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ChapterChapter 1 

A.. GENERAL PRINCIPLE S OF WOUND HEALIN G ' 4 

Woundd healing in all its different aspects is an important topic in the practice of 
dermatology.. The dermatologist is on a daily basis involved in the treatment of 
woundss and other cutaneous defects, performing dermatosurgery, electro-
coagulation,, cryosurgery, photodynamic and lasertherapy. chemical peelings 
andd dermabrasia, phlebological and proctological surgery and sometimes 
cosmeticc surgery. Dermatologists treat difficult-to-hea! chronic ulcers of various 
origin,, e.g. venous and arterial insufficiency, diabetes, neuropathy, decubitus, 
vasculitis,, ulcerating skin disorders, malignancies, and many others (see chapter 
2).. As a consequence, the dermatologist has to possess a certain knowledge 
aboutt acute wound healing, chronic wound healing, and wound treatment 
modalities,, ranging from simple dressings to human recombinant growth factors 
andd cultured skin equivalents. A thorough understanding of the basic principles 
off  wound healing, down to its cellular and molecular level, is therefore 
essential. . 

Thee physiological process of wound repair can be subdivided in a number of 
consecutivee but partly overlapping phases (Table 1): hemostasis, inflammation 
andd debridement, proliferation, epithelialization, and remodeling. 

HemostasisHemostasis is achieved by vasoconstriction, activation and aggregation of blood 
platelets,, and the initiation of the coagulation cascade, with the conversion of 
prothrombinn to thrombin and fibrinogen to fibrin as the major steps in the 
formationn of the blood clot. Activated blood platelets release a large number of 
activee substances, not only platelet factors that activate and attract more 
platelets,, but also growth factors that are able to initiate wound healing, such as 
transformingg growth factor p (TGFp) and platelet-derived growth factor 
(PDGF).. PDGF, along with other growth factors and glycoproteins such as 
fibronectin,, increases cellular chemotaxis. 

InflammationInflammation represents a cellular cascade characterized by cell recruitment, 
firstfirst neutrophils followed by monocytes and lymphocytes. These cells are able 
too migrate into the wound area through the fibrin clot which serves as a 
provisionall  matrix. The neutrophils phagocytose bacteria, then kill the ingested 
bacteriaa by the production of microbiocidal substances - oxygen metabolites 
suchh as hydroxyl radicals, hydrogen peroxide and superoxide ion, later assisted 
byy the macrophages. Circulating monocytes are attracted to the site of injury 
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severall  hours after the first neutrophils arrive and differentiate into 
macrophages.. Neutrophils and macrophages are able to digest necrotic tissue, a 
processs summarized as (autolytic) debridement. To accomplish this, a plethora 
off  enzymes is being used, including lysosomal enzymes, collagenase 1 and 3, 
gelatinase,, stromelysin, elastase, cathepsin and plasminogen activator, which 
convertss plasminogen into enzymatically active plasmin. Apart from their role 
inn debridement, macrophages secrete chemotactic factors, which attract 
additionall  inflammatory cells to the wound site, and produce growth factors 
suchh as PDGF, TGF-p, and fibroblast growth factor (FGF), which are necessary 
forr the initiation and propagation of granulation tissue formation. In this way 
thee macrophages mediate the transition from the initial inflammatory response 
too the early repair phase of wound healing. Helper T-cells are activated 
followingg injury. They recognize any foreign antigen on the surface of antigen-
presentingg cells, e.g. Langerhans cells and migrate into the wound along with 
thee macrophages. It has been known for long that lymphocytes are present in 
healingg wounds, but their function is not entirely clear and remains an area of 
interest.. Both macrophages and lymphocytes disappear from mature wounds by 
ann unknown mechanism, but in abnormal scars and chronic venous and diabetic 
ulcerss they persist for a prolonged period of time. 

TableTable 1. Phases in wound healing 

healinghealing phase: active cells: 

hemostasiss platelets 

inflammationn lymphocytes/leukocytes 
andd debridement macrophages 

.... fibroblasts 
proliferationn , , .. . .. rr endothelial cells 

epitheliatizationn keratinocytcs 

remodeling g (myo-)fibroblasts s 

mainmain controlling cytokines: 

PDGF,, TGF-P 

IL-6,, IL-1 
TNF-CC,, G-CSF, PDGF 

PDGF,, bFGF, TGF-p, IGF 
VEGF F 

EGF,, KGF 

IFN-y,TNF-a a 
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Thee proliferation phase (the first days to weeks after injury') involves the 
multiplicationn of fibroblasts and endothelial cells, the two major cellular 
componentss of granulation tissue. This newly formed tissue is characterized by 
ann increased number of fibroblasts organized parallel to the epidermis, 
capillariess organized perpendicular to the fibroblasts and deposition of 
unorganizedd collagen type III fibrils and proteoglycans. Differentiation of 
fibroblastss into a contractile myofibroblast phenotype also occurs and may aid 
inn closure of the wound by wound contraction. 

Ass soon as a sufficient amount of granulation tissue has been formed adjacent to 
thee wound margin, epithelialization will follow automatically. The 
keratinocytess finally close the wound by a combination of proliferation and 
migration.. The process of epithelialization can be accelerated by creating a 
moistt wound environment. In dry wound healing, the keratinocytes have to 
migratee underneath the dried-out fibrin crust, which requires more time. 

Finally,, in the remodeling phase, resolution of the scar tissue occurs. Collagen 
typee III is replaced by collagen type I with an increasing amount of cross 
linkagee bounds between the collagen fibrils. As scars get older, the tissue starts 
too consist of thick collagen bundles, organized parallel to the epidermis, few 
capillaries,, few fibroblasts and thin immature elastin fibers. The microscopic 
structuree of normal dermis is characterized by a more basket weave pattern of 
collagenn type I bundles and thick mature elastin fibers. It has previously been 
shownn that apoptosis is involved in the loss of granulation tissue cells including 
fibroblastss and small vessels as scar formation occurs. Compared with normal 
skin,, tissue of a healed wound is less functional, less strong and can be 
cosmeticallyy disfiguring. 
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B.. PATHOPHYSIOLOG Y OF DIABETE S MELLITU S 

Diabetess mellitus is defined by the WHO as a chronic elevation of the 
concentrationn of blood glucose,1516 which characteristically poses a long-term 
riskk to the patient of developing progressive disease of the retina and kidney, 
damagee to peripheral nerves, and aggravated atherosclerotic disease of the 
heart,, legs and brain. The number of people with diabetes worldwide is 
expectedd to rise from about 150 million in 2000 to 220 million in 2010 and 300 
millionn in 2025. 
Hyperglycemiaa can be caused by a decreased production or by an impaired 
actionn of insulin or both. There are several other hormonal and neural 
influencess that can modulate glucose homeostasis, for instance Cortisol and 
glucagon.. Diabetes was originally considered as a state of insulin deficiency, 
butt the last 25 years the concepts about the disease have changed. In fact, many 
diabeticc patients do secrete insulin. Diabetes can be distinguished in the lean, 
ketosiss prone, juvenile-onset type (insulin-dependent or type 1, IDDM) and the 
obese,, non-ketosis-prone, maturity-onset form (non-insulin-dependent or type 2, 
NIDDM). . 

Insulinn dependent diabetes mellitus 
Insulinn dependent diabetes mellitus (IDDM), sometimes termed type 1 diabetes, 
iss generally characterized by abrupt onset of severe symptoms, dependence on 
exogenouss insulin to sustain life, and proneness to ketosis even in the basal 
state,, all of which are caused by gross insulin lack (insulinopenia). IDDM is the 
mostt prevalent type of diabetes among children and young adults in developed 
countries,, and it was formerly termed 'juvenile diabetes'. However, 
classificationn based on age at onset showed in fact that the disease can start at 
anyy age. Onset of IDDM in adults is not uncommon. Current theories about the 
pathogenesiss of IDDM intertwine three closely related variables: I) auto-
immunee mechanisms, 2) environmental factors that could serve as triggering 
eventsevents (viral infections with coxsackievirus B4, rubella, mumps, Epstein-Barr 
viruss and cytomegalovirus) and 3) genetic factors. 

Non-insulin-dependentt  diabetes mellitus 
Thee non-insulin-depcndent diabetic state is characterized by a combination of 
inadequatee insulin secretion and resistance of peripheral tissues to its actions. 
Forr unknown reasons, beta-cell mass in patients with NIDDM may be reduced 
att the time of diagnosis. Furthermore, the insulin response to a glucose 
challengee is diminished in many individuals. The synthesis of an abnormal, 
biologicallyy less-active insulin molecule as a result of mutation of the insulin 
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genee (mutant insulin) has been demonstrated to be the cause of NIDDM in a 
feww patients. In NIDDM, ketosis is rare, there is a high incidence of obesity and 
theree is no association with viral infections, islet autoantibodies, or HLA 
expression. . 

Acutee complications of diabetes mellitus ' lï 

DiabeticDiabetic ketoacidosis 
Thiss is a metabolic emergency in which hyperglycemia is associated with a 
metabolicc acidosis due to insulin deficiency. The presenting symptoms are 
polyuria,, polydipsia, nausea, vomiting, hyperventilation (Kussmaufs 
respiration)) and abdominal pain The therapy consists of low dose intravenous 
insulinn infusions, fluid administration and electrolyte replacement under careful 
monitoring. . 

Non-ketoticNon-ketotic hyperosmolar coma 
AA metabolic emergency in which uncontrolled hyperglycemia induces a 
hyperosmolarr state in the absence of significant ketosis. Patients present in 
middlee or later life with extreme dehydration. Endogenous insulin levels are 
sufficientt to inhibit hepatic ketogenesis. Glucose production is unrestrained 
resultingg in osmotic diuresis causing hyperosmolarity. Symptoms are extreme 
thirstt caused by dehydration, which may eventually result in stupor or coma. 
Therapyy consists of rehydration, intravenous low dose insulin infusions and 
electrolytee replacement according to the prominent clinical features. 

Hypoglycemia Hypoglycemia 
Thiss is the most common complication of insulin therapy and a major cause of 
anxietyy for patients with diabetes mellitus. Symptoms typically develop over a 
feww minutes and most patients experience adrenergic features like sweating, 
tremor,, a pounding heart beat and pallor and drowsiness. Any form of rapidly 
assimilatedd carbohydrate will relieve the symptoms. Unconscious patients 
shouldd be given intravenous glucose or intramuscular glucagon. 
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Latee complications of diabetes mellitus 

VascularVascular disease 
Thee chronic complications of diabetes can be divided into macrovascular 
diseasee (cardiovascular disease, stroke, transient ischemic attacks and peripheral 
vascularr disease) and microvascular disease (nephropathy and retinopathy). 
Diabeticc macroangiopathy is used for the description of diseases involving the 
largee arteries, while microangiopathy refers to diseases involving capillaries, 
arterioless and venules. One of the reasons for distinction between macro- and 
microo vascular disease is that different cell types are involved: in macrovascular 
pathologyy these are mainly endothelial cells and smooth muscle cells, in micro-
vascularr conditions, endothelial cells, pericytes, renal glomeruli-endothelial 
cells,, mesangial cells and epithelial cells are involved. Macrovascular disease is 
primarilyy associated with age, whereas microvascular disease is related to 
durationn of diabetes, as described by the WHO Multinational Study of Vascular 
diseasee in Diabetes.19 

Diabeticc macrovascular disease mainly affects the coronary arteries, cerebral 
vesselss and tibioperoneal arteries of the lower limbs,20 with sparing of the pedal 
vessels.. Despite the close similarities, macrovascular disease differs from non-
diabeticc atherosclerotic disease in several ways; diabetic vascular disease 
progressess more rapidly and the lesions are more diffuse and more widespread 
thann the classical atherosclerotic lesions which are restricted to specific sites in 
thee vasculature. Accumulation of periodic acid Schiff (PAS)-positivc material 
andd diffuse calcification of the media of large arteries is more frequently 
observedd in diabetic vascular disease.21,22 

MicrovascularMicrovascular complications include retinopathy and nephropathy and are 
associatedd with thickening of the capillary basement membrane. For years it 
wass thought that 'diabetic microangiopathy' was also an important contributing 
factorr in the development of diabetic ulcers. But although capillary involvement 
iss evident in the eye and the kidneys, and may be the cause of diabetic 
dermopathy,, the contribution of occlusive microvascular disease in the etiology 
off  diabetic foot ulcers has not been confirmed in recent studies.23 
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Retinopathy Retinopathy 
Proliferativee retinopathy is characterized by neovascularization of the retina. 
Thiss neovascularization is triggered by occlusion of vessels as a result of intra-
vascularr coagulation or vessel wall thickening. The new vessels contain few 
pericytess and do not form a proper blood barrier, which leads to increased risk 
off  bleeding and may finally result in retinal detachment and visual loss.24 

Nephropathy Nephropathy 
Inn renal glomeruli, thickening of capillary basement membrane is a central 
mechanismmechanism for loss of kidney function in diabetic patients." Expansion of the 
mesangiall  matrix in renal glomeruli is accompanied by a gradual loss of 
endotheliall  cells and epithelial cells.25 Increased capillary permeability is 
observedd in diabetic patients, which leads to abnormal leakage of proteins 
acrosss the endothelium. Extravasated proteins may be deposited in basement 
membraness and contribute to their thickening. Furthermore, increased 
endotheliall  permeability causes urinary excretion of albumin, a characteristic 
featuree of diabetic nephropathy. 

Neuropathy Neuropathy 
Neurologicall  complications of diabetes occur in the peripheral nervous system, 
mainlyy affecting distal parts of the lower extremities (distal symmetric 
sensorimotorr polyneuropathy), as well as in the brain.26 Although the 
underlyingg mechanism for the peripheral nerve lesions in diabetes is not fully 
understood,, it is known to be a condition that is slowly progressive. There is 
increasingg support for the 'vascular hypothesis' in the pathogenesis of 
neuropathyy on the basis of either decreased circulation to the nerve or 
alterationss in endoneural flow. In contrast, there are studies indicating no 
specificc changes in the endoneural vessels of diabetic versus non-diabetic 
patients.27 7 
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Cutaneouss diseases associated with diabetes mellitus 

NecrobiosisNecrobiosis lipoidica diabeticorum, diabetic dermopathy and diabetic bullae 
are,, although they are not specific, skin diseases with a strong association with 
diabetess mellitus.29,30 Necrobiosis lipoidica, the best known cutaneous marker of 
diabetess mellitus, has a reported incidence of 0.3 to 1.6% in all patients with 
diabetess mellitus. Necrobiosis lipoidica is not exclusive to diabetics, with 
almostt one third of patients with this cutaneous disorder being nondiabetic. 
Conversely,, approximately 90% of patients that present with necrobiosis 
lipoidicaa have or eventually develop diabetes mellitus, have abnormal glucose 
tolerance,, or report a history of diabetes in at least one parent. The condition 
occurss most commonly in the third or fourth decade, with the majority of 
patientss being women. The initial lesions are well-circumscribed erythematous 
papuless and plaques.31'32 These evolve radially into sharply defined 
erythematouss plaques with a depressed, waxy, yellow-brown, atrophic, 
teleangiectaticc center (Fig. 1), that sometimes cover the entire pretibial areas. 
Afterr minor trauma, ulceration occurs in about one third of lesions on the legs. 

Figuree 1. Necrobiosis lipoidica diabeticorum. 
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DiabeticDiabetic dermopathy, also called shin spots or pretibial pigmented patches 
becausee of their usual location, is the most common finding in diabetes 
mellitus.333 It is not a specific marker for diabetes because 20% of the persons 
withoutt diabetes in comparable age groups show similar lesions as compared 
withh 30% to 60% of patients with diabetes. Shin spots are usually small, 
atrophic,, brownish hyperpigmented, oval or round areas distributed bilaterally 
butt not symmetrically on the shins. 

DiabeticDiabetic bullae or bullosis diabeticorum is an uncommon entity occurring in 
approximatelyy 0.5% of diabetic patients. Diabetic bullae are seen in adults only, 
moree commonly in men, usually with long-standing diabetes. The lesions 
appearr spontaneous on the hand and feet (Fig. 2) and contain sterile, sometimes 
hemorrhagicc fluid.34'35 The pathogenesis of this dermatosis is still unclear. 

Figuree 2. Bullosis diabeticorum. 

ThickeningThickening or hardening of the skin can also be observed in diabetes. There are 
threee forms of diabetic thick skin: 1) scleroderma-like syndrome (SLS) and 
limitedlimited joint mobility (LJM); 2) clinically unapparent but measurable increased 
skinn thickness as compared with controls; and 3) scleredema diabeticorum™'™ 
Waxyy skin and stiff joints or SLS appear to be common in preadolescent and 
adolescentt insulin-dependent diabetics.41"42 Scleredema diabeticorum is 
characterizedd by a marked increase in dermal thickness on the back and 
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posteriorr upper neck in middle-aged, overweight, poorly controlled patients 
withh NIDDM. The pathogenesis of diabetic thick skin has not been fully 
elucidated.. Potential explanations include the nonenzymatic glycosylation of 
collagenn resulting in increased cross-linkage and dermal thickening. 

AcanthosisAcanthosis nigricans is a skin disorder characterized by a velvety brown-black 
thickeningg of the keratin layer most commonly noticed in the neck. It is a 
markerr for hyperinsulinemia and insulin resistance.43"45 

GranulomaGranuloma annulare may be associated with diabetes. The pathogenesis 
remainss unkown.46 Localized lesions occur in 9.7% of the cases in patients with 
diabetess and generalized lesions in 21%. They can be induced by trauma and 
aree seen typically on the dorsum of the hands, feet or elbows. 

RubeosisRubeosis faciei has been reported in 3 to 59% of patients with diabetes mellitus. 
Itt consists of a reddish complexion secondary to venous engorgement of the 
superficiall  vessels of the face. 

PerforatingPerforating dermatoses are seen almost exclusively in patients with end-stage 
diabeticc nephropathy. These unusual extremely pruritic lesions are caused 
byconsistt of a transepidermal expression of degenerative material, typically 
collagenn or elastin. Multiple umbilicatcd hyperkeratotic, pruritic papules may be 
present,, sometimes in a linear arrangement on the trunk or the extensor surface 
off  the extremities, especially the legs. 

XanthomaXanthoma eruptivum is the most common cutaneous manifestation of 
hyperlipidemia.. Uncontrolled diabetes mellitus is a frequent cause of increased 
triglyceridee levels in patients with familial hypertriglyceridemia. Eruptive 
xanthomass characteristically appear as discrete dome-shaped papules or nodules 
withh yellow-waxy centers and an erythematous base on the buttocks, elbows 
andd knees. They may resolve quickly with correction of the 
hypertriglyceridemia. . 

Thee incidence of cutaneous infections in diabetes mellitus shows a close 
correlationn to the mean blood glucose levels. Both bacterial and fungal nail 
infectionss (especially Candida paronychia) and Candida infections of the female 
genitaliaa are common findings in diabetics.2"7 Balanitis is frequently seen in 
elderlyy uncircumcised diabetic men. Angular cheilitis, a possibly combined 
fungall  and bacterial infection of the oral commissures, is not uncommon. It is a 
classicc lesion in diabetic children and occasionally in diabetic adults although it 
iss also frequently seen in nondiabetic adults. In some patients it may be related 
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too badly fitting dentures, hypcrsalivation and riboflavin deficiencies. Infections 
off  the interdigital areas, oral candidiasis and intertriginous candidiasis do occur 
butt are less common than paronychia. Some authors report that the incidence of 
otherr dermato-phytosis than paronychia is not increased at all in patients with 
diabetes.48 8 

Noo studies have demonstrated that furunculosis (boils) or carbuncles are more 
prevalentt in patients with well controlled diabetes.4V Some staphylococcal and 
streptococcall  infections (group A and B) are over-represented in diabetes 
mcllitus/""^^ There is especially an increased rate of staphylococcal infections in 
patientss continuously using subcutaneous insulin infusion/' Vl 

GeneralizedGeneralized pruritus was thought to be associated with diabetes, but recent 
controlledd studies have failed to confirm this. Localized pruritus may be 
present,, in conditions where Candida overgrowth is involved, such as pruritus 
anii  and especially pruritus vulvae/ 

Insulin-inducedInsulin-induced lipoatrophy is the loss of fat at the sites of injections; this 
appearss 6 to 24 months after injections have been started in approximately 16% 
off  the patients using conventional insulin and less (0-2.5%) when highly 
purifiedd insulin is used.'*"'10 

VitiligoVitiligo  and lichen planus are auto-immune related disorders and occur more 
oftenn in patients with IDDM. 

Chronicc diabetic ulcers 

Diabeticc foot ulcers are a common complication. Fifteen percent of the patients 
withh diabetes mellitus will eventually develop a foot ulcer,''1 and 14 to 24% of 
thee patients with foot ulcers will undergo amputation. Only 31% of neuropathic 
ulcerss will heal within 20 weeks.62 and the average time until total wround 
healingg of diabetic ulcers may be 89 days." Obviously, the aforementioned 
factorss like macroangiopathy. neuropathy, and increased susceptibility to 
infectionn can be held responsible for the development of these ulcers, and partly 
forr their retarded healing. But there are other underlying mechanisms involved, 
superimposedd on these gross pathological factors, mechanisms that are 
somehoww related to glucose levels, and somehow affect wound healing on the 
cellularr and molecular level. These mechanisms, the main subject of this thesis, 
aree further discussed in the next chapter. 
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C.. IMPAIRE D WOUND HEALIN G IN DIABETE S MELLITÜ S 

Introduction Introduction 
Woundd healing in healthy individuals normally proceeds through general stages 
suchh as hemostasis, inflammation and debridement, proliferation, epithelia-
lizationn and tissue remodeling. Many chronic wounds, and particularly chronic 
diabeticc ulcers, fail to complete all these stages of healing. The pathological 
mechanismss responsible for impaired wound healing in diabetes mellitus are not 
yett fully understood.^'65 As in other medium- and long-term complications of 
diabetess mellitus, clinical and experimental observations indicate that periods of 
poorr glycaemic control and resulting hyperglycemia are at least partially 
responsible. . 

Diabeticc foot ulceration is a major problem that significantly affects the quality 
off  life of the patient and leads to prolonged hospitalization. At least 15% of 
individualss with diabetes will develop foot ulcers during their lifetime.61 Several 
riskk factors for ulceration have been identified. These include peripheral 
neuropathyy (sensory, motor, and autonomic), peripheral vascular disease, 
structurall  foot deformities, limited joint mobility, increased dynamic foot 
pressures,, previous foot ulcers and poor metabolic control. Neuropathy leads to 
insensitivee and subsequently deformed feet, and even a minor trauma, such as 
pressuree caused by ill-fittin g shoes can proceed into a chronic ulcer (Fig. 3). 
Peripherall  vascular disease contributes to this process by reduced tissue 
perfusion.. Continued walking on insensitive feet leads to further tissue 
breakdown.63 3 

Diabeticc neuropathic ulcers are, among other chronic ulcers like venous ulcers, 
arteriall  ulcers, pressure ulcers, especially noted for their slow healing rates and 
resistancee to traditional methods of treatment.62 If not treated properly, these 
ulcerss might easily become secondarily infected and even progress to gangrene 
orr osteomyelitis, requiring amputation (Fig. 3). In 1992, 47% of all lower 
extremityy amputations in the Netherlands (1.575) were performed in patients 
withh diabetes mellitus.66 
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Figuree 3. Sequential amputations in a patient with neuropathy caused by NIDDM. Left: Diabetic 
pressuree ulcer on the plantar surface of the left foot. The phalanges of rays 2, 3 and 4 had been 
removedd previously because of osteomyelitis. Right: The same foot, three years later. A new 
pressuree ulcer developed on the lateral surface of the first metacarpophalangeal joint, and from 
thiss ulcer the underlying joint and bones became infected and had to be removed. 

Withinn the entire health care budget spend on the treatment of diabetes, a large 
proportionn is consumed by diabetic foot care. The costs of treatment of diabetic 
foott ulcers accounts for at least £13 million in the UK and $150 million in the 
USS per annum.67 Not surprisingly, the diabetic foot is selected by several 
manufacturerss as a target indication for sophisticated bioengineered medical 
products,, such as recombinant human growth factors, cultured skin equivalents, 
andd extracellular matrix components. These products are usually quite costly, 
butt if they are able to reduce healing time, hospitalization time, or the number 
off  amputations, cost-benefit calculations will support their usefulness. And the 
potentiall  long term benefits associated with rapid and complete healing of 
diabeticc ulcers may be substantial. A better understanding of the effect of 
diabetess on wound healing is required for the development of successful 
treatmentt techniques. 

22 2 



Introduction Introduction 

StudiesStudies on impaired wound healing in diabetes 
Thee phenomenon of impaired wound healing in diabetes mellitus has been 
studiedd in humans as well as in animal models. The ob/ob mice and alloxan- or 
streptozotocinn treated mice (suitable animal model for type 1 diabetes) models 
providee useful means for studying healing impairment. It should be kept in 
mindd however that animal models of diabetes provide useful means of studying 
healingg impairment caused by early changes in diabetes, but clearly do not fully 
reproducee the long term pathological changes in vascular and nervous function 
seenn in human diabetic subjects. Disturbed wound healing may occur during 
anyy phase of the wound-healing process. In the following section we will 
summarizee the reported abnormalities in the literature for each phase in wound 
healing.. It should be noted that the different phases overlap in time (Figure 4) 
andd that the beginning and end of a phase is dependent on multiple interacting 
factors. . 

Remodeling g 

Epithelialization n 

Proliferation n 

Inflammation n 
&& debridement 

Haemostasis s 

i—i—i—r̂ ^n—i—i—r̂ n—i—i—i—i—i— ii  i i i r 
Minutess Days Weeks Mon ths 

Timee after injur y 

Figuree 4. Overlapping phases in wound healing. 

Phasee of hemostasis 
Disruptionn of the capillaries causes hemorrhage, platelet accumulation and 
activation,, and coagulation of blood. Up to date no abnormalities have been 
reportedd in this wound healing phase in humans or animals with diabetes 
mellirus. . 
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Inflammatio nn and debridement phase 

InflammatoryInflammatory responses 
Thee hypercmic response observed after wounding is reported to be impaired in 
patientss with type 1 diabetes. Blood flow increases after wounding as a result of 
thee inflammation induced by skin injury which releases vasoactive mediators 
suchh as histamine and prostaglandines.68 Fahey et al. showed that while the 
initiall  inflammatory response in diabetic animals is similar to that seen in 
normall  controls, the total number of leukocytes and wound fluid IL-6 levels are 
decreasedd in diabetic mice during the late inflammatory phase of healing.69 In 
thiss phase, wound repair is in transition from an inflammatory phase to a 
reparativee phase. They conclude that impaired leukocyte migration into wound 
sitess and an altered pattern of cytokine appearance in the wound milieu may 
contributee to delayed wound healing. Recently, advanced glycation end 
productss (AGEs) have been held responsible for the delayed inflammatory cell 
influx.700 AGEs have been established to interfere with both extracellular matrix 
proteins,, and with cellular function via cell surface receptor-mediated 
interactions.. Administration of a soluble receptor fragment for advanced 
glycationn end products (sRAGE) led to restoration of the normal wound 
responsee in a db/db mice model. ' 

Otherss have suggested that impaired leukocyte function may contribute to 
impairedd healing in diabetics based on abundant evidence that neutrophil 
chemotaxis,chemotaxis,1111''1515 phagocytosis ̂ and intracellular killing* 4 are inhibited by 
hyperglycemiaa or a yet unknown serum factor.85"88 Others report impaired 
intracellularr killing and decreased membrane fluidity of polymorphonuclear 
leukocytes.8990 0 

ProteolyticProteolytic enzymes 
Itt has been shown that chronic wrounds often have an imbalance between 
proteasess and protease inhibitors in the wound fluid. Main sources of 
proteolyticc enzymes are leukocytes and macrophages. Wound infection may 
attributee to the increased proteolytic activity, either indirectly or directly 
throughh excess production of proteases by the bacteria. An increased proteolytic 
environmentt may lead to more rapid and/or more extensive degradation of the 
extracellularr matrix in these wounds, which blocks or complicates the migration 
andd attachment of regenerating cells.91"94 In addition, interruption of cell-matrix 
adhesion,, as may occur in the case of excessive matrix degradation, may lead to 
apoptosiss by inhibition of intcgrin binding to matrix proteins.95,96 Considering 
thee frequent findings of increased protease expression in chronic wounds and 
reducedd matrix stability, this may also be a factor leading to reduced cell 
survivall  and increased apoptotic cell death as has been suggested by Gailit and 
Clark.977 Another negative influence of an increased proteolytic activity in 
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chronicc wounds is that growth factors will be deactivated more rapidly. As a 
consequencee of this theory, some groups are considering the concept of treating 
chronicc ulcers, and especially diabetic ulcers, with a combination of growth 
factorss and compounds that bind or inhibit proteases. 

Proliferatio nn phase 

FibroblastsFibroblasts and endothelial cells 
Darbyy et al.9*  studied a non-obese diabetic (NOD) strain of mice (genetically 
diabeticc mice) and reported reduced cell proliferation rates (endothelial cells 
andd fibroblasts) in the wound tissue, a retarded onset of myofibroblast 
differentiation,, lower procollagen I mRNA expression and increased apoptosis 
whenn compared to non-diabetic control mice. Differentiation of fibroblasts into 
aa contractile myofibroblast phenotypc (visualized by Ot-smooth muscle actin) 
contributess to wound closure by wound contraction. The wounds not only 
showedd reduced ct-smooth muscle actin staining but also showed a lack of 
orientationn of fibroblasts compared to control wounds at 7 days. This alteration 
couldd affect the efficacy of wound contraction, perhaps leading to delayed and 
inefficientt contraction. Furthermore they postulated that the observed reduced 
numberr of fibroblasts and endothelial cells in diabetic wounds versus controls 
couldd also be explained by delayed invasion of these cells into the wound from 
thee surrounding dermis. This could result from increased matrix rigidity in the 
unwoundedd skin and the consequent diminished vulnerability to protease 
degradation.. Dyer et al." and Vlassara et al.100 showed that diabetic skin 
collagenss show increased levels of glycation compared with non-diabetic 
controls.. Glycosylation is a non-enzymatic reaction between glucose and 
proteinss leading to reactive advanced glycation end-products, and these in turn 
cann result in inappropriate cross linking and increased rigidity of the matrix. 
Advancedd glycosylation end products are postulated to accumulate in diabetes 
andd may adversely affect extracellular matrix production, cell function, and 
cytokinee production.61,70 

ExtracellularExtracellular matrix production 
Decreasess in collagen deposition have been reported in wounds of the stomach, 
duodenum,1011 and in the musculofacial layer of the abdominal wall in diabetic 
patientss compared to those without the disease.11'2 Goodson and Hunt found less 
collagenn deposition in subcutaneously implanted stainless-steel wirc-mesh 
cylinderss in diabetic rats by measuring the hydroxy-proline content of the 
formedd granulation tissue in the cylinders.103 A reduction in subcutaneous 
collagenn accumulation and tensile strength in wounds in streptozotocin treated 
andd ob/ob mice has been reported by many others as well.104"114 It has been 
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shownn that fibroblasts from chronic wounds may produce less collagen than 
normall  dermal fibroblasts at least in vitro.u' Additional studies on diabetic skin 
fibroblastt cultures also rapport an abnormal collagen synthesis and inhibition of 
linkingg and cross linking of collagen fibrils.1,611h A linear dose response 
betweenn inhibition of collagen fibril formation and glucose concentration has 
beenn reported, leading to a decrease in bursting and tensile strength. In contrast 
severall  in vitro studies on the effects of high glucose levels on collagen 
productionn showed no decrease or even an increase in collagen synthesis by 
non-insulinn dependent diabetic fibroblasts versus an increase in collagen 
synthesiss by non-diabetic fibroblasts.11-/,2n 

Diabeticc complications are often marked by increases in matrix deposition, as 
seenn both in vitro with retinal capillary cells and in in vivo models of diabetic 
nephropathy.12?,i244 After injury, increased amounts of fibronectin accumulate, 
duee to increased synthesis and impaired degradation, in patients with diabetes in 
contrastt to non-diabetic individuals.!2! Therefore the relative importance of the 
observedd diminished granulation tissue mass, reduced collagen deposition and 
defectss in collagen maturation remain to be defined. 

Epithelialization n 
Koivukangass et al. reported a delayed restoration of epidermal barrier function 
afterr suction blister injury in patients with type I diabetes mellitus.126 They 
measuredd water evaporation from such wounds which was more abundant in 
diabeticc patients versus controls. This finding and the observed higher mean 
increasee in blood flow 4 days postwounding was suggestive of a deficit in the 
abilityy to restore the epidermal barrier. 
Impairedd re-epithelialization characterizes chronic diabetic ulcers, resurfacing 
off  these wounds may fail to occur for months. On light microscopy, the 
prominentt acanthosis regularly present at the edge of diabetic ulcers suggest 
thatt keratinocyte migration might be disturbed rather than proliferation.12 

However,, Blakytny et al. reported a lack of insulin-like growth factor I (IGF I) 
inn the basal keratinocyte layer of diabetic skin and foot ulcers which could 
resultt in diminished proliferative activity of the keratinocytes and hence a 
decreasedd rate of re-epithelialization.128 Brown et al. found a reduced expression 
off  IGF I and II in cutaneous wounds of diabetic mice,120 others showed that the 
inductionn of keratinocyte growth expression was reduced and delayed in 
geneticallyy diabetic mice versus normal mice.1"0 The authors suggested that 
earlierr induction of KGF might be essential for rapid re-epithelialization. 
Finally,, a recent study showed that keratinocyte proliferation as well as 
differentiationn were impaired in the diabetes milieu of the insulin receptor 
knockk out mice.lj ! 
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Remodelingg phase 
Finally,, in the remodeling phase, resolution of the wound tissue occurs which 
cann last up to one year. Collagen type III is replaced by collagen type 1 with an 
increasingg amount of cross linkage bounds between the collagen fibril s and 
thickerr collagen bundles, organized parallel to the epidermis. No studies have 
beenn published so far on this phase of wound healing in diabetic patients. 

