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SUMMARY

Rheumatoid arthritis is an inflammatory disease of unknown cause associated with

progressive joint damage and functional disability. Cunent therapy for rheumatoid

arthritis is toxic and is associated with a high incidence of side effects'

Recently, the inflammatory cytokine tumour necrosis factor o has been reported to be an

important, proximai mediator of rheumatoid arthritis. Antibodies or receptor antagonists

for this molecule have been shown to be effcctive therapy for rheumatoid arthritis.

However, such therapy remains expensive, inaccessible for the majority of patients and

associated with adverse effects.

The aim of this thesis was to explore alternate strategies that may alter inflammatory

cytokine production, particularly tumour necrosis factor u, and therefore provide a

possible treatment for rheumatoid arthritis. The focus of the alternate strategies as

described in this thesis are the eicosanoids, thromboxane A, and prostaglandin Er' These

strategies are safe, accessible and not associated with significant adverse events,

Alteration of these eicosanoids was shown to modulate tumour necrosis factor O-bothin

vitro and in vivo. The significance of this alteration of tumour necrosis factor cr by these

strategies as it might apply to rheumatoid arthritis remains to be tested.
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CHAPTER 1

LITERATURE REVIEW

1.1. INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disorder associated with significant

mortality, morbidity and cost to the community. Treatment and therapeutic strategies have

been generally unsatisfactory in that they are associated with a high side-effect proflrle and

substantial rates of relapse and/or non-response'

While the aetiology remains poorly understood, many of the inflammatory mediators have

been identif,red and have become targets for therapy. For example, the cytokines

interleukin-18 GL-1B) and tumour necrosis factor cr (TNFcr), are produced predominantly

by monocytes and have a pivotal role in inflammatory disorders including RA. They have

multiple biological activities including stimulation of leukocyte infiltration into joints,

cartilage and bone destruction, inflammation and systemic effects such as weight loss and

fever. Not surprisingly, these molecules are key targets for novel therapies for RA'

Ho¡ever, monoclonal antibodies that are directed against these cytokines or their

receptors have generally been only moderately successful, are expensive and unaffordable

for most patients with RA (as discussed in section 1.5.5 and 1.5.6), Alternative strategies

that reduce the inflammatory potential of these cytokines, in an effective, safe and
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accessible manner,',^/ould provide long-term benefit for sufferers of RA and other

inflammatory disorders

Towards this end, this project examined the autocrine relationships between cytokine and

eicosanoid production, with the view that alteration of cytokine synthesis may be possible

via manipulation of eicosanoid synthesis. This required initially an examination of factors

which determine the relative rates of production of monocyte eicosanoids which are

facilitators or inhibitors of monocyte cytokine synthesis'

The eicosanoids are a family of mediators that are formed through the oxygenation of 20

carbon polyunsaturated fatty acids, typically arachidonic acid (AA). The eicosanoids are

engaged in normal physiological responses and inflammatory disorders (Oates et al.

19gga; Oates et a1. i988b). The first step in their production is the release of AA from

cellular membrane phospholipids by phospholipases. The AA is then converted by the

cyclooxygenase (coX) enzymeto prostaglandin G2 eGG2) then H, (PGHr). PGH, is the

common substrate for prostaglandin E2 (PGE)' thromboxane A, (TXAr), prostacyclin I,

(PGIr) and prostaglandin F2o (PGF2") synthases (Figure 1' 1). However' it is not clear what

factors determine the relative rates of production of these eicosanoids in a single cell type

when two or more of the terminal synthases are present. This issue is addressed in

Chapters 3 and4.

Much attention has been focused on PGE, and its role in inflammation as a promoter of

pain and swelling. However, PGE2 has been shown to inhibit pro-inflammatory cytokine

release. Recently it has been shown that the eicosanoid TXA2, independent of PGEr' acts

to enhance the release of the pro-inflammatory cytokines IL-lp and TNFü (Caughey et al'

lggT). Thus the shift of eicosanoid production from TXA, to PGE, may have an
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inhibitory effect on the production of the pro-inflammatory cytokines. The efficacy of

drugs such as TXA receptor antagonists or TXA synthase inhibitors has not been

determined in models of inflammation or arthritis in vivo. Furthermore, combination

therapy focusing on this shift in balance from TXA, to PGE, has not been tested in vitro ot

in vivo with respect to inflammatory disorders. The drugs active against TXA2 synthesis

or activity have been tested in models of thrombosis and have been shown to be safe,

inexpensive and readily accessible, Alteration of eicosanoid ratios and the effect this has

on IL-iB and TNFo production is addressed in Chapters 5 and 6'

Another approach to inhibition of inflammatory cytokine production is enrichment of the

diet with n-3 fatty acids (FA). n-3 and n-6 FA cannot be synthesised by humans or

mammals and lnust be obtained through the diet (Simopoulos 1991). Dietary linoleic acid

(LA), which is abundant in sunflower, safflower, corn oil êtc, is the main n-6 FA and the

main polyunsaturated (PU) FA in the modern Western diet. Once ingested, LA can be

converted to AA by chain elongation and desaturation. o-linolenic acid (crLNA or ALA)

which is present in flax, canola and soyabean oil is the main n-3 FA but is a minor dietary

component by comparison with LA. Once ingested, it can be converted to

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in the same enzymatic

pathway as that for n-6 FA. It has been proposed that man evolved on a diet with a ratio

of 1:1 n-3:n-6 FA (Simopoulos 1991). Today, this ratio is commonly in the range 1:10 to

1:25, suggesting that Western diets are relatively deficient in n-3 FA and over-abundant in

n-6 FA. Supplementation with FA in the form of DHA or EPA as fish oils was shown in

clinical trials to have anti-inflammatory effects in RA (Cleland et aI.1992; Kremer 1996;

Lau et al. 1993) and other diseases (reviewed in James and Cleland 1997). In addition,

dietary n-3 FA have been shown to inhibit production of inflammatory cytokines
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(Caughey et al. 1996; Endres i996; Kremer 1996). The effect of dietary supplementation

with n-3 FA, in combination with inhibitory TXA2 therapy, on TNFo production in vivo,is

presented in Chapter 7.

The purpose of this thesis was to examine the effects of drug combinations and dietary

alterations that alter particularly TXA2 synthesis and/or TXA2 action, on pro-inflammatory

cytokine production in vitro and in vivo. Factors that def,rne eicosanoid ratios were

explored and the relationship between eicosanoids and cytokine modulation further

defined. Particular emphasis was placed on the combination of TXA2/PGH2 receptor

antagonists with TXA synthase inhibition as a therapeutic anti-inflammatory strategy'

Under certain conditions, COX inhibition was found to increase the TXAr/PGE, ratio and

was fbund to be associated with increased TNFu productiou in vitt'o and itt vivo.

1.2.1. Dietary fatty acids and their metabolites

This thesis is concerned substantially with regulation of eicosanoid synthesis. Because

eicosanoids are enzymatically oxidised 2O-carbon FA, it is important to first consider the

elements of FA metabolism.

Fatty acids are primarily classiflred as saturated, monounsaturated or polyrnsaturated

according to the number of double bonds. They can be further classified according to

chain length and the position and number of double bonds (degree of desaturation) in the

carbon chain (Figure 1.2). The main dietary unsaturated FA have 18 carbon chain lengths
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Figure 1.2: The 18-carbon parent fatty acids. The major groups of FA include

saturated (without double bonds), monounsaturated (one double bond) and

polpnsaturated (two or more double bonds). Pol¡rnsaturated FA can be further

òlassified into n-3 or n-6 depending on the position of the double bond proximal to the

terminal methyl group. The number of carbon atoms and the position and number of
double bonds in the FA rhuin are indicated in the form x:y n-z where x is the number of

carbon atoms, y is the number of double bonds and z refers to the position of the first

double bond from the metþl carbon.



These are gLNA (18:3 n-3), LA (18:2 n-6), and oleic acid (OA) (18:1 n-9). Humans are

unable to synthesise "de novo" crLNA and LA but they are required for good health.

These FA are thus nutritionally indispensable and are thus known as essential FA.

Free FA found in the plasma can originate from different sources depending on the

nutritional state of the individual (Potter et al. 1989). During stress, fasting or exercise

free FA are hydrolysed from triglycerides in adipose tissue stores and released into plasma

where they bind to albumin and are delivered to different tissues. After a meal most fat is

absorbed in the form of triglycerides incorporated in lipoproteins (Figure 1.3). The

endothelial enzyme lipoprotein lipase can hydrolyse free FA from triglycerides in

chylomicrons and very-low density lipoproteins. Free FA circulate closely bound to

albumin and following dissociation, they can cross the cellular membrane to be

incorporated into stores or oxidised. Polyunsaturated FA are incorporated into bhe sn-2

position of cellular membrane phospholipids and constitute significant components of all

cell membranes.

The enzymes that esterify the 18-carbon unsaturated FA into cellular lipids display a broad

range of selectivity rather than acting on a single FA (Lands 1991). Therefore, there is

competition between n-3 and n-6 FA for esterification into phospholipids (Lands 1991)'

Each of the l8-carbon FA can be converted to longer chain members of their family

.through elongation and desaturation enzymes acting at the carboxyl (or delta) end of the

molecule (Figure I .4). The ptocess of elongation and desaturation of 18 carbon n-3 and n-

6 FA involves the same enzymes. Thus, LA and cr,LNA are converted to AA and EPA,

respectively, by the same enzymatic pathway. Thus substrate competition between n-6

and n-3 FA occurs. The enzymes have the greatest affinity for the n-3 then n-6 then n-9
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FA (Hague and Christoffersen 1984; Hague and Christoffersen 1986). However, the

accumulation of longer chain length n-3 and n-6 FA in tissues is determined mainly by the

relative availability of their precursor FA. The corresponding n-3 and n-6 eicosanoids

produced, in turn, are dependent on the relative amounts of the precursor FA provided in

the diet (Figure 1.5). This is in contrast to the protein components of cell membranes that

are genetically predetermined. In the Western diet the predominant polyunsaturated FA is

LA, where it is present at levels of approximately 7o/o of dietary energy (James et al. 2000;

Simopoulos 1991). By contrast, oLNA is present at levels of approximately 0.4o/o of

dietary energy (James et al. 2000). Thus, the ratio of dietary n-3:n-6 FA is approximately

1:15

The n-9 FA, OA, is present in high quantities in thc dict and is also endogenously

synthesised. However, little is converted to eicosatrienoic acid (ETrA) 20:3 n-9 in

subjects consuming normal diets because the n-3 and n-6 FA are metabolised by the

elongation and desaturation enzymes in preference to the n-9 FA. Oleic acid is elongated

and saturated further only in the situations of an n-3 and n-6 FA deficient diet' This is a

rare situation because of the relative abundance of the n-3 and n-6 FA available in food

and the small amounts required to avoid deficiency.

1.2.2. PhosPholiPase At

The initial process involved in the production of eicosanoids is the release of the 20-

carbon FA from cellular phospholipids by phospholipase A, (PLAr) (Dennis 1994). When

cells are stimulated by stress or specific agonists, PLA2 catalyses the hydrolysis of the sn-2

fatty acyl (ester) bond of phospholipids to yield free FA and a lysophospholipid (Figure
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1.6). The phospholipases are a diverse class of enzymes with regard to function,

localisation, regulation, structure and sequence, The presence of diverse PLA2 enzymes in

mammalian cells provides multiple differentially regulated pathways that mediate FA

turnover (Balsinde and Dennis 1996; Bingham et al. 1996; Murakami et al' 1993;

Murakami et al. 1998; Qiu et al. 1998).

1.2.2.1. Classification

Phospholipase activity was first studied in pancreatic juice and cobra venom in the early

1900s and subsequently was obtained from snake and bee venom and mammalian

pancreas. These secretory extracellular enzymes have been divided into three main groups

(I, II and III) based on their amino acid sequences (Dennis 1997). They are commonly

referred to as secretory PLA, (sPLAr). These enzymes typically have high disulphide

bond content, low molecular mass (13-18 kDa) and require calcium (Ca.) in mM

concentrations for catalysis. Calcium is not only involved in sPLA, membrane association

but also participates in the catalytic process. The sPLA, show no selectivity toward the

FA moiety at the sn-2 position. While the majority of these enzymes have been found in

non-human species, a growing number of groups I and II have been isolated from human

tissue. The best characterised of these is the group II originally isolated from human

synovial fluid (Wong and Dennis 1990). It has been generally regarded that sPLAr have a

minor role only in AA release for COX catalysis and eicosanoid production although this

has been challenged (Barbour and Dennis 1993; Hoffman et al. 1988).

The group IV cytosolic PLA, (cPLAr) shares no homology with the other PLA2 enzymes

and is the major PLA2 involved in mediating AA release (Leslie 1997). It has been

identified in a variety of cells and has a molecular mass of 85 kDa, a sub-micromolar Ca**
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requirement and has been shown upon activation to translocate from the cytosol to the

membrane. In resting cells with Ca** levels of 50-100 nM, cPLA, remains soluble in the

cytosol but with an increase to 300-1000 nM, binding of cPLA, to the membrane occurs.

Cytosolic PLA2 is a widely distributed enzyme and the transcript is expressed at a fairly

constant level in all human tissues, The gene has been localised to chromosome 1q25

(Tay et a1. 1995), the same region where the COX-2 gene has been mapped (Tay et al.

r9e4).

A variety of cytokines and mitogens such as IL-1p (Lin et al. 1992a), TNFoc, colony

stimulating factors (CSF) and interferon-y (IFNy) have been shown to increase activation

and synthesis of cPLA, in diverse cell types (Clark et al. 1995). In many cell types the

increase in gPLA, activity induced by agonists has been attributed to phosphorylation

because it can be reversed by phosphatases (Lin et al. I992b; Qiu et al. 1998). The p38

mitogen activated protein (MAP) kinase has been shown to phosphorylate PLA2 ditectly in

vitro at Ser 505 and to increase enzyme activity (Huang et al. 1996; Lin et al' 1993 Qiu et

ai.1998).

1.2.3. CyclooxYgenase

1 .2.3. 1 . CatalYsis and isozYmes

Cyclooxygenase catalyses the conversion of AA and oxygen (Or) to PGG2 (via bis-

oxygenase activity) which then undergoes a 2 electonreduction to PGH, (via peroxidase

activity) (DeWitt l99l;Herschman 1996; Marnett et al. 1999; Needleman and Isakson

1997; Smith etal.1996; Smith and Marnett 1991). Until the early 1990's, only one COX
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had been described and in most situations this was the isozyme now called COX-1 or the

constitutiv e enzyme. However, Wong and Richards reported evidence for a distinct form

of COX inducible by hormone stimulation (Wong and Richards 1991). At around the

same time, Needleman and his colleagues demonstrated that mitogen stimulation of

chicken and mouse fibroblasts and endotoxin stimulation of monocytes could induce

mRNA for a prorein with 60% homology with COX-1 (Fu et al. 1990; Raz et al. 1988),

This new inducible protein, subsequently called COX-}, is similar in sttucture but differs

in expression and biology. The identification of constitutive and inducible isozymes led to

the hypothesis that COX-2 activity is primarily responsible for eicosanoid production in

inflammation and COX-1 activity for eicosanoids associated with normal cellular

homeostasis (Figure 1.7) (Masferrer et al. 1992; Masferrer et al. 1990; Sano et al' 1992;

Sebalt et al. 1990). Prior to the discovery of two isozymes, the inflammatory-mediated

increase in eicosanoid production was believed to be due to increased substrate (AA)

availability for coX as a result of increased PLA2 activity. Both coX isozymes are

homodimeric haem-containing glycosylated proteins with2 catalytic sites. They are

anchored to the lipid bilayer of the cell membrane through a hydrophobic surface

interaction rather than through a transmembrane motif (Otto et al.1993; Otto and Smith

tee4).

Cyclooxyg enase-2 is undetectable in most mammalian cells but its expression is rapidly

induced in monocytes (Fu et al. 1990; O'Sullivan et al. 1992) in response to

lipopolysaccarhide (LpS) (Lee et al.1992) and other cells in response to growth factors,

tumour promoters (Evett et al. 1993), hormones and cytokines (Szczepanski et al. 1994).

If the stimulus is removed or transcription is inhibited abruptly some time after the

stimulus is added, the level of COX-2 decreases rapidly (half-life approximately 5 h)
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prõduction of constitutive eicosanoids important for normal cellular physiology and

homeostasis. In contrast, COX-2 is induced in response to an inflammatory stimulus and

believed to mediate the increase in production of eicosanoids to assist in the generation

and maintenance of an inflammatory response'



(Barrios-Rodiles et al. 1999). Post-transcriptional regulation contributes to the magnitude

and the duration of COX-2 mRNA expression (Ristimaki et al. 1996). Corticosteroids,

which are commonly used anti-inflammatory agents inhibit COX-} induction (Masferrer

et al. 1992; Masferrer et al. 1990; Sano et al. 1992) and this occurs via transcriptional and

post-transcriptional mechanisms (DeWitt and Meade 1993, Evett et al. 1993).

Cyclooxygenase enzymes display "suicide" inactivation. After an initial rapid but

transient consumption of O, as PGG, is formed, there is a decline in COX activity

(Kulmacz 1986; Kulmacz 1987; Marshall et al.1987; Smith and Lands 1912). On average

every COX molecule turns over 400 arachidonate molecules before becoming inactivated

(Kulmacz et al. 1994). The Km values for arachidonate (æ5 ¡rM) and oxygen (=5 LrM) are

similar for both isozymes (Laneuville et al. 1994). While there are some subtle

differences in peroxide requirements (Capdevilla et al. 1995; Kulmacz and'Wang 1995)

and FA substrate specificities (Laneuville et al. 1995), the catalytic mechanisms of the two

isozymes are essentially the same.

1.2.3.2. Non-steroidal anti-inflammatory drugs

Cyclooxygenase enzymes are the targets for non-steroidal anti-inflammatory drugs

(NSAID). These have been proposed to exert their effects by the reduction in PGE, and

TXA2 synthesis as a consequence of decreased catalysis of AA to PGH, (Vane 1971)' The

inhibition of COX-I and -2 through these medications has led to the benefits in many

clinical conditions including thrombosis, coronary heaft disease, inflammatory diseases

including RA, and possibly colon cancer (Chan et al. 1995; Eberhart et aI' 1994;

Giovannucci et al. 1995;Patrono 1994; Seibert et al. 1994; Shiff and Rigas 1997).
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Non-steroidal anti-inflammatory drugs compete directly with the arachidonate binding site

and inhibit bis-oxygenase activity but have little effect on peroxidase activity (Rome and

Lands tgl5). These sites are believed to be physically and functionally separate'

Aspirin acetylates Ser 530 with subsequent protrusion of the acetyl group into the active

site and interference with arachidonate binding (Lecomte et al. 1994; Loll et al' 1995).

This covalent modification leads to permanent inhibition of the enzyme (DeV/itt et al'

1990). Other NSAID can be classifîed on the basis of the kinetic mechanisms by which

they inhibit COX activity (Laneuville et al. 1994 Ouellet and Percival 1995; Rome and

Lands Ig75). One class is time-independent leading to a reversible COX-inhibitor

complex. The other class is time-dependent with the formation of an irreversible COX-

inhibitor complex. Members of both classes appear to act competitively with the substrate

AA.

Cyclooxygenase-1 activity is involved in the protection of the gastric mucosa through a

number of mechanisms that are influenced by the local production of PGE, (Weinstein et

al. 1991). Most cunently prescribed NSAID inhibit both COX-l and -2 and therefore are

effective anti-inflammatory agents but they are also ulcerogenic (Barnett et al' 1994;

Laneuville et al. 1994;Meade et al. 1993; Smith et al. 1994; Tordjman et al' 1995)'

Recently, the characterisation of the structural differences between the isozymes (Gierse et

al.I996;Kurumbail et al. 1996) has enabled specific COX-2 inhibitors to be created such

as NS-398 (Futaki et al. 1994; Futaki et al. 1993), celecoxib and rofecoxib. There is

potential for fewer gastric side effects due to selective COI'-} inhibition with sparing of

gastroprotective COX-1 (Anderson et al. 1996; Chan et al.1995; Futaki et al.1993l

Hawkey 1999; Masferrer etal' 1994).
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However, other mechanisms may be involved in the development of gastric ulcers with

non-selective NSAID use and subsequent COX-1 inhibition. For example, COX-1

knockout mice do not develop ulcers spontaneously despite a disrupted COX-I gene

(Langenbach et al. 1995). Other reports have suggested that NSAID induced injury occurs

as a result of enhanced adherence of neutrophils to the gastric vascular endothelium as the

result of increased expression of intercellular adhesion molecule 1 in the basal

endothelium (Wallace et al. 1993). An important issue for the clinical use of COX-2

inhibitors is that gastric COX-2 induction may be necessary for the normal healing of

peptic ulcers (Mizuno et al. 1997).

Although widely regarded as an inducible enzyme with no significant role in resting or

unstimulated conditions, there is eviclence thatCOX-2 may be present in non-inflamed

situations. For example, the findings of no spontaneous ulceration in COX-1 knockout

mice suggest the possibility that COX-2 can provide endogenous prostaglandins for gastric

mucosal protection (Langenbach et al. 1995). In this regard, it is notable that COX-1

knockout mice displayed enhanced expression of the COX-Z gene, suggesting a

compensatory increase (Kirtikara et al.199S). Another example of possible physiological

expression of COX-2 comes from the observation that the excretion of PGI, metabolites in

the urine of nonnal volunteers was inhibited by COX-} selective NSAID celecoxib and

rofecoxib (Bombardier et al. 2000; McAdam et al. 1999). This result suggests that in this

group, COX-} is normally expressed in the vascular compartment and producing

significant amounts of PGH, for catalysis to PGIr. Furthermote, COX-2 knockout mice

develop serious renal and bone disease (Morham et al. 1995), suggestingthat COX-2 is

required for normal renal and bone homeostasis. The outcome from prolonged COX-2

inhibition is thus yet to be established.
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I .2.3.3 Cyclo oxygenqs e and infl ammatíon

With the discovery thatCOX-2 was inducible with inflammatory stimuli and suppressible

with dexamethasone, the increased eicosanoid production seen in inflammatory disorders

\Mas proposed to be from the increased mass of COX-2 protein. It was proposed that

COX-1 is necessary for inflammatory processes and COX-1 for "housekeeping" or

constitutive functions. However there is increasing evidence that there may be

overlapping functions of the COX isoforms with respect to inflammatory and

physiological responses.

Using knockout mice, it has been shown that mice lacking COX-} have normal

inflammatory responses to phorbol myristate acetale (PMA) and to AA (Morham et al.

1995). Furthermore, these mice developed a severe nephropathy (nephron hypoplasia) and

v/ere susceptible to peritonitis. These surprising results suggested that COX-2 was not

absolutely required for inflammatory processes and that there may be physiological

functions of COX-2 that are unrelated to inflammation'

Further studies using selective COX inhibitors have suggested that the distinction between

COX-1 and2with respect to inflammation is not defined. For example, aspirin has been

shown to be a more effective inhibitor of chronic inflammation in a mouse subcutaneous

air pouch model than the selective COX-2 inhibitor NS-398 (Gilroy et al. 1998). It has

been shown in rat air pouches that the COX-2 inhibitors SC-58125 and Dup-697 led to

profound decrease in PGE, levels but no change in leukocyte inhltration or exudate

volume. Interestingly, inhibition of leukocyte infiltration was seen only with

indomethacin and nimesulide, but at doses that inhibited both COX-1 and-2 activity

(Wallace et al. 1999).
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1.2.3.4. Dffirential cyclooxygenqse-I and -2 activities in response to

cell stimulation

Murakami et al.,using mouse bone marrow derived mast cells, showed that COX-I and -2

activities appeared to be linked to different stimulus initiated pathways. Specihcally, they

showed that cytokine induction of COX-2 led to generation of PGDr, whereas IgE/antigen

induced PGD2 generation was mediated by COX- 1, regardless of the presence of COX-2

(Murakami et al. 1994).

Reddy and Herschman applied antisense oligonucleotides to COX-2 which inhibited

mitogen or endotoxin induced PGE2 production in murine fibroblasts and monocytes but

not release of endogenous AA (Reddy and Herschman 1994). They showed that when

COX-2 expression was inhibited in this way, there \¡/as no evident residual PGE2

production, implying that COX-1 was not active in producing PGE, in response to these

stimuli. However, COX-1 derived PGE2 was produced from exogenous AA' They

concluded that COX-2 expression is necessary for PGE2 production in response to mitogen

or endotoxin induced release of endogenous AA and that COX- 1, although present and

functional in the same cells and able to utilise exogenous AA, did not act on mitogen

liberated endogenous AA. They speculated that there may exist two distinct pools of AA,

a pool available to COX-1 for normal physiological functions and a pool released by

activation and catalysed by COX-2 during inflammatory responses. They further

hypothesised that where both isozymes are present in a cell, exogenous AA might be

preferentially catalysed by COX- 1 . This idea of separate pools of AA being preferentially

utilised by one COX isozyme or the other has been called compartmentalisation'
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The idea of compartmentalisation has been extended to suggest that PGEr produced by the

different isozymes, using different AA pools, may subserve different cellular functions.

Williams and Schacter examined the differences in COX- 1 and -2 in regulating cytokine

production in monocytes (Williams and Schacter 1991). Interleukin-6 synthesis from

mice peritoneal macrophages stimulated with LPS was associated with increased

production of endogenous PGE, from induced COX-2. However, there was decreased

interleukin-6 synthesis by cells treated with the selective COX-2 inhibitor, NS-398,

suggesting that PGE, production from COX-1 activity has no influence on this cytokine

and that the effects of COX- 1 and -2 activity on macrophage IL-6 synthesis were

segregated.

1.2.3.5. Intracellular location of cyclooxygenase-l and -2

Morita et al,, examined the subcellular locations of COX-1 and -2by quantitative confocal

fluorescence imaging microscopy in murine 3T3 and human endothelial cells using

isozyme-specific antibodies (Morita et al. 1995). In all of the cells examined, COX-I

histochemical staining was found most concentrated in the perinuclear cytoplasmic region

whereas COX-2 histochemical staining was equally intense in the nuclear envelope as in

the endoplasmic reticulum. It was concluded that COX-1 is located predominantly in the

endoplasmic reticulum, whereas COX-2 is located in the nuclear envelope as well as in the

endoplasmic reticulum. This was felt to offer support for compartmentalisation with the

differently located isozymes having access to its own subcellular AA substrate pool.

However, previous studies had shown no obvious difference in the subcellular location of

the isozymes (Kujuba et al. 1993; Otto and Smith 1994; Regier et al. 1993). More

recently, the same group as that which published the Morita et al flrndings has used
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immunoelectron microscopy with multiple antibodies specific for each isozyme (Spencer

et al. 1998). Both COX-1 and -2 were found on the lumenal surfaces of the endoplasmic

reticulum and nuclear envelope of monocytes, murine 3T3 cells and human umbilical vein

endothelial cells. Within the nuclear envelope both COX-l and -2 were found on the inner

and outer nuclear membranes and in similar proportions. Thus, in contrast to their earlier

flrndings, they were unable to attribute the independent functioning of COX-1 and -2 to

different subcellular locations. Instead, they proposed that subtle kinetic differences, such

as the allosteric regulation of COX-1 and -2 by AA may explain the apparent independent

biosynthetic pathways and eicosanoid production patterns associated with the respective

isozyme (Spencer et al. 1998; Swinney etal.1997).

1.2.3.6. Cyclooxygenase-l and -2 and dffirential productíon of

eicosanoids

It has been reported that the activities of the respective COX isozymes yield different

proportions of particular eicosanoid products. Brock et al., have reported in rat peritoneal

macrophages that COX-I catalyses endogenous or exogenous AA to produce

predominantly TXAr, PGD2, PGI2, with smaller relative proportions of PGE, (Brock et al.

Iggg). By contrast, the induction of COX-2 with LPS resulted in the preferential

production of pGI, and PGE'. They argue that this difference in eicosanoid produced may

be explained by the subcellular locations of the respective COX isozymes and the terminal

synthases. They propose that the terminal synthases may differ in their subcellular

locations and thus preferentially use PGH2 dependent on the COX isozyme that has

produced it.
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Matsumoto et al., have offered an altemate explanation for similar findings in rat

peritoneal macrophages (Matsumoto et aI. 1997). They showed that unstimulated cells,

which expressed COX-I but not Cox-z,produced TXA2 in greater proportions than PGD2

and PGEr. However, cells stimulated with LPS exhibited a marked increase in PGE,

production that paralleled COX-2 induction with minimal change in TXA, or PGDt

production. Further studies, using transient aspirin pretreatment before LPS stimulation in

order to provide selective COX-I inhibition, showed that COX-2 mediated predominantly

the increase in PGEr, COX-1 the production of PGD r, aîd both isozymes v/ere involved in

the production of TXA2. They also showed that conversion of exogenous PGH2 to PGE,

(but not TXAr) was increased with LPS treatment, suggesting that PGE synthase was

inducible. They concluded that the concordant induction of PGE synthase with COX-2

favours the production of PGE, compared to TXA, or PGD,. The same group more

recently have confirmed their findings of preferred co-induction of COX-2 and PGE

synthase and that specific inhibition of PGE synthase may prove to be a future novel anti-

inflammatory target (Naraba et al' 1998).

pGE synthase had been shown in rat tissue to exist in 2 isoforms, a membrane associated

and cytoplasmic associated form (Murakami et al. 2000; Tanioka et al' 2000). PGE

synthase activity was measured by PGE2 synthesis following LPS stimulation. The

membrane associated isozyme was shown to be inducible in response to LPS and

suppressed by dexamethasone. In contrast, the cytoplasmic associated isozyme was not

inducible to LPS, IL-18 or TNFo, except for a threefold increase in rat brain tissue in

response to LPS. This was confirmed by RNA blot' which showed no change in

expression of cytosolic PGE synthase following LPS, IL-1p or TNFcr treatment.

Functional coupling of PGE synthase isozymes with the COX isozymes was demonstrated
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by cotransfection of oDNA of cytosolic PGE synthase with COX-I or -2. In the former

case, there was a tenfold increase in PGE, production, compared to the latter case where

there was a slight increase in PGE, synthesis. In contrast, the cotransfection of oDNA

membrane PGE synthase with COX-2 resulted in a dramatic increase in PGE, synthesis

and lower Km value for substrate exogenous PGH', compared to the cotransfection of

cDNA membrane PGE synthase with COX-1. These reports help explain further the

preferential increase in PGE, production seen when COX-2 is induced.

Because this thesis is concerned with the ratio of PGEr'and TXA, synthesis and the effect

this may have on cytokine production, it was necessary to explore factors that may be

involved in relative eicosanoid synthesis. In Chapters 3 and 4,Ihave addressed this issue

in further detail. The resuits suggest an additional mechanism to account for the apparent

difference in relative eicosanoid production associated with each COX isozyme.

1.2.4. Prostaglandin E,

The effect of PGE, in inflammation and immune responses is complex (Goodwin 1991)'

In lgjI Vane reported that all the NSAID he had tested proved to be potent inhibitors of

pGE2 production (Vane I97l). He concluded that this inhibition of PGE, production was

responsible for the clinically observed anti-inflammatory properties of NSAID' This

theory, the "prostaglandin hypothesis", was strengthened as each new NSAID tested was

found to inhibit COX activity. Furthermore, there was a dose response in that the more

potent the COX inhibition by the NSAID the greater the clinically observed anti-

inflammatory effect. However, two years prior to the publication of Vane's hypothesis,

Aspinall and Cammarata reported that PGE2 injected subcutaneously substantially reduced
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swelling and inflammation in adjuvant arthritis in rats (Aspinall and Cammatata 1969).

Further investigation revealed that PGE, and PGE, were equally efficacious in inhibiting

inflammation (Aspinall et al. 1973). Other investigators reported similar findings in other

animal models of inflammation (Karmal et al. 1981; Kelley et al. 1979;Zutier 1982;

Zurier et al. 1977 a; Zurier and Quagli ata l9l l; Zurier et al. l9l7b), as well as in Arthus

reaction (Kunkel et al. 1979), graft-versus-host response (V/ren et al. 1983) or the

injection of bradykinin or serotonin (Fantone et al. 1980). Analogues of PGE, such as 15-

methyl PGEr, have been shown to be more potent than PGE, because of their resistance to

degradation and ability to remain biologically active when taken orally (Fantone et al.

1980; Kunkel et al. 1981; Tate et al. 1988). Misoprostol, a PGE, analogue, has been

shown to enhance and prolong cardiac allograft survival in rats (Kort et al.1982;

V/eiderkehr et al. 1990). By reducing PGEr, NSAID have been shown to enhance some

lymphocyte mediated effects (Lewis and Barrett 1936). Furthermore, NSAID may be

damaging to animal or human cartllage and chondrocytes (Bjelle 1989) or even accelerate

osteoarthritis (Allen and Mumay I97I; Rashad et al. 1989).

The mechanisms by which PGE2 may have anti-inflammatory effects are numerous' It can

inhibit neutrophil production of leukotriene Bo, a mediator with many inflammatory

properties including chemotaxis, promotion of adherence and aggregation of neutrophils

(Ham et al. 1983). PGE2 and its analogues inhibit monocyte production of IL-18 (Haynes

et al. 1992; Knudsen et al. 1986). PGE2 also has been shown to inhibit monocyte TNFcr

production (Feneri et al. 1992; Haynes et al. 1992 Kunkel et al. 1988) although a dual

response by PGE, has been demonstrated in that low dose PGE2 was stimulatory and

higher doses of PGE, were inhibitory (Gong et al. 1990; Renz et al. 1988)' PGE2 alters

lymphokine production from T cells by inhibiting Thl lymphokines (IL-2, IFN-y, TNFcr)
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andIL-lz,but not Th2 lymphokines (IL-4,IL-5, GM-CSF) (Betz and Fox 1991; Demeure

et al. 1997; Phipps et al, i 991 ; van der Pouw Kraan et al. 1995). This has particular

relevance to RA in which an imbalance between Th1 and Th2 has been reported to exist

(van der Graaff et al. 1998). PGE2 acts via EP2 andEP4 receptors to elevate intracellular

cyclic 3', 5'-adenosine monophosphate (cAMP) (section 1.3'1). Phosphodiesterase

inhibitors, which prevent oAMP breakdown and therefore can mimic PGE2 effects, have

been shown to prevent induction of experimental autoimmune encephalomyelitis (a Thl

mediated autoimmune disease) (Rott et al.1993) and arthritis in mercuric chloride treated

rats (Kiely et al. 1995). Because this latter model of arthritis is a Th2 mediated disease,

the authors proposed that the beneficial effects of the phosphodiesterase inhibitor were

more likely due to TNFcr inhibition, rather than a shift from Th1 to Th2 lymphokine

profile.

Thus, while PGE2 may mediate oedema formation and nociception, it may down regulate

cefiain cell mediated and cytokine mediated events. Strong evidence exists for a cytokine

inhibitory action of PGE', suggesting that NSAID, by reducing PGE, release, could

increase cytokine production and thereby increase the long-term degenerative actions of

chronic inflammation. These biochemical actions of NSAID are examined fuither in this

thesis.

1.2.5. Prostaglandin E sYnthase

prostaglandin E synthase catalyses the isomerisation of the endoperoxy group of PGH, to

produce pGE2. Several groups have attempted to purify the enzyme over the last 20 years

(Meyer et aL 1996; Moonen et a!. 1982; Ogino et al. 1977; Ogorochi et al. 1987)' The
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enzymewas first partially purified from bovine vesicular gland microsomes (Miyamoto et

al. 1976). An enzyme has subsequently been purified from the cytosol of human brain

(Ogorochi et al. 1987) and Ascardia gatli (Meyer et al. 1996). It has glutathione (GSH) S-

transferase activity, requiring GSH for PGE synthase activity (Ogino et al. 1977). Without

GSH the activity of freshly prepared enzyme was lost rapidiy with a half-life of 30 min at

24"C. Glutathione appears to be involved as a coenzyme in the isomerisation of PGHz'

Glutathione S-transferases catalyse many enzymatic reactions including the synthesis of

pGD2, pGF2* and leukotriene Co. Glutathione independent isozymes have recently been

demonstrated (Watanabe et al. 1997). The Km of PGE synthase for PGH, has been

reported to be between 10-150 pM (Tanaka et al' 1987; Ujihara et al' 1988)'

Recently, a 15-16 kDa protein with PGE synthase activity has been identified in the

membrane fraction of human microsomes (Jakobsson et al. 1999). It was found to be

inducible by IL-l8 and was GSH dependent. In rats, two isozymes of PGE synthase have

been reported, amembrane-associated synthase (Murakami et al. 2000) and a cytoplasmic

synthase (Tanioka et al. 2000), as discussed in section I.2.3.6.

Thus pGE synthase comprises a group of enzymes displaying similar but not identical

properties. Therefore, in different cell types under different conditions, PGE synthase may

display different characteristics.

1.2.6, Thromboxane A2

In 1969 piper and Vane discovered a strongly vasospastic substance that was elaborated

during anaphylaxis and inhibited by NSAID and named it rabbit aorta-contracting
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substance (Piper and Vane 1969). This was shown in human platelets by Hamberg et al.,

to be the predominant unstable but active product of AA, after its conversion into PGH,

(Hamberg eL al. 1975). They renamed the unstable intermediate TXA, and proposed a

structure. TXA2 has, in comparison to its precursor, a shorter half-life (32 s at 37"C, 5o/o

CO, compared to 5 min for PGH') and is rapidly hydrolysed to the inactive product

thromboxane B, (TXBr). Its actions are therefore limited to the microenvironment of its

release.

Few, if any, of its activities are unique because PGH2 exhibits TXA2 activities. However,

when directly compared in a variety of cell systems, TXA2 been shown to be more potent

than PGH, Q.{eedleman et al. 1976 Ogletree et al. 1978). It is a potent vasoconstrictor and

platelet aggregator and mediates monocyte adherence (Spagnuolo et al. i988). TXA, has

been implicated in myocardial infarction, unstable angina, human and murine renal lupus,

asthma and stroke (Fitzgerald et al. 1987; Halushka and Lefer l98l; Ogletree 1987). The

carbocyclic analogue of TXA', carbocyclic TXA, has similarly been shown to have potent

coronary vasoconstriction effects at concentrations as low as 29 pM (Lefer et al' 1980).

