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PREFACE 

The 11th international Conference on ADVANCES IN PROSTAGLANDIN AND LEUKOTRIENE 

RESEARCH: BASICSCIENCEANDNEWCLlNICALApPLlCA TIONS was held, as in the past, in Florence, 
Italy, on June 4-8, 2000. A selection of lectures presented at the meeting is included in this 
volume, which continues the tradition of covering both basic and clinical aspects of 
prostaglandin and leukotriene research. 

At this meeting particular emphasis was given to the lipid mediator circuits of lipoxin 
and leukotrienes and to the expression ofthe COX2 gene. The plenary lectures by C.N. Serhan 
(Boston, Massachusetts, U.S.A.) and H.R. Herschman (Los Angeles, California, U.S.A.) were 
devoted to these areas, while S. Narumiya (Kyoto, Japan) and J.M. Drazen (Boston, 
Massachusetts, U.S.A.) presented the latest advances in the fields ofprostanoid receptors and 
the genetics of asthma. 

Specific sessions focused on vascular physiopathology, cell differentiation and cancer, 
and the cardiovascular system. Lipoxygenases were discussed in detail at the molecular and 
cellular levels and attention was given to signal transduction pathways for leukotrienes and 
prostanoids. K.F. Austen (Boston, Massachusetts, U.S.A.) and T. Izumi (Tokyo, Japan) clarified 
the role and regulation ofLTC4 synthase ofleukotriene biosynthesis. Other important sessions 
described regulation and control of nitric oxide, cannabimimetic eicosanoids, and the roles of 
eicosanoids in neuroscience. Applied clinical sessions devoted to the respiratory system and 
inflammation, including cyclooxygenase pathways, concluded the meeting. 

As traditionally has been done in the past meetings of this series, a considerable amount 
of new material was presented and discussed this year, with particular attention given to the 
newest clinical data. Due to the unanimous decision of the attendees, this series of meetings will 
continue to be held. 

We would like to express our gratitude to the staff ofthe Fondazione Giovanni Lorenzini 
for their important work in connection with the organization ofthe Conference and to Ann S. 
Jackson ofthe Houston office ofthe Giovanni Lorenzini Medical Foundation for her editorial 
assistance in the preparation of this volume. 

We are also grateful to Dr. Gian Enrico Rovati and Dr. Angelo Sala, the Organizing and 
Advisory Committees, and the International Program Committee for their valuable 
contributions. 

It is also a pleasure to acknowledge the generous financial support from a number of 
pharmaceutical companies. 

We hope that the rapid publication ofthis volume, which was made possible by the 
timely submission of the papers by the authors, will further this exciting area of research. 

The Editors 
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PHOSPHORYLA TION AND ACTIV A TION OF 5-LIPOXYGENASE BY P38 KINASE-AcTIV ATED 

MAPKAP KINASES 

Oliver Werz, Jenny Klemm, OlofRädmark, and Bengt Sarnuelsson 

5-lipoxygenase (5-LO) catalyzes the formation of leukotriene A4 from arachidonic acid. 
Factors determining 5-LO enzyme activity are calcium, phosphatidylcholine (membranes), 
A TP, and the cellular redox status. Also, a possible role of phosporylation events far 5-LO 
activity in the cell has been discussed. In particular, connection to the activity of protein 
kinase C in alveolar macrophages [1] and the effects ofprotein tyrosine kinase inhibitors 
in HL-60 cells and polymorphonuclear leukocytes (PMNL) [2] indicated such a role. The 
three MAP kinase farnilies, the extracellular regulated kinases (ERKs), the c-jun N -terminal 
kinases/stress activated protein kinases (JNKs/SAPKs), and the p38 MAP kinases, have 
been implicated in a variety of cellular functions, including cell proliferation, 
differentiation, and immune responses [3, 4]. The ERKs are activated mainly by mitogens 
such as growth factors and G-protein coupled receptor agonists, while JNKs and p38 are 
activated by various types of cellular stress. 

F or three different cell types (polymorphonuclear leukocytes, the monocytic celliine 
Mono Mac 6 (MM6), and the B-Iymphocyte cell line BL4I-E95-A) we found that 
upregulation of p3 8-activated MAPKAP kinases, which could phosphorylate 5-LO in vitra, 
occurred under conditions which also upregulated 5-LO activity ofthese cells. Some ofthe 
results are described in detail in reference [5]. 

Mono Mac 6 cells 

By in-gel kinase assay, which gives an estimate ofthe molecular weights ofkinases which 
can phosphorylate a particular substrate in vitra, sarnples from MM6 cells were found to 
contain 5-LO kinase activities. In Figure 1 it is illustrated that sampies from ionophore
activated cells gave phosphorylated bands at approximately 40,47,55,80, and 100 kDa, 
in the 5-LO containing gel. The bands at 80 and 100 kDa were present regardless of 
ionophore stimulation of the cells, and also without addition of 5-LO to the gels, indicating 
that these were due to phosphorylation ofkinases in the cell sampie. However, the bands 
at 40,47, and 55 kDa were prominent only after stimulation ofthe cells, and when 5-LO 
was present in the gel. MM6 cells were pretreated with three different kinase inhibitors far 
30 minutes prior to stimulation with A23187. Celllysates were prepared and subjected to 
in-gel kinase assay. The MEK inhibitor UO 126 (prevents the activation ofERKI and 2) and 
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the protein kinase C inhibitor GF 1 09203x had only slight effects. However, the specific p3 8 
inhibitor SB203580 potently reduced the phosphorylated bands at 40,47, and at 55 kDa. 
Thus, p38 was involved in the activation of 5-LO kinases. 

88-

57-

43_ 

31-

A23187 (5IJM) + + + + 
U0126 (10 IJM) + 
88203580 (10 IJM) + 
GF109203x (111M) + 

Figure 1. Effects of kinase inhibitors on phosphorylation of 5-LO, determined by in-gel 
kinase assay. Differentiated MM6 cells (2.5 x 107 in 1 ml PBS with 1 mg/mI glucose and 
1 mM CaCI2) were preincubated for 30 minutes at 37°C with inhibitors. Cells were then 
stimulated with ionophore (5 IlM). After 3 minutes incubations were terminated by addition 
of SDS loading buffer, and heating at 95°C for 6 minutes. Aliquots of total celllysates 
(corr. 0.25 x 106 cells) were electrophoresed on a 10% SDS-PAGE gel containing 0.15 
mg/mI purified recombinant human 5-LO. After electrophoresis, gels were washed to 
remove SDS. Proteins in the gel were denatured by incubation for 1 hour at RT in 50 mM 
Tris-HCI, pH 8, 20 mM DTT, 2 mM EDTA, 6 M guanidine-HCI. To renature proteins, gels 
were washed ovemight in 50 mM Tris-HCI pH 8, 1 mM DTT, 2 mM EDT A, 0.04% Tween 
20. After preincubation at RT for 1 hüur in 30 ml kinase buffer (20 mM HEPES pH 7.6, 
20 mM MgCI2, 25 mM ß-glycerophosphate, 10 mM 4-nitrophenylphosphate, 2 mM DTT, 
0.2 mM Na3 V04), gels were finally incubated in 10 ml ofkinase buffer containing 50 11M 
ATP and 10 IlCi/ml [y_32p]ATP, for 1 hüur at 30 °C with shaking. To remove unreacted [y-
32p]ATP, gels were washed extensively (2 days) füllowed by drying (in vacuo) and 
autoradiography. 

MAPKAP kinase 2 (MK2) phosphorylates its substrates at serine within the 
consensus motifhyd-Xaa-Arg-Xaa-Xaa-Ser, and this motifis present in 5-LO (Ser-271). 
Since MK2 is phosphorylated and activated by the upstream p38 kinase, it was reasonable 
that MK2 is the kinase in MM6 cells which phosphorylated 5-LO. Indeed, MK2 
immunoprecipitates and purified MK2 from rabbit skeletal muscle were active with 5-LO 
as substrate. Also, the MWs ofthe kinase activities at 47 and 55 kDa were compatible with 
MK2. The kinase activity migrating at 40 kDa probably corresponds to MK3, another 
MAPKAP kinase activated by p38. 

MM6 cells incubated with only ionophore A23187 gave low 5-LO activity. 
However, priming ofthe cells with phorbol myristate actetate (PMA) gave 7-fold increased 
activity (Figure 2). This upregulation of activity was accompanied by translocation to 
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nuclear membranes and increased capacity for phosphorylation of 5-LO in vitra. These 
responses occurred within 3-5 minutes, and they were counteracted by the protein kinase 
inhibitor calphostin C. Also in presence of exogenous arachidonate, PMA-priming gave a 
1.5- to 2-fold upregulation of 5-LO activity (not shown). These results agree with the 
concept that 5-LO should translocate to the nuclear membrane, where 5-lipoxygenase 
activating protein is located, and where endogenous arachidonate is released (by cPLA2), 

for efficient LT A4 production. Also, it appears that phosphorylation events is/are involved. 
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Figure 2. PMA primes MM6 cells for activation of 5-LO. MM6 cells in PBS were 
preincubated with calphostin C for 30 minutes, and primed with PMA for 10 minutes, as 
indicated. Then, cells were stimulated with A23187 (5 11M). To determine subcellular 
localization of 5-LO, 1 x 107 cells were lyzed by 0.1 % NP-40, and nuclear and non-nuclear 
fractions (800 x g pellet and supernatant) were analyzed for 5-LO by Western blot. To 
determine 5-LO activity, metabolites formed in 10 minutes incubations (3 x 106 cells in 1 
ml) were analyzed by HPLC (mean ± S.E., n=3). To determine phosphorylation of 5-LO, 
incubations (2.5 x 107 cells in 1 ml) were stopped by addition ofice-cold stop-buffer, MK2 
was immunoprecipitated, and kinase activity ofthe MK2-IPs towards 5-LO was determined 
by in vitra kinase assay. The IP was mixed with purified 5-LO in kinase buffer (25 mM 
HEPES pH 7.5, 25 mM MgC12, 25 mM ß-glycerophosphate, 2 mM OTT, 0.1 mM Na3V04) 

containing ATP (100 11M) and [y_32p]ATP (2 IlCi/ml). Final volume was 20 111, and 
incubation time 30 minutes at 30°C. The reaction was terminated by SOS loading buffer 
and heating at 95°C for 6 minutes. Sampies were separated by SOS-PAGE, and 
phosphorylated proteins were visualized by autoradiography of the dried gel. 
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Polymorphonuclear Leukocytes (PMNL) 

Also when sampies from PMNL were subjected to in-gel kinase assay, the three bands at 
55, 47, and 40 kDa appeared (Figure 3), compatible with phosphorylation of 5-LO by MK2 
and MK3. When the cells were preincubated with the p3 8 kinase inhibitor SB203 5 80, these 
bands were practically absent. Different types of stimuli could activate MK2 and MK3 in 
PMNL, as A23187, thapsigargin, fMLP, PMA, TNFa, and the well-known p38 activator 
sodium arsenite (SA, which induces cell stress). 

Compared to ionophore, platelet activating factor (PAF) is a less efficient activator 
of leukotriene synthesis. We also found quite low 5-LO activity in P AF -stimulated PMNL 
(Figure 3 right panel). Also, cell stimulation with PAF (with or without arachidonate) did 
not result in a detectable increase in 5-LO kinase activity (Figure 3, left panel). However, 
when PAF and sodium arsenite were combined (together with exogenous arachidonic acid) 
5-LO activity increased about 4-fold, coinciding with strong 5-LO kinase activation, 
comparable to that obtained with A23187. Without addition of arachidonate, sodium 
arsenite and PAF did not give increased 5-LO activity. Also, sodium arsenite did not 
upregulate the already high activity obtained in ionophore stimulated cells (not shown). 
Thus, it appears that activation of 5-LO kinases could upregulate 5-LO activity in PMNL, 
when induced by an agent (PAF) which itself gave poor stimulation of 5-LO kinases . 
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Figure 3, left. Effect ofsodium arsenite on PAF-induced 5-LO kinase activity. PMNL (5 
x 107 in 1 ml) were stimulated by addition ofPAF (1 11M), arachidonate (10 11M), sodium 
arsenite (100 11M) or ionophore A23187 as indicated in the figure. Incubations were 
terminated after 3 minutes at 3rC and aliquots oftotal celllysates (corr. 0.5 x 106 cells) 
were analyzed by in-gel kinase assay. Right, upregulation of leukotriene synthesis by 
sodium arsenite. PMNL (5 x 106 in 1 ml PBS) were stimulated by addition ofPAF (1 11M), 
arachidonate (10 11M) and sodium arsenite (l00 11M) as indicated in the figure. After 10 
minutes at 37°C 5-LO activity was determined. Results represent the mean ± S.E., n=3. 

B-lymphocyte Cell Line BL41-E95-A 

Leukotriene synthesis in BL41-E95-A cells was determined under stress conditions. As 
shown in Figure 4, osmotic shock with sorbitol (0.4 to 1 M) upregulated leukotriene 
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synthesis (induced with ionophore plus arachidonate) up to 5-fold compared to control 
incubations which received only ionophore plus arachidonate. Treatment ofBL41-E95-A 
cells with sodium arsenite (SA, 0.1 to 1 mM), which mimics heat shock, gave a similar 
increase in leukotriene formation. Finally, the inflammatory cytokines TNFa and IL-l 
(added together with A23187 plus arachidonate), also enhanced cellular leukotriene 
synthesis. These different stress stimuli are known to activate p38, and we also confirmed 
activation ofMK.2, leading to increased phosphorylation ofthe MK2 substrate heat shock 
protein 27 (not shown). Also, increased phosphorylation of 5-LO in vitro was found by in
gel kinase assay oflysates from BL41-E95-A cells. 
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Figure 4. Cell stress stimulates 5-LO 
activity in BL41-E95-A cells. Cells (1.5 
x 107 in I ml PBS) were incubated for 10 
minutes at 3rC with the indicated 
stimuli, and 5-LO activity was 
determined by HPLC. All incubations 
received 10 11M ionophore A23187 plus 
40 11M AA. Sorbitol, sodium arsenite, or 
TNFa and IL-I (I ng/ml each) were 
added as indicated. 
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Figure 5. Osmotic stress upregulates 5-
LO kinase activity in BL41-E95-A cells. 
Cells (2.5 x 107 in I ml PBS containing 
Img/ml glucose and I mM CaCI2) were 
incubated at 37°C with the indicated 
additives. After 3 minutes, cells were 
lysed by addition of SDS loading buffer, 
vortexed and heated at 95°C for 6 min. 
Aliquots corresponding to 0.5 x 106 cells 
were analyzed for 5-LO kinase by in-gel 
kinase assay. 

In contrast to MM6 cells, stimulation ofBL41-E95-A with ionophore alone did not 
give enhanced 5-LO kinase activity, however simultaneous addition of sorbitol led to 
activation of 5-LO kinases at 47 and 55 kD (Figure 5). Migration properties and sensitivity 
aginst SB203580, indicated that 5-LO kinases also in sampies from BL41-E95-A cells, is 
p38-regulated MK2. The band at 55 kDa was rather strong and less sensitive to the p38 
inhibitor, apparently this band was due also to other kinase activities. When MM6 cells 
were treated with both ionophore and sorbitol, no further kinase activation was observed. 

The p38 inhibitor SB203580 was used to confirm the involvement ofp38 kinase in 
stress-induced leukotriene synthesis. BL41-E95-A cells were preincubated with SB203580, 
stimulated with NaCI (together with ionophore and arachidonate) and 5-LO activity was 
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determined. As shown in Figure 6, 5-LO activity in intact BL41-E95-A cells was dose
dependently inhibited by SB203580, with IC50 3-5 IlM. In broken cell preparations, the 
compound did not affect crude 5-LO activity up to 30 IlM, and the IC50 value for purified 
recombinant 5-LO was> 100 IlM (data not shown). This suggests involvement ofp38 in 
the signal transduction pathway leading to stress-induced leukotriene synthesis in BL41-
E95-A cells. 

In view ofthese observations for three different cell types, it appears probable that 
phosphorylation of Ser-271, within the MK2 motifpresent in 5-LO, is one ofthe factors 
determining the cellular activity of 5-LO. 
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Figure 6. Effect ofSB203580 on 5-LO activity in BL41-E95-A cells. Intact cells (1.5 x 107 

in PBS containing 1mg/ml glucose and 1 mM CaCI2) or corresponding homogenates were 
preincubated with the indicated concentrations ofSB203580 for 30 minutes at 37°C (intact 
cells) or 4°C (homogenates). To intact cells NaCI (0.3 M) was added together with 
ionophore A23187 and arachidonate (10 IlM and 40 IlM, respectively). To homogenates 
1 mM ATP was added and the 5-LO reaction was started by addition of CaC12 and 
arachidonate (1 mM and 40 IlM, respectively). After 10 minutes at 3 rc, 5-LO activity was 
determined by HPLC. Results are expressed as mean ± S.E. of three independent 
experiments. 
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5-LIPOXYGENASE AND THE NUCLEUS: WHERE, WHEN, How, AND WHY? 

Mare Peters-Golden and Thomas G. Brock 

Only in the last decade has research focused on the intracellular site(s) ofleukotriene (LT) 
synthesis. These studies have revealed an unexpected critical role for the cell nucleus as a 
site at which 5-lipoxygenase (5-LO) and other LT biosynthetic enzymes are localized. This 
chapter will review the current understanding of the compartmentalization of L T 
biosynthesis. The localization of 5-LO in resting and activated leukocytes under different 
physiologie and pathophysiologie conditions will be discussed, with emphasis on the 
molecular mechanisms and catalytic and noncatalytic implications of enzyme 
compartmentalization. 

The Recognition of a LT Biosynthetic MetaboIon at the Nuclear Envelope 

The first decade of research into L T biosynthesis was dominated by efforts to characterize 
the relevant enzymes, their cofactors, and their cellular distribution. Little was known about 
the intracellular sites at which these enzymes functioned. A foundation for our current 
understanding of such matters derives from studies conducted in the late 1980s and early 
1990s, in which crude fractionation methods were used to study the three key proteins 
involved in the initiation ofLT synthesis: cytosolic phospholipase A2 (cPLA2), 5-LO, and 
5-LO activating protein (FLAP). This work demonstrated that, in both resting and activated 
cells, FLAP was confined to a partieulate subcellular fraction, presumably a membrane site 
[1]. By contrast, cPLA2 [2] and 5-LO [3] werefound in the soluble compartmentofresting 
leukocytes, but were redistributed in a Ca2+ -dependent fashion to a particulate fraction upon 
activation. 

It was inferred from these early studies that all three proteins were co-Iocalized at 
the same cellular membrane. Moreover, because L Ts were recognized to be secreted from 
leukocytes and to act as paracrine mediators, it was widely assumed that the membrane site 
at which they were assembled was the plasma membrane. However, none of these 
assumptions was justified on the basis of the crude methods employed in these initial 
studies. 

In the early to mid-1990s, this issue was definitively addressed by several 
laboratories in aseries of studies that utilized more comprehensive subcellular fractionation 
methods as weIl as confocal and ultrastructural immunomicroscopic techniques. Indeed, 
this body of work demonstrated co-Iocalization of all three proteins in activated leukocytes 
of various types, including macrophages, monocytes, neutrophils, and mast cells. 
Surprisingly, however, the site at which these proteins were co-Iocalized was not the 
plasma membrane, but the nuclear envelope. FLAP, an arachidonie acid-binding protein 
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[4], was constitutively Iocalized to the nuclear envelope and perinuclear endoplasmic 
reticulum [5,6]. cPLA2 was found to translocate from its resting Iocale in the cytosol to the 
nuclear envelope upon activation [6-9], and most arachidonic acid released by the actions 
of cPLA2 was hydrolyzed from nuclear membrane phospholipids [9]. 5-LO was Iikewise 
found to translocate to the nuclear envelope upon activation [5,6,10-13]. It was 
subsequently discovered that L TC4 synthase, Iike FLAP, is an integral nuclear envelope 
protein [14]. Therefore, all the enzymatic steps involved in L TC4 synthesis were Iocalized 
to this membrane site. 

A macromolecular complex of sequential enzymes in a metabolie pathway has been 
termed a "metabolon" [15]. Such a complex can be assumed to result in a cellular 
microenvironment that allows efficient channeling of metabolie intermediates. There may 
weIl be circumstances in which cPLA2 or 5-LO translocate to and function at intracellular 
sites other than the nuclear envelope, but it would be expected that deviations from the 
above paradigm would compromise the metabolie efficiency of L T biosynthesis. An 
important implication ofthe metabolon concept is that the site of macromolecular assembly 
is not a random event, but has evolved in a manner that serves the "wisdom" of the cel!. 
Given that L Ts are known to be secreted extracellularly, it is entirely counter-intuitive that 
their synthesis occurs at the nuclear envelope. This fact strongly suggests that they must 
subserve important functions within or near the cell nucleus. 

Tbe Complexity of 5-LO Compartmentalization in Resting Leukocytes 

Further surprises regarding the localization of 5-LO, in particular, were yet to come. First, 
the locale of 5-LO in resting leukocytes was found to be cell-specific. The protein was 
exclusively cytosolic in resting peritoneal macrophages [6], as well as monocytes [10], 
neutrophils [16], and eosinophils [17,18] isolated from peripheral blood. By contrast, mast 
cells [12,16] and alveolar macrophages [10,11] contained both cytosolic and intranuclear 
pools of 5-LO. A constant feature in all cell types was that LT biosynthesis was associated 
with the translocation of 5-LO to the nuclear envelope. Of course, its site of origin in the 
cytosol or the nucleoplasm of a resting cell would dictate its eventual association with 
either the outer or the inner nuclear membrane, respectively, upon activation. 

The next surprise was that, even within a given cell type, 5-LO was found to be 
capable of shuttling in or out of the nucleus in response to in vivo or experimental 
conditions. Such movement is unassociated with enzyme activation and L T synthesis, and 
is to be distinguished from the Ca2+ -dependent association with nuclear envelope that 
accompanies L T synthesis. This shuttling between compartments is presumed to occur via 
the nuclear pore complex. Examples of dynamic regulation of 5-LO compartmentalization 
will be discussed later. 

Molecular Mecbanisms Mediating Compartmentalization of 5-LO 

Although we have learned a great deal about where 5-LO is localized under different 
circumstances, our knowledge of the molecular mechanisms which dictate localization is 
quite rudimentary. It is highly likely that enzyme compartmentaIization is determined 
directly by interactions between specific molecular motifs within the protein and structural 
components of the cell, or indirectly by interactions with intermediate partner proteins. 
Candidate motifs within 5-LO that may mediate Ca2+ -dependent translocation to the nuclear 
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envelope include putative Ca2+ -binding and lipid-binding domains in the N-terminal ß
barrel region [19], a src homology-3 binding domain near the C-terminus that may interact 
with cytoskeletal proteins [20], and one or more of the many consensus sites for 
phosphorylation by various protein kinases, including tyrosine kinases [21]. By contrast, 
shuttling of 5-LO through the nuclear pores of resting cells is almost certainly mediated by 
motifs functioning as nuclear import and export sequences that bind to chaperones capable 
of interacting with the nuclear pore complex. Evidence supports a role for abipartite 
nuclear import sequence rich in basic residues near the enzyme's C-terminus [22], and 
several leucine-rich motifs distributed throughout the protein might serve as candidate 
nuclear export sequences [23]. It is also likely that the activities of such nuclear import and 
export sequences are further regulated by phosphorylation reactions. 

Dynamic Regulation of 5-LO Compartmentalization 

The compartmentalization of 5-LO is subject to dynamic modulation by such factors as 
culture conditions [17,24], cellular recruitment to tissues [17,24,25], and cytokine exposure 
[18]. Two examples ofthis dynamic regulation that have been well studied are discussed 
for illustrative purposes. The first is observed in the course oftissue-specific macrophage 
differentiation. Monocytes circulating in peripheral blood are the precursors for all tissue 
macrophages. They emigrate from the bloodstream, horne to various tissues, and 
differentiate in a tissue-specific fashion into mature tissue macrophages. Monocytes 
themselves contain predominantly cytosolic 5-LO [10]. Interestingly, this cytosolic 
distribution is preserved during the course of monocyte differentiation into peritoneal 
macrophages [6] as well as pulmonary interstitial macrophages [25]. However, the final 
stage of differentiation into a pulmonary alveolar macrophage, i.e. the process of 
macrophage emigration through the alveolar wall and into the alveolar space, is uniquely 
associated with import of 5-LO into the nucleoplasm. This process appears to occur 
relatively quickly upon cellular entry into the alveolar space, as a prominent intranuclear 
pool of enzyme is found in all alveolar macrophages, regardless of their duration of 
residence in the airspace [25]. This distribution of 5-LO in alveolar macrophages, 
apparently unique among mononuclear phagocytes, may be a consequence of cellular 
exposure to the unique alveolar milieu. This conclusion is supported by the fact that 5-LO 
distribution gradually reverts back to the monocyte/non-alveolar macrophage pattern (i.e. 
predominantly cytosolic pool) during removal ofthese cells from the alveolar compartment 
and culture ex vivo over aperiod ofthree days [25]. This reversal of 5-LO distribution 
pattern could reflect either export of 5-LO molecules formerly found in the nucleoplasm, 
or tumover of the intranuclear 5-LO and a failure to import into the nucleus the newly 
synthesized polypeptide molecules. In preliminary experiments, the nuclear export inhibitor 
leptomycin failed to prevent this redistribution over time, suggesting a failure of import in 
cells removed from the alveolus. On the basis ofthese observations, we suggest that factors 
unique to the alveolar milieu favor nuclear accumulation of 5-LO, primarily by promoting 
nuclear import. The precise factors and molecular mechanisms responsible for such import 
remain to be defined. 

A second example of dynamic regulation of 5-LO compartmentalization can be 
observed in eosinophils. Eosinophils isolated from peripheral blood and studied in 
suspension contain apredominant cytosolic pool of 5-LO. Upon adherence ofthese cells 
on fibronectin, import of 5-LO into the nucleus Can be observed over a 30-60 minute 
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interval [17]. Such an intranuclear pool of enzyme is also seen in eosinophils that adhere 
to the vascular wall and emigrate from the bloodstream in the process of recruitment to 
tissues [17]. 

Effects ofS-LO Compartmentalization on LT Synthetic Capacity 

How do these shifts in intracellular distribution influence the capacity for L T synthesis 
upon subsequent activation? Interestingly, nuclear import of5-LO increases LT synthetic 
capacity in fully differentiated alveolar macrophages, butreduces it in adherent eosinophils. 
These disparate consequences of nuclear import in the two cell types can be attributed, at 
least in part, to cell-specific differences in the capacities of different enzyme pools to 
translocate to the nuclear envelope in response to agonist stimulation. Thus, the intranuclear 
pool of 5-LO in alveolar macrophages translocates readily to the nuclear envelope, while 
the cytosolic pool does not [11]. In contrast, the intranuclear pool of enzyme in adherent 
eosinophils translocates far less well upon stimulation than does the cytosolic pool in 
eosinophils studied in suspension [17]. These results reinforce the critical importance of 
enzyme translocation for 5-LO activation. A further contrast to both ofthese situations is 
provided by the mast cell, in which both cytosolic and intranuclear pools of 5-LO readily 
translocate to the nuclear envelope upon agonist activation [11]. The reasons for cell- and 
compartment-specific differences in enzyme translocatability are not known at present, but 
likely reflect differences in the distribution of critical protein kinases and/or of 5-LO 
partners which act as anchors or chaperones. It should be acknowledged that contrary 
results have been obtained with eosinophils under different experimental circumstances. 
In particular, incubation of eosinophils for 6 hours with interleukin-5 has been shown to 
increase intranuclear 5-LO as well as LT synthetic capacity upon agonist stimulation; 
however, translocation of enzyme following stimulation was not examined [18]. 

Another general means by which 5-LO localization may influence metabolie 
function of the enzyme involves its eapacity to interaet with downstream enzymes. The 
major 5-LO product of alveolar macrophages is L TB4• Synthesis ofthis moleeule requires 
the hydrolysis of 5-LO-derived LTA4 by the enzyme LTA4 hydrolase. Preliminary data 
derived from both in situ (immunohistochemical staining of lung tissue) and ex vivo 
(immunofluoreseence microscopy and subcellular fractionation of isolated cells) studies 
indicate that in alveolar macrophages, L T ~ hydrolase is found in both cytosolic and 
intranuclear compartments. In contrast, this enzyme appears to be largely cytosolic in 
monocytes as well as in structurallung cells such as epithelial cells. These data suggest that 
nuclear import ofthe hydro lase accompanies that of5-LO which occurs during macrophage 
differentiation in the alveolar space. The nuclear import ofboth enzymes in parallel may 
facilitate efficient coupling of these two sequential reactions at the nucleoplasmic face of 
the inner nuclear membrane of alveolar macrophages. 

Finally, one can envision situations in which compartmentalization ofthis pivotal 
enzyme is altered in association with disease states. This could occur on the basis of either 
inherited or acquired alterations in any of the cellular components that mediate its 
intracellular distribution, including molecular motifs within 5-LO itself, in signal 
transduction cascades, or in partner proteins. Increases or decreases in L T biosynthetic 
capacity eould then occur as a result of such alterations, contributing to disease expression. 
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Conseqnences of the Nuclear Localization of 5-LO 

It is now weIl accepted that, under most circumstances, translocation of 5-LO to the nuclear 
envelope is a critical component of enzyme activation. This process allows the enzyme to 
1) gain access to substrate arachidonic acid which is hydrolyzed from nuclear membrane 
phospholipids and presented by FLAP and 2) couple with downstream enzymes necessary 
for L T synthesis. The surprising observation that the L T biosynthetic metaboion is found 
at the nuclear envelope, rather than other membrane sites, surely suggests that LTs or 
alternative metabolic byproducts such as reactive oxygen species possess important 
autocrine actions in or near the nucleus. An important goal of future research will be to 
identify the nuclear targets for the actions of 5-LO products. There is precedent for nuclear 
eicosanoid receptors [26-28], and the types and roles of such receptors mediating direct 
intranuclear actions of 5-LO metabolites remain to be elucidated. 

In addition, it is becoming increasingly apparent that cells have evolved elaborate 
mechanisms to be able to dynamically regulate the distribution of 5-LO between cytosol 
and nucleoplasm of resting cells. There is evidence that this represents one means for 
modulating the output ofthe LT biosynthetic pathway. Future studies must elucidate how 
compartmentalization influences the ability of5-LO to translocate upon activation and to 
couple with upstream and downstream components of the metabolon. It is also appealing 
to speculate that 5-LO might subserve functions beyond its traditional catalytic role. The 
rationale for this possibility derives from the fact that the enzyme is capable of interacting 
with other molecules [20,29], and from the observations that even in resting cells not 
synthesizing LTs, it has been identified in both the euchromatin region of the nucleus 
(where active gene transcription occurs) [10] and tightly associated with chromatin [16]. 
The laHer findings suggest the intriguing possibility that 5-LO might regulate 
transcriptional events in the nucleus. 
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CALCIUM BINDING SITE OF 5-LIPOXYGENASE 

Tove Hamrnarberg, Patrick Provost, Konda Veera Reddy, Bengt Persson, and 0 lof 
Rädmark 

5-lipoxygenase (5LO) catalyzes the formation of leukotriene A4 from arachidonic acid. 
Factors determining 5LO enzyme activity are calcium, phosphatidylcholine (membranes), 
ATP, the ceHular redox status, and phosphorylation events. Ionophores (increase 
intraceHular Ca2+) are effective, and Ca2+ also activates 5LO in vitra. 5LO binds Ca2+ in a 
reversible manner with a Kd dose to 6 11M and maximum binding around two Ca2+ per 5LO 
[1]. While examining the Ca2+ binding site on 5LO, we noticed similarity between the 5LO 
N-terminal domain, and calcium binding C2-domains of for example cPLA2• Here, we 
describe that the N-terminal domain of 5LO binds calcium and mediates calcium 
stimulation of enzyme activity. 

The N-terminal sequence of 5LO was modeled into the structure of rabbit 
reticulocyte 15LO [2] (lLOX) using the pro gram ICM (version 2.7, Molsoft LLC). In 
support ofthe model (Figure 1) residues not conserved between 5LO and 15LO, as weH as 
gaps, are found mainly in the loops connecting the eight ß-strands. The 5LO model 
resembled reported structures ofC2 domains, for example in cPLA2 (1 RL W) [3]. However, 
it did not exhibit any of the two distinct topologies that have been described for C2 
domains [4]. 

Figure. 1. Model ofthe N-terminal domain of5LO. 
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Calcium binding to different parts of 5LO was determined. Native 5LO as well as 
its two putative domains: the N-terminal ß-barrel (0-128) and the C-terminal domain (120-
673), were expressed as GST fusion proteins in E. coli. All three fusion proteins were 
recovered in insoluble inc1usion bodies. 45Ca2+ -overlay was performed directly on the 
solubilized inc1usion bodies without further protein purification, as described [1]. After 
SDS-PAGE and electrotransfer onto PVDF membrane, the membrane was washed 3 x 10 
minutes with 5 mM imidazole buffer (pH 7.4) containing I mg/mi octaethylene glycol 
dodecyl ether (C12Eg) and then incubated for 30 minutes in 15 ml of a solution containing 
5 mM imidazole buffer (pH 7.4), I mg/mi C12Eg, 60 mM KCI, 5 mM MgS04, and 10 IJ.M 
45CaCI2 (specific radioactivity I mCihlmol). The membrane was washed [30% (v/v) ethanol 
in de-ionized water] and dried before exposure to Fuji RX film at -70°C for 35-50 hours. 
The overlay film in Figure 2 shows (i) GST-5LO gave the same response as recombinant 
5LO without a GST-tag (lanes 4 and 5); (ii) GST alone did not bind Ca2+ (lane 3); and (iii) 
the N-terminal part (GST-5LO(l-129) binds Ca2+ as strongly as the entire GST-5LO. The 
C-terminal part (GST-5LO(l21-673) gave a weak response. 

Coomassie 
stained 

45Ca2+_ 

treated 
10iJM 

Figure 2. Calcium binding oftruncated 5LO proteins fused to GST. After electrophoresis 
of the same set of sampIes on two SDS-polyacrylamide gels (4-15%), proteins were 
electrotransferred onto PVDF membranes. One membrane was Coomassie stained (upper 
panel) and the other membrane was subjected to 45Ca2+ -overlay (lOIJ.M Ca2+) followed by 
autoradiography (lower panel). The amounts ofproteins loaded are indicated. 
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In cPLA2 and other C2 domain proteins, the Ca2+ -chelating ligands are located in 
the loops connecting the ß-sheets. Totally nine putative Ca2+ -chelating amino acids, in 
putative ligand binding loops of 5LO, were mutated to Ala. After expression in E. cali, the 
loop 2 mutant (N43A+D44A+E46A) showed a clearly reduced Ca2+ response, but also 
mutations in the other loops shifted the response slightly towards higher Ca2+ 

concentrations. In determinations of enzyme activity over time, both initial rate and final 
amount of product were reduced for the loop 2 mutant as compared to control, for example 
at 1 0 ~M calcium (Figure 3). However, at a high calcium concentration (l mM) the loop 
2 mutant gave a time course that was similar in character to the time course obtained for 
wild-type 5LO at 10 ~M calcium. This connects the calcium affinity ofthe 5LO ß-barrel 
to calcium stimulation of enzyme activity. We recently reported that Mg2+, in the 
millimolar concentration range, could stimulate 5LO [5]. Also the Mg2+ -stimulation of the 
loop 2 mutant was drastically impaired (Figure 3) supporting the concept that Mg2+ and 
Ca2+ bind to the same site on 5LO. 
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Figure 3. Stimulation of 5LO enzyme activity by Ca2+ and Mg2+, time courses for purified 
wild-type 5LO (intact lines) and loop 2 mutant (broken lines). Purified protein (250 ng) was 
added to a cuvette containing 500 ~l Chelex-treated 50 mM Tris-HCI pH 7,5, 20 ~M 
arachidonate, 25 ~g/ml phosphatidylcholine, 2.5 ~M 13-HPODE, 1 mM DTT, 1 ~M 
EDTA, 1 ~M EGTA, and indicated concentrations ofCaCl2 (left) or MgC12 (right). 

In summary, the apparent structural and functional similarities between 5LO and 
C2 domain proteins (cPLA2) indicate that an N-terminal ß-barrel of 5-lipoxygenase 
functions as a C2 domain, for calcium regulation of enzyme activity. 
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REGULATION OF CELLULAR 5-LIPOXYGENASE ACTIVITY BY GLUTATHIONE 

PEROXIDASES 

Dietlind Schumann, Oliver Werz, Dagmar Szellas, and Dieter Steinhilber 

B-Iymphocytes, monocytes, and partially differentiated human leukemic celllines express 
5-lipoxygenase protein but no concomitant cellular activity. Recently, we and others could 
show that glutathione peroxidases (GPx) are responsible for inhibition of 5-lipoxygenase 
activity in these cell lines [1,2]. Characterization of the endogenous 5-lipoxygenase 
inhibitors in the B-Iymphocytic cellline BL41-E95A and in HL-60 cells demonstrated that 
the respective inhibitors display properties identical to GPx-4 [2]. Characterization ofthe 
functionality ofthis inhibitor revealed that inhibition of5-lipoxygenase in these celliines 
was abolished when 5-LO activity was determined in cell homogenates in the absence of 
thiols. In contrast to these findings, monocytic cells contain an endogenous inhibitor which 
suppresses 5-lipoxygenase activity in intact cells and in cell homogenates both in the 
presence and absence ofthiols (Figure 1). Purification ofthis endogenous 5-LO inhibitor 
of monocytic cells followed by protein sequencing and immunoblotting revealed that the 
inhibitor is GPx-l. In contrast to peroxidase activity, there was no requirement for 
millimolar concentrations ofthiols for 5-LO inhibition indicating that different catalytic 
properties of peroxidases are addressed by these two actions. 

Results and Discussion 

5-LO inhibition by selenium-dependent peroxidases was investigated in three different cell 
lines. HL-60 cells, differentiated for 4 days by 1.5 % DMSO, Mono Mac 6 cells grown for 
two days in the presence ofTGFß (lng/ml), and BL41-E95A cells were used as models for 
granulocytic, monocytic, and B-lymphocytic cells, respectively. The cells were grown 
either in medium containing 10% fetal calf serum (FCS-medium), under serum-free 
conditions (SFM) or in serum-free medium supplemented with selenium (Se4+, 1 ng/ml). 
As can be seen from Figure 1, transfer ofHL-60 cells, BL41-E95A, or Mono Mac 6 cells 
from FCS-medium into serum-free medium for several passages leads to a strong 
upregulation of cellular 5-LO activity which can be suppressed by addition of selenium to 
the serum-free medium. 
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Figure 1. Selenium-dependent inhibition of 5-LO activity of intact cells and cell 
homogenates from HL-60, BL41-E95A and Mono Mac 6 cells. Cells were cultured under 
the indicated culture conditions. Then, 5-LO activity of intact cells and cell homogenates 
was determined in the absence of exogenously added thiols. 

However, when 5-LO activity was determined in the corresponding cell 
homogenates in the absence of exogenously added thiols, there was a similar 5-LO activity 
under all cell culture conditions in HL-60 cells and in BL41-E95A cells, respectively. In 
contrast, in cell homogenates ofMono Mac 6 cells, 5-LO activity was low when the cells 
were cultured in the presence of selenium whereas high 5-LO activity was only observed 
under selenium free conditions. The data suggest that Mono Mac 6 cells contain a 
selenium-dependent endogenous 5-LO inhibitor that, in contrast to the inhibitor ofB-cells 
and HL-60 cells which was shown previously to be GPx-4, does not depend on millimolar 
concentrations ofthiols. Purification, protein sequencing, and immunoblotting revealed that 
the inhibitor is GPx-l. Further analysis ofthe inhibitory effect demonstrated that GPx-l 
does not require millimolar concentrations ofthiols for 5-LO inhibition and that there is no 
direct binding ofGPx-l to 5-LO [3]. As shown in Figure 2, cellular GPx activity ofMono 
Mac 6 cells is much higher than in HL-60 cells and BL41-E95A cells which could be the 
reason that GPx-l is responsible for 5-LO inhibition in Mono Mac 6 cells but not in the 
other celllines. 
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Figure 2. Determination of cellular glutathione peroxidase activity. Cells were grown under 
the indicated culture conditions (l,25(OH)2D3 = calcitriol). Then, the cells were harvested 
and cellular glutathione peroxidase activity was determined as described [4]. 