Inn summary, these experimental and clinical wound healing studies reveal that 
thee diabetic state is accompanied by a delayed or decreased repair capacity, 
mostt pronounced in the phase of inflammation and debridement and in the 
phasee of proliferation. To a lesser extent the phase of epithelialization seems to 
bee affected. This is stressed by the disappointing clinical reports on EGF in the 
treatmentt of chronic wounds. It has been demonstrated that insulin deficiency is 
associatedd with the earlier mentioned abnormalities but although insulin 
administrationn improves all these processes, certain groups of patients seem to 
remainn prone for non-healing wounds.132"1'4 Other researchers found that insulin 
treatmentt neither prevents nor corrects the multiple tissue defects associated 
withh diabetes.135 In conclusion, the impairment of wound healing occurring in 
chronicc diabetic ulcers appears to be multifactorial and multilevel and needs to 
bee further elucidated in order to come to promising new treatment strategies. 
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D.. AIM S OF TH E STUDIES 

Thee primar>' aim of this thesis was to investigate mechanisms that may be 
responsiblee for retarded wound healing in diabetic ulcers. 

Ass apparent from the introduction, the gross pathological factors leading to 
diabeticc ulcers are wellknown. and our knowledge of general principles of 
woundd healing has certainly increased during the last decade. We are able to 
describee the healing process in detail by subdividing it in different stages such 
ass hemostasis, inflammation and debridement, proliferation, epithelialization, 
andd remodeling. Despite this, regulation of wound healing at the molecular and 
cellularr level, and how: the hyperglycaemic state or other phenomena associated 
withh diabetes affect it, is still poorly understood, and hence, the main subject of 
thiss thesis. 

ClinicalClinical perspective 
Chronicc leg ulceration affects 1% of the adult population and 3.6% of the 
peoplee older than 65 years. Leg ulcers are debilitating and painful and greatly 
reducee the quality of life for the patient. About 400 years BC, Hippocrates 
wrote,, "In ease of an ulcer, it is not expedient to stand, especially if the ulcer be 
situatedd on the leg1'. The best treatment of leg ulcers depends upon their 
diagnosiss and underlying pathology. The majority of leg ulcers are caused by 
venouss insufficiency, arterial disease or neuropathy, or a combination of these 
factors.. Venous ulcers most commonly occur above the medial malleoli. 
Arteriall  ulcers often affect the toes or shin, diabetic neuropathic ulcers arc 
usuallyy localized on pressure points, such as the metatarsophalangeal joints, 
anklesankles or heel region. Less frequent causes include infection, haematologieat 
disorders,, vasculitis and pyoderma gangrenosum and tumors. In chapter 2, 
frequentt and infrequent causes of leg ulceration are listed and their underlying 
pathologyy will be discussed. 

StudyStudy hypothesis and outline 
Diabeticc neuropathic ulcers are. among the above mentioned other types of leg 
ulcers,, noted for their slow healing rates and resistance to traditional methods of 
treatment.. If not treated properly, these ulcers might easily become secondarily 
infectedd and osteomyelitis or gangrene may develop, finally resulting in 
amputation.. But even with adequate treatment, approximately 15% of all 
diabeticc patients with chronic ulcers will not respond. To achieve better wound 
healingg rates in more patients, it is necessary to unravel which phases, cells, 
cytokines,, matrix proteins, or other molecules might be effected by diabetes. 
Basedd on the clinical observations that epithelialization can proceed normally in 
diabeticc ulcers as soon as the quality of the wound bed has improved, and that 
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clinicall  studies with growth factors that accelerate epithelialization are not very 
successful,, we hypothesized that the disturbances had to be located in the two 
precedingg phases, the inflammation and debridement phase, or the phase of 
proliferationn followed by matrix deposition, which is the most time-consuming 
phase.. Consequently, our in vitro studies focused on these phases and their 
predominantt cell types. 

Thee predominant cell types in the inflammation and debridement phase are 
lymphocytes,, granulocytes and macrophages. The major function of 
granulocytess in wounds is to eliminate contaminating bacteria, the function of 
lymphocytess in (non)healing wounds remains a topic of interest. Macrophages 
playy a crucial regulatory role in the transition between wound inflammation and 
thee next phase of wound repair, granulation tissue formation. 
Thee proliferation phase is characterized by proliferation of endothelial cells and 
fibroblastss and the deposition of extracellular matrix (ECM) molecules. During 
thee repair process the ECM is sequentially remodeled and rebuilt by the action 
off  different cell types and their products. Fibronectin (FN) acts as a scaffold for 
neww matrix deposition, chondroitin sulphate (CS) is a disaccharide forming 
glycosaminoglycann (GAG) providing high hydrative capacity in the temporary 
matrix,, and tenascin (TN) is probably important for maintaining tissue 
homeostasiss by interfering with cell migration and proliferation and by 
inhibitingg cell adhesion to FN. 
Veryy littl e is known about the expression of these above mentioned extracellular 
matrixx molecules and the composition of the cellular infiltrate in chronic 
diabeticc wounds. Therefore the expression of different ECM molecules and the 
compositionn of the infiltrate, which is assumed to be a 'frozen picture' of a 
deficientt healing stage, in chronic diabetic wounds was characterized. The 
resultss of these studies are summarized in chapter 3. The cellular infiltrate and 
thee expression of different ECM molecules in skin biopsies taken from the edge 
off  chronic ulcers (defined as existing for > 8 weeks), diabetic ulcers and of 
acutee wounds in time was characterized quantitatively. To assess the influence 
off  the diabetic state on the infiltrate, biopsies were also taken from patients with 
chronicc non-diabetic wounds, upper leg skin from patients with N1DDM 
(nonlesional)(nonlesional) and upper leg skin from healthy age-matched volunteers. 

Inn chapter 4, the role of macrophages in delayed wound healing in chronic 
diabeticc and venous ulcers is evaluated. Macrophages are considered to be 
importantt in wound healing. They are reported to be abundantly present in 
chronicc ulcers, but it was not yet studied wether they arc activated, functionally 
activee in chronic diabetic ulcers. This was investigated by analyzing their state 
off  activation with the marker MRP-8/14 in skin biopsies of chronic diabetic 
ulcers. . 
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Thee fibroblast, as pivotal cell in the proliferation phase, was the main target of 
thee following studies. Although it is more difficult to isolate and culture 
fibroblastss from chronic diabetic ulcers than from intact skin in diabetic and 
non-diabeticc patients, these are the proper populations of fibroblasts that should 
bee used for in vitro studies. Chapter 5 describes the proliferation rates of 
fibroblastss isolated from diabetic ulcers, which seemed rather impaired, 
comparedd to controls. 

ChapterChapter 6 consists of the search for the proper concentrations of growth factors 
orr combination of growth factors to enhance fibroblast proliferation. It is 
unlikelyy that single growth factors are released from platelets and macrophages 
underr physiologic conditions. A common view is that a cocktail of several 
growthh factors with different activities might be required for optimally 
enhancedd healing. Several well-characterized growth factors are available for 
clinicall  use. Most growth factors have been characterized by their capacity to 
inducee mitosis in different cell types in vitro. These mitogens can be grouped 
accordingg to their sequence of action in the cell cycle. Competence factors, 
exemplifiedd by fibroblast growth factor (bFGF) and platelet derived growth 
factorr (PDGF-AB) act by making quiescent cells (in GO Phase of the cell cycle) 
competentt to respond to a second group of growth factors, the progression 
factors.. Insulin-like growth factor (IGF-I) and epidermal growth factor (EGF) 
appearr to drive cells through Gl of the cell cycle into DNA synthesis and are 
exampless of the progression factors. In this chapter, the optimal concentrations 
off  individual and combined growth factors, and their maximum mitogenic 
effectss were determined with diabetic ulcer fibroblasts and controls. 

Inn chapter 7 the clinical entity 'the diabetic foot' is discussed. In this chapter, 
thee main principles of treating diabetic ulcers are discussed, including issues as 
diagnosis,, preventive measures, antibiotic regimens, and vascular surgery. 
Experimentall  findings arc extrapolated to the clinical setting, and recent 
advancess in diagnosis and wound care arc discussed. 

ChapterChapter 8 and 9 contain a general discussion and summary of the conclusions 
drawnn in our studies. 

Thee experimental studies that formed the basis of this thesis were supported by 
aa research grant from the Dutch Organization for Scientific Research (NWO-
AGIKOO programma chronisch zieken, grant nr. 940-37-003, 'Disturbed wound 
healingg in diabetes') and by the Dutch Diabetes Foundation (Diabetes fonds 
Nederland,, grant nr. 94.124, 'Improved healing of chronic diabetic wounds by 
stimulationn of extracellular matrix formation'). 
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INTRODUCTIO N N 

Chronicc ulceration of the lower leg including the foot is a frequent condition, 
causingg pain, social discomfort, and generating considerable costs. Prevalence 
numberss range from 0.15-0.30% in the overall population, 1% in the adult 
population,, to 3-5% in the over-65 population.!": In western countries, the 
incidencee of ulceration is rising as a result of the ageing population and 
increasedd risk factors for atherosclerotic occlusion like smoking, obesity, and 
diabetes.1 1 

Variouss definitions of the term ulcer exist but the two main criteria arc full 
thicknessthickness depth, which implicates that there are no sources for reepithelia-
lizationn left in the center of the ulcer, and a slow healing tendency. In general, 
thee slow healing tendency is not simply explained by depth and size, but caused 
byy an underlying pathogenetic factor that needs to be removed to induce 
healing. . 
Althoughh most leg ulcers arc caused by venous insufficiency (approximately 
45-60%),, arterial insufficiency (10-20%), diabetes (15-25%), or combinations 
off  these well known etiologic factors (10-15%),M rare underlying disorders may 
exist.. The more common causes of leg ulceration are listed in Table 1 and 
discussedd below. Table 2 provides an overview of the rare causes of leg 
ulceration,, grouped according to their main pathogenetic mechanism. 

TableTable 1. Common causes of leg ulceration 

Venouss insufficiency (post-thrombotic syndrome) 
Peripherall  arterial disease (arteriosclerosis) 
Diabetess (neuropathy and/or arterial occlusion) 
Decubituss (pressure) 
Infectionn (mostly Streptococcus hacmolyticus) 
Vasculitiss (small vessel leukocytoclastic vasculitis) 
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Tablee 2. Rare causes of leg ulceration 

Venouss insufficiency and dependency 
-- venae communicantes insufficiency 
-- congenital hypoplasia / aplasia of valves 
-- weakness of the venous wall (collagen 

disorders) ) 
-- arteriovenous anastomosis, angiodysplasia 
-- compression or obstruction of veins 

(tumors,, enlarged lymph nodes, pelvic 
veinn thrombosis) 

-- ulcerating thrombophlebitis, ruptured 
varices s 

-- dependency syndrome (immobility, 
arthrosis,, rheumatoid arthritis, paresis, 
paralysis,, orthopedic malformations) 

Arteria ll  diseases 
-- arterial thrombosis macro-thrombocmbo-

lismm and micro-thromboembolism (fibrin, 
platelets) ) 

-- fat embolism (hypercholesterolemia, 
hyperlipidemia) ) 

-- detachment of cholesterol containing 
plaquess from aorta, aneurysm or atrium 
(atriall  fibrillation) 

-- thromboangiitis obliterans (m. Buerger) 
-- arteriovenous anastomosis (congenital / 

traumatic) ) 
-- trauma, rupture, infection, vascular 

procedures s 
-- fibromuscular dysplasia 

Microcirculator yy disorders 
-- hypertension: ulcus hypertensivum 

(Martorcll'ss ulcer) 
-- Raynaud's phenomenon, scleroderma 
-- increased blood viscosity (increased 

fibrinogenfibrinogen level, paraneoplastic, 
paraproteinemia,, leukemia) 

-- blood transfusion reactions 

Physicall  or  chemical injur y 
-- trauma, burn wounds, freezing, electricity 
-- röntgen damage, intra-articular injection of 

Yttrium-90 0 
-- chemical (corrosive agents), sclerotherapy 
-- artificial (automutilation) 

Vasculitis s 
-- large vessel: giant cell arteritis 

(polymyalgiaa rheumatica, Takayasu's 
arteritis) ) 

-- medium size: polyarteritis nodosa, 
Kawasaki'ss disease 

-- small vessel: Wegener's granulomatosis, 
allergicc granulomatosis (Churg-Strauss), 
microscopicc polyangiitis, Henoch 
Schonleinn purpura, essential 
cryoglobulinemicc vasculitis, erythema 
induratumm Bazin, livedo reticularis, 
livedo-vasculitiss and Sneddon's syndrome 

Infectiouss diseases 
-- ulcerating pyoderma (S. aureus), ecthyma 

(Streptococcuss haemolyticus), gas 
gangrenee (Clostridium), ecthyma 
gangrenosumm (Pseudomonas), septic 
embolismm (Meningococcus and others), 
anthraxx (Bacillus anthracis), diphteria 
(Corynebacteriumm diphteriae) 

-- osteomyelitis (several microorganisms) 
-- complications by secondary wound 

infections s 
-- herpes, lues, lues II, lues maligna (lues III , 

gummata),, granuloma inguinale, 
chancroid d 

-- lepra, framboesia (yaws), ulcerating 
cutaneouss tuberculosis, lupus vulgaris, 
atypicall  mycobacteria, Buruli ulcus 
(Mycobacteriumm ulcerans), papulonecrotic 
tuberculide e 

**  tularemia (Franeiscella tularensis), 
Chiclcroo ulcer (Leishmaniasis), bos-yaws 
(Leishmaniasiss mucocutanea), tropica! 
ulcerr (Baeteroidcs, Borrelia vincenti and 
otherr bacteria) 

-- Madura foot, Maduramycosis 
(eumyectomaa / mycetoma), 
chromoblastomycosis,, coccidiomycosis, 
sporotrichosis,, granuloma trichopfiyticum 

-- amoebiasis, Kala azar 
-- histoplasmosis 
**  bacillary angiomatosis 
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Tablee 2 (continued). Rare causes of leg ulceration 

Hematologicc disorders 
anemia,, essential thrombocytemia, 
thromboticc thrombocytopenic purpura, 
sicklee cell anemia, granulocytopenia. 
GöPÜ-deficieney.. Thalassemia, hereditary' 
spherocytosis,, polycythemia, leukemia. 
monoclonall  dysprotcmemia 
(Waldenstrom'ss disease, myeloma), 
polyclonall  dysprotcmemia 
(cryofibrinogenemia,, purpura 
hyperglobulinemia,, cold agglutinins) 

Neuropathicc diseases 
lepra,, tabes dorsalis. syringomyelia, 
alcoholl  neuropathy, spina bifida, multiple 
sclerosis,, poliomyelitis 

Clottin gg disorders 
Factorr V- Leiden, lupus anticoaguians, 
anticardiolipinn (antiphospholipid 
syndrome),, disturbed fibrinolysis, factor 
XII II  deficiency (may be associated with 
colitiss ulcerosa), antithrombin III 
deficiency,, protein C or S deficiency. 
Marcoumarr necrosis, large haematoma. 
ulceratingg thrombophlebitis, purpura 
fulminans,, diffuse intravasal coagulation 

Metabolicc diseases 
diabetess meliitus, necrobiosis lipoidica, 
porphyriaa cutanea tarda, gout, 
calciphylaxis,, calcinosis cutis, 
homocysteinuria,, prolidase deficiency, 
hyperoxaluria a 

Ulceratingg tumors 
basall  cell carcinoma, squamous cell 
carcinoma,, malignant melanoma, 
metastasis,, lymphoma, leukemia, 
lymphosarcoma,, cutaneous T-cell 

lymphoma.. Hodgkin's disease, Kaposi's 
sarcoma,, pseudoepitheliomatous 
hyperplasia,, epithelioma (Marjolin's 
ulcer),, rhabdomyosarcoma, 
hemangiosarcoma.. lymphangiosarcoma 

Ulceratingg skin diseases 
pyodermaa gangrenosum, erythema 
exudativumm multiforme, pemphigoid and 
otherr bullous diseases, malignant atrophic 
papulosiss (Dcgos), erythema induratum 
(Bazin),, sarcoidosis, erythema elevatum 
diutinum,, Behcet's disease, cutaneous 
discoidd and systemic lupus erythematosus, 
lichenn planus, contact dermatitis, 
panniculitis,, fat necrosis / pancreatic fat 
necrosis,, trench foot, insect bites, toe web 
infection n 

Drugg reactions 
steroidd ulcus (intralesional injection), 
vaccinationn ulcer (BCG), halogens, 
ergotamin,, methotrexate, hydroxyureum. 
paravasall  injection of cytostatic drugs. 
GM-CSF F 

Miscellaneous s 
-- pemiosis (chilblains) 
-- erythermalgia'erythromelalgia 
-- corpus alienum, orthopedic fixation 

materials s 
-- hemangioma, Stewart Bluefarb syndrome 
-- Klinefelter̂  syndrome 
-- rheumatoid arthritis, Felly's syndrome 
-- ulcus phagedenicum 
-- acro-osteopathia ulceromuülans (Bureau-

Barrière) ) 
-- complement C3 deficiency 
-- Langcrhans cell histiocytosis 
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Venouss insufficiency 

Venouss ulceration is caused by increased pressure in the venous system. The 
mainn cause of venous ulceration is insufficiency of the valves in the deep 
venouss system and the lower perforating veins. These veins and a good function 
off  their valves are necessary for the return of venous blood to the heart at each 
contractionn of the calf muscles ('the muscle pump'). Intact valves but absent 
musclee contraction (immobility, paresis) may also cause edema and ulceration, 
aa condition known as dependency syndrome. Valve insufficiency may be 
acquiredd as in the post-thrombotic syndrome or caused by congenital weakness 
off  valves or vessels. The exact pathogenetic cascade leading from valve 
insufficiencyy to ulceration is still not fully elucidated.4 The clinical symptoms of 
venouss insufficiency are edema, lipodermatosclerosis, hyperpigmentation, 
hyperkeratosis,, and atrophie blanche preceding ulceration.5 On a microvascular 
level,, the observations are microlymphangiopathy, dilatation of larger lymph 
vessels,vessels,99 dilatation and elongation of capillaries,10 occlusion of capillaries by 
microthrombi,111 or white cells,12 reduction of the number of functional 
capillaries,9100 increased capillary passage, leakage of plasma proteins and even 
erythrocytes,, leading to iron accumulation in the interstitium, partly in 
siderophages,, fibrin deposition, and ingrowth of fibroblasts along the fibrin 
fibrils.""  The functional alterations are reduction, reversion, and stagnation of 
bloodd flow in the capillaries of prc-nccrotic skin, increased pressure in the 
capillaries,, increased blood flow in the deeper stratum reticulare capillary 
network,, increased blood flow and arteriovenous shunting nearby ulcers, and 
decreasedd skin oxygen pressure in areas at risk.1013 The laboratory alterations 
cann be anaemia, elevated erythrocyte sedimentation rate, iron deficiency, zinc 
deficiency,, decreased fibrinolytic activity, increased plasma and full blood 
viscosity,144 or clotting disorders predisposing to thrombosis.15,16 Some of these 
observations,, like shunting of blood near ulcers, the fibrin cuff, iron 
accumulation,, white cell accumulation, decreased fibrinolytic activity, and 
variouss inflammatory responses to the vascular damage have been isolated from 
theirr context and promoted to be 'the final cause of venous ulceration', while 
theyy represent rather epiphenomena than causative factors. Most authors believe 
thatt the changes on the microvascular level are sufficient to explain venous 
ulceration.10,11,14'177 The capillary changes lead to reduction of blood flow, 
disturbedd rheological conditions,14 sludging and aggregation of cells, and finally 
too microthrombi formation and occlusion of capillaries.in,l! In addition, 
increasedd pressure in the venous system increases transendothelial and 
interendotheliall  capillary passage, resulting in a protein-rich edema. Edema in 
itselff  may contribute to tissue hypoxia because it simply increases the diffusion 
distancee for oxygen around the nourishing capillaries.13 In the end this results in 

45 5 



ChapterChapter 2 

aa fibrotic and edematous skin area where a considerable amount of capillaries is 
missing,, while the remaining are malformed and dysfunctional. The slightest 
traumaa or infection in these areas disturbs the balance between oxygen supply 
andd demand and a chronic non-healing ulcer develops. 
Thee relative frequency of venous leg ulcers is diminishing as a result of 
improvedd community care, improved prevention, diagnosis and treatment of 
thrombosis,, and an increase in arterial ulcers.4':" Still, the costs associated with 
venouss leg ulcers are considerable, approximately 200 million pounds yearly in 
thee UK,|V and 1 billion dollar in the US,lh'2'J were the yearly costs for hard-to-
heall  ulcers may be up to 27.500 dollar per patient/1 

Thee mainstay of treatment (and prevention of new ulcers) is control of edema 
byy adequate compression therapy. Provided that the patients are bandaged by-
experiencedd personnel, there arc no differences between non-clastic, short 
stretch,, two-layer or multi-layer compression bandages.4"^':"! Because many 
patientss have ulcers of combined etiology, e.g. venous and diabetes, or venous 
andd arterial, it is recommended to rule out arterial insufficiency before applying 
aa compression bandage, especially when elastic bandages are used. This can be 
donee by measuring the anklc-brachial index (ABI), which should be over 
0.8."'244 Surgical restoration or replacement of destroyed deep venous valves is 
stilll  not a routine option.2?:(1 Superficial incompetent veins can be ligated and/or 
removed,, or embolized by sclerocompression therapy, but their role in the 
etiologyy of venous leg ulcers is limited. Insufficient perforating veins, 
especiallyy the lower Cockett-veins are of haemodynamic importance because 
theyy transmit the high pressure to the overlying skin, and they can be ligated by 
(multiple)) incisions or new subfascial endoscopic techniques,2 but the value of 
thiss procedure in the presence of deep venous insufficiency is doubtful.25''5 With 
thee possible exception of pentoxifylline,"25 there is no sufficient evidence that 
systemicc drugs are beneficial.:Cv Patients with resistant or large ulcers may 
requiree hospitalization, additional wound bed preparation and skin grafting. An 
old-fashionedd but efficient method is full-thickness autologuous skin grafting, 
usingg punch biopsy grafts.:i<) Commercially cultured allogeneic skin grafts like 
Apligraf**  (Novartis) have also been reported to accelerate healing,31 '3: especially 
inn a subgroup of ulcers of long duration." but more data are needed on cost-
effectiveness,, long term results, and recurrence rates.33 The transplanted 
allogeneicc cells do not survive, eventually they are replaced by the patients own 
fibroblastss and keratinocytcs, but the cell-seeded skin equivalents induce a 
healingg tendency, probably through cytokine production.12 Since a decade it is 
possiblee to culture an autologuous dermal-epidermal skin equivalent from a 
smalll  tissue specimen of the patients upper leg, within 14-21 days.30 These 
graftss will not be rejected, but the procedure is logistically complicated and 
expensive. . 
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Lowerr  extremity arterial disease 

Thee incidence of critical leg ischemia is increasing.3,1*'34 Risk factors for 
arterioscleroticc occlusion are diabetes (4 to 5-fold increase of incidence of 
peripherall  vascular disease), smoking, hyperlipidemia, hypertension, obesity, 
andd age. Some influencing of risk factors is possible by education of the public, 
orr by drug therapy (antihypertensive drugs, antilipemic agents, transdermal 
nicotine,, low-dose aspirin)/'"'"71 Arteriosclerotic occlusion usually affects the 
entiree femoro-popliteal traject including important distal branches (arteria 
peronea,, tibialis anterior and tibialis posterior), and may lead to extensive distal 
damage.. It may also affect only small-sized branches, leading to limited 
infarctionn of skin and subcutaneous tissue with a relatively good prognosis. The 
latterr variant is not detected by a routine vascular work-up. Large occlusions 
requiree surgical interventions, which may be revascularization by means of 
bypassess using the patients own veins or artificial vein grafts, or by means of 
intravascularintravascular procedures such as balloon dilatation (PTA, percutaneous 
transluminall  angioplasty), sometimes combined with thrombolysis and the 
placementt of stents.3S The average costs of a surgical intervention for critical leg 
ischemia,, including all necessary measures to secure graft maintenance during a 
5-yearr follow-up period are $35.000-47.000.36'37 Femoro-popliteal vein grafts 
havee higher patency rates than femoro-crural procedures.34 Ideally, necrotic 
tissuee can be excised in the same operation session, and in some cases, 
vascularizedd flaps can be used to close the defects. The efficacy of 
pharmacologicall  treatment of existing disease with vasoactive or 
anticoagulativcc drugs is disappointing; antilipemic agents are under 
investigationn and may be useful. A future development, although still in the 
experimentall  phase, may be intravascular gene therapy with VEGF, vascular 
endotheliall  growth factor, which may induce collateral neovascularisation in 
inoperablee ischemic legs.3S 

Diabetes s 

Amongg diabetic patients, 2-3% will develop a foot ulcer each year, 15% will 
developp a foot ulcer during lifetime.*'"19 The average costs per case from ulcer 
presentationn to complete resolution may be 4.730-10.930 pounds, and up to 
20.800-31.8000 pounds when amputation is required.40'41 

Inn the classic diabetic foot, distal sensorimotor and autonomic neuropathy is the 
majorr cause, often combined with arterial insufficiency caused by 
atheroscleroticc occlusion of the tibioperoneal arteries, with sparing of the pedal 
arteries.7'422 Approximately 60-70% has neuropathy only, 15-20% has peripheral 
vascularvascular disease only, and 15-20% has a mixture of both.43 The contribution of 
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occlusivee microvascular disease in the etiology of diabetic foot ulcers has not 
beenn confirmed by histology, vascular casting, or vascular resistance studies 
andd therefore seems to be a misconception.44 The frequency and severity of 
woundd infection is increased in diabetes, which may be related to high glucose 
levelss or impairment of granulocytic function and chemotaxis.45 In addition, 
theree seems to be prolonged inflammation, impaired neovascularization, 
decreasedd synthesis of collagen, an abnormal pattern of synthesis of 
extracellularr matrix proteins, and decreased fibroblast proliferation.46 

Thee main principles of treatment are relief of any pressure at the wound site, 
aggressivee surgical debridement, adequate control of infection (beware of 
osteomyelitis),, arterial reconstruction if necessary, and strict control of glucose 
levels.. Pressure relief may be accomplished by total contact casting (TCC), 
wrhichh is the most extensively studied technique,47 orthopedic shoes or bed rest. 
Debridementt of devitalized tissue at frequent intervals has been shown to heal 
neuropathicc ulcers more rapidly.48 There are littl e data to support the use of 
enzymaticc or other non-surgical debridement strategies. 
Iff  the standard measures fail, some benefit may be derived from new 
therapeuticall  options such as recombinant human growth factors, bio-
engineeredd skin substitutes, dressings made of extracellular matrix molecules 
likee collagen or hyaluronic acid, and a variety of synthetic dressings.49 Although 
theree is no evidence that any specific dressing type accelerates the healing 
process,4'' the beneficial effect of a moist wound environment has been well 
established.. Randomized controlled clinical trials with growth factors in 
diabeticc ulcers have shown efficacy of topically applied PDGF-BB (platelet-
derivedd growth factor),50 and G-CSF (granulocyte-colony stimulating factor).51 

Thee main effect of biologic skin substitutes is to promote wound healing by 
stimulatingg the host to produce various cytokines. Dermagraft'*, a bioabsorbable 
polyglactinn mesh seeded with cultured neonatal dermal fibroblasts, induced 
healingg in 50% of diabetic ulcers after 8 weeks of treatment, versus 7.7% in the 
controll  group.52 However, no significant differences in ulcer recurrence rates 
weree noted.52 Apligraf*', an allogeneic bilayered cultured skin equivalent, 
appliedd for 4 weeks, achieved complete wound healing at 12 weeks in 56% of 
patientss with diabetic foot ulcers, versus 38% in the control group.53 

Recentt research indicates that the incidence of both vascular and neurological 
complicationss of diabetes can be significantly reduced when intensified insulin 
therapyy maintains blood glucose concentrations at near-normal levels.49,54 

Significantt steps are undertaken towards fully automatic control of glucose 
levelss by an implantable artificial pancreas.55 Management of dyslipidemia also 
deservess attention. And finally, patient education increases their awareness of 
potentiall  hazards (pressure, minor skin trauma) and reduces infection and ulcer 
recurrence. . 
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Decubitus s 

Pressuree ulcers develop when soft tissue is compressed between a bony 
prominencee and an external surface for a prolonged period of time. It usually 
occurss in hospitalized patients that are temporarily or permanently unable to 
changee their position due to circumstances like general anaesthesia, sedation, 
coma,, paresis/spinal injury, or fractures. Additional risk factors are 
incontinence,, bad nutritional state, increased body temperature, diabetes, 
peripherall  arterial diseases and age.5fl'57 Decubitus can be divided into four 
stages,, depending on the extend of tissue damage; stage I: non blanchable 
erythema;; stage II: partial thickness loss of skin layers (blister, abrasion); stage 
III :: full thickness loss exposing subcutaneous fat (superficial ulcer); stage IV: 
exposedd muscle or bone (deep ulcer or necrosis).18 

Thee prevalence of pressure ulcers ranges from 6.8-14.6% in home care settings, 
5.1-15.6%% in general hospitals, to 25-41% in geriatric nursing homes.5fi The 
costss generated by decubitus ulcers are enormous. Rough estimations indicate 
thatt the annual costs of pressure sore treatment in the UK are around 
150.000.0000 pounds.18 Obviously, maximum attention should be given to 
preventivee measures. It is generally recommended to have a decubitus protocol 
availablee to all staff which contains a validated scale for risk assessment. 
Dependingg on the risk assessment, preventive measures can be taken varying 
fromm frequent inspection, general measures to diminish pressure (spreading the 
bodyy weight over an area as large as possible), frequent changes of position, 
andd the use of special foam or airchamber matresses, low-air-loss systems or 
air-fluidizedd mattresses.57 Ulcer treatment consists of surgical removal of 
necroticc tissue, followed by the repeated application of dressings (saline soaked 
gauzes,, hydrogels, hydrocolloids, and many others) that further remove debris 
andd induce granulation tissue formation. 

Hypertensionn and ulcus hypertensivum Martorel l 

Hypertensionn is a known risk factor for atherosclerotic occlusion. In addition, 
anti-hypertensivee drugs (beta-blockers) may interfere with wound healing due 
too peripheral vasoconstriction." A rare condition exists called Martorell's ulcer, 
seenn in patients with prolonged, severe or sub-optimally controlled 
hypertension.599 The ulceration is secondary to tissue ischemia caused by 
increasedd vascular resistance. The ulcers are usually located at the lower limb, 
abovee the ankle region, contain black necrosis and are extremely painful. By 
definition,, the distal arterial pulsations are normal, and the diagnosis is made by 
histologicalhistological examination, which shows concentric intima thickening and marked 
hypertrophyy of the media of small size and medium size arteries, and by 
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exclusionn oï other conditions that may cause ulceration in tins area. The 
differentiall  diagnosis consists of arteriosclerotic occlusion of small size arteries, 
diabeticc angiopathy, vasculitis, thromboembolic occlusion (e.g. in atrial 
fibrillation),, and pyoderma gangrenosum. Treatment consists of reducing 
hypertension,, avoiding beta-blockers, adequate control of pain, and local wound 
care. . 