Responsiveness of platelets and coronary arteries to TXA, analogues carbocyclic and

pinane TXA has been shown to be species dependent (Burke et al. 1983). For example,

carbocyclic TXA, constricted coronary arteries from cats, dogs and guinea-pigs but had no

effect on coronary arteries from sheep'

TXA2 acts as an amplifying signal for other platelet agonists (Fitzgerald 199i)' The

response to TXA, in platelets is tightly regulated and includes mechanisms such as rapid

hydrolysis, suicide inactivation of TXA synthase (Jones andFitzpatrick 1990), receptor

desensitisation due to receptor-G protein uncoupling and PGI, stimulation by TXA,

(Murray andFitzgerald 1988; Murray et al. 1990).

22



TXA2 ptoduction in humans is predominantly mediated by platelets. However, the major

COX product by monocytes, in short-term incubations with particulate and ionophore

stimuli, is also TXA2 (Pawlowski et al. 1983). Following an inflammatory stimulus in

bolh in vitro and in vivo systems, TXA2 production is greater and appears earlier than

other eicosanoids (Caughey, unpublished data, Fu et al. 1990; Higgs et al. 1983)'

However, several hours after the inflammatory stimulus, other COX products such as

PGE2 predominate over TXA2. The biochemical reasons for the earlier and greater

production of TXA, compared to PGE, or PGI, and then the changing ratio of eicosanoids

with time was not apparent in the current literature but was addressed in this thesis.

The relationship between cytokines and TXA, has not been as extensively investigated as

between cytokines and other eicosanoids, particularly PGE'. However, it has recently

been shown that TXA2, independent of PGE, production, enhances the production of the

pro-inflammatory cytokines IL-1P and TNFo (Caughey et al. 1997). These results

indicate that IL-18 and TNFcr production in human monocytes are regulated positively by

TXA2 and, as discussed in section !.2.4,negatively by PGEr' Furthermore, TXA,

inhibition, by receptor blockade or terminal TXA synthase inhibition or both, may offer a

novel method for inhibition of pro-inflammatory cytokine synthesis. This possibility is

examined in this thesis.

1.2.7. Thromboxane A sYnthase

TXA synthase catalyses the convsrsion of PGH, to TXAr. It has been purified from

human platelets and porcine lung (Haurand and Ullrich 1985; Nusing et al. 1990; Shen and

Tai 1986). The molecular weight is 58.8 kDa and the primary sttucture has been
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determined in platelets (Ohashi eL aI. 1992; Yokoyama et al. 1991). The ervyme contains

one haem per mole of enzyme and there is a close homology to the group of cytochrome

P450 proteins by optical and EPR spectroscopy (Haurand and Ullrich 1985; Nusing and

Ullrich 1990; Yokoyama et al. 1991). In particular, there ís a34-360/o homology to the

amino acid sequences of the P450 III gene family, TXA synthase is anchored to the

endoplasmic reticulum by hydrophobic portions of its NH, terminal domain. This has

been determined as residues 16-33 and3l-60 in its NH, terminal domain (Ruan et al.

ree4).

Using ELISA techniques for quantifîcation, TXA synthase has been found most

concentrated in platelets and monocytes respectively, whereas fibroblasts, lymphocytes

and granulocytes have minima\ tf any, activity (Nusing and Ullrich 1990). Among

different tissues, lung and liver were found to have the greatest overall quantity of TXA

synthase. Comparing human peripheral blood monocytes to the monocytoid cell lines

Ug3j and HL-60, human monocytes had the greatest quantity of enzyme (1548 nglmg

prorein) followed by U937 (277 nglmg) and HL-60 (87 nglmg) (Nusing and Ullrich 1990).

In human platelets, TXA synthase has been reported to undergo a loss of catalytic activity

accompanying the formation of TXA, and proportional to the substrate (PGHr)

concentration (Jones andEítzpatrick 1990). This inactivation process has been reported to

involve a tight association of substrate or product with the haem prosthetic group (Jones

andqitzpatrick 1991). "Suicide" inactivation has also been reported in other enzymes

associated with the AA pathway, notably COX (Kulmacz 1986; Kulmacz 1987; Marshall

et al. 1987; Smith and Lands lg72). In human monocytes , Ihe enzyme has been reported

to undergo inactivation but to a lesser degree than in platelets (Orlandi et al. 1994). TXA

synthase has a Km for PGH, of 4 ¡rM and is not induced by LPS (Fu et al. 1990; Orlandi et
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al. lg94). However, levels in cells can be increased by erythroid differentiation factor

(Yamashita et al. 1991), diacylglycerols (DAG) (Goerig et al. 1987) and7,25-

dihydroxyvitamin D (Honda et al. 1986).

1.3. EICOSAI{OID RECEPTORS

Anderson and Romwell (Anderson and Romwell I974) made the first reported attempt to

characterise the actions of and receptors for eicosanoids by comparing the rank order of

agonist potency of prostaglandin A2 (PGA2), PGE2 and PGF," on several pharmacological

preparations. Using a PGH, analogue, Coleman and Kennedy compared the effects with

PGD2, PGE2, PGF2* and PGI, (Coleman et al. 1,984; Kennedy et al' 1983). They devised

four distinct rank orders ofagonist potency to represent a distinct receptor type;

Receptor EP; E>I>F>Da

a

a Receptor FP;

Receptor TP;

F>D>E>I

T:H>D>E>F>I

o Receptor IP; I>>D>>E

D receptors have since been characterised as a further distinct receptor from the IP

receptor
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1.3.1. PGE2 receptors (EP)

EP receptors mediate alarge range of biological effects including platelet and leukocyte

reactivity, sensitisation of nociceptors, contraction and relaxation of smooth muscle,

inhibition and enhancement of neurotransmitter release, inhibition of lipolysis, inhibition

of gastric acid secretion, inhibition of immunoglobulin release and bone resorption

(Coleman et al. 1990). This wide range of biological effects by PGE, suggested the

pfesence of more than a single subtype of EP receptot, especially as PGE, acting on

smooth muscle, can cause contraction, relaxation or both depending on experimental

conditions.

Using speciflrc inhibitors and agonists it has become apparent that there are 4 EP receptors,

p,p1,2,3, and4 (Coleman et al. 1994; Narumiya et al. 1999). The EPl receptor is coupled

to phospholipase C (PLC) inositol lipid hydrolysis and stimulates Ca** release (Hebert et

al. 1990). Extracellular Ca** is required for EP1 receptor to respond to its ligand PGE2.

This receptor does not have a wide distribution and is most evident in smooth muscle,

uterus, bladder and gastrointestinal tract. EP2 is coupled to Gs protein through which it

stimulates adenylate cyclase and mediates vasodilation. It is the least abundant of the EP

receptors but unlike the other receptors is inducible in response to stimuli (Narumiya et al'

lggg). Of the four subtypes EP3 is believed to be the most ubiquitous and is found in

smooth muscle, autonomic nerves, gastric mucosa and the renal medulla. EP3 receptor is

coupled to Gi through which it inhibits adenylate cyclase and phospholipase-C-catalysed

inositol lipid hydrolysis (Smith 1992). Although most of the effects of PGE, engagement

v/ith Ep3 are mediated through Gi interaction with the receptor, different isoforms of the

receptor, which differ only at their C-terminus, have been reported to couple to different G
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proteins to activate (or inactivate) different secondary messenger systems (Namba et al.

1993). Like EP2, EP4 mediates an increase in oAMP via the Gs protein and mediates

smooth muscle relaxation (Narumiya et al. 1999).

1.3.2. Thromboxane Arlprostaglandin H, (TXA) receptors

TXAr/PGH, receptors are widely distributed in vascular smooth muscle and platelets

where they mediate vasoconstriction and platelet aggregation respectively. Effector

pathways involve Gq protein activation of PLC with resultant phosphoinositide hydrolysis,

Ca** release and influx and DAG induced protein kinase C (PKC) activation (Coleman et

al. 1994; Shenker et al. 1991). The TXA receptor has been cloned from human

megakaryocytic leukaemia cells and shown to be comparable to the rhodopsin receptor

especially in its transmembrane domains (Hirata et al. 1991). The transmembrane

domains consist of mainly hydrophobic amino acids, and form a pocket for the

hydrophobic ring structure of TXA, (Yamamoto et al. 1993). Point mutations in the

seventh transmembrane hydrophobic domain has been shown to determine the ability for

agonist or antagonist binding (Funk et al. 1993). In addition to platelets and vascular

smooth muscle, TXA receptors have been identiflred in monocytes (Allan and Halushka

ree4).

There has been some controversy regarding the existence of TXA receptor subtypes

(Halushka et al. 1989; Hirata et al. 1996; Ogletree and Allan 1992; Simmons et aI' 1992)'

The cloning and characterisation of the gene for the receptor suggests the existence of a

single receptor subtype in platelets and smooth muscle (Nusing et al. 1993). However,

recent work shows that at least two sub,types exist and these result from alternate message
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splicing (Raychowdhury et al. 1995). Down-regulation of the biological effects of TXAt

has been shown in platelets to be mediated by uncoupling of the TXA receptor to the Gq

protein and a delayed loss of receptor sites (Mumay andFitzgerald 1988) as well as

desensitisation of the platelet adenylate cyclase system (Munay et al. 1990)'

The TXA receptor can be stimulated by other unstable endoperoxides such as PGH, and

pGG2. The addition of TXA synthase inhibitors or COX inhibitors will therefore cause a

reduction of TXA, but the possible increase in PGH, may partially counteract the effect of

inhibition. The combination of TXA receptor antagonist and TXA synthase inhibition

may therefore be a considerably more potent anti-TXA, strategy. This issue is discussed

in greater detail (section 5.1.3) and is examined in this thesis.

1.4. CELLULAR SIGNALLING

Many of the investigations in this thesis involve monitoring of or interference with

intracellular signalling in response to LPS or eicosanoids. Therefore, some background on

relevant pathways is Presented.

Signal transmission within cells generally involves an initiai signalling event that activates

intermediate multifunctional regulators. These intermediate regulators are frequently

small GTP-ases and protein kinases.

1.4.1. G proteins

A large number of stimuli, including eicosanoids, exert their effects on cells through G

protein coupled receptors. G proteins are found in all eukaryotic cells and translate ligand
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binding into intracellular responses, and play important roles in determining the speciflrcity

and temporal characteristics of the cellular response'

G protein coupled receptors have a common structure with seven transmembrane helices.

The intracellular loops of the helices form the G protein binding site. Ligand binding is

believed to cause a structural change in the relative orientation of loops 3 and 6. This

leads to exposure of previously masked G protein binding sites (Hamm 1998).

G proteins are made up of o, p and y subunits (Simon et al. 1991). They are inactive in the

GDP bound heterotrimeric state and are activated by receptor-catalysed guanine

nucleotide exchange resulting in GTP binding to the cx, subunit. This leads to dissociation

of the GTP-Gg from the GBy subunit and activation of downstream effectors by both

GTp-Ga and free GBy subunits (Figure 1.8). Termination of the signal occurs when GTP

bound by the cr subunit of the G protein is hydrolysed to GDP. The cr, subunit then

reassociates with the By complex. The GTP-Gcr interacts in a highly specific manner upon

well-studied effector enzymes (for review see Morris and Malbon 1999);

Gcx,q, Gcr,'; activates PLC

o

o

a

Gos; activates adenylate cyclase, Ca** and Na* channels

Goi; inhibits adenylate cyclase and K* channels

Got; activates photoreceptor cGMP phosphodiesterase

GBy; activates phospholiPase A,

O

a
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Figure 1.8: G protein signalling. G proteins are made up of a, p and y subunits.

Following receptor catalysed guanine nucleotide exchange, GTP binds to the cr subunit

and disassociation from the By subunit. The GTP-Go and free G By subunits have

downstream effects including activation of protein kinase C (PKC) and mitogen activated

protein (MAP) kinase.



a G6¿,, and Go,r; unknown function but have been reported to couple to TXA

receptor and thrombin receptor. (Offermans et al. 1994). The TXA receptor

has also been reported to be associated with the Gq family (Knezevic et al.

1993; Shenker et al. 1991).

phase of a sustained resPonse

a PKC branch responsible for the sustained phase of cellular responses

Pertussis toxin has been widely used as a reagent to characterise the involvement of

heterotrimeric G-proteins in signalling. This toxin catalyses the ADP-ribosylation of

specific G-protein cr subunits of the Gi family, and this modification prevents the

occurrence of the receptor-G protein interaction. The pertussis-resistant G proteins are not

influenced by this toxin and this resistance is a characteristic of the Gq and G', families,

with which the TXA receptor is associated (Fields and Casey 1997).

1.4.2. Intracellular calcium

The Ca** messenget system has a central role in mediating the contraction of all types of

muscle, the secretion of exocrine, endocrine and neurocrine products, glycogenolysis and

cell growth (Rasmussin 1986a; Rasmussin 1986b). There are two distinct branches of this

messenger system with temporally distinct roles;

a calmodulin branch responsible for either brief responses of the initiala

a
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The turnover of phosphatidylinositides is a major transducing event and gives rise to two

intracellular messengers, IP, and DAG. These messengers initiate the transmission of the

signal into the calmodulin and PKC branches respectively.

The maintenance of cellular Can* homeostasis is remarkable as the intracellular

concentrations are maintained at a concentration of 100-200 nM. The extracellular

concentration is in the order of 1 mM thus there is a 5,000-10,000 concentration gradient

across the plasma membrane. This is maintained by ATP-dependent mechanisms that

pump Ca** out of the cell (Carafoli 1992; Maclennan et al. 1997).

Following ligand binding, short-term and transient increases in intracellular Ca** occur by

one of two mechanisms. Firstly, arupid influx via Ca** channels or secondly by increase

in the release of Ca** from intracellular stores such as the endoplasmic reticulum (Putney

1990). The initial increase in Ca** activates PLC which catalyses the hydrolysis of

phosphatidylinositides, thereby generating two intracellular messengers, inositol

triphosphate (IPr) and DAG (Figure 1.9) (Rasmussin 1986a; Rasmussin 1986b). The

phosphatidylinositides represent a minor component of the total membrane phospholipids.

They exist in three forms, phosphatidylinositol, phosphatidylinositol4-phosphate and

phosphatidylinositol4,5-biphosphate in a ratio of 90:5:5. These forms are rapidly

interconvertible by kinases and phosphatases. IP, binds to a heparin sensitive receptor to

mobilise Ca** from intracellular stores. A characteristic feature of the IP, receptor is that it

does not desensitise thus any decline in the release of Ca** can be attributed to the rapid

metabolism of IP, (Benidge and Irvine 1984; Berridge and Irvine 1989).

The AA cascade is closely related to the Ca** messenger system. With Ca**, IP, and DAG

production there is increased activation of oPLA, and release of AA. The AA produced

I
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can be metabolised by COX to the eicosanoids TXA, or PGE, that may subsequently have

opposing feedback effects. In platelets, TXA2 acts as a positive feedback mechanism by

activating PLC whereas PGE, or PGI, inhibit thrombin induced aggregation by activation

of adenyl cyclase and increased cAMP production. The increase in cAMP can decrease

Ca** by stimulating reuptake of Ca** into the intracellular pool (Feinstein et al. 1985) and

by inhibiting IP, hydrolysis (Watson et al' 1984)'

1.4.3. Protein kinases

Phosphorylation of proteins by protein kinases and their dephosphorylation by

phosphatases are pivotal in the control of cellular functions (Bossemeyer 1995)'

phosphorylated proteins are involved in almost every regulated cellular process. Protein

kinases catalyse the ATp-dependent phosphorylation of speciflrc substrate proteins thereby

altering their structural or kinetic properties. All protein kinases possess a sequence of

eleven conserved subdomains which encompass the catalytic core. They all share the

action of modulating substrate proteins by phosphorylating serine, threonine or tyrosine

residues but in general they fall into two classes, being either tyrosine or serine/threonine

kinases.

1.4,3.I. Protein kinase A

Adenyl cyclase is a ubiquitous integral membrane signalling enzyme responsible for the

generation of the secondary messenger cAMP. The activity of adenyl cyclase is tightly

coupled to specific G-proteins that either stimulate (via Gcts) or inhibit (via Gcri) its

catalytic activity. The oAMP dependent protein kinase, protein kinase A (PKA), is a

32



serine/threonine kinase and is believed to be the major means by which oAMP regulates

cell function and acts upon a broad spectrum of protein substrates (Walsh and van Patten

I9g4). çAMP is metabolised by phosphodiesterases. cAMP levels can be increased by

inhibition of phosphodiesterases with agents such theophylline or 1-methyl-3-

isobutylxanthine (IBMX) (Beavo et al. 1970).

One of the important effects cAMP has on cells is through the inhibition of the raf

pathway. Raf is a protein kinase that is activated by receptors with tyrosine kinase activity

and typically mediates stress/cytokine activation of cells (Burgering et al. 1'993; Cook and

McCormick 1993; Graves et al. 1993; Marx 1993; Sevetson et al. 1993; Wu et al. 1993).

Raf represents a major point of regulation between oAMP and the MAP kinase pathways,

which are important regulators of both stress and growth factor initiated events. cAMP

may be an important negative regulator of the raf signalling pathway and offers new

directions for treatment of abnormal cell growth associated with this signalling pathway

(Marx 1993). As mentioned above, oAMP has effects on other cell signalling events, such

as inhibition of Ca** release and increased reuptake into intracellular stores (Rasmussin

1986a; Rasmussin 1 986b).

1.4.3.2 Protein kínase C

In most cells, Ca** fluxes are transient while the resulting signal and physiological

response are prolonged. It has been proposed that the sustained activation of PKC, a

serine/threonine kinase, is essential for the maintenance of cellular responses (Hug and

Sarre 1993). The transient appearance of DAG, together with Ca**, is believed to initiate

prolonged signal responses by activation of PKC. However, DAG is only transiently

JJ



produced as it is rapidly converted to inositol phospholipids (Rasmussin 1986a; Rasmussin

1986b).

PKC shares many substrates with PKA but has different rates of phosphorylation of

different amino acid residues, Although both Ca** and DAG can stimulate PKC, it has

becn shown that phorbol esters, such as PMA, which are DAG mimetics, are capable of

directly activating the kinase (Castagna 1982). The kinase serves as a receptor for tumour

promoters and is involved in a wide range of cellular function including cell growth and

differentiation.

PKC can exist in two forms; namely, cytosolic or associated with membrane

phospholipids (Hug and Sarre 1993; Nishizuka 1984). In its membrane associated form it

is extremely sensitive to Ca** fluxes and this is mediated by exposure to low

concentrations of DAG. A Ca**-independent enzyme has been reported also and overall

there are at least 5 isotypes on the basis of minor variations in oDNA (Hug and Sarre

1993; Ohno et al. 1991).

pKC is also involved in cPLA, activation (Gronich et al. 1988), which requires not only

Ca*n for membrane translocation but phosphorylation of a serine residue for rapid response

(Lin et al. 1992b). Eicosanoid release in response to zymosan has been shown to be

initiated through G protein/PKC activation of cPLA, in rat peritoneal macrophages

(Huwiler and Pfeilschifter 1993) and via complement receptor 3 in human monocytes

(Sanguedolce et al. 1993).

pKC has been implicated in the activation of the MAP kinase pathway, especially the

raflMAp kinase pathway (Kolch eL al. 1993; Sozeri et al. 1992). In these reports, the PKC
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activator, PMA, caused direct phosphorylation and activation of raf at several sites, with

subsequent activation of downstream kinases. This suggests that raf can act immediately

downstream of PKC.

pKC has been implicated in the production of TNFa and IL-l8 (Geng etal.1993; Lang et

al. 1995; Shapira et al. 1994). In these reports, PKC was necessary to induce maximal

TNFcr production although not sufficient by itself for production.

1.4.4. Mitogen activated protein kinases

Mitogen activated protein (MAP) kinases are important intermediates in signal

transduction pathways that are initiated by many types of cell surface receptors. They

were initially thought to be involved primarily in growth factor actions in mammalian

cells. They are now felt to have more widespread role in cell signalling (Blumer and

Johnson 1994;Davis 1993; Nishida and Gotoh 1993). A characteristic properly of MAP

kinase activation is the requirement of both threonine and tyrosine phosphorylation within

a char acteri sti c moti f o f s erine/threonine-pro line.

This network can be divided schematically into membrane and cytoplasmic compartments

(Figure 1.10). The membrane component occurs in close proximity to the various

receptors and activates the downstream components. The activation of a small GTP

binding proteins (eg ras, rac) via adaptor molecules (eg Src, Shc, Grg2) and a guanine

nucleotide exchange factor (eg m SOS) activates the membranous component (Gutkind

1998). The activation of the membranous components results in activation of the

cytoplasmic components of the MAP kinase pathway'
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There are three parallel subgroups that comprise the MAP kinase pathway. The

extracellular regulated kinase (ERK), (also termedp42 andp44 MAP kinase, or ERK 2

and 1 respectively), the stress activated protein kinases (SAPK, also termed c-Jun NHr-

terminal kinase or JNK) and p38 are distinguished by different activating signals, substrate

specificity and cellular ïargetresponses (Cano and Mahadevan 1995). However, there is

considerable "cross-talk" between the pathways and it is unclear if the JNK and p38 are

activated by common or parallel pathways (Cano and Mahadevan 1995). The ERK are

usually stimulated by growth factors via tyrosine kinase receptors (Lee et al. 1994). The

activation of p42144 MAP kinase usually involves activation of the small GTP-ase ras,

which then binds and activates raf (Daum et al. 1994; McCormick 1994). The JNK and

p38 are activated by stress signals such as inflammatory cytokines and LPS via G protein

coupled receptors (Gutkind 1998; Kyriakis and Avruch 1996; Kyriakis et al. 1994). The

p38 subgroup of MAP kinase is activated in response to LPS (endotoxin release from

gram-negative bacilli), hyperosmolar media and heat shock (Raingeaud et al. 1995)' It

may be related to the JNK signal transduction pathway (Davis 1994). The p38 MAP

kinase has been shown to be required for COX-2 induction (Pouliot et al. 1997) and

inflammatory cytokine synthesis (Lee et al.1994). The speciflrcp42l44 MAP kinase

inhibitor, TJ0l26,has been shown to inhibit PGE2, COX-} induction, IL-1p, IL-8 and

TNFcr, production in human monocytes stimulated by LPS (Scherle et al' 1998), indicating

the involvement of this MAP kinase pathway, as well as the p38 MAP kinase, in cytokine

and eicosanoid synthesis.
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1.4.5. Signalling events altered by eicosanoids

Eicosanoids interact initially with seven-transmembrane prostanoid receptors. This

interaction is followed by activation of various signalling pathways (Versteeg et al. 1999).

Specific eicosanoids have also been shown to have direct effects on cellular signalling'

For example, the TXA, analogue, 5-heptenoic acid, 7-{3-{3-hydroxy-4-(4-iodophenoxy)-

1-butenyl)-7-oxabicyclo{2.2.1}hept-2-yl}-,{1S-1o,2u{Z\,3p(1E,3Sx),4ct} (I-BOP), has

been reported to stimulate mitogenesis of coronary artery smooth muscle cells by

activation of MAP kinase and ribosomal 56 kinases (Morinelli et al. 1994). This

activation was inhibited by verapamil, a Ca* channel antagonist, and by the PKC inhibitor

staurosporine, indicating that the activation of the MAP kinase and subsequent

mitogenesis was dependent on extracellular Ca** influx and on PKC. On further testing,

the MAP kinases activated were identified as thep42l44 MAP kinase and the time course

for activation was rapid, peaking between 10-15 min.

In platelets, the p38 MAP kinase was activated in response to the TXA, analogue,

IJ4l'Ig,implicating this MAP kinase in aggregation (Saklatvala et al. 1996). This

platelet aggregation response and p38 activation occurred at low concentrations of the

TXA2 anaiogues and other platelet agonists. Using a specific antagonist to the p38 MAP

kinase, it was shown that the aggregatory response could still occur but at higher doses of

TXA, analogues. The authors proposed that the p38 MAP kinase could be bypassed with

higher concentration of platelet agonists to induce aggregation.

In vascular smooth muscle cells, the eicosanoids TXA, and PGI, have been reported to

have opposing effects on the p42144 MAP kinase signalling cascade (Jones et al' 1995)
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The TXA, analogue, rJ46619, induced cellular hypertrophy, an effect associated with

enzymatic activity of p42l44 MAP kinase and upstream regulators ras. In contrast, the

stable PGI, analogue, ciprostene, decreased the TXA2 analogue effects on the p42144 MAP

kinase activity and cellular hypertrophy. These results suggested that the eicosanoids

TXA2 and PGI, have opposing effects on smooth muscle cell hypertrophy and the

signalling process associated with this.

In aortic smooth muscle cells, it was shown that the TXA2 analogue, U466I9, and basic

fibroblast growth factor induced COX-2 expression with rapid (within 5 min) activation of

p42144 MAP kinase (Karim et al. 1997). In addition, the TXA2 analogue also activated for

sustained periods the JNK MAP kinase. PGE2, forskolin and dibutyryl-cAMP all reduced

the p42144 MAP kinase and JNK activation, suggesting a regulatory effect mediated by

oAMP, adenylate cyclase and PKA.

1.4.6. Signalling events which are affected by non-steroidal anti-

inflammatory drugs

The NSAID sodium salicylate, indomethacin and piroxicam have been reported to inhibit

neutrophil activation independent of their known action on COX (Abramson et al' 1985)'

The NSAID were shown to enhance the post stimulation increase in cAMP and decrease

Ca** movements. While these findings were used to promote an alternative mechanism to

the prostaglandin hypothesis, first proposed by Vane (Vane l97l), to explain the anti-

inflammatory effects of NSAID (Abramson and Weissman 1989), it should be noted that

concentrations needed for these effects were substantially higher than those needed to

inhibit COX. Non-steroidal anti-inflammatory drugs have been reported to increase
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chondrocyte intracellular protein phosphorylation dependent upon the activity of cAMP

(Malemud et aI. 1994).

Other cellular signalling effects mediated by NSAID may be dependent on particular and

specific properties of NSAID. For example, tenidap, a novel anti-rheumatic drug that

combines non-steroidal anti-inflammatory COX inhibition and cytokine inhibition, has

been shown to also inhibit PKC mediated signalling and subsequent activation of PLA,

(Bondeson and Sundler 1994). This effect may be mediated by inhibition at some level

between PKC and PLA2 or at a more proximal level' eg of PLC itself.

Nimesulide, a selective COX-2 inhibitor, has pleiotropic effects on neutrophil function,

mediated through its known action of phosphodiesterase inhibition and subsequent

increase in gAMP. Recently, it was reported that nimesulide also increased p42144 MAP

kinase phosphorylation and glucocorticoid receptor phosphorylation in cultured fibroblasts

(DiBattista et al. 1999). Thus some of the anti-inflammatory effects of nimesulide could

be attributed to the novel action of activation of the glucocorticoid receptors and increased

expression oftheir target genes.

The signalling mechanisms linking eicosanoids and cytokine synthesis are examined in

Chapter 6. Additionally, the effect of NSAID, including a selective COX inhibitor, on

these signalling pathways is examined.

1.5. CYTOKTI{ES

Cytokines are a group of protein hormones whose actions are multiple and overlapping

and affect diverse cell populations. They have specifîc receptors and mediate intercellular

39



communication as well as immunological and inflammatory responses. The typical

cytokine is a glycosylated monomeric peptide of about 150 amino acids. They can be

classified as according to their biological effects, such as pro-inflammatory, anti-

inflammatory, fibrogenic, growth and chemotactic factors. Cytokines are subject to

mutual regulation.

1.5.1. Cytokine families

Cytokines can be divided into the interleukins (IL) IL-1 to IL-18, the interferons, the

haemopoietic colony-stimulating factors (CSF) and the tumour necrosis factors (TNF)'

The genes for the majority of cytokines are scattered throughout the genome. However,

some do belong to gene families. For example, IL-18 and IL-1oc and the IL-1 receptor

antagonist (IL-1Ra) have about 25o/o amino acid similarity and are encoded by closely

linked genes (Dinarello 1996; Kelso 1993). The three members of the TNF family have a

25-35% sequence homology and are all encoded by genes within the class III region of the

genome encoding the major histocompatibility complex'

Three dimensional structure studies at the protein level have revealed other relationships

between cytokines. Many non-homologous cytokines adopt similar conformations,

particularly a bundle of four anti-parallel o-helices which may explain the overlapping

functions of many cytokines. Exceptions to this structure are the IL-1 family (B-trefoil

structure) and TNF family (B-jellyroll)'
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1.5.2. Interleukin-L

Interleukin-1 is a cytokine with a broad range of biologic actions (Dinarello 1996)' It is

produced by a variety of cell types, in response to various stimuli such as bacterial

endotoxin, lymphokine or phorbol esters. There are three members of the IL-1 gene

family, IL- I B, IL- i cr and IL- lRa. Interleukin- 1 B and ct are receptor agonists and the

naturally occurring IL-1Ra is a receptor antagonist'

The promoter region of IL- 1 B contains a clear TATA box, a motif typically associated

with inducible genes. In human monocytes, endotoxin triggers transient transcription of

1¡-lp mRNA, which accumulates for 4 h followed by a rapid decrease due to synthesis of

a transcriptional regulator (Fenton et al. 1988).

Within a few minutes of binding to the cell receptor, IL-18 induces several biochemical

events. Hydrolysis of GTP, phosphatidylcholine, phosphatidylserine,

phosphatidylethanolamine occurs, as well as release of ceramide by neutral

sphingomyelinase. Phosphorylation of multiple proteins and activation of phosphatases

can occur within 5 min. Notably phosphorylation of PLA, occurs within the first few

minutes and this leads to a rapid release of AA, which provides substrate for induced

cox-2.

1.5.3. Tumour necrosis factor

Tumour necrosis factor has a key role in the pathogenesis of inflammatory and

autoimmune diseases (Barbara et aL 1996; Eigler et al. 1997 Moulton 1996). It has a

number of biological effects including tumour lysis and metabolic effects that lead to
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cachexia. There are three members of the TNF family; TNFo, TNFP (also known as

lymphotoxin-c¿ or LT-cr) and LT-B

The major source of TNFo is activated monocytes and macrophages. It is synthesised as a

trimeric pro-protein of 233 amino acids with a molecular weight of 26 kDa. The pro-

protein is cleaved by a metalloproteinase (also known as TNFct converting enzyme,

TACE) to yield a monomeric form of 17 kDa comprising 157 non-glycosylated amino

acids.

Tumour necrosis factor ct interacts with the membrane bound homotrimeric receptors,

TNF receptor (TNFR) I (p55) and TNFRII (p75). The extracellular portions of both

receptors can be shed and circulating soluble receptors (sTNFR) retain the ability to bind

TNFcr, and limit acute effects. Signal transduction involves activation of phospholipase C

and sphingomyelinases, which release ceramide and activate ceramide protein kinase

(Barbara et al. 1996; Eigler et al. 1997). In healthy humans, TNF p55 receptor cannot be

detected but in septic shock it circulates in nanomolar concentrations and is elevated in

other inflammatory disease such as meningitis , malaria and RA (Eigler et aI. 1997;

Moreland et al. 1997).

TNFcr has multiple cellular effects including B cell antibody release, T cell cytokine

release, hepatocyte-induced release of acute phase proteins, osteoclast bone resorption,

and monocyte production of IL-1 and IL-6 (Brennan and Feldmann 1992; Eigler et al.

1997). TNFci is also pyrogenic.
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1.5.4. Cytokines and rheumatoid arthritis

In RA, macrophages and fibroblasts in inflamed rheumatoid synovium produce cytokines.

Because of their local and systemic effects, IL-1P and TNFcr are the prototypic pro-

inflammatory cytokines. IL-1p and TNFcr appear to contribute directly to tissue damage

by stimulating the release of tissue damaging enzymes from synovial cells and articular

chondrocytes (Arend and Dayer 1995). Although other cytokines are present in RA

synovial fluid and tissue, IL- 1P and TNFcr, have been studied most extensively because of

their purported direct role in joint destruction (Arend and Dayer 1995; Badolato and

Oppenheim 1996).

In RA, IL-1P, IL-1Ra, TNFo and TNFR can be detected in synovium, synovial fluid and

serum. Compared with IL-1Ra and sTNFR, the concentrations of IL-lp and TNFcr are

low in biological fluids, but this excess of antagonists may not be sufficient to block the

action of these pro-inflammatory cytokines (Arend and Dayer 1995).

In contrast to the abundance of the monocyte-derived cytokines, T cell cytokines are scant

in the inflamed RA joint. T helper cells can be divided into 2 groups on the basis of their

cytokine profile. Prototypic Thl cells produce IL-2 andIFNy whereas Th2 cells produce

IL-4 andll,-5. Lymphocytes from RA patients produce IL-2 and IFNy and are

hyporesponsive to IL-2 (Bar.rera et al. 1996). Dominance of Thl over Th2 is believed to

be import in the pathogenesis òf nA (Dolhain et al. 1996; Simon et aI. 1994; van der

Graaff et al, 1998).
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1.5.5. Interleukin-lBandrheumatoidarthritis

Studies in animal models have confirmed the importance of IL- 1B in mediating arthritis,

inflammation and tissue damage, although TNFct may be a more proximal mediator and

critical target(Feldmann 1996). When injected into rats,IL-18 caused an acute and

destructive arthritis, which resolved with cessation of the injections (Chandrasekar et al.

1990). Contemporaneous treatment with neutralising antibodies against murine IL-1p

suppressed proteoglycan degradation, maintained normal proteoglycan synthesis and

prevented both cartilage destruction and inflammation (van de Loo et aL 1992). IL-1Ra

also blocked the effects of IL- 1 B in diverse in vitro and in vivo models but not in antigen

induced arthritis in mice or rabbits (Arend 1993).

1.5.6. Tumour necrosis factor q, and rheumatoid arthritis

TNFcr has been promoted as being one of the central cytokines in the pathogenesis of RA

(Arend and Dayer 1995; Feldmann 1996; Keffer et al. 1991). Although IL-1P was known

to be pro-inflammatory and of significance in RA, anti-TNFo antibodies were shown to

markedly inhibit IL-18 synthesis as well as GM-CSF,lL-6 and IL-8 in synovial tissue

cultures (Brennan et al. 1989). In contrast, inhibition of IL-18 using receptor antagonists

had no effect on TNFcr or, IL- 1p production. TNFo inhibition has thus emerged as a

useful therapeutic target because of the inhibitory effects on IL- 1 B which may be more

directly involved in tissue damage (Camussi and Lupia 1998). In the sera and synovial

fluid of RA patients, only TNFa and not TNFp has been detected (Saxne et al. 1988).
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Chimeric monoclonal antibodies to TNFc (cA2) have been shown to be an effective

therapy for RA although relapse rates were high on discontinuation of treatment (Brennan

et al. 1989; Elliot et al. I994b). Treatment over prolonged periods with repeated injections

of cA2 achieved long term suppression with few adverse effects (Elliot et al. 1994a).

However, the efficacy and duration of benefits was lessened with repeated cycles. It was

proposed that this lessening was due to the development of antibodies to cA2.

More recently, a recombinant human soluble TNFcr receptor fusion protein (sTNFR:Fo),

formed by linking two monomers of the p75 soluble TNFo receptor to an Fc portion of the

human IgGl molecule, has been trialled in RA and animal models of RA (Moreland et al'

1997; Wooley et aI. 1993). This was effective in reducing symptoms, joint tenderness and

swelling, and laboratory signs of disease activity. Few side effects were encountered and

unlike the cA2 there was no antibody formation to the treatment.

Transgenic mice carrying the human TNFcr transgene spontaneously develop chronic

inflammatory arthritis (Keffer et al. 1991). Treatment of these arthritic mice with

monoclonal antibody against human TNFcr prevented the development of disease'

These findings have led to the release of a commercial sTNFR:Fo, etanercept, which is

currently registered in Australia for use in RA patients who have failed standard

treatments.

1.5.7. Eicosanoids and regulation of interteukin-lB synthesis

There is considerable evidence showing modulation by PGE, of IL- 1 p production. The

addition of exogenous PGE, to LPS stimulated mouse peritoneal macrophages had an
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inhibitory effect on IL-1p production (Brandwein 1986). NSAID have been reported to

increase the secretion of IL- 1 B, an effect believed to be mediated by reduced PGE2

production (Brandwein 1986; Endres et al. 1989a; Sirko et al. 1991)'

In human monocytes and synovial fibroblast cultures, exogenous PGE2 inhibited

subsequent IL-lP and IL-1Ra production (Seitz et al. 1997). Because PGE2 elevates

gAMP levels in these cells, the phosphodiesterase inhibitor theophylline, which prevents

çAMP breakdown, can mimic the effects of PGE, and has been shown to inhibit IL-18

production (Ghezzi and Dinarello 1988; Knudsen et al. 1986) as have cAMP agonists

(Brandwein 1936). However, in contrast to cells stimulated with LPS, in the absence of an

external stimulus, increasing cAMP has minimal or no effect on IL-1p gene expression

(Vannier and Dinarello 1993a).

In contrast to these inhibitory effects are numerous reports suggesting minimal or even

positive effect of PGE, and cAMP on IL-1B synthesis in vitro, particularly in human

monocytes. There were reports of no change in IL-lB production with phosphodiesterase

inhibitors (Endres et al. 1991). Induction of intracellular cAMP has been shown to

increase the release of IL-1B bioactivity (Kassis et al. 1989a) and cause no change in the

level of cell associated IL-lp in LPS stimulated monocytes (Scales et al. 1989). In human

cell lines and monocytes it has been shown that cAMP and analogues were by themselves

incapable of initiating IL-18 mRNA transcription, but were synergistic with PMA or LPS

to increase markedly in cell lines and moderately in fresh monocytes mRNA levels for IL-

lp (Sung and'Walters 1991). Despite these increases in mRNA, total protein only

increased 2-3 fold,, suggesting IL-iP synthesis is under translational control during cAMP
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stimulation. Overall, these results suggest the relationship between cAMP and IL-1Þ -uy

be cell and stimulus dependent.

1.5.8. Eicosanoids and regulation of tumour necrosis factor o

synthesis

PGE2 was shown to inhibit monocyte TNFo production (Ferreri et al. 1992; Haynes et al.

I992;Kunkel et al. 1988) although a dual response by PGE, has been demonstrated in that

low dose PGE2 was stimulatory and high dose PGE2 inhibitory (Gong et al. 1990; Renz et

al. 1988). The mechanism of TNFa suppression by PGI, or PGE2 was proposed to be via

elevation of cAMP (Endres et al. l99I; Kunkel et al. 1988).

pGE2 is believed to be the major eicosanoid product involved in TNFa production and

regulation. After monocyte stimulation, TNFu is produced within 1-2 h but peaks at 4-8 h

then declines thereafter (Kunkel et al. 1988; Lonneman et al. 1989; Spatafora et al. 1991).

