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1t has been well established that ambulatory venous hypertension and accompanying chronic inflammation cause a major alteration in tissue

and uitimately shin uiceration. In spite of considerable advances made in venous ulcer vesearvch, the underlying pathophysiology of chronic

venous leg ulceration and the failure to heal is not completely understood. Curvently theve is considerable clinical and scientific reseavch

into the role of inflammatory and tissue cells and their mediators in wound repasr. Few studies have addvessed the possible contvibution of

Sfree vadical production to venous uiceration and little has been done to examine the role of ivon in initinting and/or perpetunting tissue

damage in venous ulceration. Interest in the vole of ivon in venous ulceration has come with increasing evidence implicating free radical

generation by ivon in other chronic inflammatory and iron—overload diseases. Conditions such as chronic inflammation, tissue ischaemin,

activation of neutrophils and high levels of localised iron in the tissues ave conducive to the generation of free vadicals in venous disease.

1t is possible that iron may participate in tissue damage in a similar manner in which it does in other inflammatory disorders. However,

this remains to be elucidated.

Introduction

Wound healing in the skin is a complex biological process.
The ability of a wound to heal involves an interaction between
the cellular, molecular, biochemical and micro—environmental
factors at both local and systemic levels. The complexities of
wound restoration means the stages of healing from the initial
blood clot through to inflammation, cellular proliferation,
angiogenesis and lymphatic formation and reconstitution of
the extracellular matrix must be regulated in a highly organised
and controlled manner to ensure optimal repair 1 When the
regulation of repair is disrupted at any one of these stages,
healing can be impaired, thus resulting in chronic non-healing

wounds.

By definition, chronic wounds are wounds resulting from
repeated trauma, occurring in poorly perfused tissue or wounds
contaminated by bacteria and which, as a consequence, do not

heal within the expected period of time.
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An example of a chronic wound with an underlying healing
defect is the chronic venous leg ulcer. This is a significant
problem because it impacts severely on the quality of the
individual’s life causing discomfort, inconvenience, restricting
mobility and, in some cases, may lead to loss of employment
and feelings of social isolation 2, 3. Since the condition is
characterised by chronicity and ulcer recurrences, prolonged
outpatient treatment or lengthy hospitalisation present a
substantial cost to the health care system. There is a need for
greater understanding of the mechanisms of tissue damage and
impairment of healing in order to be able to better prevent and

treat venous ulceration.

Cause of venous ulceration

It is generally agreed that the cause of venous ulceration
is impairment of the calf muscle pump, due to damaged
venous valves in the deep, perforating or superficial veins
resulting in venous insufficiency. This is followed by sequential

dermatological changes over time resulting in skin ulceration 4

The underlying physiological problems causing venous disease
have been well characterised, but little is known about the
cellular and biochemical abnormalities that result in skin
ulceration. Considerable advances have been made in venous

ulcer research, emphasising that the impairment in healing of
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these ulcers may be attributed to the elevated and sustained

levels of inflammatory cytokines and proteases in the wounds 5,

A less well-studied area in the field of venous ulceration is the
influence of iron and free radicals on wound repair. This review
will address the issue of reactive oxygen species (ROS) and the
influence of iron in tissue damage during inflammation, with
particular emphasis on wound healing and tissue damage in

chronic venous leg ulceration.

Free radicals

Free radical research is receiving more attention in recent times;
there is increasingly more evidence to support the involvement
of free radical reactions in the pathogenesis of a vast number of
pathological disorders/discases affecting various systems of the
human body 6, 7 Discases known to be linked to excessive
ROS production include those that are degenerative, ischaemic,
cardiovascular, inflammatory, immunological, gastro—intestinal,
chemically induced, respiratory and some skin conditions 71t
has been perceived that there is hardly a pathological process
in which free radicals are not involved. Whether free radical
reactions are a major cause of tissue injury or an accompaniment
to such injury is not fully understood due to the limitations of
techniques that are used to detect and measure them, both in

pivo and in the clinical situation.