Vasculitis s 

Vasculitiss denotes a heterogenous group of diseases characterized by 
inflammatoryy vessel damage. Several subdivisions can be made, based on 
vessell  size (large vessel, medium size, small vessel), infiltrate type 
(polymorphonuclear,, mononuclear, granulomatous), or clinical presentation/'0 

Cutaneouss vasculitis may present as purpura, erythema, urticaria, noduli, bullae, 
orr skin infarction leading to ulceration. Cutaneous ulceration is usually caused 
byy medium size to small vessel - leukocytoclastic vasculitis.61 Persistent or 
progressivee ulceration due to histologically confirmed vasculitis is an indication 
forr immunosuppressive therapy. 
Ulceratingg vasculitis may be caused by anti-ncutrophil cytoplasmic antibodies 
(ANCA),, autoantibodies against antigens in neutrophils, such as 
myeloperoxidasee (MPO) and proteinase 3 (PR3). Using indirect immuno-
fluorescencee techniques, ANCA can be delected in a perinuclear pattern 
(pANCA,, often anti-MPO) or a cytoplasmatic pattern (cANCA. often anti-
PR3).. They were first identified in Wegener's granulomatosis, later also in other 
typess of small vessel vasculitis, now classified as AN'CA-associated vasculitides 
(Wegener'ss disease, microscopic polyarteritis, idiopathic glomerulonephritis, 
andd Churg-Strauss syndrome)/'" 

Felty'ss syndrome 

Felty'ss syndrome, defined by the triad of rheumatoid arthritis, splenomegaly 
andd neutropenia, is associated with skin ulcers, probably caused by vasculitis. In 
general,, the incidence of leg ulcers in rheumatoid arthritis is slightly 
increased.tM,,,~~ In a minority of patients the ulceration is caused by vasculitis, 
otherr explanations are venous insufficiency and dependency (impairment of the 
venouss pump caused by immobility and ankle joint dysfunction), deformities, 
trauma,, ill-fittin g shoes (pressure), neuropathy, co-existing arterial 
insufficiency,, or pyoderma gangrenosum/0 If vasculitis can be confirmed 
histologically,, immuno-suppressiva are indicated. 
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Clottin gg disorders 

Hypercoagulablee disorders may cause ulceration, either indirectly as a 
consequencee of venous thrombosis, or directly by thrombus formation in small 
arteries,, arterioles, capillaries or venules.66'6 A growing number of hereditary or 
acquiredd conditions predisposing to thrombosis have been identified (Table 2), 
suchh as the antiphospholipid syndrome, deficiency of antithrombin 111, protein 
CC or protein S,6H or abnormal clotting factors (Factor V Leiden, Factor II 
mutant).1516,677 Not the laboratory abnormalities, but the specific clinical picture 
determiness whether a patient should be treated with anticoagulant drugs. 

Antiphospholipidd syndrome 

Thiss rare syndrome is characterized by the presence of circulating 
autoantibodiess against phospholipid compounds. It is associated with an 
increasedd risk for venous or arterial thrombosis, thrombocytopenia, and habitual 
abortus.. The cutaneous symptoms (ulceration, livedo reticularis, acrocyanosis, 
Raynaud'ss phenomenon, capillaritis and thrombophlebitis) can all be explained 
byy vascular thrombosis. The two most frequently found antibodies are lupus 
anticoagulanss and anticardiolipine. Presence of lupus anticoagulans is often 
accompaniedd by a prolonged prothrombin time and activated partial 
tromboplastinn time, hence the confusing term anti-coagulans, but it is associated 
withh an increased risk for thrombosis. Antiphospholipids have been found in a 
growingg number of diseases, especially auto-immune diseases (systemic lupus 
erythematosus,, auto-immune thrombocyte purpura and hacmolytic anemia, 
rheumatoidd arthritis, Sjogren's syndrome, giant cell arteritis, dermatomyositis, 
Behcet'ss disease, polyarteritis nodosa), malignancies, hematologic disorders 
(myelofibrosis,, von Willebrand's disease, paraproteinemia), infections (lues, 
lepra,, tuberculosis, mycoplasma, borreliosis, HIV, endocarditis, hepatitis) and 
neurologicall  disorders (Sneddon's syndrome, myasthenia gravis, multiple 
sclerosis).69 9 

Combinationss of vasculitis and clotting disorders 

Thiss combination (Fig. 1) may be more frequent than the current literature 
suggests.. After the introduction in our department of routine screening for 
clottingg disorders (Table 3) in patients with ulceration caused by histologically 
confirmedd vasculitis, hypercoagulable states were found in 5 out of 1 1 
subsequentlyy admitted patients (4 x Factor V-Leiden, 1 x lupus anti-coagulans). 
Thee two rare conditions together predispose for necrosis. Vasculitis damages 

51 1 



ChapterChapter 2 

thee vascular wall, but not in all patients this leads to ulceration. An additional 
hypercoagulablee state may lead to extensive microvascular thrombi formation. 
Forr Factor V-Leiden such a sequence of events is likely. The vascular damage 
initiatess the coagulation cascade, prothrombin is converted to thrombin, 
thrombinn activates Factor V en VII . Coagulation is normally controlled by 
circulatingg antitrombin III , and locally by thrombomodulin, which is present on 
endotheliall  cells and binds thrombin. The thrombin-thrombomodulin complex 
activatess protein C. Activated protein C (and protein S) inactivates Factor Va en 
Vila.. But the mutant Factor V-Leiden (506R -*506Q) is resistant to inactivation 
byy protein C. As a consequence, the local protection mechanism against 
thrombosiss is not working adequately. 

Figuree 1. A 40-year old male patient with livedo reticularis and multiple ulcers caused by 
leukocytoclasticc vasculitis in combination with Factor V-Leiden. Histology: microvascular 
occlusionn by platelet-rich thrombi (anti-CD61 immuno-staining for thrombocytes). 
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Tablee 3. Laboratory screening tests for clotting disorders 

Activatedd partial thromboplastin time 

Prothrombinn time 
Thrombinn time 
Factorr V (Leiden) mutation (mR ->506Q) 
Factorr II (prothrombin) mutation (:o210G ->202IOA) 

Antithrombinn III 
Proteinn C and protein S 
Lupuss anticoagutans 
Anti-cardiolipine e 

Tablee 4. Laboratory screening tests for vasculitis 

Urinee analysis for proteinuria, hematuria, cylindruria 

Routinee and immunohistopathology of skin biopsies 
ESR,, Hb, Ht, differential blood count 
Kidneyy and liver function 
Antinuclearr antibodies, rheumatoid factor 
Complementt C4, circulating immune complexes 
Paraproteins,, Immunoglobuline fractions 
Antineutrophill  cytoplasmic antibodies 

Serologicc tests and cultures for underlying infections 
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Infectiouss diseases 

Sonicc micro-organisms can cause tissue necrosis, like the notorious beta-
haemolyticall  Streptococcus pyogenes. This bacteria causes a range of severe 
clinicall  symptoms varying from erysipelas, punched-out ulcers (ecthyma), deep 
cellulitis,, to fasciitis necroticans, sepsis and multi-organ failure. Immediate 
high-dosee antibiotic treatment is necessary', with attention for combined 
infectionss with Staphylococcus aureus and anaerobic species. 
Al ll  chronic wounds are secondarily contaminated with bacteria, but in most 
cases,, with the exception of the micro-organisms listed in Table 2, they are not 
off  pathogenetic importance. Wound Cultures are often routinely performed, but 
givee only information about the bacterial flora in the superficial layers. The 
decisionn to prescribe systemic antibiotics should be based on the combination of 
culturee results and clinical criteria, like signs of infection (fever, erythema, 
calor).. In osteomyelitis, a common complication of neuropathic ulcers, efforts 
shouldd be made to obtain representative cultures from the bone or deepest tissue 
layers,, prior to antibiotic treatment, which should be given in high doses, 
preferablyy parenterally. and for at least 6 weeks." The diagnosis has become 
easierr after the introduction of labeled leukocyte scanning and especially 
magneticc resonance imaging (MR1). 

Acquiredd immune deficiency due to HIV-infection reintroduced ulcerative 
conditionss that were thought to be eradicated, like tertiary lues and ulcerating 
tuberculosis,, and may be associated with atypical, large ulcers caused by herpes 
simplexx or cytomegalovirus. Finally, increased traveling around the world has 
broughtt tropical ulcerating infections to western countries, especially 
Leishmaniasis. . 

Ulceratingg skin diseases 

Severall  skin disorders present with ulceration as the first symptom (Table 2). 
Thee most impressive ulcerating dermatosis is pyoderma gangrenosum, often not 
recognized.. The etiology is unknown, it is associated with colitis ulcerosa, 
morbuss Crohn, arthritis, paraproteinemia, myeloma, leukemia, and many other 
internall  diseases. Pyoderma gangrenosum causes deep necrotic ulcers, usually 
withh an elevated violaceous border, and the ulceration is progressive if left 
untreated.. It may be provoked by wounding the skin, hence its occurrence 
aroundd scars, anus praeter. and donor sites used for grafting the original lesions. 
Onlyy treatment with sulphasalazinc. prednisone, ciclosporin or other immuno-
modulatoryy drugs will stop the process. 
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Diagnosticc approach in patients with leg ulcers 

Thee localization may give the first clue, venous leg ulcers predominantly occur 
inn the gaiter area, above the malleoli, arterial ulcers at the toes, on the shin and 
overr pressure points, diabetic ulcers over pressure points, especially the distal 
metatarsall  joints.71 Venous insufficiency can often be diagnosed without 
additionall  vascular investigations, on the presence of typical skin signs like 
edema,, hemosiderin pigmentation, hyperkeratosis, and atrophie blanche. 

Suspicionn of arterial disease requires a routine vascular work up, starting with 
clinicall  examination, palpation of arteries, assessment of skin color and 
temperature,, and calculation of the ankle-brachial index (ABI) for the arteria 
dorsaliss pedis and tibialis posterior. In healthy subjects, the ABI is around or 
abovee 1.0, but an ABI above 0.8 is still considered normal, and a safe threshold 
too apply compression therapy in venous leg ulcer patients.5,:2,:M An ABI below 
0.55 indicates arterial insufficiency.s If high systolic pressures are measured, one 
shouldd consider the possibility that the arteries are difficult to compress due to 
calciumm deposits. This can make the ABI unreliable."4 Toe pressure and 
transcutaneouss oxygen pressure measurement, Duplex scanning and finally 
diagnosticc angiography complete the vascular workup. A new diagnostic 
methodd is MRA (magnetic resonance angiography). 

Diabetess is readily detected by routine laboratory investigations, which in case 
off  ulcer patients should include serum glucose (and, if elevated, HbAk), 
cholesteroll  and triglycerides, iron, hemoglobin, erythrocyte sedimentation rate, 
andd differential leukocyte counts. In case of diabetes, neuropathy may be 
assessedd by measuring the thresholds for perception of vibration (using a 
biothesiometer)) and light touch (using Semmcs-Weinstein monofilaments). And 
althoughh not as sensitive as MRI, plain radiography of bones suspected for 
osteomyelitiss is useful. 

Ann irregular border, black necrosis, erythema or bluish or purple discoloration 
off  adjacent skin arc suggestive for vasculitis. Histologic examination of a skin 
specimen,, taken from vital skin adjacent to the ulcer can confirm the diagnosis. 
Numerouss specialized staining techniques are available to detect vascular 
pathology,, micro-organisms, malignancies, dermatological disorders, or 
(metabolic)) storage diseases. Therefore the pathologist should receive detailed 
informationn about the clinical problem and the differential options that are still 
open.. If vasculitis is suspected, additional laboratory investigations (Table 4) 
shouldd be performed to identify underlying disorders associated with vasculitis. 
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Clinicall  signs of a hypercoagulable stale, like repeated thrombophlebitis or 
unexplainedd thrombosis at young age, are an indication for screening for 
clottingg disorders. Whether all patients with skin necrosis caused by vasculitis 
shouldd be screened routinely for hypercoagulability needs to be further 
documentedd in larger patient series. It seems wise to consider the possibility of 
itss existence, and this also pertains to the other relatively rare conditions listed 
inn Table 2/:" w 

Inn interpreting Table 2, one should realize that the majority (90-95%) of ulcers 
iss venous, arterial, diabetic, or of mixed etiology, and that the other conditions 
arcc rare. They should be taken into consideration only if an ulcer can not be 
categorizedd under one of the trivial causes, or fails to respond to adequate 
treatment,, or in case of additional suggestive clinical signs or laboratory 
abnormalities. . 

Withh good knowledge of the large differential diagnosis of leg ulceration, and 
withh the efforts and the specialized skills of all specialties involved, the 
expandingg diagnostic and technical possibilities, and the enormous arsenal of 
woundd care products available to us, including the new biotechnology-based 
productss like cultured skin and growth factors, it should be possible to 
overcomee or at least control the burden of leg ulceration in our ageing 
population. . 
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SUMMARY Y 

Inn diabetic patients, wound heaiing is impaired. We studied the pathogenesis 
behindd this clinical observation by characterising the pattern of deposition of 
extracellularr matrix (ECM) molecules and the cellular infiltrate in chronic (>8 
weeks)) diabetic wounds, compared with chronic venous ulcers and an acute 
woundd healing model. 
Punchh biopsies were obtained from the chronic ulcer margins and control 
sampless were collected from upper leg skin 5,19,28 days and 12 and 18 months 
postwoundingg (p.w.). T cells. B cells, plasma cells, granulocytes and 
macrophagess and the ECM molecules fibronectin (FN), chondroitin sulfate (CS) 
andd tenascin (TN) were visualised using immunohistochemical techniques. 
Expressionn of FN, CS and TN was detected in dermal tissue early in normal 
woundd healing (5-19 days p.w.). Abundant staining was seen 3 months p.w., 
returningg to prewounding levels after 12-18 months p.w. In the dermis of 
chronicc diabetic and venous ulcers with a duration of 12 months or more, a 
prolongedd presence of these ECM molecules was noted. Compared to normal 
woundd healing: (i) the CD4/CD8 ratio in chronic wounds was significantly 
lowerr (p < 0.0027) due to a relatively lower number of CD4+ T-cells; (ii) a 
significantlyy higher number of macrophages was present in the edge of both 
typee of chronic ulcers (p < 0.001 versus day 29 p.w.); and (iii ) more B-cells and 
plasmaa cells were detected in both type of chronic wounds compared with any 
dayy in the acute wound healing model (p < 0.04 for CD20~ and p < 0.01 for 
CD79a~~ cells). 
Thesee data indicate that important differences exist in the cellular infiltrate and 
ECMM expression patterns of acute, healing versus chronic wounds, which may 
bee related to the nonhealing status of chronic wounds. 
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INTRODUCTIO N N 

Clinicall  and experimental evidence shows that diabetic patients as a group 
experiencee impaired wound healing.1"5 The mechanisms that contribute to poor 
woundd healing are not fully understood. Wound healing normally proceeds 
throughh general stages such as haemostasis, inflammation, proliferation, 
epithelializationn and tissue remodeling. Many chronic wounds fail to complete 
alll  these stages in healing. 
Diabeticc ulcers are usually localized on pressure points, such as the metatarso-
phalangeall  joints, ankles or heel region. The underlying pathology consists of 
neuropathy,, ischemia (both macro- and microcirculatory) and infection.6 

Infectionn plays an important role in the chronicity of these ulcers, partially due 
too the adverse effect of diabetes on leucocyte chemotaxis.7,8 Venous ulceration 
iss characterized by a specific pathophysiology consisting of venous stasis and 
microcapillaryy pathology.9"14 Due to the prolonged hydrostatic pressure, the 
capillaries,, which are originally not designed for high pressures, become 
dilated,, twisted and elongated and they start to leak plasma, proteins (including 
fibrin)) and erythrocytes in the surrounding tissue. Some capillaries become 
occluded,, while the blood flow in the remaining dysfunctional capillaries is 
hampered.. Generally, after a period of strict bedrest, these capillary changes are 
reversed,, and the ulcers show a healing tendency, similar to acute wounds. 
Basedd on the clinical observation that epithelialization can proceed normally in 
thesee patients as soon as the quality of the wound bed has improved, we 
hypothesizee that the disturbances are located in the two preceding phases, in the 
proliferationn phase or the inflammation/debridement phase. 
Thee predominant cell types in early wound healing, especially in the 
inflammationn and debridement phase, are lymphocytes, granulocytes and 
macrophages.. The major function of granulocytes in wounds is to eliminate 
contaminatingg bacteria. It has been known for long that lymphocytes are present 
inn healing wounds,15 but their function remains a topic of interest.,6J' 
Macrophagess play a crucial regulatory role in the transition between wound 
inflammationn and the next phase of wound repair, granulation tissue 
formation.18199 This phase is characterized by proliferation of endothelial cells 
andd fibroblasts and the deposition of extracellular matrix (ECM) molecules. 
Duringg the repair process the ECM is sequentially remodeled and rebuilt by the 
actionn of different cell types and their products. 

Fibronectinn (FN) promotes adhesion of cells to the fibrin matrix, acting as a 
scaffoldd for new matrix deposition, and also has chemotactic capacities that 
regulatee cell movement.20"23 Its expression is highly upregulated in the dermis 
afterr wounding. Chondroitin sulphate (CS) is a disaccharide forming 
glycosamino-glycann (GAG) chains of different length. They are covalently 
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attachedd to core proteins forming chondroitin sulphate proteoglycans 
(CSPG).:4,:ss In norma) skin CSPG are mainly found in the basement 
membrane,2b2'' but in healing wounds they are upregulated throughout the 
granulationn tissue during the second week of wound repair,2*  when they provide 
aa temporary matrix with high hydrative capacity. Tenascin (TN) is an ECM 
glycoproteinn which occurs in the basement membrane and in granulation tissue. 
Itt is known to have an influence on cell shape, and in vitro studies showed that 
TNN is important for maintaining tissue homeostasis by interfering with cell 
migrationn and proliferation and by inhibiting cell adhesion to FN.:y 

Veryy littl e is known about the expression of these above mentioned extracellular 
matrixx molecules and the composition of the cellular infiltrate in chronic 
diabeticc wounds. 
Thee objective of this study was to investigate the expression of different ECM 
moleculess and to characterize the infiltrate composition in chronic diabetic 
woundss versus chronic venous ulcers and an acute wound healing model, in 
orderr to come to a better understanding of the process of delayed wound healing 
inn diabetes mellitus. 

MATERIA LL  AND METHOD S 

Clinicall  profil e 

Thiss study ŵ as approved by the medical ethical committee of the Academic 
Medicall  Center, Amsterdam, The Netherlands. Patients were fully informed 
aboutt the purpose and consequences of this study, and subsequently gave their 
informedd consent. Thirteen patients with diabetic ulcers (noninsulin-dependent 
diabetess mellitus) with a mean age of 69.2 years admitted to the clinic or 
visitingg the outpatient department of our hospital were included in this study. 
Ass a reference we compared the results to those of 12 patients with a venous leg 
ulcer,, with a mean age of 76 years, and an acute wound healing model. A 
chronicc ulcer was defined as existing for 8 weeks or longer. Punch biopsies of 4 
mmm were taken from the margin of chronic diabetic and venous ulcers with a 
mediann ulcer duration of respectively, 11 (range 2-60) and 6 months (range 2.5-
60).. The biopsies were taken in such a manner that the epithelial margin was 
includedd in the central part of the biopsy. The epithelial margin can be 
consideredd as a reference point because normally the epithelium will grow from 
heree into the wound bed, only if the tissue underneath it has reached a certain 
levell  of quality. When biopsies are taken at random from the wound bed large 
differencess can be encountered in the composition of the tissue. 
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Thee acute wound healing model was studied in three groups of patients. In 
healthyy agematchcd volunteers, acute wounds were made on the upper leg and 
woundd healing was studied at day 5, 19 and 28 postwounding (p.w.) in four 
patientss (mean age of patients 78.8, SD 13.3). During the study period the 
woundd area was covered with Opsitc (Smith & Nephew, York, UK) to establish 
aa moist wound environment. The donor site (upper leg) for grafting of chronic 
ulcerss was rebiopsied 12 and 18 months p.w. in one patient (age 64). Wound 
healingg 3 and 12 months after breast reduction was studied in seven patients 
(meann age 24.4, SD 4.4). All punch biopsies were taken under local anaesthesia. 
Thee biopsies were either fixed in 4% formalin phosphate-buffered saline (PBS) 
solution,, processed by routine histological procedures and embedded in 
paraffin,, or snap-frozen and stored at -80 °C until further processing. 

Immunohistochemicall  staining 

ECMECM molecules 
Polyclonall  rabbit antibodies were used to detect FN (1:800, Dako, Copenhagen, 
Denmark)) and TN (1:400, Life Technologies, Breda, The Netherlands) using a 
three-stepp labeling procedure with biotinylated polyclonal swine-antibodies 
anti-rabbitt IgG (1:400, Dako) as second antibody followed by streptavidin 
biotinylatedd horseradish peroxidase (Hrp) complex (1:200, Dako). For the 
detectionn of CS a mouse monoclonal antibody (1:300, Sigma, St. Louis, MO) 
wrass used in a two step labeling procedure with as second step Hrp conjugated 
goatt antibodies antimouse IgM (1:200, Dako). Diaminobenzidinc (DAB) was 
obtainedd from Sigma. 
Sectionss of 5-6 |am thickness were mounted on polylysine coated glass slides. 
Thee sections were deparaffmized in xylol and hydrated through graded series of 
ethanol.. To remove endogenous peroxidase activity the slides were incubated 
forr 30 minutes in a 0.3% H,0;/methanol solution, washed with water and PBS. 
Aspccificc binding of antibodies was minimized by a 15 minutes preincubation 
withh 10% normal goat serum (NGS) in PBS. The sections were incubated for 1 
hourr at room temperature with the first antibodies and washed three times with 
PBS.. Subsequently, the appropriate second antibody was applied, diluted in 
PBS/10%% NGS. If the second antibody was biotinylated a third incubation step 
wass performed with the streptavidin biotin complex conjugated with horse 
radishh peroxidase (streptABComplex/Hrp). After extensive washing to remove 
nonboundd antibodies, the colour reaction was performed with DAB substrate. 
Finally,, the sections were counterstaincd with hematoxylin, mounted in 
glycergell  and examined. As recommended by the manufacturers, the fixed 
tissuess used for the FN staining were predigested with a 0.25% pepsin 10 mM 
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HC11 solution pH 2,5 for 30 minutes at 37°C. A pepsin predigestion of sections 
forr TN and CS staining diminished the specific staining signal. The sections 
weree examined microscopically and photographs of representative staining were 
takenn using an Olympus SC35 camera (Tokyo, Japan) with 64T (EPY-135) 
Ektachromee film (Kodak, the Netherlands). Sections of human normal skin 
servedd as positive controls. As negative controls, adjacent sections of the wound 
biopsiess were stained with nonimmune IgG from the same species and in the 
samee dilution as the primary antibody. No staining was noted in the negative 
controls. . 

ECMECM quantification 
FN,, CS and TN expression in the dermis of all chronic and acute wounds was 
quantitatedd using a score system with a five point scale (0, no expression; 1, 
weaklyy positive; 2, moderate; 3, strong; 4, very strong expression). All 
specimenss were evaluated blindly. In order to standardize the results, the 
intensityy of the ECM staining was correlated to the expression found in the 
positivee control sections. To check reproducibility, the slides were examined by 
twoo independent observers, which yielded a correlation coefficient of > 0.83. 

Lymphocytes,Lymphocytes, granulocytes and macrophages 
Immunohistochemicall  single staining was performed for the identification of T 
cellss (CD3 pan T-cells; 1:50; Becton Dickinson), B cells (CD20 1:1000; Dako), 
plasmaa cells (CD79a 1:50; Dako), granulocytes (CD 15 1:50; Becton Dickinson) 
andd monocytes, macrophages (CD68 1:2000; Dako) based on a three-step 
indirectt peroxidase technique. Cryostat sections (6 |im) were allowed to dry 
overnightt before fixing in acetone for 10 minutes at room temperature. 
Endogenouss peroxidase activity was blocked with 0.1 % sodium azide and 0.3% 
H2022 in phosphate buffered saline (PBS) for 10 minutes at room temperature. 
Forr plasma cells, paraffin-embedded tissue sections were deparaffinized in 
xyloll  and hydratcd through a graded series of ethanol. To remove endogenous 
peroxidasee activity the slides wrere incubated for 30 minutes in a 0.3% 
H202/methanoll  solution, washed with water and PBS. Antigen retrieval was 
achievedd by boiling the sections in 10 mM Citrate buffer; PH 6.0 (Dako). 
Aspecificc binding of antibodies was minimized by a 15 minutes preincubation 
withh 10% NGS in PBS. Briefly, the sections were incubated sequentially with 
primaryy antibody for 60 minutes followed by an incubation with biotinylated 
secondaryy monoclonal rabbit antimouse antibody (30 minutes). This was 
followedd by an incubation of 30 minutes with streptABComplex/Hrp (1:400 
Dako).. Before counterstaining with haematoxylin, the horseradish peroxidase 
activityy was visualized with 3-atnino-9-ethylcarbazole (AEC; Sigma) as 
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chromogenn for cryostat sections and with DAB substrate for the paraffin 
sections. . 
Forr immunohistochemical double staining the following steps were performed : 
(i)) incubation of 60 minutes with a cocktail of rabbit antihuman CD3 plus either 
mousee antihuman CD4 (1:20; Becton Dickinson) or mouse antihuman CD8 
(1:200 Becton Dickinson); (ii) an incubation of 30 minutes with a cocktail of 
biotin-conjugatedd goat anti-mouse (1:200; Dako) plus alkaline phosphatase-
conjugatedd goat anti-rabbit (1:10; Dako) and an incubation of 30 minutes with 
streptABCornplex/Hrpp (1:400; Dako). Alkaline phosphatase was detected as 
bluee colour, using naphthol-AS-MX-phosphate as a substrate and fast blue BB 
(Sigma)) as azo dye. Peroxidase activity was detected as an orange red colour, 
usingg the chromogen AEC. Double staining cells were detected by their purple 
colour.. The staining reaction was visually controlled and stopped by washing. 
Sectionss were finally fixed in formaldehyde (4%) and mounted with glycerin-
gelatinn without counterstaining. Sections of human tonsils served as positive 
controls.. The negative controls were stained in the same manner as all specimen 
withoutt incubation with the primary antibodies. 

CellCell enumeration 
Thee number of single or double stained cells of three different serial sections of 
eachh wound were counted (blinded) up to a depth of 1 mm. These values of 
eachh biopsy specimen were adjusted to 10 mm width. The mean value of each 
biopsyy was used for further analysis. 

Statisticall  evaluation 

Thee unpaired Student's Mest was used for statistical evaluation of differences in 
thee composition of the cellular infiltrate between each group. To detect the 
significancee of differences in the CD4/CD8 ratio's and the number of B-cells 
andd plasma cells between acute and chronic wounds, the Mann-Whitney U test 
wass used. P - values < 0.05 (two-tailed) were considered significant. 
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RESULTS S 

Extracellularr  matri x characterization 

Fibronectin Fibronectin 
Inn normal skin fibronectin could only be detected in bloodvessels (Fig. 1A). In 
sectionss of biopsies taken 19 days p.w. FN (Fig, IB) was clearly present in the 
dermis.. In time. FN staining increased markedly until 3 months p.w. (Fig, 1C) 
too gradually decline towards 12-18 months p.w. (Fig. ID). In chronic diabetic 
ulcerss with a ulcer duration of more than 12-18 months, and in two venous 
ulcers,, expression of FN was still noted in the whole dermis of the ulcer area 
(Fig.. IF). 

ChondroitinChondroitin sulpha!e 
CSS labeling in normal skin was found in the basement membrane (BM) and in 
thee periphery of vascular structures (Fig. 2A). CS was detected after 19 days 
p.w.. in the dermal tissue of acute wounds (Fig, 2B) and its expression became 
moree intens up to 3 months p.w. (Fig. 2C). At 12 to 18 months p.w. CS staining 
inn the dermis of all acute wounds was back to prewounding levels (Fig. 2D). All 
255 chronic wounds showed high CS expression in the dermis and basement 
membranee (Fig. 2E.F). 

Tenascin Tenascin 
Inn normal skin, TN staining was seen as a patch wise distribution in the BM 
zonee (Fig. 3A). At 19 days p.w, TN started to be expressed in the wound edge 
withh the BM zone of the healthy skin being positive (Fig. 3B). At 3 months 
p.w.strongg expression of TN was seen in the dermis (Fig. 3C) which returned to 
prewoundingg levels at 12 months (Fig. 3D). The chronic wounds showed a 
light,, moderate or strong expression of TN in the dermis with great variability 
amongg the ulcers. For diabetic ulcers two showed no (Fig. 3E) and two showed 
weakk expression, four moderate, three strong and one very strong TN 
expressionn (Fig. 3F) in the dermis. Among venous ulcers three showed no 
expression,, two light, two moderate and two strong expression. 
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B B V-V-

i i 

Figuree 1. Prolonged expression of FN in chronic diabetic and venous ulcers compared to the 
acutee wound healing model. Sections of normal skin and acute wounds (day 19, 3 and 12 
monthss p w ) as well as from the edge of diabetic and venous ulcers were embedded in paraffin 
andd cut in 5-6 urn sections. FN was detected as described in Material and Methods. In normal 
skinn FN could only be detected in blood vessels (a). Nineteen days p.w. expression of FN was 
seenn in the re-epithelialized ulcer area and at the edge (b) to reach an intense expression at 3 
monthss p w (c) and return to prewounding levels 12 months p.w. (d). In chronic diabetic ulcers 
ann intense staining for FN was seen in the whole dermis of the ulcer areai (e) as well as in venous 
ulcerss with a duration of 12 months or more (not shown). Scale bars: (a,b) 70pm; (c) 200pm; (d) 
300pm;; (e) 100pm. 
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Figuree 4. Prolonged expression of FN, CS and TN in chronic ulcers versus acute wounds. FN 
{a),{a), CS (b) and TN (c) expression in the dermis of sections of acute and chronic wounds was 
scoredd in one session on a five point scale by two independent observers. Their expression in 
acutee wounds (5 and 19 days p.w., 4 weeks, 3 months, 12 months, and 18 months p.w.) was 
visualizedd as a reference line for uncompromised wound healing. The majority of the chronic 
diabeticc and venous ulcers showed strong and or prolonged expression of these ECM in the 
dermiss as indicated outside the reference line. Error bars, SD (n=4). 
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Fig.. 4 (A) shows the quantitated FN expression in all individual chronic ulcers 
ass well as (he acute wound healing model. In general there was still high FN 
expressionn in the chronic diabetic and venous wounds with a duration of more 
thann 12 months, when in normal wound healing the level should be reduced 
again.. In Fig. 4 (B,C), all chronic ulcers and their dermal CS and TN expression 
aree visualized versus the acute wound healing model. There was a trend of 
prolongedd CS and TN expression in the dermis of venous and diabetic wounds 
withh a duration of more than 12 months. Table I shows the original data for 
ECMM quantitation by two independent observers which yielded a correlation 
coefficientt of 0.88 for FN, 0.84 for CS and 0.92 for TN. 