It has been proposed in these reports that the production of PGE, at around 4-6 h acts to

regulate TNFct production.

There have been varying repofts of an association between TNFcr and NSAID usage' In

clinical as well as in vitro studies, numerous reports have emerged showing an increase in

TNFcr production in the presence of COX inhibitors (Endres et al. 1996 Gonzalez et al.

1994;Hart et al. 1989; Lang et al. 1995; Murakami et al. 1999; Schumacher et al. 1996;

Spatafora et al. 1991 ; Spinas et al. 1991; Tsuboi et al. 1995). PGE2, a known modulator of

TNFcr, has been suggested as the mechanism for this increase in TNFo production

(Kunkel et a|. 1988; Spatafora et al. 1991). However, some reports have shown either no
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effect or an inhibitory effect on TNFo production by NSAID (Lozanski et al. 1992;

Rosenstein et al. 1994; Sipe et al. 1991). The differences in these reports with regard to

effects on TNFcr, synthesis may relate to different cell systems and differences in cellular

mechanisms of individual NSAID, some of which have known anti-cytokine effects

independent of their COX inhibitory effect (Lang et al. 1995)

This thesis addresses the variable response of TNFct synthesis to NSAID treatment and

proposes a unifying hypothesis based on the differential effects of NSAID on TXA, and

PGE2 synthesis.

1.6. SUBCUTANEOUS AIR POUCH

The observation that synovium fails to develop in the embryo in the absence of movement

and that air pouch granuloma linings bear a superficial resemblance to synovial lining, led

Edwards et al., to propose that synovial lining is simply an accretion of macrophages and

fibroblasts stimulated by mechanical cavitation (Edwards et al. 1981). To test this

hypothesis, they injected air into the subcutaneous tissue over the dorsum of Grunberg

brown mice or Wistar rats. Air was reinjected to maintain the pouch every 2-3 days' Rats

were killed on days 5, 8, 14 and 30 following the first injection. A well defined pink wall

was established, 5 days after the first injection, which became progressively firmer by 8

and 14 days. By day 5, there was also a haphazard amangement of cells separated from

surrounding tissue by a loose areolar zone. The predominant cell type was neutrophils

which were found deep to the lining and occasionally in the lining itself. By day 8,

fibroblasts (50-90%) and monocytes (10-50%) predominated. This layer of cells became

progressively denser by day 14, then fibrous by day 30. Blood vessels lacking a basement
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membrane were found just deep to the loose areolar lining. Blood vessels were rare in the

lining itself. The authors concluded that following the creation of an air pouch, there were

cell populations and pouch lining similar to synovium and that synovium may develop in

response to mechanical tissue disruption (Edwards et al. 1981)'

In Wistar male rats, inflammatory cells (neutrophils by days 8-10, and mononuclear cells

later), oedema, flrbrin, new blood vessels and granulation tissue were observed in 6 day old

air pouches, in response to the injection of adjuvant into the rattall base, to induce

adjuvant arthritis (DeBrito et al. 1987; Kowanko et al. 1986). By day 9, there was

thickening and discolouration of the pouch wall. Thereafter, the pouches became thinner

than those in non-inoculated rats, at the time of arthritis and loss of weight. With the onset

of arthritis on day 10- 1 1, pouch thickening was absent. It was concluded that, like

synovium, the air pouch can respond to adjuvant but, unlike synovium, was unable to

maintain ongoing inflammation.

The release of eicosanoids in the subcutaneous air pouch model has been examined in

response to the injection of irritants within the pouch. A study of the effects of pertussis

toxin versus carrageenan showed greater volumes of exudate and cell numbers with

cartageenan (Sedgwick and Lees 1986). The greatest response for cell accumulation and

pGE2 levels were found using day 6 air pouches. In such established pouches, the peak

eicosanoid production was found to be 24 h after injection of carrageenan (Sedgwick and

Lees 1986).

It was shown that after caï-rageeîan is injected into air pouches, the rapid increase in PGE,

and PGI, synthesis corresponds to increase in COX-2 mRNA (maximal at 6 h and present

up to 48 h) and cellular infiltration of monocytes (Masferrer et al. 1994). Although the
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majority of cells are neutrophils, COX-2 immunoreactivity was localised to monocytes in

exudate and the inner lining of the pouch. No COX-2 was localised to the neutrophils that

initially infiltrated the exudates and pouch lining. No detectable immunoprecipitation

with COX-1 antiserum was found and injection of AA into control pouches produced only

small amounts of PGEr, TXA2 and PGI'. Zymosan injected into air pouches caused

production of IL-18, which was maximal at24 h post zymosan injection and remained

elevated for up to 8 days (Becherucci et al' 1989; Erdo et al.1994).

A review of the similarities and differences between the subcutaneous air pouch and

synovium was performed using Spague-Dawley rats (Baiasubramanian and Hurley 1987)'

Six hours following the creation of the pouch with air alone there was a lining of loose

vascular connective tissue with few monocytes. After a further 2 days, there was a thicker

wall with fibroblasts and monocytes but no small vessels. By day 7 , there was a thicker

wall with occasional small vessels. Under EM, at all stages, the endothelium was

continuous and mature (compared to the fenestrated endothelium seen in synovium).

Following the injection of carageenan into either a day 0 or an established day 6 air

pouch, no differences were seen in the character or amount of the cellular accumulation

within the pouch lining. By day 2,the pouch wall was oedematous and neutrophils were

seen. By day 4,there was minimal acute inflammation and the wall consisted of

monocytes and foamy macrophages. Using EM, there were ne\¡/ vessels that appeared

immature,

Thus, in contrast to carrageenan, ait alone appeared not to induce a significant

inflammatory response, with the development of a pouch lining with no new blood

vessels. Thus it was concluded that this air induced model represents non-specific

connective tissue changes rather than synovium.
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Although differences exist between the subcutaneous air pouch and synovium, particularly

with regard to the vasculature, there are similarities in cell composition as well as other

advantages including easy access for serial examination, for cytology and biochemical

parameters during drug and dietary manipulation. Additionally, the injection of an

inflammatory stimulus, such as carrageenan, does create an immature vascular bed similar

to that seen in synovium.

1.7. RHEUMATOID ARTHRITIS

RA is a chronic systemic inflammatory disorder of unknown aetiology that has a

progressive course and produces most of its prominent manifestations in synovial joints'

It affects all ethnic groups and the peak incidence is between the fourth and sixth decade'

Prevalence is estimated between 0.5-l.5yo, and is about 2.5 times gteafer in woman than in

men. Mortality has been estimated to be increased in RA patients, especially from

cardiovascular events, neoplasia and infections, but also as a result of treatments (Pincus

and Callahanlgg3;Yelin and Callahan 1995).

1.7.1. Pathology and pathogenesis

RA is associated with synovial hyperplasia with proliferation of the two types of synovial

cells, type A (macrophage features) and type B (mesenchymal features). Cell infiltration

occurs early and comprises mainly CD4 T lymphocytes and antigen presenting cells. The

synovium becomes hypertrophic and invades and destroys surrounding periarticular bone

and cartilage especially at the bone-synovium margin.
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The aetiology of the early events in RA remains elusive. The possibility of a bacterial or

viral infection has been vigorously pursued but the search for a putative initiating agent

has been unrewarding. It is possible that there is no single primary cause for RA, and that

different mechanisms may lead to the initial tissue injury and synovial inflammation.

Studies of twins have shown that RA has several features of a complex genetic disease

including incomplete penetrance, genetic variance and involvement of multiple genes.

The best studied of these are the HLA system, in which certain HLA-DR4 and HLA-DRI

alleles have been shown to be associated with RA. These alleles share a common

configuration in the third hypervariable region of the HLA-DRPI molecule. This pocket

is thought to be critical in binding the putative peptide involved in RA and its presentation

and triggering T cell tesponses (Winchestet 1994).

1.7.2. Effector mechanisms involved in tissue destruction

While aetiology is poorly understood, there is considerable understanding of effectors

involved in symptomatology and joint destruction. Joint destruction in RA involves

damage to cartilage, bone, ligaments and tendons. Damage is closely related to production

of metalloproteinases and other proteinases, which degrade collagen and proteoglycans.

The major proteinase producing cells are fibroblasts and monocytes in the synovial layer.

Importantly, production of proteinases is controlled by many cytokines including IL-1P

and TNFg, which are predominantly secreted by monocytes residing in the synovial layer.

Chondrocytes respond to the same cytokines with a decrease in collagen and proteoglycan

production while simultaneously releasing proteinases. However, due to the success of

anti-TNFcr, strategies in particular, TNFcr has emerged as an important target for
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therapeutic agents (Brennan et al. 1989; Elliot et al. 1994a; Elliot et al. 1994b; Moreland et

al.1997)

1.7.3. Treatment

Although understanding of the immunologic and inflammatory processes involved in RA

has increased dramatically, progress in developing treatments that alter the disease course

has been much slower. Most current treatments are based on alleviating signs and

symptoms with little understanding of their direct mechanism of action (Cash and Klippel

1994).

Therefore, there is a need for treatments which can suppress synthesis of pro-inflammatory

cytokines, particularly TNFcr,, and which are cheap, easy to administer and have a large

therapeutic window. The central approach of this thesis to this problem is to examine the

effects of eicosanoid modulation on TNFa synthesis. This requires an understanding of

the autocrine and paracrine relationships between eicosanoid and TNFcr synthesis which in

turn, requires a characterisation of factors which determine the relative rates of production

of eicosanoids which are facilitators or inhibitors of TNFo synthesis.

The attraction of targeting eicosanoid modulation as a means of suppressing TNFo

synthesis is that chemical agents are available already which can alter many aspects of

eicosanoid synthesis or effects. These have the potential to become cheap and accessible

therapeutic agents which may, ultimately, be disease modifying.

Side effects from the medications used to treat RA are common and remission is at present

the best outcome. Treatment with specifîc biologic therapies, that block the effects of
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particular cytokines have yielded promising results in early trials. However, these

therapies require continuing administration and are very expensive and for these reasons

are not suitable for widespread use.

1.8. AIMS AI{D JUSTIFICATIOI\S OF'THE THESIS

The overall aims of this thesis were to

determine factors that are involved in the ratio of eicosanoid productiono

o

o

o

o

(Chapters 3 and 4)

determine the effects of combination drug strategies directed towards

eicosanoid production or response (particularly TXAr) upon cytokine

production (Chapter 5)

determine the consequence of altered eicosanoid ratios upon cytokine

production (Chapter 5)

determine the cell signalling pathways linking eicosanoids and TNFü

production (Chapter 6)

determine the effects of COX inhibition on the cell signalling pathways

involved in TNFa production (Chapter 6)

determine the effects of combination drug and dietary strategies aimed at

eicosanoid modification on TNFcr. synthesis in vivo (Chapter 7)

o
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Strategies directed against the pro-inflammatory cytokines IL-18 and TNFcr, have been

shown to be effective therapeutically but current therapies remain largely inaccessible and

expensive. Thus the strategies explored in this thesis, utilising accessible low molecular

weight agents, that have already be shown to be safe in the treatment of

haemostasis/thrombosis, offer potential benefits to a much larger population.
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CHAPTER 2

GENERAL METHODOLOGY AND MATERIALS

2.1. CULTURED U937 CELLS

Cells were incubated in RPMI 1640 supplemented with 10% FCS (low-LPS) and

penicillirVgentamicin in75 cmz tissue culture flasks (Corning Costar Corporation,

Cambridge, MA) at37oC,5yo COz. Cells were maintained by alternate day

supplementation with fresh RPMI/IO% FCS.

1J937 CELL NTIATION

Ug3l cells were removed from the culture flasks and washed in fresh RPMI/10% FCS and

resuspende d af 2x106/ml. Cells were incubated overnight in non-adherent teflon Minisorp

tubes (Nunc, Copenhagen, Denmark) in a total incubation volume of I ml at3J'C,5o/o

CO2. IJg37 cells were treated with la,25-dihydroxyvitamin D, (Biomol Research

Laboratories Inc., Plymouth Meeting, PA) at a final concentration of 9.8x10-e M to induce

monocytoid differentiation (Rigby 198S). 1cr,25-dihydroxyvitamin D, was stored in

ethanol at -80"C.
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2.3. PREPARATION OF SERUM-TREATED ZYMOSAN

100 mg of zymosan A(Saccharomyces cerevisiae, Sigma Chemical Co., St Louis, MO)

was suspended in 20 m10.9% NaCl solution. The suspension was boiled for 30 min then

allowed to cool. The suspension was centrifuged (10 min, 800 xg) and the zymosan pellet

reserved. The pellet was washed twice in Dulbecco's PBS (DPBS, PBS + CaCl 0.I gmll

and MgCl.6H2O 0.1 gmll). The pellet was resuspended in freshly prepared human serum

and placed in a 10 ml t-flask (Corning Costar Corporation, Cambridge, MA). This was

incubated overnight aI37oC,5yo CO2. The serum-treated zymosan (STZ) was washed

twice in DPBS and resuspended in DPBS to its final concentration of 20 mglml One ml

aliquots of the STZ were frozenat4"C until required.

2.4. PREPARATION OF HUMAN SERUM

40 ml of peripheral blood was obtained by venipuncture from healthy volunteers and

collected in serum clotting tubes (Disposable Products Pty Ltd, South Australia), which

have a clot retraction accelerator. The blood was incubated in a water bath at 37"C for 30

min then centrifuged at 800 xg for 30 min. The serum was removed using a plastic pipette

and used fresh for zymosan preparation'

2.5. U937 CELL STIMULATIOI\

After cells had been differentiated with 1cr,25-dihydroxyvitamin Dr, they were washed and

resuspended in fresh medium at2xI06lml. La,25-dihydroxyvitamin D, was added again at

9.8x10 eM and gently vortexed. STZ was added, typically at 100 pglml For overnight
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incubation, the cells were placed in Minisorp non-adherent teflon tubes at 37"C,5yo CO2.

When pharmacologic agents were added, cells were preincubated for 10 min with the

agent or diluent (controls) before addition of STZ.

2.6. COUNTER.CURRENT ELUTRIATION

This technique was used to obtain apreparation enriched with unstimulated peripheral

human monocytes. Elutriation separates cells by velocity sedimentation (Figure 2.1).

Elutriation of cells is accomplished by a counterflow of medium through a separation

chamber opposing centrifugal velocity generated by the rotor (Figure 2.2). Centrifugal

velocity is proportional to the cell diameter and density, as described by Stokes Law:

V": d2 (po-p.)rotrl18n

where V" is the centrifugal velocity, d is the cell diamet€r, Pp-P, is the difference in the

cell and medium densities, r¡2r is the angular velocity of the rotor and r1 is the viscosity of

the medium (Sanders and Soll 1989)'

Counterflow velocity, in the opposite direction to centrifugal velocity, is proportional to

flow rate within the separation chamber, as described by:

Vt: F-/A

where V, is the counterflow velocity, F is the flow rate and A is the cross sectional area of

the chamber. The separation chamber is cone-shaped, with the inlet directed centrifugally

at the widest end of the chamber and the naffower exit directed centrally. This cone shape
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Centrifuge Separation chamber

InletRotor

Outlet

Figure 2.1: Counter-current elutriation. The separation chamber is mounted within the

rotor of the centrifuge. Cells are resuspended in a buffered media and, while the

centrifuge is running, are allo\Med to flow through the inlet of the separation chamber.

Thus, there are two opposing velocities that can act on the cells, namely, the centrifugal

velocity that acts towards the inlet as a consequence of the centrifuge and counterflow
velocity that acts towards the outlet as a consequence of the flow rate.



A

Figure Z.2z Centrifugal velocity and counterflow velocity. When cells enter the inlet at

the-widest part of the separation chamber, they are exposed to two opposing velocities.

Centrifugaivelocity (A), generated as a consequence of the centrifuge, directs cells

towards ih. inl.t and widest end of the chamber. Counterflow velocity (B), generated as a

result of the flow rate of the buffer, directs cells towards the outlet and narrowest end of

the chamber. Centrifugal velocity is proportional to cell diameter and density.

Counterflow velocity is proportional to the flow rate and to the inverse of the cross-

sectional area of the chamber. Because of the cone shape of the separation chamber, there

is a gradient of flow rates within the chamber. Thus, the cells equilibrate within the

chariber where the two opposing velocities balance. This allows the separation and

elimination of smaller cells and the retention of larger cells.
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design allows decreasing cross sectional area (from inlet to outlet) and therefore an

increasing medium flow velocity toward the centre of the rotor.

Following cell loading into the chamber, cells move centrifugally against the counterflow

until they reach a point where the opposing velocities balance. This allows a formation of

a gradient of cells. Very small cells (platelets), in which the counterflow velocity is much

greater than the minor centrifugal velocity generated, elute out of the chamber. Latger

cells (lymphocytes, neutrophils and erythrocytes) equilibrate where the centrifugal

velocity is balanced by a lower velocity (wider parts of the chamber). In contrast, the

largest cells (monocytes) remain near the inlet. Particular flow rates can thus be used to

elute different sub-populations of cells. As the flow rate is increased, the smallest and less

dense cells are eluted fîrst and discarded and the largest and most dense cells (monocytes)

are retained.

Peripheral venous blood buffy coats were obtained from the South Australian Blood

Centre. The buffy coat was resuspended in endotoxin-free PBS (approximately ll2

dilution). 15 ml of Lymphoprep (Nycomed Pharma, Oslo, Norway) was placed into a 50-

ml centrifuge tube ¿nd =30 ml of buffy coatlPBS was carefully overlayed using a plastic

pipette. The tubes were then centrifuged aT320 xg for 30 min. The mononuclear layer

was removed from the interphase using a plastic pipette and collected in a 50 ml tube and

washed x2 with endotoxin-free PBS. The final pellet of mononuclear cells was

resuspended in 10 ml of running buffer (HBSS, 0.U % EDTA, 0.1% glucose, 0.10% low-

LPS FCS). Monocytes were isolated using a Beckman JE-5.0 elutriation rotor mounted in

a Beckman J-6M/E series centrifuge (Beckman Instruments Inc., Fullerton, CA)' The

elutriation system was prepared prior to each run by flushing with t1 L of lo/o ETOXA
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clean, (Sigma Chemical Co., St Louis, MO) then =1 I of 70o/o alcohol then =1 I of milliQ

HrO to remove any alcohol residue. Finally, the system was equilibrated with running

buffer (x200 ml). The rotor was set at 500 xg, and the cells injected slowly into the 50 ml

air trap chamber. The flow rate of running buffer was started at 4 mllmin and slowly

increased (over 15 min) to a final rate of 12 mllmin. The system was left to run for a

further 30 min. During this time, the separation chamber could be viewed and layers of

cells were eluted with the increasing flow rates. At the flrnal rate a white narrov/ band of

cells was visualised within the separation chamber. After 30 min, the rotor was stopped

and the flow rate increased to elute the remaining cells and the next 50 ml was collected.

Cells were then pellete d at 200 xg, resuspended in RPMI containing 10% FCS and

counted using a haemocytometer. The purity of cells was established by FACS analysis

and typically was >80o/o monocytes. The main contaminating cells were lymphocytes then

neutrophils.

2.7. MONOCYTE STIMULATION

Monocytes were resuspended at2xl06lml for in vitro studies in RPMI 1640 supplemented

with 10% FCS (low-LPS). LPS (E coli serotype 01 11:84, Sigma Chemical Co, St Louis,

MO) was added, usually at a ftnal concentration of 20 nglml. Cells were then cultured for

24hinMinisorp non-adherent teflon tubes (Nunc, Copenhagen, Denmark) in afotal

volume of 1 ml at37oC,5Yo CO2.
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2.8. SOI{ICATED CELL PREPARATIONS

Methods were adapted from those described previously (Ogino et al. 1977; Watanabe et al

lgg/). Ug37 cells were sonicated by resuspending 5x106 cells/ml of TRIS-base buffer

(0.1 M TRIS, 1 mM GSH, 0.5 mM DTT). The suspension was then sonicated x2 at 4

watts for 1 min using a ultrasonic probe homogeniser (Microson, model XL2007,

Misonix, NY 11735) . The sonicate was then centrifuged 320 xg and cell debris pellet

discarded. The suspension was frozen and stored at -80'C. On the day of the

experiments, the suspension was thawed in a water bath at 37"C and 400 ¡rL aliquots were

placed into Minisorp non-adherent teflon tubes. 4 ¡rL of PGH, stock at the appropriate

concentration was added and the suspension vortexed and placed into the water bath

(37"C). The experiment was stopped by snap freezing in an ethanol/dry-ice bath after 4

mln.

2.9. PGH2 PREPARATION

PGH2 (Calbiochem-Novabiochem Corporation La Jolla, CA) was received in acetone.

This was evaporated using N, and the PGH, was immediately resuspended in ethanol at

the desired concentration of stock, typically 10 mM. This was stored at -80oC'

Methods were adapted from those of Caldwell et al., and James et ql., (Caldwell et al'

lgjI; James and Walsh 1988). 5 mg PGE, (Sapphire Bioscience Sydney, Australia) was

dissolved in 0.5 ml dimethyl foramide (DMF). 16.2 mg of human thyroglobulin was

6I



dissolved in a separate beaker in2 ml of milliQ HrO. This was constantly stirred until

completely dissolved (approximately 5 min). This was then adjusted to pH 5.2 with

hydrochloric acid. 10 mg 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (DMAC) was

added to the thyroglobulin/HrO solution and adjusted to pH 5.2. The PGEr/DMF was

added to the thyroglobulin/HrO/DMAC and constantly stirred for 24h.

The solution v/as resuspended in 0.5 ml NarCO, 0.5 M solution and placed in dialysis

tubing. The solution v/as dialysed against NarCO, 0.5 M at 4oC for 2h, x3, then

phosphate buffer 0.03 M (KH2PO4 0.03 M and KTHPO4 0.03 M, pH 7.4) fot 8 h at 4"C

Finally the solution was dialysed overnight against milliQ H2O 4"C.

The solution was then removed from the tubing and lyophilised using gaseous N, to

decrease the total volume to approximately 4 ml. The solution was placed in Eppendorf

tubes and put on ice.

The solution v/as injected subcutaneously (1 ml) into 2 rabbits and a booster injection (0.5

ml) given at 4 and 8 weeks. Sera was obtained (approximately 60 ml) from both rabbits

after afurther 4 weeks. This was tested by RIA for the presence and working dilution of

the antibody. The appropriate working dilution was found to be 1/1200.

2.11.ELISA

ELISA for IL-lB, TNFo, rat TNFu and IFNy were developed using commercially

available kits. For all assays, Nunc (Copenhagen, Denmark) 96-well Maxisorp plates

were used. All samples \Mere tested in triplicate and absorbance values interpolated from

the standard curve to determine cytokine levels.
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2.ll.l. IL-18 (U937 and human elutriated monocytes)

A Nunc plate was coated with 100 pL of mouse anti-human IgG (1.1 mglml, Boehringer

Mannheim, Sydney, Australia) diluted in coating buffer (0'2 M NaHCO,, 0.2 M NarCOr,

pH 9.4-9.7) to 5 prglml at 4"C overnight. The plate was then blocked by placing 200 pL of

assay buffer (1% BSA, Sigma Chemical Co., St Louis, MO, dissolved in PBS) for 2haf

37oC,5yo C}rin air. Human recombinant IL-lB (Boehringer Mannheim, Sydney,

Australia) was added and serially diluted by half to create samples with known amounts of

IL-l8 for the standard curve. The diluting medium used was the same as the sample

medium which most commonly was RPMI 1640. Typically, 100 prl- of recombinant IL-lB

at20 nglml was used as the highest concentration. Samples were then added 50 pl/well at

appropriate dilutions that had been previously determined by ELISA in preliminary

experiments. For IL-18, typical dilutions were betwe en Il2 to 1/8. Samples were diluted

in the same medium that had been used in the experiment. Goat biotinylated polyclonal

IgG antibody against human IL-18 (5 prglml, Boehringer Mannheim, Sydney, Australia)

was diluted in assay buffer to 0.05 ¡tglml and 50 pllwell was added. The plate now

containing 100 pllwell (50 prl. sample or standard and 50 ¡rL of biotinylated antibody

against human IL-lP), was incubated for 2h at3Joc, 5yo CO2. The plate was then washed

x5 with wash buffer (pBS with 0.05% Tween 20) and blotted dry. ExtrAvidin peroxidase

(Sigma Chemical Co., St Louis, MO) was diluted 1/4000 in wash buffer and 100 pllwell

was added. The plate was then incubated for 15 min 37"C,5o/o C}zbefore washing x5

with wash buffer and blotted dry. Finally, 100 pllwell of peroxidase substrate, o-

phenylenediamine dihydrochloride (Sigma Chemical Co., St Louis, MO) in 0.2 M citrate

buffer containing 0.1% hydrogen peroxide was added and the plate left for 10 min at room
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temperature. The reaction was stopped by adding 100 pllwell of 2 M sulphuric acid.

Absorbance was read at 450 nm in a microplate reader (Model 450, Bio-Rad Laboratories,

NS'W, Australia).

2.11.2. TNFa (U937 and human elutriated monocytes)

U93: cel|s, when suspended at the same concentration as human monocytes and

stimulated with STZ, liberated lesser quantities of TNFcr,. The procedure for TNFo

ELISA for rJ937 was identical for that of human monocytes except for the use of a higher

concentration of biotinylated IgG to obtain an optimal signal.

A Nunc plate was coated with 100 pL of mouse anti-human IgG (1.1 mg / ml, Boehringer

Mannheim, Sydney, Australia) diluted in coating buffer (0.2 M NaHCOr, 0'2 M NarCO,,

pH 9.4-9.7) to 5 pglml at 4oC overnight. The plate was then blocked by placing 200 ¡rL of

assay buffer for 2h at37"C, 5Vo CO2in air. Human recombinant TNFcr (Boehringer

Mannheim, Sydney, Australia) was added and serially diluted by half to create samples

with known TNFg content for the standard curve. The diluting medium used was the

same as the sample medium which most commonly was RPMI 1640. Typically, 100 pL

of recombinant TNFü at 5 nglmlwas used as the highest concentration. Samples were

then added 50 pllwell at appropriate dilutions that had been determined by ELISA in

preliminary experiments. For TNFo samples were typically diluted between neatto Il4.

Goat biotinylated polyclonal IgG antibody against human TNFa (5 pglml, Boehringer

Mannheim, Sydney, Australia) was diluted in assay buffer (U937 to 0.i pglml and human

monocytes 0.05 ¡rglml) and 50 pllwell was added. The plate, now containing 100
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prllwell (50 ¡rL sample or standard and 50 ¡rL of biotinylated antibody against human

TNFcx,), was incubated for 2 h at 37oC, 5o/o CO2. The revealing procedure \Mas identical to

that of IL- 1P ELISA described above.

The eicosanoids PGE2, TXA2 and PGI, \Mere measured by radioimmunoassay (RIA). This

method involves competitive binding to specific antibodies. One ml PGE2 rabbit antisera

(section 2.10) was reconstituted in 10 ml of RIA buffer (0.I% gelatin, 0.9% NaCl, 0.01 M

Trisbase pH 7.3). This provided a stock solution which was subsequently diluted in RIA

buffer lll20 and stored at4"C. PGI, rabbit antisera (Sigma Chemical Co. St Louis, MO)

was diluted 1/5 in RIA buffer to achieve the working concentration. TXA, antiserum was

prepared from a rabbit immunised with TXB, conjugated to the human macromolecule

tþroglobulin (James and Walsh 1938). The serum was diluted 1/4000 in RIA buffer to

ac¡ieve the working concentration. For PGE2, TXA2 or PGI, assays, 100 pl of RIA buffer

was mixed with 100 pL of appropriate antisera and then with 100 ¡rL of sample

supernatant in triplicate or standard (Sigma Chemical Co., St Louis, MO). The sample

dilution was determined by earlier RIA. Samples were diluted in PBS 100 prl-. To this,

100 pL of {3H} PGE2 (183 Cilmmol) or {3H} TXB2 (212 Cilmmol) or {3H} PGI2 190

Ci/mmol) (Amersham, Australia) diluted in PBS was added. The total incubation volume

was 400 ¡rL. The assay was then incubated at37oC,5o/o COzfor 2h, then at 4"C for t h'

Dextran coated charcoal was then added (500 ¡rL) and the samples centrifuged (20 min,

800xg) at 4"C. The supernatant (500 pL) was placed into scintillation vials and

scintillation fluid (1.5 ml) added. Radioactivity was determined by using a Wallac 1409
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liquid scintillation counter (Wallac Oy, Turku, Finland). Levels of eicosanoids were

determined by interpolation of counts from the standard curve using Graph Pad Prism

software.

2.l3.WESTERN IMMUNOBLOT

2.13.1. Cell protein PreParation

Cell suspensions were centrifuged (10 min, 800 xg) to obtain cell pellets. The

supernatants was reserved and frozen for cytokine and eicosanoid analysis. Cell pellets

(5x 106) were transferred to a sterile microeppendorf and resuspended in 1 ml of PBS kept

on ice. The resulting cell suspension was centrifuged and the supernatant discarded. The

wash was repeated using 1 ml PBS kept on ice. The cell pellet was then resuspended in

lysis buffer (HEPES-buffered HBSS, plF^7.4,0.5% Triton-x-100, 10 ug/ml PMSF, 10

uglml leupeptin, 10 ug/ml aprotinin). The same volume of x2 laemilli (0.I25 }úTÅzma

base, pH 6,8,20o/o glycerol,4% SDS, l}Yo2-mercaptolethanol) was added and samples

boiled for 7 min with frequent vortexing. The samples were stored at -80"C.

2.13.2. Gel preparation

A lZ% acrylamide gel was prepared, Two glass plates were meticulously cleaned with

ethanol and milliQ. A sandwich was created using two plastic spacers and sliding the

glass ends into the casting clamps. Separating gel was prepared (8.8 ml milliQ, 5 ml 1.5

M Trizma base pH 8.8, 6 ml acrylamide stock 30:0.5, degas, 200 ¡t'L 10 % SDS, 75 pL 10

Yo ammonium phosphate,25 ¡rL TEMED). This was poured into the sandwich and
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overlayed with isobutanol (=500 ¡rL). The gel was allowed to polymerise (=1 h)' Once

set, the gel was washed with milliQ and the stacking gel was prepared (5.7 ml milliQ, 2.3

ml 0.5 M Trizma base pH 6.8, L7 ml acrylamide stock, degas, 100 ¡rL 10% SDS, 30 pL

10oá ammonium phosphate,20 ¡-rL TEMED). The comb was inserted and stacking gel

poured into the sandwich. This was allowed to polymerise (=1 h).

2.13.3. Protein electroPhoresis

Cell samples v/ere boiled and vortexed before being added to the gel (typically 50 pL of

laemilli/lysis mixture). 10 pL of Bio Rad Markers \Mere added for sample comparison'

Running buffer \Mas prepared and added. Samples v/ere run at 16 mA until they had

reached the separating gel, then at 160 V until they had reached the bottom of the gel.

2.13.4. Protein transfer

pVDF membrane was soaked in methanol (MeOH) for 1 min, then allowed to equilibrate

in transfer buffer. The gel was removed from the glass sandwich and placed over the

membrane and assembled in transfer apparatus. The order of transfer v/as grey cage,pad,

x 1 filter paper, membrane , gel, x2 filter paper, pad, black cage. The sandwich cage

containing the gel and membrane v/ere placed in the transfer case so that the black cage

faced the black electrode and grey faced grey. Proteins were transferred at 4"C for 16

hours at 300 mA current.
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2.13.5. Membrane probing

The membranes were then soaked for 30 min at 25' C inTrizma-buffered saline (TBS; 25

mM Trizma HCl, p]f_7.6,0.2 M NaCl, 015% Tween-20) containing 5% dried milk (w/v)

then exposed to the primary antibody. Following the appropriate time of exposure to the

antibody, the membranes \ryere then washed x3 with TBS for 5 min each wash and then

incubated with horseradish peroxidase-conjugated secondary Ab for 45 min. The

membranes were then washed x3 with TBS for 5 mins each wash. Bound antibodies were

revealed with the ECL reagent following the manufacturer protocol (Amersham)'

2.I4.STATISTICAL ANALYSIS AI\D GRTTPH PREPARJTTION

Analysis of variables (ANOVA) was used for analysis of differences in control and

experimental treatments. Neuman-Keuls multiple comparison test was utilised to

determine significance of separate test levels. The level of signihcance was p <0.05

unless otherwise stated. Graph Pad Prism software was used for the interpolation of

eicosanoid and cytokine levels from standard curves. This software \Mas used for curve

generation and graphs used in this thesis.

Experiments presented in Chapters 3,4 and 5 are representative of experiments performed

on 3 separate occasions and in Chapters 6 and 7 are reptesentative of experiments

performed on 2 separate occasions.
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CHAPTER 3

EICOSANOID PRODUCTION IN HUMAN U937

MONOCYTIC CELLS IN RESPONSE TO EXOGEI\OUS

AND ENDOGENOUS ARACHIDONIC ACID

3.1. INTRODUCTION

pGE2 inhibits the production of TNFo and IL-lp in monocytes in vitro and in vivo

(Brandwein 1986; Haynes et al. 1992; Endres et al. 1991 ; Ferreri et al. 1992; Ghezzí and

Dinarello 1988; Knudsen et al. 1986; Kunkel et al. 1988; Seitz et al.1997). In contrast,

TXA2 increases the production of TNFo and IL-18 in monocytes (Caughey et al. 1997).

Because these eicosanoids have opposite autocrine actions on cytokine production, it is

important to understand how the synthesis of these two eicosanoids is regulated.

Release of AA from membrane phospholipids and catalysis by COX to PGH, are early

events in eicosanoid synthesis (Flower and Blackwell1976; Irvine 1982). The proportions

of particular eicosanoids produced by a cell depends on the relative efficiencies with

which the respective terminal synthases engage PGH2 and convert it to their eicosanoid

products.
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Recent repofts have suggested that COX isozymes may differ in the type of eicosanoids

generated in stimulated cells. For example, it was demonstrated in rat peritoneal cells that

COX-¡ favoured PGE2 or PGI, production, whereas COX-i favoured TXA2 production

(Brock et al. 1999; Matsumoto et al. 1997). To explain these findings, the authors

suggested compartmentalisation or functional linkage of COX isozymes and the different

terminal synthases (Brock et al. 1999; Matsumoto et al. 1997), or the induction of PGE

synthase in conjunction with COX-2 (Matsumoto et al. I99l; Naraba et al. 1998).

Recently, it was reported that two isozymes of PGE synthase exist in rat brain tissue; a

membrane-associated synthase (Murakami et al. 2000) and a cytoplasmic synthase

(Tanioka et al. 2000). In these reports it was proposed that the former synthase was linked

with COX-2 andthe latter with COX-1. However, despite considerable research, there is

no direct evidence for compartmentalisation or selective coupling of COX isozymes with

terminal synthases (Kujuba et al. 1993; Otto and Smith 1994; Regier et al. 1993; Spencer

et al. 1998).

This chapter and Chapter 4 focus on the mechanisms which determine the relative rates of

production of PGE, and TXAr. The results offer a hypothesis to explain the different

relative rates of production of these eicosanoids in the presence of COX- 1 or -2 without

resort to less experimentally tractable concepts of compartmentalisation or selective

coupling. The human monocytic cell line, IJ937,was utilised in this chapter. Freshly

elutriated peripheral human monocytes were used in the experiments described in Chapter

4 in order to corroborate these findings in non-transformed human monocytic cells.
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3.2. MATERIALS AND METHODS

3.2.1. Materials

Materials were obtained from the following sources: AA, CI, Sapphire Bioscience

(Sydney, Australia); NS-398, COX-1 and -2 rabbit polyclonal Ab, Cayman Chemical (Ann

Arbor, MI); PGHr, Calbiochem-Novabiochem Corporation (La Jolla, CA); TXB2

antiserum was prepared from a rabbit immunised with TXA, conjugated to human

thyroglobulin (Caldwell et al. I97l) as used in previous studies (James and Walsh i988);

rabbit pGE2 antiserum was prepared from a rabbit immunised with PGE, conjugated to

human tþroglobulin as described in detail in section 2.10; pyrogen-free Lymphoprep,

Nycomed (Oslo, Norway); ETOXA-Clean, zymosan, dithiothreitol (DTT), glutathione

(GSH), Sigma Chemical Company (St Louis, MO); SKF86002, Calbiochem (San Diego,

CA); 1g,25-dihydroxyvitamin Dr, Biomol (Plymouth Meeting, PA); Trans-blot transfer

membranes, Bio-Rad (North Ryde, Australia); peroxidase-labelled donkey anti-rabbit Abs,

ECL Western blotting analysis system, Amersham International (Little Chalfont,

England).

3.2.2. Methods

3.2.2. 1 . U937 cells

Ug37 cells were cultured in RPMI supplemented with 10% FCS and penicillin/gentamicin.

rJ937 cells were resuspende d at2xl06 cells/ml in RPMI supplemented with 10% FCS and

penicillirVgentamicin. Ug37 cells were incubated for 24 h with 1ct,25-dihydroxyvitamin
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D, (9.8x10 e M) to promote monocytoid differentiation. STZ was prepared as described in

section 2.3. Cells were then stimulated with STZ (100 nglml final concentration) and with

lcr,25-dihydroxyvitamin D, (9.8x10-e M) for 24 h to induce COX-Z, or for the indicated

times for the time course experiments. After the incubation periods, cells were washed x2

in RPMI then resuspended in RPMI (no FCS) at2xl06 cells/ml. AA was added and cells

incubated aL37"C in air with 5o/o CO2 for 4 min. AA was diluted and stored in ethanol at -

80.C. Stock solutions of PGH, were stored in ethanol at -80'C. Ethanol did not exceed

0.lo/ovlv in the f,rnal cell incubations. The incubations were terminated by snap fteezing

the cell suspension in an ethanol/dry-ice bath. When phatmacologic agents were added,

cells were preincubated with the agent for 10 min prior to the experiment, with the

exception of SKF86002, which was incubated overnight during cell stimulation to inhibit

induction of COX-2 (Pouliot et al. 1997)'

3.2.2.2. Disrupted cell preparations

Methods were adapted from those described previously (Ogino et al. 1977; 
'Watanabe 

et al'

1997). Ug3l cells were resuspended at 1x107 cells/ml of TRIS-base buffer (0'1 M TRIS, 1

mM GSH, 0.5 mM DTT). The suspension was kept on ice and then sonicatedx2 at 4

watts for 1 min using a probe sonicator (as described in detail in section 2.8). The

suspension was centrifuged (5 min, 400 xg) and the cell debris pellet discarded. The 4009

supernatants were used fresh oï were stored at -80"C, PGH2 was added and incubated at

37"C,5o/o CO2 for 4 min before snap freezing'
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3.3. RESULTS

3.3.1. Time-course for PGE2 and TXA, production from exogenous

AA

Exogenous AA (1 or 50 pM) was added to cell preparations and incubated at 37"C. Cells

were snap frozen in an ethanol/dry-ice bath at progressive time intervals.

