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Intra-abdominal adhesion formation and reformation after surgery is a cause of signi®cant morbidity, resulting in
infertility and pain. The understanding of the pathogenesis of adhesion formation and reformation especially at the
cellular and molecular level can help to further develop more effective treatments for the prevention of adhesion
formation and reformation. Following an injury to the peritoneum, ®brinolytic activity over the peritoneal surface
decreases, leading to changes in the expression and synthesis of various cellular mediators and in the remodelling of
the connective tissue. The cellular response to peritoneal injury and adhesion formation and reformation are
reviewed. Analysis of the available literature data on the cellular mediators in the peritoneal ¯uid showed variation
in results from different investigators. The potential sources of variability and error are examined. It is still unclear if
there is signi®cant individual variation in the peritoneal response to injury.
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Introduction

Intra-abdominal adhesion formation and reformation after surgery

is a signi®cant cause of morbidity (Ellis et al., 1999). In a recent

study, this phenomenon was found to result in 33% of patients

who had previous surgery being readmitted an average of twice to

a hospital for related complications. Congenital or in¯ammatory

adhesions rarely give rise to intestinal obstruction. Post-operative

adhesions, however, account for 40% of all cases of intestinal

obstruction and 60±70% of those involve the small bowel

(Tulandi, 1986; Menzies, 1993). Moreover, the presence of

adhesions during surgery may result in longer operating times and

increase intraoperative complications, including damage to the

bowel, bladder, ureters, and bleeding. Other recognized causes of

adhesions include bacterial peritonitis, radiotherapy, chemical

peritonitis, foreign body reaction, long-term continuous ambula-

tory peritoneal dialysis, endometriosis and pelvic in¯ammatory

disease.

Pelvic adhesions can cause infertility and pain (Rosenthal et al.,

1984; Stout et al., 1991). Adhesions can result in infertility by

causing mechanical blockage to the Fallopian tubes thus

preventing oocyte retrieval. Several studies have reported on the

bene®cial effect of salpingo-ovariolysis on the conception rate

(Tulandi et al., 1990; Saravelos et al., 1995a). The distortion of

the pelvic anatomy due to adhesions can also make ultrasono-

graphic interpretation of the pelvis dif®cult. For invasive

procedures such as oocyte retrieval for IVF, access to the ovaries

can be dif®cult owing to alteration in the pelvic anatomy caused

by pelvic adhesive disease. Unilateral pelvic pain is usually

associated with adhesions on the same side as the symptom (Stout

et al., 1991). A number of studies have shown that division of

adhesions at surgery is useful in the treatment of chronic pelvic

pain (Sutton and MacDonald, 1990; Steege and Stout, 1991;

Mueller et al., 1995; Saravelos et al., 1995b). A randomized

controlled trial of adhesiolysis by laparotomy versus no surgery,

however, showed that there was no difference in pain level at 9±

12 months post-operatively (Peters et al., 1992). This result is not

surprising because laparotomy is known to cause more adhesions

post-operatively compared with laparoscopy (Luciano et al.,

1989; Lundorff et al., 1991). To date, no randomized study has

been published that examines the bene®t of laparoscopic

adhesiolysis in pelvic pain.
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Currently, there is no ideal method of preventing adhesion

formation/reformation. In terms of surgical technique, gentle

tissue handling, the no-touch technique, meticulous haemostasis,

copious irrigation, prevention of infection, avoidance of pow-

dered gloves which can evoke a foreign body response in the

peritoneum and prevention of extensive thermal injury have all

been described as means of adhesion prevention. Multiple

adjuvants to post-surgical adhesion prevention have also been

evaluated. They include agents that prevent in¯ammation such as

both steroidal and non-steroidal anti-in¯ammatory medications,

agents that degrade ®brin such as recombinant tissue plasminogen

activator and barrier methods involving the application of an

absorbable material/solution/gel intraperitoneally to prevent the

peritoneal surfaces from adhering together (diZerega, 1999). The

two commercially available synthetic barriers for adhesion

prevention, namely, oxidized regenerated cellulose (Interceed)

and polytetra¯uoroethylene (PTFC, Gore-Tex), have both been

shown to be safe and ef®cacious in reducing the incidence of post-

operative adhesions (Farquhar et al., 2000). Interceed (TC 7)

Absorbable Adhesion Barrier (Ethicon, Inc., Somerville, NJ,

USA) is absorbable and can be cut to the size required to cover a

surgical ®eld without needing suturing. It should be placed on the

raw tissue area after adequate haemostasis has been achieved. The

other commercially available barrier is Gore-Tex (WL Gore &

Associates, Inc., Flagstaff, AZ, USA) which is non-absorbable

and needs to be sutured in place, and has the disadvantage that it

needs to be removed during a subsequent surgical procedure.

Though meta-analyses showed that these adhesion prevention

barriers are capable of reducing adhesions after surgery, they do

not completely eliminate the formation and reformation of

adhesions from all patients. Other newer products such as

Sepra®lm (Hal-F, Bioresorbable Membrane; Genzyme

Cooperation, Cambridge, MA, USA), Sepracoat (HAL-C;

Genzyme Corporation), Intergel (Ethicon, Inc.) and Icodextrin

solution (M.L. Laboratories, Plc, Leicester, UK) are still being

evaluated at the moment.