TableTable 1. ECM quantification by two independent observers * 

pat.. nr. FN CS TN 

Diabeti cc  ulcer s 

Venou ss  ulcer s 

#1 1 
#2 2 
#3 3 
#4 4 
#5 5 
#6 6 
#7 7 
#8 8 
#9 9 
#10 0 
#11 1 
#12 2 

#1 1 
#2 2 
#3 3 
#4 4 
#5 5 
#6 6 
#7 7 
#8 8 
#9 9 

3/3 3 
2/3 3 
4/ 4 4 
3/3 3 
2/3 3 
3/3 3 
3/3 3 
2/2 2 
4/ 4 4 
3/3 3 
3/3 3 
3/4 4 

2/2 2 
3/3 3 
2/2 2 
2/3 3 
3/3 3 
3/3 3 
3/3 3 
3/2 2 
2/2 2 

2/2 2 
3/3 3 
3/4 4 
3/ 4 4 
2/3 3 
4/ 4 4 
4/ 4 4 
2/2 2 
1/1 1 
2/3 3 
2/2 2 
3/ 4 4 

4/ 4 4 
3/4 4 
3/3 3 
3/3 3 
4/ 4 4 
3/2 2 
3/3 3 
2/2 2 
2/ 2 2 

1/1 1 
3/3 3 
4/ 4 4 
3/3 3 
2/ 2 2 
0/0 0 
0/0 0 
2/2 2 
1/1 1 
2/2 2 
3/3 3 
2/2 2 

0/0 0 
0/0 0 
0/0 0 
1/1 1 
3/3 3 
2/2 2 
3/3 3 
2/2 2 
1/2 2 

Correlationn coefficient: FN 0.88. CS 0.84, TN 0.92. 
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Tablee 1 (continued). ECM quantification by two independent observers 

Acutee wound model pat. nr. FN CS TN 

dayy 5 

dayy 19 

44 weeks 

33 months 

22 months 

#1 1 
#2 2 
#3 3 
#4 4 

#1 1 
#2 2 
#3 3 
#4 4 

#1 1 
ff2 ff2 
#3 #3 
#4 4 

n\ n\ 
n n 
#3 3 

#1 1 

n n 
#3 3 
#4 4 

1/1 1 

1/2 2 
-/ --

4/ 4 4 
4/ 4 4 
3/ 3 3 
2/ 2 2 

3/ 3 3 
3/ 2 2 
3/ 3 3 
3/ 3 3 

4/ 4 4 
4/ 3 3 
4/ 3 3 

2/ 2 2 
2/ 2 2 
3/ 3 3 
1/1 1 

2/ 2 2 
2/ 2 2 
3/ 3 3 
1/1 1 

2/ 3 3 
3/ 3 3 
3/ 3 3 
2/ 2 2 

4/ 3 3 
4/ 2 2 
3/3 3 
4/ 3 3 

4/ 3 3 
3/ 2 2 
3/ 2 2 

1/0 0 
I/ O O 
0/ 0 0 
0/ 0 0 

1/1 1 
0/1 1 
1/2 2 
0/ 0 0 

1/2 2 
l/ l l 
1/1 1 
2/ 2 2 

2/ 2 2 
2.-' 2 2 
2/ 3 3 
2/ 3 3 

3/3 3 
3/ 2 2 
4/ 4 4 

1/0 0 
1/0 0 
o/o o 
0/1 1 

88 months #1 0/0 0/0 

Correlationn coefficient: FN 0.88, CS 0.84, TN 0.92. 
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Lymphocytes,Lymphocytes, granulocytes and macrophages 
AA common observation in chronic wounds was a hyperkeratotic epidermis at the 
woundd edge with necrotic wound tissue heavily infiltrated with inflammatory 
cells.. Fig. 5 shows the kinetics of T and B cells, plasma cells, macrophages and 
granulocytess in acute and chronic wounds represented by CD3 (Pan T cells), 
CD44 (helper-inducer T cells) CD8 (suppressor-cytotoxic T cells), CD 15 
(granulocytes),, CD20 (B cells), CD79a (plasma cells) and CD68 (monocytes, 
macrophages)) positive cells. In the early stage of wound healing, there is an 
influxx of T cells which were predominantly of the CD3+ CD4+ type (Fig. 5A,B). 
Inn chronic wounds T-cells were present although in a lower number than in the 
acutee wound healing model at any day (p < 0.0048 for venous ulcers and p < 
0.022 for diabetic ulcers). This was mainly caused by a significantly lower 
numberr of CD3 CD4 positive T cells in chronic wounds (p < 0.0028 for venous 
ulcers,, p < 0.0029 for diabetic ulcers) whereas the number of CD8+ T cells did 
nott change dramatically (Fig. 5C). CD4/CD8 ratio's in acute wounds varied 
betweenn 4.9 and 9.7 (Table II). In chronic wounds the CD4/CD8 ratio was 
significantlyy depressed, p < 0.0027, compared to any day in the acute wound 
healingg model. Granulocytes increased rapidly in number during the early phase 
afterr wounding and decreased again after 5 days p.w.; they remained present in 
chronicc wounds (Fig. 5D). B cells were detected at all time points in acute 
woundss with a peak at day 19. B cells were present in significantly higher 
numberss in both chronic wounds. In venous ulcers a mean B cell number of 750 
wass found whereas at day 5, 19 and 28 p.w. there was a maximum of 200 B 
cellss (p<0.04). This was also true for the diabetic ulcers (p < 0.006) (Fig. 5E). 
Plasmaa cells were detected in significantly higher numbers (p < 0.0121) in both 
typess of chronic wounds compared to any day in the acute wound healing 
modell  (Fig. 5F). Macrophages appeared together with T lymphocytes in the 
initiall  phase of wounding in high numbers and in time their number decreased. 
Thee number of macrophages in both chronic wounds was significantly higher 
(diabeticc ulcers, p < 0.0011 and venous ulcers, p < 0.00001) compared to the 
lastt time point (day 28 p.w.) of the acute wound healing model (Fig. 5G). 
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Figuree 5. Reduced numbers of CD4' T cells 
andd high numbers of B cells, plasma cells 
andd macrophages in chronic diabetic and 
venouss ulcers compared to the acute 
woundd healing model. Kinetics of T cells 
representedd by CD3'. CD4' and CD8' cells 
(a-c)(a-c)tt granulocytes (CD15', d), B cells 
(CD20\\ e), plasma cells (CD79a\ J) and 
macrophagess (CD68*. g) in the acute wound 
healingg model and in chronic diabetic and 
venouss ulcers. 
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Figuree 5 (Legend, continued). Skin biopsies were taken from the upper leg at day 5, 19 and 28 
p.w.. as well as from the edge of diabetic and venous uleers and snap-frozen. Immuno-
histochemicall  single and double staining techniques and cell counting were performed as 
describedd in Material and Methods. Venu, venous ulcers; Diabu, diabetic ulcers. Error bars, SD 
(nn = 4-7), triple countings per patient. Day 5,19 and 28 p.w., Error bars, SD (n = 1-4), triple 
countingss for each time point per patient. (a,b,e,J) * p < 0.05 for number of positive cells per 10 
mnrr in diabetic and venous ulcers compared to any day in the acute wound healing model, (g) * 
p<0.055 for number of positive cells per 10 mm; in diabetic and venous ulcers compared with day 
288 acute wounds. 

TableTable 2. Depressed CD4/CD8 ratios in chronic versus normal wound healing 

WoundWound type: CD4/CD8 ratio: 

Venouss ulcers 0.59 (p < 0.0015)a 

Diabeticc ulcers 1.25 (p < 0.0027)3 

Dayy 5 acute wound 8.6 
Dayy 19 acute wound 9.7 
Dayy 28 acute wound 4.9 
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DISCUSSION N 

Thee purpose of this study in a broader perspective was to find an explanation on 
thee cellular or molecular level for the clinical observation that wound healing is 
delayedd in diabetes mellitus. 
Inn normal wound healing, the consecutive phases such as hemostasis, 
inflammationn and debridement, proliferation and remodeling, can be identified 
byy characteristic patterns of cellular infiltrate and ECM deposition. Most 
chronicc diabetic and venous ulcers fail to complete all these stages of normal 
woundd healing. We hypothesized that the disturbances are located in the 
proliferationn phase and/or the inflammation and debridement phase. Once these 
phasess have been completed successfully, uncomplicated epithelialization will 
usuallyy follow. 
Wee observed a prolonged expression of FN, CS and TN in patient material from 
133 chronic diabetic ulcers and 12 venous ulcers, with a duration of more than 12 
months.. Although a semiquantitative evaluation method was used to detect 
thesee ECM molecules, the statement that this is an abnormal finding is valid 
becausee normally these matrix molecules should only be present early in wound 
healing. . 
CSS expression, investigated using a monoclonal antibody that can detect all 
CSPGG because it recognizes the GAG chains attached to the core protein, e.g., 
decorin,, CS-basement membrane proteoglycan, and biglycan, was present far 
beyondd the normal time frame of expression seen in normal wound healing. 
CSPGG expression has been shown to be indicative for different stages of ECM 
regenerationn and remodeling in a porcine wound model.30 

Abnormall  patterns of FN and TN expression have also been observed by other 
groups.. Latijnhouwers et al.31 reported a variable, but mostly upregulated TN 
expressionn in the papillary dermis adjacent to the ulcer base of chronic venous 
ulcers.. Ferguson et al.32 demonstrated the presence of small abnormal blood 
vesselss at the wound edge and base of diabetic ulcers, sometimes cuffed with 
collagen,, laminin, FN and fibrin. Herrick et al.14 showed a upregulated TN and 
FNN expression in the ulcer margin and a weak positive ulcer base for TN and 
thee absence of FN in the ulcer base of venous ulcers. The distribution of TN 
duringg wound healing has been studied in animal models and to a lesser extent 
inn human skin. TN has been reported to be upregulated primarily in the first two 
weekss p.w., first in the dermal areas adjacent to the wound bed and later in the 
woundd bed,31 to gradually disappear after 1.5 months.33 A strong but transient 
increasee in TN expression (maximum at 4 days p.w., towards baseline at day 
11)) has been described in rats.'" 
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Studiess on the composition of the cellular infiltrate in chronic wounds are 
scarce.. An explanation might be that patient material is difficult to obtain for 
practicall  and ethical reasons. 
Severall  hypotheses have been proposed to explain delayed wound healing in 
diabetes,, such as glycosylation of important structural proteins and growth 
factors,, a possible deficit in specific growth factor production or release into the 
wound55 and impairment of leucocyte8 or macrophage function.35 Some of these 
mechanismss may be related. 

Glycosylation n 

Inn diabetes it has been postulated that excessive formation of advanced 
glycosylatedd end products in the presence of continuously elevated blood 
glucosee may overwhelm the body's ability to remove them, resulting in a net 
excesss of advanced glycosylated end products on most of the structural proteins, 
leadingg to an altered recognition by their cellular receptors.36 The absence of a 
negativee feedback mechanism may lead to overproduction of ECM. It has been 
shownn in vitro that exposure of mesangial cells to advanced glycosylated end 
productss was followed by an increase in mRNA for laminin, collagen IV, and 
heparann sulphate, and FN production, which is the hallmark of 
glomerulosclerosis,, and a decrease in cellular proliferation.37,3R The mechanisms 
thatt lead to nephropathy in diabetes may be similar to those leading to delayed 
woundd healing. 

Growthh factors/cytokines 

Thee observed expression of FN, CS and TN in the edge of chronic wounds 
showss that there is a potential to heal since it is a natural pattern of acute 
woundss to express these molecules at the onset of the healing process. Normally 
fibroblastss eventually cease to produce these provisional ECM molecules, 
possiblyy by inhibitory growth factors that are secreted in the next phase of 
woundd healing, granulation tissue formation. An imbalance of cytokines in the 
chronicc wound bed or edge and the presence of inflammatory cells could be 
responsiblee as well for the continued production of ECM molecules. ECM 
degradationn is also taking place: FN degradation products have been observed 
inn chronic skin ulcers39"41 as well as elevated levels of several proteinases-
geiatinasesgeiatinases in wound fluid.42'43 It seems that in these chronic nonhealing ulcers 
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bothh excess deposition of E CM molecules and increased proteolytic activity 
againstt ECM molecules are present. TGF-B and activated CD4+ T lymphocytes 
havee been shown to trigger synovial fibroblasts and epitenon cells to increase 
theirr production of FN.44'45 

Impairmentt  of leucocyte or  macrophage function 

Thee previously mentioned leucocyte impairment may be responsible for delays 
inn the inflammation phase in diabetic patients. Compared to normal wound 
healing,, in chronic venous and diabetic ulcers the CD4/CD8 ratio was 
significantlyy lower due to a relatively lower number of CD4" T cells compared 
too the acute wounds. Moore et al.3! found a comparable CD4/CD8 ratio for 
chronicc venous ulcers (1.5). Apparently, diabetic ulcers have a similar 
depressedd CD4/CD8 ratio (1.25). It has been suggested in the literature that the 
continuedd presence of lymphocytes, and especially the predominance of CD8' T 
cellss may impede certain stages of the healing process.46,4 This theory is 
supportedd by the accelerated healing process following the depletion of CD8' T 
cellss in acute wounds in mice.41" 
Inn the acute wound healing model B cells were detected with a peak at day 19. 
AA significantly higher number of B cells was present in chronic wounds. 
Accordingg to the literature B cells are not present in normal skin. Rossner et 
al.499 found a relatively low number of B cells in the edge of venous ulcers 
comprisingg less than 3% of the dermal infiltrate. We biopsied chronic ulcera in 
aa non-healing stage, and a continuous exposition to bacteria might be 
responsiblee for the increased number of B cells.. The observation that 
significantlyy more plasma cells were present in the chronic ulcers also supports 
thiss hypothesis, because a plasmaeellular infiltrate is often associated with the 
presencee of micro-organisms. 
Macrophagess appear together with T cells in the initial phase of wound healing. 
Theyy play a key role in the transition from the inflammatory phase to the 
proliferatingg phase.50'51 Although macrophages dominate the ulcer edge of both 
diabeticc and venous ulcers, they seem to be unable to direct the repair process 
towardss the proliferative phase. Our finding is in concordance with the results 
off  one other study on phenotyping of immunocompetent cells in venous leg 
ulcers.499 These authors also showed that the venous ulcer edge was mainly 
populatedd by macrophages. Recently, Moore and coworkers reported that 
monocytess appeared to be active perivascular in venous ulcers but while 
penetratingg the wound bed as macrophages they lost their activation markers.15 
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Inn summary', there appears to be a disturbance in the phase of inflammation and 
debridementt and in the proliferation phase Distinct patterns of ECM deposition 
andd a different composition of the cellular infiltrate were observed in chronic 
diabeticc and venous ulcers Although both chronic wound types have a different 
pathophysiology,, the observed abnormalities in ECM quantification and 
infiltratee nnmuriophenotyping are very comparable While m acute wounds the 
inflammatoryy phase is of short duration and directed at removal of bacteria and 
deadd tissue, with polymorphonuclear leucocytes and macrophages as the 
predominantt cell types, in chronic wounds there is a prolonged and increased 
presencepresence of a T cell infiltrate, with an abnormal CD4 CD8 balance, and an 
increasedd number of macrophages, without any evidence of increased 
autodigestionn and phagocytosis These chronic venous and diabetic ulcers seem 
too be frozen in a chronic low-grade inflammatory state, in the sense that 
completionn of the digestive tasks and transition into the next phase, proliferation 
off  fibroblasts and endothelial cells,, is not taking place 
Similarr remarks can be made regarding the proliferation phase large amounts 
off  ECM molecules are being produced but the composition resembles the 
patternn seen in late phases (2 3 months) ol normal wound healing The 
moleculess are not removed or remodeled within a normal timeframe as in acute 
woundss In tact, the composition of the ECM and cellular infiltrate share 
propertiess of both the inflammatory phase and prohfeiation phase, and it is 
likelyy that the classification criteria that we use to define healing stages in acute 
woundss are not applicable at all in chronic leg ulcers 
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SUMMAR Y Y 

Patientss with diabetes mellitus experience impaired wound healing. An 
underlyingg abnormal cellular response may be related to the non healing status 
off  chronic wounds, as important differences exist in the cellular infiltrate of 
acutee healing versus chronic wounds. The ulcer edges of diabetic and venous 
ulcerss are abundantly populated by macrophages, the pivotal cell type in the 
transitionn from the inflammation phase towards the next phase of wound repair. 
However,, they seem to be unable to direct the repair process towards the 
proliferativee phase and might have lost their activation markers. The objective 
off  this study was to investigate the expression of the activation marker 
MRP8/144 on CD68+ macrophages in chronic (> 8 weeks) diabetic wounds 
comparedd with chronic venous ulcers and acute wounds. 
Punchh biopsies were obtained from chronic diabetic and venous ulcer margins 
andd upper leg control skin on day 5, 19 and 4 weeks postwounding (p.w.). 
Activatedd macrophages were visualized with immunohistochemical staining. 
Activatedd macrophages were detected early in normal wound healing (5-19 
dayss p.w.) where they remain present until 4 weeks p.w. and were mainly 
localizedd in the perivascular areas. Expression of MRP8/14 on macrophages 
wass detected through all layers of the dermis in chronic wounds, with particular 
densee aggregates in perivascular areas. Compared with normal wound healing: 
1)) significantly larger amounts of CD68+ macrophages were detected in the 
edgee of both chronic diabetic and venous ulcers (p<0.002), 2) a significantly 
higherr number of activated macrophages was present in diabetic ulcers 
comparedd with venous ulcers, 54.1 % vs 33.9 % respectively (p<0.04, 95% 
confidencee interval 0.7%- 39.6%) and compared with day 0 (pO.0001) but not 
comparedd with acute wounds, and 3) in venous ulcers less activated 
macrophagess were present compared with any day in the acute wound healing 
model,, however this was not significant. There wras a significant correlation 
betweenn the age of the patients and the number of activated macrophages (r = -
0.74,, p=0.049). In conclusion, macrophages within chronic diabetic ulcers 
appearr to maintain an activated phenotype. 
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INTRODUCTIO N N 

Woundd healing is defined as a sequence of cellular events leading to wound 
closure,, In acute wounds these events follow a fixed pattern starting with 
hemostasis,, followed by the consecutive phases of inflammation, proliferation, 
reepithehalizationn and finally tissue remodelling. Many chronic wounds fail to 
completee these stages. 
Thee predominant cell types tn early wound healing arc lymphocytes, 
granulocytess and macrophages. Macrophages play a crucial regulatory role in 
thee transition between wound inflammation and the next phase of wound repair, 
granulationn tissue formation.12 Their presence is essential for the initiation and 
maintenancee of wound fibroblast activity." Ross and Benditt made the first 
observationn of the central role of the macrophage when they observed 
histologicallyy that macrophage infiltration always preceded the onset of 
fibroplasia.44 Whereas depletion of granulocytes and lymphocytes has littl e 
effectt on primary repair, depletion of macrophages has demonstrable 
deleteriousdeleterious effects.5"7 In a subsequent study by Leibovich and Ross,7 guinea pigs 
weree made monocytopenic by administration of systemic hydrocortisone and 
locall  antimonocyte serum which resulted in a significant delay in the 
histologicall  appearance of fibroblasts and collagen deposition in the wound. 
Regann et al.8 reported a significant reduction in wound breaking strength and 
woundd collagen deposition after in vivo macrophage depletion by parenteral 
administrationn of macrophage-specific monoclonal antibodies. Furthermore, the 
additionn of macrophages to wrounds in old mice accelerated wound repair to a 
ratee that wras appropriate for young mice.9 

Macrophagess phagocytose and digest pathologic organisms and tissue debris. In 
addition,, after activation in vivo or in vitro, macrophages produce pro-
inflammatoryy cytokines that attract leukocytes, fibroblasts, smooth muscle cells 
andd endothelial cells to the wound site.10 Some cytokines, such as IL-1, TNF-Ct, 
PDGF,, FGF and TGF-p," termed the fibrogenic cytokines, directly trigger the 
proliferationn of fibroblasts and/or stimulate the production of connective tissue. 
Macrophagess at the site of wound repair consist of two populations, both 
probablyy have their origin in the bone marrow.7 The 'resident' tissue 
macrophage,, a minor component, appears to be present continuously, while the 
other,, major component, is recruited from circulating monocytes by migration 
andd chemotaxis. Lately, Moore and coworkers12 reported in a study on venous 
ulcerss that monocytes appeared to be active perivascular but lost their activation 
markerss wrhile penetrating the wound bed as macrophages. Activated tissue 
macrophagess and a subset of peripheral blood monocytes express the surface 
antigenn MRP (myeloid-related protein) 8/14, This biologically active hetero 
dimerr of the calcium-binding proteins MRP-8 and MRP-14 has been described 
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too cross react with neutrophils and occasionally with endothelial cells and 
epitheliall  cells,11,14 especially in inflamed skin. Although no definite function 
hass been determined yet, there is evidence that MRP8/14 is involved in cell 
cyclee progression, cell differentiation, cytoskelet-membrane interactions and 
phosphorylationn events. MRP8/14 positive monocytes, isolated by cell 
separationn techniques, release high amounts of TNF-CC and IL-1 (3 in contrast to 
theirr MRP8/14 negative counterparts, thus emphasizing their role in 
inflammation. . 
Importantt differences exist between the cellular infiltrate observed in normally 
healingg acute wounds and the infiltrate in chronic diabetic and venous 
ulcers.'*''" '' The ulcer edges of these chronic ulcers are abundantly populated by 
macrophages,, however they seem to be unable to direct the repair process 
towardss the proliferation phase. Fibroblasts derived from chronic diabetic as 
welll  as venous ulcers show impaired proliferation rates.1 :,1S Theoretically, this 
couldd be induced by insufficient stimulation by cytokines secreted by other 
cells.. The macrophage, which can be often observed in close proximity to 
fibroblastss in the wound bed,' is considered to be a likely candidate for this 
regulatoryy role. As a consequence, reduced macrophage activation or a deficit in 
thee interaction between macrophages and fibroblasts could be a possible 
explanationn for delayed wound healing in diabetic ulcers. 
Thee objective of this study was to investigate the expression of the activation 
markerr MRP8/14 on macrophages present at the margin of chronic diabetic 
woundss versus controls in order to come to a better understanding of the 
processs of delayed wound healing in diabetes mellirus. 
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MATERIAL SS AND METHOD S 

Clinicall  profil e 

Thiss study was approved by the medical ethical committee of the Academic 
Medicall  Center, Amsterdam, The Netherlands. Patients were fully informed 
aboutt the purpose and consequences of this study, and subsequently gave their 
informedd consent. Ten patients with diabetic ulcers (non-insulin-dependent 
diabetess mellitus) with a mean age of 69.3 years (SD 11.6 years) admitted to the 
clinicc or visiting the outpatient department of our hospital were included in this 
study.. As a reference we compared the results with those of 6 patients with a 
venouss leg ulcer, with a mean age of 74.3 years (SD 13 years), and an acute 
woundd healing model. A chronic ulcer was defined as existing for 8 weeks or 
longer.. Punch biopsies of 4 mm were taken from the margin of chronic diabetic 
andd venous ulcers with a median ulcer duration of respectively, 6 months [range 
2-60]]  and 4 months [range 2.5-6]. The biopsies were taken in such a manner 
thatt the epithelial margin was included in the central part of the biopsy. The 
epitheliall  margin can be considered as a reference point because normally the 
epitheliumm will grow from here into the wound bed, only if the tissue 
underneathh it has reached a certain level of quality. When biopsies are taken at 
randomm from the wound bed large differences can be encountered in the 
compositionn of the tissue. 
Thee acute wound healing model was studied in five healthy age matched 
volunteerss (mean age of patients 80 years, SD 10.2 years). Acute wounds were 
madee on the upper leg and wound healing was studied at day 5, 19 and 4 weeks 
postt wounding (p.w.). During the study period the wound area was covered 
withh Opsitc (Smith & Nephew, York, UK) to establish a moist wound 
environment.environment. All punch biopsies were taken under local anaesthesia. The 
biopsiess were snap-frozen and stored at -80 °C until further processing. 

Immunohistochemicall  staining 

CD68CD68 double staining with MRP8/Ï4 
Sixx micrometer cryostat sections were cut and mounted on poly-L-lysine-treated 
microscopee slides. The slides were stored at -20 °C until further staining. Serial 
sectionss were fixed in acetone for 10 minutes at room temperature and 
subjectedd to inactivation of endogenous peroxidase (0.3% H202 and 0.1% 
sodiumm azide in Tris buffered saline (TBS)) for 30 minutes at room temperature. 
Aspecificc binding of antibodies was minimized by a 30 minutes preincubation 
withh 10% normal goat serum in TBS. The primary monoclonal mouse antibody 
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MRP8/144 was incubated in optimal dilutions (1.100; BMA, Augst, Switzerland) 
onn the sections overnight at 4"C followed by a biotinylated goat anti-mouse 
antibodyy (1 ;200; Dako Ltd. High Wycombe, U.K ) tor 30 minutes and 
thereafterr an incubation of 30 minutes with streptABCoraplex/Hrp (1 400, 
Dakoo Ltd, High Wycombe, U.K.). DIG conjugated anti-CD68 (1 500, Dako 
Ltd,, High Wycombe, U K ) was then incubated for 60 minutes at room 
temperaturee followed by sheep anti-DIG AP (1100. Bochnnger Mannheim, 
Mannheim,, FRG) for 30 minutes Alkaline phosphatase activity was detected in 
bluee using fast blue BB and peroxidase actiMty was detected as an orange red 
colorr with 3-amino 9-ethylcarbazole (AEC, Sigma. St Louis, MO) Double 
stainingg cells were detected by their purple color Sections were finally fixed in 
formaldehydee (4%) and mounted with glycerin-gelatin without counterstainmg 
Negativee controls were stained in the same manner as all sections without 
incubationn with the primary antibody 

CellCell enumeration 
Cellss were counted manually using a microscope eyepiece grid It was not 
possiblee to enumerate the cells with a computerized image analysis system 
becausee of the close approximation of stained cell membranes within aggregates 
particularlyy in the perivascular regions of the chronic venous and diabetic 
ulcers.. The evaluations were performed by two independent investigators, the 
comparisonn of the results revealed very similar assessments of the staining 
patternss (interobserver correlation coefficient r = 0 92, p<0 0001, 95% CI 
[0.46-1.4]). . 
Thee number of single or double stained cells of three different serial sections of 
eachh wound were counted (blinded) up to a depth of 1 mm These values of 
eachh biopsy specimen were adjusted to 10 mm width The mean value of each 
biopsyy was used for further analysis. 

StatisticalStatistical evaluation 
Thee student's Mest for independent groups w;as used for statistical evaluation of 
differencess in percentages of activated macrophages with a correction for 
unequall  variances; p values of < 0.05 (two-tailed) were considered significant. 
Thee correlation between ulcer duration and age and the number of activated 
macrophagess was analysed with regression analysis. 
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RESULTS S 

Inn normal skin only a few CD68+ macrophages can be detected (Fig. 1A) and 
somee of them are MRP8/14 positive. Five days postwounding an influx of 
CD68++ macrophages and CD68+ / MRP8/14- macrophages is noted (Fig. IB), 
mainlyy perivascular, where they remain present until 4 weeks p.w. (Fig. 1C). 
Highh numbers of CD68+ macrophages were identified through all layers of the 
dermiss in chronic venous (Fig. ID) and diabetic ulcers (Fig. IE). In venous 
ulcerss in general a low expression of MRP8/14 on macrophages was seen (Fig. 
Id),, whereas in diabetic ulcers a high number of activated macrophages was 
notedd with particular dense aggregates in the perivascular areas (Fig. 1E,F). 

Fig.. 2 shows the kinetics of activated and non-activated macrophages in acute 
andd chronic wounds. At day 5 p.w. there is an influx of CD68+ macrophages at 
thee wound site (52 % of the cells show expression of MRP8/14), where they 
remainn present until day 18 and 4 weeks p.w. (respectively 45.7 % and 45.8 % 
expressionn of MRP8/I4). Compared with normal wound healing, a significantly 
higherr number of CD68+ macrophages was detected in the edge of both chronic 
diabeticc and venous ulcers (p<0.002). In diabetic ulcers a significantly higher 
percentagee of activated macrophages (54% versus 34%) was present compared 
withh venous ulcers (p<0.04, 95% confidence interval difference between means 
0.7%% - 39.6%). In venous ulcers less activated macrophages were present 
comparedd with any day in the acute wound healing, however this was not 
significant.. In chronic diabetic ulcers a significant higher number of activated 
macrophagess was seen compared to day 0 (pO.0001), no significant differences 
inn number of activated macrophages were observed compared to day 5, 18 and 
44 weeks p.w.. 
Inn nine out of ten diabetic ulcers more than 42% of the macrophages were 
activated,, in contrast to venous ulcers where three out of six ulcers showed 
elevatedd expression (>41% of cells positive). The remaining one diabetic ulcer 
andd three venous ulcers demonstrated littl e expression of MRP8/14 (<27% of 
cellss positive) which is comparable to the expression of MRP8/14 found in 
normall  skin (29%). 

Thee mean differences in activated macrophages between the chronic diabetic 
ulcers,, venous ulcers and acute wounds are displayed in Table 1. The mean 
differencee between diabetic and venous ulcers was significant (p<0.04). 
Althoughh differences in percentages exist between venous ulcers and the acute 
woundd healing model these were not significant. 
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Figuree 1. High numbers of activated macrophages in chronic diabetic ulcers. In normal skin 
aa few CD68+ macrophages can be detected (Fig. la), some of them are MRP8/14 positive. Five 
dayss postwounding an influx of CD68+ macrophages and CD68+ and MRP8/14+ macrophages is 
notedd (Fig. lb), primarily in a perivascular distribution, where they remain present at the wound 
sitesite until 4 weeks p.w. (Fig. lc). High numbers of CD68+ macrophages were identified through 
alll  layers of the dermis in chronic venous ulcers (Fig. Id) and diabetic ulcers (Fig. le). In both 
venouss and diabetic ulcers a variability of MRP8/14 expression was observed. In venous ulcers in 
mostt cases low expression of MRP8/14 on macrophages was noted (Fig.Id). In contrast, in 
diabeticc ulcers mostly high expression of MRP8/14 was seen with particular dense aggregates in 
thee perivascular areas (Fig. le,f). Original magnification 25 x (a-e); 50 x (f). 
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Figuree 2. Macrophages are activated in chronic diabetic wounds as in acute wounds in 
contrastt  to those in chronic venous ulcers. Sections of normal skin, acute wounds (day 5, 18, 4 
weekss p.w.) and sections from the edge of diabetic and venous ulcers. In normal skin only a few 
macrophagess can be detected and a small percentage (29 %) is activated. At day 5 p.w. there is an 
influxx of CD68+ macrophages at the wound site (52 % of the cells show expression of MRP8/14), 
whichh gradually increases towards day 18 and 4 weeks p.w. (respectively 45.7% and 45.8% show 
expressionn of MRP8/14). In chronic diabetic and venous ulcers a significantly higher number of 
CD68++ macrophages is seen compared with any day in the acute wound healing model 
(p<0.002).. In diabetic ulcers a significantly higher number of CD 68+ and MRP8/14+ 
macrophagess was detected (54%) compared with venous ulcers (34%, p^0.04). In venous ulcers 
lesss activated macrophages were present compared with day 5, 18, and 4 weeks p.w., however 
thiss was not significant. In chronic diabetic ulcers no significant differences were seen in 
numberss of MRP8/14/CD68+ macrophages compared with day 5, 18 and 4 weeks p.w., but a 
significantt higher number of activated macrophages was detected compared with day 0 
(p<0.00001). . 

 cd68 

 cd68/mrp8 

 p < 0.002 

** p < 0.04 
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Tablee 1. Differences in percentages between activated macrophages 
inn chronic diabetic ulcers, venous ulcers and acute wounds 

Patients Patients 

Diabeticc ulcer 
Diabeticc ulcer 
Diabeticc U!LL" ! 

Diabeticc ulcer 

Diabeticc ulcer 

Venouss ulcer 
Venouss ulcer 

Venouss ulcer 
Venouss ulcer 

\s s 
VS S 

VS S 

VS S 

VS S 

VS S 

VS S 

VS S 

VS S 

venouss ulcer 
dayy 0 
dayy 5 
dayy 19 
44 weeks p.w. 
dayy 0 

dayy 5 
dayy 19 
44 weeks p.w. 

MeanMean dijjeren 

20.2%% ( 
25.1°.. ( 

2.1%% ( 

S.4%% ( 

8.3%% ( 
4.9%% ( 

-188 1% ( 
-11.8%% ( 
-11.9%% ( 

cece ( 95% 

0.77 % 

15.5% % 

-12.5% % 
_'>> 7 0/ 

-2.4% % 

-13.9% % 

-38.3% % 
-30.8% % 

-30.8% % 

>>  CI) 

-- 39.6%)* 
-- 34.8%)* 

-- 16.7%j 

-- 19.5%) 
-- 18.9%) 

-- 23.8%) 

-- -2.2%) 
-- 7.2%) 

-- 6.9%) 

**  p<0.04) 

OtherOther MRP8/14 positive cells 
Theree was no correlation between the number of activated macrophages 
(CD68++ / MRP8/14 l ) and the number of other MRP8/14-r cells in the sections 
(r=0.5,, p<0.11). 

ClinicalClinical parameters 
Patientt age: a correlation was found between age and number of activated 
macrophagess (Fig. 3). For both diabetic and venous ulcer patients, with every 
increasee of 1 year in age, 0.5% less activated macrophages were present in the 
chronicc w7ounds. A significant correlation between age and number of activated 
macrophagess was found for diabetic ulcer patients r = -0.74, p<0.049, 95% 
confidencee interval [-1.48- -0.004]). 
Ulcerr duration: the venous ulcers existed for less than 6 months (mean 4 
months,, median 4.25 months) and showed less MRP8/14+ macrophages than 
thee more chronic diabetic ulcers (mean 16 months, median 6 months). No 
significantt correlation was observed between the duration of the diabetic and 
venouss ulcers of these patients and the number of activated macrophages. 

98 8 



MacrophageMacrophage activation in diabetic ulcers 

ÖU U 

w w 
CD D 
O O 

>> 60 -
*— *— 
CO O 
o o 
Q. . 
<D D 

o)) 40 -03 3 

c c 
CD D 
Ü Ü 

CD D 
a.. 2 0 -
c c 
03 3 CD D 

n n 

* * 

+ + 

X X 

X X 
X X 

* * 

X X 

+ + 

+ + 

++ * 

X X 

+ + 

-II 1 

** Diabetic 

++ Venous 

* * 

+ + 

— ii 1 

500 55 60 65 70 75 80 85 90 95 

Age e 

Figuree 3. Correlation between MRP8/14 and CD68 positive cells and patient age. 
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DISCUSSION N 

Ourr results clearly show that macrophages in chronic diabetic ulcers are 
activatedd in similar levels as in acute wounds. Moore et al. observed a lack of 
activatedd macrophages in venous leg ulcers and hypothesized that, due to 
unknownn factors in the wound environment these macrophages lose their 
activationn markers while penetrating the wound bed.i : This hypothesis does not 
seemm to account for diabetic ulcers. On the contrary, the expression of MRP8/14 
byy diabetic ulcer macrophages may be interpreted as a norma! response to the 
varyingg signals they receive from their micro environment as acute wounds 
expresss the same pattern. However, since the diabetic ulcers already existed for 
ann average of 16 months, the expression of MRP8/14 may also be interpreted as 
increasedincreased or prolonged macrophage activation. This may be provoked by 
'pathological'' stimulants such as antigen-antibody complexes, endotoxins or 
bacteriall  products.1^21 This in turn may increase or prolong fibroplasia, collagen 
depositionn and angiogenesis leading to fibrosis often noticed while sampling 
biopsyy specimen. Our observation in human wound tissue is in concordance 
withh the animal study of Wetzleret al." They also reported elevated numbers of 
macrophagess in the wound tissues of genetically diabetic mice at late stages of 
woundd repair and hypothesized that a sustained expression of macrophage 
inflammatoryy protein-2 and macrophage chemoattractant protein-1 might be 
responsible.. We were not able to confirm the earlier mentioned observation of 
Mooree et al. for venous ulcers in our study, however a trend was observed. 
Althoughh relatively less activated macrophages were detected in venous ulcers 
comparedd with acute wounds, this was not significant. 