Interestingly, cellular peroxidase activity does not significantly change during 
differentiation of the Mono Mac 6 and HL-60 cells (Figure 2). However, in Mono Mac 6 
cells there is a 200- to 400-fold increase in cellular activity but only an about 3-fold 
increase in 5-LO protein expression by calcitriol when the cells were cultured before for 
2 days in the presence ofTGFß [5]. These data suggest that cell maturation is accompanied 
by a strong decrease in 5-LO sensitivity against peroxidases. This process might be 
involved in the upregulation of cellular 5-LO activity during myeloid cell maturation. 
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NOVEL ASPECTS RELATED TO BIOSYNTHESIS AND BIOLOGICAL ACTIONS OF 

HEPOXILINS: INTERRELATIONSHIP WITH PHOSPHOLIPID HYDROPEROXIDE 

GLUTATHIONE PEROXIDASE (PHGPx) 

Pattabhiraman Shankaranarayanan, Mark Sutherland, Helmar Waiczies, Tankred 
Schewe, and Santosh Nigam 

Introduction 

The 12-lipoxygenase (12-LOX) pathway of AA metabolism in platelets and other ceHs is 
bifurcated at the level ofthe oxygenated product 12-hydroperoxyeicosatetranoic acid (12-
HPETE) into a reduction route leading to 12-HETE as a primary product and an 
isomerization route forming hepoxilins (HXA3 and HXB3) as m~or products. Both 12-
HETE and hepoxilins are biologically active eicosanoids and possess a myriad ofbiological 
actions [1,2 and references therein]. Glutathione peroxidases, which are key players in the 
defense oftissues and cells against the oxidative damage [3], are also intimately involved 
in the regulation of AA metabolism [4-7]. This role has been attributed to glutathione 
peroxidases for following reasons: (a) they reduce the hydroperoxyfatty acids formed by 
lipoxygenases or cyclooxygenases to corresponding alcohols, (b) they regulate the 
hydroperoxide tone of the system, which is contributed largely by the hydroperoxyfatty 
acids. It is known that a low hydroperoxide tone functions as a stimulus for lipoxygenase 
and cyclooxygenase reactions but a higher hydroperoxide tone causes suicide inactivation 
of dioxygenases and of substrates for hydroperoxidase reaction [8]. Four different 
glutathione peroxidases, which are characterized by the selenocysteine group at the active 
site, are known up until now [3]: cytosolic glutathione peroxidase (GPx-l), PHGPx (GPx-
4), plasma GPx (pGPx), and gastrointestinal GPx (GIGPx). But, only GPx-l and PHGPx 
playa significant role in the intracellular metabolism of eicosanoids. Several studies in the 
past dealing with the role of glutathione peroxidases in the eicosanoid metabolism of 
platelets considered predominantly GPX-l as the sole enzyme. To our knowledge no 
evidence for the coeval occurrence ofPHGPx in platelets has been demonstrated so far. The 
present study provides an evidence for the presence ofPHGPx in platelets. Its pivotal role 
in the regulation of 12-LOX pathway has been demonstrated by the inactivation of 
glutathione peroxidases by iodoacetate without any inactivation of 12-LOX [9] as weH as 
in selenium-deficient cells. 
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ResuIts and Discussion 

Western blot analyses with rabbit PHGPx antibody show a strong immunoreactive band 
of23 kDa molecular weight in lysates ofhuman platelets and A431 cells (positive control), 
but not in erythrocyte cytosol, which is known as a rich source for GPx-1 but is deprived 
of PHGPx (Figure 1). In order to outflank any nonspecificity of the rabbit antibody, a 
monoclonal antibody raised against human recombinant PHGPx was used to confirm the 
detection ofPHGPx in the platelet cytosol (Figure lB). Thus, we provided for the first time 
an evidence for the occurrence ofPHGPx protein in human platelets. However, the RT
PCR analysis of PHGPx-mRNA and 12-LOX-mRNA in the lysate of platelets 
demonstrated a positive reaction for the 12-LOX messenger, but not for the PHGPx 
messenger (Figure 2), which led us to believe the shorter life-time ofthe PHGPx messenger 
as compared to other mRNA species in platelets. This assumption was strongly supported 
by the RT-PCR analysis ofmegakaryocytes prepared from the human bone marrow, in 
which large quantities ofboth PHGPx and 12-LOX messengers were found (Figure 2). 
Additional support came from the analysis ofthe breakdown rate ofthe PHGPx messenger 
in the human megakaryoblast cell line UT7 before and after differentiation to 
megakaryocytes with phorbolester, which depicted a half-life of ~ 3 hours in 
nondifferentiated cells as compared with only ~ 0.5 hours in differentiated cells. This 
observation explained clearly why the PHGPx messenger is hardly detectable in platelets. 
In order to evaluate the distinct roles of PHGPx and GPx-1 in platelets, we prepared 
selenium-deficient UT7 cells [10], since it is known that the GPx-1, but not PHGPx, is 
sensitive to selenium deficiency. By replenishing these cells with selenium we obtained 
cells showing almost no GPx-1 activity but possessing substantial PHGPx activity. 
Inasmuch as UT7 cells do not contain 12-LOX, the reduction of 12-HPETE to 12-HETE 
by these cells gave a clear-cut evidence that PHGPx could substitute GPx-1 under specific 
conditions (data not shown). 

Application of iodoacetate, which does not inhibit 12-LOX activity, as an 
irreversible inhibitor of selenocysteine-containing glutathione peroxidases for studying the 
AA metabolism in platelets caused a significant shift in the formation of 12-HPETE instead 
of 12-HETE, whereas the sum of the 2 products was negligibly reduced (Figure 3). A 
similar pattern ofboth 12-LOX metabolites was also observed when 12-HPETE was added 
exogenously (data not shown). Since PHGPx and GPx-1 lower the hydroperoxide tone in 
the cells, there occurs inevitably a modulation ofthe AA metabolism. Thus, the formation 
ofhepoxilin is significantly augmented in iodoacetate-treated platelets (0.4 nmols HXA3 

with iodoacetate versus < 0.1 nmol without iodoacetate), whereas almost no hepoxilin was 
detected in platelets in the absence of iodoacetate. To our knowledge this role of PHGPx 
has not been reported so far. Considering that hepoxilins are involved in a number of 
biological effects in mammalian cells [2,11,12], it is reasonable to assume that the shift of 
the reduction route of 12-LOX pathway to the isomerization route occurs inevitably under 
oxidative stress situation in order to keep the functional integrity of the platelets. In 
summary, the PHGPx apparently constitutes an integral part in the fine tuning network of 
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the regulation of 12-LOX pathway of AA metabolism in human platelets. 

PI A431 RBC PLATELET llBC PBOPs MUTANT 

-23kD8 .... 

A B 

Figure 1. Western blots with two different antibodies against human PHGPx showing the 
occurrence ofPHGPx in platelets. (A) Polyclonal antibody against a peptide fragmen.t of 
human PHGPx, (B) Monoclonal antibody against human PHGPx. Lysates of A431 cells 
and recombinant human PHGPx (mutant sec46cys) were used as positive and the lysate of 
erythrocytes as negative controls. 
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Figure 2. RT -PCR of mRNAs of PHGPx, 12-LOX and ß-actin in human platelets and 
megakaryocytes. Total RNA was reverse-transcribed using 5 ' 
TGTGCGCGCTCCATGCACGAGT and 5'-AAATAGTGGGGCAGGTCCTTCTCT as 
primer set for PHGPx-cDNA and 5'-CTGGCCCCAGAAGATCTGATC and 5'
GATGATCT ACCTCCAAA TATG as primer set forplatelet-type 12-LOX-cDNA. ß-Actin
cDNA served as biological standard. Left to right: molecular mass standard mixture (M), 
platelets (PI), megakaryocytes (Mk). A431 cells (positive control). 
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Figure 3. Amounts of AA metabolites in human platelets with and without pretreatment 
with iodoacetate. Washed human platelets with or without pretreatment with iodoacetate 
were incubated with 130 JlM AA for 10 minutes. Following diethylether extraction the 
ethereal phase was dried down, reconstituted in HPLC-solvent and analyzed by HPLC on 
a Cu-column using n-hexane:2-propanol:acetic acid (100:2:0.1, v/v) as mobile phase and 
13-HODE as an internal standard. For analysis ofhepoxilins sampies were derivatized with 
9-anthranyl diazomethane [2]. Methanol:acetonitrile:water (90:6:4, v/v) was used as eluent 
in this case. 

Acknowledgment 

This study was generously supported by the Free University Berlin (Ni-F097). Authors 
wish to thank Dr. A. Maurer, Department of Hematology, UKBF for providing bone 
marrow sampies, Dr. H. Kühn, Institute ofBiochemistry, HU Berlin for supplying PHGPx 
antibodies and Dr. C.R. Pace-Asciak, Research Institute, HSC Toronto for providing 
hepoxilins. 

References 

I. Yamamoto S, Suzuki H, Ueda N. Arachidonate 12-lipoxygenases. Prog Lipid Res 1997; 
36:23-41. 

2. Pace-Asciak CR, Reynaud D, Demin P, Nigam S. The hepoxilins, a review. In: Nigam S, 
Pace-Asciak CR, editors. Lipoxygenases and their metabolites. New York: 
Kluwer/Plenum, 1999: 123-132. 

3. Brigelius-F1ohe R. Tissue-specific functions of individual glutathione peroxidases. Free 
Radic Biol Med 1999;27:951-965. 

4. Bryant RW, Simon TC, Bailey JM. Role of glutathione peroxidase and hexose 



29 

monophosphate shunt in the platelet lipoxygenase pathway. JBiol Chern 1982;257: 14937-
43. 

5. Weitzel F, Wendel A. Selenoenzyrnes regulate the activity of leukocyte 5-lipoxygenase 
via the peroxide tone. J Biol Chern 1993;268:6288-92. 

6. Schnurr K, Belkner J, Ursini F, Schewe T, Kühn H. The selenoenzyme phospholipid 
hydroperoxide glutathione peroxidase controls the activity ofthe 15-lipoxygenase with 
cornplex substrates and preserves the specificity ofthe oxygenation products. J Biol Chern 
1996;271 :4653-58. 

7. Irnai H, Narashirna K, Arai M, Sakarnoto H, Chiba N, Nakagawa Y. Suppression of 
leukotriene formation in RBL-2H3 cells that overexpressed phospholipid hydroperoxide 
glutathione peroxidase. J Biol Chern 1998;273: 1990-97. 

8. Schewe T, Rapoport SM, Kühn H. Enzyrnology and physiology of reticulocyte 
lipoxygenase: cornparison with other lipoxygenases. Adv Enzyrnol Relat Areas Mol Biol 
1986;58:191-272. 

9. Maiorino M, Aurnann KD, Brigelius-Flohe R, et al. Probing the presurned catalytic triad 
of seleniurn-containing peroxidases by rnutational analysis of phospholipid hydroperoxide 
glutathione peroxidases (PHGPx). Biol Chern Hoppe Seyler 1995;376:651-60. 

10. Weitzel F, Wendel A. Phospholipid hydroperoxide glutathione peroxidase in various 
mouse organs during selenium deficiency and repletion. J Biol Chern 1993;268:6288-92. 

11. Sutherland M, Schewe T, Nigarn S. Biological actions ofthe free acid ofhepoxilin A3 on 
human neutrophils. Bioehern Pharmacol 1999;59:435-40. 

12. Margalit A, Sofer Y, Grossrnan S, Reynaud D, Pace-Asciak CR, Livne AA. Hepoxilin A3 

is the endogenous lipid mediator opposing hypotonie swelling of intact human platelets. 
Proc Natl Acad Sei USA 1993;90:2589-92. 



TRANSCRIPTIONAL REGULATION OF THE HUMAN LEUKOTRIENE C4 SVNTHASE 

PROMOTER 

Ji-liang Zhao, K. Frank Austen, and Bing K. Lam 

The cysteinylleukotrienes are a class of molecules originally known as the slow-reacting 
substances of anaphylaxis (SRS-A). Leukotriene (LT)C4, the parent compound of the 
group, together with its derivatives LTD4 and LTE4 cause increased mucus secretion, 
vascular permeability, and smooth muscle constriction. The pathologie role ofthe cysteinyl 
leukotrienes in bronchial asthma has been established by their chronic overproduction in 
the airways of patients with asthma and by the relief experienced by such patients after the 
administration of agents that attenuate leukotriene elaboration or their receptor-mediated 
actions [1]. LTC4 synthase (LTC4S), an 18-kD integral membrane protein, is a key enzyme 
in the biosynthesis of the cysteinyl leukotrienes. It conjugates L T ~ with reduced 
glutathione to form L TC4• L TC4S is expressed predominantly in mast cells, basophils, and 
eosinophils, a sub set of the monocyte and myeloid lineages important for allergy and 
inflammation. However, the mechanisms controlling the cell-specific expression ofLTC4S 
are not well understood. Our recent study ofthe LTC4S promoter indicated that several cis
acting elements are involved in the transcription of this TATA-Iess gene. This article 
reviews constitutive and induced expression of L TC4S in various cells and focuses on the 
delineation of cis-acting elements and the identification of transcription factors that 
transactivate the human LTC4S gene promoter. 

Constitutive L TC4S Expression Regulated by Lineage Differentiation 

Among the proteins involved in the biosynthesis of the leukotrienes, cytosolic 
phospholipase A2 (cPLA2) is present in all cell types, while 5-lipoxygenase (5-LO) and 5-
lipoxygenase activating protein (FLAP) are expressed prominently in cells of 
myelomonocytic lineage and to a much lesser extent in B cells. L T ~ hydrolase is widely 
expressed in both nonhematopoietic and hematopoietic cells; among the latter, its 
expression relative to LTC4S can be selective (human polymorphonuclear leukocytes), 
dominant (monocyte/macrophages), or minimal (mast cells). In contrast, the expression of 
L TC4S is limited: L TC4S is the only leukotriene pathway terminal enzyme for eosinophils 
and basophils, exhibits predominance in mast cells, and occurs in platelets in the absence 
ofthe proximal pathway enzymes so as to depend on a transcellular supply ofLTA4• 

The restricted pattern ofL TC4S expression in certain related celliineages indicates 

31 

B. Samuelsson et al. (eds.), Advances in Prostagiandin and Leukotriene Research, 31-36. 
© 2001 Kluwer Academic Publishers and Fondazione Giovanni Lorenzini. 



32 

that lineage development and differentiation lead to the constitutive expression ofLTC4S. 
This developmental regulation has been documented during differentiation and maturation 
ofhuman eosinophils from cord blood progenitors with interleukin (lL)-3 and IL-5 in the 
presence of areconstituted basement membrane, Matrigel [2]. The cord blood mononuclear 
cells had no L TC4S as measured by Western blot; cells of mixed granulocytes after 7 days 
in culture produced no L TC4 when stimulated with ionophore, even though they expressed 
the proximal pathway proteins cPLA2, 5-LO, and FLAP. As the cells became 93% pure 
hybrid granulocytes, containing both eosinophil and basophil granules after 14 days in 
culture, both L TC4S transcript and protein were observed. The L TC4S protein and activity 
continued to increase as the hybrid eosinophils lost basophilic granules to become mature 
eosinophils [2]. Thus, the data revealed a direct correlation between the developmental 
stages of eosinophils and the level of L TC4S expression. 

Mitogenic and Inflammatory Stimuli Induce LTC4S Expression 

L TC4S expression can be induced in many leukemia celllines, with levels ranging from 
none (HL-60 cells) to minimal (U937 cells) to high (HEL and THP-l cells), without 
mitogenic stimulation. Because these cells are immortal and are arrested at particular 
developmental stages, they have been used as model systems to show the effect ofterminal 
differentiation induced by various mitogenic stimuli on the expression ofL TC4S, a process 
that mimics the developmental regulation ofLTC4S in in vitro-derived eosinophils. For 
example, HL-60 cells, which underwent neutrophilic differentiation in presence of 1.2 % 
dimethyl sulfoxide (DMSO), expressed the transcript and proteins ofLT ~ hydrolase, but 
not those ofLTC4S [3). However, when stimulated with 0.4 mM butyric acid, an HL-60 
subline demonstrated eosinophilic differentiation, accompanied by a progressive induction 
ofLTC4S transcript and protein and an approximately 75-fold increase ofLTC4S activity 
in 7 days [3]. 

Similarly, LTC4S activity increased in U937 cells stimulated for 3 days by 1.3% 
DMSO, but not by 10 nM phorbol myristate acetate (PMA) [4]. However, PMA at a 320 
nM concentration induced LTC4S activity in HEL cells [5]. Thus, LTC4S can be 
upregulated in leukemic cell lines by appropriate terminal differentiation through 
exogenous biochemical stimulation. Cytokines playamajor role in stimulating L TC4S 
expression in inflammatory settings. A proinflammatory cytokine, such as transforming 
growth factor ß-(TGF p), rapidly increases L TC4S transcript in THP-l cells [6]. Besides IL-3 
and IL-5, which are important regulators of eosinophil development and survival, 
granulocyte-macrophage colony-stimulating factor (GM-CSF) can enhance the transition 
of normodense eosinophils to a hypodense form, which generates increased amounts of 
L TC4 when stimulated with FMLP [7]. In bronchial biopsy specimens from patients with 
aspirin-intolerant asthma (AIA), both the number of eosinophils in the airways and the 
number of cells with L TC4S protein expression were increased as measured by 
immunohistochemistry [8]. The upregulation ofL TC4S protein expression in AIA is likely 
to be a maturation effect on eosinophils by a network of cytokines released from 
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inflammatory cells, including T cells. 

Characterization of the LTC4S Promoter 

Although an increase in steady-state LTC4S transcripts has been observed during eosinophil 
development or appropriate terminal differentiation of leukemic cells, it is not clear 
whether the increase is the result ofL TC4S gene transcription or transcript stability. So far, 
no nuclear run-on experiment to directly demonstrate that L TC4S is regulated at 
transcription level has been reported. The half-life ofLTC4S transcript from TGFß-treated 
THP-1 cells did not significantly differ from that of untreated cells, suggesting that either 
an unknown transcript stability mechanism or an increase in transcription rate was involved 
in upregulation ofLTC4S mRNA in TGFß-treated THP-1 cells [6]. When a 1.7-kb LTC4S 
promoter/luciferase reporter construct was transiently transfected into THP-1 cells, the 
promoter activity was increased by less than 2-fold in response to TGFß. In comparison, 
TGFß increased the steady-state LTC4S mRNA in THP-1 cells by 7-fold in 24 hours [6]. 
The data suggest that LTC4S mRNA levels may be regulated by a complex mechanism 
involving both transcription and transcript stability. In addition, LTC4S can be regulated 
post-translationally by phosphorylation, which suppresses L TC4S activity through a protein 
kinase C-dependent pathway [9]. 

Like the 5-LO and L T A4 hydro lase gene promoters, the L TC4S promoter contains 
no TAT A or CAA T box. The transcription start site of the L TC4S gene has previously been 
mapped by primer extension to nucleotides -66, -69, and -96 with respect to the translation 
start site (+ 1) with poly (Ar RNA from in vitro-derived eosinophils and KG-1 cells [10]. 
A single transcription start site at -78 was also reported with total RNA from THP-1 cells 
[11]. Sequence analysis of the 5' region reveals the presence of multiple consensus 
sequences, including binding sites for AP2 (-973), AP1 (-903), and Sp1 (-118). More 
recently, a polymorphism of an A to C transversion at -444 was identified in the 5' 
flanking region ofthe L TC4S gene. However, the single nucleotide polymorphism appears 
to associate with the AIA phenotype only in eastem Europe and not in the United States 
[12,13]. Furthermore, the promoter activity ofa construct containing the mutation is not 
increased when the construct is transfected into THP-1 cells as compared to the promoter 
activity associated with a wild-type construct [13]. 

We cloned 2.1 kb of the human L TC4S 5' flanking region, which contains the three 
DNase I hypersensitivity sites, ahead of a promoterless/enhancerless luciferase reporter 
gene and transiently transfected the construct and its variants into THP-1 and K562 cells. 
As THP-1 cells express LTC4S and the K562 cells do not, the results were informative for 
cell-specific expression. Deletional analysis indicated that two regions, from -557 to -228 
and from -175 to -122, respectively, were important for the promoter activities of the 
construct in THP-1 cells but not in K562 cells [14]. Thus, these regions are likely to be 
involved in the cell-specific expression ofthe promoter. Further analysis ofthe proximal 
cell-specific region by linker-scanning mutagenesis revealed that a 40-bp sequence from 
-164 to -125 contains positive cis-elements for cell-specific reporter activity in transfected 
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THP-1 cells. These elements include an AP3 site, a tandem CACCC repeat, and a CCCTC 
motif; mutation of any ofthese sites caused the promoter activity to decrease by 35 to 75% 
ofthat ofthe wild-type construct. Deletional analysis also revealed anon-cell-specific basal 
promoter region active in both THP-1 and K562 cells. This region contains a GC-box (-120 
to -115) and an initiator (Im) motif (CAGAC at -66 to -62), which when mutated 
singularly or together, reduced the reporter gene expression by 60% and 80%, respectively 
[14]. 

Transactivation ofthe LTC4S Promoter by Spl and Kruppel-Iike Factors 

DNA-protein complexes were observed in electrophoretic mobility shift assays (EMSA) 
with 32P-Iabeled oligonucleotides, containing the individual motif of the cis-elements 
identified as basal and cell-specific, respectively. EMSA of the AP3 site and of the Im 
sequence each yielded a single gel shift band with nuclear extract isolated from THP-1 and 
K562 cells, and the complexes were blocked by their respective excess cold 
oligonucleotides [14]. However, the proteins binding to the AP3 site were not sought 
because the AP3 binding candidates are not yet reported. A novel Im binding protein 
appeared to recognize the L TC4S Im motif (CAGAC), which is different from other Im 
motifs, such as C~lTTC (the classic terminal deoxynucleotidyl transferase gene Im), 
CATCTT, CACTC, and CATTT, the binding sites for TFIID, TFII-I, USF, and YY1, 
respectively [15-18]. 

Multiple EMSA complexes were found with THP-l cell nuclear extract and a 32p_ 
labeled oligonucleotide containing the CCCTC site, which overlaps the proximal CCCAC 
repeat sequence. Interestingly, one ofthe complexes observed with THP-I nuclear extract 
was absent when K562 nuc1ear extract was used in EMSA, indicating that the binding 
protein was expressed specifically in THP-l cells and could be involved in the cell-specific 
expression of LTC4S. The transcription factor Sp1 family members, Sp1 and Sp3, were 
found to bind to the GC-box (-120 to -115) in the L TC4S basal promoter region as well as 
the distal CACCC motif( -149 to -145), as determined by super-shift analysis with antisera 
against individual Sp 1 family members [14]. Besides Sp 1 and Sp3, the distal CACCC motif 
was also found in EMSA to bind recombinant erythroid Kruppel-like factor (EKLF) 
protein, which is the founding member ofthe Kruppel-like fami1y oftranscription factors 
[19]. The EKLF family proteins recognize a core sequence of CACCC and transactivate 
many cell-specifically expressed and/or inducible genes. Therefore, Zf9/CPBP (core 
promoter-binding protein) [20], a subfamily member of the EKLF family was used in 
cotransfection experiments to determine whether a Kruppel-like factor is involved in 
L TC4S gene transcription. When cotransfected into COS cells, Zf9/CPBP transactivated 
the reporter activity ofthe wild-type -228 to -3 LTC4S promoter construct by 4-5 fold, but 
not its variant with mutations in the CACCC repeat region. Similarly, Sp1 transactivated 
the L TC4S -228 to -3 promoter in Drosophila Schneider cells, which lack endogenous Sp 1 
family transcription factors. The transactivation of L TC4S promoter activity by Sp 1 was 
reduced by about 67% with mutations in the distal CACCC motif [14]. 
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The proposed binding of cis-elements by their putative transcription factors so as 
to direct L TC4S transcription in THP-l cells is schematically depicted in Figure 1. The 
CACCC repeats play an important role in regulating the cell-specific expression ofL TC4S 
by interacting with at least two families of transcription factors, Sp 1 and Sp3 and the 
Kruppel-like factors. Sp 1 is involved in transcription of many TAT A-Iess genes, induding 
the 5-LO gene, which contains five tandem repeats of a GC-rich sequence in its proximal 
promoter region. The region binds to Sp 1 and Egr-l, both of which transactivated the 5-LO 
promoter in Drosophila Schneider cells in separate cotransfections [21 ,22], whereas only 
Sp 1 and Sp3 were active with the L TC4S promoter [14]. In the L TC4S promoter, the 
transcription factors that bind to the CACCC repeats may interact with factors binding to 
other regions, induding the CCCTC site and the GC-box, to achieve the cell-specific effect 
of L TC4S gene regulation. 

Sp1/ CCCTC 
Kruppel-like binding 

CACCC CACCCTC 
-149 10 -145 -139 10 -135/ 

-13710 -133 

Cell-specific Region 

Sp1 

GC-box 
-12010 -115 

Inr 
binding 

CAGAC 
-6610 -62 

Basal Promoter Region 

Figure 1. Schematic presentation of the transcriptional regulation of the L TC4S proximal 
promoter. The sequences of the L TC4S cis-elements are listed and numbered with respect 
to the translation start site (+ 1). The arrow indicates the transcription start site at -66 as 
previously identified. The known transcription factors that bind to the cis-elements in the 
LTC4S proximal promoter are depicted as boxes (dark- and light-shaded for Spl and 
Kruppel-like factor, respectively), and the putative binding proteins are depicted as ovals. 
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LOCALIZATION AND TRANSLOCATION OF ENZYMES INVOLVED IN LEUKOTRIENE 

BIOSYNTHESIS 

Yoshiyuki Ide, Hiromi Hanaka, Tetsuya Hirabayashi, Takao Shimizu, and Takashi 
Izumi 

Introduction 

Leukotrienes (L T) are potent proinflammatory mediators which are thought be released 
immediately upon extracellular stimulation. Responding to stimulation, arachidonic acid 
(AA) is released from phospholipids by the action of phospholipases ( cPLA2, sPLA2, etc.). 
Once liberated form the phospholipid, AA is further metabolized to L T ~ by 5-
lipoxygenase (5-LO). LT~ hydrolase (LTA4H) catalyzes the transformation ofLTA4 to 
L TB4, and L TC4 synthase adds glutathione to LT ~ and produces L TC4, which is 
subsequently transformed to LTD4 and LTE4 by gamma-GTP and dipeptidase, respectively 
and sequentially [1]. 

Figure 1 shows the localization of enzymes involved in L T production before and 
after stimulation. Though the intracellular localization of each enzyme in resting cells may 
be varied in each type of cells [2,3], the figure shows the typicallocalization. In resting 
cells, both FLAP and L TC4 synthase are localized around the nuclear membrane and 
partially in ER, while others are mainly localized in the cytosol. 5-LO is observed both in 
the nucleus and the cytosol depending on cell types. It has been reported that once cells are 
activated to produce LT, cPLA2 and 5-LO immediate1y accumulate around the nucleus [2]. 
But the mechanism and the biological significance are not well known. Here we report the 
translocation of these enzymes. 

Intracellular Translocation of cPLA2 and AA Release 

Many studies indicated that cPLA2 play important roles in the production of lipid 
mediators. We observed translocation of cPLA2 after stimulation with P AF in CHO cells 
expressing both the P AF receptor and a fusion protein of cPLA2 and EGFP [4] (Figure 2). 
In the resting cells, the fluorescent signal was observed equally in the cytosol, but the 
strong fluorescent signal appeared around the nucleus from one to five minutes after P AF 
stimulation. This translocation was modified differently by adding EGT A to the che1ate 
medium calcium ion at the point of one or five minutes after stimulation with P AF. When 
EGT A was added at one minute after P AF stimulation, the cPLA2 gathered around the 

37 

B. Samuelsson et al. (eds.), Advances in Prostagiandin and Leukotriene Research, 37-40. 
© 2001 Kluwer Academic Publishers and Fondazione Giovanni Lorenzini. 



38 

nucleus translocated to the cytosol immediately, whereas in the cells to which EGT A was 
added at the five-minute point, the cPLA2 remained localized around the nucleus. Then, 
to clarify the correlation between this calcium-responding translocation and cPLA2 activity, 
we measured release of FH] AA from the CHO cells with PAF stimulation. After PAF 
stimulation, 8% of total cell [3H] AA was extracellularly released. The release was 
inhibited to 2%, the same level as the control with calcium chelation at one minute. On the 
other hand, when EGT A was applied five minutes after stimulation, 8% of AA was 
released. These data suggest that the translocation and succeeding localization around the 
nucleus over 5 minutes is important to derive AA from the membrane. 

(a) (b) 

Figure 1. Localization of enzymes in a) resting cells and b) activated cells. 

Figure 2. Localization of cPLA and EGFP fusion protein at each time after the stimulation 
withPAF. 

Translocation and Localization of 5-LO and LT A4H 

Then we prepared CHO cells stably expressing 5-LO and EGFP fusion protein and 
observed the movement of5-LO triggered by calcium ionophore (Figure 3). In resting cells 
5-LO was localized in both the nucleus and the cytosol (Figure 3a). This nuclear 
localization was found to be regulated by nuclear localization signal using 5-LO differently 
mutated on a putative NLS. Moreover, under the treatment of calcium ionophore for 10 
minutes, the enzyme translocated around the nucleus sharply (Figure 3b). 
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We also observed the localization of LTA4H in rat alveolar macrophages (AMs) 
with immunocytochemistry (Figure 4) and CHO cells stably expressing LTA4H and EGFP 
fusion protein (data not shown). Freshly collected AMs from BALF showed LT A4H was 
localized mainly to the cytosol and after floating for 10 minutes the enzyme partially 
translocated into the nucleus. This localization and translocation were also observed in 
CHO cells. The translocation was inhibited when CHO cells were treated with tyrosine 
kinase inhibitors, or when FCS was starved from the medium. The localization ofLT A4H 
was also changed 5 minutes after adhesion on a slide glass and the fluorescent signal was 
observed around the plasma membrane. Different from cPLA2 and 5-LO, LTA4H did not 
translocate when cells were treated with calcium ionophore. These data indicate L T A4H 
could also change the localization from cytosol to nucleus or plasma membrane 
coordinating with adhesion but did not depend on the intracellular calcium increase. 

(a) (b) 

Figure 3. Localization of 5-LO in CHO cells. Localization of 5-LO and EGFP fustion 
protein in CHO cells a) before and b) 10 minutes after stimulation with calcium ionophore. 

(a) (b) (c) 

Figure 4. Localization ofLTA4H in AMs. LTA4H was visualized using antibody in AMs, 
a) in BALF, b) kept floating for 30 minutes, c) adhered on a slide glass for 5 minutes. 
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Summary 

Here we sequentially observed translocation of cPLA2, 5-LO, and LTA4H in CHO 
cells expressing each enzyme stably, or in AMs. 5-LO and cPLA2 translocated to the 
nuclear membrane upon stimulation increasing intracellular calcium, and it also appeared 
that transient calcium increase was not enough for cPLA2 to produce AA. L T A4H also 
translocated to the plasma membrane not when intracellular calcium increased but AMs 
adhered on a slide glass. The meaning of this translocation is not clear yet, but these data 
may suggest that localization of these enzymes might regulate the production of L T. 
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REGULATION OF COX-2 EXPRESSION IN FIBROBLASTS, OSTEOBLASTS, MAST CELLS, 
AND MACROPHAGES 

Harvey R. Herschman, David J. Wadleigh, and Srinivasa T. Reddy 

Introduction 

The prostaglandin synthase/cyclooxygenase (COX) enzymes catalyze two reactions. The 
cyclooxygenase activity of these enzymes first converts free arachidonic acid, released from 
membrane lipids by a phospholipase, to PGG2• This intermediate is then converted to PGH2 

by the COX hydroperoxidase activity. PGH2 is the precursor for all prostanoids
prostaglandins, thromboxanes and prostacyclins. 

Cyclooxygenase activity is present in nearly all cells. For many years the rate
limiting step in prostanoid production in response to cell stimulation was thought to be 
activation of phospholipase(s) to release membrane-bound arachidonic acid. Prostaglandin 
production was thought to be limited by arachidonic acid availability; constitutive levels of 
COX were thought to be present in excess in ceHs, and available to convert free arachidonic 
acid to PGH2• It was assumed that only one COX gene is present in mammalian genomes. 
However, studies of glucocorticoid inhibition of prostaglandin production [1], antigenic 
isoforms of COX [2], and identification of an inducible mRNA that cross-hybridized with 
"COX" cDNA [3] suggested a second, inducible COX gene might exist. 

We identified "immediate-ear1y" genes induced by the mitogenltumor promoter 
tetradecanoyl phorbol acetate (TP A), andnamed these cDNAs TP A-Induced-Sequences, or TlS 
genes [4]. TlS 1 0 encodes a protein with sequence similarity to the previously cloned murine 
cyclooxygenase [5]. Recombinant TlS 1 0 proteinhas both cyclooxygenase and hydroperoxidase 
activities; TlS10 encodes a second COX [6]. The "constitutive" COX is now referred to as 
COX-1; the inducible (TlS10) form is termed COX-2. Xie et al. [7] cloned a cDNA from 
chicken fibroblasts that encodes a protein with strong sequence homologyto mammalian COX-
1. However, they could not determine whether CEF-147 was a second cycloxygenase or the 
avian COX-1 homologue, since avian COX-1 bad not been cloned. O'Banion et al.later cloned 
COX-2 as a serum-induced gene [8,9]. 

Regulation of COX-2 Gene Expression in Fibroblasts 

We characterized the regulatory regions ofthe murine COX-2 gene, the transcription factors, 
and the signal transduction pathways that mediate COX-2 induction by the v-src oncogene and 
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by platelet-derived growth factor (pDGF) in fibroblasts. Using deletion analysis, with chimeric 
luciferase reporter constructs, we identified the region ofthe COX -2 promoter required for v-src 
[10] and PDGF induction [11]. Gel shift analyses identified proteins that bind to the overlapping 
cyclic AMP response element (CRE) and Ebox elements present at nucleotides -56 to -48 of 
the COX-2 gene [12]. Mutational analysis identified the CRE as the critical cis-acting element 
regulating both v-src [10] and PDGF [11] induction. Using cotransfection assays with plasmids 
encoding dominant-negative andlor constitutively activated forms of Ras, MAP kinase and 
MEKK, we demonstrated (i) that the key transcription factor mediating both v-src and PDGF 
induction via the CRE of the COX-2 promoter is c-Jun, and (ii) that both v-src and PDGF 
induction are mediated by the RasIMEKK 1 /JNKlJun signal transduction pathway [10,11]. 

Regulation of COX-2 Gene Expression in Osteoblasts 

Osteoblasts playamajor role in the prostaglandin synthesis that modulates bone resorption. The 
MC3T3-El line, established from the calvaria of a newborn mouse, can differentiate into 
osteoblast-like cells. When stimulated by a wide variety ofligands that include bFGF, PDGF, 
PGE2 or a combination of (1NFa and ILIß), differentiated MC3T3-El cells produce 
prostaglandin E2• We investigated COX-2 induction in MC3T3-El cells by these ligands, to 
determine the nature ofthe signaling pathways, transcription factors and cis-acting elements of 
the COX -2 gene that modulate COX-2 expression by alternative ligands in a common cell type. 

We initially exarnined the cis-acting regulatory elements in COX -2 induction by bFGF 
in MC3T3-El osteoblasts [13]. We constructed wild-type and mutant luciferase reporter 
constructs containing 724 bp ofthe COX-2 gene 5' flanking sequence, and created mutations 
in a presumptive NFKB site, two potential NF-IL6 (CIEBP) sites, the CRE site and the Ebox. 
We examined luciferase levels following transient transfeetion of MC3T3-El cellS and 
induction by bFGF. Mutation ofthe Ebox or the NFKB site has no effect. Mutation of either 
NF-IL6 site alone reduces reporter activity only slightly. However, mutation ofboth NF-IL6 
sites reduces luciferase induction by bFGF nearly 70%. Mutation ofthe COX-2 CRE exhibits 
the strongest effect; no induction is observed. The CRE site, essential for both oncogene and 
PDGF induction in fibroblasts, is also essential for induction by serum, bFGF, PDGF, PGE2 and 
(TNFa + ILIß) in osteoblasts. Deleting both NF-IL6 sites also impairs induction by all these 
ligands [13]. 

To investigate the role of the MEKKlJNK signaling pathway in osteoblasts, we 
cotransfected MC3T3-El cells with the COX-2 reporter, along with vectors expressing 
dominant negative (DN) forms of JNK and MEKK. Induction ofluciferase activity by bFGF, 
PDGF, PG~, and (TNFa + IL 1 ß) is substantially repressed. We conclude that the MEKKlJNK 
signaling pathway mediates induction of the COX-2 gene in osteoblasts, just as it does for 
oncogene and PDGF induction in fibroblasts [13]. 

Transcription from a CRE is usually activated by CREB or ATF transcription factors. 
However, COX-2 expression in fibroblasts, in response to v-src, serum or PDGF, is mediated 
by c-Jun activation at the CRE [10,11]. Overexpression ofa c-Jun expression plasmid along 
with the wild-type COX-2 reporter enhances COX-2 reporter induction by serum, bFGF, 
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PDGF, PG~, or (TNFa + IUß) in osteoblasts. In contrast, CREB overexpression does not 
enhance COX-2 reporter activity. Instead, wild-type CREB acts like a dominant negative; 
COX-2 reporter activation by serum bFGF, PDGF, PG~, or (lNFa + IUß) is repressed by 
CREB overexpression. We conclude that c-Jun, not CREB, mediates induced COX-2 reporter 
expression in osteoblasts [13]. 

Transcription from NF-IL6 sites is generally mediated by CIEBP transcription factors. 
Since mutation ofthe COX-2 NF-IL6 sites reduces COX-2 promoter activation by all inducers 
in MC3T3-El osteoblasts, we cotransfected a COX-2 reporter along with expression vectors 
that encode wild-type and DN-CIEBP. Over-expression ofCIEBP enhances COX-2 induction 
in MC3T3-El cells, while DN-CIEBP suppresses COX-2 reporter activity by serum, bFGF, 
PDGF, PGE2, or (lNFa + IUß), suggesting that CIEBP transcription factors mediate COX-2 
induction in osteoblasts [13]. 

We conclude that the CRE and NF-IL6 sites ofthe COX-2 promoter are important for 
transcriptional induction by a number of stimuli in MC3T3-El osteoblasts. Transcriptional 
activation via the CRE, for all these agents, involves the MEKKlJNK signaling pathway, 
activating the c-Jun transcription factor at the CRE. CIEBP family proteins modulate 
transcriptional activation at the NF-IL6 sites. 

Regulation of COX-2 Gene Expression in Mast Cells 

Mast cells, activated by aggregation ofIgE receptors, release PGD2• Prostaglandin production 
in activated mast cells occurs in two phases; immediate PGD2 release, completed within 10 
minutes, and delayed PGD2 synthesis/secretion. The immediate phase is due to conversion of 
arachidonic acid to prostaglandin by preexisting COX -1. The delayed phase requires activation
induced COX-2 production [14]. 

To investigate the cis-acting regions ofthe COX-2 gene that regulate induction in mast 
cells, MM C-34 murine mast cells were transfected with the same CO X -2 reporter mutants used 
in the osteoblast studies [15]. Mutating the COX-2 CRE reduces activation-induced luciferase 
expression by more than 90%. While mutations in either the Ebox or NFKB elements do not 
inhibit induction, mutation ofboth NF-IL6 sites blocks COX-2 activation. As in fibroblasts 
[10,11] and osteoblasts [13], the CRE and NF-IL6 sites play critical roles in induced COX-2 
expression in activated mast cells. 

Over-expression ofDN-Ras, DN-MEKK1, and DN-JNK block luciferase induction 
from the wild-type COX-2 promoter in activated MMC-34 mast cells, suggesting that 
RaslMEKKlIJNK signaling mediates activation-induced COX-2 gene expression. Like the 
MEKKlIJNK pathway, the RafIMEKIERK pathway is required for COX-2 induction in 
fibroblasts [10,11]. F ollowing aggregation ofIgE receptors in mast rells, MEK and the ERKs 
are Raf-dependenttargetsofRasactivation.DN-Raf-l,DN-ERK1,andDN-ERK2blockCOX-
2 induction in activated MMC-34 cells; the RasIRaflMEKIERK pathway is also necessary for 
COX-2 induction in mast cells [15]. 

In both fibroblasts [10,11] and osteoblasts [13], COX-2 induction from the CRE is 
mediated by c-Jun and not by CREB. We used overexpression ofthese transcription factors to 
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detennine if c-Jun is also the key player at the CRE in activated mast cells. Overexpressed 
CREB blocks luciferase expression induced from the COX-2 promoter by 19E receptor 
aggregation in MMC-34 cells. In contrast, c-Jun overexpression augments induced COX-2 
expression in activated MMC-34 cells by more than 7-fold. 

The data suggest that, as in fibroblasts and osteoblasts, c-Jun mediated induction via the 
CRE plays a major role in COX-2 expression in activated mast ceHs. As in osteoblasts [13], 
mutation ofboth NF-IL6 sites reduces inducibility ofthe COX-2 promoter in mast cells [15], 
suggesting a role for CIEBP transcription factors. CIEBP over-expression enhances luciferase 
expression in activated mast ceHs, while DN-CIEBP over-expression blocks induction from the 
COX-2 promoter in mast cells [15]. 

We conclude that activation of the COX-2 gene in mast cells is very similar to 
activation ofthe gene in fibroblasts; foHowing receptor aggregation, Ras-dependent pathways 
activate c-Jun dependent transcription at the COX-2 CRE. Additional Ras-dependent events 
involving MEKKI andERK arerequired for induction, as are CIEBP-dependenttranscriptional 
events occurring at the NF-IL6 sites ofthe COX-2 promoter. The activation ofthe COX-2 gene 
by aggregation of mast ceH IgE receptors is shown in schematic fonn in Figure 1. 

Figure. 1. The pathway of COX-2 induction in mast ceHs in response to aggregation of 19E 
receptors. 

Regulation of COX-2 Gene Expression in Macrophages 

Macrophages secrete prostaglandins in response to bacterial endotoxinllipo-polysaccharide 
(LPS). Prostaglandin production in response to LPS is due primarily to induced COX-2 gene 
expression. COX-2 mediated prostaglandin production in macrophages plays a major role in 
acute and chronie inflammatory responses. 

The same COX-2/luciferase constructs used to study COX-2 induction in osteoblasts 
[13] and mast ceHs [15] were transiently transfected into RA W 264.7 murine macrophages and 
the cells were induced with LPS. Mutation ofthe Ebox does not effect LPS induction. Mutation 
of both NF-IL6 sites strongly represses LPS induction from the COX-2 promoter in 
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macrophages [16], as itdoes in osteoblasts and mast cells. As infibroblasts [10,11], osteoblasts 
[13] and mast cells [15], mutation ofthe COX-2 CRE severely represses COX-2 induction in 
RA W 264.7 macrophages [16]. 