A better understanding of the pathogenesis of adhesion

formation/reformation at the cellular and molecular level would

undoubtedly help to develop more effective treatment strategies.

In the next section, we review the cellular events involved in the

peritoneal healing and its relevance to the pathogenesis of

adhesion formation/reformation.

The peritoneum

The serous membranes of the peritoneal, pleural and pericardial

cavities are of similar embryological derivation and are lined by a

layer of mesothelial cells. These mesothelial cells are anchored to

the basement membrane. The submesothelial layer consists of the

extracellular matrix (ECM) made up of different types of

collagen, glycoproteins (i.e. laminin and ®bronectin), glycosami-

noglycans and proteoglycans. Vascular structures and lymphatics

are found in the subserous space. Diffusion and resorption of ¯uid

occur freely through the mesothelium and submesothelial stroma.

Mesothelial cells are loosely attached to the basement

membrane and can be readily detached by the slightest trauma

(Raftery, 1973). They have microvilli. The nuclei of mesothelial

cells are large and prominent, occupying most of the cytoplasm.

They have an even distribution of chromatin, except at the

periphery where the chromatin forms narrow, dense bands on the

inner aspect of the nuclear membrane. The mesothelial cells

secrete interleukin (IL)-1, ±6 and ±8 (Douvdevani et al., 1994;

Bachus et al., 1995; Offner et al., 1995; Arici et al., 1996),

tumour necrosis factor (TNF)-a (Bachus et al., 1995) and

transforming growth factor (TGF)-b (Offner et al., 1996) when

stimulated in vitro. The mesothelial cells can contribute to the

®brinolytic process by secreting tissue plasminogen activator

(Berborowicz et al., 1997) and plasminogen activator inhibitors

(PAI) (van Hinsburgh et al., 1990; Sitter et al., 1995;

Berborowicz et al., 1997). The expression of intracellular

adhesion molecule-1 (ICAM-1) by the mesothelial cells when

stimulated in vitro has been described (Liberek et al., 1996).

Hyaluronic acid (Yung et al., 1996) and prostaglandins (Topley et

al., 1994) can also be synthesized by the mesothelial cells in vitro.

The peritoneal ¯uid

The peritoneum is in constant contact with the peritoneal ¯uid.

This ¯uid facilitates the normal function of the gastrointestinal

tract, bladder and, in the female genital tract, plays an important

role in the motility of the Fallopian tubes and oocyte retrieval.

Peritoneal ¯uid circulates within the abdominal cavity and is in

continuity, via the lymphatic system, with the pleural ¯uid within

the thoracic cavity and the vascular system. Molecules can enter

or exit the peritoneal cavity by transudation, exudation and

facilitated transport or via the lymphatic system.

It is likely that the activity of cellular mediators in the

peritoneal ¯uid plays an active role in peritoneal healing. These

cellular mediators are produced by the cellular components of the

peritoneal ¯uid such as the macrophages as well as the

mesothelial cells. Because of its mobile nature, the peritoneal

¯uid can potentially modulate the in¯ammatory response over a

large surface area.

Oestrogen and progesterone concentrations in the peritoneal

¯uid are higher in the luteal phase compared to the follicular

phase (Padilla et al., 1986). Women on the oral contraceptive pill

and post-menopausal women have lower volumes of peritoneal

¯uid (4.2 6 2.3 ml) compared with those women with regular

menstrual cycles. Peritoneal ¯uid volume increases progressively

during the follicular phase, being highest during the luteal phase

(20 6 6.3 ml), and declines thereafter (Koninckx et al., 1980). In

the presence of pelvic pathology such as endometriosis, the

volume of peritoneal ¯uid is signi®cantly increased throughout

the menstrual cycle (Drake et al., 1980). More recently, it has

been shown that inhibin A, a dimeric protein that modulates

ovarian steriodogenesis and pituitary FSH production, is sig-

ni®cantly elevated in peritoneal ¯uid in the luteal phase compared

with the follicular phase (Florio et al., 1998)

The ®brinolytic property of the peritoneal ¯uid also varies with

the menstrual cycle. During the luteal phase, peritoneal ¯uid

plasminogen and PAI are signi®cantly increased above that of the

follicular phase (Boukaert et al., 1984; Padilla et al., 1986; Dorr et

al., 1993).

The peritoneal ¯uid contains a vast number of leukocytes and a

small number of macrophages, eosinophils and basophils (Haney,

1999). However, the cellular population in the peritoneal ¯uid can

vary depending on the state of the peritoneal environment. In the

early follicular phase, the peritoneal leukocyte numbers are
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elevated. In pathological conditions such as endometriosis, the

number of macrophages is increased in the peritoneal ¯uid (Syrop

and Halme, 1987). During infection, the number of macrophages

increases greatly (Olive et al., 1987).

Thus it appears that in the normal female pelvis, the volume

and composition of the peritoneal ¯uid is highly dependent on the

stage of menstrual cycle and hence the process of ovulation.

Moreover, peritoneal ¯uid content and volume can be altered in

the presence of pelvic pathology. Consequently, to further our

understanding of the role of cellular components and cytokines in

adhesion formation/reformation, it will be necessary to establish

how these mediators ¯uctuate normally during the menstrual

cycle, before comparison can be made with studies of patholo-

gical states and assessment in individuals who are at risk of

adhesion formation/reformation.