The term ‘radical’ is derivative from the Latin word radix,
meaning root 8. A free radical can be viewed as fragments
of molecules or atoms, which contain one or more unpaired
clectrons.  They can have cationic, anionic or neutral
characteristics, are extremely reactive and will combine with
any other entity to stabilise the unpaired electron. This results
in the formation of a paired electron system together with the
generation of a fresh radical 8,9 In trying to gain stability by
snatching electrons from neighbouring entities, they initiate
a chain of oxidation reaction, which moves from molecule to
molecule, cell to cell, organelle to organelle, causing damage

along the way 10,

Free radicals are difficult to identify, detect, quantitate and study
because of their reactivity, having an average rate constant of
105—1010M_lscc_1, with the hydroxyl radical being the most

reactive with a rate constant of 109-1010M—1lsec1 8, 11,

Not only are they extremely reactive, free radicals are also
short lived. They are produced #» rivo and react at or close to
their source of formation. Consequently, free radical activity
is measured by indirect techniques such as measuring end
products resulting from free radical reactions with cellular
components such as lipids, proteins and DNA 12 Many of
these products of free radical reactions possess biological activity

and are themselves reactive and able to cause further damage.

Free radicals can be ROS and reactive nitrogen species
(RNS) and both are important in the pathogenesis of human
disecases. However, for this review more emphasis will be on
the ROS.
(OH®), peroxyl (RO,*), alkoxyl (RO®), hydroperoxyl (HO,*®)

and derivatives of oxygen which do not contain unpaired

ROS include superoxide (O,®), hydroxyl radical

electrons, such as hydrogen peroxide (H,0,), singlet Oz(lAg),
hypochlorous acid (HOCI), and ozone (Oj) 11, 13 The
formation of O,° and H,O, can occur cither deliberately or
accidentally and can originate from endogenous (produced
during cellular metabolism) or exogenous (external) sources.
Oxygen metabolism, the fundamental process for aerobic life,
can cause the formation of partially reduced oxygen species
when molecular oxygen is being reduced to water: O, + 4e™ +
4H* - 2H,0.

The cytochrome P450 and oxidase—catalyse reaction involves
the transfer of four electrons to oxygen producing partially
This of

electrons from the electron transport chains in mitochondria

reduced oxygen species. accidental ‘leakage’
and endoplasmic reticulum onto oxygen can produce ROS.
Prostaglandin synthesis, enzymic activity (xanthine oxidase,
NADPH oxidase) and flavin enzymes all have the ability to
generate reduced oxygen species. Auto-oxidation reactions
involving catecholamines, ascorbic acid and reduced flavins are
all alleged to react with oxygen to form O,* 10, 14 Although
these oxygen utilising processes are tightly coupled to avoid
partial reduction of oxygen, O,° generation is unavoidable in
the biological system. A one electron reduction (addition of an
clectron) of oxygen produces O,* and two clectron reduction
produces H,O,. Further addition of electrons by cleaving the
bond between oxygen atoms will produce the highly reactive
OH?* in a reaction that is catalysed by iron (Fenton reaction),
which will be discussed in detail later. Free radicals can
therefore be produced in a biological system where the transfer
of one electron can lead to a cascade of reactions that can form

multiple ROS 15,
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Endogenous free radical production

Endogenous or deliberate generation of O,°, H,0, and
HOCI by polymorphonuclear leukocytes (PMN), monocytes,
macrophages, mast cells or basophils and eosinophils occurs
during phagocytosis and killing of bacteria and fungi. Such cells
utilise an NADPH oxidase enzymic system to generate O,° and

direct it against invading micro—organisms 16,

Cells other than phagocytes that are known to produce O,°
include lymphocytes, fibroblasts and vascular endothelial cells
11 Deliberate generation of ROS as a normal protective
mechanism against foreign organisms is essential. However, in
chronic inflammation, this process may be damaging because
excessive phagocytic activation causes an over production of free

radicals and the surrounding tissues are directly exposed to high
levels of ROS and their metabolites 11> 13, 16,

Exogenous ROS

Exogenous or environmental sources of ROS include
electromagnetic radiation (radon and cosmic) and man—-made
sources (pesticides, air pollutants and tobacco smoke). Low
wavelength electromagnetic radiation such as gamma rays can
split water in the body to produce OH® 17 Toxic chemicals
(paraquat) and drugs (adriamycin and bleomycin) are also

known sources of ROS.

Antioxidant defences

Oxygen free radicals are capable of damaging all biological
compounds such as nucleic acids, protein, free amino acids,
lipids, lipoproteins, carbohydrates and connective tissue
macromolecules 9. These may impact on cellular activities,
affecting membrane function, metabolism and gene expression 6,
It is now well established that there is a continuous production
of free radicals in vivo 18. In response to this, acrobic cells have

evolved elaborate defence mechanisms to detoxify these radicals

and these are known as antioxidants.

