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The role of leukocytes in tissue injury

Summary parenchymal cell dysfunction in various animal mod-
els of human inflammatory diseases. It has been

The recruitment of leukocytes to the sites of in-
shown that all aspirin-like non-steroidal anti-in-

flammation and leukocyte-derived inflammatory me-
flammatory agents share at least one characteristic in

diators contributes to the development of tissue injury
that all of these agents diminish the adhesive inter-

associated with inflammatory diseases. The first step
actions required for the accumulation of leukocytes at

in the pathogenesis of inflammatory conditions is
the site of inflamed tissue. The challenge for future

adhesion of circulating leukocytes to activated vas-
investigations will need to be carefully examined: the

cular endothelial cell in the inflamed tissues and sub-
relations between leukocyte and endothelial cell inter-

sequent transmigration through the endothelial cells.
actions, the mechanisms of activation of leukocytes

During these processes, leukocytes are activated to
and endothelial cells, and the components of the sig-

secrete a variety of substances such as growth factors,
naling pathways. Information related to these topics

chemokines and cytokines, complement components,
will allow a better understanding of the role of leu-

proteases, nitric oxide, and reactive oxygen me-
kocytes in inflammatory tissue injury and the de-

tabolites, which are considered to be one of the prim-
velopment of novel therapeutic strategies.

ary sources of the tissue injury. Prevention or reduction
of leukocyte-endothelial cell adhesion often results in Keywords: Leukocytes, adhesion molecules, tissue in-

jury, inflammation, inflammatory mediatorsa profound attenuation of the microvasculature and

Introduction crucial component of the inflammatory response
which involves a highly regulated series of cellular

While acute inflammation has a normal role in host
responses and the local production of inflammatory

defence and tissue repair, an unregulated or chronic
mediators including chemotactic factors, vasoactive

cycle of inflammation can lead to excessive tissue
agents, cytokines, lysosomal enzymes, as well as the

injury and disease. Tissue injury may result from either
production of toxic oxygen metabolites. Recruitment

direct effects of the pathological agent or as a con-
of the neutrophils/monocytes into tissues is initiated

sequence of an inflammatory cell influx. Phagocytic
by adherence of circulating leukocytes to activated

cells including circulating neutrophils and monocytes,
endothelial cells in the inflamed tissues, and sub-

and tissue macrophages play a key role in inflam-
sequent transmigration through the endothelial cells.

matory responses.
Adhesion and migration is not a random process

When pathogenic agents are formed or deposited in and is orchestrated by specific adhesion molecule
host tissues, circulating neutrophils and/or monocytes receptors and counter receptors expressed on leu-
may be recruited from the intravascular compartment kocytes, endothelial cells, and defined regions of ex-
to the site of insult by the local generation of soluble tracellular matrix and coagulation proteins. It has
mediators. The recruitment of circulating neutrophils/ become clear that the recruitment and activation of
monocytes from blood into sites of tissue injury is a leukocytes are regulated by a complex network of

interactions between adhesion molecules, cytokines,
and other inflammatory mediators. In this article weCorrespondence: E. Crockett-Torabi.
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will review the mechanisms that regulate leukocyte (in endothelium and migrate along the chemoattractant
gradient (i.e. chemotaxis) through capillary endo-particular neutrophils) recruitment and their relation

to the development of inflammatory responses and thelium into the tissue [7–9]. During these processes,
phagocytes are activated to secrete a variety of sub-tissue injury. We will focus on the activation of neutro-

phils as a general model of phagocyte activation. stances such as growth factors and cytokines inducing
recruitment of other inflammatory cells and me-Although there are specific differences in the bio-

chemical processes associated with stimulation of senchymal cells [10–12].
Chemoattractants interact with specific receptors oneach inflammatory cell type, dependent on the stimu-

lus and extent of cell differentiation, there are several the cell surface. Neutrophils and monocytes can be
stimulated with different chemoattracants includingcommon themes that are associated with inflam-

matory cell activation. bacteria derived N-formyl peptides, complement com-
ponent C5a, leukotriene B4, platelet activating factor
(PAF), and a variety of cytokines [11–16]. In addition,