Cellular components of peritoneal healing

A summary of the cellular changes in the peritoneal healing

process is summarized in Figure 1. The peritoneal leukocytes,

mesothelial cells and macrophages are important cellular

components of peritoneal healing. Peritoneal healing is char-

acterized by cellular in®ltration and a growth response by the

mesothelial cells in the damaged area. In response to the initial

injury, resident cells in the peritoneum such as macrophages and

mesothelial cells produce cellular mediators, which serve to

modulate and orchestrate the subsequent response of the other

cells involved in the in¯ammatory response. The kinetics of the

cellular in®ltration in response to in¯ammation is as follows

(diZerega, 1990): the earliest cells to appear in the damaged

peritoneum are mainly the polymorphonuclear neutrophils

(PMN), which persist for 1±2 days. This is followed by the entry

of monocytes which later differentiate into macrophages and

become adherent to the wound surface. By day 3, mesothelial

cells begin to cover the peritoneal macrophages at the wound

surface and these macrophages become embedded more deeply in

the wound (Raftery, 1973; Haney, 2000). On days 4±7, the

predominant cells on the peritoneal surface are mesothelial cells.

After post-operative day 5, the main cell type in the peritoneal

¯uid is the macrophage. These mesothelial cells then proliferate

throughout the wound base and form multiple islands of cells.

Con¯uence of these islands of cells allows larger wounds to heal

in the same amount of time as smaller wounds. This form of

healing contrasts with that of the skin in which healing takes place

from the skin edge; thus larger injuries take longer to heal than

smaller ones.

Tissue injury and formation of ®brin bands

It has been postulated that peritoneal injury leads to ischaemia,

either from the inadequate ingrowth of vessels in the base of the

wound, or, if adequate ingrowth does occur, from an inadequate

blood ¯ow in the vessels (Ellis, 1962; Raftery, 1973). Adhesion

bands are more likely to occur after surgery when both contacting

surfaces of the peritoneum are injured (Haney and Doty, 1994).

After trauma/injury to the peritoneum, there is increased vascular

permeability in vessels supplying the damaged area, followed by

an exudation of in¯ammatory cells, ultimately leading to the

formation of a ®brin matrix. The ®brin matrix is gradually

organized and replaced by tissue containing ®broblasts, macro-

phages and giant cells. This ®brin matrix connects two injured

peritoneal surfaces forming ®brin bands. These ®brin bands can

be broken down by ®brinolysis into smaller molecules as ®brin

degradation products (FDP). Under conditions of aberrant

peritoneal healing, ischaemia results in a reduction in ®brinolytic

activity and thus the persistence of the ®brin bands. The

organisation of the ®brin bands over time results in the adhesions

persisting. Adhesion tissue is a mixture of macrophages,

eosinophils, red blood cells, tissue debris, mast cells and

®broblasts. The cell population changes with the maturity of the

adhesion tissue, with the initial cell type at days 1±3 being mainly

polymorphonuclear leukocytes (PMN) and on days 5±7 mainly

®broblasts (Milligan and Raftery, 1974). Adhesion tissue also

contains nerve ®bres (Kligman et al., 1993; Tulandi et al., 1998)

and small vascular channels of endothelial cells (Milligan and

Raftery, 1974).

The ®brinolytic system

The role of the ®brinolysis in adhesion formation/reformation is

to breakdown ®brin clots that are formed during the healing

Figure 1. Changes in the relative number of cellular elements and ®brin during normal rat peritoneal repair. [Modi®ed from diZerega, G.S. (1999) Peritoneum,
peritoneal healing and adhesion formation. In diZerega G.S. (ed.), Peritoneal Surgery, p. 15. With the permission of Springer-Verlag, New York.]
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process. The zymogen precursor, plasminogen, is converted to

plasmin by the action of plasminogen activators (PA), namely

tissue plasminogen activator (tPA) and urokinase-like plasmino-

gen activator (uPA). PA are serine proteinases, which belong to

the family of endoproteinases. Other endoproteinases include the

cysteine proteinases, aspartyl proteinases and metalloproteinases.

Plasmin can be produced by macrophages or by mesothelial cells

lining the peritoneal cavity (Jones and Werb, 1980; van de Poll et

al., 1991). The main role of plasmin is to degrade ®brin. To

counteract this process, plasminogen activator inhibitor-1 (PAI-1)

and PAI-2, both glycoproteins, inhibit both tPA and uPA to

different degrees, thus contributing to the active interplay

between the activators and inhibitors of this system. In the

pathological process of adhesion formation, the ®brinolytic

process is altered, allowing the formation and persistence of

adhesions. Figure 2 shows the current thinking about the role of

the ®brinolytic system in the formation of adhesions.

Porter et al. ®rst described the presence of plasminogen

activator activity in the human peritoneum (Porter et al., 1969)

and later work localized plasminogen-activating activity to the

mesothelium (Raftery, 1979). Fibrinolytic activity has also been

detected in the peritoneal ¯uid (Pattinson et al., 1981; Batzo®n et

al., 1985) in both humans and animal models. Studies have

suggested that there is marked interspecies variation in ®brino-

lytic activity and this may in part be due to differences in the

concentrations of plasminogen inhibitors (Pugatch and Poole,

1969). PAI activity has been identi®ed in normal human

peritoneal cells (Holmdahl et al., 1997).