We used over-expression ofwild-type and dominant-negative transcription factors to 
identify the mediators ofLPS induction at the COX-2 NF-IL6 and CRE sites in macrophages. 
DN-CIEBP blocks LPS induced expression from the COX-2 promoter in RA W 264.7 cells, 
while over-expression of CIEBP enhances this induction; CIEBP transcription factors playa 
major role in LPS COX-2 induction in macrophages. CREB over-expression blocks luciferase 
induction from the COX-2 promoter in LPS-treated RA W 264.7 cells, while c-Jun over
expression enhances COX-2 reporter activation. In fibroblasts, osteoblasts, mast cells, and 
macrophages, c-Jun activation plays a role in the activation of the COX-2 promoter. In all 
cases, CREB does not seem to playa role. 

Others have suggested that NFKB modulates induction of COX-2 by endotoxin in 
macrophages. However, mutation ofthe NFKB site has no effect on LPS induction ofthe COX-
2 promoter/luciferase construct . Moreover, co-transfection of nondegradable I-KBa, which 
blocks LPS induction of an NFKB-Iuciferase reporter, does not block LPS-induced activation 
of the COX -2 promoter [16]. We do not, therefore, find evidence for NFKB mediated induction 
ofthe COX-2 gene in activated macrophages. 

We anticipated that activation of c-Jun in LPS-treated macrophages would occur - as 
it does in fibroblasts, osteoblasts and macrophages - via the RasIMEKKlIJNK pathway. As 
expected, DN-JNK or DN-MEKK1 significantly repress LPS activation ofthe COX-2 reporter 
in RA W 264.7 macrophages. However, expression ofDN-Ras had no effect on LPS-induced 
luciferase activity in RA W 264.7 cells; activation ofthe JNK!MEKK signaling pathway and 
LPS-induced COX-2 transcription does not require Ras activity in LPS-treated RA W 264.7 
macrophages, in contrastto the signaling pathways that activate c-Jun in fibroblasts, osteoblasts, 
and mast cells. 

Unlike signaling requirements in fibroblasts and mast cells, RafIMAPKKlERK 
signaling also does not playa role in LPS-induced COX-2 gene expression in activated 
macrophages. Dominant negative forms of these m01ecules do not block 1uciferase induction 
from the COX-2 promoter in LPS-treated macrophages [16]. 

How does the LPS-induced signal get to c-Jun? TLR4 is the major LPS receptor. 
ECSIT (~volutionarily fonserved §ignaling intermediate in toll pathways) was identified as an 
adapter protein that bridges toll/tumor necrosis factor receptor associated factor (TRAF6) 
activation to MEKK1 and facilitates MEKK1 activation of c-Jun [17]. We thought ECSIT 
might couple LPS activation to MEKKlJNKIc-Jun-dependent COX-2 gene expression in 
macrophages. Cotransfection with a plasmid expressing a DN-ECSIT protein significantly 
represses LPS-induction of COX-2 reporter activity in macrophages, suggesting that LPS
activated macrophages signal to the MEKKlIJNK pathway from ligand-bound LPS receptors 
through ECSIT, rather than Ras [17]. The activation of the COX -2 gene by endotoxin treatment 
of macrophages is shown on schematic form in Figure 2. 
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Figure 2. The pathway of COX-2 induetion in maerophages in response to endotoxin 
stimulation. 

Conclusions 

The COX-2 promoter CRB and NF-IL6 sites play rnajor roles in COX-2 induetion in murine 
eells, in response to oncogenes, hormones, eytokines, and growth factors. In all eases examined, 
e-Jun appears to be the transeription faetor modulating transeription from the CRB. CIEBP 
proteins are active at the NF-IL6 sites. e-Jun activation in mast cells and macrophages oeeurs 
by distinct signaling pathways, suggesting alternative targets for pharmacologie intervention 
ofCOX-2 expression in distinet eell types. 
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ANTIMICROINFLAMMA TORY LIPID SIGNALS FROM V ASCULAR CYCLOOXYGENASE-2: A 

NOVEL MECHANISM FOR NSAID AND N-3 PUFA THERAPEUTIC ACTIONS 

Charles N. Serhan, Clary B. Clish, Jessica Brannon, Sean P. Colgan, Karsten 
Gronert, and Nan Chiang 

Introduction 

Many studies carried out in the past 25 years suggest that dietary omega-3 polyunsaturated 
fatty acids (0)-3 PUFA) have beneficial effects in human diseases [1,2]. These include 
antithrombotic, immunoregulatory, and anti-inflarnmatory responses relevant in 
arteriosclerosis, arthritis, and asthma [1] as well as antitumor and antimetastatic effects [3]. 
Their potential for preventative actions in cardiovascular diseases was recently bolstered 
with the finding that a major dietary 0)-3 PUF A, eicosapentaenoic acid (C20:5 0)-3, EPA), 
has a dramatic effect on ischemia-induced ventricular fibrillation and protects against 
sudden cardiac death [4]. Due to emergence of such therapeutic actions of 0)-3 PUF A, an 
international workshop [5] has recently called for recommended dietary intakes. However, 
the molecular mechanism( s) for dietary 0)-3 protective actions remain largely unexplained. 
Many explanations offered [1-5] are not embraced because of the lack of molecular 
evidence in viva and the high concentrations of 0)-3 PUFA required to evoke putative 
"beneficial actions" in vitra. Although the proinflammatory roles ofleukotrienes (L T) and 
prostaglandin (PG) are well appreciated [6], there is new evidence that other eicosanoids 
derived from arachidonate, namely lipoxins (LXs) and their endogenous analogs, the 
aspirin-triggered 15 epimer lipoxins (ATL), are potent counterregulators ofPMN -mediated 
injury and acute inflammation [7-9]. Acetylation of cyclooxygenase 2 (COX-2) by aspirin 
(acetylsalicyclic acid, ASA) prevents the formation of prostanoids, but the acetylated 
enzyme remains active in situ, generating 15-R-hydroxyeicosatetraenoic acid (15-R-HETE), 
which is converted by inflarnmatory cells to 15-epimeric lipoxins (ATL) [10]. Synthetic 
analogs ofthese naturallocal mediators with prolonged bio-half-life display potent anti
inflammatory properties [9,11], providing evidence that cell-cell "cross-talk" can convert 
arachidonic acid to mediators with anti-inflarnmatory properties [12]. 

PMN-vessel interactions are pivotal to recruitment and PMN-dependent tissue 
injury. Hence, the local signals involved in their "cross-talk dialog" are of interest. Our 
finding that aspirin-acetylated COX-2 remains active in viva [10] to generate specific ATL 
that can be effectors ofwell-established anti-inflammatory therapy offers a mechanism for 
ASA-beneficial impact that cannot be attributed to prostanoids. New therapeutic uses for 
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ASA and related nonsteroidal anti-inflammatory drugs (NSAIDs) continue to be uncovered 
that require molecular definition, including prophylaxis against colorectal cancer and 
lowering the risk ofmyocardial infarction [reviewed in 13], and in view ofthe apparent 
overlapping beneficial profiles attributed to dietary 00-3 PUFA in human disease [1-5], we 
sought evidence for novel mechanisms. Our recent findings [14] reviewed in tbis 
contribution uncover the generation of lipid-derived signals that could provide a basis to 
explain some of the beneficial actions of 00-3 PUF A. 

Inflammatory Exudates 

We tested the concept that NSAlDs might enable the formation of novel mediators from 
00-3 PUF As. Inflammatory exudates formed in murine air pouches via intrapouch injections 
ofTNFa with 00-3 and ASA on board (2 hours) generated several novel products. Liquid 
chromotography tandem mass spectrometry (LCIMSIMS) analyses ofthese exudate-derived 
materials demonstrated monohydroxy acids, i.e. 18-hydroxy-eicosapentaenoic acid (18-
HEPE) and 5-HEPE, which coeluted with synthetic 5S-HEPE, as weIl as novel trihydroxy
containing products derived from C20:5. LC retention times and MSIMS spectra gave 
product ions consistent with structures shown in the respective insets, namely mlz 317 = 
[M-Hl, 299 = [M-HJ-H20, 273 = [M-HJ -C02, 255 = [M-HJ -H20,-C02• Diagnostic ions 
consistent with 18-HEPE identification were present at mlz 259 [14] and 5-HEPE at mlz 
115. These criteria were used throughout for identification. The chirality at carbon 18 was 
established for the exudate-derived 18-HEPE using a chiral column and a reference 18R
HEPE prepared via biogenic synthesis with B. megaterium [14]. The alcohol cbirality at 
position 18 proved to be > 98% R. These findings indicated that murine inflammatory 
exudates exposed in vivo to 00-3 20:5 and ASA produced 5-1ipoxygenase pathway 5-series 
5S-HEPE, a product also identified with human PMN [15], as weIl as the noveI18R-HEPE, 
whose route of formation was determined (Figure 1). 

Air pouch inflammatory exudate cells from these ASA- and EPA-treated mice 
contained predominantly PMN, which were 25-60% lower in number than in exudates 
formed with TNFa alone (n=3). When activated with ionophore A23\87' these exudates 
generated essentially equivalent amounts of 18R-HEPE (10.2 ± 4.3 ngll06 ceIls) and 5S
HEPE (10.9 ± 2.9 ng/l06 ceIls). Also, several novel trihydroxy-containing products were 
obtained in these inflammatory exudates. Ions present within MSIMS were consistent with 
a trihydroxy-containing product from C20:5 with a parent ion mlz 349 = [M-H]- and 
product ions of structural significance present at mlz 291 and 195. Also, a 270 nm UV 
absorbance maximum was evident, indicative of a conjugated triene. 

Human Endothelial Cells and Recombinant COX-2 

These new products were also generated by human cells. To this end, human endothelial 
cells known to induce COX-2 with IL-Iß [7] or hypoxia were pulsed with EPA, treated 
with ASA, and extracted materials were subject to LCIMSIMS analyses. Selected ion 
monitoring at mlz 259 revealed that HUVEC treated with ASA converted EPA to 18R-
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HEPE. Also, HMVEC treated withASA and EPA generated 18-HEPE (10.6 ng/106 cells) 
and 15-HEPE (6.0 ngll06 cells) (n=2, d=4). These observations implicated COX-2, which 
proved to be the case. 

Recombinanthuman COX-2 converted linoleic acid (C18:2) to both 13-HODE (ro-5 
oxygenation) and 9-HODE (ro-9), which were greatly diminished by ASA but not 
completely abolished. Arachidonic acid was converted to 15R-HETE (ro-5) as well as 11R
HETE (ro-9), consistent with earlier findings [7] and with ASA triggered the appearance 
of a lipoxygenase activity that switched to 15R-HETE production by acetylated COX-2, 
which did not appearto influence 11R-HETE formation. 11R-HEPE was the major product 
withEPAandCOX-2, withlesseramountsof15R-HEPE(ro-5)and 18R-HEPE(ro-2).ASA 
acetylation ofCOX-2led to ~ 2-fold increase in 18R-HEPE (ro-2) with a> 85% reduction 
in 1IR-HEPE (the ratio ofpositional oxygenations with C20:5 was 1:1 :0.3 with 18R '" 15R 
> 11R). Hence, these findings suggested that acetylated COX-2 in endothelial cells was a 
dominant source of 18R-HEPE and 15R-HEPE. Of interest, unlike the isolated COX-2 
product profiles, neither 11R-HEPE (from C20:5) nor 11R-HETE (from C20:4) were major 
products ofthe vascular endothelial cells. These results suggest that ASA treatment at local 
sites ofinflammation along with ro-3 PUFA (i.e. EPA; 20:5) administration, as exemplified 
by cytokine-driven acute inflammation, can convert EPA via induced COX-2 to 18R-HEPE 
and 15R-HEPE (Figure 1). 

Human Leukocytes 

PMN convert ASA-triggered COX-2-derived 15R-HETE to 15-epi-LXA4 (5S,6R,15S
trihydroxy-7 ,9, 13-trans-11-cis-eicosatetraenoic acid) and endogenous EPA is converted to 
5-series LX by human leukocytes as weIl as trout macrophages [7]. We questioned whether 
human PMN engaged in phagocytosis handle acetylated COX-2-derived 20:5 products 18R
HEPE and 15R-HEPE. Serum-treated zymosan (STZ), the phagocytic stimulus, initiated 
the utilization and conversion of acetylated COX-2 C20:5-derived products to two classes 
oftrihydroxy-containing EPE, evident again by se1ected ion monitoring at mlz 349.5 [M
H]-, the expected base peak molecular ion forthese products [14]. One gave essentially the 
same MS/MS observed from murine exudate cells and was consistent with the 5,12,18R
triHEPE structure depicted in Figure 1. This product is an 18R-hydroxy-carrying "LTBs-
like" structure. Several independent lines of evidence indicated that PMN take up 18R
HEPE, which is converted by their 5-lipoxygenase and in subsequent steps to 5-
hydroperoxy-18R-DiHEPE and 5(6)epoxide formation to 5,12,18R-triHEPE (and related 
isomers), retaining the 18R chirality ofthe precursor. Using a similar biosynthetic route, 
COX-2-derived 15R-HEPE was converted by PMN via 5-lipoxygenation to a 5-series LXAS 
analogue (Figure 1) that also retains its C 15 configuration. Its MS/MS gave prominent ions 
at mlz 305, 233, and 251, namely 15-epi-LXAs, consistent with LXs structure (5 series) 
observed from endogenous sources ofEPA in trout macrophages. In the case ofCOX-2-
derived products generated with NSAIDs, the chirality of the precursor 15R is retained by 
human PMN to give 15-epi -LXAs, which is the 5-series ro-3 analog of15-epi-LXA4. Hence, 
these results indicate that human endothelial cells and PMN generate the novel products 
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observed with inflammatory exudates. 

Antimicrointlammatory Actions of 18R- and 15R-Derived Products 

Transendothelial migration is a pivotal event in PMN recruitment and inflammation; 
therefore, we isolated and assessed 5,12,18R-triHEPE and its pre.;ursor 18R-HEPE. Both 
compounds inhibited LTB4-stimulated PMN transendothelial migration with an apparent 
ICso at:::: 50 nM for 5,12,18R-triHEPE and ICso :::: 1.0 11M with 18R-HEPE. Thus, the new 
5-series members 18R-carrying trihydroxy and 18R-HEPE inhibited PMN migration, as did 
15-epi-LXA4 and its omega end analog [8,11]. The G protein-coupled surface receptor for 
L TB 4 was identified, and thus to determine whether these 18R -containing products interact 
with the human BLT receptors to block PMN, BLT was cloned from reported sequences 
[9] and stably expressed in HEK-293 ceHs for competition binding experiments. The 
homoligandLTB4 effectively competed ICso :::: 2.5 nM. 18R-HEPE didnot, while both LTBs 
and 5,12,18R-triHEPE competed (lCso ~ 0.5 11M), with a trend for LTBs > 5,12,18R
triHEPE. Although 5, 12, 18R-triHEPE and a related structure, L TBs, were substantiaHy less 
effective than L TB4, consistent with the reduced L TBs PMN activity [15], their potency for 
displacing eH]-LTB4 was in the range of currently available synthetic L TB4 receptor 
antagonists (not shown), suggesting that 5,12,18R-triHEPE might serve as adamper for 
BL T -mediated responses in vivo if generated in appropriate quantities within the 
microenvironment as weH as a biotemplate for total synthesis of new classes of receptor 
antagonists. Also, when administered IV tail at low levels (100 ng), 5,12, 18R -triHEPE was 
a potent inhibitor ofPMN infiltration into murine dorsal air pouches, as was a 15-epi-LX 
stable analog [11] administered here at equivalent doses for the purpose of direct 
comparison. 18R-HEPE also carried some activity in vivo « 5,12,18R-triHEPE). 

Common NSAIDs 

Other widely used NSAIDs (i.e. acetaminophen and indomethacin) were tested with human 
recombinant COX-2 and 20:5 (10 11M, 37°C) to determine whether they altered conversion 
to HEPE. Each inhibited l1-HEPE formation by > 95%. Ofinterest, 18R-HEPE and 15R
HEPE formation pen~isted (~ 1: 1 ratio) in the presence of either acetaminophen or 
indomethacin at concentrations as high as 2 mM, albeit the levels ofl5R- and 18R-HEPE 
were reduced by 3-8 times their levels in the absence of inhibitors (n=3). These findings 
indicate that the oxygenation of (0-3 fatty acids to R-containing monohydroxy- and 
monohydroperoxy -containing products is not restricted to ASA treatment and arachidonate. 
Moreover, these commonly used NSAIDs may still permit PUF A oxygenation by 
endothelial cells (Figure 1). 

Summary 

Despite many reports of (0-3 PUFA's (i.e. C20:5) beneficial impact in humans [1-5], 
oxygenation by COX-2 to generate monohydroxy products has not been addressed in 



53 

humans or isolated cells. In fish, C20:5 as weIl as C20:4 are mobilized and utilized in 
macrophages and platelets to produce both 5-series-derived eicosanoids and 4-series 
including PG, LT, and LX with '" equal abundance. This is not the situation in humans, 
where C20:4 appears to be preferentially mobilized by phospholipase A2 for conversion to 
4-series eicosanoids [6]. 
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Figure 1. Vascular COX-2 and NSAIDs generate functional arrays oflipid signals from 0)-3 
PUF A: an example of endogenous inhibitors of microinflammation. Inflammatory cells 
withupregulated COX-2 treated with NSAIDs oxygenate available 0)-3 PUF A converted 
via a COX-2-NSAID lipoxygenase-type mechanism with stereospecific hydrogen 
abstraction at Cl6 or C13 in C20:5 to give R insertions ofmolecular O2 (e.g. 15R-HEPE 
or 18R-HEPE) products that signal with cells within the local microenvironment, reducing 
recruitment (see text for details). The complete stereochemistry ofthe novel trihydroxy 
products remains to be determined. The 1,4-cis-pentadiene structures present in each 0)-3 
PUF A (Le., C20:5, C20:3, C22:6) are subject to oxygenation by vascular endothelial COX-
2 in a stereospecific fashion. Even in the presence of NSAIDs these R monohydroxy 
products are formed and impact cells relevant in microinflammation and are converted to 
potent bioactive products by leukocytes. 
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Inflammatory exudates from mice treated with ASA and EPA generate novel 
products (Figure 1) that are also produced by human endothelial cells and PMN [14]. Given 
the 3-5 g amounts of 0)-3 PUFA taken as supplements [1,2] and the large area of the 
microvasculature in humans lined by endothelial cells, the conversion from EP A by these 
and neighboring cells as observed in our experiments is likely to represent significant 
amounts at local microenvironments, especially in inflamed or diseased tissues where 
COX-2 will be focused and adeterminant that impacts metabolism [10] when NSAIDs 
might be of therapeutic benefit, namely microinflammation. Analogous to 15-epi-LX 
generation, EPA and COX-2-derived 15R-HEPE is converted by 5-lipoxygenation and 
5( 6)epoxide formation in leukocytes to 15-epi-LXs (Figure 1). The stable analogs of 15-epi
LXA4, modified at their C15 position through C20 position with bulky groups, resist 
inactivating enzymes and are more potent in vivo, inhibiting PMN trafiic as weIl as 
formation and actions ofkey proinflammatory cytokines [8,11,15]. Hence, the 5-series 15-
epi-LX could act in a similar fashion in that they possess a Ll17-18 double bond as the only 
modification 

Along these lines, the novel 18R oxygenation led to products that blocked PMN 
infiltration in vivo and transendothelial migration, providing a basis for a novel mechanism 
of action to assess the clinical utility ofNSAIDs and dietary 0)-3 supplementation, namely 
the endogenous generation of functional arrays of new lipid signals. These new lipids that 
carry information could, by inhibiting key events in microinflammation (e.g. adhesion and 
transmigration), mediate some ofthe beneficial actions noted earlier for 0)-3 treatments in 
human trials [1-5]. Moreover, these findings offer a structural basis to circumvent unwanted 
effects of current anti-inflammatory therapies as weIl as potential biochemical indices 
and/or markers of effective dietary n-3 supplementation. 
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SUBSTRATE INTERACTIONS IN THE CVCLOOXVGENASE-l ACTIYE SITE 

Elizabeth D. Thuresson, Michael G. Malkowski, Karen M. Lakkides, C. Jill Rieke, 
Ying Sun, Byron Wingerd, Renee J. Micielli, R. Michael Garavito, and William L. 
Smith 

Introduction 

Prostaglandin endoperoxide H synthases-l and -2 (PGHS-l and -2) catalyze the conversion 
of arachidonic acid, two molecu1es of O2 and two electrons to PGH2• This is the committed 
step in the formation ofprostaglandins and thromboxane A2 [1]. Crystallographic studies 
of enzyme inhibitor complexes have suggested that the cyc100xygenase active sites of 
PGHSs are hydrophobie channels that protrude into the body ofthe major globu1ar domain 
ofthe enzymes [2]. We have now determined the structure of arachidonic acid (AA) bound 
within the cyc100xygenase active site of ovine (0 )PGHS-l [3]. AA is bound in an extended 
L-shaped conformation and makes a total of 49 hydrophobie contacts (i.e. 2.5-4.0 Ä) and 
two hydrophilie contacts with the protein involving a total of 19 different residues (Figures 
1,2). Although AA can assume some 1 07low energy conformations [4], only three of these 
are catalytically competent [5]. One conformation leads to PGG2, one leads to 11 R -HPETE, 
and a third leads to 15R- plus 15S-HPETE. Previous mutational studies have established 
the importance of Arg120 in AA binding to PGHS-l and -2 [6-8], the role ofTyr385 in 
abstraction of the 13-proS-hydrogen from AA [9,10] and the importance of Ser530 and 
Ile523 as determinants of inhibitor specificity [11-13]. We have performed mutational 
analyses of a number of the residues that line the cyc100xygenase channe1 to determine their 
functional importance in AA binding and oxygenation. Substitutions of several 
cyc100xygenase site residues lead to large increases in II-HPETE or 15-HPETE formation 
but with small changes in the K.n for AA. Our results suggest that individua1ly and 
collectively the hydrophobie residues function primarily to position AA in a specific 
conformation that optimizes its conversion to PGG2• 
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Figure 2. Interactions between AA and COX channel residues. Reprinted with permission 
from [3]. 
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Mutational Analysis of Cyclooxygenase Active Site Mutants 

As illustrated in Figure 1, AA is bound in an extended L-conformation in the AAlC03+

heme oPGHS-1 co-crysta1 structure [3]. The carboxy1ate group of AA interacts with 
Arg120, the 0) end abuts Ile377 and Gly533, the 13-proShydrogen is appropriately aligned 
for abstraction by Tyr385, and there is amp1e space for the first 02 insertion at C-11 and 
facile bridging ofthe incipient 11-hydroperoxyl radical to C-9 to form the endoperoxide. 
Formation of the cyclopentane ring is proposed to involve rotation about C-ll and 
consequent movement of the 0) terminus so that C-12 can react with the C-8 radical that is 
produced upon formation ofthe endoperoxide grouping; this movement, in turn, positions 
C-15 next to Tyr385 for a second antarafacial O2 insertion, reduction of the 15-
hydroperoxyl radical by Tyr385 and regeneration ofthe Tyr385 radical [3]. In analyzing 
various cyclooxygenase active site mutants, we identified the AA oxygenation products, 
determined kinetic constants for AA oxygenation and measured peroxidase activity (Table 
1). The results ofthese mutational analyses and a discussion ofthe implications in terms 
of AA binding and oxygenation are presented below for certain residues. 

RESIDUES CRITICAL TO HIGH AFFINITY AA BINDING 

Arg120. The arginino nitrogen atoms of Arg120 contact both carboxylate oxygens of AA 
in the AAlC03+-heme oPGHS-1 co-crystal structure (Figure 1; [3]). Interactions between 
Arg120 and the carboxylate groups of substrates and inhibitors are important in 
cyclooxygenase catalysis and inhibition (Table 1; [6,7]). Most notably, replacement of 
Arg120 with a neutral glutamine causes a 1000-fold increase in the K.n for AA indicating 
that this residue is essential for high affinity AA binding to the cyclooxygenase site [6,7] 
and that this involves an ionic linkage between Arg120 and the carboxylate of AA. In 
contrast, an ionic interaction between Arg 120 and AA is not important with PGHS-2 where 
an Rl20Q mutation has no detectable effect on either the VlvlA){ or the K.n for AA 
oxygenation [8]. 

RESIDUES DIRECTL Y INVOL VED IN HYDROGEN ABSTRACTION FROM C-13 OF AA 

Tyr385. As reported previously, conversion of Tyr385 to phenylalanine eliminates 
cyclooxygenase activity without eliminating peroxidase activity [9]. There is considerable 
evidence that Tyr385 is involved as a tyrosyl radical in abstracting the 13proS hydrogen 
from AA in the rate determining step in CYcloOXygenase catalysis (reviewed in [1]). 

RESIDUES ESSENTIAL FOR POSITIONING C-13 OF AA FOR HYDROGEN ABSTRACTION 

Tyr348. Examination ofthe crystal structures of oPGHS-1 complexed with nonsteroidal 
anti-inflammatory drugs [2,14] and the AAlC03+-heme oPGHS-1 complex (Figure 1; [3]) 
suggest that there is a hydrogen bond between Tyr348 and Tyr385. Also, the CE2 phenyl 
ring carbon ofTyr348 is within van der Waals distance ofC-12, C-13 and C-14 of AA, 
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suggesting that hydrophobie interactions between Tyr348 and substrate could be important 
in positioning C-13 of AA with respect to Tyr385. Our results establish that these latter 
contacts between Tyr348 and AA are essential in positioning C-13 of AA but that there is 
no functionally important hydrogen bonding between Tyr348 and Tyr385. 

Table I. Kinetic Properties and Product Analyses for oPGHS-1 Cyclooxygenase Active Site 
Mutants 

Enzyme Cyclooxygenase 'Peroxidase bll-BPETE bIS-HPETE 
(% of Control) (%ofTotal (% ofTotaJ 

YMAJ( Km Yo.w<' Produets) Products) 
(%) (11M) K.. 

Native 100 2.0 50 100 2.5 ( 11R) 2.5( 15.5') 

R1 20Q (7) 3 4 500 .0007 122 ND ND 

Y348L 0 -- -- 9 -- --
Y348F[9, 10, 15) 83 2.9 29 76 2.1 2.2 

V349A 55 1.7 32 52 53 (1 1 R) 0 

Y349S 43 14 3.2 94 41 (11R) 0 

V349T 39 13 3 .0 136 5.5 ( 11R) 0.6 

V349L [5) 63 7. 1 8.9 117 0 13( 15.5'), II ( ISR) 

Y385F [9) 0 -- -- 57 -- --
W387A 0 -- -- 60 -- --
W387L 7 8.0 0 .88 123 53 0. 1 

W387F [18] 44 25 1.8 57 48 0.2 

W387R [18] 0 -- -- 0 -- --
W387S [1 8] 0 -- -- 4 --
G533A [12) 0 -- -- 85 -- --

G533A11523V 0 -- -- 54 -- --
L534A 59 8 7.4 72 2 56 (95 S, 5R) 

L534V 98 ND ND 102 8 47(96S, 4R) 

'Peroxidase activity was measured spectrophotometrically using 0.2 mM H20 2 and 100 IlM 
TMPD as substrate. 
bOxygenase activity was measured by following O2 consumption with an oxygen electrode. 
Values are calculated for arachidonic acid tumover by using a value of one mole of 
arachidonate consumed per two moles of02 consumed for native oPGHS-1 and correcting 
for the percentage of monooxygenated products formed with the mutants. 
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Substitution of Tyr348 with phenylalanine has litde effect on either the 
cyclooxygenase or peroxidase activity of the enzyme [9,10,15]. The V MAX/~ ofY348F is 
60% of that of native oPGHS-l, and there are no significant differences in product 
formation between native and Y348F oPGHS-l (Table 1). Additionally, Y348F oPGHS-l 
forms a tyrosyl radical with properties similar to that ofnative oPGHS-l [10,15]. These 
results argue against a significant hydrogen bonding interaction between Tyr348 and 
Tyr385. Y348L oPGHS-l lacks cyclooxygenase activity. Examination of the AAlC03+

heme oPGHS-l complex (Figure 1; [3]) suggests that substituting leucine at position 348 
would permit C-13 of AA to move away from Tyr385, increasing the distance between 
Tyr385 and C-13 such that hydrogen abstraction could not occur. Thus, we conclude that 
the phenyl ring ofTyr348 is essential in positioning C-13 of AA with respect to Tyr385. 

Gly533. Gly533 lies at the distal end ofthe cyclooxygenase active site channel with the Ca 
within van der Waals distance ofC-20 of AA (Figure 1, [3]). Substitution ofGly533 with 
alanine eliminates cyclooxygenase but not peroxidase activity (Table 1; [12]). This 
contrasts with observations made with murine (m) PGHS-2 where the homologous mutant 
retains activity toward AA [16]. We prepared and analyzed a G533A1I523V oPGHS-l 
mutant to determine if cross-substitution of the one core residue in the cyclooxygenase 
active site which is different between PGHS-I and PGHS-2 would permit activity with a 
G533A mutation in PGHS-l. The G533A11523V oPGHS-l retained 54% ofthe peroxidase 
activity of native oPGHS-l but, again, was unable to oxygenate AA at a substrate 
concentration of 100 11M (Table 1). 

RESIDUES CRITICAL FOR CONFORMING AA TO YIELD PGG2 

Va1349. One ofthe methyl groups (CG1) ofVa1349 lies within van der Waals distance of 
both C-3 (3.36 A) and C-4 (3.14 A) of AA in the AAloPGHS-l cocrystal structure (Figure 
1; [3]). We substituted this residue with alanine, serine, threonine, and leucine and 
evaluated these mutants. All ofthe mutants retained oxygenase and peroxidase activity. The 
catalytic efficiencies (V MAX/~ values) for the oxygenase reaction ranged from 6-60% of 
native oPGHS-l (Table 1). Mutants in which Va1349 was replaced with a smaller residue 
produced an abundance of II-HPETE versus PGG2 and litde or no detectable 15-HPETE; 
the 11-HPETE/PGG2 ratio for these mutants increased as the size of the group at position 
349 was decreased. In contrast, replacing Val349 with a larger leucine residue (V349L 
oPGHS-l) led to the generation of a relative abundance of 15-HPETE and no detectable 
II-HPETE [5]. 

Chiral HPLC analysis of II-HPETEs formed from arachidonic acid by V349A, 
V349S and V349T oPGHS-l mutants indicated that the product was exclusively l1R
HPETE. As reported previously, the V349L oPGHS-l mutant formed a 65/35 mixture of 
15SIR-HPETE, the same enantiomeric profile obtained with native oPGHS-l [5]. 

We reported evidence earlier that AA can assurne at least three catalytically 
competent arrangements in the cyclooxygenase activity site of oPGHS-l [5]. These 
arrangements, occurring at the time of hydrogen abstraction, lead to different products--
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PGG2, llR-HPETEor l5R1S-HPETE. WithnativeoPGHS-l thekineticallymostfavorable 
arrangement of AA is that which yie1ds PGG2• With V349A oPGHS-l the arrangements 
yie1ding PGG2 and ll-HPETE appear to be equally favorable. ll-HPETE would be 
expected to be formed from an arrangement of AA in which C-9 and C-ll are misoriented 
such that the endoperoxide bridge between these carbons cannot be formed. The V MAX~ 
ratios are similar for native and V349A oPGHS-l (Table I). These observations suggest that 
the valine to alanine substitution does not appreciably influence the positioning of C-13 
with respect to Tyr385; moreover, formation ofboth PGG2 and ll-HPETE presumably 
proceed via abstraction of the l3proS hydrogen and formation of an ll-hydroperoxyl 
radical [17]. Accordingly, we suggest that Va1349 plays a major role in positioning the 
carboxyl half of AA without appreciably affecting the location ofthe 0) half of AA within 
the cyclooxygenase site. The effect ofVal349 on the position ofC-9 must occur indirecdy 
because Val349 contacts only C-3 and C-4 ofthe substrate (Figures 1,2). Placing smaller 
amino acids at position 349 apparently permits the carboxyl half of AA greater flexibility, 
which translates into a small shift in the orientation of C-9 with respect to C-ll. 

Trp387. As shown in Figure 1, Trp3 87 resides near the apex ofthe cyclooxygenase channel 
and is positioned with its CH2 indole ring carbon 3.38 A from C-ll and 3.65 A from C-12 
of AA; additionally, the CZ2 phenyl ring carbon ofTrp387 is 3.96 A from C-ll of AA [3]. 
Trp387 also makes a van der Waals contact with Tyr385. Previous studies of W387R, 
W387F, and W387S oPGHS-l had indicated that W387R and W387S oPGHS-l lack 
cyclooxygenase activity; W387S oPGHS-l had about 5% of the peroxidase activity of 
native enzyme (Table 1; [18]). In contrast, W387F exhibits both cyclooxygenase and 
peroxidase activities and generates a tyrosyl radical signal upon incubation with 
hydroperoxide [18]. We prepared W387A and W387L oPGHS-I, and performed kinetic 
studies and product analyses with the W387F mutant. W387A oPGHS-1 lacked 
cyclooxygenase activity but retained substantial peroxidase activity (Table I). W387L 
oPGHS-1 had about 10% ofthe cyclooxygenase activity of native enzyme. The V MAX value 
for W387F oPGHS-l was about 45% ofthat observed with native enzyme although there 
was about a 10-fold increase in the overall K",. W387F and W387L oPGHS-l formed 
re1ative1y large amounts of II-HPETE (> 35% oftotal products) from AA (Table 1); as 
expected [19], the II-HPETE was found by chiral HPLC analyses to be exclusively l1R
HPETE. As was found for native oPGHS-l and V349L oPGHS-l [5], the K", values for the 
formation ofPGG2, Il-HPETE, and 15-HPETE were different from one another. 

The results ofthe product analyses ofW387F and W387L oPGHS-l are similar to 
those observed with V349A oPGHS-l in that the mutants form large amounts of 11-
HPETE. Again, the likely explanation is that the arrangement of AA which leads to 11-
HPETE is re1atively stabilized with the orientations of C-ll and C-9 militating against 
endoperoxide formation. In the case ofthe W387F and W387L oPGHS-l mutants, there 
is additional space at position 387. This, in turn, allows AA additional flexibility about C-
11 where there are normally van der Waals interactions between this carbon and the CH2 
and CZ2 carbons of Trp387. As a consequence AA can more readily assume a 
conformation that leads to II-HPETE. 
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Leu534. The CDl and CD2 methyl groups ofLeu534 are within van der Waals distance of 
C-15 (3.54 Ä), C-16 (3.5 Ä) and C-18 (3.91 Ä) of AA in the AAloPGHS-1 crystal structure 
[3]. Substitution ofLeu534 with alanine or valine yields mutant enzymes which produce 
large amounts of 15-HPETE (Table 1); the 15-HPETE is ~ 95% 15S-HPETE. With native 
oPGHS-l, the 15S-HPETE comprises 65% ofthe total 15-HPETE. Apparently, having a 
hydrophobie residue smaller than leucine at position 534 en1arges the cyclooxygenase 
active site near C-15 providing for relatively greater access of O2 antarafacial to the site of 
hydrogen abstraction. 15S-HPETE is the on1y 15-HPETE formed by native hPGHS-2 [19], 
and the cyclooxygenase site ofPGHS-2 is somewhat larger and more accommodating than 
that ofPGHS-l [1]. 

ALL OTHER ACTIVE SITE RESIDUES 

Other active site residues make lesser but measurable contributions to optimizing catalytic 
efficiency. Substituting Phe205, Phe209, Tyr355, Phe381, and Ile523 with alanines and 
Ile377 with valine results inrelatively small increases in II-HPETE formation, indieating 
that these residues playa subtle role in orienting C-ll with respect to C-9 at the time of 
endoperoxide formation, either by helping to align the carboxy I half of AA (Tyr3 55, Ile523) 
or by stabilizing the methyl end of AA. With the exception ofI377V, these same mutant 
enzymes also cause a modest decrease in the V rnax of the enzyme, indicating that they also 
playa role in positioning C-13 with respect to Tyr385. Ser353, when substituted with 
threonine, also causes a slight change in product distribution, resulting in an overproduction 
of 11- and 15-HPETE, indicating that this residue somehow helps to preserve proper 
orientation of C-9 with respect to C-l1, while at the same time, promoting efficient 
oxygenation of C-l1. 

Replacement of Ser530, the site of aspirin acetylation [11,14], with threonine, 
causes a 95% decrease in catalytic efficiency and an increase in only 15R-HPETE, but not 
15S-HPETE; S530V is catalytically inactive. Although acetylation of oPGHS-l eliminates 
cyc100xygenase activity, aspirin-acetylated PGHS-2 forms exc1usively 15R-HPETE [19,20] 
and involves removal ofthe 13-proS hydrogen [17]. This would imply that 15R-HPETE 
formation involves suprafacial addition of02 to C-15. Addition ofaresidue slightly larger 
than serine at position 530 might be expected to block antarafacial O2 addition without 
preventing abstraction of the 13 -proS hydrogen. Replacement with the larger valine would 
narrow the cyc100xygenase channel so that hydrogen abstraction could not occur. 
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MUTATION OF THE HUMAN PROSTACYCLIN SYNTHASE GENE 

Tomohiro Nakayama, Masayoshi Soma, Duolikun. Rehemudula, and Katsuo 
Kanmatsuse 

Introduction 

Biosynthesis of prostacyclin (PGI2) is catalyzed serially by phospholipase A2 which 
liberates arachidonic acid from the prostaglandin H2 synthase, a bifunctional enzyme which 
catalyzes the conversion of arachidonic acid to prostaglandin G2 and subsequently to 
prostaglandin H2, and PGI2 synthase (PGIS, EC 5.3.99.4) which catalyzes the formation of 
PGI2 from prostaglandin H2• PGIS has been shown to be widely distributed, predominantly 
in vascular endothelial and smooth muscle cells [1,2]. An impaired synthesis ofPGI2 has 
been implicated in the development of essential hypertension (EH), or cerebral infarction 
(CI). We already determined the organization ofthis gene [3]. The purpose ofthis study 
was to search for possible point mutations in all 10 exons and 5'-flanking region ofthe 
PGIS gene in patients with EH or CI. 

Materials and Methods 

SEARCHING THE MUTATION OF PGIS GENE 

Single-strand conformation polymorphism (SSCP) analysis was performed as described 
previously [4]. DNA was extracted from whole blood according to standard procedures. 
Polymerase chain reaction (PCR)-SSCP was performed on DNAs from 90 patients with CI. 

DNAs from a patient presenting variant electrophoretic patterns and from controls 
were reamplified by PCR and direct sequencing was performed. 

SUBJECTS FOR ASSOCIA TION STUDY 

The association study between EH and normotensives consisted of 125 patients (mean age 
53.0 ± 6.8 years) with EH diagnosed as described previously [5]. 

The association study between CI and non-CI consisted of 111 patients (mean age 
65.8 ± 9.6 years) with CI diagnosed by computed tomography (CT) or magnetic resonance 
imaging (MRI). All patients had neurological deficits that persisted for at least 1 month. 
One hundred fifty-two subjects without CI (mean age 66.5 ± 4.6 years) were studied as 
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controls. Control subjects had vascular risk factors such as hypertension, hyper
cholesterolemia, or diabetes mellitus, but no cerebrovascular disease. Individuals with atrial 
fibrillation were excluded from both the CI and non-CI groups. Informed consent was 
obtained from each subject according to a protocol approved by the Human Studies 
Committee ofNihon University. 

TRANSCRIPTIONAL ACTIVITY 

To make human PGIS reporter gene constructs, the PCR product was reamplified and 
subcloned into the TA cloning vector for PCR products (Invitrogcn, Carlsbad, CA). After 
digestion with Sac I andXho I, each product was subcloned into the Sac I1Xho I sites ofthe 
luciferase reporter gene vector, pGV-B2 (Toyo Inkt Inc., Tokyo, Japan). All constructs 
were verified by sequencing the inserts and flanking regions of the plasmids. 

Human aortic smooth muscle cells (HASMC) were purchased from Kurabo (Osaka, 
Japan) and cultured. Transfeetion was performed as described previously [5]. 

ST A TISTICAL ANALYSIS 

Allele frequencies were calculated from the genotypes of all subjects. Hardy-Weinberg 
equilibrium was assessed by X2 analysis. The overall distribution of alleles was analyzed 
by 2 x allele number contingency tables, and a p-value of less than 0.05 was considered 
significant. Individual differences of allele frequencies were tested using 2 x 2 contingency 
tables for each allele by combining the remaining alleles into one category, and a p-value 
of less than 0.01 (i.e. 0.05/5) was considered significant to correct for the number of 
comparisons made. The association ofCI and genotypes was evaluated by multiple logistic 
regression analysis. CI was regarded as the dependent variable, and the number of the 
repeats, age, and sex were considered independent variables. The overall distributions of 
alleles between hypertensive patients and non-hypertensives, and between diabetic patients 
and non-diabetics were assessed by X2 analysis. Differences in transcriptional activities of 
polymorphie alleles were analyzed with one-way repeated measure analysis, and a p-value 
of less than 0.05 was considered significant. 

Results and Discussion 

One subject showed an abnormally migrating band on the analysis of exon 2. Sequencing 
of the mutant type revealed a nonsense mutation in co don 26. So CGA, the co don of 
Arginine, is changed to TGA the stop codon. This change ofnucleotide makes Bst EIl the 
restriction site. By PCR and Bst EIl digestion, 300 subjects including 150 EH subjects and 
150 healthy controls were screened. The mutation was found in one patient with EH and 
in none of the control group members. 