Leukocytes and inflammatory tissue injury
bacterial lipopolysaccharide is one of the most potent
activators of phagocytic cells. The interaction of anyNumerous studies have demonstrated the critical role

of phagocytic cells in the pathogenesis of tissue injury of these stimuli with specific receptors on cell surface
activates the cell resulting in a variety of functionalseen in inflammatory diseases, ischaemia-reperfus-

ion, septic shock, stroke, and organ transplantation. responses such as generation of cytokines and
chemokines, increases in adherence capacities of theThese observations are largely the result of studies

of experimental animal models under conditions of cell, directional migration of the cell, phagocytosis of
particles, generation of oxygen metabolites, exo-neutropenia or in which monoclonal antibodies dir-

ected against phagocytes and endothelial adhesion cytosis of cytoplasmic granules, and a variety of in-
termediary biochemical reactions [8,17,18]. Themolecules were applied. These studies have shown

that prevention or reduction of phagocyte-endothelial molecular signaling mechanisms of phagocyte ac-
tivation are not within the scope of this review andcell adhesion often results in a profound attentuation of

the microvasculature and parenchymal cell dysfunction readers are referred to other reports [19–22].
seen in various animal models of human disease [1–2].
One of the primary sources of the tissue injury is

Role of oxygen products
attributed to the secretory products of activated
phagocytes including reactive oxygen metabolites, Binding of appropriate stimuli to cell-surface receptors

of phagocyte leads to increased consumption of oxy-and lysosomal enzymes [3–6]. The mechanisms
involved in the regulation of neutrophil/monocyte- gen concomitant with the formation and secretion

of superoxide anion (O−2) by a plasma membraneendothelial cell interactions and subsequent tissue
injury occurring during inflammation are complex and associated, NADPH-dependent oxidase [23]. O−2 may

be further reduced to hydrogen peroxide (H2O2). Sub-can occur at several stages: (a) recognition of in-
flammatory stimuli through cell surface receptors, (b) sequent reaction of O−2 and H2O2 in the presence of a

transition metal ion and specific peroxidases resultscell activation through the generation of intracellular
membrane, and (c) delivery of inflammatory mediators in the formation of secondary oxygen metabolites (i.e.

hydroxyl radical, singlet oxygen, hypochlorous acidto the site of infection or inflammation. In this review,
we will highlight some of the recent advances in each and chloramines). Hydrogen peroxide and O−2 can

react with some biological targets, whereas hydroxylof these areas as a basis for a better understanding of
the regulation of the inflammatory response. radical and specially hypochlorous acid demonstrate

broad reactivity toward biomolecules. The oxygen
metabolites not only can initiate cytotoxic injury, but

Cell activation
can also directly alter the biochemical and biophysical
properties of structural proteins of tissues, includingOne of the early stages of acute inflammation results

from the ability of circulating neutrophils/monocytes elastin and collagen, as well as mucopolysaccharides.
Because of the potential toxicity of oxygen radicals,to recognize chemoattractants, adhere to the vascular
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cells can eliminate O−2 and H2O2, thereby limiting ischaemia/reperfusion. Although the process is com-
plex it appears that generation of both tumour necrosisformation of hydroxyl radicals. The mechanisms for
factor (TNF) and the reactive oxygen metabolites con-elimination include specific enzyme scavengers in-
tribute to hepatocellular injury following hepatic isch-cluding superoxide dismutase (SOD) for O−2 and per-
aemia/reperfusion [26].oxidases and catalase for H2O2. Preventing metal ions

from redox cycling is an alternative mechanism for
inhibition of hydroxyl radical formation. The spectrum Role of nitric oxide
of oxidant species generated during phagocyte stimu-