Maximum production of both PGE2 and TXA, synthesis occurred at 4 min following the

addition of AA regardless of AA concentration (Figure 3.1). Thereafter, 4 min was the

time used for experiments involving the addition of exogenous AA.

3.3.2. Eicosanoid production in untreated U937 cells from exogenous

AA

Cells were resuspended in fresh RPMI (no FCS) at2xl06 cells/ml. Exogenous AA (0.1-

100 pM) was added and the cell suspension incubated for 4 min. The cell suspension was

then snap frozen.

There was a difference in the relative production of PGE, compared to TXA, in response

to AA concentration in U937 cells (Figure 3.2). With concentrations up to =3 pM AA,

TXA2 synthesis exceeded that of PGE, synthesis. However, from 5 to 25 pM AA, there

was no signif,rcant change in the rate of TXA, synthesis whereas PGE2 levels increased

substantially. Above 25 ¡tMAA, there was no significant increase in the production of
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Figure 3.1: PGEz and TXAz production in response to exogenous AA in the human

monocytoid cell line U937. Cells were resuspended in fresh RPMI/IO% FCS at a

concentration of 2x106 cells/ml. Exogenous AA was added (1 or 50 pM) and cell samples

snap frozen at the times indicated for later analyses'
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Figure 3.2: Relative PGEz and TXA2 production in response to exogenous AA. AA (0.1-

100 pM) was added toIJ937 suspensions and incubated at3Joc,5Y, COz for 4 min before

snap freezing. PGE2 and TXA2 levels in the cell lysates were then measured by RIA.



either eicosanoid. PGI2 was not produced in significant amounts by U937 cells (data not

shown)

In response to exogenous AA, the maximum capacity for production (apparent Vmax) of

PGE2 and TXA, were 15.0 and 4.8 ngl2xl06 cells/4 min respectively. The concentrations

of AA at which the half-maximal rates of PGE, and TXA2 production occurred (apparent

Km) were =8.7 ¡rM and 0.6 ¡rM AA, respectively (Figure 3.3).

3.3.3. COX-I 
^nd, 

-2 expression and eicosanoid production from

exogenous AA

Ug37 cells were resuspended in fresh RPMVIO% FCS and incubated with 14,25-

dihydroxyvitamin D, (9.8x 10-e M) for 24 h. After washing, cells were then treated with

STZ (100 ng/ml) for a further 24h in complete medium containing Ia,25-

dihydroxyvitamin D, (9.8x10 e M).

COX-2 induction was confirmed by Western immunoblot (method detailed in section

2.13). STZ induced minimal COX-2 expression in the absence of 1u,25-

dihydroxyvitamin D3. COX-I expression remained unchanged during all treatments

(Figure 3.4).

These above conditions were used to determine the effect of COX-I or COX-2 on

eicosanoid production. Exogenous AA (0.1-100 pM) was added to washed cells in which

COX-I was present alone (cells treated with neither STZ or La,21-dihydroxyvitamin Dr)

or both COX-I andCOX-2 were plesent (cells treated with STZ and 1a,25-
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Figure 3.3: Kinetic parameters for PGEz and TXAz synthesis in untreated U937 cells.

Cells were resuspended in fresh RPMI/no FCS and treated with exogenous AA (0'1-100

pM) at 3J"C,5Yo COz for 4 min. Cells were then snap frozen and the lysates assaysd for

ÞCÉ, and TXA2 levels by RIA. The amount of PGEz or TXA2 that approximated 50Y, of
maximum levels was determined. The corresponding AA concentration for this level was

then derived. The same data are depicted as a histogram in Figure 3.2.



i

COX-2

COX-1

72 kDa

66 kDa

STZ

1o,25-(OH)2 vit D3

+ +
++

Figure 3 4: Western immunoblot for COX-1 and COX-2. 5x106 cells/ml in RPMI/I0%

FCS were treated with 1cr,25-dihydroxyvitamin D¡ (9.8x10-'; fot 24 h. Cells were then

treated with 1o,25-dihydroxyvitamin D3 (9.8x10-e M¡ and STZ (100 nglml) for a further

24h. Protern extraction and Western immunoblot was performed to determine the effect

of treatment on COX-I and-2 protein expression'



dihydroxyvitamin D,). The cell suspensions were incubated at37oC,5o/o CO2 for 4 min

before snap freezing.

There was greater PGE, and TXA, synthesis in response to exogenous AA in the La,25-

dihydroxyvitamin DTISTZ-treated cells when compared to unstimulated cells (Figure 3.5)

The maximum capacity for production (apparent Vmax) for PGE, and TXA, synthesis in

lcx,,25-dihydroxyvitaminDrlsTZ-treated cells were 29.2 and I0.0 ngl2xl06 cells/4 min

respectively, ie approximately double the values for resting cells (15.0 and 4.8 ngl2x106

cellsl4 min respectively). By contrast, the concentrations of AA producing half-maximal

rates (apparent Km) of eicosanoid production were similar in 1o,25-dihydroxyvitamin

DTISTZ-treated cells to those in untreated cells, namely, æ8.4 ¡rM AA for PGE2 and0'l

¡rM AA for TXA, (Figure 3'6).

To determine if the maximum capacity for PGE, production in both stimulated and resting

Ug3l cells was a consequence of substrate saturation of PGE synthase or COX, cells were

treated with the TXA synthase inhibitor, carboxyheptyl imidazole (CI), prior to the

addition of exogenous AA, in order to divert and thereby increase further the substrate,

PGH2, for PGE synthase.

3.3.4. Effect of TXA synthase inhibition on eicosanoid production

from exogenous AA in untreated and 1cr,25-(OH)D3/STZ-

treated U937 cells

Cells were treated with lo,25-dihydroxyvitamin D3ISTZ to induce COX-} (as described in

section 3.3.3). Resting and treated cells were then washed and resuspended in fresh RPMI
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fteezing. pGEz and TXA2 levels in the cell lysates were then determined by RIA.
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(no FCS). The cells were then preincubated with the TXA synthase inhibitor, CI, for 10

min prior to the addition of exogenous AA (0.1-100 prM). Cells were incubated for 4 min

before snap freezing.

There was >90% inhibition of TXA, synthesis with CI treatment and an increase in PGE,

synthesis at all concentrations of AA in both untreated and La,Z5-dihydroxyvitamin

DTISTZ-treated cells (Figure 3.7). The increment in PGE, synthesis achieved by treatment

with CI was matched by the suppression of 'l'XA, production achieved. These results

indicate that PGE synthase is not saturated with substrate (PGH2) at the highest AA

concentration, regardless of whether COX-1 or COX-2 is present.

3.3.5. Eicosanoid production from exogenous PGH2 in sonicated

untreated U937 cells

1x1g?/ml Ug37 cells were resuspended in TRIS buffer and sonicated to prepare cell free

preparations (as described in section 3.2.2.2). Stock solutions of PGH, in ethanol were

prepared as described in section 2.9.

Exogenous PGH2 (1-50 pM) was added to sonicatedug3T cell preparations suspended in

TzuS buffer. The suspension was incubated in a water bath at 37"C for 4 min. Reactions

were terminated by snap freezingthe suspension. PGH, was added to TzuS buffer in the

absence ofcell preparations as a control.

At low concentrations of PGH2(<17.5 ¡rM), TXA, synthesis exceeded that of PGE,

synthesis (Figure 3.8). At higher concentrations, PGE, was the predominant eicosanoid

produced. There was no significant production of either eicosanoid in cell free controls
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Figure 3.7: The effect of TXA synthase inhibition on PGEz and TXAz production in

untreated (A) versus 1o,25-dihydroxyvitaminDtlsTZ-treated (B) U937 cells. CI (10 pM)

\ /as preincubated for 10 min with U937 cells. Exogenous AA (0.1-100 ¡rM) was added

for 4min and the experiment was stopped by snap freezing. To induce COX-Z, cells were

pretreated with Ia,25-dihydroxyvitamin DgISTZ for 24 h, then v/ashed and resuspended in

fresh medium before the addition of exogenous AA.
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(data not shown). The Kms for PGE and for TXA synthase were x18.2 and 1.1 ¡rM PGH,

respectively (Figure 3.9). The maximum capacity for PGE synthase was x4.2 ngllxI}T

cells/4 min and for TXA synthase ry¿s =2.05 ngllx107 cells/4 min.

The data from these experiments were used to create a Lineweaver-Burk plot, in which

1/[velocity] versus 1/fsubstrate] was plotted, For this purpose, the rate of product

formation over a 4 min period was used to estimate velocity. From this, the y-axis

intercept represents l/[Vmax] and the x-axis intercept -1lKm. For PGE synthase, the

Vmax was calculated to be 1/0.3 :3.33 and the Km -1l-0.033 :30.3 (Figure 3.10). For

TXA synthase, the Vmax was calculated to be 110.46:2.17 and the Km-ll-}.7 5 :1.33

3.3.6. Effect of aspirin on eicosanoid production from exogenous AA

in untreated and 1cI,25-(OH)D3/STZ-treated IJ937 cells

Aspirin, an irreversible COX inhibitor, was used at two doses to reduce PGH2 production

incrementally. Unstimulated U937 cells were preincubated with aspirin (5.5 or 55 pM) for

10 min. Exogenous AA (1-25 ¡.rM) was added and cell suspensions incubated at37'C,5Yo

CO, for 4 min. Cell suspensions were then snap ftozen.

At all concentrations of AA, aspirin inhibited PGE2 synthesis to a greater extent than

TXA2 synthesis (Figure 3 . 1 1 ). There was a dose-response for aspirin inhibition of PGE,

synthesis and this was seen at essentially all concentrations of exogenoug AA. By

contrast, a consistent dose-response was not seen for inhibition of TXA2 synthesis by

aspirin at these concentrations.
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Figure 3.9: Kinetic parameters for PGEz and TXAz synthesis in sonicated unstimulated

UgZl cells in respon;e to exogenous PGHz. 10x 106 cells/ml of TRIS buffer were sonicated

then centrifuged ãnd cell debris pellet discarded. The solution was placed into Teflon

tubes in a water bath at 37"C andPGHz (1-50 ¡rM) was added from a prepared stock

solution. The suspension was snap frozen after 4 min. The amount of PGEz or TXAz that

approximated50Yo of maximum levels was determined. The corresponding PGHz

cãncentration for this level was then derived. The same data are depicted as a histogram in

Figure 3.8.
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Figure 3.11: The effect of aspirin on PGEz and TXAz production in untreated U937 cells.

Aspirin (5.5 or 55 ¡rM) was preincubated at37"C,5o/o COz for 10 min with the cell

suspension. Exogenous AA (1, 5 or 25 ¡t"M) was then added and cells incubated at3J"C,

5yo COz for 4 min. p values < 0.05 are represented by " x " (cortrol versus aspirin 5.5 or

ss pM).



Similar results \Meïe seen in 1o,25-dihydroxyvitamin DTISTZ-treated cells in which COX-

2had been induced (Figure 3.12)

3.3.7. Effect of p38 MAP kinase inhibition on eicosanoid production

from exogenous AA in lcr,2S-dihydroxyvitamin D3ISTZ'

treated U937 cells

Treatment of monocytic cells with the p38 MAP kinase inhibitor, SKF86002, has been

shown to inhibit COX-2 induction after STZ challenge (Pouliot et al. 1997). U937 cells

were incubated with SKF86002 (10 or 100 nM) with lo,25-dihydroxyvitamin D3ISTZ

treatment at37oC,5o/o COzfor 24 h to incrementally inhibit COX-2 induction. Cells were

then washed and resuspended in fresh RPMI (no FCS) and exogenous AA was added (1-

2s pM).

The differential effects of increasing concentrations of SKF86002 on PGE2 and TXAt

synthesis by La,25-dihydroxyvitamin D.ISTZ-treated cells were broadly similar to those

of aspirin. At all concentrations of exogenous AA, SKFS 6002 at the higher concentration

inhibited PGE2 synthesis whereas TXA2 synthesis was not affected (Figure 3.13).

¡
t
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Figure 3.12: The effect of aspirin on PGEz and TXAz production inla,25-
dihydroxyvitamin DtISTZ-treatedIJg3l cells. Cells were treated for 24 h with Ia,25-

dihydroxyvitamin D¡ then with 1 cr,25-dihydroxyvitamin D¡ and STZ for 24hto induce

COX-2. These cells were then preincubate d with aspirin (55 or 550 pM) for 10 min, prior

to the addition of exogenous AA (1, 5, or 25 pM) for 4 min, before snap freezing. p values

< 0.05 are represented by " * " (control versus aspirin 55 or 550 ¡rM).
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Figure 3.13: The effect of the p38 MAP kinase inhibitor, SKF86002, on PGE2 and TXAz

prðduction in 1a,Zl-dihydroxyvitamin DzlSTZ-rreatedrJg3l cells. Cells were incubated

wirh 1c{,,25-dihydroxyvitamin D3 (9.8x10-e M) and STZ (100 prglml) and SKF86002 (10 or

100 nM) for 2ih. Cêlls were then resuspended in fresh medium and exogenous AA (I-25

pM) added. Cells were incubated at 37"C,5o/o CO2 for 4 min then snap frozen' p values <

0.05 are represented by " * " (control versus sKF86002 10 or 100 nM).



3.3.8. Effect of COX-2 inhibition on eicosanoid production liom

endogenous AA in 1ct,2S-dihydroxyvitamin D3|STz-treated

U937 cells

Cumulative synthesis of PGE, and TXA, inU93l cells, treated with 1u,25-

dihydroxyvitamin D3ISTZ, was measured in the presence of the selective COX-2 inhibitor,

NS-398, and the p38 MAP kinase inhibitor, SKF86002'

At 4 and 16 hours after stimulus, both agents inhibited PGE2 synthesis to a greater extent

than TXA, synthesis (Figure 3.14)

3.3.9. Effect of TXA synthase inhibition on eicosanoid production

from endogenous AA in lo,2S-dihydroxyvitamin D3/STZ-

treated cells

Cumulative synthesis of PGE, and TXA, inU937 cells treated with 1a,25-

dihydroxyvitamin D, and then STZ \Mas measured in the presence or absence of the TXA

synthase inhibitor, CI (10 PM).

In the absence of CI, PGE2 synthesis was undetectable before 4 h. This contrasts with the

time course of TXA, synthesis which was detectable at t h (Figure 3.15). However, in the

presence of CI, PGE2 production was detectable at 2 and 4 h. TXA2 synthesis was not in

the presence of CL The quantity of PGE, produced in the presence of CI was

approximately equal to the aggregate amounts of PGE, and TXA, produced in the absence

of CI. These findings suggest that COX is the rate limiting step in the production of PGE,
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and that TXA synthase activity diverts the eicosanoid intermediate PGH, away from PGE

synthase.

3.4. DISCUSSION

The synthesis of PGE, and TXA2 occurs through a series of enzymatic steps. The early

steps of AA release by phospholipase A, and production of PGH, by COX are common to

both eicosanoids. The activities of these initial enzymes is a prime determinant of

production of prostaglandins (Flower and Blackwell 1976) and has been corroborated by

these findings.

However, the results presented in this chapter indicate that the differing kinetics for PGE

synthase and TXA synthase enzymes create a situation in which the relative production of

TXA2 and PGE, in response to cell stimulation and AA availability follows a more

complex pattern. Furthermore, this ratio can be perturbed in important ways by agents

that inhibit COX function or induction.

The issue of proportionate production of PGE, and TXA, has been addressed only

recently. The studies most relevant to this issue have been undertaken on rat peritoneal

exudate cells. In these cells, both endogenous AA (liberated by A23187) and a single dose

of exogenous AA led to synthesis of TXA, in excess over PGE2. However, when the cells

were treated with LPS or TNFo to induce COX-2, there was an alteration in eicosanoid

ratios to an excess of PGE, over TXA, production (Brock et al. 1999; Matsumoto et al.

I99j;Naraba et al. 1998). To explain these results, it was suggested that COX-1 and

COX-2 are functionally coupled to different terminal synthase enzymes (Matsumoto et al.

1997;Naraba et al. 1998) or that the results were due to different intracellular distributions
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of COX-1 and COX-2 and different intraceliular locations of the terminal synthases

(Brock et aL 1999). This notion has been referred to previously as compartmentalisation

(Morita et al. 1995; Reddy and Herschman 1994). This explanation for the differential

regulation of PGE, and TXA, remains speculative and does not take into account other

possibilities arising from the enzyme kinetics of the terminal synthases.

PGE synthase and TXA synthase could have distinctive kinetic properties and these

properties could influence the ratio of PGE, and TXA, produced under conditions of

differing AA availability. Therefore, the effect of substrate concentration on the relative

ratio of PGE, and TXA2 synthesis was examined under various conditions.

In untreate dgg37 cells, only COX-I was detected whereas in La,21-dihydroxyvitamin

D3ISTZ treated cells, COX -2 was also detected. However, the plesence of COX- 1 or

COX-2,has no effect on the response curves of PGE, or TXA, synthesis from increasing

amounts of exogenous AA. Furthermore, PGE, and TXA, synthesis had different

responses to increasing exogenous AA.

Firstly, with the addition of <5 ¡rM AA, TXA2 was produced in greater amount than PGEz,

suggesting that TXA synthase has a higher rate constant than PGE synthase. Thus, after

AA was metabolised by COX- | or -2 to PGHr, the higher rate constant for TXA synthase

resulted in preferential TXA, synthesis.

Secondly, from 5 to 25 prM AA, there was an increase in PGE, synthesis whereas TXA2

synthesis was unchanged. The increasing amount of PGE, in this range of AA suggests

that COX was not saturated with AA and that PGE synthase was not saturated with PGH2.
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However, the plateau in TXA, production suggests the TXA synthase had become

saturated with PGHr.

Thirdly, with the addition of >25 pM AA, there was a plateau in PGE, synthesis,

suggesting that either COX or PGE synthase had become saturated. To determine whether

the lack of increase for PGE, production in response to increases in exogenous AA above

25 ¡tMwas due to COX or PGE synthase saturation, experiments using the TXA synthase

inhibitor, CI, were perfbrmed. ln the presence of a constant amount of AA, TXA synthase

inhibition is expected to increase the availability of PGH, for PGE synthase by diverting

PGH2 catalysis from TXA, synthesis. If PGE synthase was saturated with PGH2 at AA

concentrations above 25 pM, there should be no further increase in PGE, production with

CI present. However, there was an observed increase in PGE, production at>25 pM AA

in the ptesence of CI, indicating that PGE synthase was not saturated. Furthermore, the

increment in PGE, production matched quantitatively the amount of TXA, produced at the

same levels of AA challenge in the absence of the inhibitor, which caused almost complete

inhibition of TXA, synthesised. This was seen in both untreated and Iu,25'

dihydroxyvitamin DTISTZ-treated cells, ie in the presence of both COX-I and -2. These

results suggest that COX-1 and -2 become rate-limiting before providing enough PGH, to

saturate PGE synthase.

The results of experiments utilising endogenous AA were similar to those utilising

exogenous AA, With cell stimulation, endogenous AA is mobilised from membrane

phospholipids for the production of eicosanoids (Murakami et al. 1998). The production

of PGE, characteristically is detectable around 2-6 h after stimulation (Lee et al. 1992;

Naraba et al. 1998; Reddy and Herschman 1,994), the time at which COX-} upregulation is
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detectable (O'Sullivan et aL 1992). I have shown that TXA, was produced signif,cantly

earlier than PGEr. This has been observed also in fresh, non-adherent human monocytes

(Demasi et al. 2000), adherent human monocytes (Fu et al. 1990) and murine macrophages

(Pawlowski et al. 1983) as well as in animal models of inflammation (Higgs et al. 1983).

As was the case with exogenous AA, this finding also supports the proposal that TXA

synthase, compared to PGE synthase, has a greater affinity for PGH, whether the latter is

synthesised from endogenous or exogenous AA. Additionally, I demonstrated that the

time of onset of PGE, production from endogenous AA could be shortened from 4 h to t h

by the addition of the TXA synthase inhibitor, CL Thus, the important factor involved in

PGE2 production from endogenous AA appears to be the availability of PGH, rather than

presence of the COX-2 isozyme.

The finding that PGE2 production appears after around 4 h has been reported previously

(Reddy and Herschman 1994) and forms the basis for the notion of compartmentalisation.

Although TXA2 production was not reported, the authors showed that PGE, production

occurred only at 4-6h,the time at which COX-2 was expressed, and was inhibited with

COX-2 inhibition. No PGE, was detected earlier despite the presence of functional COX-

i that could catalyse exogenous AA to PGE2 within minutes. The authors conclude that

pGE2 production from endogenous AA requires the presence of COX-2 and that this could

be explained by notional compartmentalisation, ie the putative location in different cell

compartments of endogenous AA compared to exogenous AA.

In the present study, the concentration of PGH, derived from endogenous AA via COX-I

only became sufficient for PGE, synthesis when it was augmented by selective inhibition

of TXA synthase. The production of PGE, within t h after cell stimulation suggests that

pGE2 can be produced from endogenous AA via COX-I but only in the presence of
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sufficient PGH2, achieved in this case by inhibition of TXA synthase which appears to

have a greater affinity for this substrate. When other investigators observed PGE2

production from exogenous AA but not endogenously released AA in murine

macrophages, they concluded that COX-I in those cells could not utilise endogenous AA

(Reddy and Herschman 1994). In light of our current findings, their results can be

explained by insufhcient production by COX-1 of PGH, from endogenous AA for PGE

synthase to produce measurable PGE2 in competition with TXA synthase.

To examine more directly the influence of PGHr, exogenous PGH, was used to compare

the kinetic parameters of the terminal synthases. The Km and Vmax values for PGE

synthase were greater than those for TXA synthase. This order was similar to the

relativities of the apparent kinetic parameters for the terminal synthases estimated by the

use of exogenous AA. The values are similar to those reported previously in disparate cell

systems. Using exogenous PGH2, it was calculated that TXA synthase in human whole

monocytes had a Km of 4 pM PGH, (Orlandi et al. t994). The Km for PGE synthase

obtained from rat and sheep liver and vesicular gland tissue has been reported to lie

between 10-150 pM PGH, (Tanaka et al.1987; Ujihara et al. 1988; V/atanabe etal. 1997).

The observed differences in the Km values of PGE synthase and TXA synthase predict

differential effects of COX inhibition on PGE, and TXA, synthesis. Aspirin, an

irreversible inhibitor of COX (DeWitt et al. 1990), was used to inhibit eicosanoid

production in response to exogenous AA in untreated and 1cr,25-dihydroxyvitamin

DTISTZ-treated cells, ie in the presence of COX-1 or -2. Aspirin was chosen over other

NSAID because increasing AA concentrations cannot reverse its inhibitory effect on COX'

Because aspirin has a lower IDro for COX-I than COX-2 (Demasi et al. 2000; Meade et
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al. lgg3), higher concentrations were used to inhibit COX-Z. It was observed that in both

untreated cells (expressing COX-1 alone) and 1o',25-dihydroxyvitamin Dr/STZ-treated

cells (expressing predominantly COX-2), PGE2 production was much more sensitive to

inhibition by aspirin than TXAr. This accords with the kinetic properties of the enzymes

which predict that PGE synthase will be more sensitive to reduction in the availability of

PGH2 at AA concentrations where TXA synthase is saturated with substrate but PGE

synthase is not saturated. The differential inhibition of eicosanoid production by aspirin

thus favours synthesis of TXA, relative to PGE, in the presence of COX-1 or COX-2.

The family of p38 MAP kinase inhibitors, of which SKF86002 is a prototypic member,

inhibit mononuclear cell IL-1p and TNFcx, production (Lee et al.1994). It has been shown

previously that SKF86002 inhibits COX-2 induction in elutriated human monocytes

(Pouliot eI al. 1997).

When the production of PGE, and TXA, was followed in 1cr,,25-dihydroxyvitamin

DTISTZ-treated cells in the presence of either SKF86002 or the selective COX-2 inhibitor

NS-398, it was found that both PGE2 and TXA, synthesis were inhibited but that the

inhibition was greater for PGEr. Thus, as with inhibition of COX activity by aspirin, PGE2

synthesis was shown to be more influenced than TXA, synthesis using a different strategy

to reduce availability of PGHr.

3.5. CONCLUSION

With regard to the mechanism of regulation of PGE, and TXA, production by monocytic

cells, our data show that the extent of PGH, generation coupled with the respective kinetic

properties of PGE and TXA synthase are major determinants of the proportionate amounts
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of PGE2 and TXA2 produced. The measured differences in Km for PGE synthase and

TXA synthase predict that COX inhibitory drugs will preferentially inhibit PGE2 synthesis

over TXA, synthesis, and this was observed.

The implications of these findings for clinical use of NSAID and selective COX-2

inhibitors are important since a shift in the proportionate synthesis of PGE, and TXA, in

favour of TXA, may increase synthesis of the inflammatory cytokines IL-18 and TNFo

(Caughey et al. 1997), This possibility is examined in Chapters 5, 6 and7. Thus the

short-term effects of these agents on the pain and swelling of inflammation and arthritis

may be achieved at the cost of an increase propensity to long-term tissue damage.
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CHAPTER 4

EICOSAI{OID PRODUCTION II{ HUMAN MOI\OCYTES

IN RESPOI{SE TO EXOGENOUS AND ENDOGEI\OUS

ARACHIDONIC ACID

4.1. INTRODUCTTON

In the preceding chapter, it was concluded that the kinetic properties of PGE and TXA

synthase are important determinants of the proportionate synthesis of PGEr and TXA,

irrespective of the COX isozymes present. However, these conclusions are based on

results in transformed cells and therefore, it was important to verify them in fresh human

monocytes, a key cell in inflammation.

In this chapter, experiments were performed using elutriated human peripheral blood

monocytes. The data corroborates fîndings obtained with U937 cells. Furthennore,

studies on the differential effects of COX inhibitory on PGE, and TXA, synthesis are

presented.
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4.2. MATERIALS AI{D METHODS

4.2.1. Materials

Materials were obtained from the following sources: arachidonic acid (AA)'

carboxyheptyl-imidazole (CI), Sapphire Bioscience (Sydney, Australia);NS-398, rabbit

pGE2 anti-serum , COX-} rabbit polyclonal Ab, Cayman Chemical (Ann Arbor, MI); rabbit

TXB2 antiserum was prepared from a rabbit immunised with TXA, conjugated to human

thyroglobulin as used in previous studies (James and Walsh 1988); rabbit PGE2 antiserum

was prepaïed from a rabbit immunised with PGE, conjugated to human tþroglobulin as

described in detail in section 2.I0; pyrogen-free Lymphoprep, Nycomed (oslo, Norway);

ETOXA-Clean, LPS, ibuprofen, dexamethasone, Sigma Chemical Company (St Louis,

MO); [5-(4-pyridyl)-6 (a-fluorophenyl) -2,3-dlhydroimidazo (2,I-b) thiazole] (SKF86002),

Calbiochem (San Diego); Trans-blot transfer membranes, Bio-Rad (North Ryde,

Australia); peroxidase-labelled donkey anti-rabbit Abs, ECL Western blotting analysis

system, Amersham International (Little Chalfont, England)'

4.2.2. Methods

Human monocytes were isolated from buffy coats by counter-current centrifugal

elutriation as described in section 2.6. The purity of cells was established by FACS

analysis and typically was >80o/o monocytes. The other major cell type was lymphocytes
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For experimental procedures, cells were resuspended in fresh RPMI (no FCS) at a final

concentration of 2x106 cells/ml. Where indicated, inhibitors were added and mixed into

the cell suspension using a vortex mixer, 10 min prior to addition of the cell stimulus.

Stock solutions of exogenous AA had been prepared in ethanol at appropriate

concentrations prior to the experiment. The stock was then diluted 1/10 in RPMI (no FCS)

then 1/100 inthe cell suspension. The flinal ethanol concentrationwas 0.1"/ovlv. The cell

suspensions were snap frozen at the indicated times and the lysates stored at -80"C for

later eicosanoid assays.

For induction of COX-L, cells were resuspended in fresh RPMV10% FCS at a final

concentration of 2x10ó cells/ml. LPS was added atafinal concentration of 20nglmland

the cell suspension was then incubated at37oC,5o/o CO2 for 16 h. The cells were then

washed and resuspended in fresh RPMI (no FCS) at a final concentration of 2x106

cells/ml. Experiments were performed with the addition of exogenous AA added as

described above.

Protein extraction was performed as detailed in section 2.13.1 and extracts stored at -80oC

for later Western immunoblot analysis. COX-} was revealed by treating the membrane

with a rabbit polyclonal IgG COX-2 primary Ab at 1/1000 dilution in TBS-Tween for 60

min. After washing, the membrane was treated with a donkey anti-rabbit horseradish

peroxidase-conjugated secondary Ab at 1/10 000 dilution in TBS-Tween for 45 min'
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AA

4.3. RESULTS

4.3.1. Time-course for PGE2 and TXA, production from exogenous

AA

Exogenous AA was added to untreated human elutriated monocytes resuspended in fresh

medium at3|oC,5o/o CO2. Cells were snap frozen at the indicated times in an ethanol/dry

ice bath to stop the experiment. Eicosanoids were measured in the cell lysate by RIA.

Production of both PGE2 and TXA, was essentially complete at 5 min after the addition of

exogenous AA (Figure 4.1). This was seen for both concentrations of AA used.

Thereafter, 5 min was the time used for experiments involving the addition of exogenous

pGI, was not produced in significant amounts by human monocytes (data not shown)

4.3.2. Relative PGE2 and TXA2 production from exogenous AA

Exogenous AA (0.001-100 ¡rM) was added to the cell suspensions which was then

incubated at37oC,5o/o Cozfor 5 min. The experiment was stopped by snap freezing the

cell suspensions.

There was a difference in the relative production of PGE, compared to TXA, in response

to AA concentration (Figure 4.2). At concentrations of AA <10 prM, there was relatively

greaterproduction of TXA, than PGEr. Hov/ever, at the higher concentrations of 100 pM

AA, more PGE2 was produced than TXA2. The apparent Vmax for the pathway AA to
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Figure 4.1: PGEzand TXAz production in human monocytes. AA (1 or 50 ¡rM) was

adãed and incubated at 37"C,5o/o COz. Cell samples were snap frozen at the times

indicated. Eicosanoid levels in the cell lysates were then measured by RIA'
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TXA2 (ie, the maximal rate of production of TXA, synthesis in response to increasing

concentrations of AA) for TXA, was 12.5 ngl2xl0615 min. The apparent Km (ie the

concentration of AA at which half-maximal TXA, production occurred) was =0.075 pM

(Figure 4.3)

The pathway for TXA2 production was saturated at a lower AA concentration than that for

PGE2 production, where saturation was not apparent at the highest AA dose used (100

prM) (Figure 4.2).

4.3.3. Eicosanoid production from exogenous AA in resting versus

LPS-treated monocytes

Freshly prepared cells were divided into 2 portions. One portion v/as treated with LPS (20

nglml) aI37oC,5o/o C)2for 16 h, to induce COX-2. The other portion was incubated in

the same conditions in the absence of LPS. Assay of the supernatant indicated an increase

in eicosanoid release (Figures 4.4) andWestern immunoblot indicated COX-2 induction in

the LPS-treated portion (Figures 4.5).

Cells were then washed and resuspended in fresh medium and exogenous AA added. The

results (Figure 4.6) show that the induction of COX-2 did not alter the respective

relationships between AA dose and PGE, and TXA, synthesis, which were seen in resting

cells (Figure 4.2). Whether or not COX-2 or COX-1 were present, TXA, was produced in

excess of PGE, at lower concentrations of AA whereas PGE2 was produced in substantial

excess at the higher concentration of AA used (100 ¡rM)' The pathway for TXA,

production was saturated at a lower AA concentration than that for PGEr production,
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Figure 4.3: Kinetic parameters for TXA2 synthesis in unstimulated monocytes.

Monocytes were treated with exogenous AA (0.001-100 pM) at37"C,5o/o COz for 5 min'

Cells were then snap frozen and assayed for TXAz levels by RIA. The amount of TXAz

that represented 50õ/o of maximum TXAz levels was determined. The corresponding AA
concentration for this level was then derived. The same data is presented as a histogram in

Figure 4.2.
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Figure 4.6: The effect of COX-2 induction on PGEz and TXAz production in response to

.*ãg.nor6 AA. Cells were prepared by incubating a portion with LPS (20 nglml) for 16 h

to induce COX-2 and another portion with control medium. Cells were then washed and

resuspended in RPMI (no FCS) at 5x106 cell/ml. Exogenous AA was added for 5 min and

the experiment was stopped by snap freezingthe cell suspensions. Eicosanoid levels were

then measured in the cell lysates by RIA.



where saturation was not reached at the highest dose of AA used. The amounts of PGE,

synthesised were greater than in LPS-treated than in resting cells. The amounts of TXA,

produced were slightly greater in the LPS-treated cells at lower concentrations of AA but

there was no difference in the maximum amount of TXA, produced which was seen at

higher AA concentrations.

The concentration of AA at which half-maximal TXA, synthesis occurred was not

significantly affected by the presence of COX-2 (in LPS-treated cells) and these values

were 0.073 pM in resting cells and 0.065 pM in LPS-treated cells (Figure 4.7). This

parameter could not be calculated for PGE, because maximum production of PGE, was

not established for untreated or LPS-treated cells within the range of AA concentrations

used.

To determine whether PGE2 production could be saturated, monocytes were treated with

the TXA synthase inhibitor, CI, prior to the addition of exogenous AA, to increase further

the substrate, PGHr, available for PGE, synthesis'

4.3.4. Eicosanoid production from exogenous AA in resting

monocytes in the presence of TXA synthase inhibition

The TXA synthase inhibitor, CI, was preincubated with unstimulated cells (10 pM) for 10

min before the addition of AA. The cell suspensions were then incubated at 37oC,5yo CO2

for 5 min. The experiment was stopped by snap freezingthe cell suspensions'
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There was inhibition of TXA, synthesis and an increase in PGE, synthesis at all

concentrations of exogenous AA (Figure 4.8). However, saturation of the pathway to

PGE2 production was not observed.

The previous experiments provide data on the kinetic parameters of the terminal synthases

in response to exogenous AA. To determine whether these parameters are similar or

different for the terminal synthases in response to endogenous AA, cumulative eicosanoid

in response to cell stimulation without addition of exogenous AA was measured.

4.3.5. Cumulative eicosanoid production from endogenous AA

Cells were treated with LPS, which in addition to causing COX-2 induction, also induces

release of endogenous AA to stimulate eicosanoid production. Cells were snap ftozen at

the times indicated. Cumulative production of eicosanoids from endogenous AA was then

determined.

TXA2 production was detected by t h and PGE2 production by 4 h in the presence of LPS

and at 16 h in its absence (Figure 4.9). Little further TXA2 was produced between 4 and

16 h, whereas PGE, continued to be produced in substantial amounts.

To determine whether enzyme kinetic parameters influence the time course for PGE,

synthesis, cells were treated with the TXA synthase inhibitor, CI, prior to the addition of

LPS, to increase further the substrate, PGHr, available for PGE, synthesis.
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Figure 4.8: The effect of TXA synthase inhibition on PGEz and TXAz production in

resting monocytes. CI (10 pM) was preincubated with resting monocytes at37oC,5o/o COz

for 10 min. AA was added and the cell suspension incubated at 37oC,5o/o COz for 5 min.

The experiment was stopped by snap fteezing. Eicosanoid levels were then measured in

the cell lysates by RIA.
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4.3.6. Cumulative eicosanoid production from endogenous AA in the

presence of TXA synthase inhibition

Cells were stimulated with LPS following a 10 min preincubation with CI (10 ¡rM). Cells

were then snap frozen at progressive time intervals to determine the cumulative production

of eicosanoids.

Production of PGE, was increased by the addition of CI at all times (Figure 4.10). There

was >90olo inhibition of TXA, production at all measured times'

Collectively, the results so far suggest that TXA synthase is more active at low substrate

concentrations but becomes saturated at higher substrate concentrations, whereas PGE,

synthase was not evidently saturable within the wide rcîge of conditions tested. These

findings imply that the kinetics of these terminal synthases are prime determinants of the

proportions of TXA, and PGE, produced as PGH, substrate availability varied. From this,

one can predict that inhibition of COX expression or activity will affect TXA2 and PGE,

differently. The following section tests this prediction.

4.3.j. Effect of inhibition of COX expression or COX activity on the

proportionate synthesis of TXA2 and PGE2

Cells were preincubated with inhibitors of COX-2 induction or COX activity for 10 min'

These included dexamethasone (0.1-10 ¡rM), a potent inhibitor of COX-2 induction

(Needleman and Isakson lg91), SKF86002 (0.1-10 prM), which inhibits COX-2 induction

through inhibition of the p38 MAP kinase (Pouliot et al. 1997), the selective inhibitor of
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Figure 4.10: The effect of CI on cumulative production of eicosanoids. CI (10 ¡rM) was

preincubated with monocyte cell suspensions at 3JoC,5%o COz for 10 min. LPS (20

nglml) was added and the suspensions were incubated at37oC,5o/o COz' The cell

suspensions \Mere snap frozen at the times indicated for later analyses of PGEz and TXAz

in the cell lysates by RIA,



COX-} activity, NS-398 (0.1-10 prM) and the non-selective inhibitor of COX-I and2

activity, ibuprofen (0.1-10 pM)

Cells were then stimulated with LPS (20 nglml) and incubated at 3'7"C,5o/o COzfot 24h.

The cell suspensions were then snap frozen and the eicosanoid levels in the cell lysates

were measured by RIA.

For all of the inhibitors tested, there was greater inhibition of PGE, than TXA, synthesis

and there was a steeper inhibitory dose response for PGE2 synthesis compared to TXA,

synthesis (Figure 4.1 1).