Antioxidant defences fall into two categories, those whose
role is to prevent the generation of free radicals and those that
intercept them as they are generated 19 These exist in both
the aqueous and membrane compartment of cells and can
be enzymatic (superoxide dismutase, glutathione peroxidase,
catalase) or non—enzymatic (vitamin E, C, uric acid, bilirubin,

albumin).

In spite of the huge armoury of antioxidants iz vive, some
free radicals still escape and cause damage. If the rate of free
radical formation outweighs the scavenging capacity of the
antioxidants, oxidative stress will occur. Tissues can respond by
making extra antioxidant defences but if they fail, cell injury and
death may occur; this can proceed to necrosis or apoptosis 17,
Both 02° and H,0O, can be detoxified by appropriate enzymes.
For example, excess O,° can be removed by superoxide
dismutase and H,O, can be removed by glutathione peroxidase

and catalase 20,

Iron and free radical reactions

Although O,°® and H,0, are reactive on their own and have a
number of biologic targets, their toxicity lies in their ability to
react with one another to produce OH®. Several mechanisms
have been proposed to explain their formation iz yive such as
interaction of’ 02. with nitric oxide (NO*®) and the involvement
of transition metal ions in catalysing the reaction between
0,%and H,0,.

Several transition metals (able to transit between two different
states on the basis of electron transfer) such as iron, copper and
zinc can react with H,O, to form OH®. Amongst these, iron
has been shown to be the most likely precursor of OH® i vivo,
through the Fenton or iron—catalysed Haber-Weiss reaction.
In this reaction, O,* dismutates to form H,0O, and also acts
as a reducing agent for iron, reducing iron from the ferric to
the ferrous state which subsequently becomes oxidised when
reacting with H,O, to generate OH* 21,
Fe3* + 02° — Fe2+

Fe2+ + H,0, —» OH® + Fe3+ + OH~ 20,

Other than promoting the generation of OH®, iron facilitates

the decomposition of lipid peroxides to produce products such
6. Iron is also

involved in the generation of O,° during autoxidation 22,

Fe2+ 4+ 0, Fe3+ 4+ 02°.

as cytotoxic aldehydes and hydrocarbon gases

The availability of iron to catalyse OH® formation during
inflammation has been proposed in the pathogenesis of
chronic inflammatory diseases such as rheumatoid arthritis,
haemochromatosis, psoriasis and ischaemic tissue injury to list

23

just a few Iron must therefore be tightly regulated and

sequestered to prevent harmful generation of toxic radical.
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Iron is the most abundant transition metal in the human body
and is an essential element for cellular metabolism, growth and
differentiation 24> 25, However, in iron overload situations
the normal regulation of iron acquisition and storage may be
disrupted, resulting in the formation of iron—catalysed toxic

oxidant species, especially OH* 26,27,

As a protective measure against the toxicity of free iron in the
biological system, iron within the body is located in heme-
containing proteins and iron-binding proteins (transferrin,
lactoferrin, ferritin and haemosiderin) and is unreactive in this
form unless reduced and mobilised, rendering it available for
redox reactions 2830 Transferrin has a high affinity for iron
while ferritin has a high capacity of iron storage. Ferritin is
regarded as the main storage form of iron, whereas haemosiderin
is considered to be the storage of pathological iron overload. In
general, tissues which have a high haemosiderin content contain

large amounts of ferritin 31,

The mobilisation of iron from its iron-binding protein is
not completely understood under physiological conditions.
However, there is evidence suggesting that mobilisation of
iron from ferritin can occur in the presence of xanthine oxidase
and O,° 23, 32 Under acidic conditions (pH 4.5) iron can
be spontaneously released from haemosiderin indicating that
pH is an important factor involved in the release of iron. In
an inflammatory situation, hypoxia and low pH are common
features and iron release from storage may induce or accelerate
tissue damage 33, 34,

Iron, ROS and chronic venous leg
ulceration

With increasing evidence implicating the involvement of iron in
toxic free radical formation during inflammation, the role of iron

in free radical damage in venous ulcers should be examined.