Nitric oxide, a short-lived, highly reactive gas gen-lation is highly variable depending on the cell type.
erated by lightning and pollution, is also generatedThe nature of the phagocyte, the stimulus, its secretory
by mammalian and other eukaryotic cells [33–35]. Dis-products, the target cell, and the extracellular en-
solved in the aqueous cellular fluid, it diffuses throughvironment can modulate the type and magnitude of
membranes, and is so reactive that it disappears withinoxidants generated [23].
moments of its production. In the living organism,Abundant evidence implicates a pathogenic role for
nitric oxide synthase oxidizes L-arginine to L-citrullineoxygen metabolites in mediating tissue injury in vivo
and nitric oxide. There are two general forms of nitricand in vitro [4,24–27]. In vitro studies have shown that
oxide synthases: constitutive and inducible isoforms.interaction of rat pulmonary endothelial cells and phor-
The latter enzyme, which is found in phagocytic cells,bol ester activated human neutrophils resulted in endo-
can be induced by a variety of immunological orthelial cell injury and death in a time-dependent and
inflammatory stimuli including endotoxins orcell-dependent (ratio of neutrophils to endothelial
cytokines [34]. Superoxide reacts with nitric oxide gen-cells) [28]. The cell injury is attributed to toxic oxygen
erating peroxynitrite (ONOO−) which can further give

products from neutrophils since catalase protected
rise to hydroxyl radical through a novel mechanism

endothelial cells death, and neutrophils from patients
(i.e. ONOO−+H+→ONOOH→HO·+NO2·) that is not

with chronic granulomatous disease (can not generate
dependent on a redox active transition metal ion [36].

an effective respiratory burst) induced little or no endo-
Nitric oxide is involved in the regulation of the cardio-

thelial injury. In contrast, catalase exhibited no pro-
vascular, central, and peripheral nervous systems, as

tective effect when microvascular endothelial cells from
well as in other homeostatic mechanisms [34]. Several

human omentum were used. However, chlormethyl
lines of evidence implicate nitric oxide as an endo-

ketone inhibitors which inactivate the catalytic site in
genous inhibitor of leukocyte adhesion in venules [37].

elastase inhibited the endothelial cell injury suggesting It has been shown that nitric oxide promotes the ADP
the role of a non oxygen radical-dependent mechanism. ribosylation of actin in human neutrophil, which is
These studies suggest that the cytotoxic effects of associated with reversible inhibition of F-actin poly-
activated neutrophils on the vascular endothelium may merization and the inhibition of neutrophil adhesion
result from the combined effects of oxygen products to a fibronectin-coated surface [38].
and proteases released from the neutrophil. Studies suggest that the induction of nitric oxide

Reperfusion of ischaemic myocardium promotes synthase may contribute to chronic inflammatory dis-
an influx of neutrophils which injure the myo- ease. An enhanced level of nitric oxide, citrulline, or
cardium [29]. The adherence of neutrophils to myo- nitrite has been shown in patients with asthma [39],
cytes activates the neutrophils respiratory burst re- ulcerative colitis [40], and arthritis [41]. An increased
sulting in a highly compartmental iron-dependent expression of inducible oxide synthase or its mRNA
myocyte oxidative injury [30,3]. A recent study dem- has also been demonstrated in microglial cells and
onstrated a significant increase in myocardial H2O2 brain tissue after viral infection [42], treatment with
during the ischaemic phase and a much larger increase cytokines [43], or in experimental encephalitis [42].
within minutes of reperfusion of rat heart [32]. Fur- Treatment with inhibitors of nitric oxide synthase re-
thermore, it has been shown that the formation of duces inflammation and tissue injury in animal models
oxidative metabolites play a critical role in the de- of acute inflammation or arthritis [44,45], and prevents

the development of arthritis and inflammatoryvelopment of hepatocellular injury following hepatic
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nephritis in mice with spontaneous autoimmune of the terminal complement pathway. In vitro cell
culture have shown that human mesengial cells candisease [46]. Inhibitors of nitric oxide synthase reduce

immune complex-induced tissue injury in rat lungs and synthesize C4 and factor B, and astroglioma cell lines
synthesize components of both the classical and al-dermal vasculature [47]. Exogenous and endogenous

sources of nitric oxide can limit the degree of endo- ternative pathways [55,59,60].
Human cells are protected from complement bythelial activation and inhibit monocyte adhesion which

may contribute to some of its antiatherogenic and anti- membrane proteins which inibit activation and its
effects at several stages of the pathway [61]. Theseinflammatory properties within the vessel wall [48].