Onee of the major problems in the investigation of macrophage densities within 
tissuess is the lack of specific pan-macrophage markers, which recognize all 
macrophagess independent of their state of activation, and do not cross-react 
withh other components such as hemopoetic cells, fibroblasts, endothelium etc.23 

Inn our study the epidermis of most but not all chronic ulcers as well as acute 
woundss showed positive staining for MRP8/14, which probably signified 
proliferativee activity of the keratinoeytes. In other skin diseases with an 
inflammatoryy involvement of the epidermis, like LE, lichen planus, bullous 
pemphigoid,, erythema multiforme, psoriasis etc., the same observations were 
madee and could not be ascribed to uptake from the dermis.24'2' 
Theree was a significant correlation between the age of the patients and the 
numberr of activated macrophages, in older patients less activated wound 
macrophagess were detected (r = -0.74, p<0.049, 95% confidence interval [-
1.48-- -0.004]). An age-related decline in macrophage-dependent function(s) has 
beenn described and might be related to impaired wound healing seen during 
aging. . 

100 0 



MacrophageMacrophage activation in diabetic ulcers 

Ourr data showed that diabetic ulcer macrophages appeared to be activated in 
similarr levels as in acute wounds. However, it is not certain that the 
macrophagess that express the activation marker MRP8/14 on their cell surface, 
producee a sufficient amount and the appropriate type of cytokines. The 
macrophagee is the pivotal cell type in the transition from the inflammation 
phasee towards the next phase of wound repair, the proliferation phase. 
Macrophagess therefore secrete fibrogenic cytokines e.g. IL-1 and TNF-a that 
directlyy trigger the proliferation of fibroblasts and stimulate the production of 
connectivee tissue. The observed impaired diabetic ulcer fibroblast proliferation 
rates177 and the diminished collagen deposition reported in several studies,27"9 

togetherr with the observed close proximity between macrophages and 
fibroblastss in the wounds3 might suggest a deficit in the relation between the 
fibroblastt and the macrophage. Further studies should focus on the functional 
statuss of the activated macrophages. 

Acknowledgment:: This work was supported by a grant from NWO (Dutch 
Foundationn of Scientific Research). 
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SUMMARY Y 

Patientss with diabetes mellitus experience impaired wound healing, often 
resultingg in chronic foot ulcers Hospital discharge data indicate that 6-20 % of 
alll  diabetic individuals hospitalized (mostly with type 2 diabetes) have a lower 
extremityy ulcer Maintaining glucose levels at acceptable ranges (below 10 
mmol/l)) is considered to be an important part of the clinical treatment, but the 
exactt mechanism by which diabetes delays wound repair is not yet known. 
Wee studied this phenomenon by determining the potential of fibroblasts isolated 
fromm the ulcer sites of four patients with non-insulin-depcndcnt diabetes 
mellituss to proliferate in vitro. Controls were fibroblasts isolated from normal 
skinn of the upper leg of five healthy age-matched volunteers and of six non-
insulin-dependentt diabetes patients. Proliferative capacity was analysed by 
evaluationn of plates after trypsinization and 3[H]thymidine incorporation. 
FibroblastFibroblast morphology was studied by light and transmission electron 
microscopy. . 
Diabeticc ulcer fibroblasts, measured by 3[H]thymidine incorporation, 
proliferatedd significantly more slowly than the non-lesional control fibroblasts 
(P(P < 0.00047) and age-matched control fibroblasts (P < 0.00003). After 
culturingg the fibroblasts for a prolonged period in high-glucose (27,5 mAZ) and 
low-glucosee (5.5 mM, i.e. physiological) medium, this difference in 
proliferationn rate between diabetic ulcer fibroblasts and nonlesional diabetic 
fibroblastsfibroblasts remained {P < 0.0001 for high-glucose and P < 0.0009 for low-
glucosee on day 7). Fibroblast proliferation in all three groups was slightly lower 
inn high-glucose than in low-glucose medium, although not significantly at any 
timee point. Light microscopy showed diabetic ulcer fibroblasts to be large and 
widelyy spread. Transmission electron microscopy of cultured diabetic ulcer and 
nonlesionall  diabetic skin fibroblasts revealed large dilated endoplasmic 
reticulum,, a lack of microtubular structures and multiple lamellar and vesicular 
bodies.. These results show a diminished proliferative capacity and abnormal 
morphologyy of fibroblasts derived from diabetic ulcers of non-insulin-
dependentt diabetes patients. 
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INTRODUCTIO N N 

Severall  clinical and experimental studies have shown that wound healing is 
impairedd in patients with diabetes mellitus.1"7 The majority of these patients 
havee chronic nonhealing ulcers localized at pressure sites on the foot (Fig. 1). 
Thiss entity is known as the diabetic foot. The exact mechanisms behind this 
phenomenonn are still unclear. Our knowledge about wound healing has 
increasedd during the last decade. We are able to understand and describe the 
processs in detail by dividing it into phases such as hemostasis, inflammation 
andd debridement, proliferation, epithelialization and remodeling. The regulation 
att the molecular and cellular level, however, is still poorly understood. Based 
onn the clinical observation that epithelialization can proceed normally in these 
patientss as soon as the quality of the wound bed has improved, we hypothesize 
thatt the disturbances are located in the two preceding phases, in the 
inflammation/debridementt phase or the proliferation phase. 

Figuree 1. Diabetic ulcer localized on the plantar surface of the left foot. 
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Inn the proliferation phase the progress of wound repair depends upon the 
interactionss between different cell types and the extracellular matrix, which is 
sequentiallyy remodeled and rebuilt during this process.8"10 The extracellular 
matrixx is predominantly synthesized by fibroblasts. 
Severall  studies have demonstrated that the growth capacity of nonlesional 
fibroblastsfibroblasts is affected in diabetes mel!itus.,M4 No studies are known, however, 
onn the proliferation of cells actually present at the chronic diabetic wound site. 
Inn order to understand more about the role of fibroblasts in the healing of 
diabeticc wounds, we decided to study the effects of different glucose levels on 
thee proliferative capacity and morphology of diabetic ulcer fibroblasts 
comparedd to control fibroblast from diabetic nonlesional skin and from the skin 
off  healthy age-matched individuals. 

MATERIAL SS AND METHOD S 

Clinicall  profil e 

Thiss study was approved by the medical ethical committee of the Academic 
Medicall  Center, Amsterdam, The Netherlands. Patients were informed about the 
purposee and consequences of this study, after which they were asked to provide 
informedd consent. Chronic lower extremity ulcers, defined as existing for 8 
weekss or longer, of four patients with non-insulin-dependent diabetes mellitus 
(NIDDM)) were biopsied. Biopsies of 4 mm were taken from a central, non-
granulatingg part of the ulcer. Two of the biopsied ulcers were located at 
pressuree points on the plantar surface of the foot (MTP-1), one on the heel and 
onee on the ankle region (combined diabetic and venous origin). The median 
ulcerr duration was 5.5 months (range 2-36 months). Patients suffering from any 
systemicc disease which might have interfered with wound healing were 
excluded.. Fibroblasts derived from the normal upper leg skin of healthy age-
matchedd controls and NIDDM patients were used as controls. In all patients 
withh NIDDM adequate glycaemic control was established (with no relevant 
differencess between the ulcer and nonlesional group) around the time of biopsy. 
Thee patient characteristics are shown in Table 1. 
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Tablee 1. Clinical data of the patient and control groups 

Totall  number 
Sexx (F/M) 
Meann age (years) 
Agee range (years) 
Durationn of diabetes (years) 
Insulin/orall  hypoglycaemic agents 1/3 
Nephropathy y 
Neuropathy y 
Bodyy mass index (mean  SD) 
Biopsyy site 

NIDDM NIDDM 
ulcerulcer patients 

4 4 
4/0 0 
76 6 
53-89 9 
12(11-14) ) 

1/3 3 
3 3 

1 1 
29.77 2 
foot,, ankie 

NIDDMNIDDM non-
lesionallesional controls 

6 6 
3/3 3 
72.7 7 
48-92 2 
111 (7-24) 
1/5 5 
1 1 

] ] 

28.77  10 
upperr leg 

Age-matched Age-matched 
controls controls 

5 5 
4/1 1 
84 4 
64-94 4 

upperr leg 

Celll  culture 

Alll  tissue samples were minced into fine pieces and incubated in 0.25% 
dispase/0.25%% collagenase (Boehringer Mannheim, Mannheim, Germany) for 2 
hourss at 37 °C. The suspension was filtered through an infusion chamber 
(Centrall  Laboratory for Blood Transfusion, Amsterdam, The Netherlands), and 
thee cells were centrifuged, washed in phosphate-buffered saline (PBS) and 
resuspendedd in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal 
calff  serum, 100 IU/ml penicillin and 100 lU/ml streptomycin. The fibroblast 
culturess were maintained in a humidified atmosphere containing 5% C02 at 37 
°C.. At confluence, and all subsequent passages, the monolayer was washed 
threee times with PBS and then trypsinized (trypsin 0.25% in PBS). During 
trypsinization,, each flask was frequently agitated to facilitate detachment of the 
cells.. Trypsin was inactivated by adding culture medium. Detached cells were 
collectedd and centrifuged at 1000 g for 10 minutes, washed and suspended in 
cultureculture medium. The medium was changed twice a week. Cultures were 
periodicallyy screened to exclude mycoplasma contamination. 
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Celll  proliferatio n studies 

CellCell counting 
Celll  proliferation was investigated in monolayer cultures on plastic. Cells were 
inoculatedd into 24-well tissue culture plates at a concentration of 5000 cells/ml 
cultureculture medium per well. At specific time-points three replicate wells were 
countedd after addition of trypsin in a Coulter counter. The culture medium was 
refreshedd twice weekly. All experiments were performed in the presence of 
physiologicall  (5.5 mA/) or elevated (27.5 mM) glucose concentrations. 

'"[Ii]ih\midine-assays s 
Cellss were seeded in 24-well dishes at a density of 10000 per well. Cells were 
grownn overnight in DM EM supplemented with 2 mAƒ L-glutamine, 100 IU/ml 
penicillinn G, 100 |ig/tnl streptomycin (Gibco, Glasgow. UK) and 10% (v/v) 
fetall  bovine serum (Bio Whittakcr, Wokingham, UK). The cells were cultured 
inn medium containing 0.2% serum for an additional 24 hours, then 10% serum 
wass added to the cultures. After 16 hours, the ceils were pulsed for 4 hours with 
0,22 p,Ci [3H~methyl]thymidine (10 (iCi/ml) per well. The labeling was 
terminatedd by washing once with PBS (Gibco). Macromolecules were 
precipitatedd with trichloroacetic acid and washed twice with PBS. Fibroblasts 
weree than dissolved by incubation for 1 hour with 2 M NaOH and collected. 
Afterr neutralization with an equal volume of 2 M HC1, the incorporated 
thymidinee was counted in a liquid scintillation counter (Packard 1600 CA or 
Packardd 2000 CA). 

Transmissionn electron microscopy 

Fibroblastss to be studied by transmission electron microscopy were fixed in 4% 
paraformaldehydee and 1 % glutaraldehyde in 0.1 M phosphate buffer. They were 
postfixedd in 1% Os04, dehydrated through graded ethanols and embedded in 
Eponn UX 112 (Ladd Research Industries, Burlington, Vt., USA). Based on 
semi-thinn sections the dermal area in the ulcer region was selected for thin 
sections.. These were collected on copper grids, double stained with uranyl 
acetatee and lead citrate and examined with a Phiiips-420 electron microscope. 

Statisticall  analysis 

Thee Kruskal Wallis test was used to compare the differences among the three 
groupss of monolayer cultures. All pairwisc comparisons were made with the 
Wilcoxonn rank sum test. J[H]thymidine incorporation data were evaluated using 
Student'ss /-test. P-values of 0.05, two-sided, were considered to be statistically 
significant. . 
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RESULTS S 

Celll  proliferation 

Fibroblastt proliferation, as measured by thymidine incorporation, is shown in 
Fig.. 2. The bars represent the incorporation of  3[H]thymidine in populations of 
fibroblastss obtained from the ulcer sites of NIDDM patients, non-lesional 
NIDDMM controls, and age-matched controls cultured in 5.5 mM glucose-
containingg medium (physiological). Diabetic ulcer fibroblasts showed lower cell 
numberss than nonlesional control fibroblasts {P < 0.000473) and age-matched 
controll  fibroblasts (P < 0.00003). Nonlesional fibroblasts also proliferated 
significantlyy more slowly than age-matched control fibroblasts (P < 0.0017). 

LP P 
Agematched d 

Figuree 2. Reduced proliferation of diabetic ulcer fibroblasts in comparison with nonlesional 
diabeticc fibroblasts (P < 0.000473) and age-matched controls (P < 0.00003) in medium 
containingg glucose at a physiological concentration (5.5 u\M). The difference between ulcer and 
nonlesionall  fibroblast proliferation rates is even more evident in high-passage (more than ten 
passages)) cultures (P < 0.000001). Proliferation was assessed by tritiated thymidine incorporation 
(DPMM x 1000). The values are the means + SEM of the ulcer fibroblasts (n=4 Lp and n=3 Hp, in 
166 independent experiments), nonlesional fibroblasts (n=6 Lp and n=3 Hp, in 15 independent 
experiments)) and age-matched control fibroblasts (n=5, in 8 independent experiments). Lp low 
(lesss than ten) passages, Hp high (more than ten) passages. 
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Afterr more than ten passages in culture, the difference in proliferation between 
diabeticc ulcer fibroblasts and nonlesional diabetic fibroblasts became even more 
pronouncedd (P < 1.14 x 106). Similar results were obtained when fibroblast 
proliferationn was measured in a collagen sponge,15 to mimic the extracellular 
matrixx environment (results not shown). 

Inn Fig. 3A and 3B all individual growth curves are shown. The curves represent 
thee growth rate of the populations of fibroblasts cultured as monolayers in the 
presencee of high glucose (27.5 mA/, Fig. 3A) and physiological glucose (5.5 
mA/,, Fig. 3B) concentrations. Statistical analyses were performed at comparable 
time-pointss for the three groups only during the first 13 days of cell culture to 
excludee the inhibitory effects on cell proliferation caused by the state of 
confluence.. The proliferation of fibroblasts isolated from the diabetic ulcers was 
significantlyy decreased in comparison with the fibroblasts from nonlesional 
diabeticc skin and age-matched controls (P < 0.0001 for high and lowr glucose at 
dayy 7). Nonlesional diabetic skin fibroblasts showed a significantly reduced 
proliferationn rate compared to age-matched control fibroblasts in high-glucose 
(P<(P< 0.0135) and low-glucose (P< 0.0124) medium. 
Too assess the specific influence of diabetes on proliferation rates, fibroblasts 
weree also isolated from two chronic nondiabetic wounds, a decubitus ulcer on 
thee heel and a neuropathic ulcer on the plantar surface of the foot. These chronic 
woundd fibroblasts had proliferated significantly more quickly than diabetic 
ulcerr fibroblasts by day 7 in high-glucose (P < 0.0001) and in low-glucose (P < 
0.0012)) medium, did not significantly differ in proliferation rate from 
nonlesionall  diabetic fibroblasts, except on day 4 for high-glucose (P < 0.0015, 
lowerr proliferation rate for ulcer fibroblasts) and showed reduced growth 
capacityy compared to age-matched control fibroblasts (day 7, high and low 
glucose,, P < 0.0015). Fibroblast proliferation in all groups was slightly lower in 
high-glucosee than in low-glucose medium, although not significantly at all time 
points.. In high-glucose medium significantly reduced numbers of chronic 
diabeticc wound fibroblasts were noted on days 5 and 13 (P < 0.001), of chronic 
nondiabeticc wound fibroblasts on day 4 (P < 0.0198) and age- matched control 
fibroblastss on day 12 (P < 0.0002). 
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Timee (days) 

Figuree 3A. Time-course of proliferation of diabetic ulcer fibroblasts (n=4), nonlesional diabetic 
fibroblastss {n=3) and age-matched control fibroblasts (n=3) cultured as monolayers in high-
glucosee (27.5 raM) medium. The means (  SEM) from three independent experiments are shown. 
Thee statistical analysis for the three groups was performed on day 7. Diabetic ulcer fibroblast 
proliferationn differed significantly from that of both of the control groups (P < 0.0001). The 
proliferationn rate of nonlesional diabetic fibroblasts was significantly less than that of the age-
matchedd control fibroblasts (P < 0.0135). 
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Figuree 3B. Time-course of proliferation of diabetic ulcer fibroblasts (n=4), nonlesional diabetic 
fibroblastss (n=3) and age-matched control fibroblasts (n=3) cultured as monolayers in low 
glucosee (5.5 mM) medium. The means (  SEM) from three independent experiments are shown. 
Thee statistical analysis for the three groups was performed on day 7. Diabetic ulcer fibroblast 
proliferationn differed significantly from that of both of the control groups (P < 0.0001). The 
proliferationn rate of nonlesional diabetic fibroblasts was significantly less than that of the age-
matchedd control fibroblasts (P < 0.0124). 
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Microscopicc observations 

Morphologicall  differences between diabetic ulcer fibroblasts (Fig. 4A) and age-
matchedd controls (Fig. 4B) were observed. Diabetic ulcer  fibroblasts were 
usuallyy large and widely spread in the culture flask compared to the spindle-
shapedd morphology of the fibroblasts of age-matched controls. 

Figuree 4A. Fibroblasts from a diabetic chronic wound of a patient with NIDDM cultured in a 
nonpyrogenicc cell culture flask (original magnification x 66, scale bar 60 U-m). 

Figuree 4B. Fibroblasts from an age-matched control patient cultured in a nonpyrogenic cell 
culturee flask (original magnification x 66, scale bar 60 \im). 
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Wee further examined the cells with transmission electron microscopy (Fig. 5). 
AA large dilated endoplasmic reticulum was seen in the diabetic ulcer fibroblasts, 
indicatingg high protein production, and multiple lamellar and vesicular bodies, 
indicatingg a high turnover and breakdown of intracellular structures (Fig. 5A). 
Thee fibroblasts from non-lesional diabetic skin showed a slight increase in 
activee endoplasmic reticulum and some vesicular bodies were also seen (Fig. 
5B).. A lack of microtubular structures seen in both ulcer and nonlesional 
diabeticc fibroblasts suggests a disturbed cytoskeletal function. The age-matched 
controll  fibroblasts showed a normal morphology for in vitro conditions (Fig. 
5C). . 

Figuree 5A. Fibroblasts cultured from a chronic wound (ankle region) of a patient with NIDDM. 
Notee extensive dilated rough endoplasmic reticulum {small arrow), lamellar and vesicular bodies 
{large{large arrow) and the lack of cytoskeletal filaments (original magnification x 24500, scale bar 80 
nm). . 
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, , 

Figuree 5B. Fibroblasts cultured from nonlesional skin (upper leg) of the same patient with 
NIDDM.. Note extensive dilated rough endoplasmic reticulum (small arrow), lamellar and 
vesicularr bodies (large arrow) and lack of cytoskeletal filaments (original magnification x 24500, 
scalescale bar 80 nm). 

--

Figuree 5C. Fibroblasts cultured from a healthy age-matched individual (upper leg). Note the 
presencee of microtubules (arrow heads) (original magnification x 24500, scale bar 80 nm). 
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DISCUSSION N 

Manyy of the chronic complications in diabetes are associated with defects in 
connectivee tissue metabolism.'6 We found decreased proliferation rates for the 
diabeticc ulcer fibroblasts compared with nonlesional diabetic skin fibroblasts 
fromm NIDDM patients and fibroblasts from age-matched controls after 
incorporationn with J[H]thymidine and after culturing these cells as monolayers 
inn high- and low-glucose medium. A smaller number of ulcer fibroblasts caused 
byy proliferative impairment is likely to contribute to a decreased production of 
extracellularr matrix proteins, which may be related to impaired wound healing. 
Thee observed morphological abnormalities in the diabetic ulcer fibroblasts 
(largee cell volumes suggestive of a hypertrophic pbcnolypc) and a reduced 
proliferativee capacity, even more prominent in high passages, suggest that 
fibroblastsfibroblasts from the wound environment are further along the senescent 
pathwayy than fibroblasts from non-wound areas. A detrimental effect of the 
chronicc wound environment is illustrated by the recently reported inhibitory 
effectt of wound fluid from nonhealing wounds on cell division.' Another 
possiblee explanation could be that the function of these fibroblasts is 
temporarilyy or permanently modified by cytokines or proteolytic enzymes 
presentt in the chronic wound environment. Diabetes mellitus also brings on 
prematurelyy and with greater severity certain changes that are normally seen as 
degenerativee changes associated with aging.M Our results clearly demonstrate a 
decreasee in proliferative capacity in the following order; age-matched 
fibroblastsfibroblasts > non-lesional diabetic fibroblasts > diabetic ulcer fibroblasts. Our 
resultss confirm reduced growth rates for diabetic skin fibroblasts (NIDDM) 
versusversus age-matched controls as observed by Rowe et al.'"1 Furthermore, chronic 
nondiabeticc wound fibroblasts had a similar proliferation rate as diabetic 
nonlesionall  fibroblasts but a significantly higher proliferation rate than the 
chronicc diabetic wound fibroblasts. It seems likely that diabetic wound 
fibroblastsfibroblasts are impaired as a result of cell aging in combination with, or induced 
by,, diabetes (intrinsic aging) and the wound environment (aging). 
Ourr results suggest that high glucose (27.5 mAZ) may be inhibitory to fibroblast 
proliferation.. Turner and Biermann1*  and Ilehenberger and Hansson14 have 
shownn that increasing glucose levels to a certain maximum (18 and 15.5 mAZ, 
respectively)) increases fibroblast proliferation, whereas further increases lead to 
inhibitionn of proliferation. Other recent studies have shown effects of high 
glucosee concentrations in inhibiting the proliferation and increasing the size of 
proximall  tubule cells:t! and in reducing the proliferation of fetal mesangial 
cells211 and umbilical endothelial cells." The auto-oxidation of glucose is 
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thoughtt to generate free radicals which are responsible for delaying cell 
replication/1'' Furthermore, a lengthening of the cell proliferation time and slight 
increasess in cell death have been observed," 
Transmissionn electron microscopy showed a lack of microtubules in the 
fibroblastss from the diabetic ulcers and in those from nonlesional diabetic skin. 
Casonn et al.:4 have reported the presence of a factor in the serum of diabetics 
whichh can impair microtubule formation in vitro, and Rousset et al."5 have 
foundd antitubulin antibodies in a high proportion of patients with diabetes of 
recentt onset. Glucose has also been reported to inhibit microtubule formation in 
highh concentrations.~h Microtubules can regulate cell shape and the plane of cell 
division,, and a disturbance in these structures might contribute to the intrinsic 
mechanismm involved in the observed diminished cell proliferation rate for 
nonlesionall  diabetic and diabetic ulcer fibroblasts/ '^ The lack of insulin29"31 

andd a possible deficit in specific growth factor production or release into the 
woundd may further impair fibroblast function.'1" 
Furtherr studies wil l be focused on in vitro regulation of the synthesis and 
depositionn of new extracellular matrix by the fibroblasts, using growth factors 
whichh are known to influence fibroblast proliferative functions. The presence 
andd function of cytoskeletal elements as e.g. tubulin, wil l be investigated to 
elucidatee the underlying mechanism of the observed disturbed fibroblast 
proliferation. . 
InIn summary, chronic diabetic wound fibroblasts from N1DDM patients showed 
aa significantly lower proliferation rate and an altered morphology in vitro 
comparedd to diabetic nonlesional and age-matched control fibroblasts. These 
resultss indicate an impairment of skin ulcer fibroblasts from NIDDM patients 
probablyy caused by aging due to the diabetic state and the ulcer environment. 
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SUMMARY Y 

Patientss with diabetes mellitus experience impaired wound healing, often 
resultingg in chronic foot ulcers. Healing can be accelerated by application of 
growthh factors like platelet-derived growth factor (PDGF), We investigated the 
mitogenicc responses, measured by '[H] Thymidine incorporation, of fibroblasts 
culturedd from diabetic ulcers, non diabetic ulcers, and non-iesional diabetic and 
age-matchedd controls, to recombinant human PDGF-AB, epidermal growth 
factorr (EOF), basic fibroblast growth factor (bFGF) and insulin-like growth 
factorr fIGF-I). We determined the optimal concentration of these factors, and 
investigatedd which single factor, or combination of factors, added 
simultaneouslyy or sequentially, induced the highest mitogenic response. For 
singlee growth factor additions, in all fibroblast populations significant 
differencess in mitogenic response to different growth factors were observed 
withh PDGF-AB consistently inducing the highest response and IGF-I the lowest 
(p<0.043).. IGF-I produced only a 1.7 fold stimulation over control in diabetic 
ulcerr fibroblasts, versus 2.95 fold for chronic ulcer. 3.2 fold for non-lesional 
(p=0.007)) and 5 fold for age-matched fibroblasts (p = 0.007). The highest 
mitogenicc response induced by EGF was significantly less for chronic ulcer 
fibroblastss compared with age-matched and non-lesional controls (p<0.03), 
chronicc ulcer fibroblasts also needed significantly more EGF to reach this 
optimall  stimulus (p<0.02 versus age-matched and non-lesional controls). 
Thee simultaneous addition of FGF-IGF, PDGF-IGF and FGF-PDGF to diabetic 
ulcerr fibroblasts always produced a higher stimulatory response than sequential 
additionss (p<0.05). Also the addition of bFGF, PDGF-AB and EGF prior to 
IGF-11 induced a higher J[H] Thymidine uptake in ali fibroblasts compared to the 
combinationn of each in reverse order. Significant differences were observed 
whenn comparing the combinations of growth factors with the highest 
stimulatoryy responses (PI, FP and EP added simultaneously) to a double dose of 
PDGF,, with the highest mean rank for the combination PI (p = 0.018). In 
conclusion,, combinations such as PDGF-AB and IGF-1 may be more useful 
thann PDGF-AB alone for application in chronic diabetic wounds. 
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INTRODUCTIO N N 

Patientss with diabetes mellitus are at risk for developing chronic wounds. The 
increasedd risk can be mainly attributed to the vascular and neurological 
disorders,, but in addition to this, the diabetic condition itself is associated with 
delayedd wound healing.1"3 It is estimated that 15% of diabetic patients will 
developp an ulcer on the feet or ankles at some time during the disease course.4 

Thee socioeconomic implications are therefore considerable. Appelqvist et al. 
calculatedd the costs of treatment per ulcer episode in diabetic patients in 
Sweden.'' The total average cost for patients with primary healing was S5.859 
(6.2455 Euro's) and for healing with amputation S39.167 (41.743 Euro's). 
Nott surprisingly, many recently developed bio-engineered medical devices and 
treatmentt modalities, such as cultured skin equivalents, extracellular matrix 
components,, and recombinant human growth factors, focus on the diabetic foot 
ass primary indication. 
Growthh factors play a key role in initiating and sustaining the different phases 
off  tissue repair.6'7 Several well-characterized growth factors are available for 
clinicall  use. Most growth factors have been characterized by their capacity to 
inducee mitosis in different cell types in vitro. These mitogens can be grouped 
accordingg to their sequence of action in the cell cycle. Competence factors, 
exemplifiedd by fibroblast growth factor (bFGF) and platelet derived growth 
factorr (PDGF-AB) act by making quiescent cells (in GO Phase of the cell cycle) 
competentt to respond to a second group of growth factors, the progression 
factors.R,QQ Insulin-like growth factor (IGF-I) and epidermal growth factor (EGF) 
appearr to drive cells through Gl of the cell cycle into DNA synthesis and are 
exampless of the progression factors. Each growth factor uses a distinct tyrosine 
kinasee receptor but the receptors share common signal transduction pathways. 
Platelet-derived-growthh factor (PDGF-AB), released from the oc-granules of 
platelets,, is a major serum mitogen and induces fibroblast proliferation, matrix 
production,, and maturation of connective tissue. Basic fibroblast growth factor 
(bFGF)(bFGF) has its main stimulatory effect on the growth and differentiated function 
off  fibroblasts and on the proliferation of vascular smooth muscle cells and 
endotheliall  cells. Therefore, it has a major function as an 'angiogenesis 
peptide'.. Epidermal growth factor (EGF) is also released from a-granules of 
plateletss and stimulates cell proliferation by binding to the EGF receptor in a 
varietyy of tissue types. Insulin-like growth factor (IGF-I) is transferred from 
bloodd and local sites of production to its cellular target via a sequence of 
bindingg proteins, whose affinities arc modulated by the pH of the wound 
environment.environment. Alterations in the levels of binding proteins, and elevations of 
IGF-II  antagonists have been found in situations associated with defective repair, 
includingg diabetes, malnutrition, uraemia and jaundice. 
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AA number of clinical and experimental .studies with growth factors have been 
publishedd with sometimes contradictory results. Up to date only PDGF-BB has 
provenn to be effective, in a clinical controlled study, for the treatment of 
diabeticc ulcers. This was shown by Steed and the Diabetic Ulcer Study Group, 
theyy studied recombinant human PDGF-BB (rhPDGF-BB) and reported 
significantt differences in the percentage of patients that reached complete 
woundd healing (48% treatment group versus 25% control group) at the end of 
200 weeks.10 In fetal mesangial cells, IGF-i stimulated protein and proteoglycan 
synthesis,, this stimulation increased with high glucose concentration.11 Topical 
applicationn of PDGF-AB, TGF-a and EGF has been reported to be successful in 
acceleratingg healing of full-thickness wounds in normal mice and bFGF 
normalizedd the delayed wound healing response in diabetic mice.1""14 

Althoughh there is some evidence that these growth factors arc or might be 
successfull  clinically, littl e work is done on the working mechanisms of single or 
combinationss of growth factors at the cellular level in humans. Sprugel et al. 
studiedd combinations of growth factors (PDGF, bFGF, EGF and TGF|3) in a 
woundd chamber model in rats and found no different response compared to 
singlee factors.1S However, they used single growth factors in subthreshold 
doses.. Uynch et al. applied PDGF-BB and IGF-I to partial thickness porcine 
skinn wounds or to canine bone regeneration models and found that the two 
growthh factors did act synergistically to enhance tissue repair.16"18 Greenhalgh et 
al.. further established the synergy of PDGF and IGF-II in full thickness skin 
woundd in diabetic mice.19 

Inn this study, we investigated which of the afore mentioned growth factors has 
thee highest stimulatory effect on fibroblasts obtained from chronic diabetic 
ulcers.. Although these fibroblasts are difficult to culture, it appears to be crucial 
too use this specific population. In previous experiments we studied proliferation 
ratess of diabetic ulcer fibroblasts and controls by cell counting (in time) and 
Thymidinee incorporation assays. Both methods showed that diabetic ulcer 
fibroblastss have an impaired proliferative capacity compared to non-diabetic 
ulcerr fibroblasts, non-lesional diabetic and age-matched fibroblasts.20 Another 
observationn by light microscopy was that diabetic ulcer fibroblasts were usually 
largee and widespread, suggestive of a hypertrophic phenotype, in contrast to the 
spindlee shaped structure of the age-matched control fibroblasts. Transmission 
electronn microscopic observations revealed multiple lamellar and vesicular 
bodiess and a lack of microtubular structures. Based on previous reports 
suggestingg that a factor in the serum of diabetic patients might inhibit 
microtubulee formation,21 we hypothesized that a disturbance in microtubules 
mightt contribute to the observed diminished diabetic ulcer fibroblast 
proliferationn rate. We performed a qualitative immunohistochemical staining for 
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anti-aa tubulin on diabetic ulcer fibroblasts and controls but could not observe 
anyy differences (Fig. 1 A,B). 
Forr each individual growth factor, the optimal concentration to reach a maximal 
mitogenicc effect was determined. In addition, combinations of growth factors 
weree investigated, added simultaneously or sequentially. The sequential 
experimentss were performed to investigate the hypothesis that also for diabetic 
ulcerr fibroblasts, growth factors may act as competence factors or progression 
factors. . 

A A B B 

Figuree 1. The network of microtubules (anti-a tubulin antibody) in chronic diabetic ulcer 
fibroblastss (A) and age-matched control fibroblasts (B). 
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MATERIAL SS AND METHOD S 

Clinicall  profil e 

55 patients with non-insulin-dependent diabetes mellitus and a chronic lower 
extremityy ulcer, defined as existing for 8 weeks or longer were biopsied. Punch 
biopsiess (4 mm) were taken from a non-granulating part of the chronic ulcers to 
makee sure we were studying chronic non-healing tissue and not newly arrived 
fibroblasts.. These ulcers were mainly neuropathic in origin with transcutaneous 
oxygenn measurements of > 30 mmHg. The mean ulcer duration was 11 months. 
Patientss suffering from any systemic disease which might interfere with wound 
healingg were excluded. As controls we used fibroblasts derived from chronic 
non-diabeticc ulcers (3 neuropathic and 1 decubitus ulcer on the foot), normal 
upperr leg skin of NIDDM patients (n=7) and healthy age-matched controls 
(n=7).. The neuropathic, non-diabetic ulcers were located on the feet of ex-
Morbuss Hansen (Leprosy) patients. The patient characteristics are shown in 
Tablee 1. This study was approved by the medical ethical committee of the 
Academicc Medical Center, Amsterdam, The Netherlands. Patients were 
informedd about the purpose and consequences of this study, after which they 
gavee their informed consent. 

Tablee 1. Clinical data in 

PatientPatient Groups 

Totall  nr. 