This patient was shown to be heterozygous for this mutation. The patient is a 57-
year-old woman who had a blood pressure at 177/113 mmHg and her electrocardiogram 
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revealed left ventricular hypertrophy. Although she had never smoked and rarely consumed 
alcohol, she had a history of CI at the age of 50. 

We analyzed this mutation on the family members ofthis patient. Her father died 
of stroke at age of 70. Her mother was healthy until her death at age of 92. She had 8 
siblings including 2 eIder brothers, one who had died in a war and one who had died in 
chronic renal failure. Another 5 siblings were analyzed on the mutation, and 3 had this 
mutation. All subjects with the mutation were hypertensives. One hypertensive with 
mutation had also the history of a CI. We speculate that her and her brother' s history of CI 
and her father's stroke may have a relation to the abnormality ofthe PGIS. 

Furthermore we found a novel polymorphism varied from 3 to 7 repeats of nine 
nucleotides of Spl site and AP-2 site in core promoter element. This site may have 
implications for the activity ofpromoter. 

The transcriptional activity of the promoter region allele was determined by 
luciferase assay. Luciferase reporter gene constructs were then transiently transfected into 
human aortic smooth muscle cells for determination of PGIS promoter activity. The 
transcriptional activity increased with increasing numbers of repeats. 

We performed an association study using this polymorphism in 125 EH patients and 
125 controls. The allele frequency distribution in the two groups were not significantly 
different. Thus, this polymorphism in the PGIS gene is not associated with EH. 

Next, we performed an association study in 111 patients with CI and 152 non-CI 
controls. The overall distribution of alleles differed significantly between both groups. The 
association of CI and genotypes was evaluated by multiple logistic regression analysis. CI 
was regarded as the dependent variable, and the number of the repeats, age, and sex were 
considered independent variables. This was significant different (odds ratio 1.38, 95% 
confidence interval, 1.11 to 1.71). The logistic linear regression curve between CI and the 
total number of repeats for both chromosomes revealed the small number repeat allele to 
be found more frequently with CI. In the present study, the clinical data for the risk of CI 
is in good agreement with the experimental data from reporter gene analysis of 
transcriptional activity. Our study suggests that prostacyclin function depends on the 
different alleles ofthe prostacyclin synthase gene and may influence the risk ofCI. 

In conclusion: We found a nonsense mutation of PGIS gene in a family and a 
variable number oftandem repeat polymorphism in the promoter region associated with CI. 
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STRUCTURE AND FUNCTION OFTwo DISTINCT TVPESOFPROSTAGLANDIND SVNTHASE 

Y oshihiro Urade and Osamu Hayaishi 

Introduction 

Prostaglandin (PG) D synthase (PGDS, EC 5.3.99.2) catalyzes the isomerization ofPGH2, 

a common precursor of various prostanoids, to produce PGD2 in the presence of sulfhydryl 
compounds. PGD2 induces sleep [1], regulates nociception, inhibits platelet aggregation, 
acts as an allergic mediator [2], and is further converted to 9a, IIß-PGF2 or the J series of 
PGs, such as PGJ2, ßP-PGJ2, and 15-deoxy-LlI2,14_PGJ2• 15-Deoxy-LlI2,14_PGJ2 is a ligand 
for pp ARy, a nuclear receptor involved in differentiation of adipocytes, macrophages, and 
monocytes. Two distinct types of PGDS have been identified; one is the lipocalin-type 
enzyme (L-PGDS); and the other, the hematopoietic enzyme (H-PGDS). Foreach enzyme, 
we isolated the cDNA and the gene, determined the X-ray crystallographic structure, tissue 
distribution profile, and the cellular localization in several animal species, and generated 
gene-knockout (KO) and human enzyme-overexpressing transgenic (TG) mice. Although 
L-PGDS and H-PGDS catalyze the same reaction, they are quite different from each other 
in terms oftheir catalytic properties, amino acid sequence, tertiary structure, evolutional 
origin, gene structure, chromosomallocalization, cellular localization, tissue distribution, 
and also functional relevance, as summarized in Table I. Therefore, we consider that L
PGDS and H-PGDS are a novel example of functional convergence. We have recently 
reviewed apart ofthese findings elsewhere [3,4]. 

Lipocalin-type PGD Synthase 

We purified L-PGDS from rat brain as an acidic, monomeric soluble protein with a Mr of 
26,000. L-PGDS requires free sulfhydryl compounds, such as ß-mercaptoethanol, DTT, or 
GSH, for the reaction. L-PGDS is now known to be an N-glycosylated protein with a Mr 

of20,000 to 31,000 depending on the size ofthe glycosyl moiety and to be the same protein 
as ß-trace, a major protein ofhuman cerebrospinal fluid. 

The cDNA for L-PGDS was isolated from many mammalian species, including 
human and mouse, and also from two amphibians. A homology search in data bases of 
protein primary structure revealed that L-PGDS is a member ofthe lipocalin (lipophilic 
ligand-carrier protein) gene family, which is composed of a variety of secretory proteins, 
such as ß-Iactoglobulin and plasma retinol-binding protein, involved in the binding and 
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transport of small hydrophobie molecules. L-PGDS is the first member of the lipocalin 
family to be recognized as an enzyme and a highly glycosylated protein. L-PGDS also 
binds retinoids, bilirubin and biliverdin with high affinities (K.! = 30 to 80 nM), similar to 
other lipocalins. Therefore, we consider that L-PGDS is a dual functional protein; it acts 
as a PGD2-producing enzyme within cells and functions as a lipophilic ligand-binding 
protein after secretion into the extracellular space or into various body fluids. Recombinant 
mouse L-PGDS was recently crystallized by our group. The X-ray diffraction analysis 
revealed that L-PGDS pos ses ses aß-barrel structure with a hydrophobie pocket. An active 
thiol, Cys65, the active center for the catalytic reaction, is located facing to the inside of the 
pocket. 

Table 1. Comparison ofL-PGDS and H-PGDS. 

M, 
Cofactor 
Post-translational 

modification 
Subcellular distribution 

Other activity 
Gene family 
Tertiary structure (Accession No) 
cDNA Rat 

Mouse 
Human 

Amino acid residues 
Gene Rat 

Mouse 
Human 

Chromosomal 
localization Mouse 

Human 
Transcriptional activator 
(Responsive element) 

L-PGDS 

20,000-31,000 
ß-Mercaptoethanol, DTT, GSH 

Cleavage of a signal peptide 
N-Glycosylation 

Rough ER & nuclear membrane 
Extracellular fluid (ß-trace) 

Binding ofretinoids and bilirubin 
Lipocalin 
ß-Barrel 

(104488, M61902) 
(X89222) 
(M61901) 
189- 190 

(M94134) 
(YI0138, D83329) 
(M98537, M98538) 

2B-Cl 
9q34.2-34.3 

Thyroid hormone (TRE) 
Glucocorticoid (GRE) 

H-PGDS 

26,000 
GSH 

Cytosol 

GST 
GST (sigma-class) 

a+ß_(1PDZ) 
(D82071) 
(D82072) 
(D82073) 

199 

(AB008824) 
(AB008825-30) 

3D-E 
4q21-22 
(Oct-l) 
(AP-2) 

The gene for L-PGDS was cloned from rat, human, and mouse sources and shown 
to span about 3 kb and contain seven exons split by six introns. The gene organization is 
remarkably analogous to that of other lipocalins in terms of number and size of exons and 
phase of splicing ofintrons. The mouse and human genes were mapped to chromosome 2B
Cl and 9q34.2-34.3, respective1y, both ofwhich were localized within the lipocalin gene 
cluster. The gene expression for L-PGDS is upregulated by thyroid hormone or 
dexamethasone with the transcriptional activator being TRE or GRE, respective1y[5]. 
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L-PGDS is localized in the central nervous system and male genital organs of 
various mammals, as well as in the human heart, and is secreted into cerebrospinal fluid, 
seminal plasma, and plasma, respectively. L-PGDS expression is upregulated in human 
vascular endothelial cells by fluid shear stress [6]. The urinary L-PGDS concentration is 
significantly increased in diabetic patients having a normal plasma creatinine level at the 
early stage ofthe disease [7]. Therefore, the L-PGDS concentration may be a useful clinical 
marker for various diseases. 

L-PGDS-KO-mice grow normally but show several functional abnormalities in 
nociception and sleep. The KO-mice do not exhibit allodynia(touch-evoked pain), a typical 
phenomenon of neuropathie pain, after an intrathecal administration ofPGE2 or bicuculline, 
a GABAA-receptor antagonist. The KO-mice also show less rebound sleep after sleep 
deprivation than the wild-type mice. Altematively, the human L-PGDS-overexpressing TG
mice showed a remarkable time-dependent increase in nonrapid eye movement sleep after 
stimulation by tail clipping [8] and increases in allergie reactivity. 

Hematopoietic PGD Synthase 

H-PGDS was originally purified from rat spleen as a cytosolic, GSH -requiring enzyme with 
a M r of 26,000. H-PGDS absolutely requires GSH for the reaction and is associated with 
the activity of GSH S-transferase (GST; EC 2.5 .1.18) at about 10% ofthe tumover rate of 
PGDS activity. 

The cDNA for H-PGDS was cloned from rats, chickens, mice, and humans and 
found to encode a protein composed of 199 amino acid residues without a signal peptide 
or N-glycosylation sites. By a homology search in data bases ofprotein primary structure, 
H-PGDS was shown to be a member ofthe GST family. However, H-PGDS showed a 
weak homology against mammalian GST ofthe alpha, mu, pi, and theta classes yet a high 
homology with invertebrate GST ofthe sigma class. Since the sigma class GST had been 
observed only in invertebrates, H-PGDS is the first vertebrate homolog ofthe sigma dass 
GST. We crystallized rat H-PGDS complexed with GSH and determined its tertiary 
structure with aresolution of2.3A by X-ray diffraction analysis. The overall structure is 
similar to that of other GST but it possesses a unique catalytic site within a wide cleft near 
the GSH-binding site. Site-directed mutagenesis study revealed that Lys1J2, Cys156, and 
Lys l98 are involved in the binding ofPGH2, Trp104 is critical for structural integrity ofthe 
catalytic center, and Tyr8 and Arg l4 are essential for activation ofthe thiol group ofGSH 
[9]. 

The human and mouse genes for H -PGDS were cloned [10] and their chromosomal 
localizations were mapped to 4q21-22 and 3D-E, respectively, which are different from 
those of any ofhuman and mouse genes for the alpha, mu, pi, and theta classes ofthe GST 
family. The human and mouse H-PGDS genes are the largest in size (41 and 28 kb, 
respectively) among genes for the members ofthe GST family. The genomic structure of 
H-PGDS is the most similar to that of the invertebrate sigma GST, suggesting that the 
genes for H-PGDS and the invertebrate sigma GST evolved from a common ancestor. 
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H-PGDS is widely distributed in the peripheral tissues and loealized in the antigen
presenting eells, mast eells, megakaryoeytes, and type 2 helper T lymphoeytes [11], 
although the tissue distribution profiles ofthe mRNA for H-PGDS are remarkably different 
among animal speeies. The gene expression for H-PGDS is upregulated by e-Kit ligand in 
mouse mast eells and by phorbol ester in human megakaryoeytes. The transeriptional 
aetivators for the human H-PGDS gene were identified to be Oet-l and AP-2 [12). 

H-PGDS-KO-miee and the human H-PGDS-overexpressing TG-mice also grow 
normally. The H-PGDS-TG mice showed a pronouneed adipogenesis under a high fat diet 
and developed an enhaneed allergie lung inflammation in response to antigen ehallenge. 
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ROLES OF PROSTAGLANDIN F SYNTHASE 

Kikuko Watanabe, Toshiko Suzuki -Yamamoto, Mikio Nishizawa, Motonari Fukui, 
Kazunori Ishimura, and Seiji Ito 

Introduction 

Prostaglandin (PG) F2 is widely distributed in various organs, and exhibits various 
biological actions such as smooth muscle contraction of uterus [1], bronchus [2], and 
trachea [3], the initiation of parturition [4], and pain transmission [5]. PGF synthase 
(PGFS) is a dual function enzyme, which catalyzes the reduction of not only PGD2 but also 
PGH2 on the same molecule [6]. PGFS exhibits reductase activities toward various carbonyl 
compounds [6], such as phenanthrenequinone (PQ) in addition to PGD2 and PGH2• PGFS 
belongs to the aldo-keto reductase (AKR) superfamily based on substrate specificity, 
molecular weight, and the amino acid sequence [7-10]. Recently, we isolated the clones of 
four human enzymes [9,10], including PGFS, which belong to the AKR family. Although 
the amino acid sequences ofthese enzymes show high homology (83-98%), only PGFS, 
which was classified to AKRI C3 [10], catalyzed the reduction ofPGD2 and PGH2, and the 
oxidation of 9a, lIß-PGF2 [9, 10]. Moreover, we developed a high-stringency PCR 
technique to discriminate fine sequence differences using each specific primer, and 
examined RT-PCR analysis to estimate expression of AKR mRNAs [10]. The tissue 
distribution ofthese four enzymes was different, and human PGFS was localized in lung, 
liver, kidney, muscle, and peripheral blood lymphocyte. The expression in lymphocytes 
was markedly suppressed by the T cell mitogen concanavalin A. Moreover, PGFS was 
abundant in the contractile interstitial cells (CIC) in the alveolar septum ofbovine lung, and 
was diffusely present in the cytoplasm ofthe endothelial cells ofbovine liver. These results 
suggest that PGFS plays important roles in both the physiological and pathophysiological 
processes. 

The Amino Acid Sequence of Human PGFS, Belonging to Aldo-keto Reductase 
Family, its Substrate Specificity, and Tissue Distribution 

We isolated a cDNA clone ofPGFS from human lung, and other three human cDNA clones 
of20a-hydroxysteroid dehydrogenase (20a-HSD), bile acid binding protein (BABP), and 
dihydrodiol dehydrogenase (DD) 4, which belong to lC group of the AKR family. 
Although the amino acid sequences ofthese four enzymes showed about 90% identity, only 
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a PGFS catalyzed the reduction ofPGD2 and PGH2, and the oxidation of9a, 11 ß-PGF2, and 
other enzymes could not reduce PGs. (Figure 1). To distinguish PGFS from other enzymes, 
we developed a high-stringency PCR technique to discriminate fine sequence difference 
using each specific primer. 

acenaphthenol 

dihydroandro terone 11 20CL-HSD 
[0 BABP 

90:, 11 ß-PGF 2 11 PGFS 

ca DD4 
PGH 2 

pregnanolone 

proge terone 

o 5000 10000 15000 20000 25000 

kcat/Km (min-1mM-1) 

Figure 1. The substrate specificities of20a-HSD, BABP, PGFS, and DD4. 

The clones were denatured at 94 ° C for 10 minutes, and subjected to step-down 
PCR with each specific primer and Gene Taq DNA polymerase. The step-down protocol 
applied to the PCR was 10 cycles (94°C, 1 minute; noc, 3 minutes), 10 cycles (94°C, 1 
minute; 65°C, 2 minutes; noc, 1 minute), and 15 cycles (94°C, 1 minute; 60°C; 2 
minutes; noc, 1 minute). Using this method, the specific size ofband of each enzyme 
clone was detected (three upper colurnns ofFigure 2). However, when the common primer 
of four enzymes was used, or when a standard PCR protocol was applied using specific 
primers with thermostable polymerase, all the clones gave the amplification (the bottom 
colurnn of Figure 2). 

Using this high-stringency PCR technique, we examined the mRNA distribution 
in human tissues. PGFS was expressed ubiquitously in lung, liver, kidney, muscle, 
peripheral blood lymphocytes (PBL), and uterus. Especially, PGFS was expressed in PBL. 
As PGD2 is increased in alveolar lymphocytes as well as in macrophage, eosinophils, and 
mast cells after achallenge with an inflammatory antigen, we examined the effect of Con 
A. Con A is considered to be a T lymphocyte-specific mitogen, on expression of PGFS 
mRNA in PBL. The incubation ofPBL for 24 hours with Con A suppressed the expression 
ofPGFS mRNA in PBL. These results suggest that human PGFS plays an important role 
in pathogenesis of allergie diseases such as asthma. 
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Primers: 

20a.-HSD 

BABP 

PGFS 

DD4 

Common primer 

1 2 3 4 

Figure 2. The high-stringency PCR offour enzyme clones of aldo-keto reductase family 
with specific primers. 

The Immunohistochemical Studies of PGFS in Bovine Lung and Liver 

Using the anti-bovine lung PGFS antibody and a-smooth muscle actin, which is specific 
for smooth muscle, the PGFS-positive cells in alveolar septum was identified by 
immunofluorescence labeling and immunoelectron microscopy [11,12]. PGFS is located 
in contractile interstitial cells (CIC), but is not located in smooth muscle. CIC is named by 
Kapanci et al. [13], and is related to the hypoxia-induced contraction. These cells occupied 
42% oftotal interstitial volume ofthe alveolar walls, and the contraction ofCIC changes 
the configuration of pulmonary capillaries, resulting in augmentation of vascular resistance. 
Moreover, the results of double immunostaining of PGFS and COX-l suggest that the 
sinusoidal endothelial cells have COX I and PGFS, and that they synthesize PGF2 [14]. 

References 

1. O'Brien WF. The role of prostaglandins in labor and delivery .Clin Perinatol 1995 ;22(4): 
973-84. 

2. Panczenko B, Grodzinska L, Gryglewski R. The dual action of mec10fenamate on the 
contractile response to PGF2 alpha in the guinea-pig trachea. Pol J Pharmacol Pharm 
1975;27(3):273-76. 

3. Dunlop LS, Smith AP. Reduction of antigen-induced contraction of sensitized human 
bronchus in vitro by indomethacin. Br J PharmacoI1975;54(4):495-97. 

4. Sugimoto Y, Yamasaki A, Segi E, et al. Failure of parturition in mice lacking the 
prostagIandin F receptor. Science 1997;1;277(5326):681-83. 

5. Minami T, Uda R, Horiguchi S, Ito S, Hyodo M, Hayaishi O. Allodynia evoked by 
intrathecal administration ofprostaglandin F2 alpha to conscious mice. Pain 1992;50(2): 
223-29. 

6. Watanabe K, Yoshida R, Shimizu T, Hayaishi O. Enzymatic formation ofprostaglandin 
F2 alpha from prostagIandin H2 and D2. J Biol Chem 1985;260:7035-41. 



76 

7. Watanabe K, Fujii Y, Nakayama K, et al. Struetural similarity of bovine lung 
prostagiandin F synthase to lens epsilon-erystallin ofthe European eommon frog. Proe 
Natl Aead Sei USA 1988;85:11-15. 

8. Suzuki T, Fujii Y, Miyano M, Chen L-Y, Takahashi T, Watanabe K. eDNA cloning, 
expression, and mutagenesis study ofliver-type prostagiandin F synthase. J Biol Chem 
1999;274:241-48. 

9. Suzuki-Yamamoto T, Nishizawa M, Fukui M, et al. eDNA cloning, expression and 
eharaeterization ofhuman prostagiandin F synthase. FEBS Lett 1999;462(3):335-40. 

10. Nishizawa M, Nakajima T, Yasuda K, et al. Close kinship of human 20alpha
hydroxysteroid dehydrogenase gene with three aldo-keto reduetase genes. Genes Cells 
2000;5(2): 111-25. 

11. Fukui M, Yasui H, Watanabe K, et al. Hypoxie eontraetion of eontraetile interstitial eells 
isolated from bovine lung. Am J PhysioI1996;270:L962-L72. 

12. Fukui M, Fujimoto T, Watanabe K, Endo K, Kuno K. Prostagiandin F synthase is 
loealized to eontraetile interstitial eells in bovine lung. J Histoehem Cytoehem 1996;44: 
251-57. 

13. Kapanei Y, Assimaeopoulos A, Irle C, Zwahlen A, Gabbiani G. "Contraetile interstitial 
eells" in pulmonary alveolar septa. J Cell BioI1974;60:375-92. 

14. Suzuki-Yamamoto T, Yokoi H, Tsuruo Y, Watanabe K, Ishimura K. Identifieation of 
prostagiandin F-producing eells in the liver. Histoehem Cell BioI1999;112(6):451-56. 



DIFFERENTIAL EFFECTS OF NITRIC OXIDE ON CYCLOOXYGENASE 1 AND 2 ACTIVITIES 

IN CULTURED CELLS 

Sei-itsu Murota, Mitsue Onodera, and Ikuo Morita 

Introduction 

Nitric oxide (NO) is an endogenous free radical mediator contributing to vascular 
homeostasis and neuronal plasticity. NO activates guanylate cyclase by binding tightly to 
heme Fe2+, which causes the formation of nitrosyl heme. As a result, an allosteric 
conformational change of the apo-enzyme is induced that activates the enzyme. Because 
cyclooxygenase (COX) is also a heme protein, there is a possibility that NO could affect 
prostaglandin (PG) synthesis by a similar mechanism. However, the role of NO in PG 
synthesis is still considered controversial. Salvemini et al. [1] reported that NO enhanced 
PGE2 production in hydronephrotic kidney. On the other hand, Tsai et al. [2] did not find 
any effect ofNO on PG synthesis using purified cyclooxygenase. However, Keiner et al. 
[3] demonstrated that NO induced PGH/PGE2 isomerase and enhanced PGE2 production 
in NIH 3T3 cells. To explore this further, we did the following experiments in cultured 
cells. 

Methods 

CELL CUL TURE 

Bovine aortic endothelial cells (BAE ceIls) were isolated from bovine carotid artery and 
maintained as described previously [4]. The cells were seeded in 100 mm culture dishes 
with 5% FBS-MEM, and 5X104 cells/ml ofthe cells were seeded in 24 multi-weIl dishes. 
To obtain quiescent ceIls, subconfluent cells were cultured with 0.3% FBS for 48 hours. 
To obtain activated cells, the quiescent cells were pretreated with 1 mM of aspirin for 30 
minutes, followed by incubation with 10% FBS and 10ng/ml of phorbol myristate (TPA) 
for 6 hours. 

MEASUREMENT OF COX ACTIVITY IN BAE CELLS 

After 6 hours of incubation, the BAE cells were washed with PBS and incubated with 3 
/-lg/ml of arachidonic acid in PBS for 15 minutes. COX activity was assessed by measuring 
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6-ketoPGF lu in the reaction mixture using enzyme immunoassay kits. 
COX activity in intact NIH3T3 fibroblasts was measured according to the method 

ofMorita et al. [5]. Quiescent or serum-activated cells were incubated with 5 J..lM of2', 7' 
-dichlorofluorescin diacetate (DCF-DA, Molecular Probe, Eugene, OR, USA) for 15 
minutes. After washing with a serum-free MEM, 5 J..lg/ml of arachidonic acid was added, 
followed by measuring cellular fluorescence intensity by a fluorescence microscope with 
an interactive laser cytometer, adherent cell analysis and sorting (Meridian Instrument, MI, 
USA). 

ANIMAL EXPERIMENTS 

Wistar rats weighing 200-250 grams were injected intravenously with 2 mg/1 00 g LPS in 
PBS in a total volume of 100 J..lI per shot. Controls were injected with PBS in the same 
volume. Each group comprised seven rats. After 6 hours, rats were killed and aortas were 
isolated and washed immediately. The aorta in each rat was adjusted to the same length, 
and 1 ml ofPBS supplemented with 3 J..lg/ml of arachidonic acid with or without MAHMA 
was perfused over the aorta for 1 minute. The perfusate was collected to measure for 6-keto 
PGF lu· 

Results and Discussion 

First, we prepared NIH 3T3 cells in which either COX-l or COX-2 was expressed 
exclusively by means of the procedure described in our previous paper [6]. Briefly, when 
cells are cultured without the addition of serum, they express exclusively COX-l activity. 
In contrast, when the cells are pretreated with aspirin to destroy preexisting COX activity 
and then are cultured in the presence of serum, they express only COX-2 activity. 

Real-time activity of cyclooxygenase in each cell was assayed according to the new 
method that we established recently [5]. The cyclooxygenase activity in quiescent cells was 
not blocked by a COX-2 selective inhibitor NS 398, but it was abolished by aspirin, 
suggesting that these cells possess only COX-l activity. On the other hand, the 
cyclooxygenase activity of serum-activated cells was completely blocked by NS 398 as 
weIl as aspirin, suggesting that they have only COX-2 activity. We then treated these cells 
with an NO donor to determine what would happen to their PG production. Interestingly, 
the NO donor caused a remarkable inhibition of PG synthesis in fibroblasts expressing 
COX-2, but not in those that express COX-l. 

Next, we examined whether this interesting phenomenon demonstrated in NIH 3 T3 
fibroblasts could also be observed in endothelial cells. We prepared endothelial cells 
expressing COX-l or COX-2 alone according to the same procedure used for NIH 3T3 
fibroblasts. On the endothelial cells that express COX-l, prostacyclin production was not 
affected by the addition ofNS-398 but was abolished by aspirin. The NO donor (NOC-7, 
1 mM) had no effect on their production of prostacyclin. However, in the endothelial cells 
expressing only COX-2, production of prostacyclin was blocked by NS-398 as weIl as 
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aspirin, as expected. In these cells, the NO donor inhibited the prostacyclin production. 
Thus, we obtained the same result in endothelial cells as we did in NIH 3T3 fibroblasts. 
The inhibitory effect ofthe NO donor on the COX-2 activity was dose dependent, but the 
NO donor did not inhibit COX-I activity even at the higher concentrations. Thus, in COX-
2 endothelial cells, prostacyclin production was blocked sharply with increasing 
concentration of the NO donor, while in the case of COX -I endothelial cells, NO affected 
the prostacyclin production very little. 

Because one of the target molecules of NO is guanylate cyclase, we examined 
whether guanylate cyclase was involved in the COX-2 inhibitory effect ofthe NO donor. 
Methylene blue, a specific inhibitor of guanylate cyclase, did not affect the inhibitory effect 
ofthe NO donor on COX-2 activity. In the presence ofthe NO donor, the production of6-
keto PGF la was 7% of control, whereas this value was 8% after the addition of methylene 
blue. In addition, the addition of8-Br-cyclic GMP (I mM) did not inhibit COX-2 activity. 

Next we examined the effects ofvarious kinds ofNO donors, namely DETA, NOC-
7, and MAHMA, each halftime is 56 hours, 10.1 minutes and 2.7 minutes, respectively. 
When they are applied to the culture medium at the same dose, actua1 concentrations ofNO 
in the culture medium were quite different from each other, Le. the actual concentration of 
NO is high in the short-life NO donor, while it is low in the long-life NO donor. In all the 
cases, NO donors did not affect COX-l but inhibited only COX-2 activity. Thus, regardless 
oftheir life span, NO donors inhibited only COX-2 activity. Therefore, we concluded that 
NO could selectively and directly inhibit the COX-2 molecule alone [7]. 

According to the previous paper [8], COX-2 is densely located around the nucleus, 
whereas COX-I is distributed diffusely in the cytosol. There is a possibility that this 
difference in the intracellular localization between COX-l and COX -2 may be responsible 
for the different effects of the NO donor. 

To know what we obtained in vitro cell culture system could also apply to in vivo, 
next we examined the effect ofNO on prostacyclin producing activity in aorta isolated from 
normal and LPS treated rats. The superfusion of aorta with exogenous arachidonic acid for 
1 min was carried out. 

6-keto PGF la content in the perfusate obtained from normal rat aorta was not 
blocked by NS-398, suggesting that COX-I plays a major role in prostacyclin production 
in normal aorta. NO donor did not affect the COX-I activity. On the other hand, in the case 
of LPS-treated aorta, prostacyclin production was blocked by NS-398 suggesting that 
COX-2 plays a major role in this case. NO donor blocked the COX-2 activity. Thus, we 
obtained the same result in this ex vivo model as we did in the cell culture system [7]. 
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ON THE FUNCTIONAL DIVERSITY OF SECRETED PHOSPHOLIPASES A 2: CLONING OF 

NOVEL MAMMALIAN ENZYMES AND HIV -1 ANTIVIRAL PROPERTIES 

Gerard Lambeau, Emmanuel Valentin, Rao Koduri, David Fenard, Alain Doglio, 
Michael Gelb, and Michel Lazdunski 

Introduction 

Over the past decade, it has become clear that mammalian cells not only express a variety 
of intracellular phospholipases A2 (PLA2), but also a diverse set of secreted phospholipases 
A2 (sPLA2s). While PLA2s are generally considered as key enzymes which control the 
production oflipid mediators, the function ofthe 10 distinct sPLA2s cloned so far remains 
ill-defined. Using venom sPLA2s, two types of specific membrane receptors (N and M) 
have been identified in various mammalian tissues. Of physiological relevance, the M -type 
receptor can bind with high affinities to several mammalian sPLA2s, making it likely that 
mammalian sPLA2s are endogenous ligands of the receptors initially identified with venom 
sPLA2s, and that the physiological function of the mammalian sPLA2s is not limited to their 
catalytic activity. 

The Mammalian sPLA2 Family 

To date, 9 distinct sPLA2s (group IB, HA, HC, HD, HE, HF, III, V, X) have been cloned in 
mammals and found to have distinct, yet overlapping tissue distribution [1,2,3]. Although 
expressed at very high levels in pancreas, the pancreatic group IB sPLA2 is also present in 
tissues such as lung, spleen, kidney, ovary, and prostate, suggesting functions other than 
dietary lipid digestion [4]. Group HA inflammatory-type sPLA2 has been detected in 
numerous tissues and extracellular fluids including tears, and is expressed at very high 
levels in various inflamed tissues and cancers [4]. This sPLA2 is involved in the release of 
lipid mediators of inflammation and may play pivotal roles in the pathogenesis and/or 
progression ofinflammation [4]. Group HA sPLA2 also acts as a potent antimicrobial agent 
released by neutrophils and able to kill various bacterial strains [4]. This enzyme mayaiso 
function as a gene suppressor oftumor formation [4]. Group HC sPLA2 has been cloned 
from rat and mouse species but appears to correspond to a pseudogene in humans [5]. 
Based on its specific expression in testis, this sPLA2 may have a specific function in 
spermatogenesis. Group V sPLA2 has been cloned from humans, rat, and mouse [5]. It is 
mainly expressed in heart, but has recently been found in macrophages and mastocytes 
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where it plays a role in lipid mediator release [4]. Group X sPLA2 has been cloned from 
humans, mouse, and rat [1,6]. In humans, it is expressed in peripheral blood leukocytes, 
spleen, thymus, pancreas, and colon, while it is found in testis and stornach in the mouse. 
Group IID, IIE, IIF, and III sPLA2s have recently been cloned from mouse and humans and 
have a specific tissue distribution pattern, suggesting distinct functions [1-3,7]. The 
biological TIlllction and regulation of these four later sPLA2s are completely unknown. 

sPLAz Receptors 

Snake and insect venom also contain a large diversity of sPLA2s. They share with 
mammalian sPLA2s a similar catalytic mechanism and the same overall structural 
organization [8]. Several venom sPLA2s are however potent toxins that exert neurotoxic, 
myotoxic, and proinflammatory effects [9]. In the late 1980s, it has been hypothesized that 
venom sPLA2s exert their effects through binding to specific targets which are not 
recognized by nontoxic sPLA2s [9]. In support to this hypothesis, we identified two types 
ofhigh affinity receptors for venom sPLA2s using as labeled ligand a novel venom sPLA2 
called OS2 [4]. The N-type receptors are abundant in rat brain and consist oftwo families 
of binding sites with very high affinities for OS2 (Kd1 and Kd2 are 1 and 45 pM, 
respectively). They are made ofthree proteins of36-51 kDa and one protein of 85 kDa, and 
bind to various neurotoxic sPLA2s with high affinities, suggesting the involvement of these 
receptors in sPLA2 neurotoxic effects. Binding studies on other tissues suggest the presence 
of related but not identical N-type receptors [4]. The physiological role, the naturalligands, 
and the molecular structure of these receptors remain unknown. 

The M-type (for muscle) receptor was initially identified in rabbit skeletal muscle 
cells, associates 082 with very high affinity (Kd = 7 pM), and consists of a single protein 
of 180 kDa [4]. This receptor is also expressed in other tissues including lung, kidney, and 
liver [4]. The cloned M-type receptor is a novel membrane-bound protein (1458 residues) 
which shares a low identity (29%) but a similar structural organization with the mannose 
receptor and two recently cloned receptors called DEC-205 and lectin lambda [4]. These 
four receptors are members of the C-type lectin superfamily and they all have a single 
transmembrane domain, a short cytoplasmic tail and a very large extracellular region made 
of aN-terminal cysteine-rich domain, a fibronectin-like type 11 domain and a tandem repeat 
of eight or ten (for DEC-205) distinct carbohydrate recognition domains called C-type 
CRDs. Structure-function studies indicate that the Ca2+ -binding loop of sPLA2 binds to the 
CRD5 of the M -type receptor, which leads to inhibition of sPLA2 activity. This finding fits 
weIl with the discovery of specific venom sPLA2 inhibitors which are present in the serum 
ofvarious snakes and share homology with the CRD5 ofthe M-type receptor [4]. 

The physiological role ofthe M-type receptor is still unclear. The M-type receptor 
was initially found to bind pancreatic group IB sPLA2 [10], and was proposed to playa 
central role in various biological effects mediated by this sPLA2, including cell 
proliferation, cell migration, and lipid mediator release [10]. Targeted disruption ofthe M
type sPLA2 receptor gene has recently suggested that this receptor plays a critical role 
during the inflammatory processes induced by LPS injection and leading to endotoxic 
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shock [11]. The endogenous ligands of the M-type receptor are still not weIl defined. 
Pancreatic group IB sPLA2 was first proposed as a unique endogenous ligand ofthe mouse 
M-type receptor [11]. However, our recent study shows that both mouse group IB and 
mouse group HA sPLA2s are high affinity ligands for the mouse receptor, making it likely 
that at least these two types of sPLA2s are endogenous ligands of the M -type receptor in this 
species [4]. The binding properties ofthe other sPLA2s to M-type receptors remain to be 
analyzed. 

In conclusion, it is now clear that mammalian sPLA2s form a growing family of 
related proteins. Since most ofthem are catalytically active enzymes, their primary function 
could be linked to their enzymatic properties to release potent lipid mediators, to control 
bacterial infection, or to remove injured or apoptotic cells [1,2,4]. However, the use of 
venom sPLA2s to identify sPLA2 receptors that bind group IB and HA mammalian sPLA2s 
suggests that mammalian sPLA2s can also function as high affinity ligands. Interestingly, 
a similar example exists for thrombin, which acts both as a proteolytic enzyme in 
coagulation and as a ligand through G-protein coupled receptors [12]. Finally searching for 
novel sPLA2 functions, we recently found that venom sPLA2s are potent inhibitors ofHIV
I replication through a mechanism which probably does not involve their catalytic activity, 
but rather involves a specific binding of sPLA2 to host cells [13]. Group IB and HA sPLA2s 
cannot inhibit HIV -1 replication, but the inhibitory effects of the recently cloned sPLA2s 
remain to be addressed. Clearly, understanding the physiological functions ofthe different 
members of the sPLA2 family, which may be related to their catalytic activity or their 
binding properties, is now achallenging and important area of research. 

References 

1. Valentin E, Ghomashchi F, Gelb MH, Lazdunski M, Lambeau G. On the diversity of 
secreted phospholipases A2. Cloning, tissue distribution, and functional expression oftwo 
novel mouse group 11 enzymes. J Biol Chem 1999;274:31195-202. 

2. Valentin E, Ghomashchi F, Gelb MH, Lazdunski M, Lambeau G. Novel human secreted 
phospholipase A2 with homology to the group III bee venom enzyme. J Biol Chem 
2000;275:7492-96. 

3. Suzuki N, Ishizaki J, Yokota Y, et al. Structures, enzymatic properties, and expression of 
novel human and mouse secretory phospholipase A2s. J Biol Chem 2000;275:5785-93. 

4. Lambeau G, Lazdunski M. Receptors for a growing family of secreted phospholipases A2. 
Trends Pharmacol Sei 1999;20: 162-70. 

5. Tischfield J A A reassessment ofthe low molecular weight phospholipase A2 gene family 
in mammals. J Biol Chem 1997;272:17247-50. 

6. Cupillard L, Koumanov K, Mattei MG, Lazdunski M, Lambeau G. Cloning, chromosomal 
mapping, and expression of a novel human secretory phospholipase A2. J Biol Chem 
1997;272: 15745-52. 

7. Valentin E, Koduri R.S, Scimeca JC, Carle G, Gelb MH, Lazdunski M, Lambeau G. 
Cloning and recombinant expression of a novel mouse secreted phospholipase A2. J Biol 
Chem 1999;274:19152-60. 

8. Gelb MH, Cho W, Wilton DC. Interfacial binding of secreted phospholipases A2: more 



84 

than electrostatics and a major role for tryptophan. Curr Opin Struct Biol 1999;9:428-32. 
9. Kini RM, Evans HJ. A model to explain the pharmacological effects of snake venom 

phospholipases A2. Toxicon 1989;27:613-35. 
10. Ohara 0, Ishizaki J, Arita H. Structure and function ofphospholipase A2 receptor. Prog 

LipRes 1995;34:117-38. 
11. Hanasaki K, Yokota Y, Ishizaki J, Hoh T, Arita H. Resistance to endotoxic shock in 

phospholipase A2 receptor-deficient mice. J Biol Chem 1997;272:32792-97. 
12. Dery 0, Corvera CU, Steinhoff M, Bunnett NW. Proteinase-activated receptors: novel 

mechanisms of signaling by serine proteases. Am. J Physiol. 1998;274:C 1429-52. 
13. Fenard D, Lambeau G, Valentin E, Lefebvre JC, Lazdunski M, Doglio A. Secreted 

phospholipases A2, a new class ofHIV inhibitors that block virus entry into host cells. J 
Clin Invest 1999;104:611-18. 



REGULATION OF CYTOSOLIC PHOSPHOLIPASE A2 BY PHOSPHORYLATION 

Michael H. Gelb, Ying Hefner, Angelika G. Börsch-Haubold, and Steve P. Watson 

Introduction 

Understanding the processes by which cells liberate free arachidonic acid (AA) from 
phospholipids is important because this is the first step in the production ofthe eicosanoids, 
which mediate a diverse set ofbiological events including many inflammatory responses 
related to diseases. It is generally accepted that the glucocorticoid steroids exert their anti
inflammatory properties, at least in part, by blocking the cell's ability to liberate AA from 
membrane phospholipids. It now seems certain that the 85-kDa group IV phospholipase A2, 

also known as cytosolic phospholipase A2 (cPLA2), is directly involved in liberating AA 
from cellular phospholipids for the biosynthesis of eicosanoids, and thus it is important to 
understand how this enzyme is regulated in mammalian cells. 

Regulation of cPLA2 in Mammalian Cells by Phosphorylation 

Lin and co-workers were the first to provide strong evidence that cPLA2 is phosphorylated 
in mammalian cells in response to agonists that mobilize AA from phospholipids [1]. After 
this group cloned cPLA2, they realized that the protein contains a consensus motif 
surrounding Ser-505 for phosphorylation by mitogen-activated protein kinase family 
members (MAPKs). This group also provided strong evidence, but not proof, that cPLA2 
is phosphorylated on Ser-505 when expressed in CHO cells. When the S505A cPLA2 
mutant was expressed in CHO cells, AA release in response to Ca2+ ionophore and the 
protein kinase C activator PMA was greatly dimensioned compared to that produced by 
expression ofwild-type cPLA2 [1]. They also showed that cPLA2 phosphorylation led to 
a slight decrease in the electrophoretic mobility ofthe enzyme. This gel shift assay, which 
can examined by immunoblotting methods using total protein extracted from mammalian 
cells, has been used by many investigators to track cPLA2 phosphorylation in response to 
agonists (> 300 published studies). 

However, we were never completely satisfied with the gel shift assay because it 
does not provide site-selective cPLA2 phosphorylation data. We isolated sufficient 
quantities of cPLA2 from a baculovirus/insect cell expression system to determine the sites 
of phosphorylation by mass spectrometry, and we determined that cPLA2 was 
phosphorylated on Ser-505 and on Ser-437, -454, and -727 [2]. We studied cPLA2 
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phosphorylation in platelets following stimulation with the physiological agonists thrombin 
and collagen. Although sufficient amounts of cPLA2 from mammalian cells for mass 
spectrometry studies cannot be readily obtained, we were able to use 32P-methods to show 
that the radiolabeled platelet cPLA2 tryptic peptides chromatographically co-migrated with 
authentie phosphopeptides. We showed that cPLA2 is stoichiometrically phosphorylated 
in thrombin- and collagen-stimulated platelets on Ser-505 and on Ser-727, and this 
accounted for all of the phosphorylation in these [3]. We also showed that cPLA2 is 
phosphorylated exclusively on Ser-505 and on Ser-727 in HeLa cells stimulated with 
activators of the stress-activated protein kinases (SAPKs, members of the MAPK family) 
[3]. Our work cast doubt on the suggestion, based only on immunoblot analysis, that 
cPLA2 phosorphylated on tyrosine in HeLa cells {Flati, #2578}[4]. 