The pathophysiological consequences of enhanced include: decay-accelerating factor (DAF; CD55), mem-
brane cofactor protein (MCP; CD46), complement re-nitric oxide production are not yet known. However,

it appears that nitric oxide has both a protective and ceptor 1 (CR1; CD35), and CD59. These proteins, which
are widely expressed and are particularly abundant indeleterious effects as suggested by different ex-

perimental models of shock, ischaemic reperfusion in cells and fluids of the reproductive system, maintain
homeostasis by preventing uncontrolled activation ofthe brain and heart, and pulmonary inflammatory

conditions [39,49–50]. Studies have shown different complement in tissues. Some of these molecules have
been cloned and expression of soluble forms of theseresponses to inhibitors of nitric oxide production when

human cell (i.e. macrophage) is compared with animal regulatory proteins (e.g. sCR1; soluble complement
receptor 1) has raised the prospect of their use incell (i.e. mouse macrophage) indicating the need to

consider experimental conditions and species in the therapy. Intravenous infusion of sCR1 which blocks
complement activation of both pathways has beeninterpretation of the results [51]. Modulation of nitric

oxide is a major focus of anti-inflammatory research shown to have significant protective effects in models
of lung and dermal vascular injury in rat [62]. Theand its therapeutic potential is under intensive in-

vestigation. A number of recent articles cover the protective effects were associated with reduction in
neutrophil recruitment suggesting the implication ofbiochemical and molecular mechanisms, and thera-

peutic strategies related to nitric oxide [34,39,51–54]. adhesion molecules in these processes. Promising
results from animal models of myocardial infarction,
cardiopulmonary bypass, limb and gut ischaemia,

Role of complement
thermal injury, transplantation, and demyelination
have been reported [61]. Preliminary human studiesAlthough the complement system provides a rapid and

efficient means of killing invading micro-organisms, its indicated that sCR1 is nontoxic and of low (or absent)
immunogenecity. Clinical trials are in progress in theinappropriate activation and excess production may

contribute to tissue injury in many diseases. Com- adult respiratory distress syndrome (ARDS), an acute
diffuse inflammatory reaction in lung with multipleplement plays an important role in the patho-

physiology of inflammatory responses, particularly aetiologies which if the patient survives the acute
episode may result in marked lung fibrosis. Ex-through the release of several active biological frag-

ments such as C3a, C5a, C3b, and sC5b-9, which are perimental studies suggest that in many cases, the
initiation of ARDS is part mediated by neutrophil de-generated during its activation [55]. C5a is capable of

amplifying the inflammatory responses via its chemo- pendent lung endothelial cell injury [63].
attractant properties, its induction of granule release
in phagocytic cells, and its ability to induce phagocyte

Role of chemokines
generation of oxygen metabolites [56,57]. Com-
plement components are not only derived from cir- Chemokines (chemotactic cytokines) are small pro-

inflammatory peptides (ranging from 6 to 15 kd) thatculation, but are also synthesized locally which may
be important in the protection of tissues against in- are best known for their leukocyte chemoattractant

activity [17,64]. These chemoattractants are sub-flammation and infection or may contribute to tissue
injury. Neutrophils store C3, C7, and C6 which can divided into two distinct supergene families, C-X-C (a-

chemokine) and C-C (b-chemokine), according to thebe released under specific stimulatory conditions [58].
Monocytes and macrophages produce all components position of the first two cysteine amino acid residues.
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In vitro chemotaxis assays show that the C-X-C family study [77]. Similarly, in a rat model of mononuclear
phagocyte-dependent granuloma, intravenous and in-of chemokines tend to attract neutrophils and 11 of
tratracheal administration of anti-rat MIP-1 antibodythem have been identified (e.g. IL-8, platelet factor
reduced the number and size of granulomas formed in4, platelet basic protein cleavage products). The C-C
lungs infused with glucan particles [78]. These studiesfamily of chemokines act preferentially on monocytes/
collectively indicate that C-X-C chemokine IL-8 playsmacrophages, lymphocytes, and eosinophils. The C-
a key role in certain types of inflammatory conditionsC family are comprised of at least seven closely related
which are neutrophil dependent, whereas C-C ch-proteins: monocyte chemoattractant protein (MCP)-1,
emokines play a critical role in mononuclear phago-2, and -3, macrophage inflammatory protein-1a (MIP-
cyte-dependent inflammatory tissue injury.1a) and -1b, RANTES, and I-309. In addition, a third