4.4. DISCUSSION

In fresh human monocytes, there was a significant difference in PGErproduction

compared to TXA, production in response to exogenous AA. Resting human monocytes

converted exogenous AA at concentrations of <10 pM more to TXA, than to PGE2 but at a

higher concentration of AA (100 pM) more PGE, was produced.

Whether resting cells (with predominantly COX-1) or LPS-treated cells (with

predominantly COX-2) were used, the pattern of the production of the eicosanoids was

similar. Specifîcally, at low concentrations of AA TXA2 production predominated,

whereas higher concentrations of AA more PGE, was produced. These results are not

readily explained by the notion of compaftmentalisation, as discussed in section | '2'3.4

Indeed, compartmentalisation would predict predominantly TXAr production by

unstimulated cells (COX-l) and predominantly PGE2 production by stimulated cells

(COX-2) regardless of AA concentration (Brock etal.1999; Matsumoto etaL 1997;

I

I

I
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Figure 4.11: Dose-response of inhibitors of COX-2 induction or function. Cells were

preincubat ed at 37oC, 5o/o CO2 for 10 min with inhibitors of COX-2 induction

ãexamethasone (A) or SKF86002 (B) or the selective COX-2 inhibitor, NS-398 (C) or the

non-selective inhibitor, ibuprofen (D). Cells were then stimulated with LPS (20 nglml)

and incubat ed at 37"C, 5Yo COz for 24 h. Cells were then snap frozen and cell lysates

assayed for cumulative PGEz and TXAz synthesis by RIA. Eicosanoid levels represent

percentage of control (LPS-treated) levels.



Naraba et al. 1998). However, these results suggest that substrate affinities are more

important than which COX isozymes is present, in determining the respective amounts of

PGE2 and TXA, produced.

Estimates of the apparent Vmax and apparent Km of the TXA2 and PGE, synthesis

pathways of human monocytes and[J937 cells, in response to exogenous AA, and of the

terminal synthases in sonicate dU937 cells, in response to exogenous PGH2, are

summarised in Table 4.1. Data obtained under both resting and treated conditions (LPS

for monocyles,Lu,25-dihydroxyvitamin D3ISTZ for U937) are included. In both cell

types, whether resting or treated, and in the sonicatedIJg3T cells, the apparent Vmax and

apparent Km for PGE synthesis was greater than for TXA synthesis. Furthermore, in these

cell types, the data are consistent with (monocytes) or showed (U931 cells) an increase in

apparent Vmax for PGE synthase with cell treatment. This is in accord with previous

reports that PGE synthase is an inducible enzyme (Fu et al. 1990; Jakobsson et al' 1999;

Naraba et a|. 1998). In contrast, there was no significant change in the apparent Vmax for

TXA synthesis in resting veïsus LPS-treated monocytes, whereas there was an increase in

resting versus |u,2l-dlhydroxyvitaminDrlsTZ-treated U937 cells. This is in accord with

previous reports that TXA synthase is not inducible with LPS but is inducible with 1o,25-

dihydroxyvitamin D, (Fu et al. 1990; Honda et al. 1986)'

The cumulative production of eicosanoids from endogenous AA following LPS cell

stimulation was determined. As for exogenous AA, there was a distinct difference in the

production of eicosanoids from endogenous AA. TXA2 production was detected at t h,

whereas pGE2 production was not detected until 4 h. However, with the addition of CI,

pGE2 was detected t h following cell stimulation. This finding suggests that the
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Table 4 1: Summary of kinetic parameters of the terminal synthases in whole human

monocytes and[J937 cells, in response to exogenous AA, and sonicatedU93T cells, in

response to exogenous PGH2 (see Figures 3.6, 3.9, 4.6 and 4.7).

Monocytes:
Resting

Monocytes:
LPS treated

U937 cells:
Resting

Sonicated:
u937

Vmax; PGE
synthase (ng/ml)

Vmax; TXA
synthase (ng/ml)

Km PGE
synthase [AA]

Km TXA
synthase [AA]

29.2 4.215.0>35>22

2,054.8 10.014.814.5

18,28.4>12 8.7>12

0.7 1.10.60.30.4



concentration of PGH2 was critical in determining TXA, and PGE, production rather than

the presence or absence of a particular COX isozyme. These time-courses suggested that

TXA2 was preferentially produced at low PGH2 concentrations and that PGE, production

occurred only after more abundant PGH, concentrations \Mere available and/or TXA

synthase was saturated. Therefore, the time to production of PGE, appears to be a

function of substrate, not COX-2 expression, and this accords with the findings from

substrate dose-response experiments

When inhibitors of COX expression or COX activity were added to cell suspensions and

cells stimulated with LPS for 24h,there was a noticeable difference in the extent of

inhibition of TXA, and PGE, production. Inhibition of total COX- 1 and -2 activity

(ibuprofen), selective inhibition of COX-2 activity (NS-398) and inhibition of COX-2

induction (dexamethasone and SKF86002), all resulted in greater inhibition of PGEt

production than TXA, production. For each inhibitor, there was a steeper inhibitory dose

response for PGE, production compared to TXA, production. Based on the reasonable

assumption that these COX inhibitors exert their effects through inhibition of COX, the

decreased PGH2 concentration appeared to diminish PGE, synthesis to a greater degree

than TXA, synthesis. However, dexamethasone may have a more complex effect since

there is an inducible PGE synthase isozyme, the induction of which can be inhibited by

corticosteroids (Jakobsson et al. 1999). It is also possible that the p38 MAP kinase is

involved in the induction of PGE synthase. However, even if this occurs, the effects

mediated by selective and non-selective inhibitors of COX activity suggest that COX

inhibitors lead to preferential inhibition of PGE, synthesis compared to TXA, synthesis.
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4.5. CONCLUSION

These results suggest that the kinetic characteristics of PGE synthase and TXA synthase

are substantially different, Furthermore, the differences result in differential production of

PGE2 and TXA, with progressive changes in the PGH2 concentration as a consequence

from progressive inhibition of COX activity or COX levels'

Because TXA2 is a facilitator and PGE2 an inhibitor of IL-lB and TNFcr production,

NSAID and other COX inhibitors may increase IL-l8 and TNFcr, production in a dose-

dependent manner. However, if used chronically, these agents could accelerate joint

degradation in RA and other arthropathies, in spite of providing short-term symptomatic

relief through their analgesic actions.

This issue of proportionate PGE2 and TXA, production and IL-l8 and TNFcr. production is

examined in the following chapter,
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CHAPTER 5

PHARMACOLOGICAL DISSECTION OF THE

RELATIONSHIP BET\ilEEI\ THE SYNTHESIS BY

MONOCYTES OF PGE2 AND TXA2 AND rL-18 AND

TNFo

5.1. INTRODUCTION

One aim of this thesis was to examine the effects of inhibition of TXA, production or

action upon inflammatory cytokine production. Low molecular weight TXA synthase

inhibitors that inhibit TXA2 production and TXA receptor antagonists that inhibit TXA2

action have been developed and tested in animals for clinical applications and have been

given to humans as potential anti-thrombotic therapy (DeClerck et al. 1988a; DeClerck et

al. 1988b;Fischer et al. 1983; Gresele et al. 1991; Gresele et al. 1984;Nicolaou et al.

l9l9; Salvati et al. 1994). No unacceptable toxicities emerged from these studies.

However, the development of these agents stalled with the advent of low dose aspirin

therapy as an inexpensive way on inhibiting synthesis of TXA, by platelets (for review,

see Coller 1990). There are few reports describing the assessment of these agents in

infl ammatory conditions.
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PGE2 production has been known to inhibit TNFcx, and IL-1p production. TXAt

production has recently been shown to upregulate the production of these inflammatory

cytokines (Caughey et al. 1997). Inhibition of TXA, synthesis and action may therefore

provide a relatively safe and accessible means to inhibit these cytokines. Inhibition of

TXA synthase potentially has the advantage, as shown in the preceding chapters, of

increasing PGE2 production, as well as reducing that of TXA2.

5.1.1. Thromboxane A synthase inhibitors

The imidazoles were the first selective inhibitors of TXA synthase described that were not

also receptor antagonists (Moncada et al.1977) (see section 5.1.2). The carboxyalkyl

imidazoles were subsequently shown to be more potent inhibitors (Kayama et al. 1981;

Yoshimoto et al. 1978, for review see Smith 1937). They were shown to inhibit the

conversion of PGH, to TXA, without inhibiting COX activity. The degree of inhibition

was dependent on the length of the carboxyalkyl chain. 1-carboxyheptyl imidazole (CI)

was the most potent inhibitor and this has been used in the studies in this thesis. The

inhibition is non,competitive and reversible and in humans CI was shown to be safe and

have long-lasting effects on TXA, production (Fischer et al. 1983).

Very few trials in inflammatory conditions with TXA synthase inhibitors have been

reported. However, in a trial using NZB x NZW hybrid mice that develop lupus nephritis,

treatment with a TXA synthase inhibitor reduced mortality and proteinuria (Salvati et al'

1995). TXA synthase inhibition may have been chosen for these studies because TXAr is

thought to have an adverse effect on renal function in lupus erythematosus.
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5.1.2. Thromboxane A receptor antagonists

Analogues of TXA, that contain the naturally occurring pinane nucleus, such as pinane

TXA2, display much greater stability than TXAr. They have been shown to act as TXA

receptor antagonists and inhibit TXA2 induced coronary artery vasoconstriction and

platelet aggregation. High concentrations (100 pM) of pinane TXA, has been shown to

inhibit TXA synthase (but not PGI synthase) in addition to TXA receptor antagonism

(Nicolaou et al. 1979). Clinical trials with TXA receptor antagonists for the prevention of

platelet aggregation and thrombus formation have been reported (DeClerck et al. 1988a;

Salvati et al. 1994). In these studies, >90yo receptor blockade was required for full

therapeutic effect and the addition of a TXA synthase inhibitor created an additive anti-

thrombotic tendency at all concentrations of the receptor antagonist.

While few studies have been performed using these drugs in the treatment of inflammatory

disorders, TXA receptor antagonists have been evaluated in the treatment of lupus

nephritis because TXA2 production is thought to contribute adversely to renal homeostasis

in this condition (Pierucci et al. 1989). In a double blind crossover trial, biopsy proven

lupus nephritis patients were treated with intravenous continuous infusion of the TXA

receptor antagonist, 8M13I77, or placebo. There v/as an improvement in renal function

(as measured by inulin and PAH clearance) 48 h after treatment. No adverse effects were

observed in the treatment arm. The bleeding times were doubled in the treated patients.

Interestingly, in another group of lupus nephritis patients from the same study, the addition

of low dose aspirin caused a reduction in platelet TXA2 production but no change in renal

function, urinary TXB2 or 6-keto-PGF,o, which are the metabolites of renal synthesis of
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TXA2 and PGFr" respectively (Pierucci et al. 1989). Thus, there may be a role for specific

TXA2 inhibition in renal lupus erythematosus'

5.1.3. Combination TXA synthase inhibition and TXA receptor

antagonism

Moncada and Vane proposed that in vivo,mostPGH2 in vascular tissue is converted to

pGI2, in direct competition to conversion to TXA2 (Moncada and Vane 1978). This

balance, between PGH2 conversion to anti-aggregatory PGI, in vessel walls and to

aggregatory TXA, by platelets, was suggested to be vital for normal intravascular

haemostasis. This model, the "endoperoxide steal hypothesis" suggests that TXA synthase

inhibition should create a shift from TXA, production to PGI, production and thus

potentiate anti-aggregatory effects, more so in vivo than might be expected in vitro.

Several authors have shown TXA synthase inhibition does cause redirection of PGH, to

PGI, in vivo,butthe effects on haemostasis and thrombosis prevention were modest

(Fiddler and Lumley 1990; Reilley andFitzgerald 1987).

One reason for the modest benefits of TXA synthase inhibition on platelet aggregation and

thrombosis may be that platelet aggregation is not solely dependent on TXA, synthesis but

can occur with the addition of unstable endoperoxides such as PGH, and in the presence of

TXA synthase inhibition (Hornby and Skidmore 1982; Needleman et al. 1977). In support

of these findings are the reports that aspirin inhibits platelet aggregation not via reduction

of TXA, synthesis but by other upstream mechanisms (Beretele et al. 1982; Netter et al.

981). The mechanism underlying this poor anti-thrombotic response with TXA synthase

inhibition, especially in vivo given the expectation of the "steal hypothesis", has been

102



proposed to be due to an increase in production of the unstable endoperoxides such as

PGH2. This increase occurs with TXA synthase inhibition, especially in platelets (Gresele

et al. 1991;Nicosia and Patrono 1989). These endoperoxides can occupy and activate the

TXA receptor on platelets, with subsequent Gq and PKC activation and thus compromise

the effects of reduced TXA2 production downstream as well as any redirection of PGH, to

PGI, production.

Thus it was proposed that dual TXA synthase inhibition and TXA receptor blockade might

provide a superior anti-thrombotic strategy to either therapy alone. The receptor

antagonism would minimise any stimulation of cells by the possible increase in PGH, or

PGG2 as a consequence of TXA synthase inhibition. Such combinations were trialled in

animal and humans and were effective and safe in reducing thrombosis and arrhythmias

(DeClerck et al. 1988a; DeClerck et al. 1988b; Salvati et aL 1994). In an animal model of

septic shock, a dual TXA synthase inhibitor and receptor antagonist, G619, displayed

some inhibitory effect on TNFo production and hypotension and improved survival

(Altavilla et al. 1995).

Given the above experience in haemostasis and inflammatory models, dual TXA, receptor

and synthase inhibition was considered as an important therapeutic option to be tested in

this thesis. This chapter examines these therapeutic strategies in vitro, in both human

elutriated monocytes andlJ93l cells. The effect of a changing TXAr/PGE, ratio, either

decreased by TXA synthase inhibition andlor TXA receptor antagonists, or increased by

selective or non-selective NSAID, on cytokine synthesis are examined. Finally,

combination inhibitory TXA, strategies on cytokine production are explored.
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Chapter 6 explores cell signalling pathways that may link eicosanoid modulatory strategies

and inflammatory cytokine production and Chapter 7 explores these same strategies,

combined with dietary modulation, on TNFo production in vivo.

5.2. MATERTALS AND METHODS

5.2.1. Materials

Materials were obtained from the following sources: CI Sapphire Bioscience (Sydney,

Australia); NS-398, COX-1 and -2 Ab, SQ295 48, Cayman Chemical (Ann Arbor, MI);

PGH2, Calbiochem-Novabiochem Corporation (La Jolla, CA); TXB2 antiserum was

prepared from a rabbit immunised with TXA, conjugated to human thyroglobulin

(Caldwell eT aL l97l) as used in previous studies (James and Walsh 1988); rabbit PGE2

antiserum was prepared from a rabbit immunised with PGE, conjugated to human

thyroglobulin as described in section 2.I0; pytogen-free Lymphoprep, Nycomed (Oslo,

Norway); LPS, Etoxa-Clean, zymosan, DTT, GSH, hydrogen peroxide (Hror), bovine

serum albumin (BSA), o-phenylenediamine dihydrochloride, ExtrAvidin peroxidase,

Sigma Chemical Company (St Louis, MO); SKF86002, Calbiochem (San Diego, CA);

1a,25-dihydroxyvitamin Dr, Biomol (Plymouth Meeting, PA); recombinant IL-1B and

TNFcx,, anti-human IL-18 and TNFcr monoclonal antibodies, biotinylated polyclonal IgG,

Boehringer Mannheim, (Sydney, Australia); Trans-blot transfer membranes, Bio-Rad

(North Ryde, Australia);peroxidase-labelled donkey anti-rabbit Abs, ECL Western

blotting analysis system, Amersham Intemational (Little Chalfont' England)'
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5.2.2. Methods

STZ was prepared by boiling zymosan for i h, then incubating it with freshly prepared

human serum for 24 h followed by washing and resuspending in DPBS. U93l and

elutriated human monocytes v/ere prepared as described in section 2.1 and2.6

respectively. Cytokines and eicosanoids \Mere measured as described in section 2.Il and

2.12. Time-courses were performed to determine time dependence of production of

cytokines and eicosanoids in the different systems. These times were then utilised for

experiments testing combination anti-TXA, strategies on cytokine production.

When used, inhibitory drugs were preincubated for 10 min before the addition of cell

stimuli (LPS for monocytes , STZ fotU937 cells)'

5.2.2.I Transient aspirin exposure and washes

Monocytes were prepared by counter-current elutriation. NSAID were added for 10 min

preincubation. COX-1 inhibition was achieved by transient aspirin exposure then washes

(Demasi et al. 2000). This was performed by dissolving 300 mg of aspirin in 33 ml milliQ

(50 mM), diluting this 1/10 in milliQ (500 prM) and adding 10 ¡rL of this stock per ml of

cell suspension to achieve a flrnal concentration of 5 pM, The cells were then incubated at

37oC,5o/o COzfor 20 min. The cells were pelleted by centrifuging (400 xg, 5 min), and

then resuspended in fresh RPMVFCS 10%. The cells were then incubated at37"C,5o/o

CO, for a further 20 min, centrifuged (400 xg, 5 min) and resuspended in fresh medium.

This technique allows inhibition of COX-1 without residual aspirin in the medium. Thus,

with subsequent induction of COX-2 following cell stimulation, there is no aspirin effect

on COX-2. The inhibition of COX-I by aspirin exposure followed by washes was
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confirmed by the addition of exogenous AA (10 prM) and measurement of TXAr. In the

aspirin-treated cells, there was decrease in TXA, production (shown in the next chapter,

Figure 6.3).

5.3. RESULTS

5.3.1. LPS dose-response and time-course for IL-lB, TNFct, PGE2

and TXA, in monocytes

LpS (2-200 nglml) was added to freshly elutriated human monocytes resuspended in fresh

RpMI/1g% FCS, at 2xI06 cells/ml. The monocytes were then incubated at 37oC, 5o/o COz

for progressive periods until the cell suspension was snap frozen for later measurement of

cumulative cytokine and eicosanoid production in the cell lysates.

A dose-response effect of LPS stimulation with regard to the production of IL- 1B and

TNFcr, \Mas seen. IL-18 production was seen to increase with time throughout the 16 h

time course (Figure 5. 1). In contrast, maximal accumulation of TNFct was seen at 4 h

before decreasing,

LpS stimulation yielded a dose response effect and there was a cumulative increase tn

pGE2 and TXA, production with time (Figure 5.2). At all concentrations of LPS, the time

for measurable TXA, production was less than that for PGE, production' TXA2

production was clearly greater than that of PGE, up to 4 h with PGE2 production

increasing to approximate that of TXA, at 16 h.
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Figure 5.L: Dose-response and time-course in LPS-induced IL-1B and TNFcr production

in human monocytes. Freshly elutriated human monocytes were resuspended in fresh

RpMI/19% FCS at 2x106 cells/ml. LPS (2-200 nglml) v/as added and suspensions

incubated at3'7oC,5o/o COz. The suspensions were snap frozen at the times indicated. The

lysates were assayed to determine cumulative IL- 1p and TNFcr. production. p values <0'05

(ANOVA, followed by Neuman-Keuls multiple comparisons test) are represented by "a"
(control ve1sus 2-2}}nglml), "b" (2 versus 20 nglml),"c" (20 versus 200 nglml) ot "d" (2
versus 200 nglml).
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Figure 5.2: Dose-response and time-course in LPS-induced PGEz and TXAz production

in human monocytes. Freshly elutriated human monocytes were resuspended in fresh

RPMVIQ% FCS at 2x106 cells/ml. LPS (2-200 nglml) was added and suspensions

incubated at37oC,5o/o COz. The suspensions were snap frozen at the times indicated. The

lysates were assayed to determine cumulative PGEz and TXA2 accumulation. p values

<0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons test) are represented

by "a" (control versus 2-2}Onglml), "b" (2 versus 20 nglml),"c" (20 versus 200 nglml) or

"d" (2 versus 200 nglml).



5.3.2. Effect of TXA synthase inhibition on IL-IB, TNFcr, PGEr and

TXA2 production in monocytes

The TXA synthase inhibitor, CI (1 or 10 pM), was added to monocyte suspensions and

preincubated at37oC, 5yo Co2for 10 min. LPS (20 nglml) was then added and

suspensions incubated aI37"C,5o/o CO2. The monocyte suspensions were snap frozen at

the times indicated.

TXA synthase inhibition had an inhibitory effect upon both IL-18 and TNFcr, production

(Figure 5.3). The effect was greater for TNFa than for IL-18 inhibition. At 4h, the time

for maximum production for TNFcr, this inhibitory effect was 46%o. At 16 h, the time

when IL-18 accumulation was greatest, this inhibitory effect was 18%. Inhibition of

TNFcr synthesis was seen at all times that TNFcr was detected. Inhibition of IL-18

synthesis at 4 h v/as seen only in cells receiving the highest dose of CI.

There was an expected decrease in TXA, synthesis with CI treatment and an increase in

pGE2 synthesis commensurate with the absolute reduction of TXA, synthesis (Figure 5.4)'

5.3.3. Effect of TXA receptor antagonism on cytokine and eicosanoid

production in monocytes

The TXA receptor antagonist, SQ29548 (10 pM), was added to monocyte suspensions and

preincubat ed at 3JoC, 5o/o COz for 10 min. LPS (20 nglml) was then added and

suspensions incubated at37"C,5yo COz. The monocyte suspensions were snap frozen at

the times indicated.
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Figure 5.3: The effect of TXA synthase inhibition on LPS-induced IL-l8 and TNFa

prõduction in human monocytes. Freshly elutriated human monocytes were resuspended

in RpMI/10% FCS at2xI06 cells/ml. The TXA synthase inhibitor, CI (1 or 10 ¡.LM) was

added and the cells preincubated at37oC,5o/o COz for 10 min. LPS (20 nglml) was added

and suspensions incub ated at 37oC, 5o/o COz. The suspensions were snap frozen at the

times indicated. The lysates were assayed to determine cumulative IL- 1p and TNFct

production. p values <0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons

test) are represented by "a" (control velsus CI 1 ¡rM), "b" (CI 1 pM versus 10 pM), or "c"

(control versus CI 10 ¡rM).
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Figure 5.4: The effect TXA synthase inhibition on LPS-induced PGEz and TXAz

prõduction in human monocytes. Freshly elutriated human monocytes were resuspended

in fresh RPMV|0% FCS at 2x106 cells/ml. The TXA synthase inhibitor, CI (i or 10 ¡rM)
was added and the cells preincubated at37"C,5o/o CO2 for 10 min. LPS (20 nglml) was

added and suspensions incub ated at 37"C, 5Yo COz. The suspensions were snap frozen at

the times indicated. The lysates \Mere assayed to determine cumulative PGEz and TXAz

production. p values <0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons

test) are represented by "a" (control versus CI 1 pM), "b" (CI I pM versus 10 ¡rM), oÍ"c"
(control versus CI 10 pM).



With SQ29548 (i0 ¡rM), there was modest inhibition of both inflammatory cytokines

which was again more substantial for TNFcr, production (25% at 4 h) than for IL-1p

production (lI% at 16 h) (Figure 5.5). With the concentrations of SQ29548, the inhibitory

effect on cytokine production \Mas less than that seen with TXA synthase inhibition (see

section 5.3.2).

As expected, the TXA receptor antagonist had no effect on the synthesis of TXA, or PGE,

(Figure 5.6).

5.3.4. Effect of p38 MAP kinase inhibition on cytokine and

eicosanoid production in monocytes

The p38 MAP kinase inhibitor, SKF86002 (i or 10 pM), was added to monocyte

suspensions and preincubated aI37oC,5o/o Co2for 10 min. LPS (20 nglml) was then

added and suspensions incub ated al37"C, 5o/o COz. The monocyte suspensions were snap

frozenat the times indicated

There was significant inhibition of both cytokines with p38 MAP kinase treatment (Figure

5.7). At the highest concentration of SKF86002, the inhibition was of similar proportions

for borh IL-18 G9% at 16 h) and TNFcr. (51% at4h) synthesis. Inhibition of both

cytokines was demonstrable at all time points in which cytokines were detected.

There was inhibition of both eicosanoids, with a greater effect on PGE, synthesis

compared to TXA, synthesis (Figure 5.8). With SKF86002 10 ¡rM, at l6h, there was 54%

inhibition of PGE, synthesis compared to 23o/o inhibition of TXA, synthesis'
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Figure 5.5: The effect of TXA receptor antagonism on LPS-induced IL-18 and TNFcr

prõduction in human monocytes. Freshly elutriated human monocytes were resuspended

in fresh RPMV10% FCS at 2xI06 cells/ml. The TXA receptor antagonist, SQ29548 (1 or

10 prM) was added and the cells preincubated at37"C,5o/o CO2 for 10 min. LPS (20

nglml) was added and suspensions incubated at 37oC,5%o COl The suspensions were

snap frozen at the times indicated to determine cumulative IL-18 and TNFo production' p

values <0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons test) are

represented by "a" (control versus SQ 1 ¡rM), "b" (SQ 1 ¡rM versus 10 ¡rM), ot "c"

(control versus SQ 10 pM).
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Figure 5.6: The effect of TXA receptor antagonism on LPS-induced PGEz and TXAz

prõduction in human monocytes. Freshly elutriated human monocytes were resuspended

in fresh RPMVIQ% FCS at 2x106 cells/ml. The TXA receptor inhibitor, SQ29548 (1 or i0

pM) was added at37"C,5Yo COz for 10 min. LPS (20 nglml) was added and suspensions

incubated at37oC,5o/o COz. The suspensions were snap frozen at the times indicated and

the lysates were then assayed to determine cumulative PGEz and TXAz production. No

significant differences were seen.
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Figure 5.7: The effect of p38 MAP kinase inhibition on LPS-induced IL-lB and TNFo

prõduction in human monocytes. Freshly elutriated human monocytes \Mele resuspended

in fresh RpMI/1Q% FCS at 2x106 cells/ml. The p38 MAP kinase inhibitor, SKF86002 (1

or 10 prM) was added and preincubated at37oC,5o/o COz for i0 min. LPS (20 nglml) was

added urá ,.6p"nsions incub ated at 37"C, 5o/o COz. The suspensions were snap frozen at

the times indicated. The lysates were assayed to determine cumulative IL- 1p and TNFct

production. p values <0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons

iest) are represented by "a" (control versus SKF 1 þtM), "b" (SKF 1 pM versus 10 ¡rM), or

"c" (control versus SKF 10 PM).
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Figure 5.8: The effect of p38 MAP kinase inhibitio
prõduction in human monocytes.- Freshly elutriated

in fresh RPMV10% FCS at 2x106 cells/ml. The p38

or 10 pM) was added and preincubated at37"C,5yo COz for 10 min' LPS (20 nglml) was

added uná ,rrrp.rrsions incubated at 37"c,5o/o coz. The suspensions were snap frozen at

the times indióated. The lysates were assayed to determine cumulative PGEz and TXA2

production, p values <0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons

test) are represented by "u" (control versus SKF I FM), "b" (SKF 1 ¡rM versus 10 ¡rM), or

"c" (control versus SKF 10 ¡rM).



5.3.5. Effect of selective COX-2 inhibition on cytokine and eicosanoid

production in monocytes

The selective COX-2 inhibitor, NS-398 (1 or 10 pM), was added to monocyte suspensions

and preincubated at37"C,5o/o CO2 for 10 min. LPS (20 nglml) was then added and

suspensions incubated aI37oC, 5o/o CO2. The monocyte suspensions were snap frozen at

the times indicated.

NS-398 treatment had no significant effect upon IL-1B production (Figure 5.9). However,

there was a significant increase in TNFo synthesis. At 4 h, there was an increase of 38%o

in TNFcr production. TNFo production, with or without NS-398 treatment, displayed the

same time-course; namely decreased levels were observed after a peak in accumulation at

4h.

There was a decrease in both PGE2 and TXA, with NS-398 treatment (Figure 5.10). As

for treatment with the p38 MAP kinase inhibitor, the selective COX-2 inhibitor, NS-398

(10 prM) at l6h, reduced PGE2 synthesis (94%) to a greater extent than TXA, synthesis

(66%).

5.3.6. Effect of COX-I and/or COX-2 inhibition on cytokine and

eicosanoid production in monocytes

Freshly elutriated monocytes were resuspended in fresh RPMI/FCS l}Yo and exposed to

aspirin 5 pM before washing x2 with fresh aspirin free RPMI/FCS 10%. This treatment

was designed, as described in section 5.2.2.1, to inhibit COX-1 without inhibiting
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Figure 5.9: The effect of selective COX-2 inhibition on LPS-induced IL-lB and TNFo

prãduction in human monocytes. Freshly elutriated human monocytes were resuspended

in fresh RPMI/I0% FCS at 2x106 cells/ml. The selective COX-2 inhibitor, NS-398 (1 or

10 prM), was added and preincubated at37oC,5o/o COz for 10 min' LPS (20 nglml) was

then added and suspensions incub ated at 3J"C, 5%o CO¡ The suspensions were snap

frozenat the times indicated. The lysates were assayed to determine cumulative IL-1B and

TNFcr, production. p values <0.05 (ANOVA, followed by Neuman-Keuls multiple

comparisons test) are repfesented by "a" (control versus NS 1 ¡rM), "of "c" (control versus

NS 10 ¡rM). No significant differences were seen between NS 1 pM and NS 10 pM'
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Figure 5.10: The effect of selective COX-2 inhibition on LPS-induced PGEz and TXAz

prõduction in human monocytes._ Freshly elutriated human monocytes were resuspendsd

in fresh RPMI/10% FCS at 2x106 cells/ml. The selective COX-2 inhibitor, NS-398 (1 or

10 pM) was added and the cells preincubated at3JoC,5o/o CO2 for 10 min' LPS (20

nglml)'was then added and suspensions incub ated at 37oC, 5o/o COl The suspensions were

,ãup f.o".r, at the times indicated. The lysates were assayed to determine cumulative
pGÈ2 and TXA2 production. p values <0.05 (ANOVA, followed by Neuman-Keuls

multiple comparisons test) are represented by "4" (contfol versus NS 1 pM)' "b" (NS 1

¡rM versus 10 ¡rM), or "c" (control versus NS 10 pM)'



subsequently induced COX-Z. The selective COX-2 inhibitor, NS-398 (10 prM), was

preincubated with monocytes at37oC,5yo CO2 for 10 min, to inhibit COX-Z. The non-

selective NSAID, ibuprofen (10 prM), was preincubated with monocytes at 37oC,5o/o COz

for 10 min, to inhibit both COX-l and-2. Additionally, some eells were treated with

aspirin exposure and washes and with NS-398 (10 ¡rM) to selectively inhibit both COX-1

and_2. The pretreated monocytes were stimulated with LPS (20 nglml) and incubated at

37oC,5o/o CO2 for 6 h. The experiment was stopped atthat time by snap freezing and

lysates stored for later cytokine and eicosanoid measurement'

There was a 47o/o increase in TNFcr production associated with the selective COX-2

inhibitor, NS-398, with or without aspirin exposure and washes (Figure 5.1 1). There was

no significant change in TNFo production with aspirin exposure and washes alone.

Ibuprofen also increased TNFcr production by a similar amount (45%). There was no

significant effect on IL-1p production.

There was greater inhibition of PGE, synthesis than TXA, synthesis following NS-398 or

ibuprofen pretreatment (Figure 5.I2). Aspirin exposwe and washes (to inhibit COX-1

only) did not inhibit accumulation of either eicosanoid.

To further examine the proposition that COX-2 inhibition was associated with an increase

in TNFa synthesis, different concentrations of a selective and non-selective COX-2

inhibitor were used.
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Figure 5.11: The effect of COX-1 and/or COX-2 inhibition on LPS-induced IL-lB and

TNFg production in human monocytes. Freshly elutriated human monocytes were

resuspended in fresh RPMVIO% FCS at 2x106 cells/ml. The cells were preincubated with

the selective COX-2 inhibitor, NS-398 (10 prM), or the non-selective NSAID, ibuprofen

(10 ¡rM), at37oC,5o/o COz for i0 min. Additionally, some cells were treated with aspirin

exposure and washes without or with subsequent incubation with NS-398 (10 ¡rM) to

infrlUlt either COX-1 or both COX-1 and-2.. LPS (20 nglml) was added and suspensions

incubated at 37"C, 5o/o CO2. The suspensions were snap frozen at 6 h to determine

cumulative production of IL-IB and TNFo. p values <0.05 are represented by "x" (LPS

control versus COX-1 and/or -2 inhibitors)'
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Figure 5.12: The effect of COX-I and/or COX-} inhibition on LPS-induced PGE2 and

TXAz production in human monocytes. Freshly elutriated human monocytes were

resusp¿nded in fresh RPMVl0% FCS at 2x106 cells/ml. The cells were preincubated with

the selective COX-2 inhibitor, NS-398 (10 pM), or the non-selective NSAID, ibuprofen

(10 pM), at37oC,5o/o COz for 10 min. Additionally, some cells were treated with aspirin

exposure and washes without or with subsequent incubation with NS-398 (10 ¡rM) to

iniribit either COX-1 or both COX-1 and2, LPS (20 nglml) was added and suspensions

incubated at37oC, 5%o COz. The suspensions were snap frozen at 6h to determine

cumulative production of PGEz and TXAz. p values <0.05 are represented by "*" (LPS

control versus COX-1 and/or -2 inhibitors).



5.3.7. Dose-response of a selective or non-selective COX inhibitor on

cytokine and eicosanoid production

NS-398 (0-1000 ¡rM) or ibuprofen (0-1000 ¡-rM) were preincubated with freshly elutriated

monocytes at37"C,5o/o C}2for 10 min. LPS (20 nglml) was then added and the cells

were incub ated, at37oC, 5o/o COz, for a further 6 h, in the presence of this stimulus and the

COX inhibitor. The incubation was stopped by snap freezing and lysates stored for later

cytokine and eicosanoid measurement.

There was an increase in TNFcr, production with both NS-39S and ibuprofen (Figure 5.13).

A dose-response was seen, with increasing concentrations of both NS-398 and ibuprofen

being associated with increased TNFcr production. There was a plateau in the increase in

TNFg production above 100 ¡rM NS-398 or ibuprofen. There v/as no significant effect on

IL-18 production.

There was greater inhibition of PGE, synthesis than TXA, synthesis at all concentrations

of both NS-398 and ibuprofen (Figure 5-14).

5.3.8. Effect of a TXA receptor antagonist and TXA synthase

inhibition, alone and in combination, on cytokine production

in monocytes

The TXA receptor antagonist, SQ2954S (0-10 ¡rM) and TXA synthase inhibitor, CI (0-10

pM), were added to monocyte suspensions and preincubated at 37"C, 5o/o CO2 for 10 min.

Without removal of these agents, LPS (20 nglml) was then added and suspensions
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Figure 5.13: The effect of selective and non-selective COX inhibition on LPS-induced

IL-l8 and TNFcr production in human monocytes. Freshly elutriated human monocytes

were resuspended in fresh RPMVIO% FCS at 2xI06 cells/ml. The selective COX-2

inhibitor, NS-398 (0-1000 ¡rM), was added and preincubated at37"C,5yo CO2 for 10 min.

The non-selective NSAID, ibuprofen (0-1000 ¡rM), was added and preincubated at37oC,

5yo C}zfor 10 min, to inhibit both COX-I and-2. LPS (20 nglml) was added and

suspensions incubated at3JoC,5o/o CO2 for a further 6 h. The incubations v/ere terminated

by snap freezingthe cell suspensions. The cell lysates were then assayed for IL-1p and

TNFcr, production. p values <0.05 are represented by "x" (0 pM versus 0.01-1000 pM).



t-----l PGE2

ITXA2
I 00â

E
ct)c
ôt

x
F-
!t
tr
(It
ô¡

uJ
o
o-

*

rk

50

25

*

*
* **

0 0.01 0.1 1 10 100 1000No LPS 0

NS-398 [pM]

100
t----l PGE2

ITXAz
â
E
ct)c
(\¡

xF
ît
ct
(\¡

t¡J
(9
o-

*

75

50
*

*

25
*

*
** **

0
0.0'1 0.1 I

lbuprofen [pM]

10 100 '1000
No LPS 0

Figure 5.14: The effect of selective and non selective COX inhibition on LPS-induced

pCg, and TXA2 production in human monocytes. Freshly elutriated human monocytes

\Mere resuspended in fresh RPMVl0% FCS at 2x106 cells/ml. The selective COX-2

inhibitor, NS-398 (0-1000 prM), was added and preincubated at37oC,5o/o COz for 10 min.

The non-selective NSAID, ibuprofen (0-1000 ¡rM), was added and preincubated at 37"C,

5Yo COzfor 10 min, to inhibit both COX-l a'nd-2. LPS (20 nglml) was added and

,nrp.nrions incubated at37"C,5Yo COz for a further 6 h. The incubations were terminated

by snap freezingthe cell suspensions. The cell lysates were then assayed for PGEz and

iXlrproduction. p values <0.05 are represented by "x" (0 pM versus 0'01-1000 pM)'



incubated at3J"C,5o/o CO2. The monocyte suspensions were snap frozen at 4h for TNFcr

analysis (the time for maximal TNFo accumulation) and at 16 h for IL-18 analysis.

There appeared to be a weak dose-dependent effect of CI on IL- 1 P production (Figure

5.15). SQ29548 showed no effect. A more definite dose-dependent inhibition of TNFo

synthesis was seen with CL SQ2954S inhibited TNFcr. synthesis significantly at both

concentrations (1 and i0 prM) in the absence of CI and at a concentration of 10 pM and in

the presence of CI 10 pM. In the presence of CI 10 pM and SQ29548 10 pM, TNFc¿

synthesis was inhibited60o/o relative to control, compared to a29o/o inhibition of IL-18

synthesis under these conditions.

5.3.9. Effect of TXA synthase inhibition and p38 MAP kinase

inhibition, alone and in combination, on cytokine production

in monocytes

The TXA synthase inhibitor, CI (0-10 ¡rM), and p38 MAP kinase inhibitor, SKF86002 (0-

10 ¡rM), were added to monocyte suspensions and preincubated at37"C, 5yo CO2 for 10

min. LpS (20 nglml) was then added and suspensions incubated at 37"C,5%o COr. The

monocyte suspensions were snap frozen at 4 h for TNFu and at 16 h for IL- I P analysis.

There were additive inhibitory effects of these treatments on the synthesis of both IL-18

and TNFcr (Figure 5.16). At 1 ¡rM concentration of SKF86002, CI displayed some

additional inhibitory effect on the synthesis of TNFcr and IL-1B. However, the degree of

inhibition of cytokine production by CI was diminished at the higher concentration of
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Figure 5.15: The effect of TXA receptor antagonism and TXA synthase inhibition alone

and in combination on LPS-induced IL-18 and TNFcr production in human monocytes.