The concept of free radical involvement in the pathogenesis of
venous ulceration has been receiving more attention in recent
times. A number of theories put forward on the underlying
physiological problem causing chronic venous disease have
suggested the involvement of ROS in tissue damage. It
has been proposed that venous hypertension results in the

accumulation of white cells in vessels that have reduced venous

flow and may cause capillary occlusion 35,36, These leucocytes

are sequestered and activated which results in the generation of
free radicals, proteases, histamine, neutrophil chemoattractants
and complement 37-40  The generation of these substances
can damage the endothelium and its basement membrane,
increasing vascular permeability 41, 42 Studies have shown
that patients with venous hypertension exhibit an increase in
free radical production in leg neutrophils which is signalled via

an amplified calcium—dependent pathway 43,

More recently, a study has demonstrated that more leucocytes
become ‘trapped’ in the limbs of patients with chronic venous
disease and that more activated neutrophils and monocytes are
sequestered during venous hypertension 44 The ‘trapped’
neutrophils occurred within dependent limbs and, on elevation,
reperfusion of ischaemic tissue may promote the release of free
radicals. Glutathione peroxidase levels were also found to be
reduced during dependency and this may reduce protection
against free radical damage in the limb 45 Activated leucocytes
can interact with platelets, erythrocytes and components of the

coagulation—fibrinolysis pathway giving rise to thrombosis 46,

47

The deposition of fibrin cuffs around capillaries has been
proposed to impede the diffusion of oxygen and nutrients into
the tissues thereby causing local ischaemia and subsequently

48

leading to ulceration Ischaemia-reperfusion mechanisms

are another source of free radicals, by producing O,°® via the

xanthine oxidase/dehydrogenase enzymatic pathways 49,

Ischaemia-reperfusion has been described within the limbs
of patients with chronic venous disease 50 Others have
shown relative ischemia and slow reperfusion in limbs with
venous leg ulcers and with venous effluent containing high
concentrations of mediators that are associated with reperfusion
injury. However, the authors have suggested that the induction
of free radical production by macrophages and neutrophils was
by cytokine-mediated pathways or by infection rather than by
reperfusion 51 Whether the severity of ischaemia—reperfusion
observed in venous disease is sufficient to cause excessive

production of free radicals and resultant tissue damage requires

further investigation.

Iron in venous ulcers

Increased vascular permeability resulting from endothelial cell
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damage may cause the leakage of serous fluid containing water,
large protein molecules and red blood cells into the tissues 52,
The presence of erythrocytes in the tissues may have a significant
impact on tissue damage since haemoglobin is a potential source
of iron for catalysing free radical reactions. Haemoglobin is
known to stimulate lipid peroxidation and generate OH®. The
iron from haemoglobin can be released by H,0, and lipid
peroxides and can participate in haemoglobin-stimulated free

radical reactions 93> 54,

The possibility of iron involvement in venous ulceration was
suggested as early as 1965 when Meyer noted that “stasis”
pigmentation, which is a common feature surrounding venous
ulcers, results from the deposition of haemosiderin in the
skin, which is assumed to derive from disintegrated red blood
cells 53 (Figure 1). Ackerman ez al. reported that the brown
pigmentation is caused by increased dermal iron deposition
and may have an active role in perpetuating tissue damage in
venous ulceration by augmenting local inflammation, collagen
deposition and fibrosis 56, Histological examination of tissue
biopsies from venous ulcers have shown decreased haemosiderin

levels as ulcers heal 4.

The mobilisation of iron from its iron-binding protein is not
completely understood under physiological conditions. However,
there is increasing evidence to suggest that mobilisation of iron
from ferritin can occur in the presence of xanthine oxidase and
superoxide (0, *) 23,32,57 Nitric oxide also has the capability
to mobilise iron from ferritin, thereby disrupting intracellular
iron homeostasis and increasing the level of ROS 58 With

increasing evidence supporting an over production of O,* and

Figure 1.

Picture of pigmentation around a venous leg
ulcer

H,O, by phagocytes at the site of chronic inflammation, the
iron released from ferritin and haemosiderin may play an active

role in promoting OH*® reactions.

