral vascular disease is a common 

condition where the blood supply to the legs is impaired and the leg muscles are damaged. 

Diabetes is another common condition which results in the body being unable to control 

blood sugar levels correctly. Despite current treatment options, both conditions can lead 

to significant tissue damage. We aim to study the mechanisms that are involved in 

causing muscle damage secondary to peripheral vascular disease and/or diabetes. A 

better understanding of these mechanisms may improve treatment for this disease in the 

future.  

Why have I been chosen?  
You have been invited to take part either because you suffer from peripheral vascular 

disease and/or diabetes which has caused problems severe enough to require an 

amputation. This allows us to collect suitable samples for analyses.  

Do I have to take part?  
You do not have to take part in this study if you do not want to. If you decide to take 

part you may withdraw at any time without giving a reason. Your decision to take part 

or not will not affect your care in any way.  

What will happen to me if I take part?  
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Tissue samples from the amputated limb will be taken during the operation. These 

are for the study and not part of the treatment. None of these should cause any ill effect 

or additional discomfort and will not affect your recovery from your operation.  

What do I have to do?  
You do not have to do anything more than you need to for your operation.  
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Royal Free and University College 
Medical School 
UNIVERSITY COLLEGE LONDON  
Address for Correspondence:  

University Department of Surgery 

Royal Free Campus 

The Royal Free Hospital  

Pond Street, 

London NW3 2QG 

Telephone: 020 77940500 

 Facsimile: 02074726711 

Date: 25 Sept 2008  

What are the possible disadvantages and risks in taking part?  
The tissue samples will be taken from the amputated leg during surgery when you are 

anaesthetized and so will not cause any discomfort. Your treatment and recovery will not be 

affected.  

What are the possible benefits of taking part?  
This study will help us improve treatment for this condition in the future. However, at this 

stage, there will be no immediate benefits to you.  

What if something goes wrong?  
This study does not involve any extra treatment or any high-risk procedures so nothing is 

likely to go wrong. However, if you wish to complain about any aspect of the way you have 

been approached or treated during the course of this study, the normal National Health 

Service complaints mechanisms may be available to you.  

Will taking part in this study be kept confidential?  
Any information collected about you during the course of the research will be kept 

strictly confidential.  

What happens to the results of the research study?  
Results from this study will be published in a medical journal in approximately a year's 

time. However you will not be identified in any report or publication. If you wish to know 

the outcome of the study, you can do so by contacting us.  

Who is organizing and funding the research?  
This study is organised and funded by the Vascular Unit of the Department of Surgery.  

Who has reviewed the study?  
The Research Ethics Committee of the Royal Free Hospital has reviewed this study.  

If you have any questions or queries at any stage, please contact: 

  

Miss Janice Tsui 

University Department of Surgery 

Royal Free Hospital 

Pond Street 

London NW3 2QG 
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Tel: 020-7794-0500 Ext 33938  

You will be given a copy of the information sheet and a signed consent form to 

keep. Thank you very much for taking part in this study.  
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Royal Free and University College 
Medical School 
UNIVERSITY COLLEGE LONDON  
Address for Correspondence:  

University Department of Surgery 

Royal Free Campus 

The Royal Free Hospital  

Pond Street, 

London NW3 2QG 

Telephone: 020 77940500 

 Facsimile: 02074726711 

 

 

 

Consent Form 
 

Project Title: Study of Tissue Damage in Peripheral Vascular 

Disease and Diabetes 
 

Researcher: Miss Janice Tsui & _______________________ 

 

1. I confirm that I have read and understood the information sheet provided 
for the above study and have had the opportunity to ask questions. 

 

  
 

2. I confirm that I have had sufficient time to consider whether or not I want 
to be included with the study. 

 

  
 

3. I understand that my participation is voluntary and that I am free to 
withdraw at any time, without giving any reasons, without my medical care 

or legal rights being affected. 

 

  

 

4. I understand that sections of my medical notes may be looked at by 
responsible individuals from NHS or from regulatory authorities where it 

is relevant to my taking part in the research. I understand that samples of 

my muscle may be kept up to 6 months for other studies. 
 

  

 

 

5. I agree to take part in the above study. 

 

 
 

  

   
Name of patient 

 
 

 

Date Signature 

   
Name of person taking 

consent 

Date Signature 
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Royal Free and University College 
Medical School 
UNIVERSITY COLLEGE LONDON  

Address for Correspondence:  

University Department of Surgery, 

Royal Free Campus 

The Royal Free Hospital  

Pond Street, 

London NW3 2QG 

Telephone: 020 77940500 

 Facsimile: 02074726711 

 

 

 

Consent Form 
 

Project Title: Study of Tissue Damage in Peripheral Vascular 

Disease and Diabetes   

Researcher: Miss Janice Tsui & _______________________________ 

 
1. I confirm that I have read and understood the information sheet provided 

for the above study and have had the opportunity to ask questions. 

 

  
 

2. I confirm that I have had sufficient time to consider whether or not I want 

to be included with the study. 

 

  
 

3. I understand that my participation is voluntary and that I am free to 

withdraw at any time, without giving any reasons, without my medical care 

or legal rights being affected. 

 

  

 

4. I understand that sections of my medical notes may be looked at by 

responsible individuals from NHS or from regulatory authorities where it 

is relevant to my taking part in the research. I understand that samples of 
my muscle may be kept up to 6 months for other studies. 

 

  

 

 

5. I agree to take part in the above study. 

 
 

 

  

   
Name of patient 
 

 

 

Date Signature 

   
Name of person taking 
consent 

Date Signature 
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Patient Data 

 
 

Sample 

Type:  

Normal 
 

Ischaemic 
 

Number: 

 

 

 

Information sheet/ 

Consent:  

Yes  No  

Hospital Number: 

 

Ethnic Group: 

Name: 

 

Sex: Male  Female  

Date of Birth: 

 

 

PMH 

 

Date of onset: 

 Bleeding 

Disorders 

 

  

 Diabetes 

 

  

 IHD 

 

  

 CVA 

 

  

 Hypertension 

 

  

 Other 

 

  

Medications 

 

Smoking Hx 

 

Fontaine Classification 

 

Investigations 

 

 ABPI: 

 

 Duplex: 

 

 Angiogram: 

 

 Coronary Angiogram: 

 

 ECG: 
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E: Personal licence  
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