Freshly elutriated human monocytes v/ere resuspended in fresh RPMI/IO% FCS at 2xI06

cells/m1. The TXA receptor antagonist, SQ29548 (1 or 10 prM), and synthase inhibitor, CI

(1 or 10 pM), were added at37"C,5o/o COz for 10 min. LPS (20 nglml) was added and

iuspensions incubated at37oC, 5Yo COz The monocyte suspensions were snap frozen at 4

h for TNFcr and at 16 h for IL-1P analysis. p values <0'05 (ANOVA, followed by

Neuman-Keuls multiple comparisons test) are represented by "4" (control versus CI 1 or

10 pM for the same SQ concentration) or "b" (CI 1 ptM versus 10 pM for the same SQ

concentration) and "c" (control versus SQ for the same CI concentration) and there were

no differences between SQ 1 pM versus SQ 10 pM for the same CI concentration.
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Figure 5.16: The effect of TXA synthase inhibition and p38 MAP kinase inhibition alone

and in combination on LPs-induced IL-lP and TNFo production in human monocytes. 
-

Freshly elutriated human monocytes were resuspended in fresh RPMVIO% FCS at 2xI06

cells/ml. The TXA synthase inhibitor, CI (1 or 10 pM) and the p38 MAP kinase inhibitor,

sKF86002 (1 or 10 prM), were added at37oc,5o/o coz for 10 min. LPS (20 nglml) was

added and suspensions incubated at 37"C,5o/o COz. The monocyte suspensions were snap

frozen at 4 h for TNFc¿ and at 16 h for IL- i p analysis. p values <0.05 (ANOVA, followed

by Neuman-Keuls multiple comparisons test) are represented by "a" (control versus SKI' 1

or 10 pM for the same CI concentration) or "b" (SKF 1 pM versus 10 prM for the same CI

concentration) and "c" (control versus CI 1 or 10 pLM for the same SKI' concentration) or

"d" (CI 1 ¡rM versus 10 ¡rM for the same SKF concentration)'



SKF86002. The combination of CI 10 ¡rM and SKF86002 10 pM had a greater inhibitory

effect on TNFa synthesis (S8%) than on IL-lP synthesis (57%)'

There was a decrease in eicosanoid synthesis with both drugs. SKF86002 displayed a

greater inhibitory effect on cumulative PGE, synthesis (54%) than on TXA2 synthesis

(32%), similar to the results presented in4.3'7 (data not shown).

5.3.10. Effect of TXA synthase inhibition and selective COX-2

inhibition, alone and in combination, on cytokine production

in monocytes

The TXA synthase inhibitor, CI (1 or 10 prM), and the selective COX-2 inhibitor, NS-398

(1 or 10 ¡.rM), were added to monocyte suspensions and preincubated at37oC,5Yo COrfot

10 min. LPS (20 nglml) was then added and suspensions incubated at3J"C,5o/o CO,r. The

monocyte suspensions were snap frozen at 4 h for TNFo and at 16 h for IL- 1 P analysis.

CI 10 ¡rM inhibited both IL-1P and TNFo synthesis (Figure 5.ll). As seen in section

5.3.5, there was no effect of the selective COX-2 inhibitor on IL-1B synthesis in the

presence or absence of CI. There was a signihcant increase in TNFa synthesis with NS-

398 (1 or 10 ¡rM). This increase \Mas diminished with CI treatment (1 or 10 ¡rM). CI also

inhibited TNFcr synthesis in the absence of NS-398.
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Figure 5.17: The effect of TXA synthase inhibition and selective COX-2 inhibition alone

and in combination on LPS-induced IL-lP and TNFcr production in human monocytes. ,

Freshly elutriated human monocytes were resuspended in fresh RPMVIO% FCS at 2xI06

cells/ml. The TXA synthase inhibitor, CI (0-10 ¡rM) and the selective COX-2 inhibitor

NS-398 (0-10 pM), were added at37"C,5o/o COz for 10 min. LPS (20 nglml) was added

and suspànsions incub ated at 3JoC, 5o/o COz. The monocyte suspensions were snap frozen

at 4hfor TNFcr and at 16 h for IL-lP analysis. p values <0.05 (ANOVA, followed by

Neuman-Keuls multiple comparisons test) are represented by "a" (control versus NS-398 1

or 10 pM for the same CI concentration) and "c" (control versus CI 1 or 10 ¡rM for the

same NS-398 concentration) or "d" (CI 1 ¡rM versus 10 pM for the same NS-398

concentration). There were no differences between NS-398 I pM versus NS- 398 10 ¡tM'



5.3.11. Effect of eicosanoid modulation and inflammatory cytokine

production in U937 cells

The same experiments as detailed above (5.3.1 to 5.3.10) were repeated inU937 cells. In

general, there were similar results regarding eicosanoid modulation and cytokine

production as with human monocytes.

There was a dose-response observed for IL-lP and TNFo production in response to

increasing concentrations of STZ (Figure 5.18). Like human monocytes, there was

progressive accumulation of IL-IB throughout the 16 h time course, whereas TNFa

accumulation \Mas greatest at the 4 h observation point.

A dose response was observed for PGE2 synthesis and TXA, synthesis in response to STZ

(Figure 5.19). However, at4 and 16 h following stimulation, the incremental response

was greater for PGE, synthesis than TXA, synthesis with increasing STZ concentrations.

Furthermore, TXA, synthesis v/as measurable at earlier times than PGE, synthesis for all

concentrations of STZ. These results were similar to those derived from human

monocytes (see section 5.3.2).

Unlike the results with human monocytes, shown in section 5.3.2, there was no apparent

effect (inhibition) upon IL-18 synthesis by CI (Figure 5.20). However, in agreement with

the results in human monocytes in section 5.3.2, CI significantly inhibited TNFcr

accumulati on at2,4 and 6 h. At 4 h, there was 39Yo inhibition of TNFcr, accumulation' As

seen in monocytes, there was inhibition of TXA, synthesis and increase in PGE, synthesis,

following treatment with CI (Figure 5.21).
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Figure 5.18: Dose-response and time-coulse for STZ-induced IL-1P and TNFcr

prõduction in human Ug37 monocytic cells. U937 cells were resuspended in fresh

RPMI/10% FCS at 2x106 cells/mlãnd treated with 1ct,25-dihydroxyvitamin D3 (9.8x10-e

M) at 3ioc, 5o/o COz for 24 h. Cells were then resuspended in fresh RPMylO% FCS and

treated \u,2!-dihydroxyvitamin D3 (9.8x10-e M) and STZ (100-500 nglml). Cell

suspensions \Mere incubated at 37"C, 5o/o COz and were snap frozen for IL- 1B and TNFct

anaiysis. p values <0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons

test) are represented by "a" (control versus 100-500 nglml), "c" (200 versus 500 nglml) or
,'d" (100 uèr.u, 500 nglml). There were no differences between STZ 100 versus 200

nglmL
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Figure 5.19: STZ-induced PGEz and TXAz production in human Ug3l monocytic cells.

Ug3l cells were resuspended in fresh RPMV I 0 % FCS at 2x106 cells/ml and treated with

\u,Z5-dihydroxyvitaminD3 (9.8x10eM) aI37oC,5o/oco2for24 h. cellswerethen

resuspended in fresh RPMI/10% FCS and tr ¡ated 1cr.,25-dihydroxyvitamin D3 (9.8x 10 
e

Vf) and STZ (100-500 ng/ml). Cell suspensions were incubated at3JoC, 5o/o COz and

*ér" ,nup frozen for pGEz and TXAz analysis. p values <0.05 (ANOVA, followed by

Neuman-Keuls multiple comparisons test) are represented by "a" (control versus 100-500
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Figure 5.20: The effect of TXA synthase inhibition on STZ-induced IL-lB and TNFct

prõduction in human Ug37 monocytic cells. U937 cells were resuspended in fresh

RPMI/10% FCS at 2x106 cells/mlând treated with lo,25-dihydroxyvitamin D¡ (9'8x10-e

M) at 37"C,5(/o COzfor 24 h. Cells were then resusp % FCS and

treated 7u,2l-dlhydroxyvitamin D3 (9.8x10-e M) and ng/ml) was

then added and célls inóubated at37"C,5o/o COz' Cel frozen at the

times indicated and the cell lysates were then assayed for IL-18 and TNFct. p values

<0.05 are represented by "*" (control versus CI 10 ¡rM)'
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Figure 5.21: The effect of TXA synthase inhibition on STZ-induced PGEz and TXAz

prõduction in human Ug3l monocytic cells. U937 cells were resuspended in fresh

RPMI/IO% FCS at 2x106 cells/ml ãnd treated with 1ct,25-dihydroxyvitamin D3 (9.8x10-e

M) at 37"C,5o/o COzfot 24 h. Cells were then resusp S and

treated \a,25-dlhydroxyvitamin D3 (9.8x10-e M) and ) was

then added and cells inóubated at37"C,5o/o COz. Cel n and

the cell lysates were then assayed for PGEz and TXAz. p values <0.05 are represented by

"*" (control versus CI 10 pM).



As for TXA synthase inhibition in human monocytes and inU937 cells, there was

inhibition of TNFg accumulation following TXA receptor antagonism (Figure 5.22). At4

h, there was l4Yo inhibition of TNFcr accumulation. However, unlike monocytes, there

was no apparent inhibition of IL- 1 p accumulation. As was the case with human

monocytes, there was no change in TXA, synthesis or PGE, synthesis with TXA receptor

antagonism (Figure 5.23).

There was no demonstrable effect seen upon IL-IP production with combined TXA,

receptor and synthase inhibition (Figure 5.24). However, inhibition of TNFcr. production

was observed with either agent alone. There was an additional inhibitory effect on TNFcr.

synthesis with combined treatment. The maximal inhibition of TNFa synthesis was 670/o

with l0 ¡rM CI and 10 ¡rM SQ29548. As with human monocytes, the inhibitory effect on

TNFg production by SQ29548 in U937 cells was diminished with increasing CI

concentration. The maximal inhibitory effect on TNFo production of i0 ¡rM SQ29548

alone (28o/o) was not as great as 10 pM CI alone (58%).

5.3.12. Relationship between TXA2, PGE2 and TXA2IPGF,2 ratio and

inflammatory cytokine production in human monocytes

In sections 5.3.2 and 5.3.5, it was apparent that the TXA2/PGErtatio could be decreased

with the use of CI or increased with the use of NS-398. Data from these experiments were

used to explore the relationships between TXA', PGE2 and TXA2/PGE2 ratios and

inflammatory cytokine production in human monocytes. Eicosanoid and cytokine levels

at 4h following LPS stimulation of human monocytes were used.
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Figure 5.222 The effect of TXA receptor antagonism on STZ-induced IL-18 and TNFo

prõduction in human U937 monocytic cells. U937 cells were resuspended in fresh

RpMI/io% FCS at 2x106 cells/ml and treated with \a,25-dihydroxyvitamin D3 (9.8x 10 
e

M) at 37"C, 5o/o COz for 24 h. Cells were then resuspended in fresh RPMV10% FCS and

rreared 1ü,25-dihydroxyvitamin D¡ (9.8x10-e M) and SQ29548 (10 pM). STZ (100 nglml)

was then added and cells incubated at37oC,5o/o CO2. Cell suspensions were snap frozen

and the cell lysates assayed for IL-18 and TNFo. p values <0.05 are represeîted by "x"
(control versus SQ 10 pM).
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production in human U937 monocytic cells 
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M) at 3JoC,5Yo COzfor 24h. Cells were the d
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Figure 5.242 The effect of combination TXA synthase inhibition and TXA receptor

aniagonism, alone or in combination, on STZ-induced IL- i B and TNFo production in

human Ug37 monocytic cells. U937 cells were resuspended in fresh RPMI/IO% FCS at

*rcu cells/ml and treated with 1cx,,25-dihydroxyvitamin D3 (9.8x10-e M) at37oC,5o/o COz

for 24 h. Cells were then resuspended in fresh RPMVIO% FCS and treated 1a,25-

dihydroxyvitamin D3 (9.8x10-e M) , CI (1 or 10 ¡rM) and/or SQ29548 (1 or 10 pM)' STZ

(10'0 nglml) was then added and cells incubated at37oC,5yo CO2. Cell suspensions were

incubated at 37oC, 5o/o COz and were snap frozen at 4 h for TNFcr, and 16 h for IL- i p

analysis. p values <0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons

test) are represented by "a" (control versus CI 1 or 10 pM for the same SQ concentration)

oÍ ,.b,' (CI 1 prM versus 10 prM for the same SQ concentration) or "c" (control versus SQ 1
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There was a bell shape relationship between TXA2 levels and cytokine production (Figure

5.25). There was an inverse relationship between PGE2 levels and inflammatory cytokine

production. Both TXA2 and PGE' levels had a greater influence on TNFo¿ production

compared to IL-ip production. There v/as a positive (sigmoidal) relationship between

TXAr/PGE, ratios and TNFc¿ production (Figure 5.25). There was no significant

relationship between the TXA'/PGE, ratio and IL-l8'

5.4. DISCUSSION

5.4.1. Anti-TXA, strategies and inhibition of Tl\Fa or IL-l8

synthesis

In human monocytes and in U937 cells, there was greater inhibition of TNFo

accumulation than IL-l8 accumulation with either TXA synthase inhibition, TXA receptor

inhibition or both. Using combination anti-TXAttherapy, there was a maximum of up to

60% inhibition of TNFcr accumulation in contrast with only 29o/o fot IL- 1 B accumulation.

TNFg accumulation appears to be more sensitive to eicosanoid modulation than IL-lP

accumulation in these cell types. While accumulation appears to reflect production in the

case of IL-lB, where accumulation increased throughout a 16 h time course, TNFo seems

to be subject to some removal mechanism since the amount found in lysates at 4 h was

substantially greater than that found at 16h, as previously described (Kunkel et al' 1988;

Lonneman et al. 1989; Spatafora et al. 1991).. The reasons for this difference in the

modulation of levels of IL- 1 p and TNFa by eicosanoids is unclear and not readily

explained in the current literature, but could relate to mechanisms for removal of TNFü as
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6.

well as to control of synthesis. This is examined and discussed in greater detail in Chapter

Inhibition of TNFcx, accumulation was greater with TXA synthase inhibition than with

TXA receptor antagonism. This may relate to the inhibitory effect of increased PGE2

synthesis on TNFcr production which occurs only with TXA synthase inhibition, whereas

reduced TXA2 activity occurs with either strategy. There was little, if any, additional

effect when the TXA receptor antagonist was added to CI treatment.

5.4.2. U937 cells versus human elutriated monocytes

V/ith regard to TNFc{, production, the effect of anti-TXA, treatments were similar in both

cell types. However, with regard to IL-18 accumulation, eicosanoid modulation had no

signiflrcant impact inIJ931 cells compared to modest effect in monocytes. Cell maturity

may affect the sensitivity of IL- 1 p synthesis to eicosanoid modulation, as observed

previously in human monocytes and cell lines in response to LPS and PMA (Sung and

Walters 1991).

5.4.3. NS-398 and increased TNFcx, production

An important finding was the increase in TNFo production seen in monocytes following

treatment with the selective COX-} inhibitor, NS-398. No such effect was observed with

1¡- 1p production in either cell type. This increase in TNFo production was reversible

with anti-TXA, treatments, such as TXA synthase or TXA receptor antagonism.

It7



Previous reports have suggested an association between NSAID and TNFcr production. In

vivo (Murakami et al. 1999; Schumacher et al. 1996; Spinas et al. I99l), ex vivo (Endres et

al. t996; Gonzalez et al. 1994) and in vitro studies (Hart et al. 1989; Lang et al. 1995;

Spatafora et al. 1991; Tsuboi et al. 1995) have all demonstrated an increase in TNFcr,

production in the presence of non-selective COX inhibitors. The mechanism for increased

TNFcr. production with NSAID treatment has been proposed to be related to NSAID

mediated decrease in PGE,, a known inhibitor of TNFcr (Kunkel et al. 1988; Spatafora et

al. 1991). However, some repofts have shown either no effect or an inhibitory effect on

TNFcr production by NSAID (Lozanski et al. 1992; Rosenstein eI aI. 1994; Sipe et al.

1991). The differences in these effects on TNFcr may relate to different cell systems and

mechanisms of individual NSAID, some of which have known anti-cytokine effects

independent of their COX inhibitory effect (Lang et al. 1995). Regarding the selective

COX-2 inhibitors, only one report has indicated a possible association between these

NSAID and increased TNFo production (Williams and Schacter 1997). A mechanism that

may account for this observation is explored in Chapter 6'

5.5. CONCLUSION

Inhibition of the accumulation of the inflammatory cytokines, by anti-TXA, treatments

was more pronounced for TNFa production compared to IL-18. This was evident in both

human monocytes and in U937 cells.

Combined anti-TXA, therapies resulted in minor, if any, additional inhibition of TNFc¿.

The TXAr/PGE2 ratio was found to correlate with TNFcr, production. An increase in this

ratio, as observed with selective COX-2 inhibition, resulted in increased TNFct

r18



production. A decrease in this ratio, following TXA synthase treatment, resulted in a

decrease in TNFcr production.

In the following chapter, the eell signalling mechanisms linking the eicosanoids and TNFo

production is explored fuilher.
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CHAPTER 6

PROSTAGLANDIN E2 AND THROMBOXANE A, HAVE

OPPOSING REGULATORY EFFECTS ON THE P38 MAP

KINASE CELL SIGNALLING PATHWAY

6.1. INTRODUCTTON

6.1.1. MAP kinases, cytokine synthesis and coX-2 induction

Three parallel mitogen activated protein (MAP) kinase pathways have been recognised.

They respectively possess the following key kinases. The ERKs, (also termedp42 and

p44 MAP kinase, or ERK 2 and 1 respectively), the stress activated protein kinases

(SAPK, also termed c-Jun NHr-terminal kinase, JNK) and the p38 MAP kinase, as

discussed in section 1.4.4.

A group of pyridinyl-imidazole compounds block the synthesis of IL-18 and TNFct

without affecting transcription or steady state mRNA. The ability of these cytokine

suppressing anti-inflammatory drugs (Dinarello 1996; Lee et al. 1994; Lee et al. 1989;

Smith et al. 1991) to reduce IL-18 and TNFo translation is directly related to their ability

to bind and inactivate the p38 MAP kinase (Lee et al. 1994). The p38 MAP kinase is
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requited for phosphorylation of proteins that are required for translation of cytokine

mRNA in response to "Stress" activators such as LPS or hyperosmolarity.

In addition to its anti-cytokine effects, inhibition of the p38 MAP kinase has been shown

to prevent the induction of COX-2 (Pouliot et al. 1997).

Overall, it is clear that regulation of p38 MAP kinase activity is a central event in the

response of leucocytes to pro-inflammatory stimuli.

In this chapter, I show that in human monocytes, inhibition of COX-2 activity was

associated with prolonged phosphorylation of the p38 MAP kinase pathway. In contrast,

treatment with the TXA synthase inhibitor, CI, was associated with a decrease in

phosphorylation of the p38 MAP kinase. Further experiments indicated that TXA, and

pGE2 have opposite regulatory effects upon the phosphorylation of p38 MAP kinase'

prolonged phosphorylation of the p38 MAP kinase as a consequence of selective COX-2

inhibition was found to be associated with increased COX-T protein induction. No

significant change in phosphorylation of the p42144 MAP kinase was observed in these

experimental conditions utilising LPS as the cell stimulus.

These results indicate that the eicosanoids PGE, and TXA, have opposite regulatory

effects on the p38 MAP kinase signalling pathway in human monocytes. These findings

have not been previously described in human monocytes. They suggest a mechanism that

links changes in the proportions of these eicosanoids released with the cellular responses

mediated by this signalling pathway. The responses include TNFcr, production and COX-2

induction.
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6.2. MATERIALS AND METHODS

6.2.1. Materials

Materials were obtained from the following sources 1J44069, CI, PGE2, Sapphrre

Bioscience (Sydney, Australia); PD98059, phospho-p42144 MAP kinase monoclonal Ab,

phospho-p38 MAP kinase monoclonal Ab, New England Biolabs (Hertfordshire, UK);

NS-398, COX-}{b, Cayman Chemical (Ann Arbor, MI); TXB, antiserum was prepared

from a rabbit immunised with TXA, conjugated to human thyroglobulin (Caldwell et al.

lg:.l) as used in previous studies (James and Walsh 1988); rabbit PGE2 antiserum was

prepared from a rabbit immunised with PGE, conjugated to human tþroglobulin as

described in detail in section 2.10; pyrogen-free Lymphoprep, Nycomed (Oslo, Norway);

E-Toxa-Clean, LPS, 3-isobutyl-1-methylxanthine (IBMX), bisindolylmaleimide I (GF-

l0g203x), Sigma Chemical Company (St Louis, MO); SKF86002, Calbiochem (San

Diego, CA); Trans-blot transfer membranes, Bio-Rad (North Ryde, Australia); peroxidase-

labelled donkey anti-rabbit Abs, ECL Western blotting analysis system, Amersham

International (Little Chalfont, England)'

6.2.2. Methods

6.2.2.I MAP kinase western immunoblots

protein extraction was performed as detailed in section2.l3 and stored at -80"C for later

Western immunoblot. This was performed for phosphophorylated p38 MAP kinase and

for phosphophorylatedp42l44 MAP kinase by incubating the membrane with the

r22



polyclonal IgG primary Ab at 1/1000 dilution in TBS-Tween overnight at 4"C. The

membrane was subsequently incubated with a donkey anti-rabbit horseradish peroxidase-

conjugated secondary Ab at 1/10 000 dilution in TBS-Tween for 45 min. Bound

antibodies \Mere revealed with the ECL reagent following the manufacturer protocol

(Amersham).

6.2.2.2 Western immunoblot membrane scan

The density of 'Western immunoblots was digitised by scanning the developed membrane

(Sharp JX610 scanner) and utilising Adobe Photoshop and Image Master ID software.

6.3. RESULTS

6.3.1. Time-course and dose-response of p38 nndp42l44 MAP kinase

phosphorylation in response to LPS

Monocytes were resuspended at 5x106 cells/ml with LPS (20 nglml) at37"C,5yo CO2.

The experiment was terminated at the indicated times by pelleting and protein extraction.

Western immunoblot was subsequently performed for phosphorylated p38 and p42144

MAp kinase. The positive control for phosphorylation of p42144 MAP kinase was

obtained by the addition of PMA 500 nglml at37"C,5o/o CO2 for t h before performing

protein extraction. The positive control for phosphorylation of p38 MAP kinase was

obtained by the addition of LPS 200 nglml at37"C,5o/o C}zfor t h before performing

protein extraction.
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There v/as no detectable phosphorylation of p42144 MAP kinase with addition of LPS at

20 nglml (Figure 6.1). In contrast, there was an increase in phosphorylated p38 MAP

kinase that was maximal at around l-2h andthen decreased to baseline levels by 6 h.

LPS (2 to 200 ng/ml) was added and cells pelleted and protein extracted after incubation at

3j"C,5yo CO2for 2h. There was a slight increase in phosphorylated p42144 MAP kinase

expression at the highest concentration of LPS (Figure 6.2). By contrast, there was an

increase in expression of phosphorylated p38 MAP kinase with all concentrations of LPS

used. Furtherïnore, there was a dose-response within the range of LPS concentrations

used for phosphorylation of p38 MAP kinase expressed.

6.3.2. Effect of COX-1 inhibition on phosphorylated p38 MAP kinase

Cells were resuspended at 5 x 106 cells/ml and treated with transient aspirin exposure

followed by washing (as described in section 5.2.2.1) to inhibit COX-1 selectively. A

portion of treated cells and untreated control cells were removed and exogenous AA added

to conf,rrm inhibition of COX-1 (Figure 6.3). Cells were then stimulated with LPS (20

nglml) at37"C,5o/o C)2and the experiment was terminated at the indicated times by

pelleting and protein extraction. 
'Western immunoblot was subsequently perforrned for

phosphorylated p38 MAP kinase'

There was no significant difference in the extent of phosphorylation of p38 MAP kinase

compared to control samples with COX-I inhibition at any of the time points (Figure 6.4)'

124



B-actin

p42144 MAPK

Il-

lËrrr-

p38 MAPK

PMA LPS 0 1 2 4 6 8

time (h)

Figure 6.1.: Time-course of the effect of LPS on phosphorylated p38 and p42144 MAP

kinase in human monocytes. Monocytes v/ere resuspended in fresh RPMVl0% FCS at

5x106 cells/ml and treated with LPS (20 nglml) ar37oC,5o/o Coz, Protein extraction was

performed at the indicated times and stored at -80"C. Western immunoblot was

subs"qu"ntly performed for phosphorylated p38 andp42l44 MAP kinase. The positive

controì nr p+il++ MAp kinãse was obtained by the addition of PMA 500 nglml at37"C,

5o/o Cozfoi t n before performing protein extraction. The positive control for p38 MAP

kinase was obtained bythe addition of LPS 200 nglml at37oC,5o/o COz for t h before

performing protein extraction. B-actin was used as a non-inducible endogenous protein to

control for possible variations in protein loading'
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Figure 6.2: The dose-response of LPS on phosphorylated p38 andp42l44 MAP kinase in

human monocytes. Monocytes were resuspended in fresh RPMV10% FCS at 5x106

cells/ml and treated with LPS (0-200 nglml) at37"C,5o/o COz Protein extraction was

performed al¡hand stored at -80'C. Western immunoblot was subsequently performed

ior phosphorylared p38 and p42144 MAP kinase. The positive control for p42144 MAP

kinase was obtain"d Uy the addition of PMA 500 nglml at 37oC, 5o/o COz for t h before

performing protein extraction. B-actin was used as a non-inducible endogenous protein to

control for possible variations in protein loading.
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Figure 6.3: The effect of aspirin exposure and washes on TXAz production by

unstimulated monocytes in response to exogenous AA. 400 ¡rL of cell suspension of

ix tO6 cells/ml v/as removed and diluted to 1 ml (final concentration 2x106 cells/ml). One

portion was treated with aspirin, 5 ¡rM, for 20 min then pelleted and washed, to inhibit
^COX-t, 

as described in section 5.2.2.1. Treated cells were then resuspended in fresh

medium and AA, 10 pM, was added for 5 min. The cell suspensions were snap frozen for

TXAz analysis. "*" fepresent p<0.05 (aspirin wash versus untreated).
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Figure 6.4: The effect of COX-1 inhibition on the time-course of phosphorylated p38

VfÁp kinase in human monocytes. Monocytes were resuspended in fresh RPMI/IO% FCS

at 5x106 cells/ml and treated with transient aspirin exposure then washes to inhibit COX-1

only. Cells were then treated with LPS (20 nglml) at37"C,5Yo CO2 Protein extraction

was performed at the times indicated and stored at -80'C. Western immunoblot was

subsequently performed for phosphorylated p38 MAP kinase. p-actin was used as a non-

inducible endõgenous protein to control for possible variations in protein loading.
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6.3.3. Effect of COX-2 inhibition on phosphorylated p38 MAP kinase

Cells were pretreated 37"C,5o/o CO2 for 10 min with the non-selective NSAID, ibuprofen

(10 pM), to inhibit both COX-l and-2, or the selective COX-} inhibitor, NS-398 (10

prM), to inhibit COX-} only. Without washing, the cells were then stimulated with LPS

(20 nglml) at37"C,5o/o COz. Cells were pelleted and protein extracted at the times

indicated to determine levels of phosphorylated p38 MAP kinase'

There was prolongation of p38 MAP kinase phosphorylation in both ibuprofen and NS-

398 treated cells, which was evident at 4 and 6 h following cell stimulation (Figure 6.5)

6.3.4. Effect of TXA synthase inhibition on phosphorylated p38 MAP

kinase

Cells were pretreated with the TXA synthase inhibitor, CI (10 ¡rM), at 37"C,5o/o COrfor

10 min then, without washing, stimulated with LPS (20 nglml) at37"C,5o/o COz for up to

8 h. Cells were pelleted and protein extracted at the indicated times to determine levels of

phosphorylated p38 MAP kinase.

There was inhibition by 2 h of p38 MAP kinase phosphorylation and an earlier return to

baseline phosphorylation in the treated cells compared to the control (Figure 6.6).
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Figure 6.5: The effect of COX-2 inhibition on phosphorylated p38 MAP kinase in human

monocytes. Monocytes were resuspended in fresh RPMI/IO% FCS at 5x106 cells/ml and

treated with NS-39S (10 pM) or ibuprofen (10 pM). Cells were then treated with LPS (20

nglml) at37"C,5o/o COz, Protein extraction was performed at the times indicated and

stored at -80'C. Westem immunoblot was subsequently performed for phosphorylated

p38 MAP kinase. p-actin was used as a non-inducible endogenous protein to control for

possible variations in protein loading'
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Figure 6.6: The effect of TXA synthase inhibition on phosphorylated p38 MAP kinase in

human monocytes. Monocytes were resuspended in fresh RPMVIO% FCS at 5x106

cells/ml and treated with CI (10 pM). Cells were then treated with LPS (20 nglml) at

37"C,5o/o COz Protein extraction was performed at the times indicated and stored at -
80"C. 

'Western immunoblot was subsequently performed for phosphorylated p38 MAP

kinase, B-actin was used as a non-inducible endogenous protein to control for possible

variations in protein loading.
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6.3.5. Effect of exogenous PGE, or TXA receptor agonist on

phosphorylated p38 MAP kinase

Cells were resuspended in RPMI/IO% FCS at 5x106 cells/ml and pretreated with either

exogenous PGE2 (1 and 10 nglml) or the TXA receptor agonist U46619 (1 and 10 pM) at

3i"C,5yo C}2for 10 min. LPS (20 nglml) was then added followed by further incubation

at37"C,5o/o CO2for 2h, then protein extraction'

PGE2 pretreatment inhibited andIJ466I9 pretreatment increased p38 MAP kinase

phosphorylation (Figure 6.7).

Because the p38 MAP kinase phosphorylation was significant2 h following LPS

treatment, cells were treated with CI to inhibit phosphorylation and to determine if

subsequent addition of the TXA receptor agonist,IJ46619, could reverse this effect. Cells

v/ere resuspended in RPMI/IO% FCS at 5x106 cells/ml and pretreated with CI (10 pM) at

3i"C,5o/o C)2for 10 min. The cells were then treated with or without U46619 (10 prM),

at37"C,5o/o C)2for 10 min. Cells were stimulated with LPS (20 nglml) at37"C,5o/o CO2

for 2h. Protein extraction was then performed. CI inhibited p38 MAP kinase

phosphorylation, which was reversed with U46619 (Figure 6.8).

To determine if this modulation was mediated by intracellular messengers known to

mediate the activity of each eicosanoid, cells were treated with agents to decrease PKC

activity (thereby inhibiting a downstream action of TXAr) and to increase oAMP levels

(accentuating a known effect of PGEr).
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Figure 6.7: The effect of exogenous PGEz or TXA receptor agonist on phosphorylated

p38 MAP kinase. Monocytes were resuspenled in fresh RPMVIO% FCS at 5x106 cells/ml

ãnd pretreated with exogenous PGEz (1 or 10 nglml) or the TXA receptor agonist,U466l9

(l or 10 prM). LPS (20 nglml) was added at37"C,5Yo COz Protein extraction was

performed at2h and the extracts stored at -80'C, 
'Western immunoblot was subsequently

performed for phosphorylated p38 MAP kinase. B-actin was used as a non-inducible

èndogenous protein to control for possible variations in protein loading.
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Figure 6.8: The effect of exogenous TXA receptor agonist on phosphorylated p38 MAP

kinase. Monocytes v,.ere resuspended in fresh RPMVl0% FCS at 5x106 cells/ml and

treated with the TXA synthase inhibitor CI (10 ¡rM) and with or without the TXA receptor

agonist, U466lg (10 ¡rM). LPS (20 nglml) was then added and the incubation continued

for a further 2 h. Protein extraction was then performed and the extracts were stored at -
80"C. Western immunoblot was subsequently performed for phosphorylated p38 MAP

kinase. B-actin was used as a non-inducible endogenous protein to control for possible

variations in protein loading.
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6.3.6. Effect of PKC inhibition and increased cAMP on

phosphorylated p38 MAP kinase

Monocytes were prepared in fresh RPMIIIO% FCS at 5x106 cells/ml. The cells were then

preincubated with the PKC inhibitor, GF-109203X (100 or 1000 nM), or the

phosphodiesterase inhibitor, IBMX (5 or 50 pM), to increase cAMP, at37"C,5o/o COrfot

10 min. LPS (20 nglml) was then added and the incubations continued at37"C,5o/o CO2

for a further 2 h, Protein extraction was then performed.

Both PKC inhibition and phosphodiesterase inhibition decreased p38 MAP kinase

phosphorylation (Figure 6.9).

6.3.7. Effect of selective COX-2 inhibition on the induction of COX-2

protein

Monocytes were resuspended at 5x106 cells/ml and pretreated with NS-398 (10 pM) at

37"C,5o/o C)2for 10 min. LPS (20 nglml) was then added and the incubations continued

a1"37"C,5o/o CO2. Protein extraction was performed at the times indicated. Western

immunoblot was performed for COX-L.

There was an increase in COX-2 protein expression in the presence of NS-398 compared

to control samples at and beyond 4 h (Figure 6.10).
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Figure 6.9: The effect of PKC inhibition and increased cAMP on phosphorylated p38

MAP kinase. Monocytes were resuspended in fresh RPMVl0% FCS at 5x106 cells/ml and

pretreated with GF-109203X (100 or 1000 nM) or the phosphodiesterase inhibitor, IBMX,

(5 or 50 pM). LPS (20 nglml) was then added and the incubation continued for a further 2

h. Protein extraction was then performed and the extracts were stored at -80'C. Westem

immunoblot was subsequently performed for phosphorylated p38 MAP kinase. p-actin

was used as a non-inducible endogenous protein to control for possible variations in

protein loading.
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Figure 6.10: The effect of selective COX-2 inhibition on COX-2 protein induction'

Monocytes were resuspended in fresh RPMVIO% FCS at 5x106 cells/ml and pretreated

with NS-398 (10 prM) for 10 min. LPS (20 nglml) was then added and incubations

continued for the times indicated. Protein extractions were performed and the extracts

were stored at -80"C. Western immunoblot was subsequently performed for COX-2. B-

actin was used as a non-inducible endogenous protein to control for possible variations in

protein loading.
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6.4. DISCUSSION

Using fresh human monocytes, I examined the possibility that eicosanoids could affect a

key event in regulation of TNFo production; namely, phosphorylation of p3 8 MAP kinase

MAP kinase. The purpose was to determine the events potentially linking changes in the

proportionate synthesis of TXA, and PGE, and TNFa production, as demonstrated in

Chapter 5.

In monocytes stimulated with LPS 20 nglml, there was significant phosphorylation of p38

MAP kinase, which was maximal at around 2h and then gradually fell towards baseline

over the next 6 h.

In the presence of the selective COX-2 inhibitor, NS-398 (10 ¡rM), there was a delay in

de-phosphorylation of p38 MAP kinase. The non-selective COX inhibitor, ibuprofen (10

pM), displayed similar effects, indicating that inhibition of COX-Z by either NSAID

yielded this effect. However, transient aspirin exposure before the addition of LPS, which

selectively inhibited COX-1, had no effect on the phosphorylation of p38 MAP kinase.

In contrast, cells treated with the TXA synthase inhibitor, CI, which inhibits TXA2

production and concomitantly increases PGE2 synthesis, displayed a decrease in early

phosphorylated p38 levels and a faster return to baseline levels.

The combined results of these studies suggested that eicosanoids could affect

phosphorylation of p38 MAP kinase in human monocytes when stimulated with relatively

low concentrations of LPS. Subsequent studies utilising exogenous PGE2 and a TXA

receptor agonist showed that PGE, inhibited and TXA, augmented phosphorylated p38
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MAP kinase levels. Because PGE2 interaction with EP2 and EP4 receptors can elevate

intracellular cAMP and because TXA receptor engagement can lead to activation of PKC,

agents which altered cAMP or PKC activity were examined for their effect on p38 MAP

kinase phosphorylation. Elevation of oAMP or inhibition of PKC activation both

suppressed p38 MAP kinase phosphorylation. This is consistent with the inhibitory action

of PGE, on p38 MAP kinase phosphorylation being mediated by oAMP and the enhancing

effect of TXA, on this phosphorylation event being mediated by PKC. Exogenous AA did

not alter phosphorylated p38 MAP kinase (data not included).

Eicosanoid modulation of the p42144 MAP kinase pathways has been reported (Jones et al.

1995; Karim et al. 1997; Morinelli et al. 1994). However, the relationship between

eicosanoids and p38 MAP kinase is less certain. The TXA analogue, U46619, has been

shown to be a weak stimulator for p38 MAP kinase activation (Saklatvala et al. 1996) and

p42144 MAP kinase in platelets (Kramer et aI.1996). Exogenous AA has been shown

consistently to have agonist effects on the p42144 MAPK but its effect on p38 MAP kinase

phosphorylation has not been defined'

If COX-2 inhibition, and with associated greater inhibition of PGE, relative to TXA,

production, results in prolongation of p38 MAP kinase activity, to an extent sufficient to

prolong or increase TNFct synthesis, it might be expected that other inducible products of

this signalling pathway, such as IL-18 and COX-}, would also be increased. There \Mas no

change in IL-18 production in the presence of selective and non-selective NSAID (NS-

398, ibuprofen,) in monocytes (Chapter 5, section 5.3.6 and 5.3.7) otU93l cells (section

5.3.1 1). However, NSAID have been associated with increased IL- 1B production in other

reports (Brandwein 1986; Endres et al. 1989a; Kunkel et al. 1986; Oppenheim et al' 1980;

I

I

I

I
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Sirko et al. 1991), an effect believed to be mediated by decreased inhibitory PGE2

production (Knudsen et al. 1986). However, there are reports that PGE, and cAMP

analogues increase IL-1P production (Kassis et al. 1989b; Sung and Walters 1991) or have

no effect on IL-1B production (Scales et al. 1989) or transcription (Tannebaum and

Hamilton 1989). Thus modulation of IL-19 -uy occur through altered eicosanoid

synthesis but compared to TNFa synthesis, this effect appears less consistent. It may be

that IL-1B production is more dependent on cell type (Sung and Walters 1991), nature of

the stimulus (Fenton et al. 1988) and other conditions such as cytokine milieu (Ghezzi and

Dinarello 1988; Oppenheim et al. 1980) or other vasoactive products (Vannier and

Dinarello 1993b).