Kramer and co-workers showed that the p38 member of the SAPK family or a 
closely related kinase and not the p42/p44 MAPKs (ERKI and 2) was responsible for 
cPLA2 phosphorylation in platelets [5]. We found that the inhibitors of p3 8, SB202190 and 
SB203580, blocked about 50% of the phosphorylation on both Ser-505 and Ser-727 in 
thrombin-stimulated platelets. The inhibition data suggests that the kinase responsible for 
Ser-727 phosphorylation is activated by p38. The fact that cPLA2 phosphorylation is only 
50% inhibited by SAPK inhibitors suggests that more than one isoform ofp38 (inhibitor 
sensitive and insensitive forms) may be phosphorylating cPLA2 in platelets, and this was 
shown to be the case [6]. Interestingly, in collagen-stimulated platelets, only the 
SB202190/SB203580-sensitive SAPKs, SAPK2a12b, become activated, and we found that 
these inhibitors block all ofthe cPLA2 phosphorylation (Ser-505 and Ser-727) induced by 
collagen [6]. We showed that complete blockage of cPLA2 phosphorylation leads to a shift 
in the AA release versus collagen concentration dose-response curve in platelets. Three
fold higher amounts of collagen are needed to elicit the same AA release response in the 
absence of cPLA2 phosphorylation (i.e. with SB202190/SB203580 present) as in the 
presence ofphosphorylation [6]. 

Our studies with SAPK inhibitors SB202190/SB203580 led us to propose that the 
kinase responsible for phosphorylation of cPLA2 on Ser-727 is activated by one or more 
SAPKs. We decided to test all ofthe kinases known at the time of our study to be activated 
by SAPKs. Using mass spectrometry, we proved that MNKI phosphorylates cPLA2 in 
vitro uniquely at Ser-727 and that PRAKI and MSKI produce a radiophosphorylated 
tryptic peptide that co-migrates with authentie Ser-727 phosphorylated tryptic peptide 
chromatographically [7]. MAPKAP-K2 and MAPKAP-K3 did not phosphorylate cPLA2 
in vitro. 

We further examined the functional consequence ofSer-505 and Ser-727 cPLA2 
phosphorylation [7]. Stable CHO cell transfectants were prepared that express wild type 
and mutant forms of cPLA2. As shown in Figure 1, expression ofwild type cPLA2 in CHO 
cells leads to an increase in AA release compared to the nontransfected parental cells. 
Stimulation with Ca2+ ionophore alone leads to more arachidoante release than stimulation 
with the protein kinase C agonist PMA alone, and there is a synergistic effect when both 
agonists are added. Mutation of either Ser-505 or Ser-727 significantly reduces AA release, 
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and the double mutant fails to produce AA above the level made by nontransfected cells. 
Interestingly, when a high concentration of Ca2+ ionophore is used, the effect of double 
mutation on arachidonate release is rescued (Figure I, right panel) showing that the mutant 
can be fully functional in these cells. These results establish that phosphorylation of cPLA2 
on Ser-505 and on Ser-727 is important for efficient AA release and that high Ca2+ 

concentrations can overcome the need for cPLA2 phosphorylation. The results also 
underscore the need for rigorous analysis of cPLA2 phosphorylation using site-selective 
protein chemical techniques rather than simply relying on gel shift analysis. 
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Figure I. AA release from A23187 and PMA stimulated nontransfected CHO cells 
(parental) or cells transfected with wild type (WT) and cPLA2 mutants (S505A, S727 A, 
and double mutant). Right panel is with high A23187 and only 1 minute of stimulation. 
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SYNTHESIS AND FUNCTION OF 20-HYDROXYEICOSATETRAENOIC ACID IN THE KIDNEY 

Michal Laniado Schwartzman, Jackleen Marji, Miao Jiang, and Mong-Heng Wang 

Introduction 

20-hydroxyeicosatetraenoic acid (20-HETE), the ro-hydroxylation product of arachidonic 
acid (AA), is the principal metabolite formed in tubular and vascular structures ofthe rat 
renal cortex and outer medulla. 20-HETE has potent biological activities and has been 
shown to contribute to the regulation of renal function and to the control of arterial 
pressure. In the renal tubules it inhibits sodium reabsorption, while in the renal 
microcirculation it is a vasoconstrictor and a regulator of the myogenic response. The ro
hydroxylation offatty acids, including AA, is catalyzed by enzymes ofthe cytochrome 
P450 (CYP) 4A family. In the rat, four isoforms have been identified: CYP4Al, 4A2, 
4A3, and 4A8. Our studies indicated that despite the high homology, these isoforms 
display distinct catalytic properties including differences in kinetic parameters, product 
profile and inhibitor sensitivity. While the constitutive level of expression ofCYP4Al is 
low, its recombinant form is the low Km AA-ro-hydroxylase and thus, by far, the most 
efficient 20-HETE synthesizing enzyme. Whereas CYP4Al is solely an AA ro
hydroxylase, CYP4A2 and CYP4A3 also catalyze AA 11,12-epoxidation. Systemic 
administration of CYP4A antisense oligodeoxynucleotides revealed that CYP4Al 
contributes significantly to the renal tubular and vascular production of 20-HETE. 
Furthermore, these isoforms demonstrate unique intrarenallocalization. U sing molecular 
and pharmacological probes we demonstrated a unique CYP4A isoform-specific 
localization within the renal microvasculature. Transfection ofCYP4Al cDNA to renal 
microvessels resulted in enhanced 20-HETE synthesis and increased reactivity to 
phenylephrine. Thus, 20-HETE of vascular origin serves as a stimulatory regulator of 
vascular responses to constrictor agonists. 

Renal CYP4A Expression and Activity 

The ro-hydroxylation offatty acids, including AA, is catalyzed primarily by enzymes of 
the CYP4A gene family. This subfamily encodes several CYP enzymes that are capable 
of hydroxylating the terminal ro-carbon and, to a lesser extent, the (ro-l) position of 
saturated and unsaturated fatty acids as weIl as various prostaglandins [1]. In the rat, four 
members ofthis family have been identified: CYP4Al, CYP4A2, CYP4A3, and CYP4A8 
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and messages for all four have been identified in the kidney [2-4). These isoforms, 
although sharing 66-98% homology and a common, unique catalytic activity, i.e. 
hydroxylation of fatty acid at the co-carbon, are localized to different renal structures and 
are exposed to different regulatory mechanisms. For example, whereas CYP4A2 is 
preferentially expressed in the outer-medullary/mTAL region, CYP4Al, CYP4A3, and 
CYP4A8 are highly expressed in the proximal tubules [4-6]. In addition, CYP4A2 is 
believed to be the major CYP4A isoform expressed in the renal microvasculature, a major 
site of20-HETE synthesis and action [7]. Renal CYP4Al and CYP4A3 can be induced 
by hypolipidemic drugs such as clofibrate, whereas CYP4A2 is thought to be 
constitutively expressed especially in male rats [2,3,8,9]. The CYP4A8 isoform, originally 
isolated from rat prostate, exhibits 76% and 71 % amino acid homology with CYP4A 1 and 
CYP4A2/CYP4A3, respectively. It is distributed along the outer stripe of the outer 
medulla, indicating its localization in the proximal tubule [10]. Arecent study by Ito et 
al. [11] examined the expressions of CYP4A isoforms in various nephron segments and 
preglomerular arterioles microdissected from the kidneys of Sprague-Dawley rats. 
Whereas CYP4A2, CYP4A3, and CYP4A8 mRNAs are constitutively expressed, 
CYP4Al mRNA is barely detectable. The expression of CYP4Al, CYP4A3, and 
CYP4A8 is similar in both male and female kidneys; however, CYP4A2 expression was 
four-fold greater in the kidney ofmale versus female rats. Thus, the expression ofCYP4A 
isoforms is sex dependent and different isoforms are expressed throughout various 
nephron segments and the renal vasculature of the rats. 

We found that despite the high homology these isoforms display different catalytic 
properties (Table 1). Thus, recombinant CYP4Al, CYP4A2, and CYP4A3, but not 
CYP4A8, catalyzed AA co-hydroxylation to 20-HETE with the highest catalytic efficiency 
(V mo/Km) for CYP4Al, followed by CYP4A2 and CYP4A3. Moreover, CYP4A2 and 
CYP4A3 exhibited an additional AA-ll, 12-epoxidation activity (formation of 11,12-EET) 
whereas CYP4Al operated solely as a co-hydroxylase [12,13). 

Table 1. Initial velocity kinetic constants ofbaculovirus expressed CYP4A isoforms with 
AA. The V m.x and Km values were determined by linear regression ofLineweaver-Burke 
plots. Results are the mean ofthree separate determinations, SE< 10%. 

V m.x (min· l ) Km (11M) V m./Km (nM-1 min- l ) 

CYP4Al 9.47 10 947 
CYP4A2 1.38 19 72 
CYP4A3 0.92 41 22 
CYP4A8 ND ND ND 

The renal expression of these isoforms is also age-dependent. CYP4Al and 
CYP4A3 proteins are detectable in the fetus and their levels are gradually increased from 
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newborn until about 9 weeks of age and then the levels decline to very low levels in 
adults. CYP4A2 protein is undetectable until5 weeks but then the levels increase such that 
in adult male rat it is the major isoform detected in the kidney [14,15]. CYP4A8 mRNA 
levels are detected at 3 weeks of age and thereafter follow a similar pattern of expression 
to that ofCYP4A1 and CYP4A3 [15]. Renal cortical CYP4Al protein levels were higher 
in SHR compared to SD and WKY rats. The increased levels of CYP4Al proteins at 7 
weeks corresponded to the maximal activity of AA ro-hydroxylation suggesting that this 
isoform may playa significant role in contributing to the increased cortical production of 
20-HETE seen in 7-week-old SHR rats [14]. 

The involvement ofthese proteins/genes in the pathogenesis ofhypertension is not 
only implied from the biological effects oftheir major catalytic product, 20-HETE, but 
also from studies oftheir expression in animal models ofhypertension. To this end, the 
CYP4A2 gene is one of the few genes preferentially expressed in the kidney of young 
SHR [6,16] where renal 20-HETE synthesis is high [17]. Depletion of renal CYP or 
inhibition of renal CYP activities decreases 20-HETE synthesis and lowers blood pressure 
in the SHR [18-20]. Moreover, CYP4A genotype has been reported to cosegregate with 
the development of salt-induced hypertension in F2 populations derived from a cross of 
both SHR [21] and Dahl S rats [22] with normotensive strains. Recent studies in our lab 
demonstrated that treatment of rats with CYP4A antisense oligodeoxynucleotides 
inhibited renal vascular synthesis and urinary excretion of 20-HETE and significantly 
reduced blood pressure in SHR and SD rats (Figure 1) [23]. On the other hand, clofibrate 
treatment which readily induces CYP4Al and CYP4A3 (hut not CYP4A2) expression, 
increased outermedullary 20-HETE and lowers blood pressure in female Dahl SS rats 
[24]. Collectively, these studies provide strong evidence that the CYP4A genes and the 
catalytic activity of their products (primarily 20-HETE) are important factors in the 
development and/or maintenance ofhypertension. 

RenaI20-HETE Synthesis and Effects 

20-HETE was found to constitute a major CYP AA metabolite in tubular and vascular 
structures ofthe renal cortex and outer medulla ofthe rat [7,25]. 20-HETE formation is 
localized in the proximal tubules (segments SI, S2, S3) [25,26], medullary thick 
ascending limb [27], preglomerular microvessels [7], and glomeruli [28]. We have showed 
that more than 85% of renal20-HETE is formed in the proximal tubules with the highest 
production in the S3 segment [25]. 20-HETE has been detected in the human and rat urine 
[29,30] indicating that it is an endogenous constituent. The ro-hydroxylation of AA, i.e. 
formation of20-HETE, was though to be a catabolic step in the oxidation and degradation 
of this fatty acid. Dur studies were the first to characterize 20-HETE as a potent 
vasoconstrictor eicosanoid [31,32]. 

20-HETE exhibits potent renal effects and its localization within the kidney 
enables easy access to the systemic circulation as weIl as to the intrarenal arteries 
suggesting a possible role of 20-HETE in the regulation of renal function in autocrine 
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and/or paracrine fashion. The major vascular (vasoconstriction [7,33-35]) and tubular 
(inhibition ofion transport [36]) effects of20-HETE are believed to be the mechanisms 
by which it affects autoregulation of renal blood flow, tubuloglomerular feedback, and salt 
and water reabsorption [37-41). Its role in the regulation of blood pressure has been 
further implied from studies showing that inhibition and stimulation ofits formation affect 
arterial pressure [18,24,42]. 
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Figure 1. Effect ofCYP4Al antisense (AS) and sense (S) oligodeoxynucleotides on blood 
pressure (A) and urinary 20-HETE excretion (B). ODNs (4AI-AS or 4Al-S, each at a 
dose of167 nmol.kg bodywt"l.day"l for 5 days) orvehicle control were administered into 
the femoral vein of7 -week -old SHR. Blood pressure was measured before and after 3 and 
5 days oftreatment by the tail cuffmethod. Results are mean ± SE, n=4; * p < 0.05 and 
:j: p < 0.001 from control. Twenty-four hour urinary 20-HETE was quantitated by NCI
GC/MS analysis; n=4. p < 0.05 from control. 

The cellular mechanisms underlying the potent biological activities of20-HETE 
are still unclear. 20-HETE increases intracellular Ca2+ concentration in renal arteriolar 
vascular smooth muscle cells presumably via inhibition of the large-conductance Ca2+
activated K+ channel activity [43). Elevation of intracellular Ca2+ concentrations may 
constitute a common second messenger system by which 20-HETE induces vascular 
smooth muscle constriction and stimulates renal epithelial cell growth [44]. In mT AL, 20-
HETE inhibits K+ efflux via a large conductance (70 ps) K+ channel [45). This limits the 
amount of K+ available for transport via the Na+ -K+ -2CI" cotransporter and reduces the 
lumen positive potential, which is the main driving force for passive cations reabsorption 
in this portion of the nephron. Previous studies have also demonstrated that 20-HETE can 
activate protein kinase C (PKC), which is involved in the regulation ofNa+/K+-ATPase 
activity [46). The 20-HETE-dependent inhibition of rat renal Na+/K+-ATPase was 
abolished not only by specific PKC inhibitors, but also by mutation ofthe al regulatory 
site. This evidence suggested that 20-HETE may act as a second messenger, mediating the 
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actions of hormones on phosphorylation of rat renal al Na+JK+-ATPase by PKC. In 
addition, 20-HETE-induced vasoconstriction and inhibition ofK+ current in cat cerebral 
vascular smooth muscle have been found to be dependent on the activation ofPKC [47]. 
Recently, Muthalif et al. has demonstrated that 20-HETE can increase mitogen-activated 
protein kinase (MAPK) and cytosolic PLA2 activities, thus stimulating AA release and 
causing translocation ofRas in rabbit vascular smooth muscle cells [48]. They proposed 
that the signaling mechanism by which norepinephrine, All, and EGF activate the 
RaslMAPK pathway might be through the generation of20-HETE. Tyrosine kinase and 
PKC have both been implicated in the vasoconstrictor response to 20- HETE in renal 
arterioies [49]. Arecent study by Alonso-Galicia et al. [50] suggested the existence ofa 
binding site or receptor for 20-HETE in renal microvessels. Whether this receptor/binding 
site is a channel or kinase or other structural protein is remained to be explored. 

Several hormones were found to modulate kidney function by controlling the 
synthesis and release of20-HETE. In the rabbit, angiotensin (All) was found to increase 
renal efflux of 20-HETE [51]. Endothelin (ET -1) evoked an increase in 20-HETE release 
from the rat kidney and inhibition of CYP-dependent AA metabolism greatly reduced the 
renal vascular response to ET -1 [52]. These studies suggested that 20-HETE may mediate 
the renal vasoconstrictor responses to both ET -1 and All. In addition, parathyroid 
hormone (PTH) and EGF were found to stimulate the production of20-HETE [25], which 
is thought to serve as a mediator of PTH-induced natriuresis and EGF-stimulated 
mitogenic activity [44,53]. More recently, several reports have shown that the inhibitory 
action of angiotensin 11 and bradykinin on sodium transport in the mT AL can be blocked 
by inhibitors of CYP suggesting that they may work by stimulating intracellular 
production of20-HETE [54,55]. For example, the inhibitory effect oflow concentration 
of All (5 x 10.11 M) on the apical K+ channel was found to be mediated via the 20-HETE 
pathway [27]. In addition, very low All concentrations (s; 10-12 M) through high-affinity 
receptor occupancy maximally inhibits the Na+ -K+ -2CI- cotransporter via diacylglycerol
lipase and CYP-derived products (i.e. 20-HETE) [54]. The addition of20-HETE to the 
bathing medium of the rat microperfused mT AL elicited a significant reduction in CI
transport suggesting that the bradykinin-dependent inhibition ofNaCI transport in this 
region of the nephron can be mediated by CYP-dependent AA metabolites [55]. 
Altogether, these studies suggested that 20-HETE plays an important role in many key 
elements of modulating renal function (Figure 2). 
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Figure 2. Biological activities of20-HETE in the kidney and their consequences on renal 
function. Stimulation is denoted as +; inhibition is denoted as -. 
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ALTERED BRONCHODILATION AND PULMONARY INFLAMMATION IN PROSTANOID EP2 

RECEPTOR KNOCKOUT MICE 

Francois Nantel, Danielle Denis, Simon Wong, Paul Masson, Denis Normandin, 
Maria Cirino, Gary P. O'Neill, Richard M. Breyer, and Kathleen M. Metters 

Introduction 

Small clinical studies of asthma [1-5] found that inhaled prostaglandin E2 (PGE2) induced 
bronchodilation and reduced the influx ofinflammatory cells in the airways. PGE2 activates 
four receptors identified as EP 1.4 [6,7]. The activation oftwo ofthose receptors, the EP 2 and 
the EP4, leads to the stimulation ofthe adenylyl cyclase and increases intracellular cyclic 
AMP levels. Therefore, a specific EP2 or EP4 agonist could be considered as a potential 
treatment for asthma. 

We evaluated the pulmonary phenotype of mice in which the prostanoid EP2 

receptor was inactivated by homologous recombination [8]. 

Results and Discussion 

The potential role ofthe EP 2 receptor in bronchodilation was addressed by investigating the 
ability of inhaled PGE2 to inhibit carbachol-induced bronchoconstriction. Carbachol 
induced a significant increase ofPenH in WT mice (Figure I). When those mice were pre
treated with aerosolized PGE2 (300 Ilg/ml) for 1 hour before carbachol, this caused a 10-
fold rightward shift in the carbachol dose-response curve and a reduction in the maximal 
response. In KO mice, the maximal response to carbachol was approximately 50% greater 
than in WT mice. Moreover, pretreatment ofthese KO mice with PGE2 had no significant 
effect on the carbachol dose-response curve. We can therefore conclude from this 
experiment that the bronchodilatory actions ofPGE2 are indeed mediated through activation 
ofthe EP2 receptor. 

To investigate the role ofthe EP2 receptor in allergen-induced inflammation, WT 
and KO mice were sensitized with two i.p. injection of ovalbumin (OVA, 81lg) over a 12-
day period and subsequently challenged for 1 hour with aerosolized OV A (1 mg/mI). 
Histological evaluation ofthe lungs showed a significant influx ofinflammatory cells in 
the WT mice at 24 and 72 hours post-challenge. However, we observed reduction ofthe 
extent of inflammation in KO lungs (Figure 2a,b). Moreover, the pulmonary inflammation 
ofWT mice was accompanied by elevated levels ofIL-4 and IL-5 (Figure 2c,d) in the BAL 
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fluid and IL-5 in serum (Figure 2e) that were not observed in the KO mice. These results 
indicate that the absence ofEP2 receptors in the KO mice leads a reduced inflammatory 
response to antigen challenge. Both WT and KO serum showed similar levels of OV A
specific IgE (15.4 ± 4.9 and 16.5 ± 6.1 ng/ml, respectively, n=8) following the sensitization 
procedure with OVA. Therefore, the lower level of inflammation of the KO did not result 
from differences in the sensitization to the allergen. 

0., 
C.rbochol (mglmq 

Figure 1. Effect of PGE2 on carbachol-induced bronchoconstriction. WT and KO were 
placed in a whole body plethysmograph and exposed for 3 minutes to increasing doses of 
carbachol (0.5 to 64 mg/mI). A minimum of 15 minutes, or until PenH value return within 
10% of baseline, was allowed between doses. Five minutes before each dose animals 
received a 1 minute aerosol of either saline or PGE2 (300 ~g/ml). n=4-8 animals. 

b. c . .... ... 

!tl/Cl 
d. - .... 8 . 

I~Jn 
Figure 2. OV A-induced pulmonary inflammation in WT and KO mice. a: 
Photomicrographs of lungs of WT and KO mice 24 hours following challenge with the 
antigen (200 X). b: Inflammation score following histological evaluation oflungs from WT 
(Open bars) and KO (filled bars) mice. c-e: BAL fluid IL-4 (c), serum IL-5 (d) and BAL 
fluid IL-5 (e) levels as determined by ELISA in WT (Open bars) and KO mice (Filled bars) 
at various times following challenge with OVA. n= 4-19. 



101 

In conc1usion, we have found that the EP2 receptor is involved in PGE2-mediated 
bronchodilation. Moreover, we propose that this receptor is also involved in the 
establishment of pulmonary inflammation following antigen challenge. 
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INDUCTION OF PROSTAGLANDIN 12 RECEPTOR IN MURINE OSTEOBLASTIC CELL 

Kei Yamamoto, Jining Wang, Yukihiko Sugimoto, Atsushi Ichikawa and Shozo 
Yamamoto 

Introduction 

Prostanoids are important paracrine bioregulators for many animal tissues in physiological 
and pathological conditions. Theyare synthesized in the cyclooxygenase pathway, and 
released out of cells immediately. There are five basic types of prostanoid receptor linked 
to specific G proteins and these receptors showvarious biological activities [1]. MC3T3-El 
cloned from newbom mouse calvaria is an osteogenic cellline, which differentiated into 
an osteoblast [2]. Earlier we demonstrated production of PGE2 as a major arachidonate 
metabolite in this cellline [3], and our later studies with MC3T3-El cells have shown the 
transcriptional regulation by INFa of cyclooxygenase-2 induction [4]. In consideration of 
a possible function ofthe produced PGE2 as an autocrine mediator, we attempted to detect 
prostanoid receptors in the plasma membrane ofMC3T3-E 1 cells. Previous papers reported 
the presence in this cellline of EP1, EP2, and EP4 [5], and FP [6], but their dynamic 
behaviors remained unclarified. In the present work, we will discuss an induction of IP 
rather than its constitutive expression in MC3T3-El cells [7]. 

Results and Discussion 

When MC3T3-El cells were incubated with various concentrations ofINFa for 9 hours, 
there was a dose-dependent increase in the amount of IP mRNA. When the cells were 
incubated with INFa, IP mRNA level was scarcely detectable at first, and started to 
increase after a lag time of about 3 hours reaching about 8-fold higher level at 24 hours 
(Figure lA). Upon the addition ofINFa, cyclooxygenase-2 mRNA increased and reached 
a maximum faster than IP mRNA. In relation of the IP induction with IP function, we 
performed binding assay with INF a-stimulated MC3T3-El cells. The cells were incubated 
in the presence or absence ofINFa for 24 hours, and the cell membranes were prepared. 
[3H]-Labeled iloprost was utilized as a stable IP agonist, and its binding to the membrane 
protein was determined. Specific binding was scarcely detectable without INF a. However, 
INFa-stimulated cells showed iloprost binding increasing in a dose-dependent manner 
(Figure IB). Furthermore, we examined the displacement of iloprost binding to the cell 
membrane by other agonists. [3H]-Labeled iloprost at 40 nM was incubated with the 
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membranes in the presence ofPGEt> PGE2 or cicaprost each at 20 11M. The specific iloprost 
binding was displaced by 78% upon the addition ofPGEt> 39% with PGE2, and 84% with 
cicaprost. Similar results were obtained by the positive control experiments with CHO cells 
expressing IP. Furthermore, we screened a mouse genomic library to clone the 5' -flanking 
region of IP gene. The promoter region contains various putative response elements such 
as SPl, E-BOX, CIEBPß, and NFKB. A DNA fragment ofthe IP promoter region was 
prepared and inserted into the luciferase plasmid pGL3. MC3T3-El cells were transfected 
with the pGL3 plasmid containing IP gene. After 3 days, the cells were treated with TNFa 
at various concentrations and subjected to the luciferase analysis. The luciferase activity 
increased depending on the concentration ofTNFa. The cells were incubated with TNFa 
for various time intervals. After a lag time of about 6 hours, the luciferase activity started 
to increase and reached a 5-fold higher level at 24 hours in comparison with the activity in 
the absence of TNFa (Figure 1 C). These data indicated that the IP was increased in the 
TNFa-treated MC3T3-El cells. 

It is well known that anti-inflammatory glucocorticoid suppresses the rapid and 
transient expression of cyclooxygenase-2. When the cells were incubated with TNFa in the 
presence of various concentrations of dexamethasone for 9 hours, the IP mRNA was 
suppressed by dexamethasone in a dose-dependent manner with an ICso of about 50 nM. 
TNFa-dependent increase ofIP promoter activity was also suppressed by dexamethasone 
dose-dependently. Thus, dexamethasone suppressed the IP induction at the step of 
transcription. 

Then, we attempted to find out the mechanism of IP induction. The cells were 
incubated with TNFa for 9 hours. As examined by Northem blotting, cycloheximide as a 
translation inhibitor markedly reduced the TNFa-induced increase in IP mRNA. Therefore, 
it is likely that the IP expression is dependent on de novo synthesis of a protein or proteins. 
The cyclooxygenase inhibitors such as indomethacin and NS398 also inhibited the IP 
mRNA induction by about 35% and 55%, respectively. Then, TNFa-dependent increase 
of IP promoter activity was partially inhibited by indomethacin and NS398 dose 
dependently. Furthermore, we tested the effects of several prostanoids on the IP mRNA 
induction. The addition ofPGE1, PG~, PGF21l, or iloprost increased the IP mRNA level 
by 3- tolO-fold. As forthe production ofprostanoids in this cellline, it was confirmed that 
PGE2 was essentially a sole arachidonate metabolite in the TNFa-stimulated cells by thin
layer chromatography and high performance liquid chromatography. Since these 
cyclooxygenase inhibitors suppressed the IP induction to a considerable extent, and PGE2 

increased the IP mRNA level, the cyclooxygenase-2 induction which leads to the 
production ofPGE2 may be functionally coupled to the IP induction. 
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Figure 1. InductionofIPbyTNFainMC3T3-El cells. (A)Time-dependenteffectofTNFa 
on IP mRNA. The cells (2.2 x 106 cells) were incubated with 10 ng/ml TNFa for indicated 
time periods. Total RNA (20 Ilg) was subjected to Northern blotting for IP, 
cyclooxygenase-2 (COX-2), and ß-actin mRNA. The relative anlount of IP mRNA was 
corrected for ß-actin mRNA. (B) [3H]Iloprost binding to cell membrane. The cells (1.0 x 
108 cells) were incubated with 20 ng/ml TNFa for 24 hours, and the cell membranes were 
prepared. The membranes (100 Ilg protein) were incubated with [3H]iloprost at various 
concentrations for I hour at 30°C. The specific binding (closed square) was determined by 
subtraction ofthe nonspecific binding (open circle) from the total binding (closed circle). 
(C) Transfeetion analysis ofIP gene. Promoter region of mouse IP gene was ligated to a 
luciferase plasmid pGL3. Confluent cells (3.1 x 105 cells) were co-transfected with 
luciferase plasmid including mouse IP gene and ß-galactosidase plasmid. The cells were 
incubated with 20 ng/ml TNFa for indicated time intervals. The luciferase activity was 
assayed, and the results were normalized with the ß-galactosidase activity. 
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BL T2, A SECOND LEUKOTRIENE B4 RECEPTOR 

Takehiko Yokomizo, Kazuhiko Kato, Kan Terawaki, Takashi Izumi, and Takao 
Shimizu 

Introduction 

Leukotriene B4 (LTB4) is a potent chemoattractant and activator for granulocytes and 
macrophages [1-3]. The high-affinity receptor for LTB4 (BL Tl) was cloned and shown to 
be a G-protein-coupled receptor (GPCR) with low structural homology to the other known 
GPCRs [4]. Here we report a second L TB4 receptor, BL T2, found in a gene cluster with 
BLTl [5,6]. BLT2 is the most homologous GPCR to BLTl, and is identified as a low
affinity receptor for L TB4• 

Identification of BL T2 in a Gene Cluster of BL Tl 

After the initial cloning ofhuman BL Tl, we and others cloned BL Tl from various animals 
[7 -11]. BL Tl expression is limited only in leukocytes in these animals, and enhanced BL Tl 
mRNA was observed in eosinophils in IL-5 transgenic mice, and in stimulated peritoneal 
macrophages in rat and mouse [8,11]. Thus, transcription of BL Tl is regulated in tissue
specific and inducible manners. To clarify the mechanism how BL Tl is regulated, we 
isolated human and mouse genes for BL Tl, and analyzed the transcriptional regulation of 
BL Tl [5]. During the course ofthe study, we identified a putative ORF for a novel GPCR 
similar to BL Tl at the 5 portion ofBL Tl gene. As this putative GPCR was revealed to be 
another receptor for L TB4, we named it BL T2. BL T2 is the most homologous GPCR to 
BLTl with the amino acid identity of 45.2% (Figure 1), which is much higher than those 
to orphan GPCRs, GPR25 and CRTH2 [12, 13]. The amino acid identity between human 
and mouse BL T2 is 92.7% which is higher than that ofBL Tl (~80%) between two species, 
showing that BL T2 has been weil conserved evolutionaIly. Northem blotting in human 
tissues revealed the ubiquitous expression ofBL T2, with the highest expression in spleen, 
foIlowed by liver, ovary, and leukocytes. The tissue distribution ofBLT2 is quite different 
from BLT1, suggesting that these two receptors may have distinct roles in vivo. 

BL T2 is a Low-affinity Rreceptor for L TB4 

When expressed in HEK-293 ceIls, BLT2 showed a specific and saturable binding for PH] 

107 

B. Samuelsson et al. (eds.), Advances in Prostaglandin and Leukotriene Research, 107-110. 
© 2001 Kluwer Academic Publishers and Fondazione Giovanni Lorenzini. 



108 

L TB4 with the Kd value of 23 nM, a value higher than that of BL Tl (1.1 nM). Two BL T 
antagonists were tested for their inhibition Of[3H] L TB4binding to BL Tl and BL T2. ONO-
4057 was able to antagonize both BLTl and BLT2, while U75302 failed to antagonize 
BL T2, showing that these two receptors are pharmacologically distinct. The low affinity 
receptor for LTB4 was reported in spleen membrane [14,15], and BLT2 is expressed highest 
in spleen, suggesting that BLT2 is the reported low affinity receptor for LTB4• 

hBLT1 
hBLT2 

1 M-----NTTSSAAPPSLGVEFISLLAIILLSVALAVGLPGNSFVVWSILKRMQKRS--VT 
1 MSVCYRPPGNETLL-.WKTSRATGT.FL .. AAL.-- ..... G ..... LAGWRPA.GRPLA 

I 

53 
57 

hBLT1 54 ALMVLNLALADLAVLLTAPFFLHFLAQGTWSFGLAGCRLCHYVCGVSMYASVLLITAMSL 113 
hBLT2 58. TL .. H ..... G .... LT.L. VA .. TRQA. PL.Q ... KAVY ... AL ........ TGLL. . 117 

II III 

hBLT1 114 DRSLAVARPFVSQKLRTKAMARRVLAGIWVLSFLLATPVLAYRTVVPWKTNMS-LCFPRY 172 
hBLT2 118 ~T ... LAPR .. SP.L ... L.LAV.LAAL ... V.AAV .. H--L.RDRVCQ .. H.S- 174 

IV 
hBLT1 173 PSEGHRAFHLIFEAVTGFLLPF-LAVVASYSDI-GRRLQARRFRRSR---RTGRLVVLII 227 
hBLT2 175. V-- .A.A .. SL. TL.A. V ... G. -MLGC .. VTLA- .. RGA. WGSG.HGA. V .... SA. V 230 

V 

hBLT1 228 LTFAAFWLPYHVVNLAEAGRALAGQAAGLGLVGKRLSLARNVLIALAFLSSSVNPVLYAC 287 
hBLT2 231 .A.GLL .A ... A ... LQ. VA ... PPEGA.AKL.GAGQA .. AGTT .... F ......... VF 290 

VI VII 
hBLT1 288 AGGGLLRSAGVGFVAKLLEGTGSEASSTRRG-GSLGQTARSGPAALEPGPSESLTASSPL 346 
hBLT2 291 TA.D .. PR .. PR.LTR.F .. S.EARGGG.SRE.TMELRTTPQLKVVGQ.RGNGDPGGG-M 349 

hBLT1 347 -KLNE-LN- 352 
hBLT2 350 E.DGPEWDL 358 

Figure 1. Primary structures ofhuman BL Tl and BLT2. Identical amino acids are shown 
by dots. Putative transmembrane domains are shown by underlines. 

Signaling from BL T2 

We established CHO cells expressing stably BL Tl or BLT2, and compared the intracellular 
signaling using these cells. BL T2 transduces signals toward adenylyl cyclase inhibition, 
calcium mobilization, and chemotaxis like BL Tl except for that higher concentration of 
L TB4 is required. BLT2-mediated inhibition of adenylyl cyclase was not inhibited by 
pertussis toxin pretreatment (PTX), showing that this receptor couples to Gz-like G-protein 
which lacks the Cys residue that can be ADP-ribosylated by PTX. Table 1 summarizes the 
differences between BL Tl and BL T2. 

We should note that ORF ofBLT2 overlaps the promoter ofBL Tl in human gene 
[5]. This is, to our know1edge, the first example of so called romoter in ORF in mammals. 
There are many questions to be answered. Why these two receptors are clustered in such 
a small portion of the gene? Are there any relationship between the transcriptional 
regulation of BL Tl and translational regulation of BL T2? What is the physiologica1 and 
pathophysiological role ofBL Tl and BLT2? 



Table 1. Comparison ofBLTl and BLT2 

Amino acids (human) 
Kd in HEK-293 cells 
Expression 

PLC activation 
Adenylyl cyclase inhibition 
Chemotaxis 

Acknowledgments 

BLTl 

352 
1.1 nM 
Leukocytes 
»Thymus, Spleen 
Gl6, Gi2 
Gi-like 
Gi-like 

BLT2 

358 
23 nM 
Spleen 
>Liver, Ovary, Leukocytes 
Gq-like, Gi-like 
Gz-like 
Gi-like 
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UPREGULATION OF CYSTEINYL-LEUKOTRIENE 1 RECEPTOR EXPRESSION BY 

INTERLEUKIN-5 IN HUMAN LEUKOCYTES 

Marek Rola-Pleszczynski, Maryse Thivierge, and Jana Stankova 

Introduction 

The cysteinyl-Ieukotrienes (cysLTs), LTC4, LTD4, and LTE4 are potent lipid mediators 
implicated mainly in acute bronchoconstriction and chronic airway inflammation in 
asthma [I]. Blood eosinophils from asthmatic patients synthesize increased amounts of 
cys-LTs. Cys-LTs, in turn, have in vitro chemoattractant activity for human eosinophils. 
L TD4-induced eosinophil infiltration of the airway could be blocked by the cysL T 
antagonist MK-571 [2]. 

Recently, Lynch et al. reported the successful cloning and expression of a high
affinity cell-surface human LTD4 receptor (CysLT1R) [3]. 

IL-5 is one of the most important regulators of eosinophil functions including 
chemotaxis, degranulation, adhesion, and cytotoxicity for parasites. IL-5 is synthesized 
by Th2 lymphocytes and mast cells and is detectable in the plasma of symptomatic 
asthmatics [4]. 

HL-60 cells differentiated toward the eosinophil phenotype (HL-60/eos) present 
several characteristics ofmature eosinophils, including CysLT1R expression [5]. In the 
present study, we set out to determine whether the cytokine IL-5 could modulate the 
expression of CysLT1R on HL-60/eos cells as well as on human peripheral blood 
leukocytes. We found IL-5 to be a potent upregulator ofCysLT1R gene expression in 
leukocytes. 

Materials and Methods 

Differentiation toward the eosinophil phenotype (HL-60/eos) was induced as previously 
reported [5]. Peripheral blood monocytes and neutrophils were isolated by gradient 
centrifugation on Hypaque-Ficoll. 

For semi-quantitative RT-PCR analysis, total RNA was extracted from cells and 
converted to cDNA by the reverse transcriptase enzyme reaction (AMV transcriptase
reverse, Promega, Madison, WI). CysLT1R cDNA was amplified by PCR with primers 
derived from the published cDNA sequence for CysLT1R [3]. Sampies were subjected to 
parallel amplification ofthe constitutively expressed, housekeeping gene, GAPDH. 
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The expression ofCysL T IR protein on cells was assessed using a polyclonal anti
CysLTIR Ab (Dr J. Johnson, Cayman Chemical, Ann Arbor, MI). Immunofluorescence 
analysis was performed on a FACScan flow cytometer (Becton-Dickinson, San Jose, 
CA). 

Results and Discussion 

To assess the effect of IL-5 on CysLTIR expression, we analyzed CysLTIR mRNA 
expression by RT -PCR in HL-60/eos ceIls, as weIl as in peripheral blood neutrophils and 
monocytes. As illustrated in Figure 1, IL-5 induced a marked augmentation ofCysLTIR 
mRNA expression in all three leukocyte populations. The effect ofIL-5 on CysLTIR was 
maintained up to 24 hours (data not illustrated). 

ID...-60/eos Neutrophils Monocytes 

C IL-5 C IL-5 C IL-5 

CysLTIR 

GAPDH 

Figure 1. Upregulation ofCysLTIR mRNA expression by IL-5. 

To assess whether transcription of CysLTIR mRNA was associated with an 
augmented expression ofCysLTIR protein at the cell surface, flow cytometry studies were 
performed using a polyclonal antibody directed against the C-terminal portion of 
CysL TI R. F or these experiments, cells were cultured for 24 hours in the absence or 
presence of 10 ng/ml IL-5, before labelling with the antibody. As illustrated in Figure 2, 
IL-5 treatment of monocytes induced a markedly augmented expression of CysLTIR 
protein, as compared to untreated cells. 

Our results show, for the first time, that the cytokine IL-5 rapidly upregulates 
CysL TI R mRNA expression and thatthis induction is associated with enhanced CysL TI R 
protein expression in leukocytes. These newly induced receptors are functional since 
pretreatment of cells with IL-5 is associated with an augmented responsiveness to the 
ligand L TD4 in terms of intracellular calcium mobilization and chemotaxis [Thivierge M 
et al. J Immunol, submitted]. 
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Figure 2. Upregulation of CysLTIR expression on human monocytes by IL-5. Human 
peripheral blood monocytes were treated for 24 hours with IL-5 or medium and CysL TI R 
expression was assessed by F ACS. Dotted line represents nonpertinent Ab and FITC 
control. Fine line represents unstimulated cells, thick line represents IL-5-stimulated cells, 
both stained with anti-CysL T IR Ab and FITC-conjugated goat anti-rabbit secondary Ab. 
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PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL ROLES OF PROSTANOIDS; 

LESSONS FROM RECEPTOR-KNOCKOUT MICE FOR CLINICAL ApPLICATIONS 

Shuh Narumiya 

Introduction 

Prostanoids inc1uding prostaglandins (PGs) and thromboxanes (TXs) exert their actions by 
acting on eight types and subtypes of prostanoid receptors [1]. They are the PGD receptor, 
DP; four subtypes ofPGE receptors: EP" EP 2, EP 3, and EP 4; the PGF receptor, FP; the PGI 
receptor, IP; and the TXA receptor, TP. These receptors are encoded by different genes, and 
all of them are rhodopsin-type, G-protein-coupled receptors with seven transmembrane 
domains. Dependent on changes in intracellular second messengers, these receptors can be 
grouped into three. One group consists of TP, FP, and EP" which couple to a rise in 
intracellular free calcium ion. The second group inc1udes DP, EP2, EP4, and IP, which 
induce a rise in cAMP in cells. The last receptor, EP 3, couples to a decrease in cAMP level. 
These prostanoid receptors are not distributed ubiquitously and evenly in the body; each 
receptor has its own unique distribution pattern. They are also subject to induction or 
suppression in response to various physiological and pathophysiological stimuli. A variety 
of physiological actions of prostanoids are thus exerted by a molecular diversity of 
prostanoid receptors mediating different signal transductions in the cell and distributed 
characteristically in the body. It is, however, not necessarily clear which type of prostanoid 
receptors is responsible for a prostanoid action in a particular process. Neither it is known 
how much prostanoids contribute to various physiological and pathophysiological 
processes. To address these issues, we have individually disrupted genes for all eight types 
of prostanoid receptors, and analyzed mice deficient in each receptor in various 
pathological contexts. This artic1e summarizes our analyses on the roles of prostanoids and 
their receptors in pain transmission, fever generation, and allergie asthma. Development 
of new PG analogs based on the cloned receptors are also discussed in conjunction of 
knockout mice studies. 