In the in¯amed peritoneal tissue, the activity of peritoneal

plasminogen activators is signi®cantly reduced (Porter et al.,

1969; Hau et al., 1979; Raftery, 1981b; Thompson et al., 1989;

Holmdahl et al., 1997), partly because the PAI concentration is

increased (Vipond et al., 1994b; Holmdahl et al., 1997).

Holmdahl et al. (1997) obtained peritoneal tissue samples during

laparotomy from patients with and without peritonitis. They

employed immunocytochemistry to determine the differential

expression of PA and PAI proteins in two different layers

(mesothelium and submesothelium) of the peritoneum. In the

normal mesothelial layer, tPA, uPA and PAI-1 protein were

present, compared with the submesothelial layer, where only PAI-

1 and uPA but not tPA were present. In in¯amed peritoneum, tPA

expression in the mesothelium was substantially reduced, whereas

PAI-1 expression in the submesothelial layer was intensi®ed.

Expression of tPA in the mesothelium but not the submesothelium

suggested that tPA was responsible for the clearance of ®brin in

the peritoneal cavity proper. The authors further postulated that

injury to the mesothelium during surgery/trauma may have

deleted the tPA source and exposed PAI-1, thus accounting for the

elevated PAI-1 detected in the peritoneal tissue samples obtained.

Biopsy of adhesion tissue and the peritoneal tissue of patients

undergoing laparotomy has been performed (Ivarsson et al.,

1998). These patients had varying degrees of adhesions and the

severity of the adhesions was scored during surgery. Compared to

individuals who formed mild or moderate adhesions, individuals

who formed severe adhesions were found to overexpress PAI-1

and had decreased tPA activity, not only in adhesion tissue, but

more importantly, also in the peritoneal tissue adjacent to the sites

of the adhesions. Their ®ndings suggested that post-operative

adhesion tissue has a reduced ability to degrade ®brin. They also

postulated that individuals who overexpress PAI-1 in their

peritoneum are at increased risk of adhesion formation/reforma-

tion. Others studies have also positively correlated the severity of

adhesion formation to decreased ®brinolytic activity in the injured

peritoneum (Buckman et al., 1976; Raftery, 1981a; Vipond et al.,

1994a).

In the presence of adhesions, the ®brinolytic activity in the

mesothelium is reduced, but data on the ®brinolytic activity in the

peritoneal ¯uid are con¯icting; some reported a reduction in PA

activity with adhesive disease in endometriosis (Ohtsuka, 1980;

Malick, 1982), some reported no difference in activity of PA or its

inhibitor, PAI (Pattinson et al., 1981; Batzo®n et al., 1985), and

others an increase in PA activity (Edelstam et al., 1998). The

factors resulting in these inconsistencies will be discussed later.

The ®brinolytic system clearly plays a signi®cant role in

adhesion formation/ reformation. There are also interactions

between the ®brinolytic system and other proteinases, particularly

the metalloproteinases (MMP) and their inhibitors: tissue

inhibitors of metalloproteinases (TIMP). MMP and TIMP are

both important players in the remodelling of the ECM (Figure 2).

Proteases and protease inhibitors

The MMP are a family of enzymes that can degrade various

components of the ECM; they require zinc for their catalytic

action and their actions are opposed by tissue-derived inhibitors

called TIMP. More than 17 different MMP have been described to

date. Five groups of MMP have a recognized role in wound

healing: the collagenases (MMP-1, ±8 and ±13), gelatinases

(MMP-2 and ±9), stromelysins (MMP-3, ±7, ±10 and ±11),

membrane-type metalloproteinases (MMP-14±17) and other

matrix metalloproteinases (MMP-12). Collectively, MMP are

capable of degrading all of the components of the ECM. To date,

four TIMP have been characterized; TIMP-1±4. The relative

concentrations of MMP and TIMP and their resulting proteolytic

activity are important in many normal and pathological condi-

tions. MMP play a role in reproductive processes including

menstruation, ovulation, implantation and uterine, breast and

prostate involution (Hulboy et al., 1997). The importance of these

proteinases and their inhibitors has also been well described in the

process of wound healing (Saarialho-Kere et al., 1993; Cooper et

al., 1994; Bullen et al., 1995; Wlaschek et al., 1997; Yager et al.,

1997). Aberrant MMP and TIMP expression has been associated

with many gynaecological conditions including endometriosis

(Sharpe-Timms et al., 1998a; Carolien et al., 2000), and adhesion

formation/reformation (Chegini et al., 1998; Sharpe-Timms et al.,

1998b).

MMP and TIMP: their signi®cance in ®brinolysis and adhesion

formation/reformation

Figure 2 illustrates the possible role of MMP and TIMP in the

adhesion formation process. Plasmin can activate latent MMP. It

has been shown that human parietal peritoneum and serosal tissue

of several intraperitoneal organs express MMP and TIMP

(Chegini et al., 1998). Mesothelial cells express signi®cantly less

MMP-1, higher MMP-3 and similar levels of TIMP mRNA

compared to macrophages (Chunfeng et al., 1999). Surgical

manipulation resulting in adhesion formation has been shown to

alter both the PA/PAI and MMP/TIMP equilibrium in the
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peritoneal ¯uid (Sharpe-Timms et al., 1998b). Pre-surgical

gonadotrophin-releasing hormone (GnRH) agonist therapy was

shown to reduce adhesion formation after surgery (Wright and

Sharpe-Timms, 1995) and this was associated with decreased PA

and MMP activity and increased PAI and TIMP activity in the

peritoneal ¯uid. This alteration in the balance of the PA/PAI and

MMP/TIMP systems is postulated to induce a shift to a less

invasive phenotype that alters ®brinolysis and ECM remodelling,

thus accounting for a possible mechanism for the reduction in

adhesion formation after surgery following GnRH agonist

treatment.