In vivo the activity of chemokines is regulated bytype of chemokine (C) has recently been identified.
several potential mechanisms including: (a) down re-The only example at present is lymphotactin, which
gulation of their expression by anti-inflammatory cyto-is specific for T cells [65].
kines (e.g. IL-4, IL-10), (b) neutralization of chemokinesNumerous studies have demonstrated the ex-
activity by autoantibodies (e.g. anti-IL-8, anti-MIP), (c)pression of these proteins or the elevation of their
scavenging of free chemokines by cell surface re-mRNAs in a diverse array of conditions marked by
ceptors (e.g. receptor on red cell identical to Duffyrecruitment of leukocytes. There appears to be a
antigen), and (d) inhibition of responses to chemokinesstrong correlation with the expression of chemokines
by chemokines themselves (e.g., IL-8, MIP-1) [64].and inflammatory diseases including atheroscler-
These mechanisms are considered as promising tar-osis [66–68], psoriasis [69], infectious disease [70],
gets for the development of anti-inflammatory ther-glomerular injury [71], rheumatoid arthritis [68], isch-
apies.aemia-reperfusion injury [68], and pulmonary and al-

lergic airway inflammation [72–74]. Recent studies
using animal models have demonstrated more direct Role of cytokines
proof for the critical role of chemokines in in-

Cytokines are a heterogeneous group of polypeptides
flammatory processes and tissue injury by the

which orchestrate the complex network of cellular
application of antibodies to chemokines. Ad-

interactions that regulate immune response to antigen
ministration of neutralizing antibody against IL-8 in

and mediate various aspects of inflammation, im-
several types of acute inflammatory reactions in rab-

munity, and vascular injury [79]. Although T cells, nat-
bits (including LPS-induced dermatitis, LPS/IL-1 in-

ural killer cells and mononuclear phagocytes are the
duced arthritis, ischaemia/reperfusion lung injury and main source of cytokines, a number of studies have
immune complex-type glomerulonephritis) have pre- demonstrated that other cells such as neutrophils,
vented neutrophil infiltration and tissue injury [75]. epithelial, and endothelial cells also have the
Similar protective effects of antibody against IL-8 were ability to synthesize and release immunoregulatory
observed in reversed passive Arthus reactions induced cytokines [80–83]. It has been shown that neutrophils
by intradermal injection of anti-BSA and intravenous can release TNF-a, IL-b, IL=1ra (IL-1 receptor ant-
infusion of BSA. IL-8 also inhibited exudation of agonist), IL-8, and TGF-b1 (transforming growth factor
neutrophils into the peritoneal cavity in response to b1) [80]. The molecular mechanisms of cytokine action
glycogen [76]. However, anti-IL-8 antibody did not pro- are not within the scope of this article and readers are
tect neutrophil-mediated injury of the pulmonary vas- referred to other reports [84–86].
culature induced by intravascular activation of Numerous studies indicate that cytokines play a key
complement by cobra venom factor [76]. In addition, role in the pathogenesis of inflammatory tissue
anti-IL-8 did not protect pulmonary injury induced by injury associated with the rejection of transplanted
deposition of IgA, since monocytes and macrophages organs [87], pulmonary granuloma and fibrosis [74,
play a key role in this condition. A monoclonal anti- 88–90], septic shock [91], psoriasis and other in-
body homologue to C-C chemokine MCP-1 reduced flammatory skin conditions [92–93], ischaemia-re-
accumulation of mononuclear phagocytes, vascular perfusion injury [94], allergic airway inflamma-

tion [73], glomerulonephritis [95], arthritis [96], organ-leakage, and haemorrhage by more than 50% in this
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specific autoimmune diseases [97], endotoxin [98] natural suppressant of the cutaneous inflammatory
responses [110]. Other studies have shown that inand immune-complex-induced diseases [4,89,99–101].