Sexx (F/M) 
Age,, mean 
Age,, range 
Ulcerr duration 
(months,, mean) 
Durationn diabetes 
(years,, mean) 
Insulinn / OHA 

Biopsyy site 

Diabetic Diabetic 

5 5 
4/1 1 
74 4 

53-89 9 
11 1 

14 4 

2/3 3 

foot,, an 

diabeticc ulcer 

,  ulcers 

kle e 

andd control groups 

ChronicChronic ulcers 

4 4 

1/3 3 
52 2 
33-85 5 

27.5 5 

foot t 

Non-1Non-1 e 

1 1 

4/3 3 
70.4 4 

49-92 2 

12 2 

2/5 5 

upper r 

S'.. diab. 

eg g 

Age-matched Age-matched 

1 1 
6/1 1 
85 5 
77-96 6 

upperr leg 

F=F=  female, M=ma!e, OHA= oral hypoglycaemic agents 
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Laborator yy methods 

CellCell culture 
Alll  tissue samples were minced into fine pieces and incubated in 0.25% 
dispase/0.25%% collagenase (Boehringer Mannheim, Mannheim, Germany) for 2 
hourss at 37°C. The suspension was filtered through an infusion chamber 
(Centrall  Laboratory for Blood Transfusion, Amsterdam, The Netherlands), the 
cellss were centrifuged, wrashed in Phosphate Buffered Saline (PBS) and 
resuspendedd in culture medium (Dulbecco's Modified Eagle's Medium 
(DMEM)) with 10% fetal calf serum (FCS), 100 IU/ml penicillin and 100 IU/ml 
streptomycin.. PBS, FCS, DMEM, penicillin and streptomycin were purchased 
fromm Gibco BRL, Breda, The Netherlands. The fibroblast cultures were 
maintainedd in a humidified atmosphere containing 5% CO, at 37°C. At 
confluence,, and all subsequent passages, the monolayer was washed 3 times 
withh PBS and then trypsinized (trypsin 0.25% in PBS). During trypsinization, 
wee frequently agitated each flask to facilitate detachment of the cells. Trypsin 
wass inactivated by adding FCS and culture medium. Detached cells were 
collectedd and centrifuged at 1000 g for 10 minutes, washed and suspended in 
cultureculture medium. The medium was changed twice a week. Cultures were 
periodicallyy screened to exclude mycoplasma contamination. For all 
experimentss cell cultures were used with passages below P10. 

33[HJ[HJ Thymidine-incorporation assays 
10,0000 cells wrere seeded per well in 24-multi well dishes. Cells were grown 
overnightt in DMEM supplemented with 2mM L-glutamine, 100 IU/ml penicillin 
G,, 100 |ig/ml streptomycin and 10%(v/v) Fetal Calf Serum. After 24 hours the 
cellss were cultured in medium containing 0.2% FCS for an additional 24 hours. 
PDGF-AB,, IGF-I, bFGF and EGF were tested alone and in combinations. Each 
growthh factor was added in increasing concentrations from 0.05-10 ng/ml (and 5-
800 ng/ml for IGF-I) to determine optimum concentrations. 
Sincee in general the response to growth factor additions graphically takes the 
formm of an S-curve, the results are expressed as ED50 (effective dose) and ED90. 
Thee ED50 and ED90 are defined as the growth factor concentration (in ng/ml) at 
whichh 50% or 90% of the maximum value reached during the plateau phase was 
reachedd (Fig. 2). To make inter-experimental comparisons possible, ED90 levels 
weree expressed as a ratio (increase of  J[H] Thymidine incorporation over that of 
controll  (0.2% FCS)). 
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90% % 
off max 

50% % 
off max 

ED500 ED90 

Figuree 2. Schematic representation of the S-shaped dose response curve of the fibroblasts. The 
ED500 (effective dose) and ED90 are defined as the growth factor concentration (in ng/ml) at 
whichh 50% (ED50 level) or 90% (ED90 level) of the maximum value reached during the plateau 
phasee was reached. 

Single-factorSingle-factor experiments 
Forr single-factor  experiments, growth factors dissolved in DMEM with 0.2% 
fetall  calf serum, were added to the cells and incubated for 16 hours. For the 
combination-of-factorss experiments, two growth factors were added 
simultaneouslyy for 24 hours. For each factor, not the median but the highest 
concentrationn required to reached ED90 level in the solo experiments was used. 
Inn this way all fibroblast populations were maximally stimulated (in the plateau 
phasee of the dose-response curve). This was done because of the fact that the 
optimumm growth factor concentration for one patient may be irrelevant for other 
patients.. In case of sequential addition of growth factors, cells were treated for 8 
hourss with one growth factor followed by 16 hours with the second growth 
factor.. The cells were pulsed for 4 hours by adding 20 \l\I  0,2 [iCi [3H-methyl] 
thymidinee (10 [iCi/ml) per well. The labelling was terminated by washing once 
withh PBS and macromolecules were precipitated by adding 500 \l\ 
trichloroaceticc acid 10% to each well for 10 minutes. Again the cells were 
washedd this time twice with PBS and 250 |ll 2N NAOH was added for 1 hour. 
Afterr harvesting of the fibroblasts and neutralization with equal volume of 2M 
HC1,, the incorporated 3[H] Thymidine was counted in a liquid scintillation 
counterr (Packard 1600 CA or Packard 2000 CA). Each concentration or 
combinationn of growth factors was repeated in three wells. 
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SynergismSynergism and additive effects of combinations of growth factors 
Forr synergistic and additive effects of combinations of growth factors individual 
fibroblastt populations were analyzed in each category of fibroblasts (n-4). An 
effectt was defined as synergistic if the stimulation caused by the combination ot 
growthh factors was >30% greater than the sum of the stimulation achieved by 
eachh growth factor. An additive effect was observed if the combined effect was 
betweenn 90% and 130% of the sum of the effects of the individual growth 
factors. . 

Statisticall  analysis 

Thee data were analysed by the statistical program SPSS for Windows (SPSS Int. 
Chicagoo IL USA), The Kruskal Walli s test was used for the comparison of data 
fromm the single growth factor experiments (ED50 and ED90 experiments). When 
significantt differences were observed with the Kiukal Wallis test, the Mann 
Whitnevv U test was used for further analysis, The Friedman test (paired, non-
parametricc test) was applied for all paired data from the combination-of jacton 
experimentsexperiments (sequential versus simultaneous etc) When significant differences 
weree observed, the Wilcoxon signed ranks test was applied P values of <0.05 
weree considered to be statistically significant2i 
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RESULT S S 

Mitogenicc effects and optimal concentrations of single growth factor  additions 

Thee ED90 levels of individual growth factors on diabetic ulcei, chronic ulcer, 
non-lesionall  diabetic and age matched control fibroblasts and their optimum 
concentrationn (defined as the concentration at which the ED90 level was 
reached)) are shown m Fig. 3 PDGF-AB was able to stimulate diabetic ulcer 
fibroblastss 7 5 fold over control value, nonlcsional fibroblasts were stimulated 
99 3 fold, chronic ulcer fibroblasts 1 1 6 fold, and age-matched fibroblasts 16.3 
foldd Statistical significant differences unions the fibroblast srouos were not 
observed.. The concentration of PDGF-AB at which the ED90 level was reached 
wass 1 ng ml (median) for diabetic ulcer fibroblasts and age-matched fibroblasts, 
andd 2 ng/ml (median) for chronic wound fibroblasts and non-lcsional diabetic 
skmm fibroblasts 

Forr IGF-L  the ED90 level was most frequently reached at 20 ng/ml (median), 
chronicc wound fibroblasts needed more IGK-I (40 ng/ml) compared to controls 
too reach the optimal levels, although not significant. The diabetic ulcer 
fibroblastss responded poorly to IGF-T Only a 1.7 fold stimulation over control 
wass obtained for diabetic ulcer derived fibroblasts, versus 2.95 fold for chronic 
ulcer,, 3.2 fold for non-lesional (p^O.007) and 5 fold for age-matched fibroblasts 
(p=0.007).. When all fibroblast groups were exposed to the same concentration, 
200 or 40 ng/ml IGF-I, significantly lower mitogenic responses were obtained for 
diabeticc ulcer fibroblasts compared to non-lesional and age-matched controls as 
wxl l(p<00 05). 
Forr bFGF, the ED90 level was most often reached at 0.5 ng/ml (median) for 
diabeticc ulcer and chronic ulcer fbroblasts. which was slightly higher than the 
concentrationn of 0.25 ng/ml (median) required for non-lcsional diabetic controls 
andd age matched controls, although not significant. For all concentrations used, 
noo significant differences were observed among the four fibroblast groups. 
Forr EGF, significant differences in mitogenic responses and optimum 
concentrationss were observed among the fibroblast groups with the Kruskal 
Walliss test. The highest mitogenic response induced by EGF was significantly 
lesss for chronic ulcer fibroblasts compared with age-matched (p=0,025) and non-
lesionall  controls (p=0.034). Chronic ulcer fibroblasts also needed significantly 
moree EGF to reach this optimal stimulus (p=0..024 versus age-matched and 
p^0.0088 versus non-lesional controls). 

Whenn comparing the mitogenic effects induced by PDGF-AB, bFGF, IGF-I and 
EGFF with the Kruskal Wallis test, PDGF-AB was assigned the highest mean 
rankk for all fibroblast groups, and IGF-I the lowest (p<0.043). 
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Figuree 3. The ED90 levels of PDGF-AB (A), bFGF (B), IGF-I (C) and EGF (D) and their optimal 
concentrationss on diabetic ulcer, chronic ulcer, non-lesional diabetic and age-matched control 
fibroblasts.. The error bars represent medians. IGF-I; only 1.7 fold stimulation over control was 
obtainedd for diabetic ulcer derived fibroblasts versus 2.95 fold for chronic ulcer, 3.2 fold for non-
lesionall  (p=0.007) and 5 fold for age-matched fibroblasts (p=0.007). EGF; a significantly lower 
maximumm mitogenic response was induced in chronic ulcer fibroblasts versus non-lesional 
(p=0.034)) and age-matched fibroblasts (p=0.025), chronic ulcer fibroblasts also needed 
significantlyy more EGF to reach their optimal stimulus (p=0.024 versus age-matched and p=0.008 
vs.. non-lesional controls). (All experiments were performed in triplo, and the number of 
patients/cellstrains/experiments,, respectively, were as follows: Diabetic ulcer fibroblasts: PDGF, 
4/9/9;; IGF, 4/8/8; FGF, 5/5/5; EGF, 4/4/4. Chronic ulcer fibroblasts: PDGF, 3/3/3; IGF, 3/3/3; 
FGF,, 3/3/3; EGF, 3/3/3. Nonlesional diabetic fibroblasts: PDGF, 5/7/7; IGF, 3/7/7; FGF, 5/5/5, 
EGF,, 4/4/4. Age-matched fibroblasts: PDGF, 5/7/7; IGF, 6/6/6; FGF, 4/4/4; EGF, 5/5/5.) 
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Thee ED5Ü for PDGF-AB, EOF and IGF-I did not differ significantly for the 
lesional,, non-lesiona! diabetic, chronic ulcer and age-matched fibroblasts (Table 
2)) Diabetic ulcer fibroblasts needed significantly more bFGF to reach ED50 
comparedd with chronic ulcer fibroblasts (p=0.024). Chronic ulcer fibroblasts 
requiredd more IGF-I to reach ED50 than their controls, however this was not a 
significantt finding 

Tablee 2, EDSO in single growth factor experiments (ng/ml, mean  stdev) 

PDGF-ABPDGF-AB bFGF p = 0.024 FGF IGF-I 
Age-mütchedd 065*021 0 12*005 0.12*0.11 12.3 ^ 2 9 
N'on-les.. diab 0.55 2 0.14 8 0.07*  0.015 13,0 9 
Chronicc ulcers 0.50 * (). 1 3 0.08 * 0.003 0.11 * 0.03 20.0 * 7.0 
Diabeticc ulcers 0 63 .-. 0.26 0,23 : 0.11*  0.23 7. 0.13 14.4 6 

Combinationss of growth factors 
Subsequentlyy we investigated the mitogenic effects of combinations of growth 
factorss Remarkable was that the simultaneous addition of FGF-IGF, PDGF-IGF 
andd FGF-PDGF to diabetic ulcer fibroblasts always led to a significantly higher 
stimulatoryy response than the sequential additions (p<0.05) (Fig. 4) Also the 
additionaddition of bFGF, PDGF-AB and EGF prior to IGF-1 induced a higher 3[H] 
Thymidinee uptake in all fibroblasts compared to the combination of each in 
reversee order Significant differences between different orders of addition were 
observedd for chronic ulcer fibroblasts for the combination EI, FI and PI, with the 
highestt stimulatory effect after the sequential addition of E-I, F-I and the 
simultaneouss addition of PI (p <0,04). For age-matched fibroblasts, the 
sequentiall  addition of F-I elicited a significantly higher mitogenic response than 
thee other possible combinations with FGF and IGF (p=0.04). The combination of 
EGFF and bFGF induced generally a less than additive response than the sum of 
thee solo addition of each and was therefore not studied any more after several 
experimentss (not shown). 
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Figuree 4. Mitogenic effects of combinations of growth factors on diabetic ulcers (n=4) (A), 
chronicc ulcers (n=4) (B), non-lesional diabetic skin (n=5) (C) and age-matched controls (n=5) (D). 
Forr diabetic ulcer fibroblasts the simultaneous addition of FGF-IGF, PDGF-IGF and FGF-PDGF 
evokedd a significant higher stimulatory response than sequential additions (p<0.05). Significant 
differencess were observed for chronic ulcer fibroblasts between different orders of addition of the 
combinationn EI, FI and PI (asterix on highest stimulatory response, p £0.04) and for age-matched 
fibroblastss for the sequential addition of F-I (p <0.04 compared with the sequential addition of I-F 
andd the simultaneous addition of FI). Significant differences were also observed when comparing 
thee combinations of growth factors with the highest stimulatory responses to a double dose of 
PDGFF (horizontal lines marked with PP); 1) agematched fibroblasts showed a significantly higher 
mitogenicc response after the sequential addition of F-I, P-I, F-P and P-F, 2) non-lesional 
fibroblastss after the sequential addition of P-I and 3) for chronic ulcer fibroblasts there was no 
significantlyy better combination of growth factors than the simultaneous addition of PP. For 
diabeticc ulcer fibroblasts, significant differences were observed when comparing the combinations 
off  growth factors with the highest stimulatory responses (PI, FP and EP added simultaneously) to a 
doublee dose of PDGF, with the highest mean rank for the combination PI (p = 0.018). Synergistic 
effectss are indicated with a S. 
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AdditiveAdditive effects/synergism 
Afterr simultaneous addition of growth factors synergistic effects (stimulation 
byy combination of growth factors >30% greater than the sum of the stimulation 
levelss achieved by each growth factor individually) were observed for the age-
matchedd fibroblasts with the combinations E-l, F-I (1 out of 4 cell populations, 3 
showedd additive effects) and P-I (1 out of 4, no additive effects were 
accomplished).. One diabetic ulcer fibroblast population showed synergistic 
effectss on P-l (the other 3 cell populations showed additive effects) and E-I (two 
otherr fibroblast populations showed additive effects, one cell population showed 
noo additive effects). One non-lesional diabetic fibroblast population showed 
synergisticc effects on the combination F-I (three other fibroblast populations 
showedd additive effects) as well as on E-l (two other fibroblast populations 
showedd additive effects). Chronic ulcer fibroblasts did not show any synergism 
afterr simultaneous addition. Synergistic effects were marked in Fig. 4 only when 
50%50% or more of the cell populations showed a synergistic effect. 
Inn case of sequential addition, no synergistic effects were observed for diabetic 
ulcerr fibroblasts at all. One non-!esional diabetic control cell population showed 
synergismm on the combination E-l and F-I (3 others showed additive effects), 3 
off  the 4 cell populations of age-matched fibroblasts on F-I and two on E-I and P-
I,, with the remaining cell population resp. 1,2 and 2 cell populations showing 
additivee effects (Fig. 4; synergism (S) for E-I, F-I and P-I). One out of four 
chronicc ulcer fibroblast population showed synergism on the combination F-I, 
twoo showed additive effects. 

Whenn comparing the growth factor combinations with the highest stimulatory 
responsee with the simultaneous addition of PDGF-AB, horizontal line marked in 
Fig.. 4, agematched fibroblasts showed a significantly higher mitogenic response 
afterr the sequential addition of F-I, P-I, F-P and P-F and non-lesional fibroblasts 
afterr the sequential addition of P-I (Fig. 4, dots). For chronic ulcer fibroblasts 
theree was no better combination of growth factors than the simultaneous addition 
off  PP. Diabetic ulcer fibroblasts responded with the highest stimulatory response 
afterr the simultaneous addition of PI, FP and EP (Fig. 4). When comparing these 
combinationss with the reference line PP a significant difference was observed 
withh the highest mean rank for the combination PI (p = 0.018). 
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DISCUSSION N 

Thee most important finding in this study is that fibroblasts cultured from diabetic 
ulcerss and, although less pronounced, chronic non-diabetic ulcers in general 
reachh a lower maximum mitogenic response to growth factors compared with 
controls.. This finding is consistent with the clinical observation that chronic 
ulcerss and especially diabetic ulcers show retarded healing and are often 'frozen' 
inn an inert state, that requires some kind of a trigger like aggressive debridement 
orr the external application of growth factors. 
Forr each growth factor and for each concentration, the level of stimulation 
achievedd in the diabetic ulcer fibroblast population was lower than in the control 
groups.. The following order of declining levels of stimulation by growth factors 
wass observed: age-matched > non-lesional/chronic wound > diabetic ulcer 
fibroblasts.. This indicates that the chronic wound environment and even more 
pronouncedd the diabetic environment reduces the fibroblast's capacity to respond 
too growth factors, through an yet unknown mechanism that remains present 
duringg the cell passages in vitro. Although in this study fibroblast samples as 
highh as PIO were used, the observed diminished responses to growth factors 
couldd not be attributed to increasing cell passages. Similar results were obtained 
inn low and high cell passages (data not shown). 
Itt has been reported that fibroblasts derived from patients with chronic venous 
ulcerss and patients with diabetes mellitus (ulcer and non-lesional) show 
prematuree signs of aging (senescence), resulting in abnormal morphology and 
reducedd replicative capacity.23"25 The influence of donor age and anatomic 
locationn on fibroblast proliferation rates is controversial. Cristofalo et al. studied 
1244 skin fibroblast cell lines established from donors of different ages and, when 
controlledd for health status, no correlation for donor age and replicative life span 
wass found.26 Falanga et al. found no fibroblast proliferation rate differences 
whenn fibroblasts were cultured from different body sites (proximal towards distal 
arm).277 Agren et al. showed that the slowest growing wound fibroblasts were 
isolatedd from younger patients and concluded that the age of wounds is the more 
importantt determinant.28 In this study and a previous study,20 diabetic ulcer 
fibroblastss were isolated from older patients and 'younger' wounds than the 
chronicc wound controls but proliferated at a lower rate. Diabetic ulcer fibroblasts 
seemm to be more impaired as a result of cell aging induced by diabetes (intrinsic 
aging)) and the wound environment (aging). A hostile chronic wound 
environmentt and diabetes causes repetitive fibroblast replication which is 
leadingg the cells further along the path of senescence. This can be confirmed by 
thee clinical observation of a high incidence of malignancies occurring in chronic 
ulcers.. It has also been shown that with advancing age, cells become less 
responsivee to growth factors so that adequate stimulation for cell division is not 
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achieved.2yy The observed decreased mitogenic response to growth factors by-
diabeticc ulcer fibroblasts and chronic nondiabetic ulcer fibroblasts, also observed 
byy others/830 may very well be part of this general intrinsic abnormality in 
chronicc wounds. Furthermore, senescent fibroblasts have been shown to over-
expresss proteolytic activity by means of an increase in the production of 
enzymess such as matrix metalloproteinases and to under-express protease 
inhibitors.255 This might explain the modest effect on healing seen after the 
clinicall  application of growth factors on chronic wounds. 
Remarkablee was that the simultaneous addition of FGF-IGF, PDGF-IGF and 
FGF-PDGFF to diabetic ulcer fibroblasts always led to a higher stimulatory 
responsee than the sequential addition. The used growth factors do not seem to act 
ass competence or progression factors. This effect was observed occasionally for 
chronicc ulcer fibroblasts and not at all for non-lesional and age-matched controls. 
Thee presence of more than one growth factor at the same time seems to be a 
requirementt for diabetic ulcer fibroblasts to achieve the highest stimulatory 
effectss on DNA synthesis. This might be due to a lower number of receptors, 
lowerr binding affinities of growth factor receptors, dysfunctional intracellular 
signall  transduction31 and increased expression of blocking substrates e.g. IGF-I 
BP-3.322 In chronic venous ulcers no significant differences in the amount of 
eitherr platelet-derived growth factor a-receptors or P-receptors on fibroblasts 
weree found compared to acute wounds and normal dermis.2S 

Thee addition of bFGF, PDGF-AB and EGF prior to IGF-I always induced a 
higherr 3[H] thymidine uptake in all fibroblasts compared to the combination of 
eachh reverse order. 

Thesee observations indicate that PDGF-AB, bFGF and EGF may serve as 
competencee factors to promote cellular responsiveness to IGF-I. This confirms 
thee observation of Flyvberg et al. who addressed bFGF and PDGF-AB as 
competencee factors and IGF-I as a progression factor.s EGF has been reported 
beforee to act as a competence factor on intestinal epithelial cells.13 

Thee most promising combination of growth factors (highest stimulatory 
response)) for diabetic ulcer fibroblasts were PDGF-AB and IGF-I, PDGF-AB 
andd bFGF and EGF and PDGF-AB (all after simultaneous addition) with the 
highestt mitogenic response observed after addition of PDGF and IGF-I. It has 
beenn reported that PDGF-AB has the ability to stimulate IGF-binding protein-2 
synthesiss which has mitogenic effects on IGF-I.34 

Althoughh it is difficult to isolate and culture fibroblasts from chronic leg and foot 
ulcerss in diabetic patients, these are the proper populations of fibroblasts that 
shouldd be used for in vitro studies of the mechanism of disturbed proliferation 
andd determination of the effect and optimal concentrations of growth factors. 
Slowedd cell growth may be partially responsible for the deficit in healing of 
diabeticc ulcers. We believe that ulcer healing may be improved by exogenous 
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applicationn of specific growth factors. We were able to confirm in vitro that 
PDGF,, which is being used clinically, is a suitable candidate for single growth 
factorr application. Application of combinations such as PDGF-AB and IGF-I 
seemm to be even more promising for diabetic ulcers than the application of single 
growthh factors. 
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SUMMARY Y 

Chronicc leg and foot ulceration is a very common clinical problem in the 
elderly.. In Western countries, the incidence of ulceration is rising as a result of 
thee ageing population and increased risk factors for atherosclerotic occlusion 
likee smoking, obesity and diabetes. Among these leg and foot ulcers, diabetic 
neuropathicc ulcers are especially noted for their slow healing rates and 
complicationss such as infection and amputation. The underlying pathology 
consistss of a mixture of neuropathy, ischemia and infection. In this paper the 
pathophysiology,, diagnosis, established treatment options and new treatment 
modalitiess for chronic diabetic ulcers are discussed, with emphasis on recent 
advances. . 
Thee majority of diabetic ulcers respond to established treatment and dressing 
regimens.. The mainstays of therapy are: 1) off-loading, 2) ensuring appropriate 
bloodd flow, 3) treatment of infection, 4) glycemic control, 5) thorough 
debridement,, 6) maintaining a moist wound environment, and 7) patient 
education.. However, approximately 15% of patients with diabetic ulcers do not 
respondd to conventional therapy. A variety of new promising therapies have 
becomee available or are currently under investigation to specifically stimulate 
disturbedd wound healing; examples are advanced wound dressings, recombinant 
growthh factors, extracellular matrix derivatives, cultured skin substitutes and 
(possibly)) hyperbaric oxygen therapy. New modalities may significantly reduce 
healingg time, consequently reducing the risk of infection, hospitalization and 
amputationn while improving the quality of life. But, as with all newr therapies, 
theirr efficacy and cost-effectiveness needs to be further established in well 
controlledd clinical trials. 
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INTRODUCTIO N N 

Legg and foot ulcers are debilitating, painful, and greatly reduce the quality of 
lif ee of the patient. Andersson et al. studied 1377 patients with leg and foot 
ulcerationn and found that with increasing age the incidence was rising, from 
0.3%% at the age of 60 years to 5% at the age of 90 years.' Non healing foot 
ulcerss in patients with diabetes are especially noted for their slow healing rates 
andd resistance to traditional methods of treatment. If not treated properly, these 
ulcerss might easily become secondarily infected and osteomyelitis or gangrene 
mayy develop, finally resulting in amputation. The following overview will 
summarizee the pathophysiology, diagnosis and established treatment options of 
thee diabetic foot and discusses new treatment technologies for the healing of 
chronicc diabetic ulcers. For this purpose MEDLINE, EMBASE and the 
COCHRANEE Medical Database 2001 were searched for articles from 1966 to 
novemberr 2001. No language restrictions were applied. Key search words 
(includingg analogues and derivatives) included 'diabetes mellirus', 'wound 
healing',, diabetic foot', 'glucose', 'pathophysiology', 'diagnosis', 'treatment', 
'antibiotics',, 'debridement', 'off-loading', 'bandages1, 'skin, artificial', 'HBO', 
'extracellularr matrix', 'growth factors', 'fibroblasts', 'proliferation', 'cell 
culture',, 'immunophenotyping' and 'proteolytic enzymes'. In addition, abstract 
bookss of symposia and congresses, dissertations, textbooks, editorials and the 
referencee lists from all the articles retrieved were manually screened to optimize 
thee results of the search. Randomized and nonrandomized studies were selected 
forr review. Results of randomized, placebo-controlled studies were emphasized 
moree than nonrandomized results. 

Thee international consensus on the management and prevention of the diabetic 
foott describes the diabetic foot as an array of foot deformities that exist due to 
neuropathy,, macro-angiopathy, limited joint mobility and metabolic 
disturbancess which are usually present in combinations in patients with diabetes 
mellitus.2"11 Globally, the diabetic foot is a major medical, social, and economic 
problemm that is seen on every continent.5 Among persons with diabetes, 2% to 
3%% will develop a foot ulcer each year, and approximately 15% will develop a 
foott ulcer during their lifetime.6 The recurrence rate of foot ulcers over a five 
yearr follow up period is estimated to be approximately 70%.7 The overall risk 
forr amputation in diabetes is increased 15-fold beyond that for patients without 
diabetes.* * 
Theree is enormous variation in reported costs of foot ulcers depending on 
whetherr the figures comprise hospital costs alone, the involvement of surgery 
duringg the ulcer management, and the inclusion of rehabilitation (for 
amputation).. The most recent American data originate from a retrospective 
cohortt study of 8905 patients with diabetes in a large health maintenance 
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organization.1'' In a 3-year period during which 514 patients developed ulcers. 
thee attributable cost for a middle-aged man with a new foot ulcer for the 2 years 
afterr the diagnosis was $27,987. Tennvall and coworkers included all costs 
fromm ulcer presentation to complete resolution or death for 220 patients in a 
prospectivee study in Sweden.1" These costs included in-hospital care, surgery, 
investigations,, antibactenals. visits to the foot-care team, orthopaedic 
appliancess and topical treatment. The average total cost per case was $17,879 
whenn no amputation was required and $30,694 when a major amputation was 
performed. . 
Diabeticc ulcers are usually localized on pressure points, such as the metatarso-
phalangeall  joints (Fig. 1), ankles, or heel region. Several (actors contribute to 
thee development of these ulcers. Decreased pain sensation predisposes the 
patientt to thermal and mechanical injury. Motor neuropathy affecting the 
extensorr and flexor muscles of the leg and foot as well as the intrinsic muscles 
off  the foot causes muscle contractures and compromises normal joint protective 
mechanisms.. A consequence o( autonomic neuropathy is anhidrosis and 
vasodilatationn leading to increased blood flow by arteriovenous shunting. 
Althoughh the exact pathogenesis remains disputed, repetitive trauma due to 
sensory'' neuropathy and hyperemic bone resorption and osteoporosis due to 
autonomicc neuropathy can result in a Charcot foot (neuro-osteoarthropathy). 
Thesee conditions result in biomechanical imbalance and consequent foot 
deformitiess such as hallux valgus, hammertoes and a rocker bottom deformity 
predisposingg the patient to foot ulceration. Increased foot pressures lead to the 
formationn of callus. Continued walking induces tissue ischemia, especially in 
pre-ischemicc conditions, and the formation of a necrotic eschar. Infection of the 
escharr may lead to osteomyelitis and gangrene culminating in amputation. 
Thee underlying pathological factors, consisting of neuropathy, ischemia, foot 
relatedd problems as limited joint mobility, infection and trauma, are listed in 
Tablee 1 (adapted from Sumpio).1, An estimated 60% to 70% of patients with 
diabetess have foot ulcers caused by distal sensorimotor and autonomic 
neuropathy,, 15% to 20% is caused by arteriosclerotic occlusion of the 
tibioperoneall  arteries with sparing of the pedal arteries, and 15% to 20% is 
causedd by a mixture of both.^̂  Tight glycemic control is very important as it 
retardss the progression of neuropathy, which is the most important risk factor 
forr ulceration.1" 
Thee contribution of occlusive micro vascular disease in the etiology of diabetic 
foott ulcers has not been confirmed by histology, vascular casting, or vascular 
resistancee studies and therefore this phenomenon does not play a causative 
role.14 4 
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Figuree 1. Typical diabetic ulcer. The lesion started as callus formation over a bony pressure point 
(thee metatarsophalangeal joint) in a patient with diabetic neuropathy. Prolonged exposure to 
pressuree caused further tissue ischemia, and necrosis extending to the joint. Secondary infection 
causedd erythema, edema, calor, fever, and subcutaneous pus collection. 