The role of transforming growth factor (TGF)-b

In peritoneal healing and adhesion formation, latent TGF-b is

activated by plasmin (Sato and Rifkin, 1989). In its active form,

TGF-b not only interacts with the ®brinolytic system and ECM

but also with many other cellular mediators involved in the

process of adhesion formation (Figure 2). It is normally found in

platelets, macrophages and wound ¯uid (Assoian et al., 1983,

1987; Cromack et al., 1987). It is a key factor in normal wound

healing and is also a potent inducer of tissue ®brosis in peritoneal

wound healing (Border and Noble, 1994). During the acute phase

Figure 2. A summary of three important pathways leading to adhesion formation: (I) initial cellular response to tissue damage; (II) ®brinolysis ; and (III)
components of ECM . Bold arrows: stimulatory effect; dotted arrows: inhibitory effect. For clarity, functions of the components considered important in adhesion
formation are illustrated. ECM = extracellular matrix; MMP = matrix metalloproteinase; TIMP = tissue inhibitor of metalloproteinase; PA = plasminogen activator;
PAI = plasminogen activator inhibitor; FDP = ®brin degradation products; TNF-a = tumour necrosis factor-a; INF-g = interferon-g; IL = interleukin.

Y.C.Cheong et al.
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of the in¯ammatory response, peritoneal macrophages and/or

mesothelial cells produce TGF-b (Offner et al., 1996). It can

contribute to the synthesis of the ECM by stimulating ®broblastic

cell production of collagen and ®bronectin (Ignotz and Massaque,

1986).

TGF-b overexpression by the parietal peritoneum and the

serosal surfaces of the pelvic organs as well as increased

concentrations of TGF-b in the peritoneal ¯uid have been

associated with an increased incidence of adhesion formation in

both humans and animals (Williams et al., 1992; Chegini et al.,

1994, 1999; Chegini, 1997). Using immunocytochemical staining,

Chegini et al. (1994) showed the presence of various TGF-b
isoforms in surgically induced adhesion tissue in rats. Moreover,

rats given intraperitoneal TGF-b daily for 5 days develop

signi®cantly more adhesions than the controls (Chegini, 1997).

In an in-vitro model, Tietze et al., using a cell/®brin clot assay,

showed that TGF-b increased PAI-1 mRNA and decreased tPA

mRNA expression in mesothelial cells (Tietze et al.,1998),

resulting in decreased ®brinolytic activity. TGF-b administration

to human mesothelial cells decreased MMP-1 but increased

TIMP-1 mRNA expression in vitro (Chunfeng et al., 1999).

However, the underproduction of TGF-b in vivo was associated

with increased adhesion formation in transgenic mice carrying the

heterozygous TGF-b allele compared to the homozygous controls

(Krause et al., 1999). The literature shows that TGF-b can

differentially regulate MMP and TIMP, PAI and PA at the

transcription level and that it can increase ECM production. Thus

it exerts substantial in¯uence over the outcome of peritoneal

healing and adhesion formation.

Adhesion molecules and chemotactic cellular mediators

Mesothelial cells lining the peritoneal cavity play an important

part in the adhesion formation process via expression of cell

adhesion molecules (CAM) and production of chemotactic

cytokines. CAM play a key role in the in¯ammatory response.

Selectins, integrins and immunoglobulin (Ig) gene family

adhesion receptors are selectively expressed by tissue cells and

can help to mediate the different steps of leukocyte attachment

and migration to the in¯ammatory foci.

Cell adhesion molecules

Mesothelial cells express adhesion molecules such as intercellular

adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1

(VCAM-1) (Liberek et al., 1996). The integrin family of adhesion

receptors is also important in the process of adhesion formation.

In adults, various types of cells expressed the integrin adhesion

receptors (Damjanovich et al., 1992). Integrins interact with

proteins primarily via the tripeptide sequence Arg-Gly-Asp

(RGD). This tripeptide sequence functions as the core cell-

binding sequence in many proteins and cells including ®bronectin,

platelet glycoprotein IIb/IIIa receptor, laminin and in leukocytes

(leukocyte antigen receptor family). The activation of the integrin

adhesion molecule receptor also has profound effects on the

genetic expression of MMP and various cytokines (Werb et al.,

1989; Miyakes et al., 1993). Integrins can thus enhance the

adhesion formation process by: (i) activating platelet aggregation,

the coagulation process and ®brin deposition; (ii) accelerating the

in¯ammatory process; and (iii) enhancing the attachment of the

mesothelial cells to ®brin and ECM.