PGlz, IP Receptor, and Pain Sensation 

Pain is sensed at the periphery of the primary afferent and a signal is transmitted to dorsal 
horn ofthe spinal cord.1t is then relayed to secondary neurons that extend their axons up 
to the brain stern and thalamus. Classically, prostanoids are believed to sensitize the 
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afferent in the periphery to cause hyperalgesia. The primary afferents mediating pain have 
their cell bodies in the dorsal root ganglion (DRG). To identify prostanoid receptors 
involved in pain sensation, we carried out in situ hybridization analysis of prostanoid 
receptor mRNA expressed in neurons in DRG [2,3]. On quantification, about 29% oftotal 
DRG neurons express EP h 21 % EP 4, 50% EP 3, and 40% IP. In addition, about two thirds 
of DRG neurons expressing PPT A, aprecursor of substance P, co-express IP mRNA, 
indicating that neurons expressing IP are involved in mediation of pain. We examined the 
role of IP in pain mediation by disrupting the IP gene and subjecting mice deficient in IP 
to acetic acid writhing [4]. When wild type mice were subjected to this test, they showed 
about 40 times writhing responses in 30 minutes. Indomethacin treatment decreased the 
number to less than 10 times, showing PG-dependent sensitization of pain sensation. When 
IP-deficient mice were subjected, they showed only less than 10 times responses without 
indomethacin treatment, and indomethacin did not decrease the response time further. We 
also found that a PGI2 analog injected i.p also caused pain response, albeit weak, in wild 
type but not in IP-deficeint mice. These results taken together suggest that hyperalgesia to 
acetic acid is mediated by the action ofthe PGI2 and IP receptor pathway in the periphery. 
Then, the next question is whether IP mediates every kind of pain sensation or other 
receptors expressed in DRG neurons are also involved in pain sensation in different 
contexts. Recent experiments using intrathecal injection of COX inhibitors suggest that 
prostanoids work not only in the periphery to cause hyperalgesia but also in the dorsal horn 
to facilitate transmission of pain sensation [5]. The latter type of actions are related to 
allodynia, a painful response to a normally nonpainful stimulus, often seen in pain response 
to neuropathy. Involvement ofEP receptors in this and other types ofpain responses are 
currently under investigation. 

PGEz, EP3 Receptor, and Fever Generation 

Sickness causes various symptoms in animals, including humans, such as fever, ACTH 
release, loss of appetite, decreased locomotion, and increased slow wave sleep. Among 
them, involvement ofPGs in fever generation has been suggested by antipyretic action of 
aspirin-like drugs. However, identity of a prostanoid and a prostanoid receptor involved in 
febrile response has remained elusive. PGE2, when injected intracerebroventricularly 
(i.c.v.), causes fever in mice. We therefore used mice deficient in each offour subtypes of 
PGE receptor and examined their response to i.c.v. injection ofPGE2 [6].PG~ generated 
feverthathad a peakrise ofabout2°C at 20 minutes after injection in wild type, EP\-, EP2-

and EP 4-deficient mice. However, no fever generation was observed in EP rdeficient mice, 
suggesting that febrile response to i.c.v. injected PG~ is mediated by EP3 receptor in the 
brain. We wondered if the same mechanism operates in fever generation in response to 
various pyrogens. To clarify this point, we injected mice with either an endogenous 
pyrogen, interleukin-l ß (lL-I ß) or an exogenous pyrogen, lipopolysaccharide (LPS). 
Intravenous injection of IL-I induced fever in wild type mice, that again peaked at 20 
minutes after the injection and subsided thereafter. Mice deficient in EP\ or EP2 showed 



117 

similar febrile responses. On the other hand, no fever was observed in EP rdeficient 
homozygous mice. Loss of fever generation was also noted in EP 3 KO mice upon challenge 
with LPS. These results clearly show that EP3 links pyrogen signals to generation offever. 
We next wondered where in the brain this linking event occurs. Blood-bome signals such 
as cytokines and LPS are believed to act on areas of the brain where the blood brain barrier 
is poor. One of such areas is organum vasculosum lamina terminalis (OVL T), situated 
around the third ventricle. Autoradiograms of in situ hydridization for EP3 mRNA 
expression in the brain [2] showed that, although the EP3 signal is not found in OVLT 
itself, it is present as numerous dots in the surrounding area. These dots correspond to 
neurons in this area. These results thus suggest that pyrogens such as cytokines and LPS 
act in OVLT to generate PGE2, that then acts on EP 3 in neighboring neurons to trigger the 
febrile response. 

PGD2, DP Reeeptor, and Allergie Asthma 

Allergic asthma is caused by activation ofIgE bound on mast cells with specific allergen, 
and shows airway inflammation, airway obstruction, and airway hypersensitivity [7]. The 
airway inflammation associated with asthma is characterized by infiltration of TH2 
lymphocytes and eosinophilic leukocytes. TH2 cytokines released from the infiltrated 
lymphocytes such as interleukin (IL)-4, IL-5, and IL-13 are believed to play critical roles 
in initiation and progression of asthma. The airway obstruction occurs as a result of both 
contraction of airway smooth muscle and mucus secretion. There is plenty of evidence to 
suggest the involvement of PGD2 in allergic asthma. PGD2 is the major prostaglandin 
formed by mast cells upon allergen challenge [8], and is released in large amounts during 
asthmatic attack in human subjects [9]. However, whether PGD2 acts as a mediator of 
allergic asthma or down-regulates this process remains unknown. To clarify this issue, we 
generated mice deficient in PGD receptor [10]. The mouse DP gene was disrupted by 
insertion of a neomycin resistance gene into the first coding exon. DP-deficient mice and 
their wild type littermates were sensitized to ovalbumin (OVA) by intraperitoneal injection 
of OVA on day ° and day 12. On day 22, 26, and 30, these mice were challenged with 
aerosolized OVA for 30 minutes, and IgE level, cell infiltration, cytokine production, 
mucus formation, and the airway hypersensitivity were examined. The total IgE and OV A
specific IgE concentrations were markedly increased in response to injection of OV A. 
There was no significant difference in these IgE levels between wild type and DP-deficient 
mice. In spite of similar IgE levels, mice deficient in DP showed marked reduction in cell 
infiltration in both lung and bronchoalveolar lavage fluid (BALF). TH2 cytokines, IL-4, 
IL-5, and IL-13 that were released extensively to the BALF by antigen challenge in wild 
type animals were also markedly reduced in DP-deficient mice. The airway ofDP-deficient 
mice showed reduced PAS staining in the airway epithelial cells, indicating reduced mucus 
secretion, and little hypersensitivity to acetylcholine infused intravenously. Thus, in DP
deficient mice, all of the three major symptoms of allergic asthma, the TH2-dependent 
airway inflammation, the airway obstruction, and the airway hypersensitivity, were 
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suppressed, suggesting a critical role ofPGDrDP receptor signaling in triggering allergie 
reactions. Then, where in the allergie lung does this signaling occur? 
Immunohistochemistry using specific anti-DP antibody revealed that DP receptor is 
extensively induced in the lung after the antigen challenge to the airway and 
immunoelectron microscopy revealed that it is expressed in epithelial cells of the 
bronchioles and alveoli. Recently, evidence has accumulated to indicate that these epithelial 
cells are not a simple barrier but contain various chemokines and cytokines possibly 
working in allergy [7]. 

Based on these results, we currently hypothesize the PGD2 action in allergie asthma 
as follows. PGD2 is released upon antigen challenge and acts on DP receptor in airway 
epithelial cells to stimulate synthesis and/orrelease ofthese cytokines, which in turn trigger 
allergie inflammation and subsequent asthmatic events. In addition to the lung, PGD2 is 
produced in various other allergie disorders, such as allergie rhinitis and atopic dermatitis, 
suggesting that it mayaiso play an important role in these allergie states. The DP receptor 
may thus represent a new therapeutic target for allergie reactions. 

Cloned Prostanoid Receptors as a Platform ofNew Drug Development 

One of the advantages to have a family of c10ned receptors is to use them for assessment 
of compounds for development of new drugs. We stably expressed each of the c10ned 
prostanoid receptors in Chinese hamster ovary cells, and first used them to evaluate binding 
properties of aseries ofPGs and conventional PG analogs used in pharmacological analysis 
[11]. Table 1 shows an example of such analysis. Compounds shown are two prostacyc1in 
analogs, two thromboxane agonists, and PGE2 and 17-phenyl-PGE2• As shown here, there 
is no absolute selectivity in any ofthese compounds. F or example, iloprost and carbacyc1in 
indeed bind to IP with good affinities, but they also bind to EP3 with similar or better 
affinities. Iloprost binds to EPt as well. 17-phenyl-PGE2 has been used as an EPt agonist, 
but its binding is not limited to EPt.1t binds to EP3 with a better affinity and to FP with a 
reasonably good affinity. 

Conventional PG analogs thus show considerable cross-reactivities. This is 
probably due to their screening and characterization on native tissues and cells, because 
most tissues and cells express more than one type of prostanoid receptors. By using a panel 
of c10ned prostanoid receptors, Ono Pharmaceuticals in collaboration with us has 
successfully developed highly selective agonists and antagonists to each type of the 
prostanoid receptors (Table 2) [12,13]. F or example, an EP 1 antagonist, ONO-8713, shows 
a Ki value of 0.3 nM to EP 1, and the next c10sest Ki is 1000 nM for EP3. So, there is more 
than 3,000 times difference in binding affinity between EPI and other PG receptors to this 
compound. This is also true for recently developed EP agonists. For example, AEl-329 
shows a Ki value of 10 nM to EP4, but Ki values of more than 1200 nM to other EP 
subtypes. Development of other selective EP 1 antagonists and a highly selective DP agonist 
by a similar strategy has also been reported by the Merck-Frosst group [14,15]. A DP 
agonist, L-644,698 showed the Ki ofO.9 nM for human DP, which was about 300 times 
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lower than that for EP2 and more than 4,000 times lower than those for other types of 
receptors [15]. 

Table 1. Binding Affinities of Several PG analogs to Cloned Prostanoid Receptors 

Compounds DP EP. EP2 EP3 EP4 FP IP TP 

Iloprost >10000 21 1600 22 2300 >10000 10 >10000 

carbacyclin >10000 >10000 1600 31 2300 1200 llO >10000 

I-BOP >10000 >10000 220 100 >10000 100 >10000 

STA2 1600 >10000 220 23 >10000 97 >10000 14 

PGE2 >10000 2 12 2 100 >10000 >10000 

17-Phenyl- >10000 14 >10000 4 1000 60 >10000 >10000 
PGE2 

Ki values for radioligand binding assay for respective receptor are shown in nM. 

Table 2. Binding Affinities ofNovel EP Agonists and Antagonists to Cloned Prostanoid 
Receptors 

Compounds DP EP. EP2 EP3 EP4 FP IP TP 

EP. antagonists 

ONO-87 I I 1800 2 5300 67 >10000 >10000 >10000 8 

ONO-8713 >10000 0.3 3000 1000 >10000 1400 10000 10000 

EP agonists 

ONO-DI-004 150 >10000 >10000 >10000 

ONO-AEI-259 >10000 3 >10000 >10000 

ONO-AE-248 >10000 3700 8 4200 

ONO-AEI-329 >10000 2100 1200 10 

Ki values for radio ligand binding assay for respective receptor are shown in nM. 

Conclusion 

KO mouse studies have told us and are telling us a lot of lessons as to roles of prostanoids 
in various physiological and pathophysiological processes. Besides the findings described 
above, many other implicative phenotypes have been found in KO mice deficient in 
prostanoid receptors [1]. EP.-deficient mice show reduced formation of precancerous 
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lesions to a colon carcinogen, suggesting involvement ofEP 1 in colon carcinogenesis. EP 2-

KO mice show decreased fertilization due to the abortive expansion of the cumulus 
covering the oocyte. EP4-KO mice show patent ductus arteriosus and decreased bone 
resorption. FP-deficient mice show loss of parturition due to abortive luteolysis. IP-KO 
show increased thrombotic tendency and increased inflammatory swelling, and TP-KO 
bleeding tendency and enhanced immune responses. These lessons should be combined 
with new highly selective agonists and antagonists screened on the panel of cloned 
prostanoid receptors, and be fully exploited to develop drugs to treat and eure diseased 
people. 

References 

1. Narumiya S, Sugimoto Y, Ushikubi F. Prostanoid receptors; structures, properties and 
functions. Physiol Rev 1999;79: 1193-1226. 

2. Sugimoto Y, Shigemoto R, Namba T, et al. Distribution ofthe messenger RNA for the 
prostagiandin E receptor subtype EP3 in the mouse nervous system. Neuroscience 1994; 
62:919-28. 

3. Oida H, Namba T, Sugimoto Y, et al. In situ hybridization studies of prostacyclin receptor 
mRNA expression in various mouse organs. Br J PharmacoI1995;116:2828-37. 

4. Murata T, Ushikubi F, Matsuoka T, et al. Altered pain perception and inflammatory 
responses in mice lacking prostacyclin receptor. Nature 1997;388:678-82. 

5. Malmberg AB, Yaksh TL. Hyperalgesia mediated by spinal glutamate or substance P 
receptor blocked by spinal cyclooxygenase inhibition. Science 1992;257: 1276-79. 

6. Ushikubi F, Sugimoto Y, Murata T, et al. Impaired febrile response in mice lacking the 
prostaglandin E receptor subtype EP3. Nature 1998;395:281-84. 

7. Holgate ST. The epidemie of allergy and asthma. Nature 1999;402(Suppl.):B2-B4. 
8. Lewis RA, Soter NA, Diamond PT, Austen KF, Oates JA, Roberts LJ 11. Prostaglandin D2 

generation after activation ofrat and human mast cells with anti-lgE. J Immunol 1982; 
129:1627-31. 

9. O'Sullivan S. On the role of PGD2 metabolites as markers of mast cell activation in 
asthma. Acta Physiol Scand SuppI1999;644:1-74. 

10. Matsuoka T, Hirata M, Tanaka H, et al. Prostaglandin D2 as a mediator of allergie asthma. 
Science 2000;287:2013-17. 

11. Kiriyama M, Ushikubi F, Kobayashi T, Narumiya S. Ligand binding specificities ofthe 
eight types and subtypes of the mouse prostanoid receptors expressed in Chinese hamster 
ovary cells. Br J PharmacoI1997;122:217-24. 

12. Watanabe K, Kawano T, Nakatsugu S, et al. Role ofthe prostaglandin E receptor subtype 
EPI in colon carcinogenesis. Cancer Res 1999;59:5093-96. 

13. Suzawa T, Miyaura C, Inada M, et al. The role of prostaglandin E receptor subtypes (EP I, 
EP2, EP3 and EP4) in bone resorption: an analysis using specific agonists for the 
resepctive EPs. Endocrinology 2000; 141: 1554-59. 

14. Ruel R, Lacombe P, Abramovitz M, et al. New Class ofbiphenylene dibenzazocinones as 
potent ligands for the human EPI prostanoid receptor. Bioorg Med Chem Lett 
1999;9:2699-704. 

15. Wright DH, Metters KM, Abramovitz M, Ford-Hutchinson A W. Characterization ofthe 
ecombinant human prostanoid DP receptor and identification of L-644,698, a novel 
selective DP agonist. Br J PharmacoI1998;123:1317-24. 



MULTIPLE G-PROTEIN COUPLING OF CHIMERIC PROSTACYCLIN/PROSTAGLANDIN D2 
RECEPTORS 

Helen Wise and Kevin B.S. Chow 

Introduction 

The prostacyclin (IP) receptor couples to both G. and Gq-proteins, with coupling to G. 
being the dominant signaling pathway [1]. Modification ofthe C-terminal tail ofthe mouse 
IP receptor (mIP) with corresponding regions from the mouse prostaglandin D2 receptor 
(mDP) results in a constitutively active mutant receptor (lPN.VIIIDP c) which displays a 20-
fold increase in potency for coupling to G. [2]. However, when the 6th to 7th 
transmembrane domains ofthe mIP receptor are also replaced by the corresponding regions 
ofthe mDP receptor (lPN.vIDPVI.c), this gain in potency is lost. We have therefore used 
these chimeric IPIDP receptors to examine the differential coupling between G. and Gq, and 
have concluded that the C-terminal tail ofthe mIP receptor cannot be entirely responsible 
for its coupling to Gq. 

Methods 

Chinese hamster ovary (CHO) cells were transiently transfected with cDNA using 
Lipofectamine liposome reagent and Opti-mem I reduced serum medium, using cDNA 
concentrations aimed at producing similar levels of receptor expression (approximately 100 
fmol/mg protein) [2]. Cell responses were assayed in 12-well plates, 48-hour post
transfeetion, in HEPES-based buffer containing 3 flM indomethacin to inhibit any 
endogenous prostanoid production. fH]-cyclic AMP production from [3H]-labelled cells 
was assayed in the presence of 1 mM IBMX following incubation with agonists for 30 
minutes [2]. Responses to forskolin were examined to serve as an internal control for the 
adenylyl cyclase assay. [3H]-inositol phosphate production from [3H]-myo-inositol-labelled 
cells was assayed in the presence of20 mM LiCl following 60 minutes ofincubation with 
agonists [3]. Responses to ATP, acting via an endogenously-expressed purinergic P2Y 
receptor, were used as an internal control for the inositol phosphate assay. All assays were 
performed in duplicate. 
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Results and Discussion 

The IP agonist cicaprost can stimulate both adenylyl cyclase and phospholipase C (PLC) 
pathways in CHO cells transiently expressing mIP receptors, with pECso values of 8.35 ± 
0.08 and 6.82 ± 0.13 respectively (n ~ 3). However, although cicaprost (1 ~M) produced 
a similar increase in [3H]-cyclic AMP accumulation in CHO cells transfected with mIP and 
IPN_VIIIDPc, activation ofIPN_VIIIDPc-transfected cells produced merely 30% ofthe [lH]
inositol phosphate response seen in mIP-transfected cells (Figure 1). It is therefore 
conceivable that the structural change in IPN_VIIIDPc that allows improved coupling to Gs, 

prevents efficient coupling to Gq• In addition, recent studies indicate that the C-terminal 
tail of the IP receptor is essential for coupling to Gq while having much less effect on the 
coupling to Gs [4]. Therefore, because the mDP receptor can couple to Gs but not to Gq 

(Figure 1), then substitution ofthe C-terminal tail ofthe mIP receptor with that ofthe mDP 
receptor, as in IPN_VIIIDPc, might be expected to produce a receptor less able to couple to 
Gq• 
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Figure 1. Activation of adenylyl cyclase and phospholipase C pathways by chimeric IPIDP 
receptors. CHO cells were transiently transfected with mIP (0.5 ~g/ml), IPN_VIIIDP c (0.33 
~g/ml), IPN_vIDPVI_C (0.4 ~g/ml) or mDP (0.5 ~g/ml). [3H]-cyclic AMP (open bars) and 
rH]-inositol phosphate (filled bars) production was measured in response to stimulation 
by assay buffer (Con), cicaprost (Cic, 1 ~M), forskolin (Fors, 10 ~M), PGD2 (D2, 1 ~M) 
or ATP (100 ~M). Results are means ± SEM, n=3. 
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Unfortunately, our results obtained with the IPN_yIDPVI_ctransfected cells fail to 
support this conclusion. Surprisingly, cicaprost can stimulate the IPN_yIDPVI_c receptor to 
increase [3H]-inositol phosphate production to a similar extent as the wild-type mIP 
receptor (Figure 1). This is despite the lack of the C-terminal tail ofthe IP receptor (which 
is reportedly essential for coupling to Gq [4]) and the presence ofmDP receptor sequences 
which do not ordinarily allow coupling to Gq• In addition, a more recent study suggests that 
the IP receptor is isoprenylated, and removal of the isoprenylation site (i.e. the terminal 
four amino acid residues in the C-terminal tail) prevents coupling to both adenylyl cyclase 
and PLC pathways [5]. Clearly our results do not support these latter observations. 
Therefore, by comparing the ability ofmIP, IPN_VI1IDPc, IPN_yIDPYI_c and mDP receptors 
to couple to adenylyl cyclase and PLC in transiently transfected CHO cells, we can 
conclude that the C-terminal tail of the mIP receptor is not entirely responsible for its 
ability to couple to Gq-
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AN UNUSUAL NICOTINIC ACETYLCHOLINE RECEPTOR ACTIVATES THE 8-
LIPOXYGENASE PATHW AY IN APLYSIA NEURONS 

Steven J. Feinmark, Tamara L. Tieman, JacSue Kehoe, and James H. Schwartz 

Introduction 

Lipoxygenases generate metabolites from arachidonic acid that can act as signaling 
molecules, both between cells and as second messengers [e.g. 1-3]. In Aplysia neurons, 12-
lipoxygenase produces substances that mimic the actions ofthe specific neurotransmitter 
that stimulated their production. Thus, application of 12-HPETE caused a dual-action 
response in cell L 14 (rapid depolarization followed by slow hyperpolarization), mimicking 
the responses evoked by histamine [4]. This lipid also produced hyperpolarization in 
sensory neurons like that induced by the inhibitory neuropeptide FMRFamide [5]. We now 
show that 8-lipoxygenase products are generated in other Aplysia neurons in response to 
acetylcholine (ACh) [6] and we have characterized the ACh receptor (AChR) 
pharmacologically. 

Results 

Application of ACh to Aplysia nervous tissue induced the formation of8-HETE. The effect 
of ACh was dose-dependent: lipid metabolites were produced at concentrations of the 
transmitter as low as 1 J.1M and increased up to 1 mM, the highest dose tested. The response 
was specific: histamine and FMRFamide (previously shown to activate 12-lipoxygenase 
in Aplysia neurons, [5,7]), 5-HT, GABA, glutamate, octopamine, dopamine, and 
myomodulin did not induce production of 8-HETE (Figure 1). In addition, depolarization 
of neurons with 60 mM KCl did not cause the generation of the metabolites (data not 
shown). 

To characterize the receptor that mediates the activation of 8-lipoxygenase, we 
tested several cholinergic agonists and antagonists previously shown to be effective with 
Aplysia AChRs. Carbachol, a nonspecific cholinergic agonist, was as effective as ACh. 
Nicotine and suberyldicholine, which activate only the receptors that mediate chloride 
conductances, also were effective. Ofthe antagonists tested, only a-BTx blocked activation 
[8]. Tubocurarine, like atropine, hexamethonium, and TEA failed to inhibit the response. 
Thus, the AChR that mediates the activation of 8-lipoxygenase appears to be associated 
with a chloride conductance. 
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In Aplysia, two pharmacologically distinct receptors have been shown to activate 
ACh-mediated increases in chloride conductance: one, a rapidly desensitizing chloride 
conductance that is blocked by the conotoxin, a-CTx-IMr; the other, a sustained chloride 
conductance that is unaffected by the toxin [9]. a-CTx-IMI failed to block the production 
of 8-lipoxygenase metabolites induced by ACh or suberyldicholine. Kehoe and McIntosh 
[9] also showed that the AChR that activates the a-CTx-IMr-insensitive, sustained chloride 
conductance is differentially distributed in Aplysia neurons. In agreement with that, we 
found that the production of the metabolites occurs only in neurons with receptors that 
mediate the sustained chloride response. Conversely, identified cells that lack the sustained 
chloride conductance failed to produce 8-lipoxygenase products. 
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Figure 1. Production of8-HETE induced by neurotransmitters. Aplysia neural components 
were labeled with [3H]arachidonic acid (10 IlCi), washed, and exposed to histamine (50 
11M), 5-HT (50 11M), GABA (1 mM), glutamate (50 11M), octopamine (50 11M), 
FMRFamide (50 11M), dopamine (10 11M), ACh (100 11M), myomodulin (10 11M), or 
artificial seawater for 10 minutes. These doses are known to elicit physiological responses 
in Aplysia. Lipids were extracted and analyzed by RP-HPLC with a flow-through 
radioactivity monitor. Baseline release of radioactive products (in the presence of artificial 
seawater alone) is indicated by the horizontalline. Data are expressed as mean values ± 
SEM from 3-29 independent experiments; *p < 0.05. 

Even though the AChR that mediate the sustained chloride conductance are co
localized with the production of8-lipoxygenase metabolites, we found that chloride influx 
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alone is not sufficient for activating lipid metabolism. GABA (1 mM) and glutamate (200 
JlM), both of which induce increases in chloride conductance in Aplysia neurons [10], 
failed to activate 8-lipoxygenase metabolism. We also replaced chloride with an 
impermeant anion, methanesulfonic acid, in a chloride-free seawater. Under these 
conditions, ACh failed to elicit influx of chloride but the generation of 8-lipoxygenase 
products was unaffected (data not shown). 

Is a G-protein involved in ACh-induced synthesis of 8-lipoxygenase metabolites? 
Shapiro et al. [11] showed thatthe agonist-induced release of arachidonic acid fromAplysia 
neural membrane lipids is blocked by pertussis toxin (PTx). Suberyldicholine-activated 
production of 8-HETE was significantly reduced in neurons treated with PTx (296 ± 142 
cpm versus 53 ± 31 cpm; 89% inhibition after correcting for the ASW blank of22 ± 7 cpm; 
p < 0.01 by repeated measures ANOVA). The release of free arachidonic acid in these 
experiments also was reduced when the neural components were treated with PTx (39,824 
± 6,840 versus 25,279 ± 3,461; 65% inhibition after correcting for the ASW blank of 
17,372± 3184 cpm; p < 0.05 byrepeatedmeasuresANOVA), as expectedifthe activation 
of a phospholipase is blocked. 

In conclusion, we find thatAplysia neurons contain an 8-lipoxygenase that is linked 
to an ACh-activated chloride channel. Ion flux alone does not result in 8-HETE production. 
Further, the activation oflipid turnover is inhibited by pertussis toxin suggesting that a G
protein plays a role in regulating ACh-dependent arachidonate metabolism in these neurons. 
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NEUTROPHlL-ENDOTHELIALCELLINTERACTION:AMuLTIDIRECTIONALCROSS-TALK 

IN LEUKOTRIENE GENERATION 

Giancarlo Folco 

Introduction 

The interaction between neutrophils (PMNLs)-monocytes and endothelial cells (ECs) 
represents the initial event in the acute inflammatory response and in the pathogenesis of 
vascular diseases [1]. The vascular endothelium represents a dynamically mutable interface 
that may undergo phenotypic modulations to a pathophysiologically dysfunctional state, 
characterized by a loss of critical homeostatic mechanisms present in healthy cells (e.g. 
reduced NO and PGI2 synthesis, increased expression of adhesive moleeules ligands) [2]. 
On the other hand, it has been repeatedly demonstrated that PMNLs activation, increased 
adhesion to ECs and tissue accumulation aggravate ischemic tissue damage in brain and 
heart and leukocyte depletion may decrease tissue necrosis [3]. Both PMNLs and ECs 
generate an impressive repertoire ofbiological effectors among which lipid mediators (e.g. 
eicosanoids: prostaglandins (PGs) and leukotrienes (cys-LT)) have attracted considerable 
interest. Their generation exhibits remarkable cellular specificity; however, their formation 
mayaiso occur through transfer of reactive intermediates between adjacent cells (i.e. 
transcellular biosynthesis) which represents a specialized mode of cell communication [4]. 
This process suggests that the cellular environment (i.e. cell-cell interactions) represents 
a fundamental control mechanism in the production of lipids that may ultimately affect 
vascular function [5]. 

The cooperative formation of cys-LT has been shown to cause coronary 
vasoconstriction and severe inflarnmatory changes in the rabbit heart [6-7]. However, 
previous studies have suggested that the transcellular biosynthesis process is even more 
complicated and may often involve an additional exogenous supply of arachidonate from 
the platelet or endothelial cell, which is taken up by the neutrophil for conversion to the 
LTA4 that is then handed back to the donor cell for final conversion to cys-LT [8]. 

In order to gain further insight into the biochemistry of this neutrophil-endothelial 
cell interaction for generation ofbioactive cys-LT, we investigated the metabolie profile 
of L T A4-derived metabolites in isolated neutrophils as weIl as when perfused through a 
spontaneously beating, isolated rabbit heart. The study demonstrates that the metabolie fate 
of arachidonate released from the endogenous pool of neutrophil phospholipids is different 
from that of arachidonate derived from exogenous sources (e.g. endothelial cells). 
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Methods 

An isolated, coronary-perfused whole heart preparation from rabbit has been used [6], in 
the presence or absence of circulating cells (e.g PMNLs), at constant flow (20ml/min, 
respectively), so that changes in vascular resistance can translate into increases or decreases 
of perfusion pressure as monitored by apressure transducer. The perfusing fluid has been 
collected for HPLC or enzyme-immunoassay (EIA)oflipid mediator formation, which has 
been compared with that obtained in PMNLs or vascular cells alone [9]. 

Results and Discussion 

fMLP (0.3 11M) challenge ofneutrophils (lOS cells/ml) in the reperfused, spontaneously 
beating, isolated rabbit heart, resulted in the production of large amounts of cys-LT, 
presumablyas a result of neutrophil-endothelial cell cooperative synthesis of cys-LT. 
Quantitative analysis revealed that in the neutrophil-perfused hearts the amount of L T ~ 
metabolites (enzymatic+nonenzymatic) was much more than that seen when the same 
number of neutrophils were stimulated in vitro (Figure 1). The data suggested that the 
interaction of neutrophils with the coronary vasculature of the heart not only led to the new 
synthesis of cys-LTs (transcellular biosynthesis) but also to a fourfold increase in total 
L T ~ metabolites, likely because of additional sources of extemally derived (non
neutrophil) arachidonate. 

One possible explanation for the preferential release ofL T ~, (available for cys-L T 
formation), ratherthan conversion into L TB4, was that the L T ~-hydrolase might have been 
saturated with substrate. The relative ratio of enzymatic to nonenzymatic metabolites of 
L T ~ resulting from the addition of increasing amounts of arachidonate in unprimed 
neutrophils was investigated and found to remain unchanged even when the concentration 
of exogenous arachidonate varied (1-10 11M). 

Moreover, when unprimed neutrophils were challenged with fMLP and exogenous 
arachidonate (2-5 11M) more nonenzymatic L T ~ metabolites were produced than seen with 
GM-CSF primed cells stimulated with tMLP in the absence of added arachidonate, and the 
ratio of nonenzymatic to enzymatic products showed a twofold increase. In order to 
determine if the increased production of nonenzymatic metabolites reflected an increased 
availability of intact LT ~ for transcellular metabolism, GM-CSF primed neutrophils and 
platelets were co-incubated at a ratio of 1 :40 (neutrophil:platelet) and challenged with 
fMLP (which does not activate the platelets) in the presence of deuterium-Iabeled 
arachidonate (5 11M). This resulted in the preferential formation of labeled LTC4, when 
compared to enzymatic metabolites ofLTA4-hydrolase. 
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Figure 1. Increased production of LTA4 metabolites by combination of GM-CSF primed 
human neutrophils and isolated rabbit hearts. Effect of challenge with tMLP (0.3 IlM) on 
the production ofL T ~ metabolites by isolated rabbit hearts, by neutrophils in suspension, 
and by neutrophils perfusing the isolated rabbit heart under recirculation conditions. 
Purified human neutrophils (107 cells) were primed with GM-CSF (1 nM, 30 minutes) prior 
to perfusion. L T ~ metabolites were measured by RP-HPLC. Values are expressed as mean 
± S.E. (n =3-5). ***, P < 0.001. N, neutrophils. From J Biol Chem 1999;274:28264-69. 

TransceHular biosynthesis of cys-LT involving cooperation between circulating and 
vascular cells, represents a critical mechanism in the synthesis of leukotrienes that may 
determine the overall quantity, as weH as profile, of arachidonate metabolites generated by 
cell activation at the organ level [10-11]. 

fMLP stimulation of GM-CSF primed human neutrophils, circulating within the 
coronary vascular bed, resulted in the production of very large amounts of cys-L T; in sharp 
contrast, the same numbers of GM-CSF primed neutrophils stimulated with fMLP in vitro 
produced significantly lower amounts of overall L T A4 metabolites and only L T ~ 
hydrolase-derived products, namely L TB4 and its ro-oxidized derivatives, while L TC4 as 
weIl as nonenzymatic L T ~ metabolites could not be observed. This apparent discrepancy 
could imply that additional arachidonate was provided to the neutrophils by rabbit heart 
cells, likely endothelial cells, thereby significantly enhancing the production of 
leukotrienes. Furthermore it appeared likely that this additional arachidonate supplied to 
neutrophils was undergoing a preferential metabolism into a pool ofL T ~ that was readily 
exported outside ofthe neutrophil and therefore available for transcellular metabolism into 
LTC4 by adjacent endothelial cells (Figure 2). 
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Figure 2. Neutrophil-endothelial cell interactions: a multidirectional cross-talk in 
eicosanoid generation. 

Indeed, recent results [12] showed that significantly larger amounts of the 
exogenous arachidonate underwent preferential metabolism to an L T A4 pool that was not 
apparently available to cytosolic L T A4 hydro lase, thus resulting in export and 
nonenzymatic hydrolysis. Moreover, the unstable epoxide exported from the donor 
PMNLs, was shown to be of biological relevance, since, in the presence of a limited 
number of platelets, the L T A4 arising from metabolism of exogenous arachidonate was 
preferentially converted into LTC4 by the acceptor platelets (rather than into LTB4) as a 
result oftranscellular cooperation between neutrophils and platelets [12]. 

These results may suggest that exogenous arachidonate is metabolized to 
leukotrienes by a pathway that is physically separate in the cell from that involved in 
conversion of arachidonate from endogenous sources, most likely by a portion of the 5-
lipoxygenase located at (or translocated to) the plasma membrane where the enzyme 
preferentially metabolizes arachidonate reaching the cell from the outside.L T A4 produced 
at this site would be available for export and may have some difficulty gaining access to 
the cytosolicL T A4 hydrolase. 

Whatever the mechanism, these observations suggest that transcellular biosynthesis 
of leukotrienes is characterized by different interesting features: a) it represents a unique 
pathway of arachidonate metabolism and eicosanoid generation; b) it occurs with 
physiologic cell stimuli; c) it can be extended to an intact organ such as a spontaneously 
beating, isolated heart; and d) it may involve complex multidirectional cross-talks between 
cells - namely arachidonate from endothelial cells to neutrophils and L T A4 back to the 
endothelial cells, with significant physiopathologic consequences. 
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CYCLOOXYGENASE IN THE LAMB DUCTUS ARTERIOSUS: DEVELOPMENTAL CHANGES 

AND UPREGULATION 

Flavio Coceani, Cameron Ackerley, Eric Seidlitz, Lois Kelsey 

Introduction 

The ductus arteriosus is kept patent in the fetus by a process involving prostaglandin (pG) 
E2, both local and blood-borne, as the main effector [1]. The PGE2-based relaxing 
mechanism develops early in gestation and, in fact, with apremature birth its intramural 
component may prevail overthe oxygen constriction [1]. This knowledge has, on one hand, 
introduced indomethacin in the management of prematurely born infants with persistent 
ductus and, on the other hand, has highlighted potential detrimental effects on the unborn 
child of nonsteroidal anti-inflammatory drugs taken by the mother. The realizationnowthat 
PGE2 may originate from two cyclooxygenase (COX) isoforms, COXI and COX2, has 
added complexity but, at the same time, has broadened the scope of any therapeutic 
intervention. 

Our aim was to gain a better insight into the functional organization of the COX 
system in the ductus through the last third of gestation. We looked for the two COX 
isozymes in the tissue and determined concomitantly the response of the vessel to a 
selective COX2 inhibitor (L-745,337) [2] versus a nonselective COXlICOX2 inhibitor 
(indomethacin). Experiments were performed in naive preparations and preparations that 
had been treated with agents, such as oxygen and endotoxin, which may promote COX 
function and are also relevant to the clinical situation. 

Methods 

Preterm (103-107 days, 0.7 gestation; 94-97 days, 0.65 gestation) and ne ar-term (134-139 
days gestation; term, 145 days) pregnant sheep were used. Procedures for anesthesia, 
Cesarean delivery offetuses, and isolation ofthe ductus arteriosus have been described [3]. 
However, in this study certain fetuses, both term and preterm (0.7 gestation), were given 
endotoxin in utero (0.1 Ilg kg·1 IV) three hours prior to delivery. 

When analyzed morphologically, ductus specimens were processed immediately 
or after treatment with endotoxin in vitro (1 OOng mI·l , 2 hours). For immunofluorescence 
microscopy, they were fixed, and seetions were incubated first with an antibody against 
COXI or COX2 (dilution, 1:200) andthen with an appropriate secondary antibody. For 
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transmission immunoelectron microscopy, ultrathin sections were incubated with the 
primary antibody and a gold-labeled, secondary antibody (particle, 10 nm). 

For the pharmacological study, preparations were mounted in an organ bath and 
gassed with 2.5% O2:5% CO2 in N2 to mimic the condition in utero [3]. The neonatal 
condition was reproduced by bubbling increasing oxygen concentrations (15%,30%,95%). 
L-745,337 was tested cumulatively (I, 2.8, 10 IlM) and was compared to indomethacin. 
Experiments were carried out in untreated and endotoxin-treated (in vitro and in vivo) 
preparations. 

Results 

Epifluorescence microscopy showed COXI immunolabeling in endothelial and smooth 
muscle cells. No major difference was noted between term and preterm (0.7 gestation), nor 
was any obvious increase observed with endotoxin in vivo. Conversely, COX2 
immunoreactivity was barely detectable in the premature and remained relatively weak at 
term. However, contrary to COXI, C0X21abeling increased after giving endotoxin in vivo 
at either age. On transmission electron microscopy, COXI-linked gold particles exceeded 
COX2-linked particles at all ages. In addition, both labels increased with gestation. There 
was also no change in total COXI immunogold reactivity, or at most a marginal increase, 
in endotoxin-treated tissues (in vitro and in vivo). COX2, however, responded differently 
to endotoxin depending on whether treatment was in vitro or in vivo. In the former case, 
there was a peculiar loss of the enzyme, while in the latter case there was the expected 
upregulation, particularly at term. The reason for such loss is speculative. By acting 
protractedly on the tissue, endotoxin might have caused excess NO formation and, hence, 
downregulation ofCOX2 after an initial upregulation [4]. Altematively, or concomitantly, 
downregulation may have resulted from activation of the PGE2 receptor [5]. Whether 
stimulatory or not, endotoxin brought aredistribution ofboth COXI and COX2 from the 
inner to the outer regions of the cytoplasm. 

L-745,337 contracted the term ductus dose-dependently and the response nearly 
equaled that to indomethacin. By contrast, at 0.7 gestation L-745,337 was less effective 
(60% reduction) than indomethacin. In the youngest fetuses (0.65 gestation) the contraction 
to the COX2 inhibitor was barely visible. Premature preparations treated with endotoxin 
in vitro tended to contract less to L-745,337, while they contracted more after treatment in 
vivo. The same preparations responded more to the inhibitor after being primed with 
oxygen. The oxygen contraction, on the other hand, was increased in L-745,337-treated 
tissues. Hence, we conclude that oxygen promotes COX2 in the premature and that COX2, 
via PGE2, curtails the oxygen contraction. 

Conclusion 

Our study demonstrates that COXI and COX2 occur constitutively in the ductus. Their 
development is uneven through gestation, with COX2 contributing little to PGE2 formation 
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in the premature and matching instead COXI at term. However, before term COX2 may 
acquire greater importance under the influence of oxygen and endotoxin. When considered 
in a clinical context, these data reaffirm the usefulness of a dual COXlICOX2 inhibitor for 
a persistent ductus in the premature infant. Supporting this conclusion is the expected 
exposure of the ductus to conditions (postnatal rise in blood oxygen tension, mechanical 
stress, any intervening infection) resulting in COX2 upregulation. Conversely, a COX2 
inhibitor appears a better choice for preventing premature labor, since it may combine the 
desired effect with greater safety for the fetus. Specifically, by affecting little or not at all 
the ductus, the pulmonary vasculature, and blood levels ofPGE2, such inhibitor can ensure 
a smoother transition from intra- to extrauterine life. 
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CO-LOCALIZATION OF PROSTACYCLIN (PGI2)-SYNTHASE AND CAVEOLIN-l IN 

ENDOTHELIAL CELLS UNDERSCORES NEW ROLES OF PGI2 IN ANGIOGENESIS 

Enzo Spisni, Cristiana Griffoni, Spartaco Santi, Massimo Riccio, Roberta Marulli 
and Vittorio Tomasi 

Introduction 

In vascular cells, PGI2 synthase (PGI2s) has been Iocalized in the endoplasmic reticulum 
of endothelial cells and in the nuclear and plasma membrane of smooth muscle cells 
(SMC). In human umbilical vein endothelial (HUVE) cells, a direct confocal microscopy 
approach indicates that more than 80% of the enzyme resides in cellular sites co-staining 
with caveolin-l antibody. This evidence was confirmed by the demonstration that PGI2 
synthase and caveolin-l are associated to detergent-insoluble membrane domains in the 
same 10w density fractions of a sucrose gradient and the depletion of cellular cholesterol 
leads to the shift of PGI2s and caveolin-l to higher density fractions of the gradient. 
Moreover, a double approach, based on the usage of filipin as a specific caveolae 
disrupting agent and antisense oligonucleotides (ODNs) targeting PGI2 synthase mRNA, 
suggests that the production ofPGI2 in caveolae is Iikely to be connected to the regulation 
of angiogenesis, at least in vitra. 

Materials and Methods 

SUCROSE GRADIENT 

Protein separation on sucrose gradient was performed following the modifications proposed 
by Zurzol0 et al. [1] to the method first described by Brown and Rose [2]. Briefly, four 
confluent 75 cm2 flasks of HUVE cells were rinsed with PBS and lysed in 1 ml of 
TNE/TXI00 buffer(25 mMTris-CI [pH7.5], 150mMNaCI, 5 mMEDTA, 1% Triton X-
100). A linear sucrose gradient (5-35% in TNE buffer) was layered over the lysate and 
centrifuged for 18 hours at 200,000 x g at 4°C. Fractions were collected and TCA
precipitated proteins were analyzed by Western blot to detect cav-l and PGI2s. 

CHOLESTEROL DEPLETION 

Depletion of cholesterol was performed following the method described by Keller and 
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Simons [3]. 