Tablee 1. Risk factors for the development of diabetic ulcers 

Vascular r 
Arteriall  insufficiency (atherosclerosis, vasculitis) 

Transcutaneouss oxygen pressure <30 mm Hg 
Anklee pressure ^40 mm Hg, toe pressure <30 mm Hg 

Venouss hypertension 
Neurologic c 

Sensoryy neuropathy (insensate to Semmes-Weinstein 5.07 monofilament) 
Motorr neuropathy 
Autonomicc neuropathy 

Foot-related d 
Alteredd biomechanics, limited joint mobility, bony deformity (Charcot's foot, claw 
toes,, prominent metatarsal heads, other plantar bony prominences), severe 
pathologicc changes in nails 

Infections s 
Trauma a 

adaptedadapted from 'Foot ulcers', Sumpio BE, N Engl J Med 2000:343:787- 793. 
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Thee frequency and seventy of wound infection is increased in diabetes and 
playss an important role in the chronicity of diabetic ulcers. It may be related to 
highh glucose levels or impairment of granulocytic function and chemotaxis.1' in 
addition,, there seems to be prolonged inflammation, impaired neo-
vascularization,, decreased synthesis of collagen, an abnormal pattern of 
synthesiss of extracellular matrix proteins, and decreased fibroblast 
proliferation.1'1' ' 

Diagnosis s 
Routinee laboratory measurements should include serum glucose (and. if 
elevated.. HbA,.). cholesterol and triglycerides, hemoglobin, iron, erythrocyte 
sedimentationn rate and differential leukocyte counts. Neuropathy can be 
assessedd by, most importantly, measuring the presence or absence of protective 
sensationn (e.g. using a 10-g Semmcs-Weinstein monofilament)."*  Further 
neurologicall  examination includes the thresholds for perception of vibration 
(usingg a biothesiometer), the discrimination test (pin prick test on dorsum of the 
foot),, tactile sensation (by cotton wool on dorsum of foot) and reflexes 
(Achilless tendon reflexes).19 

Adequatee assessment of the lower limb circulation should be routinely 
performedd in case of non-healing diabetic ulcers. In addition to clinical 
examination,, the anklc/brachial pressure index should be measured (values 
beloww 0.8 indicate presence of arterial insufficiency, values below- 0.5 indicate 
ann (urgent) need for revascularisation). However, in up to 30% of diabetic 
patients,, mediasclerosis prevents accurate pressure measurements, as crural 
arteriess are strongly calcified and incompressible by the blood pressure cuff.20 

Thesee patients have pscudohypertensive ankle/brachial measurements (ABI> 
1.3)) and in this case toe systolic pressures and transcutaneous oxygen pressure 
measurementss may provide additional information. Duplex scanning and finally 
diagnosticc angiography, the golden standard for imaging blood vessels, 
completee the vascular work up.:i A new- method is the multichannel 
transcutaneouss oxygen tension measurement, this portable instrument provides 
upp to six simultaneous measurements of \cpO-, instead of the former one at a 
time. . 
AA number of imaging techniques can be used to assess infection of the wound 
bed,, subcutaneous tissue and bone. Plain films of the foot are relatively 
inexpensivee and can show- soft-tissue swelling and disruption of the bone 
cortex,, however often nearly 50% of the bone may be destroyed before the 
changess arc evident on radiographs. When bony abnormalities are apparent 
radiographically,, they may be indistinguishable from those seen with 
noninfectiouss destructive lesions that occur in neuropathic osteopathy (Charcot 
foot).. Nuclear scanning methods like bone scanning or leukocyte scans rely on 
thee use of specific isotopes, either alone or linked to white cells to localize areas 
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off  infection. Together with magnetic resonance imaging (MR1) they are the 
mostt effective diagnostic techniques to detect osteomyelitis. MRI has the 
highestt sensitivity for detecting inflammation in both medullary bone and soft 
tissue,, which can be further enhanced by the use of contrast.2"1 The disadvantage 
off  both methods are their cost. MRI is increasingly available in all hospitals, 
andd a small apparatus for the foot is under development. 
Thee results of superficial swab cultures are unreliable, only 20% of these 
sampless correlate with adequately obtained material." Culturing of bone 
specimens,, obtained by per cutaneous biopsy or surgical excision, while not 
traversingg the ulcer site, is the best method to detect relevant bacteria, but is not 
alwayss feasible in daily practice.l j A prospective trial found that probing 
palpablee bone at the base of the ulcer had a higher positive predictive value than 
imagingg findings, and correlated strongly with the presence of underlying 
osteomyelitis.24 4 

Establishedd treatment options 

Thee following approaches arc supported by clinical trials or well-established 
principless of wound healing.2' 

TreatmentTreatment of infection with systemic antibiotics 
Thee initial choice of antimicrobial therapy should take into account the severity 
off  the infection and the types of organisms commonly associated with diabetic 
foott infections. Table 2 lists the main organisms that can be cultured from tissue 
orr bone in patients with diabetic ulcers and osteomyelitis.26': When no specific 
pathogenn is cultured yet, a blind choice from several antibiotics can be 
prescribed.. In Table 3 different antibiotic blind regimens are described for mild, 
moderatee and severe diabetic foot infections.4i3,2:i3 Table 4 and 5 summarize 
thee susceptibility of the different pathogens to the oral and parenteral antibiotics 
listedd in table 3. 
Ideally,, the choice of antibiotics should be guided by cultures obtained from 
curettagee material or deep tissue biopsy or, in case of osteomyelitis, infected 
bonee obtained per cutaneously or at surgery.1031 Staphylococcus aureus and 
Streptococcuss species are the most common pathogens in superficial ulcers. 
Blindd oral antibiotic therapy with flucloxacillin or dicloxacillin is advocated, 
withh clindamycin as second choice. Other possibilities include amoxicillin-
clavulanatee or ciprofloxacin (Table 3). Deeper, limb threatening infections are 
usuallyy polymicrobial and caused by aerobic Gram positive cocci, Gram 
negativee bacilli (e.g. Escherichia coli, Klebsiella species and Proteus species) 
andd anaerobes (e.g. Bacteroides species and Peptostreptococcus). Empiric 
antibioticc therapy should be directed against these pathogens (cefuroxim or 
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ceftriaxonn in combination with metronidazol or clindamycine, amoxicilline-
clavulanate,, ciprofloxacin with clindamycine).4 Severe infections or life-
threateningthreatening infections should be treated with intravenous antimicrobial agents 
withh a spectrum broad enough to cover Gram-negative and Gram-positive 
aerobess and anaerobes. 13'23,J2 A choice can be made from the following 
antibiotics;; imipenem-cilastatine, ceftazidine with clindamycine and 
piperacilline-tazobactam.. Aminoglycosides should be avoided in favor of non-
nephrotoxicc antibiotics. However, for haemodynamically unstable patients a 
shortt term treatment during the first 3-5 days with aminoglycosides is advised. 
Oncee culture and sensitivity results are available, therapy should be targeted 
specificallyy on the pathogens present (Table 4. 5). 
Afterr adequate surgical removal of necrotic tissue, antimicrobial therapy should 
bee given parenterally for 7-10 days (maximum 14 days), and continued for at 
leastt 6 weeks orally. The optimal duration of antimicrobial therapy has not been 
established.. In case of acute osteomyelitis oral therapy of 6 weeks is advised, 
afterr the initial parenteral treatment, and for chronic osteomyelitis 3-6 months 
(upp to one year). 

Tablee 2. Organisms cultured from tissue or  bone in diabetic foot infection 

Aerobic: Aerobic: 

Gram-positive Gram-positive 
Staphylococcuss aureus 
Streptococcuss species 
Enterococcuss species 
Corynebacterium m 
Bacilluss species 

Anaerobic: Anaerobic: 

Gram-positive Gram-positive 
Peptococcuss species 
Peptostreptococcuss species 
Clostridiumm species 

Gram-negative Gram-negative 
Proteuss species 
Enterobacterr species 
Escherichiaa coli 
Klebsiellaa species 
Pseudomonass aerugin. 
Morganellaa morganii 
Serratiaa marcescens 
Acinetobacter r 
Bacilluss species 

Gram-negative Gram-negative 
Bacteroidess fragilis 
Bacteroidess species 
Corynebacterium m 
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Tablee 3, Antibiotic blind treatment regimens in diabetic foot infection 

Mil dd infection / superficial infection / non limb threatening References 
oral oral 

f1ucloxacillin(Floxapen)4ddd 500 mg 4,13,28,29 
clindamycinn (Dalacin) 4 dd 300 mg 4,13,29 
amoxicillin-clavulanatee (Augmentin) 3 dd 500/125 - 1000.200 mg 13,28,29 
cephalexinn (Kcforal) 4 dd 500 mg 13 
ciprofloxacinee (Ciproxin) 2 dd 500-750 mg 

parenteral parenteral 
cephazolinn (Kefzol) 3 dd 1-2 g or cefradine (Maxisporin) 4 dd 500-1000 mg 13,28 
clindamycinn (Dalacin) 4 dd 600 mg 13 

Moderatee infection / deep infection / limb threatening 
oral oral 

ciprofloxacinn (Ciproxin) 2 dd 750 mg + clindamycin (Dalacin) 4 dd 300 mg 4,13,28 
amoxicillin-clavulanatee (Augmenting dd 500/125 - 1000/200 mg 4,28,29 

parenteral parenteral 
cefuroximm (Zinacef) 3 dd 1.5 g or ceftriaxon (Rocephin) 2 d 1 g 4 

+  metronidazol 4 dd 500 mg or clindamycin (Dalacin) 4 dd 600 mg 
cephazolinn (Kefzol) 3 dd 1-2 g '  metronidazol 3 dd 500 mg 28,29 
amoxicillin-clavulanatee (Augmentin) 3-4 dd 2000200 mg 4,29 
cefoxitinn (Mefoxin) 2-3 dd lg or ccfotaxim (Claforan) 4 dd 1 g 13 
piperacillin-tazobactamm (Tazocin) 3 dd 4g./500 mg 13 
ceftazidimm (Fortum) 3 dd 500-1000 mg 

Severee infection / sepsis / life threatening 
parenteral parenteral 

ceftazidimm (Fortum) 3 dd 1000 mg 
imipenem-cilastatinn (Ticnam) 4 dd 500 mg* 4,1 3 
ceftazidimm (Fortum) 3 dd 500-1000 mg - clindamycin (Dalacin) 4 dd 600 mg* 4 
piperacillin-tazobactamm (Tazocin) 3 dd 4g/500 mg* 4,28 
vancomycinn 2 dd 1 g + metronidazol + aztreonam (A/actam) 2-3 dd 1 -2 g 13 
flucloxacillinn (Floxapen) 6 dd 1 g * gentamycin or tobramycin 1 dd 4 mgkg 

*tobramycinee or gentamycin 1 dd 240 mg may be added first 3-5 days 4 

151 1 



ChapterChapter 7 

Tablee 4. Oral antibiotics in diabetic foot infection 

Staphylococcuss aureus MSSA 

Staphylococcuss aureus MRSA 

Staphylococcuss P-lactamase + 

Streptococcuss species 

Enterococcuss species 

Corynebacterium m 

Proteuss species 

Enterobacterr species 

Escherichiaa coli 

Klebsiellaa species 

Pseudomonass aeruginosa 

Serratiaa marcescens 

Acinetobacter r 

Peptococcuss species 

Peptostreptococcuss species 

Clostridiumm species 

Bacteroidess fragilis 

O O 

o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 

o o 

o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 

o o 

0 0 

o o 

o o 
o o 
o o 
o o 

0 0 

o o 

0 0 

o o 

o o 

o o 
o o 
o o 

o o 
o o 

o o 

o o 
o o 
o o 
o o 

o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 

MSSA:: methicillin sensitive Staphylococcus aureus 
MRSA:: methicillin resistant Staphylococcus aureus 
**  S. aureus may become resistant to clindamycin 
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Tablee 5. Parenteral antibiotics in diabetic foot infection 

Staph,, aureus MSSA 

Staph,, aureus MRSA 

Staph.. P-lactamase + 

Streptococcuss species 

Enterococcuss species 

Corynebacterium m 

Proteuss species 

Enterobacterr species 

Escherichiaa coli 

Klebsiellaa species 

Pseudomonass aerugin. 

Serratiaa marcescens 

Acinetobacter r 

Peptococcuss species 

Peptostreptococcuss sp. 

Clostridiumm species 

Bacteroidess fragilis 

O O 

O O 

o o 
o o 

o o 
o o 
o o 

o o 

o o 

o o 
o o 
o o 

o o 
o o 
o o 

o o 

o o 
o o 
o o 
o o 

o o 
o o 
o o 

o o 

o o 
o o 

o o 

o o 
o o 
o o 

o o 

o o 

o o 

o o 
o o 

o o 

o o 

o o 

o o 

o o 
o o 

o o 

o o 

MSSA:: methicillin sensitive Staphylococcus aureus 
MRSA:: methicillin resistant Staphylococcus aureus 
**  cefotaxim effective against Serratia and some Enterobacter, Pseudomonas, and Acinetobacter 
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SurgicalSurgical revascularization 
Flow-limitingg arterial lesions must be reconstructed or bypassed. Endovascular 
reconstructivee techniques include balloon angioplasty, atherectomy, endo-
vascularr laser surgery and vascular stents. Prosthetic vascular grafts, such as 
thosee made of polytetrafluoroethylene or Dacron. are used as conduits for large-
caliber,, high flow arterial systems such as the aorta and iliac arteries. The small-
caliberr vessels below the inguinal ligament are treated with autologous grafts, 
preferablyy veins which continue to be the most durable for distal bypasses.11 

ControlControl of glucose levels 
Recentt research indicates thai the incidence of both vascular and neurological 
complicationss of diabetes can be significantly reduced when intensified insulin 
therapyy maintains blood glucose concentrations at near-normal levels.'1'1" New 
methodss of delivering insulin, notably inhaled insulin, will soon provide 
alternativess to painful injections.14 Significant steps are undertaken towards 
fullyy automatic control of glucose levels by an implantable pancreas,'' 
Managementt of dysiipidemia also deserves attention. 

SharpSharp wound debridement 
Agressivee removal of all devitalized tissue at frequent intervals has been shown 
too heal neuropathic ulcers more rapidly.16 Diabetic ulcers may be undermined, 
extensivee necrosis may be present under apparently healthy surrounding skin. 
Excisionn of wound margins until vital bleeding tissue is exposed, is in itself a 
triggerr for wound healing. There are littl e data to support the use of enzymatic 
orr other non-surgical debridement strategies.1 

Off-loading Off-loading 
Relieff  of pressure from the wound area is essential for proper wound healing. 
Repetitivee trauma from poorly fitting footwear is the major cause of initial and 
recurrentt diabetic ulcers. Also, abnormal biomechanics such as limited joint 
mobilityy and structural foot deformity contribute to abnormal pressures on the 
foot.. Bed rest may allow the ulcer to heal but is very expensive and time 
consuming.. So far, there is only one randomized controlled clinical trial 
investigatingg the efficacy of total contact casting for the treatment of plantar 
foott ulceration. Armstrong and coworkers compared the effectiveness of total 
contactt casts (TCCs), removable cast walkers (RCWs), and half-shoes to heal 
neuropathicc foot ulcerations in individuals with diabetes.lS They concluded that 
withh TCC a significantly higher proportion of wounds heated in a shorter period 
thann with the two other widely used off-loading modalities. The total contact 
castt consists of a below-knee cast applied with minimal padding and designed 
too fit the lower leg like a glove. The vertical forces are evenly distributed over 
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thee sole of the foot, shear forces are reduced and the ulcer heals while the 
patientt continues to walk. This method is however contraindicated in patients 
withh infected or ischemic wounds. Edmonds et al. have shown that protective 
foott wear can reduce the risk of re-ulceration in patients with previous foot 
ulcers.399 However, data on the efficacy of therapeutic shoes is still lacking to 
datee and so is a comprehensive concept of the medical, functional, and technical 
requirementss for this type of footwear.40 Recently, Dahmen et al. described an 
algorithmm for therapeutic foot wear for the neuropathic foot in an attempt to 
establishh a link between the requirements from a medical point of view and the 
technicall  possibilities of orthopedic shoe technology.41 Non-compliance 
remainss a significant problem and patients often wear non-prescribed unsuitable 
footwear. . 

WoundWound dressings 
AA plethora of dressings is available for chronic wounds.42,43 There is no 
evidencee that any specific dressing enhances the healing rate of chronic diabetic 
ulcers.22 In general, wounds benefit from dressings that create a moist or gel-like 
environment.44'455 Winter's study in 1962 was the first study that showed 
enhancedd wound reepithelialization under occlusive dressings. Although studies 
inn chronic ulcers tend to be plagued by patient and wound related variability, 
thee beneficial effect of a moist wound environment has been well established 
sincee the first report of Winter. Controlled clinical studies have shown that 
100%% of acute wounds dressed with hydrocolloids were healed after 2 weeks 
comparedd to 63% of wounds dressed with a topical antimicrobial or gauzes.46 

Painn is significantly reduced when wounds are covered with occlusive 
dressings. . 
Thee beneficial effect of occlusive dressings appears to be related to different 
mechanisms.477 The moist environment that is created by occluding a wound 
promotess autolytic debridement, by simple hydration of necrotic eschar, and by 
creatingg conditions that are optimal for leukocyte and macrophage function and 
forr enzymatic digestion. In addition, occlusive dressings are able to create an 
oxygenn gradient between the well vascularized wound margins and the 
anaerobicc center, which may be a trigger for fibroblast and capillary 
proliferation,, and the release of growth factors by macrophages. Several other 
propertiess have been attributed specifically to hydrocolloid dressings, such as 
increasedd breakdown of dead tissue, fibrinolytic activity, and enhancement of 
interactionss between growth factors and their target cells. And finally, 
epithelializationn is accelerated because kcratinocytes migrate faster if crust 
formationn is not taking place. 
Sincee occlusive dressings facilitate the growth of anaerobic bacteria, there is 
somee hesitation to use them in diabetic ulcers, were the risk of infection is 
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increasedd and anaerobic bacteria are known pathogens. As in decubitus ulcers, it 
iss not advisable to use hydrocolloids on deep undermined necrotic ulcers, or on 
ulcerss were tendons are exposed, to avoid that bacteria-loaden exudate is locked 
underneathh and is forced in the wrong directions, in between tissues, fascia or 
withinn tendon sheets. Hydrogels can be used safely, they allow the drainage of 
woundd fluid and still create a moist environment. 
Thee costs for nursing care and patient transportation are major financial factors 
inn outpatient wound care, therefor dressings that can be left on the wound for a 
longerr period, or that can be applied at home by the patient or family may yield 
substantiall  savings.J* 

Thee majority of diabetic ulcers respond to these established treatment and 
dressingg regimens. However, approximately 15% of all patients with diabetic 
ulcerss under good control do not respond to conventional therapy and require 
thee use of advanced technologies to stimulate wound repair.47 The delay in 
woundd repair may be due to endogenous wound factors including senescent 
fibroblasts,, absence or diminished response to growth factors and abnormalities 
inn the cellular infiltrate.161 

Recentt advances'^"' "' 

RecombinantRecombinant human growth factors 

LocalLocal application 
Severall  well-characterized growth factors arc available for clinical use. The 
reportedd in vitro effects of growth factors are stimulation of cell mitosis, cell 
migration,, celi division, and an increase in matrix synthesis."''' In fetal 
mesangiall  cells, insulin like growth factor I (IGF-I) stimulated protein and 
proteoglycann synthesis. This stimulation increased with high glucose 
concentration."44 Topical application of platclct-derived-growth factor AB 
(PDGF-AB)) and transforming growth factor a (TGF-OE) has been reported to be 
successfull  in accelerating healing of full-thickness wounds in normal mice; 
basicc fibroblast growth factor (bFGF) normalized the delayed wound healing 
responsee in diabetic mice.55'5f> 

Variouss growth factors have been studied but the results of clinical trials with 
recombinantt human growth factors still remain disappointing. The available 
randomizedd controlled trials of growth factors suggest only potentially benefit 
fromm CT-102, which is derived from platelet supernatant and contains a number 
off  platelet-derived factors, and rhPDGF, a recombinant platelet derived growth 
factor.. The use of CT-102 was more effective than placebo in healing wounds, 
thee volume reduction was significantly greater and the rate of healing was 
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significantlyy faster.57 Recombinant deoxyribonucleic acid (DNA) technology 
hass been used to produce large quantities of specific growth factors. So far the 
onlyy recombinant prescription formulation approved by the FDA is becaplermin 
(rh-PDGF-BBB or Regranexx, Janssen-Cilag). In a 20-week study reported by 
Steedd et al., PDGF-BB was compared to placebo in large study groups that 
receivedd standard wound care. PDGF-BB demonstrated a significant higher 
percentagee of patients that reached complete wound healing versus placebo 
(48%% in the treatment group versus 25% in the control group).>R The incidence 
off  recurrence in the PDGF-treated groups was 30%, the same as in the placebo 
group.599 On the basis of one small pilot study, there is no evidence for the use of 
rbFGF.60611 EGF has not been studied in a randomized controlled fashion for the 
treatmentt of diabetic ulcers. 
Woundss that appear chronic in time are more likely to have senescent 
fibroblasts.fibroblasts. These fibroblasts have lost their proliferative capacity and are not 
expectedd to respond normally to endogenous or exogenous growth factors in the 
woundd milieu. Therefore removing senescent cells, nonviable tissue and fibrotic 
tissuee is a vital step towards improved wound healing. The application of a 
singlee growlh factor may very likely not be able to accelerate healing of all 
typess of chronic wounds. In a preclinical study we showed that the addition of a 
combinationn of PDGF and IGF-I to diabetic ulcer derived fibroblasts induced 
higherr stimulatory effects than the addition of PDGF alone.62 Combinations of 
growthh factors or sequential use of growth factors may be the future solution to 
acceleratee the wound healing process. 

SystemicSystemic application 
Inn a randomized controlled trial the effect of 7 days treatment with 
subcutaneouss injections with G-CSF (granulocyte-colony-stimulating factor) 
wass compared to placebo in diabetic ulcer patients. There was a statistically 
significantt reduction in median time to hospital discharge (10 vs. 17.5 days), 
cellulitiss was resolved in 55% of patients receiving G-CSF, versus 20% in the 
placeboo group, and healing occurred in 21% of patients treated writh G-CSF 
versuss 0% in the placebo group.63 In a recently published randomized 
prospectivee controlled trial, the administration of recombinant G-CSF for 3 
weekss as an adjunctive therapy for limb-threatening diabetic foot infection was 
associatedd with a lowrer rate of amputation within 9 weeks after the start of 
standardd therapy/*4 
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ExtracellularExtracellular matrix molecules 
InIn a randomized placebo-controlled trial 65 diabetic patients with chronic 
neuropathicc foot ulcers were treated twice weekly for up to 10 weeks with an 
arginine-glyccrine-asparticc acid peptide matrix. This matrix promoted and 
acceleratedd the healing of diabetic ulcers to a significant degree compared to 
controls."'' Another single-blind randomized trial studied arginine-glyeerine-
asparticc acid peptide in combination with hyaluronic acid (Hyaff* ) and achieved 
healingg in 25 % of the ulcer patients versus 2% of the placebo patients/'6 

AA new development is the use of small intestinal submucosa (SIS), extracted 
fromm porcine small intestine, as a biomaterial dressing. This acellular 
collagenouss sheet, also used as a vascular graft, recently received clearance by 
thee FDA for temporary coverage of partial thickness skin wounds.(;,'l h 

Bio-engineeredBio-engineered skin substitutes 
Skinn substitutes are biodegradable structures which consist of an epidermal 
and/orr dermal component.69," In diabetic ulcers the dermis is partially or totally 
destroyed.. Graitskin or Apligraf*  is an allogeneic biiayered skin equivalent 
consistingg of an upper layer with keratinoeytes and a lower, dermal layer of 
collagenn seeded with fibroblasts. In a randomized prospective trial the weekly 
applicationn of Graftskin for a maximum of 4 weeks resulted in complete wound 
healingg at 12 weeks in 56% of the ulcer patients (n=l 12) and 38% in the control 
groupp (n=96). ' ; Gentzkow et al.'J studied Dermagraft\ a bioabsorbable 
polyglactinn mesh seeded with neonatal fibroblasts, and showed 50% healing in 
thee diabetic ulcer group versus 7,7% in the control group after 8 weeks of 
treatment.. There was no significant difference in recurrence rate of ulcers 
betweenn the two groups. The number ofpatients in this study is small (12 vs 13, 
resp.).. A subsequent randomized study with 281 patients failed to show a 
beneficiall  effect of Dermagraft. The investigators suggested that a production 
problemm resulting in mctabolically inactive skin substitutes explained the 
discrepancy."'' A future trial must reveal the answer. 
Inn cases were rapid epithelialization or a firm end result is required, e.g. in 
patientss with recurrent ulcers or ulcers over bony prominences, full thickness 
autologouss punch grafting can be considered. 5 

HyperbaricHyperbaric oxvgen, light therapy, ultrasound and electrical stimulation 
Accordingg to the AHCPR guidelines (Agency for Health Care and Research 
Pressuree Ulcer Treatment Guidelines) the therapeutic efficacy of hyperbaric 
oxygenoxygen (HBO), light therapies (infrared, ultraviolet and low energy laser 
irradiations^)irradiations^) and ultrasound has not been sufficiently established to permit 
recommendationn of these therapies for the treatment of pressure ulcers.42 In the 
currentt literature there is one well-designed prospective randomized clinical 
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triall  on the effect of systemic hyperbaric oxygen for the treatment of diabetic 
ulcers.. This study included 35 subjects with primarily ischemic ulcers in the 
HBOO group and 33 subjects in the control group. An amputation ratio of 2 out 
off  22 (9.1%) treated patients versus 11 out of 20 (55%) control patients was 
established.. '8 

Noo randomized controlled studies are known for infrared treatment, ultraviolet, 
laserr treatment or ultrasound therapy. 
Onee randomized controlled clinical trial of two different forms of electrical 
stimulationstimulation revealed that a pulsed asymmetric biphasic waveform increased 
healingg by nearly 60% of the diabetic ulcers over controls, whereas a square 
waveformm did not increase healing over controls. 9 Also Peter and coworkers 
showedd in a randomized controlled clinical trial that electric stimulation 
(high-voltage,, pulse-galvanic) enhances wound healing when used in 
conjunctionn with appropriate off-loading and local wound care.80 Electrical 
currentt applied to wounded tissue increases the migration of neutrophils and 
macrophagess and stimulates fibroblasts, thereby increasing collagen 
synthesis.81'8' ' 

TopicalTopical negative pressure 
Theree is an indication that topical negative pressure, using suction to drain 
excesss fluid from wounds, promotes wound healing. The constant controlled 
forcess supposedly cause cellular stretching and stimulate a mitotic response 
resultingg in fibroblast proliferation and angiogenesis. Topical negative pressure 
wass studied in two randomized controlled clinical trials (RCT).8iM The first trial 
byy Joseph et al. considered patients with any type of chronic wounds, the other 
RCTT studied patients with diabetic foot ulcers only. They reported a reduction 
inn the number of days until healing and in wound surface area at 2 weeks in 
favorr of topical negative pressure. 

PharmacotherapyPharmacotherapy for the treatment of peripheral vascular disease 
Pentoxifylline,, officially defined as a hemorrheological agent that improves 
deformabilityy of stiff red blood cells, has been used for peripheral vascular 
diseasee to improve distal flow, but no randomized controlled large-scale 
prospectivee trials show benefit in diabetic patients.s; Kctanserin, a selective 
serotoninn antagonist, was studied in 2 randomized controlled trials.*6-*7 The 
largestt trial by Martinez ct al/7 implied a clinically important benefit from 
topicallyy applied ketanserin for diabetic neurotrophic foot ulcers when used in 
additionn to comprehensive care. 
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GeneGene transfer therapy 
Margoliss et al.*8 recently presented a phase I clinical trial to evaluate the safety 
off  using an adenovirus vector for gene transfer of PDGF-BB into diabetic ulcers 
byy local injection. 
Thiss trial was designed to improve the disappointing clinical results of the 
efficacyy of growth factors for the treatment of diabetic ulcers. Further studies 
aree required to evaluate the efficacy and safety. 

OzonOzon and warming therapy 
Exposuree to ozon-enriched oxygen. 20 minutes a day. has been propagated as 
healing-inducingg in several subtypes of chronic wounds like diabetic ulcers, but 
clinicall  studies confirming this hypothesis are not yet available. Warming 
therapyy has not been fully evaluated with controlled clinical trials for chronic 
diabeticc wounds. 

PreventivePreventive measures 
Thee effectiveness of injecting liquid silicone in the diabetic foot to reduce risk 
factorss for ulceration was investigated in a randomized double-blind 
placebo-controlledd trial.M All patient were injected with either silicone or saline 
underr the metatarsal heads at sites of calluses or high pressures. Patients wrho 
receivedd silicone injections had a significantly increased plantar tissue thickness 
andd decreased plantar pressures. A trend was noted towards a reduction of 
calluss formation in the silicone-treated group compared with no change in the 
placeboo group. 
Finally,, patient education increases their awareness of potential hazards 
(pressure,, minor skin trauma) and reduces infection and ulcer recurrence. In a 
studyy wrere diabetic patients were given specific foot instructions by their 
physicians,, less than half the number of serious foot lesions over the ensuing 12 
monthss were reported in the intervention group compared to a control group 
thatt received no special instructions.90 
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Chapterr  1: Introductio n and aims of the studies 

NormalNormal versus disturbed wound healing 
Thee physiological process of wound repair can be subdivided in several 
consecutive,, partly overlapping phases: hemostasis, inflammation and 
debridement,, proliferation, epithelialization and finally remodeling. In any 
phasee complications may occur or underlying disturbances may hinder or delay 
thee normal progress to the next phase. As a consequence, the wound healing 
processs wil l be delayed. When the delay is significant the wound is called 
chronic. . 

ImpairmentImpairment of wound healing in diabetes mellitus 
Clinicall  and experimental studies show that diabetic patients as a group 
experiencee impaired wound healing. There is abundant experimental evidence 
thatt neutrophil chemotaxis, phagocytosis and intracellular killin g are inhibited 
byy hyperglycemia or an yet unknown serum factor. In wounds in non-obese 
diabeticc strains of mice (genetically diabetic mice) a reduction in collagen 
accumulationn and tensile strength were observed when compared to non-
diabeticc control mice. There is clinical evidence that maintaining glucose levels 
att acceptable levels (below 10 mmol.1) is an important step towards improved 
woundd healing. However, when compared with healthy subjects, the wound 
healingg process remains perturbatcd for unknown reasons. 

ResearchResearch design 
Basedd on the clinical observation that epithelialization can proceed normally in 
diabeticc patients as soon as the quality of the wound bed has improved, and 
basedd on the disappointing results of clinical studies with growth factors that 
acceleratee epithelialization, we hypothesized that the disturbances are located in 
thee two preceding phases, the proliferation phase or the inflammation and 
debridementt phase. The predominant cell types in these phases are 
granulocytes,, macrophages, lymfocytes and fibroblasts. During the repair 
processs the extracellular matrix is sequentially remodeled and rebuilt by the 
actionn of these cells and their products. 

Too address the question of disturbed healing in diabetic patients we therefore 
focusedd on: 

 the architecture of the extracellular matrix 
 the composition of the cellular infiltrate 
 the proliferation rates of fibroblasts 
 the effect of growth factors on fibroblast proliferation rates 
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Forr this reasons the following groups were studied and compared with each 
other: : 

1.. chronic diabetic ulcers in patients with non-insulin-dcpcndcnt diabetes 
mellitus s 

2.. chronic ulcers in patients without diabetes mellitus 
3.. normal (non-lesional) skin of the upper leg of patients with non-insulin-

dependentt diabetes mellitus 
4.. normal (non-lesional) skin of the upper leg of patients without diabetes 

mellitus,, the so called 'age-matched controls' 

Chapterr  2: Chronic wounds 

Thee main cause of chronic leg ulcers are venous insufficiency, arterial 
insufficiency,, diabetes, decubitus or combinations of these well known etiologic 
factors.. The small rest group of underlying disorders consists of vasculitis, 
infectionss and rare causes like malignancies, pyoderma gangrenosum, or 
ulceratingg skin diseases. 
Inn Western countries, the incidence of leg ulceration is rising as a result of the 
ageingg population and increased risk factors for atherosclerotic occlusion like 
smoking,, obesity and diabetes. This chapter gives a complete overview of 
commonn and rare causes of leg ulceration, with a focus on differential 
diagnosis,, and an up-to-date discussion on recent advances in treatment options. 

Chapterr  3: The architecture of the extracellular  matri x and the 
compositionn of the cellular  infiltrat e in chronic diabetic ulcers 

Inn normal wound healing, the consecutive phases such as hemostasis, 
inflammationn and debridement, proliferation and remodeling, can be identified 
byy characteristic patterns of cellular infiltrate and extracellular matrix (ECM) 
deposition.. In this chapter we studied the expression of the extracellular matrix 
moleculess fibronectin (FN), chondroitin sulfate (CS) and tenascin (TN) and the 
compositionn of the cellular infiltrate in chronic diabetic wounds, compared with 
chronicc venous ulcers and an acute wound healing model. In the acute wound 
model,, acute wounds were created on the upper leg at day 0 and wound healing 
wass followed in time by collecting tissue samples at day 5,19 and 28 days post 
woundingg (p.w.) and 12 and 18 months p.w. 
Inn normal skin, FN can only be detected in blood vessels, CS and TN can be 
foundd in the basement membrane. Expression of FN, CS and TN was detected 
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inn dermal tissue early in normal wound healing (5-19 days p.w.). Abundant 
stainingg was seen 3 months p.w., returning to prewounding levels after 12-18 
monthss p.w. In the dermis of chronic diabetic and venous ulcers with a duration 
off  12 months or more, a prolonged presence of these ECM molecules was 
noted.. Compared with normal wound healing less T-helpers cells were present 
inn chronic wounds but a significantly higher number of macrophages, B-cells 
andd plasma cells were present in the edge of both type of chronic ulcers 
comparedd with the acute wound healing model. 

Chapterr  4: Macrophages in chronic diabetic wounds express the activation 
markerr  MRP8/14 

Macrophagess play a crucial regulator}' role in the transition between wound 
inflammationn and the next phase of wound repair, granulation tissue formation. 
Theirr presence is essential for the initiation and maintenance of wound 
fibroblastt activity. The ulcer edges of diabetic and venous ulcers are mainly 
populatedd by macrophages, however they seem to be unable to direct the repair 
processs towards the proliferative phase. An explanation might be that the 
macrophagess that are present are not (or partially) activated. In Chapter 4 we 
investigatedd the expression of the activation marker MRP8/14 on macrophages 
presentt at the margin of chronic non-healing diabetic wounds versus acute, 
healingg wounds. 
Activatedd macrophages were detected early in normal wound healing (5-19 
dayss p.w.) where they remain present towards 4 weeks p.w. and are mainly 
localizedd in the perivascular areas. Expression of MRP8/14 on macrophages 
wass detected through all layers of the dermis in chronic wounds, with particular 
densee aggregates in perivascular areas. Significantly more activated 
macrophagess were present in diabetic ulcers compared with venous ulcers; in 
acutee wounds, about the same amounts of activated macrophages were counted. 
Inn venous ulcers less activated macrophages were present compared with any 
dayy in the acute wound healing model, although not significant. There was a 
significantt correlation between the age of the patients and the number of 
activatedd macrophages, in older patients less activated wound macrophages 
weree detected. In conclusion, macrophages within chronic diabetic ulcers 
appearr to maintain an activated phenotype as they migrate into the tissue. 
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Chapterr  5: Diabetic ulcer  fibroblasts show disturbed proliferatio n 
comparedd with controls 

Inn this chapter, we investigated the most important cell in the proliferation 
phasee of wound healing, the fibroblast. Light microscopy showed diabetic ulcer 
fibroblastss to be large and widely spread. Transmission electron microscopy of 
culturedd diabetic ulcer and nonlesional diabetic skin fibroblasts revealed a large 
dilatedd endoplasmic reticulum, a lack of cytoskelet elements (microtubuli) and 
multiplee lamellar and vesicular bodies suggestive for accumulation of 
membranee structures. Diabetic ulcer fibroblasts, as measured by 3[H] Thymidine 
incorporation,, proliferated significantly more slowly than their controls in the 
followingg declining order: age-matched fibroblasts; non-lesional diabetic 
fibroblasts;; chronic wound fibroblasts; diabetic ulcer fibroblasts. 