Chemotactic cytokines

Mesothelial cells also secrete chemotactic cytokines such as IL-8,

monocyte chemotactic protein-1 (MCP-1) and Regulated on

Activation and Normally T cell Expressed and presumably

Secreted (RANTES) to create a chemical gradient to recruit

more in¯ammatory cells (Zeillemakerm et al., 1995; Fear et al.,

1997). IL-8, a potent chemoattractant is elevated in the peritoneal

¯uid in cases of endometriosis (Arici et al., 1996). IL-8

concentrations are higher in early (stage 1) disease compared

with later stages of endometriosis (Gazvani et al., 1998), although

adhesions generally are more severe at later stages of the disease.

This could be explained by the fact that the role of IL-8 is

recruitment of cells and thus it could be expected to have a more

important role in the initial rather than the later phase of the

in¯ammatory response. Mesothelial cells, by up-regulating the

secretion of chemotactic cytokines and expression of adhesion

molecules on their surfaces, are able to control the phenotype of

leukocyte recruitment (Robson et al., 1997).

The pro- and anti-in¯ammatory cytokines (TNF-a, IL-1,
±6, ±8 and 10 and IFN-g)

Evidence to date suggests that there is alteration in peritoneal

¯uid cytokine pro®le in the presence of adhesions. Table I shows

a summary of the changes in peritoneal ¯uid factors associated

with established peritoneal adhesions. In order to more precisely

delineate the role of cytokines in the adhesion formation process,

it will be important to consider the alteration of cytokine pro®le in

the following situations: (i) in acute in¯ammation, a condition

that can predispose to adhesion formation; (ii) during the adhesion

formation process; and (iii) in adhesions which have been well-

established some time ago.

Acute in¯ammation

In acute in¯ammation, the peritoneal ¯uid shows increased

concentrations of the pro-in¯ammatory cytokines IL-1, IL-6, IL-8

and TNF-a (Brauner et al., 1993, 1996; Zemel et al., 1994). Acute

in¯ammation in the peritoneum is followed by a large in¯ux of

cells, predominately macrophages, by chemotactic mechanisms.

IL-1 and TNF-a are both pro-in¯ammatory cytokines important

in the early phase of wound healing (Lowry, 1993), and are

produced by activated macrophages in the peritoneal ¯uid

(Halme, 1986; Mori et al., 1991). IL-6 is expressed by

macrophages and its production is up-regulated by IL-1 during

the in¯ammatory process (Hirano, 1998). Both IL-1 and TNF-a
are potent inducers of IL-6 (Bauer et al., 1988).

It is known that TNF-a, IL-1 and IL-6 interact with the

®brinolytic system; the latter is an important component of the

adhesion formation process (Figure 2). Plasmin has been shown to

mobilize and release TNF-a, IL-1 and IL-6 (Whawell et al., 1994;

Ivarsson et al., 1998). TNF-a and IL-1b can in turn down-regulate

tPA expression both at the protein and the mRNA level (Sitter et

al., 1996; Tietze et al., 1998), thus helping to regulate the

in¯ammatory process and, possibly, the extent and severity of

adhesion formation and reformation subsequently. However, none

of the studies attempted to correlate these alterations in cytokine
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pro®le to the extent and severity of adhesion formation/

reformation.

During the adhesion formation process

From the literature, we can ®nd no human studies to date that

examined the alteration of cytokine pro®le during the adhesion

formation process. Clearly, in establishing a casual or causal role

of cytokines in adhesion formation, this will be an interesting and

important aspect for future research.

Chronic preformed adhesions

Compared with patients with no adhesions, the altered cytokine

pro®le found in patients with existing, well-established adhesions

during surgery could either be a consequence of the presence of

adhesions, or it could represent an altered environment that

predisposes to the formation of adhesions in the ®rst instance.

Notwithstanding the dif®culty in the interpretation of any altered

cytokine pro®le, signi®cant controversies exist concerning the

concentrations of a number of cytokines in the peritoneal ¯uid of

subjects with well-established adhesions. Although some studies

showed elevated TNF-a concentration in the serum (Saba et al.,

1998) and peritoneal ¯uid (Guerra-Infante et al., 1999) of patients

with adhesions during surgery, others did not (Mori et al., 1991;

Chegini et al., 1999). Similarly, even though administration of IL-

1 into the peritoneal cavity in experimental rat models has been

shown to contribute to adhesion formation (Hershlag et al., 1991),

IL-1 concentrations in the peritoneal ¯uid of patients with

adhesive disease were not elevated (Mori et al., 1991; Chegini et

al., 1999). More of the possible reasons for the discrepancies will

be discussed later.

IL-6 has consistently been reported to be adhesiogenic.

Administration of IL-6 into the peritoneal cavity of rats was also

found to increase adhesion formation signi®cantly (Saba et al.,

1996). Similarly, elevated concentrations of IL-6 have been found

to correlate with non-endometriotic pelvic adhesions (Buyalos et

al., 1992).

As for the anti-in¯ammatory cytokines, low concentrations of

IL-10 and INF-g are reported in the peritoneal ¯uid of subjects

with adhesions or endometriosis (Chegini et al., 1999), and in

rats, the peritoneal ¯uid after surgery contains low concentrations

of IL-10 (Holschneider et al., 1997). Intraperitoneal administra-

tion of IL-10 has also been shown to reduce adhesions in rats

(Holschneider et al., 1997).