The effect of free radicals on tissues

The increased OH® from the catalytic action of iron formation
during inflammation exacerbates tissue damage through
peroxidation of membrane phospholipids and denaturation
of macromolecules, proteins and DNA 8,35 (Figure 2). The
availability of iron during inflammation has been extensively
demonstrated and implicated in the pathogenesis of numerous

23 and it is extremely likely

chronic inflammatory disorders
that the existence of an iron pool observed in the tissue of
leg ulcers may also participate in the process of tissue damage
(Figure 3). This damage may involve direct damage by lipid
peroxidation processes involving the cell membrane which
contain oxidisable unsaturated fatty acids (phospholipids,
glycolipids, glycerides and sterols) and transmembrane proteins
and amino acids 9% 60, Membranes affected by peroxidation
can become rigid and can lose selective permeability, hence

affecting ion gradients, secretory functions, metabolic functions

and cellular integrity.

An increase in cytosolic calcium (Ca2+) can activate a number
of enzymes such as phopholipases and proteases which can
6l Lipid

peroxidation also releases arachidonic acid (AA) which is the

break down membrane and cytoskeletal proteins

substrate for the synthesis of eicosanoids. The oxidised lipid
bilayers are a substrate for phospholipase enzymes (phospholipase
A,) which are responsible for releasing AA metabolites 62 The

cicosanoid mediators have many physiological and chemical

Figure 2. Immunohistochemistry staining for ferritin in
leg ulcer biopsy
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Figure 3. Intracellular and extracellular damage by reactive oxygen species.
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roles in inflammation and tissue destruction.

The inactivation of antiproteases and the activation of
metalloproteinases by reactive free radicals can lead to increased
destruction of extracellular matrix.  Extracellular tissue
components such as collagen, proteoglycans and hyaluronic
acid are therefore at risk of inflammatory cell mediated free
radical damage as seen in inflammatory osteoarthritis 63 In
vitro studies have demonstrated that O,°® prevents collagen
gelation; since collagen is a major macromolecular constituent
of connective tissue, alteration in its biochemistry can affect the

structural integrity of the tissue 64

Iron—generated ROS can exert a secondary effect by the
activation of several genes. An increase in intracellular ROS
(H,0,) has been shown to induce interstitial collagenase,
matrix—metalloprotcinasc_1 (MMP-1) mRNA and protein,
tissue inhibitor of MMPs (TIMP-1), and IL-1o and f mRNA
steady—state levels in human dermal fibroblasts 65 The iron
driven Fenton reaction and lipid peroxidation may play an
important role in signal transduction leading to increased
MMP-1 and stromelysin—1 (MMP-3) mRNA in cultured cells
65, Appropriate regulation of MMPs and their inhibitors are
very important during the wound healing processes, since
elevated and persistent levels of MMPs can lead to extensive

tissue destruction and impaired wound healing.

Reactive oxygen intermediates and lipid peroxidation products
are also known to activate transcription factor NF-xB which
in turn can activate the expression of genes involved in
inflammatory, immune and acute phase responses 66, 67
vitro studies have demonstrated the activation of NF-xB by
H, 0O, and it has been suggested that the local concentration of

H,0, in extracellular fluids during inflammatory processes are

sufficient to activate NF-xB in tissue and blood cells ©8.

Ischaemia/reperfusion is another mechanism involved in the
activation of the transcription factor NF-xB 69 A recent
study has demonstrated the generation of intracellular H,O,
and OH® in human endothelial cells following ischaemia and
reperfusion, which may have initiated NF-xB activation 70,
NEF-xB activation in wounded human keratinocytes has recently

71 Activation of

been demonstrated in cell culture system
NE-xB therefore plays an important role in wound healing

by regulating cytokine expression (TNFo, IL-6 and IFN),

by stimulating keratinocyte cell migration, by stimulating the

71 and by stimulating

synthesis of matrix repair related proteins
the expression of urokinase type plasminogen activator, which
is essential for keratinocyte migration, matrix infiltration and
wound surface re—epithelialisation 7274

Conclusion

The exact role of iron—-mediated ROS in wound healing
needs further investigation but it is likely that the continued
generation of free radicals will maintain the chronicity of the
disease process. Persistent inflammation, repeated trauma, and
inappropriate activation of neutrophils and macrophages will
ultimately lead to tissue destruction. Microbleeding in venous
disease resulting in an increased iron deposition and mobilisation

in tissue may have additional deleterious consequences.

There is a greater need to understand the role of iron in initiating
and/or exacerbating tissue damage during the pathogenesis of
chronic venous leg ulceration to enable the development of

therapeutic measures that will improve wound healing.
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