Tumour necrosis factor has been implicated in many IgG immune-complex-induced acute lung injury the
intrinsic IL-10 plays an important regulatory role inof these disease conditions [102]. Substantial amounts

of TNF have been detected in broncho alveolar lavage the inflammatory response [108]. Anti-IL-10 antibody
increased the level of TNF-a in bronchoalveolar lavagefluid from the lung model of immune-complex induced

injury and in serum of patients in septic shock [100, which is consistent with endogenous IL-10 having the
ability to suppress the production of cytokines such103]. Injection of purified recombinant TNF into ex-

perimental animals has resulted in a dose-dependent as TNF-a, IL-1, and IFN-c in vitro [111]. As mentioned
above, TNF has the ability to modulate the phagocyte-altered pathophysiology and organ injury [102,104].

In different experimental animal models, injection endothelial interactions and their recruitment. Re-
cently, it has been shown that a matrix metal-of neutralizing antibody to TNF reduced the lethality

observed following injection of endotoxin [102,105], loproteinase (MMP)-like enzyme is a critical
component of TNF-a processing, and that the in-and the intensity of lung injury induced by the immune

complex [4]. It has been shown that the production of hibitors of MMP prevented the rise in blood level of
TNF and were effective in animal models of in-TNF along with the participation of phagocytes, plays

an important role in tissue injury. In a lung model of flammatory disease such as adjuvant arthritis [112].
Pharmacological therapies take advantage of theseimmune complex induced tissue injury the protective

effects of anti-TNF antibody was related to a sig- regulatory molecules for intervening in the production
of cytokines. Cytokine-binding proteins, such as sol-nificantly diminished influx of neutrophils into the

lung parenchyma [4]. An animal model of ischaemia/ uble cytokine receptors and monoclonal antibodies
are agents of considerable therapeutic potential in thisreperfusion injury to liver has shown that although

the TNF production is important other factors such as regard [113].
neutrophils may contribute to part of the liver
injury [94,106]. Other studies indicate that in endo-

Role of proteases and other inflammatory proteins
toxin-induced liver injury, hepatic macrophages and
TNF played a crucial role in liver injury [98]. It has The inflammatory processes are modulated by a num-

ber of different cellular and plasma enzymes includingbeen suggested that TNF may enhance the recruitment
of phagocytes into tissue injury sites by modulating serine proteases, metalloproteases, cationic proteins,

acid hydrolases, myeloperoxidase, and lactoferrin. Re-the adhesion molecules which play a crucial role in
adherence of leukocytes to endothelial cells and their cent experimental evidence has suggested that pro-

teases, in addition to their role in cellular cytotoxicity,migration through the endothelial cells. TNF as well
as IL-1 stimulate increased adhesivity of endothelial can influence monocyte motility and chemotaxis,

modulate cytokine responses, contribute to mono-cells in culture for neutrophils, eosinophils, basophils,
and monocytes [19,82,107]. These effects of IL-1 and nuclear cell proliferation, or induce target cell

apoptosis [6]. Serine proteases are stored in secretoryTNF are blocked by RNA and protein synthesis
inhibitors [107]. granules of neutrophils, cytolytic T lymphocytes and

natural killer cells. The neutrophil granular serine pro-In as much as cytokines amplify and perpetuate the
inflammatory reactions and contribute to the as- teases (i.e. cathepsin G, elastase, proteinase-3) can

directly degrade vascular basement membrane in vitrosociated tissue injury, their synthesis should be regu-
lated to resolve the inflammatory response and re- and are thought to play an important role in mediating

tissue injury in a number of disease states and in-establish homeostasis. Recent studies have shown
that certain lipid and protein mediators of in- flammatory conditions. Thrombin, urokinase-type

plasminogen activator and factor Xa are plasma pro-flammatory response have regulatory activity. Prosta-
glandin E2, TGF-b, IL-4, IL-10, and IL-1ra have all been teases. Thrombin, in addition to its role in leukocyte

growth control, exerts a potent proinflammatory effectshown to prevent specific cytokine expression and
also exhibit anti-inflammatory effects [108–110]. It has through its modulation of leukocyte chemotaxis and

adherence properties. It has been shown that thrombinbeen shown that endogenously produced IL-10 is a