Chapterr  6: Diabetic ulcer  fibroblasts show a diminished response to growth 
factorss compared with controls 

Finally,, we investigated if we could stimulate the diminished proliferation rate 
off  diabetic ulcer fibroblasts with (combinations of) several growth factors that 
aree reported to be important in wound healing. Growth factors are specific 
proteinss that can act as mitogens for several target cells. For example, some are 
ablee to induce fibroblast proliferation, to promote new vessel formation, or to 
enhancee extracellular matrix production; they also attract inflammatory cells 
andd fibroblasts to the wound site. A number of clinical and experimental studies 
withh growth factors have been published with sometimes contradictory results. 
Upp to date only platelet derived growth factor (PDGF-BB) has proven to be 
moree effective than placebo in a clinical controlled study for the treatment of 
diabeticc ulcers. However, littl e work is done on the working mechanisms of 
singlee or combinations of growth factors on fibroblasts derived from diabetic 
ulcers.. Most growth factors have been characterized by their capacity to induce 
mitosiss in different cell types. These mitogens can be grouped according to their 
sequencee of action in the cell cycle. Competence factors, exemplified by 
fibroblastt growth factor (bFGF) and platelet derived growth factor (PDGF-AB) 
actt by making quiescent cells (in GO Phase of the cell cycle) competent to 
respondd to a second group of growth factors, the progression factors. Insulin-
likee growth factor (IGF-I) and epidermal growth factor (EGF) appear to drive 
cellss through Gl of the cell cycle into DNA synthesis and are examples of 
progressionn factors. We studied the effect of these growth factors on the 
proliferationn rates of diabetic ulcer fibroblasts and their controls. 
Fibroblastss from diabetic ulcers always proliferated at a lower rate than their 
controlss after the same growth factor addition(s), this was most pronounced 
afterr the addition of IGF-I. When comparing the mitogenic effects induced by 
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PDGF-AB,, bFGb, IGF-I and LGF, PDGF-AB had the highest stimulatory effect 
inn all fibroblast groups, and IGF-1 the lowest. The simultaneous addition of 
FGF-IGF,, PDGF-IGF and FGF-PDGF to diabetic ulcer fibroblasts always 
producedd a higher stimulator}1 response than sequential additions, this effect 
wass not observed in the control fibroblasts. Significant differences were 
observedd when comparing the combinations of growth factors with the highest 
stimulator}'' responses (PDGF-IGF, FGF-PDGF and FGF-PDGF added 
simultaneously)) to a double dose of PDGF; the highest stimulator}' effect was 
obtainedd with the combination PDGF-IGF. In conclusion, the simultaneous 
applicationn of PDGF-AB and IGF-I seems to be more promising for diabetic 
ulcerss than the application of PDGF alone. 

Chapterr  7: The diabetic foot: advances in diabetic wound care 

Foott problems are an important cause for morbidity in diabetic patients. Among 
personss with diabetes, approximately 15% will develop a foot ulcer during their 
lifetime.. In the Netherlands approximately 12,000 patients had a foot ulcer in 
thee year 2000. These ulcers arc responsible for 6-20% of all hospital admissions 
forr these patients. The duration of the hospital admission will increase with 59% 
iff  there is an ulcer. Ulceration in the diabetic foot usually results from the 
combinationn of neuropathic damage, tissue ischemia and excessive pressure 
loading.. These ulcers might easily become infected and osteomyelitis and 
gangrenee may develop, finally resulting in amputation. 
Thee healing of a diabetic ulcer is slow, the mean treatment duration varies from 
1.55 to 3 months, but longer healing times are no exception. Several factors are 
probablyy responsible for the impaired wound healing, such as diminished 
fibroblastt proliferation and diminished response to growth factors, changes in 
thee architecture of the ECM and the cellular infiltrate, decreased antimicrobial 
activityy of leukocytes and tissue ischemia. 
Thee main principles of treatment are relief of any pressure at the wound site, 
aggressivee surgical debridement, adequate control of infection, arterial 
reconstructionn if necessary', and strict control of glucose levels. The majority of 
diabeticc ulcers respond to this treatment regimen. However, approximately 15% 
off  all patients with ulcers under good control do not respond to conventional 
therapyy and require the use of advanced technologies to stimulate wound repair. 
Thiss chapter discusses diagnosis and established treatment options and focuses 
onn recent advances in treatment such as special wound dressings, growth 
factors,, extracellular matrix products, skin substitutes and hyperbaric oxygen 
therapy. . 
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Conclusions s 

Whilee in acute wounds the inflammatory phase is of short duration and directed 
att removal of bacteria and dead tissue, in chronic wounds there is a prolonged 
inflammatoryy phase. The presence of high numbers of inflammatory cells like 
macrophagess without any evidence of autodigestion, and a large amount of 
extracellularr matrix molecules with no signs of degradation or remodeling, 
suggestt that these wounds are frozen in a chronic low-grade inflammatory state. 
Thee observed morphological abnormalities of the diabetic ulcer fibroblasts 
(largee cell volumes suggestive of a hypertrophic phenotype) together with the 
reducedd proliferative capacity and the diminished response to growth factors are 
suggestivee for ageing. A possible explanation might be that in patients with 
diabetess there is an increased cell turnover due to high glucose levels which 
bringss along prematurely changes of aging. The additional detrimental effect of 
thee proteolytic wound environment, as observed in the diminished proliferation 
ratess of chronic wround fibroblasts, further impairs fibroblast proliferation rates 
andd might be responsible for the fact that diabetic ulcer fibroblasts are further 
alongg the senescent pathway than the control fibroblasts. 

Ourr main observations in the search for disturbances in wound healing in 
patientss with diabetic ulcers are: 

 there is prolonged expression of the extracellular matrix molecules 
fibronectin,, chondroitin sulfate and tenascin in the dermis of chronic 
diabeticc ulcers compared with acute wounds 

 a higher number of macrophages, B-cells and plasmacells and reduced 
numberss of CD4+ T-cells are present in the dermis of chronic wounds 
comparedd with acute wrounds 

 macrophages in chronic diabetic ulcers express the activation marker 
MRP8/14 4 

 diabetic ulcer fibroblasts show a diminished proliferative capacity and 
abnormall  morphology compared with control fibroblasts. 

 PDGF-AB has the highest stimulatory effect on diabetic ulcer fibroblasts. 
Thee simultaneous addition of PDGF-AB and IGF-I might be even more 
promisingg for diabetic ulcers than the commercially available PDGF. 

Thesee abnormalities in the cellular infiltrate and ECM expression patterns of 
acute,, healing versus chronic wounds indicate a stagnation in the wound healing 
processs in the phase of inflammation and debridement and in the phase of 
proliferation. . 
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Hoofdstukk 1: Inleidin g en onderzoeksopzet 

NormaleNormale versus gestoorde wondgenezing 
Normalee wondgenezing verloopt volgens een goed georganiseerd proces. 
Hierbijj  worden achtereenvolgens de volgende fasen doorlopen: de fase van 
hemostase,, de onstekingsfase, de prolifcraticfasc, de fase van epithelialisatie en 
uiteindelijkk de fase van remodellering. Als er complicaties optreden, of als er 
eenn onderliggende stoornis aanwezig is die overgang naar de volgende fase 
belemmert,, kan het wondgenezmgsproces echter worden verstoord of vertraagd. 
Dee wond kan dan niet spontaan, volgens het normale patroon, genezen maar 
wordtt chronisch. 

GestoordeGestoorde wondgenezing hij diabetes mcllitus 
Patiëntenn met diabetes mellitus kampen vaak met een gestoorde wondgenezing. 
Uitt eerder experimenteel onderzoek is gebleken dat een verhoogde glucose 
spiegell  tot veranderingen leidt in de ontstekingsfase en de afzetting van 
collageenn vermindert. Experimentele wonden bij diabctischc muizen kunnen na 
genezingg minder trekkracht verdragen. Uit de kliniek is bekend dat na het 
opnieuww instellen van een patiënt met ontregelde glucose spiegels de 
wondgenezingg voorspoediger verloopt, In vergelijking met de gezonde patiënt 
blijf tt er echter een algemene stoornis in de wondgenezing bestaan waarvan de 
oorzaakk nog niet opgehelderd is. 

OnOn derzo eksopzet 
Gebaseerdd op de klinische waarneming dat de fase van epithelialisatie normaal 
verlooptt op het moment dat de kwaliteit van het wondbed verbetert, en op basis 
vann de tegenvallende resultaten van klinische studies met groeifactoren gericht 
opp het versnellen van de epithelialisatie, formuleerden we de hypothese dat 
eventuelee stoornissen in de wondgenezing zouden kunnen liggen in de hieraan 
voorafgaandee fasen, namelijk de ontstekingsfase en de fase van proliferatie. 
Inn deze fasen van de wondgenezing spelen ontstekingscellen en 
bindweefselcellenn (fibroblasten) een belangrijke rol. Naast deze cellen is de 
wrondmatrix,, ofwel extracellulaire matrix, eveneens van belang omdat deze de 
cellenn geleidt, activeert, deactiveert en kan dienen als opslagplaats voor diverse 
mediatoren. . 
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Omm meer inzicht te krijgen in het proces van verstoorde wondgenezing 
bestudeerdenn we daarom: 

 de architectuur van de wond matrix 
 de samenstelling van het cellulaire infiltraat 
 de groeisnelheid van fibroblasten 
 het effect van verschillende groeifactoren op de vermenigvuldiging van 

fibroblasten n 

Daartoee werden de volgende groepen met elkaar vergeleken: 

1.. chronische diabetische wonden van patiënten met niet-insuline-
afhankelijkee diabetes mellitus 

2.. chronische wonden van patiënten zonder diabetes mellitus 
3.. normale (non-lesionale) huid uit het bovenbeen van patiënten met 

diabetess mellitus 
4.. normale (non-lesionale) huid uit het bovenbeen van patiënten zonder 

diabetess mellitus, de zogenaamde 'age-matched controles'. 

Hoofdstukk 2: Chronische wonden 

Dee belangrijkste oorzaken van chronische wonden zijn niet goed sluitende of 
afwezigee kleppen van de afvoerende vaten (veneuze insufficiëntie), 
vernauwingenn in de aanvoerende vaten (arterieel vaatlijden), diabetes, 
'doorliggen'' (decubitus) en combinaties van deze factoren. De restgroep bevat 
uiteenlopendee oorzaken zoals ontstekingen van de vaatwand (vasculitis), 
infectiess en zeldzame entiteiten zoals maligniteiten of pyoderma gangrenosum. 
Tenn gevolge van de vergrijzing neemt het aantal patiënten met chronische 
wondenn gestaag toe. Dit hoofdstuk geeft een volledig overzicht van alle 
categorieënn chronische wonden met hun oorzaken. Tevens wordt de te 
verrichtenn diagnostiek besproken en komen enkele nieuwe inzichten met 
betrekkingg tot de behandeling van chronische wonden aan de orde. 
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Hoofdstukk 3: De architectuur  van de diabetische wond matri x en de 
samenstellingg van het ontstekingsinfiltraat 

Inn de normale vvondgenezing kunnen de opeenvolgende fasen geïdentificeerd 
wordenn door een karakteristiek patroon van depositie van extracellulaire 
matrixmoleculenn en door de samenstelling van het infiltraat. In dit hoofdstuk 
bestudeerdenn we de expressie van de extracellulaire matrix eiwitten 
fibronectine,, chondroïtinesulfaat en tenascine, en de samenstelling van het 
ontstekingsinfiltraatt in een acuut wond mode! (op dag 0,5,18 en 28) en 
vergelekenn deze met chronische diabetische wonden en vencuze wonden. In het 
acutee wond model wordt op dag 0 een wond gemaakt en wordt de 
wondgenezingg in de loop van de tijd gevolgd door de wond op gedefinieerde 
tijdpuntenn opnieuw te onderzoeken. In de normale huid zien we fibronectine 
alleenn in de bloedvaten, chondroïtinesulfaat en tenascine komen voor in de 
basaalmembraan.. Achttien dagen na verwonding is er een duidelijke toename 
vann fibronectine, chondroïtinesulfaat en tenascine in de dermis te zien die 
aanwezigg blijf t tot 3 maanden na verwonding om vervolgens geleidelijk af te 
nemen.. Een jaar na verwonding heeft de situatie zich genormaliseerd. In de 
dermiss van alle chronische wonden (twaalf maanden bestaand of langer) was 
meerr fibronectine, chondroïtinesulfaat en tenascine aanwezig in vergelijking tot 
dee acute wonden. Immunophenotypering van het cellulaire infiltraat in 
chronischee wonden liet een kleiner aantal T-helper ontstekingscellen zien maar 
eenn groter aantal andere ontstekingscellen, zoals macrofagen, B-cellen en 
plasmacellen,, in vergelijking tot het acute wond model. 

Hoofdstukk 4: Macrofagen in diabetische wonden brengen de activatie-
markerr  MRP8/14 tot expressie 

Macrofagenn spelen niet alleen een rol bij het opruimen van (beschadigd) 
weefsel,, maar zijn tevens onmisbaar voor de opbouw van een nieuwe 
weefsclmatrix.. In chronische wonden zonder genczingstendens worden ze in 
grotenn getale aangetroffen. Desondanks stagneren deze wonden in de genezing. 
Eenn verklaring zou kunnen zijn dat de macrofagen weliswaar aanwezig maar 
niett (voldoende) actief zijn. In dit hoofdstuk bestudeerden we de expressie van 
dee activatiemarker MRP8/14 op macrofagen in acute wonden versus niet 
genezende,, chronische wonden. Geactiveerde macrofagen verschijnen 5 dagen 
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naa verwonding perivascular waar ze aanwezig blijven tot 1 maand na 
verwonding.. In chronische wonden detecteerden we geactiveerde macrofagen 
zowell  perivasculair als in de vrije dermis. Significant meer geactiveerde 
macrofagenn waren aanwezig in diabetische ulcera in vergelijking tot veneuze 
ulceraa en even veel als in acute wonden. In veneuze ulcera waren minder 
geactiveerdee macrofagen aanwezig in vergelijking tot elke dag van het acute 
wondd model, echter dit verschil was niet significant. Er was een significante 
correlatiee tussen leeftijd en aantal geactiveerde macrofagen in de chronische 
wonden,, hoe ouder de patiënt hoe minder geactiveerde macrofagen. 
Concluderendd lijken macrofagen hun geactiveerde status te behouden in 
diabetischee ulcera wanneer zij vanuit het bloedvat het weefsel in migreren. 

Hoofdstukk 5: Diabetische wondfibroblasten verdubbelen zich minder  snel 
dann de controle fibroblasten 

Vervolgenss besloten we de hoofdrolspeler in de volgende fase van de 
wondgenezing,, de fibroblast, nader te onderzoeken. Bij microscopisch 
onderzoekk blijken de fibroblasten geïsoleerd uit diabetische ulcera morfologisch 
afwijkendd te zijn. Het zijn grote fibroblasten met een uitgestrekt cytoplasma en 
talrijkee uitlopers, in tegenstelling tot de slanke langgerekte fibroblasten uit de 
huidd van gezonde controles. Elektronenmicroscopisch onderzoek laat 
vervolgensvervolgens een opvallend sterk verwijd endoplasmatiseh reticulum zien, het 
ontbrekenn van cytoskelet-elementen (microtubuli) en het aanwezig zijn van 
multiplee lamellairc en vesiculaire body's die opstapeling van lipidestructuren 
waaronderr membranen suggereren. Tevens blijken de diabetische wond 
fibroblastenn zich minder snel te delen dan de controle fibroblasten. De 
verdubbelingssnelheidd van de onderzochte fibroblasten populaties neemt af in 
dee volgende volgorde: fibroblasten geïsoleerd uit non-lesionale huid van 
gezondee patiënten; non-lesionale diabetische fibroblasten; chronische wond 
fibroblastenn en diabetische wond fibroblasten. 
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Hoofdstukk 6: Fibroblasten uit chronische diabetische wonden reageren 
minderr  goed op de stimulerende activiteit van groeifactoren dan de 
controlee fibroblasten 

Tott slot hebben we bestudeerd of we met een aantal (combinaties van) 
groeifactorenn de waargenomen verminderde delingscapaciteit van de 
diabetischee wond fibroblasten konden normaliseren. Groeifactoren werden 
ontdektt in de jaren zeventig en tachtig. Het zijn specifieke eiwitten die o.a. de 
celdelingg bevorderen, bijdragen aan de vorming van nieuwe bloedvaten en aan 
dee productie en afbraak van bindweefsel, maar ook zorgen voor het aantrekken 
vann ontstekingscellen en fibroblasten naar de wond. Er zijn talloze klinische 
studiess gedaan naar het effect van groeifactoren op chronische wonden; tot nu 
toee is alleen van 'platelet-denved' groeifactor (PDGF) een significant, doch 
bescheiden,, stimulerend effect op de wondgenezing aangetoond bij diabetische 
uleera.. Het effect van (combinaties van) PDGF en andere groeifactoren op cel 
niveau,, bij fibroblasten daadwerkelijk geïsoleerd uit diabetische wonden, is nog 
niett duidelijk. 
Groeifactorenn kunnen worden onderverdeeld in competentie factoren en 
progressiee factoren. Competentie factoren brengen de cel van de rustfase naar 
dee Gl fase, progressiefactoren van de Gl fase tot celdeling (DNA 
verdubbeling).. Wij onderzochten het effect van PDGF en fibroblastgroeifactor 
(FGF),, beide competentie factoren, en 'insulin-like' groeifactor (IGF) en de 
epidermalee groeifactor EGF, beide progressie factoren, op de proliferatie van 
diabetischee wrond fibroblasten en de controle groepen. Fibroblasten uit 
diabetischee wonden groeiden altijd minder snel dan de controle fibroblasten bij 
dezelfdee groeifactor(cn) tocvoeging(en), dit was het duidelijkst na het 
toevoegenn van 1GF-L PDGF is de meest potente groeifactor en geeft de hoogste 
stimulatiegetallenn in alle fibroblasten populaties. Na statistische analyse op de 
krachtigstee groeifactor bleek de hoogste rank voor PDGF te zijn en de laagste 
voorr IGF-I. De gelijktijdige toevoeging van 2 groeifactoren aan diabetische 
wondd fibroblasten was altijd beter dan opeenvolgende toevoeging (eerst 
groeifactorr 1 en later groeifactor 2) in alle mogelijke combinaties. Dit was niet 
hett geval voor de controle fibroblasten. Combinaties van groeifactoren zoals 
IGF,, FGF of EGF met PDGF, indien gelijktijdig toegediend, blijken tot de beste 
resultatenn in stimulatie te leiden voor diabetische wond fibroblasten. Wanneer 
wee de stimulatie resultaten van deze combinaties van groeifactoren vergelijken 
mett die van PDGF (dubbele dosis), nu in gebruik voor de behandeling van 
diabetischee wonden, blijkt de combinatie PDGF en IGF nog beter te zijn dan 
PDGFF alleen. 
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Hoofdstukk 7: De diabetische voet: huidige inzichten op het gebied van 
wondbehandeling g 

Vann alle diabetes patiënten wordt 15% ten minste eenmaal in het leven 
geconfronteerdd met een voerwond. Berekend kan worden dat op dit moment in 
Nederlandd minimaal 12.000 patiënten met diabetes een voerwond hebben. 
Dergelijkee wonden zijn verantwoordelijk voor 6-20% van alle 
ziekenhuisopnamenn die deze patiënten ondergaan. De opnameduur in een 
ziekenhuiss van een dergelijke patiënt neemt gemiddeld met 59% toe als er 
sprakee is van een wond. Deze gevreesde complicatie van diabetes meilitus 
maaktt in ernstige gevallen een amputatie van het onderbeen noodzakelijk. Bij 
hett ontstaan van een voerwond speten vaak verschillende factoren tegelijk een 
rol.. De belangrijkste factoren zijn beschadigingen aan het zenuwstelsel 
(motorische,, sensorische en autonome neuropathie), een verhoogde kans op 
arterieell  vaatlijden in combinatie met beperkte gewrichtsbeweeglijkheid, 
waardoorr een onnatuurlijke (over)bclasting op de voet ontstaat. Infecties dragen 
bijj  aan de chroniciteit van de voerwond. 
Dee wondgenezing van een diabetische voetwond verloopt over het algemeen 
zeerr traag, de gemiddelde behandelingsduur is 1,5 tot 3 maanden, echter een 
veell  langer behandeltraject is eerder regel dan uitzondering. Verschillende 
factorenn zijn waarschijnlijk verantwoordelijk voor de trage genezing zoals de 
eerderr genoemde verminderde groeisnelheid van de fibroblasten en 
verminderdee respons op groeifactoren, veranderingen in de extracellulaire 
matrix,, afgenomen antimicrobacteriële activiteit van leukocyten en stoornissen 
inn de bloedtoevoer. 
Dee standaardbehandeling bestaat uit maximale drukontlasting, intensieve 
wondverzorging,, optimale diabetesregulatie, herstel van de circulatie bij 
ischemiee en behandeling van bijkomende complicaties zoals infecties. De 
meestee diabetische wonden genezen met deze standaard therapie. 
Echterr ongeveer 15% van alle patiënten reageert niet voldoende op deze 
behandelingg en komt in aanmerking voor nieuwe technologische 
ontwikkelingen.. In dit overzicht wordt o.a. in gegaan op het nut van 
behandelingenn met geavanceerde wondverbanden, humaan recombinants 
groeifactoren,, huidvervangendc materialen (weefsel verkregen via 'bio-
engineering'),, extra-cellulaire matrixprodukten, hyperbare zuurstof therapie en 
anderee minder bekende modaliteiten. 
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Conclusies s 

Terwijll  in acute wonden de ontstekingsfase van korte duur is en gericht op het 
verwijderenn van bacteriën en dood weefsel, zien we in chronische wonden een 
langdurigee ontstekingsfase met een hoog aantal ontstekingscellen en het 
persisterenn van extracellulaire matrix eiwitten zonder tekenen van 'opruim 
reacties'' of vooruitgang naar de volgende fase van wondgenezing. 
Dee gevonden afwijkingen in de proliferatie fase, namelijk een verminderde 
groeisnelheidd van de diabetischc wond fibroblast met afwijkende morfologie en 
daarnaastt een verminderde respons op groeifactoren, zouden kunnen wijzen in 
dee richting van weefsel veroudering. 
Eenn verklaring hiervoor zou kunnen zijn dat bij patiënten met diabetes mcllitus 
err een verhoogde cel 'turn-over' plaatsvindt ais gevolg van continue schade 
doorr de afwijkende glucose spiegels in het bloed. Hierdoor bevindt de 
fibroblastt zich mogelijk eerder aan het eind van zijn levenscyclus. Het vijandige 
wondd milieu met een verhoogde afbraak (proteolytische) activiteit draagt daar 
aann bij waardoor de fibroblasten in chronische wonden zonder diabetes ook een 
gestoordee proliferatie vertonen, maar niet in dezelfde mate. 

Samenvattendd zijn dit onze bevindingen in het onderzoek naar gestoorde 
wondgenezingg bij diabetischc wonden: 

 de extracellulaire matrix eiwitten fibronectine, chondroitinesulfaat en 
tenascinee zijn verlengd aanwezig in de dennis in vergelijking tot acute 
wonden. . 

 er bevinden zich grote aantallen macrofagen, B-ccllen en plasmacellen en 
weinigg CD4+ T-cellcn in de dermis van chronische wonden in vergelijking 
tott acute wonden. 

 de grote aantallen macrofagen in diabetische wonden dragen de 
activatiemarkerr MRP8/14 op hun celmembraan. 

 diabetische wond fibroblasten verdubbelen zich minder snel dan de controle 
fibroblastenn en vertonen een afwijkende morfologie. 
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 Het toedienen van 'platelet-derived' groei factor (PDGF), nu in gebruik voor 
dee behandeling van diabetische wonden, aan diabetische wond fïbroblasten 
laatt de beste stimulatie resultaten zien. Het gelijktijdig toedienen van PDGF 
enn IGF leidt tot nog betere stimulatie resultaten in kweek omstandigheden 
dann het toevoegen van PDGF alleen. 

Dezee bevindingen wijzen op een stagnatie in de wondgenezing van diabetische 
wondenn in de fasen van inflammatie en proliferatie. 
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CURRICULU MM  VITA E 

Miriamm Loots werd geboren op 28 mei 1967 te Oisterwijk. In 1986 behaalde zij 
hett VWO diploma aan het Mil l Hill college te Goirle. In datzelfde jaar werd zij 
ingeloott voor de studie Geneeskunde aan de Rijksuniversiteit Utrecht. Na haar 
propedeusee vertrok zij voor een wetenschappelijk stage naar een regenwoud 
dispensariumm te Yalosemba in Zaïre, Afrika. Op deze katholieke missiepost in 
handenn van de zusters van het Heilige Hart van Maria onderzocht zij of er 
verschillenn waren in geboortegewichten van de nakomelingen van de 
voornamelijkk maniok etende Mbuza's en vis etende Ngwaka's (Afrikaanse 
stammen).. Dit project werd begeleid door prof. Haspels van de afdeling 
Gynaecologiee en Verloskunde van het Academisch Ziekenhuis te Utrecht en het 
Tropeninstituutt te Amsterdam. Een jaar later reisde ze voor een vrijwillig e 
onderzoeksstagee van 6 maanden naar San Francisco om te gaan werken op de 
afdelingg Gynaecologie en Verloskunde van het Santa Clara Valley Medical 
Center,, een ziekenhuis geaffilicerd met de Stanford University. Nadat in 1990 
hett doctoraal examen Geneeskunde werd voltooid vertrok ze opnieuw voor 5 
maandenn naar Los Angeles om aan onderzoeksprojecten deel te nemen op de 
Departmentt of Preventive Medicine, University of Southern California. Zij 
volgdee haar co-schappen Interne Geneeskunde in Duitsland (Klinikum, 
Aachen),, Neurologie in Frankrijk (Centre Gui de Chauliac, Montpellier) en 
Kindergeneeskundee in België (Algemeen Kinderziekenhuis Antwerpen). Na het 
behalenn van het artsexamen in 1993 besloot ze klinische ervaring op te doen op 
dee Intensive Care afdeling in het de Wever Ziekenhuis te Heerlen. Na een half 
jaarr startte ze met een baan als assistent Gynaecologie in het Elizabeth 
Ziekenhuiss te Tilburg in de opleidingscluster van de universiteit van Utrecht. 
Aangezienn haar onderzoeksinteresse hier niet voldoende aan bod kwam besloot 
zee te kiezen voor de Dermatologie waarop haar oog in de co-schappen periode 
gevallenn was. Allereerst deed ze werkervaring op in het Medisch Centrum 
Alkmaarr voor een periode van 6 maanden waarna ze solliciteerde op een 
onderzoeksbaann bij de afdeling Dermatologie in het AMC (directe begeleiders: 
J.R.. Mekkes, E. Middelkoop). Hier startte ze in 1995 het onderzoek naar de 
vertraagdee wondgenezing die optreedt bij patiënten met diabetes mellitus, 
hetgeenn uiteindelijk tot dit proefschrift leidde. In 1997 werd een NWO subsidie 
verworvenn en begon ze met de combinatie van onderzoek en opleiding tot 
dermatoloog,, de zogenaamde AGIKO constructie (assistent geneeskunde in 
opleidingg tot klinisch onderzoeker). Op 1 april 2003 hoopt ze de opleiding tot 
dermatoloogg te voltooien. 
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DANKWOOR D D 

Ditt proefschrift was nooit tot stand gekomen zonder de hulp en inzet van een 
groott aantal mensen. In het bijzonder wil ik de volgende mensen bedanken. 

Mij nn promotor professor Bos wil ik bedanken voor zijn begeleidende, 
structurerendee rol in het verloop van dit proefschrift. Ook wil ik hem bedanken 
voorr het in mij gestelde vertrouwen om de uitdagende combinatie van 
onderzoekk en kliniek, de zogenaamde AGIKO constructie, tot een goed einde te 
brengen. . 

Mij nn copromotor Jan Mekkes, jouw wetenschappelijke kwaliteiten op het 
gebiedd van de wondgenezing opende vele deuren voor mijn onderzoek die 
anderss wellicht gesloten waren gebleven. Jan, als co-promotor had ik me geen 
beteree kunnen wensen. Jouw inzet en loyaliteit zijn groots. Het declareren bij 
jouu van gemaakte kosten voor het onderzoek leidde wel eens tot onverwachte 
reactiess van jouw kant. Mijn rekeningafschriften werden intensief bestudeerd en 
jouww commentaar was dan, wat geef ji j een hoop geld uit aan de kapper! 
Mijnn copromotor Esther Middelkoop, bedankt voor alle energie en aandacht die 
nodigg waren om mij in het zadel te helpen van de preklinische wereld. Ik heb 
bewonderingg voor je doortastendheid, loyaliteit en visie. En, langlaufen in 
Noorwegenn is inderdaad heel leuk. 
Ikk hoop van harte dat na het voltooien van dit proefschrift mijn samenwerking 
mett jou en Jan Mekkes zal blijven voortbestaan. 

Dankk aan de onbekende die in het laboratorium het vriesvat met mijn met grote 
moeitee verworven cellijnen per ongeluk open liet staan. Hierdoor was echt al 
hett leven uit deze al niet zo enthousiaste cellen verdwenen. Dat was het laatste 
zetjee dat ik en de cellen nodig hadden. 

EvertEvert Lamme, René van Leeuwen, mijn ex-collega's uit de onderzoeksgroep 
wondgenezingg die sinds enige tijd uitgevlogen zijn, dank voor julli e hulp en 
geduldd bij het kweken van fibroblasten en het verrichten van immunohisto-
chemischee kleuringen. Mijn geïnfecteerde celkweken in de stoof zorgden nogal 
eenss voor enige commotie. Bedankt voor julli e inzet, ik kon altijd een beroep op 
julli ee doen. Ik denk met plezier terug aan onze congresbezoeken. 

SusanSusan Kenter, Fung Li Au en Mieke van Galen, bedankt voor julli e inzet als 
analistenn om o.a. de groeifactor experimenten tot een goed einde te brengen. 
Hett was een moordklus! Het feit dat julli e er alle drie na elkaar aan gewerkt 
hebbenn en vervolgens ook alle drie daarna weg wilden zegt wel iets over de 
omvangg van de experimenten, of over mij... 
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Medewerkerss van het Neurozintuigen Laboratorium (voormalig K2 en M2); 
bedanktt voor julli e behulpzaamheid, gezelligheid en de plezierige samen-
werking.. Als mensen mij belde in het laboratorium werd er altijd aan de andere 
kantt van de lijn gedacht dat ik me in de plaatselijke stamkroeg bevond. Het 
geroezemoes,, het radioprogramma 'Arbeidsvitaminen', en het geluid van langs 
suizendee dartpijlen waren duidelijk op de achtergrond te horen. 
Dankk aan Chris van der Loos van het laboratorium Cardiovasculaire Pathologie 
enn Bert Tigges van Pathologie, voor julli e hulp bij de immunohistochemische 
kleuringen.. Dank aan het personeel van de afdeling Hyperbare Geneeskunde 
voorr het uitlenen van de TcPO:-meters. 

Mij nn collegae arts-assistenten wil ik bedanken voor hun bereidheid om mij te 
ontzienn zodat ik mijn proefschrift kon afronden. Jimmy Zeegelaar, je bijdrage 
aann de projectaanvraag bij het Diabetes Fonds heeft er destijds voor gezorgd dat 
ikk aangesteld kon worden. Bedankt hiervoor. 

All ee medewerkers van afdeling G5-Noord; dank voor julli e hulp. gastvrijheid, 
gezelligheidd en de nodige hapjes en drankjes (Herman!). Alle medewerkers van 
dee polikliniek dermatologie; bedankt voor julli e hulp en adviezen en voor de 
bereidheidd mij te ontzien zodat ik door kon werken aan dit proefschrift. In de 
toekomstt hoeven julli e me niet meer achter de computer weg te sleuren. 

Amberr en Phyllis, bedankt dat julli e mijn paranimfen wilde zijn. Phyllis, jouw 
niett aflatende energie en doorzettingsvermogen hebben mij regelmatig 
geïnspireerd.. Veel succes met de laatste loodjes die niet meer zo zwaar wegen. 
Amber,, het samen bezoeken van locaties voor het promoticfcest zal ik niet snel 
vergeten.. Ik weet wei waar ji j jouw feest ooit gaat geven! Ik wens je veel succes 
mett het onderzoek en bedankt vooral je inspanningen! 

Lievee mamma en papa, julli e hebben ervoor gezorgd dat ik onbekommerd kon 
gaann studeren en hebben mij altijd onvoorwaardelijk gesteund bij elke nieuwe 
uitdagingg op mijn pad. Jullie oprechte belangstelling en begrip hebben een 
belangrijkee rol gespeeld bij het tot stand komen van dit proefschrift. Dit 
proefschriftt is daarom opgedragen aan jullie. Bedankt voor alles! 

Lievee Pieter, bedankt voor jouw niet aflatende steun en vertrouwen in mij. 
Zonderr jou was dit proefschrift nog niet voltooid geweest. Je bezorgde me veel 
afleidingg en vrolijkheid en je bent van onschatbare waarde voor mij. Ik hoop dat 
wee nog lang van elkaar kunnen genieten. 
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