SYNTHESIS OF ODNs 

Phosphorothioate ODNs were synthesized using an Applied Biosystem 394 DNAIRNA 
Synthesizer, according to manufacturer's instructions. They had the following sequences: 
anti-PGI2 synthase exon I 5'-AGTAGCAGCAGCAGCAA-3'; anti-PGI2 synthase 3'UTR 
5'-CTTATCTGAATAGCATTTGTGG-3'; senseoligo, 5'-TTGCTGCTGCTGCTACT-3 '; 
scrambled oligo 5' -AGACATCGAAGCACGAG-3'. 

3-D ANGIOGENESIS IN FIBRIN GEL 

To evaluate the effect of Filipin or anti-PGI2 synthase ODNs on in vitro angiogenesis, 
HUVEC were seeded on 24 weIl plates coated with fibrin gel, prepared as described by 
Montesano et al. [4]. Filipin (10-70 ng/ml) or ODNs (111M) were added directly into the 
medium. Cells were observed at the light microscope 24 hours later. 

Results and Discussion 

We have previously immunodetected PGI2 synthase in HUVE cells on abundant 
cytoplasmic vesicles whose distribution resembled that of vesicles originating from surface 
caveolae [5]. Gold-albumin, that binds to a caveolar receptor [6], revealed a vesicular 
distribution in HUVEC cytoplasm similar to that observed during PGI2 synthase 
immunodetection and the confocal microscopical analysis of caveolin-I and PGI2s 
distribution confirmed that the two proteins were strongly co-Iocalized (data not shown). 
Moreover, we detected PGI2s and caveolin-l at the same low density fractions of a 5%-
35% sucrose gradient (Figure I, panel Al) and we observed a missorting ofPGI2s and 
caveolin-I in HUVEC treated with mevalonate and methyl-ß-cyclodextrin (Figure I, panel 
A2). This treatment reduces cellular cholesterollevels by 60-70%, leading to the disruption 
of caveolae and missorting of rafts-associated proteins [3]. The shift ofboth caveolin-I and 
PGI2s towards the same high density fractions of the sucrose gradient, following 
cholesterol depletion, supports their association. 

By using filipin, a caveolae disrupting agent, we demonstrated that prostacYclin 
production in IL-Ia stimulated HUVEC was significantly decreased (not shown) and 
capillary-like tube formation in fibrin gel was impaired (Figure I, panels BI-B3). 
Moreover, the treatment of HUVEC with two antisense ODNs directed against PGI2s 
mRNA at the same time affected PGI2s levels and enzymatic activity (not shown) and 
inhibited capillary-like tube formation in fibrin gel (Figure I, panels CI-C3). 

This observation underlines a role ofPGI2s as angiogenic enzyme and suggests the 
involvement of caveolae in angiogenesis. The association ofPGI2 synthase with caveolin-I 
could allow the shuttling of this enzyme towards the perinuclear space, where 
cycloxygenase is present [7], targeting PGI2 production in the proximity of its nuclear 
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receptor belonging to peroxisomal proliferator-activated receptors (PP AR -0). The 
activation of PPAR-o by a PGI2 stable agonist has been observed during embryo 
implantation in the mouse, an event requiring angiogenesis [8). 

Ai A2 
-CAV-l- bmc= __ ~~ _________ ~Wili~ 

5 10 15 20 2S 30 35 40 sucrose% 5 10 15 20 2S 30 35 40 

-PGI2s-

Figure 1. Panels AI-A2: fractions collected from the top to the bottom of a sucrose gradient 
were analyzed by Western blot. Fluorograms represent the distribution ofPGI2s and cav-l 
in untreated HUVEC (panel Al) and in HUVEC treated with 10 JlM mevalonate and 10 
JlM methyl-ß-cyclodextrin to obtain cholesterol depletion (panel A2). Panels B I-B3: effect 
offilipin on 3D angiogenesis test in the presence ofTPA(10 ng/ml). Panel BI shows the 
control after 24 hours of incubation; panel B2 shows the effect of 40 ng/ml filipin, arrow 
points to clusters of cells which are not competent for capillary morphogenesis; panel B3 
shows that 70 ng/ml filipin completely inhibits tube fonnation. Bar = 100 JlM. Panels C 1-
C4: effect of anti-PGI2 synthase ODNs on 3D angiogenesis test. Cl, HUVEC treated with 
PGI2s sense oligo; C2, HUVEC treated with anti PGI2s 3' -UTR oligo; C3, HUVEC treated 
with anti PGI2s exon 1 oligo. Bar = 100 JlM. 
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LEUKOTRIENE C4 SYNTHASE GENE POLYMORPHISM IN SEVERE ASTHMA 

Anthony Sampson, Ian Sayers, Peter Howarth, and Stephen Holgate 

Introduction 

The cysteinyl-Ieukotrienes (cys-LT) LTC4, LTD4, and LTE4 are well-established as 
mediators ofbronchoconstriction and eosinophilia in asthma [1-3]. We have shown that in 
the asthmatic bronchial wall, eosinophils also represent the majority of cells that express 
the enzymes of the cys-L T pathway and hence have the capacity to generate cys-L T upon 
stimulation [4,5]. Inflammation and bronchoconstriction in the asthmatic airway may 
therefore be sustained by a vicious cycle of cys-LT synthesis and eosinophil recruitment. 
Anomalies in the regulation of the cys-L T pathway in eosinophils may thus be central to 
the pathophysiology of asthma. 

The capacity of eosinophils and other leukocytes to synthesize cys-LT may be 
influenced by promoter polymorphism in the genes encoding cys-L T pathway enzymes [6]. 
Cys-L T are synthesized from membrane-derived arachidonic acid by the sequential actions 
of 5-lipoxygenase (5-LO), 5-LO activating protein (FLAP), and LTC4 synthase. Promoter 
polymorphism in 5-LO is linked to reduced 5-LO gene transcription and a diminished 
clinical response to an oral L T synthesis inhibitor in a small proportion (~5%) of asthmatics 
[7,8], but this cannot account for the large sub-group (30-40%) of relatively poor 
responders to anti-L T therapy. 

In bronchial biopsies of patients with aspirin-intolerant asthma (AIA), who have 
constitutively high baseline production of cys-LT and generally good clinical responses to 
leukotriene-modifier drugs [9], we have shown that the numbers of cells expressing LTC4 

synthase are 5-fold higher than in biopsies from aspirin-tolerant asthmatics (AT A) and 19-
fold more prevalent than in normal bronchial biopsies [4]. The increased prevalence of 
LTC4 synthase in AIA biopsies was due partly to a 2-fold bronchial eosinophilia and partly 
to an increased proportion of eosinophils expressing the enzyme (50% versus 21 % in ATA 
patients). L TC4 synthase over-expression correlated exclusively with elevated cys-L T levels 
in BAL fluid and with bronchial hyperresponsiveness to inhaled lysine-aspirin [4]. A single 
nucleotide polymorphism (SNP) in the L TC4 synthase gene promoter (A444C) has been 
reported in 76% of a group ofPolish AIA patients compared to 42-44% of AT A and normal 
subjects [10]. The variant allele (C444) was associated with higher levels ofLTC4 synthase 
mRNA in blood eosinophils [11], suggesting that the mutant allele increases expression of 
LTC4 synthase protein and hence enhances the capacity ofthese cells to synthesise cys-LT. 
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However, other workers found no difference in the prevalence ofthe LTC4 synthase C-444 
SNP in American AIA patients [12]. 

Since the variant LTC4 synthase genotypes (C/C and C/A) are also found in a 
significant proportion (42-44%) of ATA patients and normal subjects [10], we reasoned 
that the variant L TC4 synthase allele may not be associated specifically with AIA, but 
rather with an increased contribution of cys-LT to asthma of any clinical phenotype. We 
hypothesized firstly that eosinophils from subjects with the variant genotypes may have a 
predisposition to enhanced synthesis of cys-L T when the 5-LO pathway is stimulated. 
Secondly, we hypothesized that the variant LTC4 synthase genotypes may be more 
prevalent in severe persistent asthmatics, irrespective of aspirin sensitivity, than in normal 
subjects. Thirdly, we hypothesized that the variant genotypes may identify a sub-group of 
severe asthmatic patients in whom elevated cys-LT synthesis is particularly important in 
impairing lung function, and hence that these patients may be synonymous with a clinical 
phenotype of good responders to oral anti-LT therapy with zafirlukast. Our results show 
that the variant LTC4 synthase genotypes are linked to elevated ex vivo synthesis ofLTC4 

by blood eosinophils, are more prevalent in severe chronic asthmatics than in normal 
subjects, and tend to predict lung function response to oral therapy with a LT receptor 
antagonist. 

Methods 

We assessed urinary LTE4 and ex vivo LTC4 synthesis by immunomagnetically-purified 
blood eosinophils in 31 normal subjects, and lung function response to oral zafirlukast in 
23 severe chronic asthmatics. All subjects were genotyped for the A 444C polymorphism in 
L TC4 synthase. Normal subjects (n=31) were adult volunteers with no history of chronic 
respiratory disease and taking no medication. Four were atopic as judged by skin-prick 
tests. The 23 asthmatic patients (6M, 17F; aged 2.5-76 yr) had a clinical history of poorly
controlled chronic severe asthma. Three asthmatics had a clinical history of aspirin 
sensitivity. All asthmatic patients were receiving inhaled corticosteroids, and 10 were also 
receiving oral steroids, 14 a long-acting ß2-agonist, fourtheophylline, and one cyclosporin. 
At pre-study assessment, FEV\ varied between 0.24 and 2.5 land PEF between 106 and 
408 l/min. For one week before and throughout the study, asthmatics abstained from all 
medications except inhaled corticosteroids and inhaled ß2-agonists pm, and received oral 
zafirlukast (20 mg bd) for two weeks, when lung function assessments were repeated. 
Although the trial was an open study, patients and investigators were blinded to patient 
genotype. The study was approved by the Southampton & SouthWest Hampshire Joint 
Research Ethics Committee, and all subjects gave informed written consent. 

Eosinophils were purified immunomagnetically from the blood of normal subjects 
as described [13]. Eosinophils (> 98% pure, > 96% viable) were cultured (105 cells/0.5 ml) 
in HEPES-buffered medium at 37°C for 15 minutes in the presence and absence of calcium 
ionophore A23187 (1 J.1M) and in the presence ofindomethacin (10 J.1M). Total cys-LT 
synthesis was quantified by Biotrak enzyme immunoassay (EIA) (Amersham). Urinary 
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L TE4 levels were assessed by EIA as a marker of whole-body cys-LT synthesis after 
correction for creatinine. Genomic DNA was isolated from whole blood using the QIAmp 
DNA Blood Mini Kit (Qiagen). The region flanking the ~44C polymorphism was 
amplified using PCR (forward primer: 5' CTC CAT TCT GAA GCC AAA G 3' ; reverse 
primer: 5' AGA CCG CCT CAC CAC TI 3'). Alleles were genotyped using MspI 
restrietion digestion of the 296bp PCR product [10]; an endogenous MspI site provided an 
internal control for the assay. 

Results 

The variant LTC4 synthase genotypes (C/C and CI A) were observed in 13 out of23 severe 
asthmatic patients (56%) compared to 10 out of 31 normal subjects (32%), giving 
frequencies for the variant allele (C-444) of 0.27 in the asthmatics and 0.19 in the normals. 
Despite the small size ofthe study group, the enhanced prevalence ofthe variant genotype 
in the asthmatics was statistically significant (P=0.04, Fisher's exact test). 

In normal subjects, spontaneous production of LTC4 from unstimulated blood 
eosinophils was not significantly different between the two genotype sub-groups. However, 
when stimulated with calcium ionophore A23l87 (1 uM) in the presence of indomethacin 
(10 uM) to block shunting of arachidonate substrate along the prostanoid pathway, 
eosinophils from patients with variant genotypes (C/C and C/A) produced 3-fold more 
LTC4 (7.8 ± 2.9 ngll06 cells, n=13) than eosinophils from patients with the wild-type 
genotype (AI A, 2.7 ± 0.4 ngll 06 cells, n=1 0; P=0.04 Mann-Whitney) (Figure 1). There was 
no significant difference between normal subjects with the variant genotypes and those with 
the wild-type genotype in urinary levels of LTE4 (145 ± 21 versus 128 ± 8 
pmol/mmol.Creat. respectively; P > 0.2) (Figure 1). 

In asthmatic subjects with variant L TC4 synthase genotypes, oral zafirlukast (20 mg 
bd) for two weeks increased FEV1 by 9 ± 12% and FVC by 15 ± 18% compared to pre
study values (n= 13), with decreases of -12 ± 18% and -18 ± 15% respectively in patients 
with the wild-type genotype (n= 10; both P=O.I) (Figure 2). Horne PEF values did not differ 
between the groups. 

Discussion 

The single nucleotide polymorphism (A-444C) described in the LTC4 synthase gene 
promoter [10] has been postulated to enhance gene transcription and increase cellular 
capacity for cys-LT synthesis [6]. The variant LTC4 synthase genotypes are reported to be 
highly prevalent (76%) in aspirin-intolerant asthma (AlA) patients [10], who have 
constitutively-elevated cys-LT synthesis and good clinical responses to anti-Ieukotriene 
therapy, and are also common (42-44%) in normal subjects and aspirin-tolerant asthma 
(ATA) patients. The results presented here provide preliminary evidence that, irrespective 
of aspirin sensitivity, the variant genotypes confer an increased capacity for cys-L T 
synthesis in eosinophils, the predominant cell-type expressing L TC4 synthase in the 
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asthmatic airway [4,5], and that in severe asthrnatic patients, the variant genotypes may be 
markers of a leukotriene-dependent phenotype of asthma that responds weIl to therapy with 
a leukotriene receptor antagonist. 

Differences in L TC4 synthase expression in eosinophils and other leukocytes may 
only be rate-limiting for LTC4 synthesis when the 5-LO pathway is highly stimulated. 
Thus, in eosinophils from normal subjects, there was no difference in L TC4 synthesis in 
vitro between the variant and wild-type genotypes in the absence ofionophore stimulation, 
and low levels of leukocyte activation in vivo mayaiso explain the lack of difference in 
urinary L TE4 levels. However, stimulation of normal eosinophils with calcium ionophore 
revealed significantly elevated L TC4 synthesis in subjects with the variant L TC4 synthase 
genotype. The difference became statistically-significant in the presence of indomethacin, 
which prevents shunting of arachidonate along the cyclooxygenase pathway. This may 
explain why in most AIA patients exposure to aspirin and other COX inhibitors 
consistently provokes an acute surge of cys-LT synthesis leading to acute 
bronchoconstriction. 

The increased prevalence ofthe variantLTC4 synthase genotype (56%) in the severe 
asthrnatics compared to the normal subjects (32%), and the concomitant increase in the 
capacity for L TC4 production in eosinophils when stimulated, suggests that a genetic 
propensity for enhanced cys-LT production in vivo may be a predisposing factor for severe 
asthma irrespective of aspirin sensitivity. Only three of the 23 asthmatic patients had a 
clinical history of aspirin sensitivity. 
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Figure 1. (Left) Release of immunoreactive LTC4 from normal blood eosinophils 
stimulated for 15 minutes with calcium ionophore A23187 (1 JlM) in the presence of 
indomethacin (10JlM). Eosinophils from normal subjects with variant LTC4 synthase 
genotypes (CIC and CI A) generated more LTC4 than those from subjects with the wild-type 
genotype (AlA). (Right) LTC4 synthase genotype had no effect on basal levels ofurinary 
L TE4 in the same normal subjects. 
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Figure 2. Percentage changes in lung function cornpared to pre-study values in severe 
persistent asthmatics following oral therapy with the cysteinyl-Ieukotriene receptor 
antagonist zafirlukast (Accolate; 20rng bd) for two weeks. Compared to patients with the 
wild-type LTC4 synthase genotype (AI A; n= 1 0), patients with variant genotypes (C/C and 
C/A; n=13) tended to show greater irnprovernent in laboratory rneasures of forced 
expiratory volume in one second (FEV I) and forced vital capacity (FVC)(both p=O.l), but 
not in horne peak expiratory flow (PEF). 

The study oftwo weeks of oral zafirlukast therapy in severe chronie asthmatics was 
an open study involving a srnall number of patients (n=23). Withdrawal of oral 
corticosteroids and other rnedications prior to the study probably accounts for the 
deteriorations in lung function observed in patients with the wild-type LTC4 synthase 
genotype. Against this background, patients with the variant genotypes showed a tendency 
to irnprovernents in two clinic rneasures oflung function (FEV 1 and FVC). Although not 
reaching statistical significance (P=O.1 ), the results suggest that enhanced cys-L T synthesis 
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contributes disproportionately to asthma pathophysiology in the 56% of patients with the 
variant L TC4 synthase genotype, and that these patients may represent the target group of 
good responders to anti-Ieukotriene therapy. 
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ANTI-INFLAMMATORY LEVELS OF ASPIRIN AND SALICYLATE INHIBIT INTEGRIN

DEPENDENT HUMAN NEUTROPHIL AGGREGATION AND PMN INFLUX IN COX 2- AND 

NFKB (PI05)-KNOCKOUT MICE 

Gerald Weissmann, M. Carmen Montesinos, Michael Pillinger, and Bruce N. 
Cronstein 

Introduction 

The anti-inflammatory effects of aspirin have generaIly been attributed to direct inhibition 
of cyclooxygenases (COX-1 and COX-2) [1] but additional mechanisms are likely at work. 
These include aspirin's inhibition of NFKB translocation to the nucleus as weIl as the 
capacity of salicylates to uncouple oxidative phosphorylation (i.e. deplete ATP). Aspirin 
has been used for a century to reduce redness, sweIling, heat, and pain; recently it has been 
shown to prevent intravascular thrombosis, slow A1zheimer's disease, and prevent colon 
cancer [2]. The effects of aspirin vary with dose, of which three levels are generaIly 
appreciated [2,3]. Low doses (80 mg/day; aspirin I) irreversibly acetylate serine 530 of 
cyclooxygenase (COX-1) to inhibit platelet thromboxane A2 generation and are 
antithrombotic. Intermediate doses (2-4 g/day; aspirin 11) globally inhibit COX-1 and 2, 
block prostaglandin production, and are analgesie and antipyretic. Finally, serum 
concentrations in the millimolar range (6-8 g/day; aspirin III) are as effective as cortisone 
in rheumatic disorders [2]. Added to human neutrophils in vitra, high concentrations of 
aspirin III or its active metabolite salicylate (NaS) inhibit homotypic ceIl adhesion and O2.

generation, but NaS is only 1: 1 00 as potent as aspirin at inhibiting the COXs [2,3]. 
Millimolar concentrations of salicylates also inhibit heterotypic adhesion of 

stimulated neutrophils to endothelial ceIls, a critical step in neutrophil-mediated injury 
[4,5]. High-dose salicylates also interfere with arachidonic acid (AA)-stimulated binding 
of GTP to preparations of neutrophil membranes [4]; decrease plasma membrane viscosity 
[6]; enhance intraceIlular cAMP levels and protein kinase A activity in neutrophils treated 
with FMLP [7]; and uncouple oxidative phosphorylation, thereby releasing micromolar 
amounts of adenosine, an autacoid with potent anti -inflammatory properties [8]. Salicylates 
also disrupt signal transduction between ceIl surface receptors and transcription of 
"inflammatory" cytokines by inhibiting the inhibitor of NFKB (lKBß) kinase, thereby 
preventing translocation ofNFkB to the nucleus [9]. FinaIly, Serhan's laboratory [10] has 
found that aspirin, but not sodium salicylate, promotes synthesis of such anti-inflammatory 
eicosanoids as 15-epi-lipoxin A4, while Vilcek's lab [11] has studied the mechanisms 
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whereby salicylates promote apoptosis and inhibit TNF signalling via p38 mitogen
activated protein kinase. 

Which of these in vitra effects of salicylates account for their anti-inflammatory 
action remains to be determined. Here we show two nonprostaglandin effects of salicylates 
on inflammation: 1) inhibition of Erk-dependent human neutrophil activation, and 2) 
inhibition of air-pouch inflammation in COX 2-and NFKB (p 1 05)-knockout mice. 

Salicylate Effects on Human Neutrophil Aggregation: Integrin/ Erk-Dependency. 

The mitogen-activated protein kinases p44Erki and p42Erk2 are serine/threonine kinases 
that are activated by growth factors, etc. which act via kinases ras, Raf-I, and Mek [3,12]. 
Chemoattractants such as FMLP stimulate Erk activation in neutrophils at least in part by 
signals similar to those launched by protein tyrosine kinase receptors, i.e. via ras, Raf-I, 
and Mek [3]. Incubation of neutrophils with millimolar concentrations of aspirin or NaS 
inhibited Erk activation in response to FMLP or AA (Figure 1). 

A B 

Stimulus 

Figure 1. Stimulation of neutrophil Erk activity and homotypic aggregation. (A) 
Neutrophils stimulated for 2 min with FMLP (100 nM) or AA (20 ,uM) or PMA (10min, 1 
J,lg/ml), and analyzed for Erk activity as described [3]. (B) Neutrophils stimulated and 
analyzed online for homotypic aggregation for 2 min as described [3]. Mean ± SEM of 
n=20 (A), or representative of 5 (B). 

Micromolar aspirin concentrations sufficient for COX inhibition (i.e. aspirin I and 
11) had no effect on FMLP or AA stimulation ofErk. Indomethacin at doses sufficient for 
COX inhibition (1-10 J,lM) did not inhibit FMLP or AA-stimulated Erk activity [3]. 
Acetaminophen,to 3 mM, failed to affect Erk activity (Figures 2A and B). PMA bypasses 
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membrane signaling to activate protein kinase C and aspirin III or NaS failed to inhibit 
PMA-stimulated Erk activation in neutrophils, excluding the possibility that salicylates 
exert direct effects on Erk, or on assays ofErk activation. Nor did acetaminophen influence 
PMA-stimulated Erk activation (Figure 2C) 
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Figure 2. Effects of salicylates and acetaminophen on neutrophil Erk activity. Neutrophils 
incubated 10 minutes 37°C in the absence or presence of aspirin (ASA), NaS, or 
acetaminophen, followed by 2 minutes with 100 nM FMLP (A) or 20 11M AA (B), or 10 
minutes 1 Ilg/ml PMA © at 37 ° C. Results expressed as percent of stimulated Erk activity 
without inhibitors; n=3, ± SEM. 

We also tested the capacity ofNaS or aspirin to inhibit Erk phosphorylation by 
immunoblotting with antiserum specific for phosphorylated, activated Erk. Neutrophil 
stimulation with 100 nM FMLP, with 20 11M AA (2 min each), or with 1 Ilg/mlofPMA 
(10 minutes) each caused dramatic increases in phosphorylation ofErk [3]. Incubation with 
10 mM aspirin or NaS for 10 minutes before stimulation inhibited Erk phosphorylation in 
response to FMLP or AA but not PMA [3]. We next tested PD098059, a specific inhibitor 
ofMek (the proximal kinase activating Erk). PD098059 also inhibited Erk activation and 
aggregation in response to FMLP, as weIl as FMLP-stimulated neutrophil adhesion to 
ECV309 cell monolayers [3]. The data show that aspirin and NaS inhibit neutrophil Erk 
activation at anti-inflammatory concentrations that inhibit CDllb/CDI8-dependent 
homotypic aggregation of neutrophils (i.e. aspirin III). The salicylate effect was upstream 
ofErk, and unlikely due to COX inhibition (as by aspirin I or 11). 

Salicylates are Anti-inflammatory in COX-2- and NFKB ( PIOS )-Knockout Mice. 

At clinically relevant doses, salicylates cause cells to release micromolar concentrations of 
adenosine, which serves as an endogenous ligand for at least four different types ofwell
characterized receptors. Previously, we have shown that adenosine mediates the anti
inflammatory effects of other potent and widely used anti-inflammatory agents, 
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methotrexate and sulfasalazine, both in vitro and in vivo [13]. To determine in vivo whether 
clinically relevant levels ( Le. aspirin III or mM salicylate) act via adenosine, via NFKB, 
or via the "inflammatory" cyclooxygenase COX-2, we studied acute inflammation in the 
murine air-pouch model by using wild-type mice and mice rendered deficient in either 
COX-2 orp105, theprecursorofp50, acomponentofmultimericNFKB. Insome animals, 
an adenosine A2 receptor antagonist, DMPX (10 J.1M), or adenosine deaminase, ADA 
(0.125 units/ml) were injected into the air pouch with the inflammatory stimulus. ADA and 
DMPX significantly diminished the inhibition of leukocyte accumulation mediated by 
treatment with either aspirin or sodium salicylate (P < 0.008 for all; n ~ 7). 

It is common wisdom that inducable COX-2 is responsible for the production of 
inflammatory eicosanoids [1], although recent data suggest that COX-l may be critical for 
some inflammatory responses. We therefore determined whetl).er aspirin retained its anti
inflammatory properties in animals with targeted disruption ofthe gene for COX-2 (see 
reference #20: B6;129-Ptgs2fmlJed; The Jackson Laboratory). No difference was found 
in the response to aspirin between parental strain (wild-type; C57BL/6) animals and COX-2 
knockouts (Figure3). The concentrations of prostaglandin E2 in the inflammatory exudates 
of COX-2 knockout mice were comparable with those found in controls, consistent with 
the observation that there is a compensatory increase of COX-l activity in COX-2 
knockout cells [14]. As expected, aspirin treatment reduced the concentration of 
prostaglandin E2 in the inflammatory exudates ofCOX-2 knockout mice [14]. 

Aspirin III and glucocorticoids are equally effective anti-inflammatory agents in 
acute rheumatism and in the mucine air-pouch model [13], and these agents share at least 
one common therapeutic target: the activation and translocation ofNFKB to the nucIeus 
[2,9]. We therefore compared their effects in wild-type mice and in animals with targeted 
disruption ofNFKB. Surprisingly disruption ofNFKB p50 failed to affect the accumulation 
ofleukocytes in air pouches ofwild-type mice [(2.6 ± 0.2) x 106 cells per ml versus (3.1 
± 0.7) x 106 cells per ml; wild type versus knockout; n = 8; P = ns]. Nevertheless, aspirin, 
salicylate, and sulfasalazine retained their anti-inflammatory effects in the NFKB p50 
knockouts, whereas, as expected, dexamethasone was significantly less anti-inflammatory 
(Figure 4). Indeed, aspirin inhibited leukocyte accumulation more completely in the NFKB 
knockout mice than the wild-type mice. 

The dissociation between prostaglandin E2 concentration and inflammation 
indicates that neither aspirin nor sodium salicylate mediates their anti-inflammatory effects 
by inhibiting prostaglandin production and suggests that prostaglandin E2 is not the major 
mediator of inflammation in this model. 
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CCOC·2KO WlIdType 

Figure 3. Aspirin is anti-inflammatory in animals rendered deficient in COX-2 activity 
[COX-2 knockouts (KO) see text]. Significantly fewer leukocytes were present in the air 
pouches ofCOX-2 knockout mice treated with aspirin (P < 0.01; n = 5) than in those of 
controls (n = 4) and in air pouches ofwild-type mice (P < 0.05; n = 5) treated with aspirin 
versus controls (P < 0.05) Data ± SEM. 
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Figure 4. Aspirin, sodium salicylate, and sulfasalazine, unlike dexamethasone, are no less 
anti-inflammatory in pl05 (NFKB) knockout mice than in wild-type mice. Animals were 
treated with aspirin or sodium saIicylate as in Figure 3, dexamethasone as a single i.p. dose 
of dexamethasone 1 hour before inflammation, sulfasalazine by gastric gavage for 3 days 
before and on the day ofthe induction ofinflammation. Leukocyte accumu1ation differed 
significantly between aspirin-treated and dexamethasone-treated knockout and wild-type 
mice (P < 0.02 for both, ± SEM, n = 6-10). 
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ANTIPYRETIC ACTION OF ACETAMINOPHEN: INHIBITION OF THE CYCLOOXYGENASE 

ACTIVITY OF ENDOTHELIAL CELLS TREATED WITH IL-l 

John A. Oates, Lawrence J. Marnett, and Olivier Boutaud. 

Introduction 

The pharmacologic effects of acetaminophen are highly selective. Like the nonsteroidal 
anti-inflammatory drugs and inhibitors of prostaglandin-H-synthase-2 (PGHS-2), 
acetaminophen has antipyretic and moderate analgesic properties. Acetaminophen, 
however, exhibits little or none of the anti-inflammatory or antiplatelet effects nor the 
gastrointestinal toxicity produced by the nonsteroidal anti-inflammatory drugs. This 
research addresses the remarkable cellular selectivity in the inhibition of prostagiandin 
biosynthesis by acetaminophen. 

An insight into the selectivity of acetaminophen derived from the findings of 
Flower and Vane [1] that the ICsofor inhibiting PGE2 biosynthesis in the brain (93 !!M) was 
within the range of clinical concentrations whereas in the spleen the ICso was seven fold 
higher. It was inferred that blockade ofprostaglandin biosynthesis resulted from inhibition 
of the cyclooxygenase, based on using exogenous arachidonic acid as substrate; these 
findings did not rule out an inhibition ofPGE-synthase, however. The particular efficacy 
of acetaminophen in the nervous system has been confirmed by the finding that it is a 
potent inhibitor (ICso 4.4 !!M) of capsaicin-induced PGE2 release from superfused spinal 
cord [2]. An additionallocus ofthe selective action of acetaminophen was suggested by the 
findings of Green et al. [3] that acetaminophen inhibits prostacyclin biosynthesis in 
humans, a finding confirmed by O'Brien et al. [4] in a study of pregnant women. Analysis 
of the locus Of prostacyclin synthesis by in situ hybridization of the mRNA encoding the 
prostacyclin synthase gene [5] and by other methods [6,7,8] indicates that in males, the 
major site ofprostacyclin biosynthesis is the vessel wall, including both the smooth muscle 
and endothelial cells. That inhibition of prostacyclin biosynthesis by acetaminophen can 
occur in the endothelial cell was demonstrated by O'Brien [4]; in human umbilical vein 
endothelial cells (HUVEC) in culture they found 43% inhibition of prostacyclin 
biosynthesis by acetaminophen 66!!M but little further inhibition (47%) at 660 !!M. 

Results 

Considering the context of acetaminophen' s antipyretic action, we examined its effect on 
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prostacyclin biosynthesis in HUVECs treated with interleukin-l a (IL-l a), and 
demonstrated an ICso of 72 J.1M and 91% inhibition at 666 J.1M. Moreover, the IL-la
induced increase in synthesis of prostacyclin made it possible to evaluate drug effect more 
efficiently, using smaller numbers of endothelial cells per sampie in multi-weIl plates. 
Thus, the IL-l a-stimulated endothelial cells provide a relatively facile model in which to 
explore the factors that determine acetaminophen selectivity. 

Because Green et al. [3] demonstrated an inhibition ofthe biosynthesis ofPOI2 but 
not that ofthromboxane A2 in humans, we addressed the question of whether the inhibition 
of POI biosynthesis by acetaminophen resulted from inhibition of PGHS isozymes or 
inhibition of the POI synthase. The activity of the POI-synthase was determined in 
HUVEC, replicating the experimental system in which inhibition ofPOI2 biosynthesis by 
acetaminophen has been demonstrated previously [4]. p4C]PGH2 was synthesized to 
provide substrate for assessment ofPOI synthase activity; hydro lysis ofPGH2 in aqueous 
solution yields PGE2 and PGD2, but no POI2 is formed in the absence of POI synthase. 
Formation of 6-keto-PGF Ja, the hydro lysis product ofPOI2, was measured as an indicator 
ofPOI2 biosynthesis. The formation ofp4C]6-keto-PGF \a from p4C]PGH2 is not inhibited 
by concentrations of acetaminophen that markedly inhibit biosynthesis ofPOI2 in HUVEC. 
This finding, together with the fact that ApAP inhibits formation ofPOI2 from exogenous 
arachidonic acid, localized the action of ApAP to inhibition of one or both of the PGHS 
isozymes. 

Prostaglandin E2 (PGE2), acting via the EP3 receptor, is the prostaglandin mediator 
of fever [9]. It is therefore of interest that HUVECs make scant PGE2 in the unstimulated 
state, but following IL-la, we have demonstrated a marked increase (approximately 70 
fold) in PG~ biosynthesis that exceeds the increment in POI2 formation. Acetaminophen 
inhibits the biosynthesis of PGE2 in HUVEC in parallel with inhibition of prostacyclin 
biosynthesis. The induction of PGHS-2 in endothelial cells and inhibition of PGE2 

biosynthesis in these cells by acetaminophen implies that the endothelial cell could be the 
source of the PGE2 that activates the hypothalamic thermoregulatory center. Indeed, the 
increase ofPGHS-2 in the brain after IL-l administration has been shown to occur in large 
part in endothelial cells by one group [10]. The endothelial ceIllocus ofPGHS-2 induction 
was not detected, however, in previous investigations [11]. Accordingly, further evidence 
that localizes the site ofPGHS-2 induction is required to address the attractive hypothesis 
that circulating pyrogens act on endothelial cells in the central nervous system to release 
the PG~ that initiates pyrexia. 

The relatively potent effect of acetaminophen in HUVEC in which PGHS-2 is 
induced raised the question ofwhether acetaminophen inhibits PGHS-2 to a greater extent 
than PGHS-l. Accordingly, we determined the relative potency of acetaminophen on 
purified PGHS-l (ovine) and PGHS-2 (murine) prepared from expression ofthe PGHS-2 
gene in a baculovirus system. In this in vitro assessment, acetaminophen was not more 
potent as an inhibitor ofPGHS-2 than ofPGHS-l. 

Because the inhibition of platelet aggregation and thromboxane A2 (TxA2) 

biosynthesis by acetaminophen is weak, the effect of the drug on TxA2 biosynthesis by 
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washed human platelet was investigated using the same arachidonic acid concentrations 
employed with the HUVEC studies (20 ~M). There was little or no inhibition of platelct 
thromboxane A2 production at 3 mM acetaminophen, quite in contrast with the effect of 
acetaminophen on PGI2 biosynthesis by IL-I a stimulated HUVECs. 

A second hypothesis for cellular selectivity in the response to acetaminophen is that 
the metabolie fate ofthe drug differs between cells in a way that could modifY its efficacy 
through either formation of an active metabolite or by accelerated inactivation of the drug. 
There is abundant information on the biotransformation of acetaminophen and some ofthis 
does indeed indicate a tissue selectivity. In explorations of the mechanism of 
acetaminophen renal toxicity, deacetylation of acetaminophen to p-aminophenol (Figure 
I) was demonstrated in the mouse kidney [12]. Subsequently, acetaminophen has been 
shown to undergo deacetylation to p-aminophenol followed by reacetylation back to 
acetaminophen, a "futile deacetylation" that confounds attempts to measure the extent of 
conversion of acetaminophen to p-aminophenol unless appropriate steps are taken to 
account for the futile deacetylation pathway [13]. Thus, it is of interest that acetaminophen 
is quite potent as an inhibitor of renal PGHS [14]. Further, inhibition of acetaminophen 
deacetylation reduces nephrotoxicity caused by acetaminophen but not that resulting from 
p-aminophenol, suggesting an important role ofthis metabolie pathway in nephrotoxicity 
[15]. Based on this and on evidence that p-aminophenol is a co substrate for PGHS-I, we 
evaluated the effects of p-aminophenol on PGHS. 

acetaminophen p-aminophenol 

~OCH3 ~ 

y .;: .. ====~. y 
OH OH 

Figure 1. Metabolism of acetaminophen by deacetylation to p-aminophenol, which can be 
reacetylated back to acetaminophen. 

We discovered that p-aminophenol is a muchmore potent inhibitor ofPGHS-2 than 
is the parent drug. Using recombinant mouse PGHS-2, the oxygenation OfP4C] arachidonic 
acid was assessed by quantifYing the radioactive oxygenation products with thin layer 
chromatography. In this vitro system the ICso of acetaminophen was 3.1 mM whereas the 
I Cso of p-aminophenol was 0.25 mM. This suggests the possibility that in tissues in which 
acetaminophen is de-acetylated, the formation of p-aminophenol could lead to more potent 
inhibition of PGHS isozymes. 
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LEUKOTRIENE-MEDIATED ALTERATION OF ENDOTHELIAL BARRIER FUNCTION 

Narinder Gautam, Lennart Lindbom, and Per Hedqvist 

Introduction 

In the host defense reaction to infection or tissue trauma inflammatory mediators act 
directly or indirectly on the endothelial cells (EC) to provoke increased permeability for 
macromolecules and extravasation of polymorphonuclear leukocytes (PMN). It is weIl 
established that enhanced macromolecular permeability in vivo in response to cysteinyl
leukotrienes (L TC4-LTE4), acting directly on the endothelium, is attributable to cell 
contraction and formation of interendothelial gaps [1]. To a limited extent, similar 
structural changes in EC shape may accompany PMN adhesion and migration across the 
endothelium in tissues stimulated with the chemotactic L TB4 [2]. In this report, the kinetics 
of L T -induced changes in endothelial barrier function have been characterized, using 
confluent monolayers of bovine aorta and human umbilical EC, cultured on permeable 
membranes and mounted in a two-compartment diffusion chamber. This model permits 
continuous measurement of the electrical resistance across the monolayer (TEER) and 
analysis of transendothelial macromolecular efflux and PMN migration [3]. Our results 
indicate that L TC4 acts directly on the EC, and L TB4 via PMN activation and leukocytic 
CD 18 adhesion-dependent mechanisms, to induce rapid rises in EC cytosolic [Ca2+] and 
rearrangement of actin filaments that permit extravasation of macromolecules. Furthermore, 
L TC4 and histamine in threshold concentrations act in concert to markedly enhance the 
structural changes in EC. 

Results and Discussion 

Addition of L TC4 (10.8 M) to the upper compartment of the flow chamber elicited a 
marked decrease in TEER, which was manifested within one minute, reached its maximum 
(54 ± 10% of control) after 5 minutes (Figure 1), and remained at this level throughout the 
observation period (30 minutes). The fall in TEER was preceded by a rise in cytosolic 
[Ca2+] and a marked increase in the number and density of filamentous actin stress fibers, 
and it was followed by an increase in macromolecular permeability. The responses to L TC4 

were dose-dependent, with LTC4 (10'9 M) causing less pronounced changes in both EC 
resistance and albumin clearance and LTC4 (10·\0 M) apparently being ineffective. We have 
previously reported that histamine elicits closely similar changes in endothelium barrier 
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function [3], with histamine (10-5 M) matching the effect ofLTC4 (10-8 M) on TEER and 
10-7 M representing a threshold concentration in this respect (Figure 1>- Coadministration 
of LTC4 (10-10 M) and histamine (10-7 M), each per se without effect, elicited a marked 
decrease in TEER (45 ± 5% of control) (Figure 1) and increase in EC cytosolic [Ca2+] and 
redistribution ofactin filaments to the same extent as a 100-fold higher concentration of 
either L TC4 or histamine_ It has been reported that histamine may utilize intracellular 
calcium to modify cytoskeletal proteins in EC, and hence alter permeability [4]. Our results 
are in harmony with these data and indicate that L TC4 and histamine jointly increase EC 
permeability for plasma proteins via transient rise in intracellular calcium and marked 
conformational changes in the EC cytoskeleton, in turn leading to cell contraction and 
opening of interendothelial junctions_ 
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Figure 1. Magnitude of TEER changes in EC monolayers in response to transmural (T) or 
apical (A) L TB4 stimulation of PMN resting in upper chamber, and in response to direct 
stimulation of EC with L TC4 or histamine. Note dramatic fall in TEER after combined 
treatment with L TC4 and histamine in threshold concentrations. Data are means ± SD based 
on 6-12 experiments in each group. 

Transendothelial stimulation ofPMN added to the upper compartment ofthe flow 
chamber and LTB4 (10-7 M) added to the lower compartment 10 minutes later caused 
adhesion ofPMN to the EC, and, in sequential order, a rise in EC cytosolic free Ca2+ and 
rearrangement of actin filaments, decrease in TEER, increased protein flux, and 
transmigration ofPMN. The fall in TEER reached its maximum, 50 ± 6% of control (mean 
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± SD, n = 9), after 15 minutes (Figure 1), and then remained at this level throughout the 
observation period. The net albumin clearance started to rise approximately 5 minutes after 
start of challenge to a total of 18 ± 4 JlI (mean ± SD) in 60 minutes. During the first 15 
minutes of L TB4 challenge the transmigrated PMN were few in numbers (less than 1 %) 
but then increased progressively, totaling 15 ± 3% (mean ± SD) of added PMN after 60 
minutes. 

Apical stimulation of PMN with LTB4 (both PMN and LTB4 added to the upper 
compartment) resulted in fall of TEER (48 ± 7% of control) and protein flux to the same 
extent as after transendothelial stimulation, but no transmigration ofPMN. Adding PMN 
to the EC monolayer in the absence ofLTB4, or administration ofL TB4 alone, had no effect 
on TEER, indicating that an EC response requires the presence of both PMN and L TB4• 

The kinetics of the EC and PMN responses to transendothelial and apical chemotactic 
stimulation with L TB4 suggest that increase in EC permeability induced by activated PMN 
is unrelated to PMN transmigration. Both coherent [5] and conflicting [6] views with regard 
to dependency of protein leakage on PMN transmigration have been forwarded based on 
findings in other systems. We also found that the endothelial responses to chemotactic 
stimulation were dependent on physical interaction of PMN with EC via ß2 integrins, 
inasmuch as anti-CD 18 mAb treatment ofthe PMN abolished ai.1 effects ofLTB4 challenge. 
Thus, PMN adhesion to, but not migration through the endothelium, is required for 
induction of the permeability change. 
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GI AND CARDIOVASCULARPROFILES oFNEWNSAIDs: SELECTIVE COX-2 INHIBITORS 

AND NO-NSAIDs 

Marcelo N. Muscani, Webb McKnight, Michael Dicay, and John L. Wallace 

Introduction 

In recent years, two new approaches have emerged for reducing the gastrointestinal toxicity 
of nonsteroidal anti-inflammatory drugs (NSAIDs); namely, selective inhibitors of 
cyclooxygenase (COX)-2 and nitric oxide-releasing NSAIDs (NO-NSAIDs). A large 
number of studies have been published which provide convincing data supporting the 
claims for gastrointestinal (GI)-sparing properties ofthese two classes of drugs [1-9]. In the 
case ofthe selective COX-2 inhibitors, the reduced GI toxicity is attributable to the sparing 
ofGI prostaglandin (PG) synthesis, which is largely derived via COX-l. In the case ofNO
NSAIDs, it is the slow release of nitric oxide (NO) that accounts for the reduced GI 
toxicity, most likely by maintaining gastrointestinal blood flow and inhibiting the 
activation ofleukocytes within the GI microcirculation [5,6,10]. 