 1996 European Academy of Anaesthesiology, European Journal of Anaesthesiology, 13, 235–246



Leukocytes in tissue injury 241

in addition to its direct effect (i.e. chemoattractant) on is the cellular hallmark of acute inflammation. This
multistep event is initiated by adherence of circulatingleukocyte migration, may regulate leukocyte migration

through direct modulation of gene expression and leukocytes to activated vascular endothelial cells in
the inflamed tissues, and subsequent transmigrationcytokine release [114–115]. Similarly, it has been

shown that urokinase stimulated leukocyte migration through the endothelial cells. The interaction of leu-
kocytes with vascular endothelial cells is a primaryin an in vivo mouse model. In addition, urokinase

plays a crucial role in tissue remodeling through its event that involves participation of distinct families of
adhesion molecules including the integrins, selectins,ability to degrade matrix proteins, laminin and fibro-

nectin and to activate latent matrix metalloproteinases and certain members of an immunoglobulin super-
family known as intercellular adhesion moleculesand collagenases [6]. The role of factor X relevant to

tissue injury is attributed to its ability to bind vascular (ICAMs) [19]. The selectin family of adhesion
molecules (i.e. L-, E-, and P-selectin) and their car-endothelial cells inducing release of platelet-derived

growth factor-like molecules. bohydrate containing counter receptors mediate the
initial interaction of leukocytes (i.e. rolling) with theMetalloproteinases (e.g. collagenase, gelatinase)

are a family of zinc- and calcium-dependent en- vascular endothelium [116]. Subsequent leukocyte ad-
hesive events, including transendothelial migrationdopeptidases that are active in the degradation of

extracellular matrix. Neutrophil metalloproteinases and cell interactions with the extracellular matrix are
mediated by integrins and members of ICAMs. Leu-are localized in the secretory granules and are released

secondary to lysosomal degranulation at in- kocytes express b2-integrins (Mac-1, LFA-1, and p150,
90), and selectin (L-selectin) on their surfaces. Leu-flammatory sites. Studies have shown that matrix

metalloproteinase-9 derived from macrophages can kocyte and endothelial integrins, in conjunction with
other members of ICAMs and selectins function to-solubilize the elastin of the mature elastic fibres in the

arterial wall [117]. The activity of metalloproteinase is gether during vasculogenesis, angiogenesis, in-
flammation, and wound healing [121]. The leukocyteregulated by plasma proteins including a2-macro-

globulin and cell-derived tissue inhibitors of metal- adhesion molecules are important components of
cellular signal transduction [116,122]. The mech-loproteinases (i.e. TIMP-1 and TIMP-2) [118].

A cationic antimicrobial protein (CAP37) has been anisms of signal transduction and the regulation of
adhesion molecules are not within the scope of thisisolated from neutrophil granules released during in-

flammation. In addition to its bacterial role, CAP37 is article and readers are referred to other sources [19,
116,122–123].implicated in inflammation because of its effect on

the recruitment and activation of monocytes as well The adhesion molecules, ICAM-1 and b2-integrins,
are essential for leukocyte migration into sites ofas its effect on endothelial cells and fibroblasts [119].