None of the above studies demonstrated the actual source of the

cytokines, which could be derived from in¯ammatory cells such

as the macrophages, the mesothelial cells, and/or other pelvic

organs such as the uterus and ovaries.

A critical analysis of published data on peritoneal ¯uid
biochemistry

A summary of the published literature on the changes in

peritoneal ¯uid factors associated with established adhesions is

shown in Table I. There appear to be signi®cant discrepancies in

results between the various studies reported, which may be due to

a number of reasons. The concentration of any substance-

including cytokines, in the peritoneal ¯uid is in¯uenced by the

rate of production, and degradation, as well as dilution. Thus the

concentration of cellular mediators in the peritoneal ¯uid will be

in¯uenced by the amount of ¯uid present. To analyse the cytokine

data in a meaningful way, the volume of the ¯uid present in the

peritoneal cavity ought to be measured so that the impact of

dilution can be evaluated. Unfortunately, none of the published

studies on peritoneal biochemistry and cytokines takes into

consideration the importance of ¯uid volume in their results.

There are of course many factors that could potentially in¯uence

the peritoneal ¯uid volume, for example, ovulation can release

~5 ml of follicular ¯uid into the peritoneal cavity. The peritoneal

¯uid volume is generally small, and thus the impact on the result

is likely to be signi®cant.

In addition to the ¯uid released during ovulation, there are

several other potential sources of peritoneal ¯uid including

transudation or exudation directly via the peritoneal membrane

and secretions from the endometrial cavity and Fallopian tube. It

is not known whether the secretion from the endometrial cavity

and Fallopian tubes into the cavity is in¯uenced by steroid

hormones and hence follows a cyclical pattern. The variation in

Table I. A summary of changes in peritoneal ¯uid factors associated with

established peritoneal adhesions

Cytokines in

peritoneal ¯uid Human, animal or in-vitro studies

Growth factors

TGF-b  (Chegini et al., 1999)

VEGF  (Mahneke et al., 2000; Mclauren et al., 1996)

Metalloproteinases and their tissue inhibitors

MMP

 (Chegini et al., 1998; Sharpe-Timms et al.,

1998b)

TIMP

 (Chegini et al., 1998; Sharpe-Timms et al.,

1998b)

Pro- and anti-in¯ammatory cytokines

TNF-a « (Mori et al., 1991; Chegini et al., 1999)

 (Kaidi et al., 1995b; Krahenbuhl et al., 1998;

Guerra-Infante et al., 1999)

INF-g  (Chegini et al., 1999)

IL-1 « (Mori et al., 1991; Chegini et al., 1999)

 (Hershlag et al., 1991)

IL-6  (Buyalos et al., 1992; Saba et al., 1996)

IL-8  (Arici et al., 1996; Gazvani et al., 1998)

L-10 « (Chegini et al., 1999)

Chemoattractants

GM-CSF « (Chegini et al., 1999)

MCP-1 « (Zeyneloglu et al., 1998b)

RANTES  (Khorram et al., 1993)

Fibrinolytic factors

PA  (Bakkum et al., 1996; Edelstam et al., 1998)

« (Pattinson et al., 1981; Batzo®n et al., 1985;

Sharpe-Timms et al., 1998b)

¯ (Ohtsuka, 1980; Malick, 1982)

PAI ¯ (Edelstam et al., 1998)

 (Sharpe-Timms et al., 1998b)

 = increased concentrations; ¯ = decreased concentrations; « = no change.
TGF-b = transforming growth factor-b; VEGF = vascular endothelial growth
factor; MMP = matrix metalloproteinase; TIMP = tissue inhibitors of
metalloproteinases; TNF-a = tumour necrosis factor-a; INF-g = interferon-g;
IL = interleukin; GM-CSF = granulocyte±macrophage colony-stimulating
factor; MCP-1 = monocyte chemotactic protein-1; RANTES = Regulated on
Activation and Normally T cell Expressed and presumably Secreted;
PA = plasminogen activator; PAI = plasminogen activator inhibitor.

Y.C.Cheong et al.

562



the ¯uid volume during the cycle means that timing of the

collection of the ¯uid in relation to the physiological events is of

critical importance.

In the case of adhesion formation/reformation, the most

important time to collect the ¯uid is within the 7 days of tissue

injury, when the process of ®brin deposition and resorption

(®brinolysis) is actively taking place. The collection of a single

sample of peritoneal ¯uid from individuals with established intra-

abdominal adhesions provides little information about the

adhesion formation process that occurred some time earlier.

Even if the peritoneal ¯uid cytokine concentration in patients with

adhesions is signi®cantly different from controls, we do not know

whether it is a cause or an effect of the disease process. Whilst

there are several animal studies that have examined peritoneal

¯uid cytokine concentration within a week of surgical insult, there

are no prospective human studies on the relationship between

peritoneal ¯uid cytokine concentration and subsequent adhesion

formation/reformation. Moreover, as the process of adhesion

formation and reformation is a dynamic one, serial measurement

of concentrations of cytokines in the peritoneal ¯uid during the

adhesion formation process is more likely to provide important

physiological information than single measurements.