Unlike the results with IL-18, I found that selective COX-2 inhibition was associated with

increased COX-2 protein expression. Increased COX-Z protein and mRNA has been

previously reported with NSAID treatment in fibroblasts (Lu et al. 1995). Although the

authors of this report speculated that decreased eicosanoid production, resulting from

inhibition of COX-2 activity, altered cell production of COX-2 protein, the signalling

mechanism was not defined. The results presented in this chapter suggest that increased

C1x-2protein synthesis with selective COX-2 inhibition may be as a consequence of

increased p38 MAP kinase activity, as a result of decreased PGE2 production relative to

TXA2 production.

6.5. COI{CLUSION

The prolongation of p38 MAP kinase phosphorylation associated with COX-2 inhibition

and the inhibition of p38 MAP kinase phosphorylation associated with TXA synthase
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inhibition, appears to be mediated by opposing actions of PGE, and TXA2 (schematic

Figure 6.11). Thus, although the short-term symptomatic benefits of NSAID in

inflammatory diseases are achieved via reduced PGE, production, this may in the long-

term, be at the expense of increased p38 MAP kinase activity. A consequence of this is

increased TNFa production, which may be detrimental in inflammatory and even non-

inflammatory conditions such as RA and osteoarthritis respectively. There may be other

consequences such as ,increased IL- I B and COX-Z expression. This chapter further

extends the recognised effects of TXA, and PGE, not previously described in monocytes

and indicates that not only are these eicosanoids important mediators of inflammatory

events, they have imporlant autocrine cellular signalling effects in human monocytes.
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Figure 6.11: Schematic diagram for proposed mechanism linking eicosanoid modulation

and TNFoc production. Reagents that result in increased TXA2 relative to PGE2, as occurs

with NSAIñ, including selective COX-2 inhibitors, result in increased p38 MAP kinase

activity and TNFcr production, wheteas a decreased TXA2 relative to PGE2, as occurs with

TXA synthase inhibition, results in decreased activity of p38 MAP kinase and TNFct

production.
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CHAPTER 7

EICOSANOID MODULATION AND TNFA PRODUCTION

IN VIVO

7.1. INTRODUCTION

The development of therapeutic strategies for human use invariably requires the testing of

in vitro findings in animal models, In this chapter, the observation that selective and non-

selective COX-2 inhibitors result in increased TNFct production in vitro, as presented in

Chapter 5 and 6, is further examined in experimentally induced subcutaneous air pouches

in the rat. More specifically, the anti-TXA, treatments, introduced and examined in vitro

in Chapter 5, are examined in this air pouch model. Furthermore, dietary treatment with

long chain n-3 fatty acids (FA), which provide substrate competition for arachidonate

metabolism and which reduces TXA2 production, is examined in combination with these

anti-TXA, strategies.

7.1.1. Rat air pouch ethical considerations

The Animal Research Ethics Committee approved the rat air pouch experiments. The

animals were monitored daily in the Animal House, Institute of Medical and Veterinary

Science. Rats were housed in cages of no more than 6 rats each. The test diets were
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prepared by the addition of dietary oils of known composition to otherwise nutritionally

complete fat free dietary ingredients. Diets were allocated to rats with the cage as the unit

of randomi zation (section 7 .2.2.1).

Air pouch related procedures were performed under anaesthesia (see section 1.6). The

potential pain classifîcation for the rats was considered to be slight to moderate, and , in

the event, no evident distress \¡/as seen. Following completion of the experiments, animals

were sacrificed by CO, asphyxiation and cervical dislocation.

7.1.2. Dietary strategies

It has been shown in numerous studies that dietary fat modification can alter eicosanoid

and IL-1B and TNFcr, production. Increased dietary AA, in healthy men, enhanced the

synthesis of vasoactive eicosanoids (Fenetti et al. 1997). Long chain n-3 FA, which are

found in fish and f,rsh oil, have been shown to reduce inflammatory mediator production,

as well as RA symptoms (Belch et al. 1988; Caughey eI al. l99l; Cleland et al. 1988;

Dyerberg et al. 1978; Endres 1996; Geusens et al. 1994; James and Cleland 1997; Kremer

1996; Lau et al. 1993). Fish oil rich diets have been shown to prevent nephritis in animal

models of systemic lupus erythematosus and to reduce the progression of established

disease (Robinson et al. 1986). A fish oil diet has also been shown to reduce the

frequency of experimental induction of collagen induced arthritis (Leslie et al. 1988;

Leslie et al. 1985). With regard to clinical applications, dietary n-3 fat fortification is

simple, inexpensive and safe and may have the additional benefit of preventative effects'

Increasing dietary n-3 fats have been shown to reduce cardiovascular risk by several

mechanisms, including stabilization of cardiomyocytes (Simopoulos 1 99 1)'
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In this chapter, I show that following air pouch stimulation with STZ, TXA2 was initially

produced in greater quantities than PGE, or PGIr. This is similar to the in vitro monocyte

results for eicosanoid production as presented in Chapters 3 and 4. Furthermore, TNFcx,

production was produced at maximum quantities around 2 h following pouch stimulation.

A TXA synthase inhibitor, more so than a TXA receptor antagonist, when given by

gavage, inhibited TNFo production, to an extent comparable to the earlier in vitro findings

presented in Chapter 5. When these anti-TXA, therapies were combined, minor additional

inhibition of TNFo production was observed. When these therapeutic strategies were

combined with dietary supplementation consisting of n-3 FA, there was greater inhibition

of TNFcr production. Finally, as discussed in Chapters 5 and 6, COX-} inhibition, as

achieved by selective or by non-selective inhibitors,'was associated with increased TNFcr

production in this inflammatory model.

7.2. MATERIALS AND METHODS

7.2.1. Materials

Materials were obtained from the following sources: TXB, antiserum v/as prepared from a

rabbit immunised with TXA, conjugated to human thyroglobulin (Caldwell et al. 1971) as

used in previous studies (James and Walsh 19SS); rabbit PGE2 antiserum was prepared

from a rabbit immunised with PGE, conjugated to human thyroglobulin as described in

section 2.I0; zymosan, bovine serum albumin (BSA), biotinylated Ab, Sigma Chemical

company (st Louis, Mo); rat TNFcr mAb, (R and D Systems, MN); recombinant rat

TNFcx, (PharMingen, cA); polyclonal rabbit anti-tat TNFcr, (Serotec, Oxford, uK,
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AAMl9); male Dark Agouti rats (Gilles Plains, IMVS, Adelaide), dazmegrel (Pftzer,

Sandwich), 8M13177 (Roche Diagnostics, Mannheim); celecoxib and ibuprofen were

obtained commercially and dissolved in ethanol and stored at-20"C then diluted in PBS

before gavage; bicinchoninic acid (BCA) assay (Pierce, Rockford, IL); xylene,

isopentanal (BDH, Australia).

7.2.2. Methods

7.2.2.I Rat chow

Fat-free rat chow (total 12.5 kg) was made using the following recipe; casein (2.5 kg),

cellulose (0.75 kg), cornflour (5.75 kg), sugar (1.88 kg), dicalcium phosphate (0.282kg),

limestone (0.094 kg), salt (0.03S kg), potassium carbonate (0.063 kg), methionine (0.038

kg), vitamin and mineral mix (0.I25 kg). This is nutritionally complete, except for fat,

and has been used in previous studies (James et al' 1991)'

Ingredients were added to a food mixer and mixed for 5 min. Water (approximately 1 l)

was added and mixed with dry ingredients for a further 5 min. To 3 kg of the fat free

chow, 158 ml of fish oil (n-3 Roche Ropufa "30" marine oil) or sunflower oil (n-6) was

added and mixed. The FA composition of the n-3 Roche Ropufa marine oil was EPA

(minimum content I5o/o) andDHA (minimum content 9%) (Roche Product data). The

addition of these oils created a 5 Yo w/w n-3 or n-6 rat chow. The chow was placed onto a

cutting board and flattened before slicing into 2x4 cm pieces and then frozen for later use.

For 6 rats per cage for 4 weeks, it was estimated that2.8 kg of n-3 and n-6 chow was

required. Both types of chow were consumed equally by the rats'
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7.2.2.2. Creation of the rat subcutaneous air pouch

Methods were adapted from those described previously (Edwards et al. 1981). Male Dark

Agouti rats (age 6-8 weeks, Gilles Plains, IMVS, Adelaide) were anaesthetised using

halothane and Or. The rats were weighed (=160 gm) and the fur over the backs of the

animals removed by shaving. The exposed skin was swabbed with alcohol. A

subcutaneous bleb of air of approximately 15 ml volume was injected using a syringe and

sterile air filter. This was performed 5 days prior to the experiments. On day -3 and on

the experimental day, the pouches were reinflated to the initial volume, for which typically

a further 5-10 ml of air was required. The animals were monitored throughout for signs of

distress. The air pouches appeared to be well tolerated at all times.

7.2.2.3 Rat air pouch experiments

On the experimental day, rats were anaesthetised and drugs given by gavage. This

involved preparing the appropriate drug in 1 ml of sterile PBS and vortexing to ensure a

uniform suspension. A i ml syringe was connected to a 16 G needle, the end of which had

been blunted and replaced with a smooth bulb. With the animal anaesthetised, the needle

was passed into the stomach and the drug injected. STZ was prepared earlier by boiling

zymosan for I h, then incubating it with freshly prepared human serum for 24 h followed

by washing and resuspending in DPBS. The air pouch was injected with STZ, typically 1

h following the gavage. This was performed with the animal re-anaesthetised and

swabbing the pouch with ethanol. Two ml of PBS/STZ (2 mg/ml) was injected, ie a total

of 4 mg STZ per 15 ml air pouch. For controls, PBS alone was injected.
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For subsequent pouch sampling, rats were anaesthetised and pouches swabbed with

ethanol. Two ml of PBS was injected and repeatedly massaged around the pouch for 1

min. Then, this fluid was aspirated from the pouch for analysis. Cell counts were

performed by diluting 10 pL of pouch fluid with an equal volume of counting medium

before analysis with a haemocytometer. For differential cell counts, cytospins were

prepared and stained with haematoxylin and eosin before counting under high power light

microscopy. For peripheral blood analysis, the rat tall artery was punctured using a22 G

needle which was inserted retrograde along the dorsum and midline of the rat tail. One to

2 ml of blood was collected in this manner.

7.2.2.4 Protein assay

Pouch fluid was assayed for protein using a bicinchoninic acid (BCA) assay. Standard

curves were established by diluting BSA in PBS into a2 mglml solution. This was

serially diluted by equal volumes of PBS, Pouch fluid samples were then diluted 1/5 in

pBS and 100 pL added to each tube. Fifty parts of reagents A (the base reagent,

containing NaCO,) was added to 1 part reagent B (containing4o/o CuSOo). Two ml of this

solution was then added to the samples and standards. All tubes were then incubated at

37"C for 30 min. Absorbance v/as measured using a spectrophotometer at 562 nm.

7.2.2.5 Rat TNF a ELISA

The rat TNFcx, ELISA was adapted from procedures previously developed in our

laboratories (Connolly 1998). To coat Nunc plates, rat TNFo mAb, 100 pl/well, at a

concentration of 5 pglml in coating buffer (0.2 M NaHCOr, 0.2 M NarCOr, p}{9.4-9.7)
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was added, then incubated at 4"C overnight. This solution v/as then removed and the plate

was blotted dry. The plate was then blocked by adding assay buffer (0)% BSA in PBS,

pH7.3)200¡rl/wellandincubatingat3J"C,5o/oC}zfor2h. Theplatewasthenwashed

x5 with wash buffer (0.05% Tween 20 in PBS, pH 7.3) then blotted dry. Recombinant rat

TNFg 100 pl/well was added to create a standard curve, utilizing a stock of TNFo 20

nglmland serial twofold dilutions in 50 pl of PBS. The samples \Mere added to wells at a

volume of 50 ¡rl/well at appropriate dilution, determined from preliminary experiments

(usually diluted in an equal volume of PBS) then incubated at 37oC,5o/o CO2for 2h'

Polyclonal rabbit anti-ratTNFo 50 prl/well was added, at a ll1000 dilution and incubated

at37oC,5o/o Co2for t h. The plate was then washed x5 with wash buffer then blotted dry'

Goat anti-rabbit-biotinylated Ab 100 pllwell was then added, at 112000 dilution and

incubated at37oC,5yo C)2for t h. The plate was washed x5 with wash buffer then

blotted dry. The subsequent visualisation procedure was identical for the IL-1P and TNFü

ELISA described in section 2.lI'I.

7.2.2.6. Tissue sectíoning

Immediately after the rats were sacrificed, the skin over the pouch was shaved then cut

free and a 1x 1 cm piece of nitrocellulose paper placed upon the inner lining. Excess tissue

was then excised from around the border of the nitrocellulose paper. The

tissue/nitrocellulose was then placed in OCT within an aluminium foil boat' This was then

immersed into isopentanal and frozenrapidly in liquid nitrogen and dry ice' Aflter the

tissue was frozen it was stored at -80'C.
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Sections \Mere prepared using a cryostat at -20'C. Sections were cut at 7 .5-8 ¡rM thickness

and then placed upon a subbed slide at stored aI -20"C.

7.2.2.7 Haematoxylin and eosín staining

The tissue sections were fixed by placing in 100% cold ethanol for 10 mins. The sections

were then rinsed in PBS and stained using Ehrlich's haematoxylin for 2 min. The sections

were then rinsed in PBS and immersed in eosin for 30 s, The sections were then rinsed in

PBS, immersed x3 in 100% cold ethanol for 5 min. The sections were then immersed x2

in 100% xylene. The sections were then mounted by placing a small drop of Gurr and

positioning the cover slip. Slides were stored at 20"C.

7.3. RESULTS

7.3.1. Eicosanoid production in the rat subcutaneous air pouch in

response to STZ

Two ml of 2 mglml STZ solution was injected into the day 5 established pouch. Two ml

of PBS was injected into pouches of stimulus-control rats. Rats were sacrificed at

progressive time points and2 mI PBS injected into the pouch before aspirating. This fluid

was frozen for later analysis for TXA', PGE2 and PGIr.

There v/as an increase in TXAr, PGE2 and PGI, production by 2h (Figure 7.1). At t h,

there was a greater increase in TXA, levels compared with PGE, or PGI, levels. The time

course of PGE, production was similar to that of PGI, production. TXA2 levels decreased
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Figure 7.lz TXAz, PGEz and PGIz production in the subcutaneous air pouch in rats in

refronse to STZ. Two rats per time point shown were utilised. Rats were injected with2
ml^of 2mglml STZ andsacrificed at the times shown. Pouches \Mere massaged with 2 ml

fresh PBS for 1 min before removing the fluid and immediately freeztng for later

eicosanoid measurement bY RIA'



after 2 h whereas PGE2 and PGI, levels continued to increase until 4 h and had decreased

at 6 h. None of these eicosanoids were detected at 0 h or 24 h, nor were they detected in

control rats 2 h following the injection with PBS only (data not shown).

7.3.2. TNFcr production in the rat subcutaneous air pouch in

response to STZ

Two ml of 2 mglml STZ solution was injected into the day 5 established pouch. Two ml

of PBS was injected into the pouch of control rats. Rats were sacrificed at progressive

time points and2 ml PBS injected into the pouch before aspirating. This fluid was frozen

for later analysis of TNFo by ELISA.

TNFcr production increased after t h and peaked at2h (Figure 7.2). TNFa levels

decreased after 2 h. TNFc¿ was not detected at24h. Two control rats were sacrificed at 2

h following the injection of PBS. There \Mas no significant difference in TNFcr levels in

these rats compared to rats injected with STZ at the start of the experiment (data not

shown).

7.3.3. Cell count and differential in the rat subcutaneous air pouch in

response to STZ

Two ml of 2 mglml STZ solution was injected into the day 5 established pouch. Two ml

of PBS was injected into control rats. Rats were sacrificed at progressive time points and

2 mI PBS injected into the pouch before aspirating. Pouch fluid was centrifuged (500 xg,

5 min) to pellet the cells. The supernatant was removed and cell pellet resuspended in I
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ml of fresh PBS. Total cell count \¡/as measured by haemocytometer. The monocyte and

neutrophil counts were determined by performing cytospin and haematoxylin and eosin

staining and counting by haemocytometer.

There was an increase in pouch fluid cell count, beginning at t h and peaking at 6h

(Figure 7.3). The absolute neutrophil count was greatest at 6 h, however the absolute

monocyte count was greatest at24 h. The proportion of monocytes was greatest at I20h.

There was no significant difference between the cell count for the 2 control rats at 2 h

following the injection of PBS only and for the rats sacrificed at the start of the experiment

(data not shown).

7.3.4. Protein production in the rat subcutaneous air pouch in

response to STZ

Two ml of 2 mglml STZ solution was injected into the day 5 established pouch. Two ml

of PBS was injected into control rats. Rats were sacrificed at progressive time pointS and

2 mI PBS injected into the pouch. Fluid was aspirated from the pouch, centrifuged

(500xg, 5 min) and supematanTfrozen for later measurement of protein using a BCA

reagent kit, as described in section 7.2'2.4.

There \Mas a rapid increase in protein excreted into the pouch which was detected by t h

(Figure 7.4). Peakprotein was detected by 4-6h. Protein levels then decreased but had

not returned to baseline after 120 h. There was no significant difference between the

protein level for 2 control rats at 2 h following the injection of PBS only and for the rats

sacrificed at the start of the experiment (data not shown).

I4I



800

â ooo
ts

rOo
o
Ë +oo

oo
oo

200

0

I monocytes

l---l neutrophils

24 1204

time (h)

61 20

Figure 7.3: Cell count and differential in the rat subcutaneous pouch fluid in response to

STZ. Two rats per time point shown were utilised. Cells were pelleted and resuspended in

1 ml fresh pBS. Cell measurement was performed by haemocytometer. Cell differential

count was performed after separating cells by cytospin then staining and counting by

haemocytometer.



10

â
E

Þ)
E

.=o
o
CL

120

time (h)

B

4

2

0 244 b210

Figure 7.4: following stimulation with STZ. Two rats

peitime poi spirated at the times indicated and

äentrifugèd. protein content determined using BCA

reagent method.



7.3.5. Effect of TXA synthase inhibition on TNFa and eicosanoid

production in the rat air pouch

The TXA synthase inhibitor, dazmegrel, was resuspended in PBS and diluted to enable

administration of 50 mglkg in 1 ml aliquots. This was given by gavage, with the rats

anaesthetised, t h prior to the injection of STZ into the air pouch. Rats were then

sacrificed at progressive times and fluid samples collected from the pouch for eicosanoid

and TNFcr, analysis.

There was inhibition of TNFa production at all times at which TNFo was detected (Figure

7.5). At the time of maximal production of TNFo (2 h), there \Mas a 36o/o decrease in

TNFa production.

Production of TXA, was almost completely inhibited by dazmegrel with no recordable

TXA2 levels except at2h (Figure 7.6). There was a significant increase in both PGE, and

PGI, production by dazmegrel at most times points, except at24h, when both eicosanoids

had returned to below the level of detection. There v/as no significant difference between

TNFcr or eicosanoid levels for 2 control rats at2h following the injection of PBS only and

for the rats sacrif,tced at the start of the experiment (data not shown).
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Figure 7.5: The effect of TXA synthase inhibition on TNFo production in the rat air

pouch in response to STZ. Two rats per time point shown and per treatment were utilised

Anaesthetised rats were given dazmegrel,50 mg/kg, by gavage,l h prior to injection of

STZ. Rats were injectedwith 2 mISTZ (2 mglml) and sacrif,ced at the times indicated.

At sacrifice, pouc6es were massaged with 2 ml PBS for I min before removing the fluid

and freezingior later analyses. p < 0.05 is represented by ('x" (t-tests at each individual

time point, no dazmegrel control versus dazmegrel).



7

-l 
Control (no dazmegrel)

I Daznegrel

â 50t
o,

N

XF

0.0
0 1 4 6 24

time (h)

1 rr Control (no dazmegrel)

I Dazmegrel

7

E
6)c
N

tu
o
o-

2

0 1 2 4 b 24

time (h)

7.5 r-r Control (o dazmegrel)
I Dazmegrel

E
ctc
jl
(J
o.

2

0.0
0 I 2 4 6 24

time (h)

Figure 7.6: The effect of the rat air

pouch in response to STZ. re utilised'
'Rats 

were given dazmegte Rats were

injected *ltt Z nISTZ\2 mglml) into the pouc times' At

sa"crifice, pouches *.." *ur*ged with 2 ml PBS for 1 min before removing the fluid and

freezing fòr later analyses. p i O.OS is represented by "*" (t-tests at each individual time

point, no dazmegrel control versus dazmegtel)'



7.3.6. f)ose-response for TXA synthase inhibition on Tl{Fcr

production in the rat air pouch

Dazmegrel, 0.5-50 mglkg, was given to anaesthetised rats, by gavage,l h prior to the

injection of STZ into day 5 subcutaneous air pouches. Rats were sacrificed at2h and

fluid collected for TNFcr ELISA.

There was a dose-response observed with maximal inhibition of TNFcr at the highest dose

of 50 mglkg (Figure 7 .7). There was an evident plateau in response between 5 and 50

mglkg.

7.3.7. TXA synthase inhibitor dose-response and time-course on

TXA2 release into serum

Dazmegrel. 0.5-50 mglkg,was given to anaesthetised rats, by gavage, at the same time as

injection of STZ into day 5 subcutaneous air pouches. Peripheral blood was collected as

described in section 7 .2.2.3. The blood was placed in a 4 ml serum tube. This was

allowed to rest for 30 min in a HrO bath at 37"C. The blood was then centrifuged (500 xg,

5 min). The serum was collected and frozen. The cellular pellet was discarded. RIA was

performed to determine TXA, levels after diluting the samples 1/30 in saline, as

determined by preliminary experiments.

There was a dose-dependent inhibition of serum TXA2 production that was reversible with

time (Figure 7. 8). Inhibition of TXA, levels was greate st at 2 h for all doses of dazmegrel.
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Figure j.7: Thedose-response of TXA synthase inhibition on TNFct production in the rat

aiipouch in response to STZ. Two rats per dose were utilised. Rats were given

daimegrel,0.s lo 50 mglkg, by gavage,l h prior to injection of STZ. Rats were injected

with Z ml STZ (zmglnil) itrto th" pouch and sacrific ed at 2 h. At sacrifice, pouches were

massaged with à mtÞgS for 1 min before removing the fluid and freezing for later

analyõs. Bars with different letters are statistically different, p < 0.05 (ANOVA, followed

by Neuman-Keuls multiple comparisons test).
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Figure 7.8: The effect of dazmegrel on rat serum s per dose were

utilised. Rats were given dazmegtel,O.5 to 50 mg or to injection of
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then centrifuged and the serum collected. RIA was performed to determine TXAz levels'

Time points iuittr ¿irr..ent letters are statistically different, p < 0.05 (ANOVA, followed by

Neuman-Keuls multiple comparisons test).



Return to baseline TXA2 levels had occurred at 4 h with the lowest dose of dazmegrel (0.5

mg/kg). At the highest dose (50 mglkg), return to baseline occurred between 6h and24h.

7.3.8. TXA receptor antagonist dose-response effect on TNFcx,

production in the rat air pouch

The TXA receptor antagonist, BMl3Il7,l-I00 mglkg, was given by gavage I h prior to

injection of day 5 subcutaneous air pouches with STZ. Rats were sacrificed and samples

collected at2h. Samples were frozen for later rat TNFo analysis by ELISA'

There \Mas a modest dose-dependent inhibition of TNFcr. that was quantitatively less than

the inhibition observed with dazmegrel (Figure 7.9). There v/as a plateau in the inhibition

of TNFcr, synthesis above 10 mg/kg of 8M13177'

There was no dose-dependent modulation of the eicosanoids PGE2, TXA2 or PGI, with

BM13177 (data not shown).

7.3.9. Effect of combined TXA synthase inhibition and/or TXA

receptor antagonism on TNFa production in the rat air pouch

Rats were given dazmegrel andlor BM13l77 ,by gavage,l h prior to the injection of STZ

into day 5 subcutaneous air pouches. Rats were sacrificed and fluid was collected af 2 h

and frozen for later analysis of TNFo production by ELISA.
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Figure 7.9: The dose-effect of TXA receptor antagonism on TNFo production in the rat

suõcutaneous air pouch in response to STZ. Two rats per dose were utilised.

Anaesthetised rats were given 8M13I77,l-100 mg/kg, by gavage,l h prior to injection of

STZ into the air pouch. Rats were inj ected with 2 ml STZ (2 mglml) and sacrific ed at 2 h'

At sacrific", ponõh". v/ere massaged with 2 ml PBS for 1 min before removing the fluid

and freezing for later analyses. Bars with different letters are statistically different, p <

0.05 (ANOVA, followed by Neuman-Keuls multiple comparisons test)'



In combination, BM13177 provided only minor additional inhibition of TNFcr, synthesis

than dazmegrel alone (Figure 7.10). In the presence of increasing dose of dazmegrel, there

was a smaller inhibitory response by BMl3ll7,l00 mglkg, on TNFo production

compared to 10 mglkg or no 8M13177.

7.3.10. Effect of TXA synthase inhibition or TXA receptor

antagonism on cell infiltration and protein production in the

rat air pouch

Rats were given dazmegrel (50 mg/kg) or BM13I71 (I00 mglkg),by gavage,l h prior to

the injection of STZ into day 5 subcutaneous air pouches. Rats were sacrif,rced and fluid

was collected at 4 h then frozen for cell count and differential and protein production.

There v/as no difference in protein production or cell count and differential in the treated

versus untreated rats (Figure 7.I 1).

7.3.11. selective cox-2 inhibition and Tl{Fû, and eicosanoid

production in the rat air Pouch

The selective COX-2 inhibitor, celecoxib 1-50 mglkg, was given by gavage t h prior to

the injection of STZ into 5 day old subcutaneous air pouches. Rats were sacrificed and

fluid was collected at2h following STZ injection and frozen for eicosanoid and TNFcr

analysis.
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Figure 7.10: The effect of combination TXA synthase inhibition and TXA receptor

anàgonism on TNFcr production in the subcutaneous air pouch in response to STZ' Two

rats per dose were utilised. Rats were given dazmegrel,5 or 50 mglkg and/or 8M13177,

tO oi tOO mglkg,by gavage t h prior to injection of STZ. Rats were injected with 2 ml

STZ (2mglmtlãnA sácriflrced aL2h. At sacrifice, pouches v/ere massaged with 2 ml PBS

for 1 min before removing the fluid and freezing for later analyses. p values <0.05

(ANOVA, followed by Nèuman-Keuls multiple comparisons test) are represented by "a"

(no dazmegrel control versus dazmegtel5 or 50 mg/kg for the same 8M13177

òoncentration) or "b" (dazmegrel5 mglkg versus dazmegrel50 mg/kg for the same

BM13 Ij7 concentration) or'tc" (no BM13177 contolversus BM13ll7 l0 or 100 mglkg

for the same dazmegrel concentration) and there \Mere no differences between BMl3l'71

l0 mglkg versus BM13I7l l0O mglkgfor the same dazmegrel concentration'
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Figure 7.11: The effect of TXA synthase inhibition or TXA receptor antagonism on

prõt.itr levels and cell count in the subcutaneous air pouch in response to STZ. Two rats

per treatment were utilised. Rats were given dazmegrel5O mg/kg or BMi3177 100

mglkgby gavage t h prior to injection of STZ. Rats were injected with 2 ml STZ (2

111!l-"ty Ãnã ru.iinced at 4 h. At sacrifice, pouches were massaged with 2 ml PBS for I

min before removing the fluid andfreezing for later protein assay and cell count and

differential. There *.r" no significant differences between STZ control and these

treatments.



There v/as a dose-dependent increase in TNFcr, production of up to 620/o in pouch fluid at2

h (Figure 7.12). The maximum increase in TNFcr production was seen with doses at or

above 10 mg/kg celecoxib.

There was complete inhibition of PGE, and PGI, synthesis for all doses of celecoxib

(Figure l.l3). Complete inhibition of TXA, synthesis was observed with the higher doses

of celecoxib,25 or 50 mg/kg.

7.3.12. l{on-selective COX-2 inhibition on TNFcr and eicosanoid

production in the rat air Pouch

The non-selective COX inhibitor, ibuprofen 1-50 mglkg, was given by gavage t h prior to

the injection of STZ into 5 day old subcutaneous air pouches. Rats were sacrificed and

fluid was collected at2hfollowing STZ injection and frozen for eicosanoid and TNFcr

analyses.

There was a dose-dependent increase in TNFo production of up to 55o/o in pouch fluid at2

h (Figure Ll4). The maximum increase in TNFo production was seen with doses at or

above 25 mglkg.

There was complete inhibition of PGE, and PGI, synthesis above 10 mg/kg ibuprofen

(Figure 7.I5). Complete inhibition of TXA, synthesis was observed only at the highest

doses of ibuprofen,50 mg/kg.
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Figure 7,12: The effect of selective COX-2 inhibition on TNFcr production in the rat air

pouch in response to STZ. Two rats per dose were utilised. Rats were given celecoxib, 1-

S0 mg/kg, by gavage,l h prior to injection of STZ' Rats were injected with 2 ml STZ (2

-glttit; J"¿ ru..inð" d atlh. At sacrifice, pouches v/ere massaged with 2 ml PBS for 1

min before removing the fluid and freezing for later analyses. Bars with different letters

are statistically different, p < 0.05 (ANOVA, followed by Neuman-Keuls multiple

comparisons test).
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Figure 7.13: The effect of selective COX-2 inhibition on eicosanoid production in the rat

aiipouch in response to STZ. Two rats per dose were utilised. Rats were given celecoxib,

1-5^0 mglkg ,by gavage t h prior to injection of STZ. Rats were injected with2 ml STZ (2

mg/ml)ãnã ruttifi".á at2h. At sacrifice, pouches were massaged with 2 mI PBS for 1

mln before removing the fluid and. freezing for later analyses. p < 0.05 is represented by

'(t" (t-tests , STZ no celecoxib control versus celecoxib 1-50 mg/kg)'
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Figure 7.142 The effect of non-selective COX-2 inhibition on TNFo production in the rat

air pouch in response to STZ. Two rats per dose were utilised. Rats were given ibuprofen,

1-5^0 mg/kg ,by gavage, i h prior to injection of STZ. Rats were injected with2 ml STZ (2

mg/ml)ãná sacrificed at2h. At sacrifice, pouches were massaged with 2 mI PBS for 1

min before removing the fluid and freezing for later analyses. Bars with different letters

are statistically different, p < 0.05 (ANOVA, followed by Neuman-Keuls multiple

comparisons test),
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Figure 7.15: The effect of non-selective COX-2 inhibition on eicosanoid production in

the"rat air pouch in response to STZ. Two rats per dose were utilised. Rats were given

ibuprofen, 1-50 mglkg by gavage t h prior to injection of STZ. Rats were injected with 2

m'SfZ e mglmlfuná ru..ift. ed at 2 h. At sacrifice, pouches v/ere massaged with 2 ml
pBS for I min before removing the fluid andfreezing for later analyses' p < 0'05 is

represented by "*" (t-tests, STZ no ibuprofen control versus ibuprofen 1-50 mglkg).



7.3.13. Dietary effects on TNFa and eicosanoid production in the rat

air pouch

Rats were fed diets containing 5%o wlw fish oil (Roche Ropufa 30 marine oil) (n-3) or 5o/o

w/w sunflower oil (n-6) for 4 weeks. The air pouch was created and injected with STZ2

ml of 2 mg/ml as in other experiments. Pouch fluid was harvested at progressive time

intervals and assayed to determine the effect of n-3 and n-6 supplementation on TNFcr and

eicosanoid production.

There was decreased production of TNFo at all time points measured in rats fed n-3

supplemented diet compared to those fed the n-6 supplemented diet (Figure7,16). 
^t2h,

the time for maximal production of TNFcr, there was a 37 o/o redttction cytokine

production in rats fed the n-3 supplemented diets.

There was a numerical decrease in the production of all eicosanoids with the n-3 rich diet

at all time points measured with the difference being statistically significant at4h (Figure

I .17). Af.4h, there was a29o/o reduction in TXA, synthesis, a38%o reduction in PGE,

synthesis and a3Io/o reduction in PGI, synthesis. TXA, was detected24h after STZ

stimulation of the pouch only in the n-6 supplementary diet fed rats.
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Figure 7.16: Dietary effects on rat air pouch TNFo production in response to STZ. Two

rati per time point pér diet were utilised. Rats were fed either 5o/o wlw fish oil (n-3) or 5%

w/w^sunflowèr oil (n-6) for 4 weeks. Air pouches were then created and STZ (2 ml of 2

mglml) injected into 5 day old pouches. At sacrifice ,2 ml of PBS was injected into the

po,rc¡'ana massaged for 1 min. The fluid was then aspirated from the pouch and frozen

ior later analyses. p < 0,05 is represented by "t"' (t-tests at each individual time point, n-3

versus n-6).
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Figure 7.17: Dietary effects on rat air pouch TXA2, PGEz and PGl2production' Two rats

peitime point per diãt were utilised. Rats were fed either 5o/o wlw flrsh oil (n-3) or 5%

*/* srrrrfloweioil (n-6) for 4 weeks. Air pouches wefe then created and sTZ (2 ml of 2

nto 5 ãay old pouches. At sacrifice, 2 ml of PBS was injected into the

ged for i min. The fluid was then aspirated from the pouches and frozen

. p < 0.05 is represented by "*" (t-tests at each individual time point, n-3

versus n-6).

7

: n-3

I n-6

â
E
Þ)ç
N

u.l
o
È

5

4

e

2

1

0
No STZ 0 1 2

time (h)

4 o 24



7.3.14. Effect of combinations of anti-TXA, therapy and dietary

treatments on TNFa and eicosanoid production in the rat air

pouch

Rats were fed diets enriched with 5o/o w/w fish oil, (Roche, Ropufa 30 marine oil) (n-3) or

5o/o wlw sunflower oil (n-6) for 4 weeks. The air pouch was created as described for

earlier experiments. Rats were then given dazmegrel (50 mg/kg) or BM13I7l (100

mg/kg) by gavage, t h prior to the injection of STZ, 2 ml of 2 mglml, into the air pouch.

Pouch fluid was harvested at2hto determine the combined effects of the therapeutic

interventions and the dietary treatments on TNFcr. production.

Dazmegrel, BM13ll7 or both, inhibited TNFcr, production in both n-3 and n-6 fed rats,

with the rank order of inhibition being combination: dazmegrel > 8M13177 (Figure

7.18). With each treatment the fish oil fed rats had lower TNFcr production than their

sunflower oil fed counterparts. The extent of inhibition achieved with fish oil alone

compared to the sunflower oil diet was similar to the effects of the therapeutic agents

relative to control therapy in rats receiving the same diet. Against the background of

lesser TNFa production with the fish oil diet, the anti-TXA, therapies had a lesser effect

than seen in rats fed the sunflower oil diet.

Dazmegrelinhibited the production of TXA, in both n-3 and n-6 fed rats (FigureT 'I9).

However, the fish oil fed rats had almost complete inhibition of TXA, synthesis with

dazmegreltreatment, compared ¡6 x46Yo inhibition only in the sunflower oil fed rats. The

increase in PGE, or PGI, with dazmegrel treatment was proportionately similar in both the
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Figure 7.18: Combinations of anti-TXA2 therapy and experimental diets on rat air pouch

fÑfa production. Two rats per therapy per diet were utilised. Rats were fed eithet 5o/o

w/w fish oil (n-3) or 5o/o w/wsunflower oil (n-6) for 4 weeks. Air pouches were then

created. Dazmegrel, 50 mg/kg , andlot BM13I7l,l00 mglkg, were given by gavage t h
prior to the injecìion of STZ þ ml of 2 mglml). Fluid was aspirated from the pouches at 2

h and assayed for TNFcr. p < 0.05 (ANOVA, followed by Neuman-Keuls multiple

comparisons test) is represented by "a" (STZ control Versus BM 1 3 177), "b" (BM i 3 1 77

alone versus dazmegrel alone), "c' (8M13I77 alone versus combination treatment), for

either dietary intervéntion. There was no statistical difference for dazmegrel alone versus

combination therapy in either dietary intervention. p < 0.05 (ANOVA, followed by

Neuman-Keuls muliiple comparisons test) is represented by "d" for n-3 versus n-6 dietary

intervention for STZ control or any therapy.
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n-3 and n-6 fed rats. There v/as no significant difference for any eicosanoid between

dazmegrel treatment alone or in combination with BMl3ll7 in either dietary group.

7.3.15. Histology

Time-course sections of air pouches stimulated with STZ revealed a progressive increase

in cell inflrltration into the pouch lining and thickness of the pouch (Figures 7.20 and7.2I).

On high power examination this was seen to consist predominantly of neutrophils. There

was a progressive increase in monocytes after 5 d (Figure 1.22).

There was no evident change in cell type or number with rat pretreatment with dazmegreT,

BM13I7l or celecoxib. Similarly, there was no evident alteration in cell infiltration with

n-3 compared to n-6 diet (not shown).

7.4. DISCUSSIOI{

The relative time courses for the production of the eicosanoids in the rat subcutaneous ar

pouch in response to STZ was similar to those observed in vitro human monocytes and

U937 cells, stimulated with LPS and STZ respectively. In particular, TXA, production

was greater than PGE2 or PGI, production in the first hour, but PGE, production was

greater than TXA, production at 4 h. The peak TXA2 levels occurred at 2 h and peak

PGE2 and PGI, levels occurred at 4 h, similar to the differential rates of increase of TXA,

versus PGE2 by monocytes or U931 cells in vitro (Figure 5.2 and 5.15). None of the

eicosanoids was detected in pouch fluid at 24 h. This decrease in the eicosanoid levels in

vivo may reflect diffusion from the air pouch into non retrievable areas (eg vascular
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Figure 7.20: Five day old subcutaneous air pouch just prior to STZ injection.