Lactoferrin, a multifunctional immunoregulatory pro- inflammation. Monoclonal antibodies to Mac-1
molecules or to their endothelial counter receptor,tein, is another inflammatory mediator which exhibits

antimicrobial properties [120]. Lactoferrin is an iron- ICAM-1, blocks neutrophil adherence and ex-
travasation in vivo [19]. A low number of Mac-1binding protein which is found in external secretions,

such as breast milk, and in the secondary granules of molecules are expressed on the unactivated neutrophil
surface and are up-regulated and become functionallyneutrophils. Lactoferrin can affect various immuno-

logical functions, including antibody synthesis in vitro, active upon neutrophil stimulation. The avidity of b2-
integrins for their ligands can be regulated by cellularproduction of IL-1, IL-2, and TNF-a, natural killer-cell

cytotoxicity, complement activation, and lymphocyte activation. Although ICAM-1 is constitutively present
on endothelial cells, its expression can be augmentedproliferation. In addition, lactoferrin binds to LPS and

thereby decreases the production of LPS-mediated by a variety of inflammatory mediators including TNF,
IL-1, c-interferon, and endotoxin. In addition, theseTNF-a production.
cytokines can induce upregulation of E-selectin on
endothelial cells [19,37].

Role of adhesion molecules
Numerous studies have provided evidence in-

dicating that leukocyte-endothelial adhesion plays aThe recruitment of circulating leukocytes into tissues
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crucial role in the recruitment of leukocytes into sites Conclusions

of tissue injury and the pathogenesis of inflam-
The recruitment of leukocytes to the sites of in-

mation [124–126]. In rats with nephrotoxic nephritis
flammation and leukocyte-derived inflammatory

the simultaneous administration of antibodies to
mediators, such as chemokines, complement com-

ICMA-1 and LFA-1 prevented the development of pro-
ponents, proteases, nitric oxide, and reactive oxygen

teinuria, the influx of inflammatory cells into the glom-
metabolites contribute to the development of tissue

erular capillary tuft, and the subsequent crescent
injury associated with a variety of disease states in-

formation [126]. Other studies demonstrated that anti-
cluding asthma, emphysema, myocardial infarction,

bodies to b2-integrins (CD18), and to E-selectin (endo-
adult respiratory distress syndrome, glomerulo-

thelial leukocyte adhesion molecule, ELAM) exhibited
nephritis, immune complex-mediated vasculitis, and

potent anti-inflammatory effects, resulting in a striking
rheumatoid arthritis. The first step in the pathogenesis

amelioration of injury in experimental phacoana-
of these inflammatory conditions is adhesion of leu-

phylactic endophthalmitis in rats [127]. ICAM-1 has
kocytes to and transmigration across the vascular

been shown to play a significant role in the hepatic
endothelium. Both leukocytes and endothelial cells

ischaemia/reperfusion neutrophil-dependent phase of
play an active role in this process by regulating the

the injury [128]. Adherence dependent on Mac-1 and
expression and conformational changes of adhesion

ICAM-1 has been shown to activate the neutrophil
molecules that mediate adhesion. Through the sig-

respiratory burst resulting in cardiac myocyte
naling properties of highly regulated membrane re-

injury [31,122]. Other studies have shown that in-
ceptors, adhesion molecules influence inflammatory

terruption of selectin-mediated neutrophil adherence
responses. The production of inflammatory mediators

with soluble sialyl Lewis oligosaccharide following
can further modulate leukocyte-endothelial inter-

ischaemia/reperfusion on the rabbit ear resulted in
actions and thereby contribute to more complex inter-

significant reduction in tissue injury [129]. Another
actions and the development of tissue injury. The

experimental animal model of inflammatory tissue
challenge for future investigations will be to dissect

injury suggested a compartmentalized role for ad-
and identify structure-function requirements of ad-

hesion molecules in lung inflammatory tissue injury
hesion molecules-cellular interactions and their re-

following intra-alveolar deposition of IgG immune
gulation by the inflammatory mediators, and to

complexes [101]. Neutrophil inhibitory factor that
elucidate the intracellular signaling mechanisms regu-

binds Mac-1 and inhibits Mac-1-dependent neutrophil
lating these interactions. A better understanding of the

adhesion prevented neutrophil-dependent lung vas-
cellular and molecular mechanisms of inflammatory

cular injury by inhibiting neutrophil adhesion to the
disease processes will assist in finding new ap-

TNF-a-activated endothelium [130]. All these studies
proaches to the development of therapeutic in-

collectively underscore the roles of adhesion
terventions.

molecules and the complexity of leukocyte-endothelial
interactions in inflammatory tissue injury. It must be
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