Studies on adhesion formation and reformation in humans need

to consider the heterogeneous nature of adhesions. For example, it

is still unclear if the adhesions from previous surgery differ from

those associated with pelvic infection or endometriosis. In

contrast to post-surgical adhesions which are often considered

to be non-progressive, endometriosis has been thought to be a

progressive disease (Leyendecker et al., 1998). GnRH analogue,

by suppressing endometriosis deposits, is expected to reduce

adhesion formation associated with endometriosis. Interestingly,

using rat models, Sharpe-Timms et. al. showed that GnRH

analogue treatment resulted in a similar decrease in adhesion

formation in rats with post-operative adhesions as well as rats

with endometriosis by altering the balance of both PA/PAI and

MMP/TIMP systems (Sharpe-Timms et al., 1998). Until we

understand the pathogenesis of adhesions in both diseases further,

it will be important to examine the groups separately.

Moreover, the actual collection process and the assays used for

analysis of the peritoneal ¯uid differ among different researchers.

Finally, the majority of the studies reported in humans were of

small sample size, generally fewer than 50 subjects. Therefore, it

is not surprising that there is much controversy within the

literature concerning the concentration of cytokines in peritoneal

¯uid and their relationship to adhesion formation/reformation.

Future studies on peritoneal ¯uid biochemistry should take into

consideration these potential sources of variability/error men-

tioned above.

Prevention of adhesion formation/reformation: the
cellular approach

An increased understanding of the cellular mechanism of

adhesion formation and reformation should lead to improved

means of prevention. In animal models, adhesion formation has

been reduced by three different strategies: (i) enhancing the

®brinolytic process using tPA; (ii) immunomodulation; and (iii)

disrupting the cell interaction with the ECM.

Altering the ®brinolytic pathway to decrease adhesion formation

A number of animal studies have demonstrated that tPA is

effective in reducing adhesion formation. Recombinant tPA can

be delivered as a gel to delay its release and absorption as tPA is

rapidly absorbed into the peritoneal cavity (Doody et al., 1989;

Dorr et al., 1990; Vipond et al., 1994a). Possible side-effects of

tPA include risks of post-operative haemorrhage and delay in

wound healing. Nevertheless, experimental studies had not

reported complications with wound healing. So far, only one

study reported associated haemorrhagic consequences (Gehlbach

et al., 1994). The only pilot clinical study performed to date

consisted of 15 patients receiving recombinant tPA after surgery.

The investigators found a signi®cant decrease in adhesion

formation with no laboratory changes post-operatively and

reported no complications such as bleeding or altered healing

(Dunn and Mohler, 1994).

The ®brinolytic pathway can also be altered by the adminis-

tration of GnRH analogue (Sharpe-Timms et al., 1998b). These

authors showed that GnRH analogue adhministration altered the

tPA/PAI ratio, resulting in the reduction of adhesion formation in

women. The exact mechanism by which GnRH analogue exerts

its anti-adhesion effect is yet unknown. In this study, the authors

again found no signi®cant post-operative complications such as

bleeding or abnormal healing. Thus the results so far has been

encouraging and therefore further clinical trials consisting of a

larger group of patients should be justi®able in the near future.

Immunomodulation

Selective immunosuppression has been used for reduction of

adhesion formation/ reformation. Rats injected with TGF-b1

antibodies into their abdominal cavity developed comparatively

fewer adhesions compared with the controls (Lucas et al., 1996).

Another group showed that adhesions were signi®cantly reduced

in rats administered IL-1 or TNF-a antibodies and the fewest

adhesions were formed in the group where antibodies to IL-1 and

TNF-a were administered together (Kaidi et al., 1995a). They

later showed that IL-6 antibodies also reduced adhesion formation

in rats when administered pre-operatively. Furthermore, they did

not ®nd any alteration in the collagen content in the wound, nor

any adverse effect of treatment on wound healing. Administration

of anti-MCP-1 antibodies to inhibit chemotaxis has also been

successfully used in mice to prevent adhesion formation

(Zeyneloglu et al., 1998a).

Montz et al. showed that IL-10 administration was effective at

limiting post-operative intraperitoneal adhesion formation with-

out signi®cant systemic effects in mice (Montz et al., 1994). It

was later observed that treatment with IL-10 and/or ketorolac (a

non-steroidal anti-in¯ammatory drug) caused a reduction in

adhesion formation and also thinner and ®lmier adhesions

(Holschneider et al., 1999). Surprisingly, immunosuppression

systemically did not seem to reduce adhesion formation/reforma-

tion, as demonstrated by the administration of cyclosporin in rats

(Leondires et al., 1995).

Disruption of cell interaction with the ECM

As discussed earlier, adhesion molecules play a part in peritoneal

healing. The integrin family is known to interact with the ECM

also primarily via the Arg-Gly-Asp (RGD) tripeptide. Thus the
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inhibitory effects of RGD-containing peptides have been explored

for their ability to reduce adhesion formation in rats. RGD

peptides were administered via a pump over a 7 day period or in

the form of a viscous gel at the end of the surgery. In both

experimental models, adhesion scores were signi®cantly less

compared with controls (Rodgers, 1999).

Conclusion

Adhesion formation and reformation are important and recog-

nized causes of mortality and morbidity. The understanding of the

complex relationship between peritoneal healing and adhesion

formation is still in its infancy. Studies on peritoneal ¯uid should

allow for large variation/error and should be performed in a more

systematic and standardized manner. Further studies into the

differences between what is normal and aberrant peritoneal

healing may help in the design of an effective treatment for

adhesion prevention in the future.
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