Male Dark Agouti rats (age 6-8 weeks) were anaesthetised using halothane and

Or. The fur over the backs of the rats was removed by shaving and the exposed

skin was swabbed with alcohol. A subcutaneous bleb of air of approximately

15 ml volume was injected using a syringe and sterile air filter. This was

performed 5 days prior to the experiments. On day -3 and on the experimental

day, the pouches were reinflated to the initial volume, for which typically a

further 5-10 ml of air was required, At sacrifice, a 1xl cm piece of
nitrocellulose paper was placed upon the inner lining of the excised pouch. The

tissue/nitrocellulose was then placed in OCT and frozen rapidly in liquid
nitrogen and dry ice. After the tissue was frozen it was stored at -80'C. The

sections were stained using Ehrlich's haematoxylin and eosin before mounting

onto slides and storing at-200C.
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Figure 7.21: Subcutaneous air pouch 24h after STZ injection in rats. The

subcutaneous pouch was injected with 2 ml of 2 mg/ml STZ and sacríftced at 24

h. At sacrifice, a lxl cm piece of nitrocellulose paper was placed upon the inner
lining of the excised pouch. The tissue/nitrocellulose was then placed in OCT
and frozen rapidly in liquid nitrogen and dry ice. After the tissue was frozen it
was stored at -80'C. The sections were stained using Ehrlich's haematoxylin
and eosin before mounting onto slides and storing at -200C.
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Figure 7.222 Subcutaneous air pouch 5 days after STZ injection in rats. The

subcutaneous pouch was injected with 2 ml of 2 mglml STZ and sacrificed at 5

d. At sacrifice, a lxl cm piece of nitrocellulose paper was placed upon the inner
lining of the excised pouch. The tissue/nitrocellulose was then placed in OCT
and frozen rapidly in liquid nitrogen and dry ice. After the tissue was frozen it
was stored at -80'C. The sections were stained using Ehrlich's haematoxylin
and eosin before mounting onto slides and storing at-200C.



compartment). Additionally, the decrease may represent enzymatic degradation of

eicosanoids by dehydrogenases present in the air pouch but not in vitro (Hansen I976)

Following pouch stimulation with STZ, it was observed that the early (<24 h) infiltrating

cells into the pouch fluid and lining were predominantly neutrophils. At later times (5 d),

the predominant cells observed in fluid and pouch lining were monocytes. This is in

accord with previous reports (Balasubramanian and Hurley 1987; Sedgwick and Lees

1986). Neutrophils are not believed to be important contributors to eicosanoid or TNFcr

production (Brennan and Feldmann 1992; Davies and Maclntyre 1992). Furthermore, it

has been reported that infiltrating neutrophils into the rat subcutaneous pouch do not

contain COX-} immuno reactivity and therefore are not likely to be significant

contributors to the increased eicosanoid levels following pouch stimulation (Masferrer et

al. 1994). The increase in eicosanoids in the rat air pouch is believed to be a consequence

of monocyte infiltration, even though relatively few of these cells compared to neutrophils

enter the pouch in the firs|24 h (Masfener et al. 1994). However, it must be considered

also that pouch lining cells may be responsible for the increased eicosanoid production.

The time-course for TNFcr production following stimulation of the pouch with STZ was

similar to a previous report (Fenandiz and Foster 1991). There was a peak in production

at2hwith subsequent decrease in levels. The 2 h time point was used to monitor

strategies that may alter TNFa production. No TNFcr, was detected at24h.

Dazmegrel is a TXA synthase inhibitor that has been used therapeutically in animal

models of thrombosis and in clinical studies of anti-thrombotic effect in humans (Fischer

et al. 1983). When serum TXA2 levels from clotted blood \Mere examined, there was a

dose-depenclent inhibition of TXA2 production that was reversible with time. These

150



effects are consistent with previously reported properties of dazmegrel being a reversible

and non competitive TXA synthase inhibitor (Fischer et al. 1983; Gresele et al. 1991).

When given to rats by gavage t h prior to stimulation of the pouch with STZ, it displayed

a dose-dependent inhibition of TXA, synthesis and a concomitant increase in PGE, and

PGI, synthesis in pouch fluid. Along with results obtained with human monocytes in

vitro,Ihese findings suggest inhibition of TXA synthase makes the endoperoxide

intermediate, PGHr, more freely available as a substrate for PGE synthase and PGI

synthase (Parry et al. 1982).

Dazmegrel displayed a dose-dependent inhibition of TNFcr synthesis. The inhibition of

TNFo production appeared to plateau with doses at or above 5 mglkg. The maximal

degree of inhibitionat2 h following pouch stimulation with 50 mglkg dazmegrel was

53%. Inhibition of TNFcx, synthesis was evident from I h and was maximal at2h

following pouch stimulation. As discussed in Chapters 5 and 6, the inhibition of TNFcr

synthesis is likely to be a consequence of the combination of increased PGE, synthesis and

decreased TXA2 synthesis (Caughey et al. 1997; Kunkel et al. 1988).

SQ29548, the TXA receptor antagonist, inhibited TNFcr, production in vitro suggesting a

regulatory action of TXA, upon TNFcx, synthesis, that is independent of PGE, synthesis

(section 5.3.3). In vivo,8M13177 displayed a modest dose-dependent inhibition of TNFcr

production which uOO.urlO to plateau at or above 10 mg/kg. The maximal amount of

inhibition of TNFcr, production (22%) was not as great as that seen with the TXA synthase

inhibitor dazmegrel. It is possible that in vivo,8M13177 suppresses TXA, action

incompletely. Pharmacokinetic as well as phatmacodynamic factors could be involved in

this limitation. In addition, an increased PGE, level, such as is seen with TXA synthase
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inhibition, may be an important contributor to the greater inhibition of TNFa synthesis,

seen with dazmegrel

The combination of TXA synthase inhibition and TXA receptor antagonist, achieved with

dazmegrel and BM13l77,led to an additive inhibitory effect on TNFc¿ production. This

occurred at all concentrations of dazmegrel. With higher concentrations of dazmegrel,

such as 50 mg/kg, there was a small amount of TXA, detectable in the pouch fluid, While

antagonism of the effects of this residual TXA2 by BM13I77 may explain its additive

effect on TNFoc synthesis, it is also possible that its additive inhibitory effect, at this

higher concentration of dazmegrel, may be through prevention of agonist action of PGHr,

the common intermediate that is increased in the presence of TXA synthase inhibition.

PGH2 is a known agonist for the TXA receptor (Coleman et al. 1994). On the other hand,

the action of PGE synthase and PGI synthase may not allow sufficient PGHr to

accumulate to have an agonist action.

In the presence of the lowest concentrations of the selective COX-2 inhibitor, celecoxib,

there was complete inhibition of PGE, and PGI, synthesis but not of TXA, synthesis. This

finding was similar to the in vitro monocyte results as discussed in Chapters 3 and 4.

Additionally, there was a dose-dependent increase in TNFa production, which reached a

plateau at concentrations at or above 10 mg/kg. The greatest increase in TNFo production

was 620/o. A similar finding was obtained when the non-selective inhibitor, ibuprofen, was

used.

The increase in TNFcr, production with COX-2 inhibition in vivo was similar to the

findings presented in vitro in Chapters 5 and 6. The likely mechanism for this effect is

decreased PGE2 synthesis relative to TXA, synthesis. This is illustrated by the celecoxib
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dose response effect on eicosanoid production (Figure 7 .I3), which shows preferential

inhibition of PGE, synthesis relative to TXA, synthesis. This differential inhibition is

important because these eicosanoids appear to have opposing effects on TNFcr production,

with TXA, activity as an enhancer and PGE2 as an inhibitor

When rats were fed a diet enriched with n-6 FA for 4 weeks, there was a greater release of

all eicosanoids, compared to rats fed a diet with n-3 FA. A similar finding has been

previously shown in humans, where a high n-6 compared to low n-6 diet resulted in

increased TXA2 and PGI, urinary metabolites (Fenetti et al. 1997). A similar effect on the

eicosanoids PGE,, PGE2 and TXA, has been reported in mice fed n-6 compared to n-3 FA

supplemented diets (Leslie et al. 1988). Some reports have indicated a preferential

inhibition of TXA, synthesis compared to PGI, synthesis with n-3 FA enriched diets

(Ferretti et al. 1993; Sanigorski et al. 1994), an effect not seen in the current studies. The

mechanism for reduced TXA2, PGE2 and PGI, in the presence of n-3 FA enriched diets

may reflect competition between AA and its n-3 homologue, EPA, for the COX centred

eicosanoid synthesis pathways.

When rats were fed a diet enriched with n-3 FA for 4 weeks, there was less TNFcr

production in the air pouch in response to STZ stimulation, compared to rats fed a diet

enriched with n-6 FA. This was observed at all time points. Similar hndings have been

obtained following ex vivo stimulation of peripheral blood mononuclear cells from healthy

volunteers and in RA patients given n-3 rich f,rsh oil supplements (Caughey et al. 1996;

Endres et al. 1989b; Kremer 1996). The mechanism for the inhibition of TNFo

production by n-3 FA is not well defined, Although inhibition of TXA, production as a

result of n-3 FA dietary enrichment could lead to decreased production of TNFa
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production because TXA2 is a known agonist for TNFc¿ production, there was a

quantitatively similar decrease in synthesis of PGEr, a known antagonist for TNFa

production. Thus decreased synthesis of the n-6 series eicosanoids by n-3 FA enriched

diets may be insuffîcient alone to explain the inhibition of TNFo production. The

increased synthesis of n-3 eicosanoids may have some additional effect on TNFa

production. For example, the n-3 TXA, may have less agonist properties with respect to

TNFc¿ production than TXAr, whereas n-3 PGE, may have similar or greater inhibitory

effects as n-6 PGE2 on TNFcr production. Although speculative, some evidence exists that

the n-3 TXA3, compared with the n-6 TXA,, has less agonist abilities in platelets with

respect to aggregation (Needleman et al. 1979). In contrast, n-3 PGE3 has similar

properties to n-6 PGE2 with respect to the onset of acute inflammation (Hawkes et al.

1992). Thus, it may be than n-3 supplemented dietary strategies can modulate TNFcx,

production not only by decreased production ofn-6 eicosanoids, but also through

increased n-3 TXA,, with the same or greater inhibition mediated by n-3 PGE3. On the

other hand, the studies by Hawkes et al., from this laboratory, showed that human and rat

monocytes in response to stimulation in vitro produce very little if any PGEr. A further

consideration is a possible role for PGI, since it is known that like PGE2, PGI, can increase

çAMP (Narumiya et al. 1999), and PGI, and PGE, appear to be equipotent, at least with

regard to vasodilatory action.

When both the anti-TXA, reagents were used in combination with n-3 FA

supplementation, there was an additive inhibitory effect on TNFcr production. This

inhibitory effect \Mas seen equally for both dazmegrel and BM13177, as well as for the

combination of both reagents. Dazmegrel, 50 mg/kg, was associated with a small but

measurable TXA2 production in the air pouch. The extra inhibition of TNFct synthesis
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achieved with the combination of n-3 FA dietary supplementation with dazmegrel could

have been due to fuither inhibition of TXA, synthesis. Clearly, reduced n-6 PGEt

synthesis would be associated with an increase in TNFct production rather than the

observed decrease, It must be considered also that the n-3 FA are influencing TNFcr

synthesis via non-eicosanoid pathways. For example, it has been shown that the n-3 FA,

DHA, is a ligand for the RxR nuclear receptor and that n-3 and n-6 FA have binding

activity for PPAR nuclear receptors (de Urquiza eL al.2000; Jump and Clarke 1999). This

suggests that FA can directly affect gene transcription, although the implication for TNFcr,

production is unclear.

In response to challenge with STZ, the rat air pouch fluid accumulated increased protein

that peaked at 4-6 h and then decreased slowly thereafter towards baseline levels that was

evident at 5 days. Presumably, the proteins are plasma derived and accompany the

exudative process in acute inflammation. Of note, there was no difference in protein

pouch concentration or leukocyte infiltration relative to treatment control with dazmegrel

treatment. This finding occurred despite a significant increase in PGEr levels and thus

would appear to be contrary to previous reports in which exogenous PGE2 injected in to rat

air pouches was associated with a substantial increase in protein levels and neutrophil

counts (Hirasawa etal.1987; Takagi et al. 1987). This discrepancy may relate to the

difference in endogenous PGE, concentration observed in the air pouch experiments,

compared to exogenous PGE, concentrations administered, which was up to 100 and

1000x greater respectively (Hirasawa et al. 1987; Takagi et al. 1981). Furthermore, there

is debate in the literature regarding the actions of PGEr, which may vary depending on its

mode of delivery, as discussed in detail in section 1.2.4 (Goodwin 1991;Nicholson 1990;

Zuriq lg82). It is relevant to this thesis to note that at the doses of dazmegtel utilised,
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there was no influence on protein levels, cell infiltration or tissue histology, despite a

signiflrcant change in PGE, levels and TNFcr production. This suggests that the additional

production of endogenous PGE, from dazmegrel treatment is unlikely to have much, if

any, significance on the mediation of the acute inflammatory response, yet is still

significant with regard to TNFct production.

7.5. CONCLUSION

The subcutaneous rat air pouch provided an accessible and repeatable in vivo model to test

eicosanoid and TNFcr, production in response to the anti-TXA, therapy and dietary

interventions. There was a similar pattern for the time courses for individual eicosanoids

and for TNFo production to that seen in vitro in human monocytes andU937 cells. The

major difference between ín vivo and in vitro production of eicosanoids was the peak and

decay in levels in the former, compared to the cumulative increase in the latter. This may

relate to enzymalic degradation in vivo and to diffusion out of the pouch.

Inhibition of TXA synthase and TXA receptor antagonism displayed inhibition of TNFo

synthesis when used independently and conjointly. The treated animals appeared to

tolerate the drugs and no side effects were observed. For both TXA synthase inhibition

and TXA receptor antagonism, there was a plateau in the dose response with respect to

inhibition of TNFcr, production.

TXA synthase inhibition yielded greater reduction of TNFcr, production than TX receptor

antagonism. This raises the possibility that the increase in PGE, levels, which occurred

with TXA synthase inhibition, was as important as the inhibition of TXAr synthesis for
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suppression of TNFcx, production. Neither drug had any discernible effect on protein

levels or cell infiltration. In the case of the TXA synthase inhibitor, this occurred despite

increased PGE2 levels, which in other reports has been shown, when added exogenously,

to increase protein and cell infiltration . This discrepancy may relate to different

concentrations of PGE', which in the air pouch were considerably lower than in these

reports, or possibly in differences between the actions of endogenous versus exogenous

PGE2. Alternatively, the additional PGE2 consequent on dazmegrel use may have had no

signiflrcant effect over and above those of PGE, synthesised in the treatment control.

COX-2 inhibition, achieved by either selective or non-selective NSAID, resulted in an

increase in TNFcr, production. This was similar to the response observed in vitro and may

relate to the altered eicosanoid milieu and effect on cell signalling as discussed in Chapter

6. This has important implications especially with the expected increased use of COX-2

selective NSAID and their use in inflammatory diseases such as RA, in which TNFo

appears to mediate release of degradative factors that accelerate long term tissue damage..

Dietary fortification with n-3 FA provided a means of inhibiting TNFcr synthesis that was

well tolerated. When combined with TXA synthase or receptor antagonists, there was an

additive inhibitory elfect on TNFo production,

Thus, the pharmaceutical and dietary strategies that diminish TXA, synthesis or action, as

outlined here, provide a novel and safe mechanism to inhibit TNFa production. The

potential of these strategies as disease modifying therapy for RA and other inflammatory

conditions is discussed in the flrnal chapter.
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CHAPTER 8

CONCLUSIOI\ AND FUTURE DIRECTIONS

8.1. SALIENT FINDINGS

The purpose of this thesis was to determine the relationship between the relative

production of eicosanoids, especially TXA, and PGE', and the pro-inflammatory

cytokines, IL-18 and TNFcr. To examine this relationship, it was first necessary to

determine the factors that influence the relative production of TXAr and PGE2, In

Chapters 3 and 4, I showed that the apparent Km and apparent Vmax of TXAr synthase

were less than those for PGE, synthase in both U937 monocytes and human peripheral

monocytes. V/ith the addition of greater concentrations of substrate to the cell

suspensions, there was a greater production of PGE, relative to TXAr. With the addition

of lesser concentrations of substrate to the cell suspensions, there was a greater production

of TXA, relative to PGEr. A corollary of this result is that there will be greater ìnhibition

of PGE, synthesis relative to TXA, synthesis in the presence of inhibitors of COX function

or induction. This prediction was confirmed experimentally'

The importance of relative production of TXA, and PGE, is that these eicosanoids appeaf

to have opposing regulatory effects on the synthesis or induction of the pro-inflammatory

cytokines,IL-1P and TNFo. In Chapter 5, therapy that altered the relative production of

TXA2 and PGtr, was examined with regard to the production of these cytokines. TXA
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synthase inhibition and TXA receptor antagonism, either alone or in combination, had an

inhibitory effect on TNFc¿ synthesis. Combination therapy was only slightly more

effective than inhibition of TXA synthase inhibition, which was more effective than TXA

receptor antagonism alone, in inhibiting TNFo synthesis. The same therapy had only a

modest effect on IL- 1 B synthesis in human monocytes and no effect on IL- 1 B synthesis in

1J937 monocytes. Selective and non-selective COX-2 inhibition, which was associated

with an increase in the production of TXA, relative to PGEr, increased TNFo production.

In Chapter 6, the cell signalling mechanisms that may link changes in proportionate TXAt

and PGE, synthesis with altered TNFc¿ synthesis were explored. These eicosanoids were

found to have opposing regulatory effects on the p38 MAP kinase, with TXA, having an

enhancing effect and PGE, an inhibitory effect on phosphorylation of p38 MAP kinase.

In Chapter 7, inhibition of the synthesis of TXA, and antagonism of its action were

utilised in rats with experimentally induced subcutaneous air pouches to determine the

effects of these treatments on TNFcr production in response to a phlogistic challenge.

Further, the effects of n-3 FA enriched diets were assessed since these FA are known to

inhibit TXA2 synthesis and TNFcr, synthesis. 
'When combined with TXA synthase or TXA

receptor antagonists, there was an additive inhibitory effect on TNFcr production' By

contrast, selective and non-selective COX inhibitors increased TNFcr production.
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8.2. TREATMENTS WHICH REDUCE TXA2 EFFECTS WHTLE

RHEUMATOID ARTHRITIS AND OTHER INFLAMMATORY

DISEASES

TNFcx, has been implicated in RA as mediating both disease activity and cumulative,

irreversible erosive tissue damage (Arend and Dayer 1995; Badolato and Oppenheim

1996). Furthermore, it has been shown that TNFcr, may upregulate other pro-inflammatory

cytokines. (Brennanetal. 1989; Charles etal.1999;Feldmann 1996). TNFcrblockade

with monoclonal antibodies against TNFcr (Brennan et al. 1989; Elliot et al. 1994a; Elliot

et al. 1994b) and a soluble recombinant TNFcx, receptor-Fc fusion protein decoy receptor

(Moreland et aI. 1997; Weinblatt et al. 1999) have been shown to improve the symptoms

and progression of RA significantly. However, because TNFct is also involved in the host

defence against infection and tumours, the long term administration of these compounds

may have untoward effects that require longer term evaluation. Furthermore, the

availability of these biological therapies remains restricted because they are extra-ordinary

expensive compared to conventional low molecular weight agents'

The strategies outlined in this thesis may provide the basis for a low molecular weight

agent approach designed to reduce the disease amplifying and damaging effects of TNFo

in RA. The TXA synthase inhibitor, dazmegrel, as used in this thesis, has been used

previously in human studies of haemostasis and prostanoid production (Fischer et al. 1983;

Tyler et al. 1981). There were no important side effects in the treated patients compared

to control patients. Extensive animal research has shown no significant long term adverse

effects associated with this and other selective TXA synthase inhibitors (Gresele et al.
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I99I; Smith 1981). The potential of these agents in RA and other inflammatory diseases

remains largely untested.

A potential disadvantage of TXA synthase inhibition in the treatment of RA may be the

increase in and availability of substrate for PGE, synthesis. The long term consequence of

greater PGE2 production is unknown. PGE2 has been considered to be a potent mediator

of acute inflammation. This notion follows largely from the work of Vane and his

"prostaglandin hypothesis" to account for the anti-inflammatory properties of NSAID

(Vane l97l). PGE, and PGE2 have been shown to cause vasodilatation, increase vascular

permeability, hyperalgesia, cell infiltration and stimulate bone resorption (reviewed by

Goodwin 1991). However, controversy exists because PGE has displayed many anti-

inflammatory properties, including inhibition of neutrophil activation, inhibition of O,

release and reduced leukotriene synthesis (reviewed by Goodwin 1991). In Chapter 7, I

found that dazmegrel, given to rats in doses up to 50x greater than in the human studies,

had no effect on the cell counts or protein levels of the air pouch fluid or on the cellular

infiltration of the pouch wall (FigureT.lI). Thus, in this model, there appeared to be no

early or acute change in cell inf,rltration or vasodilatation, from increased PGE, synthesis

resulting from dazmegrel pretreatment. This result may simply reflect a dose-response

effect of PGE, on acute inflammation, with the increase in PGE, associated with

dazmegreltreatment yielding no effect additional to that of PGE, aheady present. As

indicated in the in vitro (Figure 5.2) and in vivo (Figure 7.6) experiments in this thesis, in

which there was almost complete inhibition of TXA, synthesis with the TXA synthase

inhibitors, higher doses of these compounds are unlikely to result in much greatet PGE2

synthesis. More speculatively, it is possible that endogenous PGE2 may have different
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properties than exogenous PGE', unrelated to concentration or dosage factors, and

dependent on the COX isozyme that produces it (V/illiams and Schacter 1997).

A potential problem with TXA synthase inhibition, especially if combined with TXA

receptor antagonism, could be the prolongation of bleeding times. In human studies, no

prolongation in bleeding and clotting times have been shown with TXA synthase

inhibition only (Fischer et al. 19S3). When combined with TXA receptor antagonist,

increase in bleeding times have been reported (Gresele et al. 1987). However, because of

the presence of other platelet receptors, such as thrombin and ADP, that can trigger

aggregation, it is expected that TXA2 directed strategies will remain less effective than

antagonists to the flnal pathway of platelet aggregation, such as the GPIIb/IIIa-receptor

inhibitors (reviewed in Coller 1990). In any case, the effects of TXA synthase inhibitors

or TXA receptor antagonists is not likely to have a greater anti-thrombotic effect than low

dose aspirin or some other non-selective NSAID. Indeed, it is possible that any increase in

bleeding times or vasodilation, as a consequence of reduced TXA, synthesis and increased

pGE2 and PGI, synthesis, may be of benefit in reducing cardiovascular disease which

remains a major cause of death in RA.

It is possible that the modulation of eicosanoid products, away from TXA2 synthesis and

towards PGE2 andlor PGI2, may be of therapeutic benefit in other inflammatory

conditions. For example, antiphospholipid syndrome is characterised by a prothrombotic

state and increased TNFcr. production. TXA synthase inhibition may therefore be helpful

in this condition. Other diseases, such as pulmonary hypertension, both primary or

secondary to connective tissue diseases such as systemic lupus erythematosus, are

characterised by excessive production of systemic TXA2 and improvement with PGI,

infusions (Christman et al. 1992; Yoshida et al. 1994). Again, TXA synthase inhibition
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may provide an alternate means of reduced TXA2 synthesis and increased vasodilatory

PGE2 and PGIr, as well as potentially diminished TNFo. Indeed, a single report has

shown some modulation with a TXA synthase inhibitor of pulmonary hypertension with

reduced TXA2 and increased PGE, synthesis (Rich et al. 1987). Similarly, severe

Raynaud's phenomenon, either primary or secondary to connective tissue diseases or

rheumatoid arthritis, are currently treated with PGI, infusions but may respond better,

more conveniently and at a less cost, to strategies which reduce TXA2 synthesis while

increasing PGE2 and PGI, synthesis. These therapeutic applications are essentially

untested in both animal models and human disease.

8.3. THE CONSEQUENCES OF INCREASED SYI\THESIS OF TXA2

The recent release of the selective COX-T inhibitors led to an initial perception that these

drugs are safe and without side effects. Further experience has blunted these expectations.

Compared to standard NSAID, the unwanted side effects on blood pressure and renal

function are similar. Furthermore, the selectivity COX-2 inhibitors in the vascular space

may be associated with an undesirable pro-thrombotic effect (Cleland et al. 2001). This

thesis shows that both selective and non-selective COX-2 inhibition are associated with an

increase in TNFo synthesis, in vitro and in vivo. These observations raise important

concerns for the treatment of inflammatory diseases such as RA and non inflammatory

diseases such as osteoarthritis, since TNFo is a mediator associated with tissue damage.

In the absence of suitable long term outcome studies, the clinical significance of this effect

on TNFcr, remains unknown. "Analgesic arthropathy" has been described as a condition in

which the progression of osteoarthritis is accelerated through putatively harmful effects of
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NSAID on articular cartilage (Allen and Murray 1971; Bjelle 1989;Rashad et al. 1989)

However, this has not convincingly been shown as a discrete clinical entity despite, or

because of, the continued extensive uncontrolled use of these drugs.

The clinical effect of NSAID are accompanied by a reduction in PGE2 and secondarily

other acute mediators of inflammation. Thus short-term anti-inflammatory and analgesic

benefits may be at the expense of increased TNFcr production. This would be detrimental

in an erosive arthropathy, in which disease progression appears to be, at least in part,

dependant on local TNFcr production. Further, there may be a deterioration or progression

of extra-articular complications of RA, such as leukocytoclastic vasculitis, in which TNFo

and other inflammatory cytokines have been implicated. By reducing TNFd production,

strategies that reduce TXA2 relative to PGE, action, should ameliorate these effects, in

contrast to these unwanted actions of NSAID.

The potential adverse impact of COX inhibition on vascular events warrant further

comment. Selective COX-2 inhibition in the vascular space is associated with an

unchanged synthesis of TXA, by platelets (COX-I mediated) but decreased PGI,

production by vascular endothelial cells (COX-2 mediated) (Caughey et al. 2001). Thus,

increased arterial or venous vascular events may occur (Bombardier et al. 2000; James et

aL 200l). The clinical significance of selective COX-2 inhibitors on vascular events, such

as ischaemic heart disease, myocardial infarction or cerebral vascular accidents, may more

than offset the advantages gained by reduction ofpeptic ulcer disease and sequelae,

particularly in diseases such as RA in which there is an increased incidence of vascular

events (Bombardier et al. 2000). This propensity to adverse cardiovascular outcomes

should be ameliorated by agents that reduce TXA2 action.
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8.4. SCOPE F'OR F'URTHER STUDIES

A potential difflrculty with some inflammatory arthritis models is the inability for ethical

reasons to continue the disease long enough to utilise joint erosion and damage as an end

point in response to the dietary and therapeutic strategies. An appropriate arthritis model

to overcome this difficulty is the adoptive transfer model of polyarthritis in the rat. In this

model, the transfer of lymph from rats inoculated with Freunds adjttvant to incluce

adjuvant arthritis to naive rats, initiates a less acute initial and thus better tolerated arthritis

(Spargo etal. 1996). Both dazmegrel and BM13177 canbe given at doses established in

the experiments described here, eg 5-50 mg/kg and 10-100 mglkgrespectively. Both

therapeutic agents will be trialled independently and in combination. The purpose is to

determine if the anti-TNFa effects of these agents, as demonstrated in the in vitro and in

vivo models in this thesis, equate to diminished progression of arthritis in this model.

Furthermore, therapeutic and n-3 PUFA enriched diets which reduce TXA2 and TNFc¿

production will be tested independently and in combination. This model also allows for

the separate treatment of donor and recipient rats to dissect further the role of TNFa in the

transfer of arthritis and the modulation of disease transfer. This could provide insight into

the mechanisms that account for transfer of disease, as well as the susceptibility of disease

initiation to therapeutic manipulation.

Since TXA synthase inhibitors and TXA receptor antagonists have been shown in this

thesis to be well tolerated in rats, many toxicological issues have been addressed already.

Earlier human toxicity studies undertaken when TXA synthase and TXA receptor

antagonists were under development as anti-platelet drugs have confirmed the favourable

safety profile of these agents. There is thus little impediment to the application of TXAt
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inhibitor strategies in clinical trials in inflammatory diseases. Opportunities thus exist

because these therapeutic strategies have been largely untested in diseases such as RA and

other inflammatory conditions. The results from this thesis suggest that such therapy,

combined with an augmented n-3 PUFA intake, would be of therapeutic value. The hope

is to extend these therapeutic and dietary strategies in human clinical trials and to offer a

novel, safe and economical therapeutic options in the treatment of these conditions. Since

these strategies impact on TNFo synthesis, one can anticipate favourable effects on long

term outcomes such as tissue damage, erosions and disability. These issues can only be

addressed in long term studies, in contrast to the short term effects on swelling and

discomfort that can be achieved with COX-Z inhibitors. The latter, being used currently as

standard treatment, may provide a useful comparator since one would expect their

influence on long-term disease outcomes to be opposite to those of TXA, inhibition, based

on the mechanistic effects shown in this thesis. Furthermore, the use of NSAID as a

comparator may help to contrast the possible shortcomings of selective TXA2 inhibitors as

analgesic agents during the earliest stages of treatment.
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APPEI{DIX

REAGENTS

I. RADIOIMMUNOASSAY REAGEI{TS

NarCO,

1 mM pH:l0, 0.106 gm I I L mQ HrO

RIA Buffer

0.Io/o gelatine (Ajax)

0,9 % NaCl

0.01 M Tris base

0.05% Na* Azide

pH to 7.3

Charcoal/Dextran

I

I

I

!

I
¡

I

l'

;

i

I

lo/oDextranTT0
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lo/n charcoal

0.06% Na* Azide

frqrxn,

supplied as 100 ¡rCi / ml in ETOH, add 10 ¡rL to 10 ml NarCO,

Store 4'C

TXB2 Standards

Dissolve 1 mg in 1 ml ETOH, dilute in NarCO, to 1 ¡rL / ml

TXB' Antisera (James and Walsh 1988)

Dilute 1:4000 in RIA buffer, fteeze

fn¡ rcn,

supplied as 100 ¡rCi / ml in ETOH, add 15 pL to 1Oml PBS

Store 4oC

PGE2 Standards

Dissolve 1 mg in 1 ml ETOH, dilute in PBS to 1 ¡rL / ml

PGE2 Antisera (see ChaPter 2)
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Dilute 1:1500 in RIA buffer, freeze

frq rcr,

supplied as 100 ¡rCi / ml in ETOH, add20 pL to 10 mI PBS

Store 4oC

PGI, Standards

Dissolve 1 mg in 1 ml ETOH, dilute in PBS to 1 prl, / ml RIA buffer, fteeze

PGI, Antisera

Dilute 1:1500 in RIA buffer, freeze

II. ELUTRIATIONREAGENTS

Dulbecco's PBS

PBS

CaCl0.l gmll

MgCl.6HrO 0.1 gmll

Monoprep Buffer

lL (1x) HBSS
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1.5 ml 10% EDTA

3.75 ml40% glucose

Running Buffer

lL (1x) HBSS

1 ml 10 % EDTA

2.5 ml40 o/o glucose

I mI FCS (heat inactivated, sterile)

HBSS (10x)

4gKCl

0.6 g KHTPO.

80 g NaCl

3.5 gNaHCO,

0.475 g NarHPOo

DissolvelLmQHrO

pH to 7.3
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IIT. ELISA REAGENTS

Assay Buffer

PBS+I % BSA, (20 mI PBS+ 0.2 g BSA)

Wash Buffer

1L PBS +0.5 ml tween twenty

Coating Buffer

1.68 gm NaHCO, + 100 ml mQ HrO

2.12 gmNarCO, +100 ml mQ HrO

15 ml each add together,

p}J9.4 - 9.7

Primary IL-l mAb

500 pg I vial,1.1 mg I ml,:5 Pg I ml

46 ¡i in 10 ml coating buffer, final conc : 5 prg / ml

Recombinant Il-18

5 pg powder,dilute in I ml PBS / 1% BSA, divide into 50 ¡rl aliquots at 500 ng I ml

ltr



Dilute with 10 pl aliquots in250 ¡-rl RPMI/FCS, flrnal concentration20 ng I ml

Secondary IL-lB Biotin mAb

250 ¡tgl vial diluted to 500 pg / ml

Dilute 50 ¡rl of 5 pe lml into 5 ml PBS / 1% BSA to 0.05 pg I ml

Primary TNFo mAb

500 pg I viaI,l.l mg I ml,:5 ¡tg I ml

46 ¡l rn 10 ml coating buffer, fltnal concentration : 5 ¡t"g I ml

Recombinant TNFcr

5 pg powder, dilute in 1 ml PBS / 1% BSA, divide into 50 pl aliquots at 500 ng / ml

Dilute \Mith 10 prl aliquots in250 ¡rl RPMI/FCS, final conc 20 ng I ml

Secondary TNFcr Biotin mAb

250 ¡tgl vial diluted to 500 Pg I ml

Dilute 50 pl of 5 Ve lml into 5 ml PBS / 1% BSA to 0,05 ¡tg I ml (for elutriated human

monocytes)

Dilute 50 pl of 5 Ve lml into 1 ml PBS / 1% BSA to 0.05 ¡tg I ml (for U937 cells)
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Dulbeccos PBS

PBS + CaCl 0.1 gm / I

MgCl.6HrO 0.1 gm / I

IV. WESTERN IMMUI{OBLOT REAGENTS

5x Laemilli

100 ml 3.125 M Tris HCI

50 ml glycerol

10 gm SDS

25 ml p-ME

15 ml mQ HrO

pH 6.8

Stir under hood and divide into 20 ml aliquots, store at -20'C

0.17 gm PMSF (#P7626 59 Sigma Chemical Co)

5 mg Leup eptin (#L2884 Sigma Chemical Co)

PIS
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5 mg Aprotinin (#44529 Sigma Chemical Co)

5 ml DMSO, mix well, aliquot into 100 pL (50x), store at -20"C

Ammonium persulphate

Aliquot 0.1 gm (label exact weight), add 1 ml H2O

Acrylamide (30o/o,0.5) 500 ml

150 gm acrylamide

2.5 gmbis-acrylamide

Complete to 500 ml with mQ HrO filter 0'22 pM Brown Bottle 4'C

Tris Base 1.5M pH 8.8

90.15 gm Tris Base

dissolve 400 ml mQ HrO pH 8.8 with HCI (10 M)

complete to 500 ml

filter through0.22 p"M

store 4oC

TrisBase 0.5M pH 6.8
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6.07 gm Tris Base

dissolve in 70 ml mQ, pH 6.8 with HCl (10 M)

complete to 100 ml

filter through0.22 ¡t"M

store 4oC

Running buffer (glycine buffer) l0x 2L

60.6 gm TrisBase

288.2 gm glycine

20 gm SDS

Make to 2L with mQ HrO

Transfer Buffer (5L) (use 3x, store 4oC)

15 gm TrisBase (final concentration 25 mM)

72 gm glycine (192 mM)

1000 ml Methanol (20%vlv)

Mix Tris and glycine, pH should be 8.3, add MeOH and complete to 5 L with RO H2O
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Ponceau Red (0.5%,500 ml)

2.5 gmponceau S

5 ml acetic acid

Make to 500 ml with mQ HrO, mix well

TBS (10x, lL)

111 gm NaCl

34.4 gmTris HCI

Complete to lL \Mith mQ H2O

TBS-Tween (1x, 10L)

lL TBS 10x

Fill tank to 10 L with RO HrO

15 ml Tween 20

6.5 ml 10 MNaOH

Stripping Buffer for Membranes

100 mM B-ME

t76



2% SDS

6.25 mM Tris HCI pH 6.7

50 "C 30 min with occasional vortex

2x l0 min TBS-T\Meen, then reblock 5% skim milk for t hr

V. GEL PREPARATION

Clean the glass plates meticulously with alcohol, sandwich with spacers and slide into

casting clamp assembly. Test with mQ

Separating get (xl)

8.8 ml mQ HrO

5 ml 1.5M Tris base, pH 8.8

6 ml acrylamide stock (30, 0.5)

200 ¡tL 10% SDS

75 ¡tL 10% Am. P quickly mixed

degas

25 ¡t"L TEMED
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Pour gel to 6 cm below top of glass plate and overlay with isobutanol. Once set, rinse with

mQ HrO

Stacking gel

5.7 ml mQ HrO

2.3 ml0.5M Tris Base pH 6.8

1,7 ml acrylamide

degas

100¡rL 10% SDS

30 pL 10% Am. P quickly mixed

20¡tL TEMED

Insert comb and then pour gel

VI. ELECTROPHORESIS

Remove comb from gel

Add running buffer into sample wells and upper chamber

Load 10- 15 ¡.rL of samples using a fine tipped microsyringe or needle
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AddBioRadBroadRange#161-0318 (203 kDa, 116,83, 48.7,33.4,28.2,20.J,7.6kDa)

Pipette running buffer on top of samples to ensure no mixing

Fill lower chamber with running buffer

Place lid upon unit

Run at 16 mA constant current until reaches separating gel then at 160V constant voltage

until tracking dye reaches bottom of the gel.

Remove gel from the unit and place into transfer buffer

VII. PROTEIN TRANSFER

Equilibrate gel in transfer buffer for at least 10 min

Cut PVDF membrane to same size as gel

Wet membrane by soaking in methanol for 1 min then equilibrate in transfer buffer

Assemble apparatus for transfer

grey cage (+)

pad

1x filter paper
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membrane

gel

2x flIter paper

black cage (-)

Place in transfer cage (black to black)

Transfer at 4"C with gentle stirring at 300 mA overnight (minimum 4h) or 400 mA 4h

VIII. PROBING MEMBRANE

Prepare blocking buffer (5% skim milk powder in TBS tween eg2.5 mg in 50 ml)

turn off power and disconnect

Place membrane into Ponceau red to visualise bands (stain Coomassie blue)

Wash off excess dye with mQ

Label membrane with red pen and cut off excess membrane

Equilibrate in TBS-tween

Block membrane in blocking buffer for 30-45min

pad
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Rinse briefly in TBS-tween

Rock in Primary antibody for th (eg 1/1000 concentration)

Rinse in TBS-tween

Wash in TBS-tween 3x 5min

Rock in secondary Ab for 45 min (a-rab 1/20 000)

V/ash in TBS tween 3x 5min

IX. ECL DETECTION

Combine equal volumes of the 2ECL solutions eg 3ml each, using separate tips

Darkroom; cassette, film, membrane in TBS tween, ECL solution, gladwrap, tape

Drain membrane and pour ECL over for I min

Drain and blot membrane and wrap in glad wrap

Bend the corner of film for future orientation and develop;

Tape membrane to cassette and close for 1 min

Rotate film 180'and expose for 5 min
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