While these two classes of drugs share the feature ofhaving minimal GI toxicity in 
healthy animals or humans, there are marked differences when one examines the effects of 
COX-2 inhibitors versus NO-NSAIDs in situations of pre-existing GI inflammationl 
ulceration. For example, selective COX-2 inhibitors have been shown by several groups 
to delay the healing of gastric ulcers [11-13] and to exacerbate experimental colitis [14]. 
In contrast, NO-NSAIDs have been shown not to interfere with gastric ulcer healing [13], 
and in one study, to accelerate ulcer healing [15]. Moreover, NO-NSAIDs were found to 
be very weH tolerated in a model of colitis in the rat [7] M;:uked differences between 
selective COX-2 inhibitors and NO-NSAIDs have also been demonstrated in models of 
ischemia-reperfusion injury in the GI tract. Whereas NO-NSAIDs can significantly reduce 
the gastric damage associated with hemorrhagic shock [16], selective COX-2 inhibitors 
were found to exacerbate the damage, presumably because COX-2 is up-regulated in 
response to ischemia in an effort to produce vasodilatory prostaglandins [17]. 

One must also consider that NSAIDs have significant toxicity outside of the GI 
tract; most notably in the kidney and in the cardiovascular system. Regarding the latter, 
NSAIDs can elevate blood pressure, at least in some individuals, and can interfere with the 
efficacy of antihypertensive medications [18-20]. It is noteworthy that studies performed 
by McAdam et al. [21] and CateHa-Lawson et al. [22] demonstrated that two selective 
COX-2 inhibitors, celecoxib and rofecoxib, were able to markedly suppress systemic 
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prostacyclin synthesis. This raised the possibility that selective blockade of COX-2, by 
virtue ofinhibiting prostacylin synthesis but sparing thromboxane synthesis, might promote 
thrombosis. Moreover, in arecent study, we examined the possibility that a selective COX-
2 inhibitor (celecoxib) would exacerbate pre-existing hypertension in rats [23]. Indeed, 
once-daily administration of celecoxib at an anti-inflammatory dose was shown to produce 
significant increases in systemic blood pressure in rats with hypertension induced by 
addition of a nitric oxide synthase inhibitor to the drinking water. More surprising, 
however, was the observation that this drug significantly and progressively increased blood 
pressure in normotensive rats. These effects appeared to be related to effects of celecoxib 
on renal function, which is consistent with clinical observations of fluid retention and 
hypertension in a significant percentage ofpatients taking selective COX-2 inhibitors. 

In arecent, very large clinical trial, rofecoxib was found to be associated with 
significantly more cardiovascular adverse events (myocardial infarction, stroke) than the 
comparator NSAID, naproxen. This led to the suggestion that patients taking selective 
COX-2 inhibitors who may be at risk of such cardiovascular events should consider taking 
concomitant low-dose aspirin. However, little is known of the effects of the combined 
administration of a selective COX-2 inhibitor and low-dose aspirin on the gastric mucosa. 
Given the evidence that COX-2 inhibition can interfere with the healing of gastric ulcers 
in rats and mice [11,12] and can exacerbate ischemia-reperfusion associated gastric damage 
in rats [17], it is conceivable that the combination of aspirin with a selective COX-2 
inhibitor could result in an increase in gastric damage. This possibility was examined in the 
present study. Moreover, we have assessed the possibility that a selective COX-2 inhibitor 
(celecoxib), as weH as causing an elevation of blood pressur~ in hypertensive rats, may 
reduce the effectiveness of antihypertensive therapy in hypertensive rats. F or comparison, 
we have also examined the effects of a nitric oxide-releasing derivative of aspirin (NCX-
4016) in each ofthese models. 

Effects of Celecoxib + Aspirin on tbe Gastric Mucosa 

In previous studies, we determined the doses of celecoxib that were anti-inflammatory in 
the rat [23]. These studies involved the use ofthe carrageenan-airpouch model. At doses 
of celecoxib of 5 mg/kg or greater, significant suppression of COX-2 activity 
(inflammatory PGE2 synthesis) was observed. We therefore tested the effects of 
intraperitoneal administration of celecoxib (l0 mg/kg) on the gastric damaging effects of 
various doses of aspirin. Aspirin was given orally 30 minutes after celecoxib 
administration, and the severity of gastric damage was blindly scored 3 hours later. 

As shown in Figure 1, aspirin caused dose-dependent increases in gastric damage. 
Administration of celecoxib alone did not cause significant gastric damage. However, prior 
administration of celecoxib resulted in a significant increase in the severity of aspirin
induced gastric damage at all doses of aspirin tested (Figure 1). In sharp contrast, the 
combination of celecoxib plus NCX-4016 did not result in detectable damage at any dose. 
Additional experiments were performed in which a fixed dose of aspirin (10 mg/kg) was 
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given orally to rats, and a range of doses of eeleeoxib (intraperitoneal) were tested. As 
shown in Figure 2, eeleeoxib dose-dependently inereased the severity of gastric darnage 
induced by aspirin. It is noteworthy that celeeoxib significantly increased gastric darnage 
only at the doses previously shown to significantly inhibit COX-2 aetivity (i.e. > 5 mg/kg) 
[24]. Onee again, oral administration of NCX-4016 together with intraperitoneal 
administration of eelecoxib failed to elieit signifieant gastric darnage. 
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Figure 1: Effects of intraperitoneal celeeoxib (10 mg/kg) plus orally administered aspirin 
or NCX-4016 (equimolar doses to those ofaspirin) on severity of gastric darnage. Results 
are shown as the mean ± SEM of at least 5 rats per group. *p < 0.05, * *p < 0.01 compared 
to the group treated with aspirin alone. 
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Figure 2: Effects of intraperitoneal celecoxib plus orally administered aspirin (10 mg/kg) 
or NCX-4016 (18.6 mg/kg; equimolar dose to the dose of aspirin) on severity of gastric 
darnage. Results are shown as the mean ± SEM of at least 5 rats per group. *p < 0.05 
compared to the group treated with aspirin or NCX-4016 alone. 
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The increased gastric toxicity of the combination of a selective COX-2 inhibitor 
with a conventional NSAID is consistent with our recent finding that it is necessary to 
inhibit both COX-1 and COX-2 in order to elicit gastric damage with an NSAID [25]. In 
that study, the combination of a selective COX -2 inhibitor and a selective COX -1 inhibitor 
consistently produced gastric injury, whi1e either drug alone did not. 

Effects of Celecoxib versus NO-NSAID on the Antihypertensive Effects of Enalapril 

Hypertension was induced in rats by addition to their drinking water of the nitric oxide 
synthase inhibitor, L-NAME, as described previously [23]. L-NAME treatmentresulted in 
a rapid increase in systemic arterial blood pressure (Figure 3). The mean systo1ic b100d 
pressure had increased by ~40 mm Hg within two weeks ofbeginning the treatment with 
L-NAME. The systolic blood pressure continued to increase in the group treated with 
vehicle each day, reaching a mean of 163 mm Hg. Treatment with enalapril each day 
resulted in a rapid and significant reduction ofblood pressure, reaching a plateau level of 
~135 mm Hg. However, concomitant administration of celecoxib (10 mg/kg) interfered 
with the efficacy of enalapril, such that the blood pressure in those rats was not 
significantly different from that in rats treated with vehicle. On the other hand, concomitant 
administration ofNCX -4016 (18.6 mg/kg, equimolar to 10 mg/kg aspirin) and enalapril did 
not significantly affect the ability of enalapril to reduce blood pressure. 

ConcIusions 

The results presented herein demonstrate that administration of a selective COX -2 inhibitor 
(ce1ecoxib) can result in significant exacerbation of aspirin-induced damage in the rat 
stomaeh. The exacerbation of damage by celecoxib occurs in a dose-dependent manner. In 
contrast, the NO-releasing aspirin derivative, NCX-4016, did not cause detectable gastric 
damage when given at doses equimolar to the doses of aspirin that were tested, nor was 
damage seen when NCX -4016 was given together with celecoxib. Thus, it is likely that the 
NO released by NCX-4016 is able to protect the gastric mucosa from the damage that 
would normaHy be produced by combined inhibition ofCOX-1 and COX-2. 

Celecoxib administration at an anti-inflammatory dose interfered with the 
antihypertensive effects of enalapril. In contrast, NCX-4016 did not exhibit such effects. 
We have previous1y demonstrated that ce1ecoxib significantly exacerbated pre-existing 
hypertension in the rat, and significantly elevated blood pressure in normal rats [23]. It is 
possible that these effects of celecoxib are specific to the rat, although hypertension was 
observed in a significant percentage of patients in severa1 clinical trials of selective COX-2 
inhibitors. Thus, our results would suggest that NO-NSAIDs represent an attractive 
alternative to selective COX-2 inhibitors for treatment of inflammatory conditions in 
patients with pre-existing hypertension andlor at risk of other cardiovascular disease, as 
weH as in patients with pre-existing gastrointestinal inflammation. 
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Figure 3: Effects of daily treatment with enalapril (25 mg/kg) ± celecoxib (10 mg/kg) or 
± NCX-40 16 (18.6 mg/kg) on systolic blood pressure in rats with hypertension induced by 
addition to the drinking water of a nitric synthase inhibitor (L-NAME; 400 mglL). 
Treatment with the drugs or vehicle was started on day 14 ofL-NAME ingestion (arrow), 
at which time hypertension was established. The dotted line shows the mean blood pressure 
in rats not receiving L-NAME. Note that the antihypertensive effects of enalapril were 
abolished by concomitant administration of the selective COX -2 inhibitor (celecoxib), but 
not affected by concomitant administration of NCX-4016. *p < 0.05 comparing the 
enalapril group or the enalapril + NCX-4016 group to the other groups. Each group 
consisted of 5 rats. 
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NO-RELEASING NSAIDs MODULATE CYTOKINE SECRETION 

Stefano Fiorucci and Elisabetta Antonelli 

IL-l ß-converting enzyme (lCE, caspase-l) is the prototype of a family of cysteine proteases 
termed caspases, sharing the active site cysteine and aspartate binding clefts. The biological 
function of caspase-l was originally thought to be restricted to the maturation process of 
IL-l ß, a central mediator in the cytokine network . Proteolytic maturation of the inactive, 
33-kD IL-l ß precursor (proIL-l ß) into the 17-kD, biologically functional form results from 
cleavage at the Asp1l6-Ala1l7 site [1,2]. However, recent studies revealed that caspase-l 
mediates processes relevant to immune and inflammatory reactions, in addition to IL-l ß 
activation. The enzyme has been implicated in the activation of another inflammatory 
cytokine, IL-18, originally termed IFN-y inducing factor (IGIF). Similar to IL-l ß, IL-18 is 
expressed as an inactiveprecursor (24 kD), requiring proteolytic conversion via caspase-l 
into the active, 18-kD form. The biological function ofIL-18 was originally thought to be 
restricted to the induction of another inflammatory cytokine, IFN-, which has well-known 
roles in inflammation and Thl immune responses. However, recent work indicated a much 
broader role for IL-18 in immunity and inflammation, mediating the expression of other 
proinflammatory cytokines, certain chemokines, and Fas ligand. In addition to the 
activation of proinflammatory mediators, caspase-l is the prototype of a family of enzymes 
implicated in the control of apoptosis. Although the exact function of caspase-l is 
controversial, this enzyme may participate in programmed cell death. In recent years ICE 
has been recognized as a member of the growing family of intracellular cysteine proteases 
that share sequence homology with Ced-3, a nematode gene involved in the execution 
phase of apoptosis [3-5]. The mammalian counterpart ofthe Ced-3 gene products includes 
at least 14 different endoproteases that have been renamed caspases to denote cysteine 
proteases acting after an aspartic acid residue. Caspase-l, which has the greatest specificity 
for cleaving proIL-ß, denotes the original ICE (both terms are often used interchangeably). 

Comparison of molecular structures suggests that the caspase family falls into three 
major groups: caspases that function primarily in cytokine maturation (e.g. caspase-l, 4, 
and 5); initiator caspases, involved in signaling early steps of extracellular regulated 
apoptosis (e.g. caspase-8, 9, and 10); and, effector proteases involved in the execution 
phase of apoptosis (e.g. caspase-3, 6, and 7). Supporting the specialization ofthe three 
branches of caspase family, specific ICE inhibitors administered to mice exert poor anti
apoptotic effects although they reduce inflammation as effectively as does blocking IL-l ß 
activity with specific antagonists [6]. 
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Although a caspase inhibitor has yet reached the clinic for the inhibition of 
apoptosis (lCE inhibitors have done so recently for the treatment of rheumatoid arthritis), 
preclinical studies are compelling, and the plethora of diseases in which they might have 
efficacy makes their therapeutic potential enormous. With few exceptions, all of the proof
of-concept preclinical studies with caspase inhibitors in animal models ofhuman diseases 
have been performed with active-site mimetic peptide ketones (for example, 
benzyloxycarbonyl (z)-V AD-fluoromethylketone (fmk), z-YV AD-fmkIchloromethylketone 
(cmk), z-DEVD-fmk/cmk and z-D-cmk). These molecules are all relatively nonselective 
caspase inhibitors and although they are not appropriate tools for dissecting out the 
contributions made by individual caspase family members to the apoptotic response that 
occurs in disease models, they have provided extremely valuable preclinical insight into the 
potential that caspase inhibition might eventually have in humans. For example, in at least 
five different models of ischaemia-reperfusion injury (liver, cardiac, renal, intestinal, and 
cerebrai), the caspase inhibition has shown remarkable efficacy. In addition to decreased 
apoptosis, caspase inhibition improved survival (for example threefold in liver ischemia), 
decreased infarct volumes (by 50% in both cardiac and focal cerebral ischemia) and, 
ultimately, markedly improved organ function (for example renal function and neurodeficit 
in models of kidney and focal cerebral ischaemia, respectively . 

Nitric oxide (NO) releasing nonsteroidal anti-inflammatory drugs (NO-NSAIDs), 
are a recently described class ofNSAID derivatives generated by adding an nitroxybutyl 
moiety through an ether linkage to the parental NSAID [7-11]. These compounds exhibit 
a markedly reduced gastrointestinal toxicity, while retaining the anti-inflammatory and 
antipyretic activity of parent NSAID. Although NO-NSAIDs spare the gastric mucosa, they 
inhibit prostaglandin generation and exert powerful antiapoptotic and anti-inflammatory 
effects [12]. Indeed, pre1iminary animal studies indicate that NO-NSAIDs are more 
effective than conventional NSAIDs in reducing inflammation and pain in arthritic rats. 
Previous studies from our laboratory have demonstrated that, similarly to conventional NO 
donors, NO-releasing NSAIDs inhibit apoptotic pathways by causing the S
nitrosylationlinactivation of effector caspases, such as caspase 3 [13]. 

NO-Aspirin Inhibits LPS-Stimulated Cytokine Release from Monocytes/Macrophages 

It has been known, in animal models and in humans, that the bacterial endotoxin [LPS] 
induces an acute immune response inducing the secretion of different cytokine such as IL-
1ß, IL-2, IL-8, TNFa IL-18, and IFNy, which are involved in the development of 
inflammation. 

As shown in Figure 1, panel A, the incubation ofhuman PMBC-derived monocytes 
with LPS for 24 hours resulted in a concentration-dependent stimulation ofIL-1 ß and IL-l8 
release in cell supematants with a peak occurring at 1 Ilg/ml). Moreover, as shown in 
Figure 1, panel C and D, the exposure of PMBC-derived monocytes to an NO-aspirin 
derivative, resulted in a concentration-dependent inhibition of IL-l ß and IL-18 release 
induced by 1 Ilg/ml LPS. The inhibition ofboth cytokines release was significant at 10 11M 
(P < 0.05 for both cytokines), reached the half-maximum at 21 ± 6.3 and 25 ± 5.1 11M, 
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respectively, and plateau at 100 JlM (Figure 1, panel C and D). In contrast to NCX-4016, 
equimolar concentrations of aspirin failed to inhibit IL-l ß and IL-18 release. 

A • Aspirin o NCX-4016 

c :~~1 
~ 700 

c::::::- 600 

8.E 500 a ~ 400 
u-

300 

~ 200 
:::! 

100 

o 11 

o 0.1 1 10 100 200 
Drug concentration (Jl M) 

B • Aspirin 

600 

o NCX-4016 

c 
500 .2 -ca !: _ 400 

c-
g -ä, 300 
oc. u-
co 200 
..-

I 

:::! 100 

o 

... l ~ 1 • \. 
° 
\* 0,--* 

1 ~ 

o 0.1 1 10100200 

Drug concentration (JlM) 

Figure 1. Panel A and B. NO-aspirin inhibits IL-I ß and IL-18 release from LPS-challenged 
monocytes. Monocytes were stimulated with LPS (l Jlg/ml) in the presence or absence of 
increasing concentrations ofNO-asprin or aspirin for 24 hours. The data are mean ± SE of 
6 donors. *p < 0.001 versus cells incubated with the medium alone. **p < 0.01 versus cells 
incubated with the LPS alone. 

NCX-4016 Inhibits ICE Activity Via S-Nitrosylation 

To demonstrate the possible anti-inflammatory mechanism exerted by NO-aspirin we have 
first assessed that NO-aspirin inhibits cytokines release through a COX-independent 
mechanism and than the IL-l ß and IL-18 release from LPS-stimulated human monocytes 
is regulated by an ICE-dependent pathway. 

As illustrated in Figure 2, panel A, incubating monocytes with NO-aspirin, but not 
with aspirin, resulted in a concentration-dependent inhibition ofICE-like proteases with an 
ICso of 18.3 ± 5.6 JlM (Figure 2, panel B). Maximal inhibition of78.2 ± 6.4% was observed 
at the concentration of 100 Jl ofNO-aspirin. 

The S-nitrosylation is a well-established mechanism, by which NO inhibits enzyme 
activity [14-20] and as shown in Figure 3, the incubation ofPMBC-derived monocytes with 
100 JlM SNAP and NO-aspirin, but not with aspirin, inhibited ICE-like cytokine protease 
activity, measured by assessing YV AD.AMC peptide cleavage. Incubating monocyte 
lysates with 20 mM DTTto remove thiol-bound group from proteins reverted the inhibitory 
effect exerted by the two NO-releasing agents, resulting in :::65% recover of protease 
activity. 
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Figure 2. Panel A. NO-Aspirin inhibits ICE activation induced by LPS. YV ADase activity 
was measured in lysates obtained from PMBC-derived monocytes stimulated with LPS, 1 
Ilg/ml, in the presence or absence of 100 11M NO-aspirin or aspirin for 24 hours. The data 
are mean ± SE of 6 donors. * P < 0.01 versus cells incubated with medium alone. * *p < 
0.01 versus cells incubated with the LPS alone. Panel B. YV ADase inhibition by NO
aspirin is concentration-dependent. 
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Figure 3. NO-Aspirin causes ICE-like proteases S-nitrosationlinhibition. Reversibility of 
inhibition ofICE-like cysteine proteases caused by SNAP and NO-aspirin by DTT. Lysates 
obtained from monocytes pretreated with LPS alone or in combination with SNAP, NO
aspirin or aspirin were incubated with 20 mM DTT and ICE activity measured. Data are 
mean ± SE of 6 determinations carried out in triplicate. *p < 0.01 versus homogenates 
incubated with medium alone. **p < 0.01 in comparison with homogenates incubated 
without DTT. 

Discussion 

lncreasing evidence suggests a critical role of caspase-1 in inflammation, linking enhanced 
caspase-1 activity with the progression of various diseases, e.g., via the activation of the 
proinflammatory cytokine IL-l ß and furtherrnore by promoting apoptosis. The emerging 
role of caspase-1 in the pathogenesis ofinflarnmation had lead to the development of potent 
specific inhibitor that are able to cross the membrane of cells . Some of these compounds 
are currently investigated by various pharmaceutical companies (Merck, SmithKline 
Beecham, BASF, ldun/Novartis, and Vertex) although very little is known about their 
preclinical status or clinical agendas [12].1t is also clear that the first entries will probably 
target acute apoptotic injuries such as cerebral stroke, trauma-induced neuro degeneration, 
cardiac ischemia-reperfusion injury, transplantation, acute liver injury, and sepsis. In this 
context the ability ofNO-aspirin to inhibit caspase-1 activity shows promise for treatment 
of caspase-mediated disease. 

NO-releasing NSAIDs are a recently described class of NSAID derivatives 
generated by adding a nitroxybuthyl moiety through an ether linkage to the parental NSAID 
[7 -11]. These compounds are virtually devoid of gastrointestinal toxicity, while retaining 
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anti-inflammatory, antithrombotic, and antipyretic activity. Moreover, in some 
experimental models, these "NO-NSAIDs" exhibited significantly enhanced anti
inflammatory and analgesic effects in comparison with their parental molecules. 

Moreover, we have provided the first evidence that the addition of an NO-releasing 
moiety to aspirin, confers new pharmacological properties to this molecule [10,11]. Indeed, 
we demonstrated that NO-aspirin inhibits pro-inflammatory cytokine release from LPS
challenged monocytes through a mechanism that involves the S-nitrosylationlinhibition of 
proteases required for cellular processing/maturation of IL-1 ß and IL-18. 

Support for this view comes from following results: first, incubating monocytes 
with LPS resulted in a time-dependent activation ofICE-like endoproteases, an effect that 
was almost completely prevented by co-treating cells with NO-aspirin, but not with aspirin 
and that was umelated to its ability to inhibit cyclo-oxygenase activity; second, inhibition 
ofLPS-induced YV AD cleaving activities by NO-aspirin was reverted by DTT, an agent 
that effectively removes thiol-bound NO groups from proteins [14-17] 

Taken together these data demonstrated that incubating human monocytes with NO
aspirin results in intracellular NO formation and S-nitrosationlinhibition of ICE-like 
cysteine proteases involved in pro-IL-1 ß and pro-IL-18 processing [18-23]. 

NO has previously been found to playa role in inflammation [24,25]. In addition 
to the well-established pro-inflammatory effect, it is now well recognized that NO acts as 
a double-edge sword being anti-inflammatory at low (micromolar) concentrations, and 
cytotoxic and pro-inflammatory at high (millimolar) concentrations [26]. Although the 
precise mechanisms by which endogenous NO exerts these effects are only partially known, 
a growing body of evidence indicates that low levels NO cause the S-nitrosylation ofthiol 
groups located in the catalytic core of cysteine proteases required for cellular processing 
of pro-inflammatory cytokine [9,11,24]. Although the reversal of the NO-mediated 
inhibition by DTT is consistent with the S-nitrosation as a the main mechanism for 
inhibition of caspase-1 activity by NO-aspirin and our results demonstrated NO formation 
in monocytes incubated with this compound, it can not be excluded that areaction product 
with NO+ activity (N203' the reaction product ofNO+02, and even peroxynitrite formed 
from NO+02-) carry out this chemistry. The failure of DTT treatment to fully recover all 
YV ADase activity, however, raises the possibility that NO mayaiso suppress caspase-l 
activation [14,15]. Indeed since caspase-l activation is partially due to the autocalytic 
cleavage ofthe inactive proenzyme and pro-caspase-l zymogens are themselves substrate 
for ICE [1-5], it can not be excluded that S-nitrosationlinhibition of activated ICE will 
reduces the amount of active enzyme that is further generated through this pathway [3]. 
Supporting this concept NO-aspirin markedly reduced the amount of the p20 subunit 
released in the cytoplasm of monocytes incubated with LPS. Moreover, we demonstrated 
that exposure to NO-aspirin, but not to aspirin, not only inhibited the release of ICE
regulated cytokines, IL-l and IL-18, but more impressively resulted in an extensive 
dowrnegulation of a wide array of pro-inflammatory chemokines and cytokines. However, 
since IL-8, IL-12, IFNy and TNFa do not require an ICE-like peptidases for their 
maturation, it is likely that the inhibitory effect exerted by NO-aspirin was due to the 
inhibition ofIL-1 ß and/or IL-18 production [7-11]. In this context the ability ofNO-aspirin 
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to suppress IL-Iß, IL-8, IL-12, IL-18, and IFNy production suggests that the NO-aspirin 
derivative may be effective in treating Thl-sustained diseases. 

Conclusion 

To summarize, in contrast to aspirin, NO-aspirin, that spares the gastric mucosa [10], 
causing the S-nitrosylation/inhibition of caspase-l, reduces the release ofIL-l ß and IL-18 
in human monocyte/macrophage challenged with bacterial endotoxin . Since ICE activation 
is a limiting step in the process of maturation and secretion pro-inflammatory cytokines 
such as IL-l ß and IL-18 , the caspase inhibition exerted by NO-aspirin may have important 
therapeutic implications for treatment of inflammatory disorders. 
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POTENT INHIBITORY EFECTS OF A NO-NSAID (FLURBIPROFEN NITROXYBUTYLESTER) 

ON BONE RESORPTION IN VITRO AND IN VIVO 

S.H. Ralston, K.J. Armour, R.J. van 't Hof, K.E. Armour, and P. Del Soldato 

Introduction 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely employed in the treatment of 
musculoskeletal disorders but their use is limited by adverse effects on the gastrointestinal 
tract. A new class ofNSAIDs, containing a nitric oxide (NO)-donor moiety (NO-NSAID) 
has been developed which retain the desired anti-inflammatory and analgaesic properties 
of NSAIDs but which do not cause gastrointestinal side effects, because the vasodilator 
effects ofNO counteract the adverse effects ofCOX-l inhibition on gastric mucosa [1,2]. 
Previous studies have shown that prostaglandins and nitric oxide play an important role in 
regulating bone cell function [3,4], Since NO-NSAIDs combine the properties of a NO 
donor with those of a COX inhibitor, we have investigated the effects of the NO-NSAID 
flurbiprofen nitroxybutylester (HCT1 026) on bone resorption in vitro and in vivo. 

Materials and Methods 

Osteoclast formation and activity was studied in vitro using the osteoblast-osteoclast co
cuIture as previously described [5] and in vivo studies were carried out on eight-week-old 
female C57IBL6 mice subjected to bilateral ovariectomy or sham ovariectomy. Three days 
after ovariectomy, treatment was started with equimolar quantities of HCT1026 (12.5 
mg/kg body weight) or flurbiprofen (7.5 mg/kg body weight) given by intra-peritoneal 
injections in corn oil and were continued daily until termination ofthe experiment on day 
21. Measurements ofbone mineral content (BMC) and bone mineral density (BMD) at the 
left proximal tibial metaphysis was determined in anaesthetized mice by peripheral 
quantitative computed tomography (pQCT) using an XCT Research M bone densitometer 
with a voxel size of 100 Ilm and analysis software version 5.1.4. (Stratec Medizintechnik, 
Pforzheim, Germany). HCT1026 (flurbiprofen nitroxybutyl ester) and flurbiprofen were 
obtained from NiCox (Sophia Antipolis, France) and recombinant murine IL-Iß and S
nitro so acetyl penicillamine (SNAP) was obtained from Calbiochem-Novabiochem 
(Nottingham, U.K.). Cell culture media was from Gibco/BRL. Other reagents were 
purchased from Sigma (Po oie, Dorset, UK). Statistical analyses were performed using 
Minitab version 12. Significant differences between groups were determined by ANOVA 
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followed by post-hoc testing using Fisher's pair-wise comparisons. All data are presented 
as means ± SEM unless stated otherwise. Values of p less than 0.05 were considered 
significant. 

Results 

EFFECTS OF RCT1 026 AND FLURBIPROFEN ON OSTEOCLAST FORMA nON AND IN VITRO 

Basal- and IL-l-induced osteoclast formation was significantly inhibited by RCT1026 at 
a concentrations ofbetween 25-1 OOIlM (Table 1) and similar inhibitory effects were seen 
on bone resorption (data not shown). In contrast, flurbiprofen had no significant inhibitory 
effect on osteoclast formation under basal conditions and was significantly less effective 
than RCT1 026 at inhibiting IL-l-induced osteoclast formation and bone resorption. Further 
studies (not shown) showed that the inhibitory effects ofRCT1 026 on osteoclast formation 
could not be mimicked by the combination of flurbiprofen and the pharmacological NO 
donor S-nitrosoacetyl penicillamine. 

EFFECTS OF RCT1 026 ON BONE IN VIVO 

In order to determine ifthe inhibitory effects ofRCT1026 on osteoclast activity in vitro 
were accompanied by inhibitory effects on bone loss in vivo we studied the effects of 
RCT1 026 and flurbiprofen on ovariectomy-induced bone loss in mice. As expected, BMD 
and BMC fell significantly after ovariectomy when compared with sham operated animals. 
Administration of RCT1 026 inhibited the reduction in BMD after ovariectomy whereas 
flurbiprofen had no significant effect (Figure 1). 

Discussion 

This study has shown that RCT1 026 is a potent inhibitor of osteoclast formation and bone 
resorption in vitro and an inhibitor of ovariectomy induced bone loss in vivo. Previous 
studies have established that RCT1 026 and flurbiprofen have similar potency with regard 
to inhibition ofprostaglandin synthesis [1], yet in this study we found that the inhibitory 
effects ofRCTI026 on osteoclastic formation and activity were much greater than those 
of flurbiprofen. 

Parallel studies showed that RCT1 026 was effective in preventing ovariectomy
induced bone loss in vivo. This also did not appear to be due to prostaglandin inhibition 
since equimolar doses of flurbiprofen had no significant protective effect on ovariectomy
induced bone loss. These data are in keeping with the results of previous workers who 
showed that IL-l-induced bone resorption could not be inhibited by Indomethacin [6,7]. 
Although high levels ofNO have been shown to inhibit bone resorption in vitro [8], we 
found that the inhibitory effects of RCT1 026 on osteoclast formation could not be 
reproduced by the combination of flurbirpofen and the NO-donor SNAP. 

In summary, we have found that RCT1026 - a novel NO-NSAID - has potent 
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inhibitory effects on osteoclast formation and bone resorption in vitro and prevents 
ovariectomy-induced bone loss in vivo. The effects ofthis compound cannot be reproduced 
by the combination of an NSAID and NO donor given separately implying that RCn 026 
acts by a novel mechanism of action. Our data suggest that RCn 026 may therefore be of 
value in the prevention and treatment of disorders associated with osteoclast activation and 
increased bone resorption. 

Table 1. Effects of RCn 026 and Flurbiprofen on Osteoclast Formation In Vitro 

Basal 
IL-1 

Vehicle 

76 ± 15 
215 + 68 

Rcn026 
25/lM 

54 ± 10* 
125 + 34** 

39±10** 
32+21** 

Flurbiprofen 
100/lM 

73 ± 23 * 
123 + 55 ** 

Values are mean ± SD osteoclast numbers. * p < 0.05, ** P < 0.01 from vehicle 

Ovx+Veh Ovx+Flur Ovx+ HCT1026 
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Figure 1. Effect of Rcn 026 and flurbiprofen on bone loss in vivo. Values are mean t 
SEM change in BMD, when compared with mice undergoing sham ovariectomy (6 animals 
per group). ** p < 0.01 from Ovx + veh. Ovx = ovariectomy; Flur = flurbiprofen 
7.5mg/kglday; Rcn026 12.5 mg/kglday. 

References 

1. Wall ace JL, Reuter B, Cicala C, et al. Novel nonsteroidal anti-inflammatory drug 
derivatives with markedly reduced u\cerogenic properties in the rat. Gastroenterology 1994 
July; 107(1): 173-79. 

2. Orr FW, Varani J, Gondek MD, et al. Chemotactic response oftumor cells to products of 
resorbing bone. Science 1979;203:176-79. 



182 

3. Raisz LG, Martin Tl Prostaglandins in bone and mineral metabolism. In: Peck WA, 
editor. Bone and Mineral Research Annual. Amsterdam: Exerpta Medica, 1984: 286-310. 

4. Ralston SR. Nitric oxide and bone: what agas! Br J RheumatoI1997;36:831-38. 
5. van't Rof RI, Ralston SR. Cytokine induced nitric oxide inhibits bone resorption by 

inducing apoptosis of osteoclast progenitors and suppressing osteoclast activity. J Bone 
Miner Res 1997; 12: 1797-804. 

6. Gowen M, Wood DD, Ihrie EJ, et al. An interleukin-1 like factor stimulates bone 
resorption in vitro. Nature 1983;306:378-80. 

7. Boyce BF, Aufdemorte TB, Garrett IR, et al. Effects of interleukin-1 on bone turnover in 
normal mice. Endocrinology 1989;125:1142-50. 

8. MacIntyre I, Zaidi M, Towhidul Alam ASM, et al. Osteoclast inhibition: an action of nitric 
oxide not mediated by cyclic GMP. Proc Natl Acad Sci USA 1991;88:2936-40. 



LIPID PEROXIDATION AND CYCLOOXYGENASE-2 ACTIVITY IN HUMAN 

HEPATOCELLULAR CARCINOMA CELL LINES WITH AND WITHOUT MULTIPLE DRUG 

RESISTANCE: CORRELATION WITH CELL GROWTH 

Emanuela Masini, Omella Fantappie, Iacopo Sardi, Laura Raimondi, Valentina 
Fabbroni, Pier Francesco Mannaioni, and Roberto Mazzanti 

Introduction 

Intrinsic or acquired resistance to antineoplastic drugs is the main cause of failure in cancer 
chemotherapy. Human hepatocellular carcinoma (HCC) has been increasing on a world
wide scale and it is among the most chemoresistant tumors. One of the main mechanisms 
of drug resistance is related to the over-expression of the gene that encodes a 
transmembrane P-glycoprotein which is involved in drug extrusion from the cells that 
possess the multiple drug-resistant (MDRl) phenotype [1]. Cancers with an MDR 
phenotype are more resistant to several anti cancer drugs. Free radical formation is 
purported to be involved in cytotoxic effects of anticancer agents. However in HCC cells 
the expression ofMDRl phenotype per se does not increase significantly the resistance to 
iron-stimulated lipid peroxidation [2]. Moreover hepatitis Band C virus es are found to be 
important factors ofhepatocarcinogenesis, through the induction of cell proliferation and 
angiogenesis. Cyclooxygenase-2 (COX-2) has now been identified as expressed in a 
number of cancers, including HCC [3], but whether COX-2 activity affects cell growth and 
susceptibility to free radical attack in human HCC celliines has not been elucidated. To 
assess these points, an HCC MDRI celliine highly resistant to doxorubicin, Pl(0.5), and 
the parental drug-sensitive cells, P5, were studied for their susceptibility to lipid 
peroxidation and for the effect afforded by nimesulide, a COX-2 inhibitor. 

Metbods 

Experiments were performed on a HCC cellline (PLC/PRF/5). The Pl(0.5) MDR clone, 
selected and maintained in 0.5 Ilg/ml doxorubicin [2] and the parental drug-sensitive cells 
(P5) were used. Celliines were cultured in DMEM supplemented with 10% fetal calf serum 
(FCS), 100 U of penicillin, 10 Ilg/ml streptomycin, and 0.25 Ilg/ml amphotericin B, at 
3rC in 5% CO2• Susceptibility to the free radical attack was assessed by measuring lipid 
peroxidation by the determination ofthiobarbituric acid-reactive substances (TBARS) in 
the reaction mixture after 60 minutes ofincubation at 37 0 C of cells exposed to ascorbate-F e 
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(0.5 mM and 25 ~M FeS04) [4]. Alphatocopherol (vitamin E) content in the cells was 
measured using a HPLC method [2]. PgE2 production was determined in the supematants 
by a RIA method. PS and Pl(0.5) cell growth was evaluated by [3H]thymidine 
incorporation assay. Briefly, 104 cells were seeded in 24-well plates and left to grow to 
subconfluence. After 24-hour incubation in a steady-state medium (0.1 % FCS), the medium 
was substituted with DMEM containing 10% FCS, added with epidermal growth factor 
(EGF, 100 nM) in the presence or absence ofnimesulide, a COX-2 inhibitor, at the noted 
concentrations. At the end ofthe incubations, the cells were pulsed for 4 hours with 0.5 ~Ci 
per weIl of [melhyPH]thymidine (specific activity, 46 Ci/mmol). The medium was then 
removed, and DNA was precipitated with 3% trichloroacetic acid (TCA) and extracted with 
1 ml of 0.3 M NaOH. The recovered radioactivity was measured in a beta scintillation 
counter. The experiments were performed in quadruplicate, and the values were expressed 
as dprnlwell (mean+SE). Statistical analysis was performed using a multifactor ANOV A 
(Sheffe's I test) and Student's I test for unpaired values. P < 0.05 was considered significant. 

Results and Discussion 

Concentrations of TBARS measured at time 0 was similar in PS and PI(0.5) cells. 
Exposure to ascorbate Fe ofP5 cells significantly increased TBARS production, which was 
left unchanged in ascorbate-Fe treated PI (0.5) cells (Figure 1 a). Vitamin E cell content was 
significantly higher (p < 0.05) in PI (0.5) cells expressing the MDR phenotype (Figure I b). 

a b 
Ja # 

0.4 Q5 0.5 
(/) u 

Q5 * <D 
0 

U ..... 0.4 
<D 0.3 o P5 "- o P5 
0 0) 

..... • P 1(0.5) :::1. • P 1(0.5) ....... -(/) I: 0.3 Q) 2 0 
E 0.2 I: 

I: 8 0.2 cn W 
~ « 0.1 
CD 0.1 
I-

0 0 
0 60 min 

Figure 1. TBARS concentration at time 0 and after 60 minutes exposure to ascorbate-Fe 
(panel a), and vitamin E content (panel b). * p < 0.05 versus 0 minutes. ; # p < 0.05 versus 
PS. 
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Basal PgEzproduction was higher in PI(O.S) cells than in PS cells. The exposure to 
100 nM EGF increased PgEz production in both cell clones but the amounts of PgEz 
produced were significantly higher in P 1 (0.5) cells. Tbe treatment with nimesulide (1 0 uM), 
a COX-2 inhibitor, blunted the EGF-induced PgE2 production in both cell clones (data not 
shown). The involvement ofCOX-2 in cell growth is shown by the effect of nimesulide on 
[3H]thymidine incorporation induced by EGF: nimesulide significantly reduced EGF
stimulated thymidine incorporation in PI(O.S) cell clone but not in PS one (Figure 2). 
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Figure 2. Effect of nimesulide on EGF( 1 00 nglml)-stimulated FH]thymidine incorporation 
in PS and PI(O.5) cell clones. * p < 0.01. 

These data suggest that the resistance of HCC to undergo lipid peroxidation is 
related to an increased vitamin E content rather than to MDRI phenotype; while the MDRI 
phenotype is associated with a COX-2 up-regulation and COX-2 control of mitogen
activated cell proliferation. In conclusion COX-2 inhibitors could have a role in the therapy 
ofMDR HCC, by increasing the responsiveness ofthe cells to chemotherapy. 
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PULMONARY PROSTACYCLIN SYNTHASE OVEREXPRESSION IMPROVES SURVIVAL 

FOLLOWING BUTYLATED HYDROXYTOLUENE EXPOSURE 

Robert L. Keith, York E. Miller, Tracey L. Gesell, Mark D. Moore, Alvin M. 
Malkinson, and Mark W. Geraci 

Lung cancer is the leading cause of cancer death in men and women in North America [1]. 
Although primary prevention of tobacco smoking and smoking cessation are the most 
potent interventions available, most lung cancers are currently diagnosed in former smokers 
[1], underscoring the need for effective chemoprevention strategies. Mouse models oflung 
carcinogenesis display both histologie and molecular genetic sirnilarities to adenocarcinoma 
[2], the most common histologie type ofhuman lung cancer. In these models, modulation 
ofinflarnmation with eithernonselective COX-l and COX-2 or selective COX-2 inhibition, 
cause reductions in lung tumor multiplicity [3,4], To date, large-scale interventional trials 
of COX inhibition in human lung cancer chemoprevention have not been performed. 

Prostaglandin H2 (PGH2), the product of the COX enzymes, is metabolized to 
multiple eicosanoids, some of which may prove critical in tumorigenesis. Previous studies 
demonstrate that prostacyclin (PGI2), a PGH2 metabolite, has properties relevant to 
carcinogenesis, including suppression of inflammation [5], platelet inhibition [6], 
metastasis prevention [7], and growth inhibition of established micrometastases [8]. To 
investigate the role of PGI2 in murine lung carcinogenesis, we produced transgenie mice 
expressing rat prostacyclin synthase (PGIS) under control of the human surfactant 
apoprotein C (SPC) promoter [9]. PGIS, a 52 kDa, membrane-associated P450-like 
enzyme, is the final committed enzymatic step in the production ofPGI2• The human SPC 
promoter directs expression oftransgenes to alveolar type 11 and Clara cells [10], which are 
the progenitors for human and mouse lung adenocarcinomas. PGI2 and PGE2 production 
in normallung and human non-small celliung cancers (NSCLC) has been examined. In 
normallung, we found that PGI2 is the maj or prostaglandin present (3450 ng/g lung tissue), 
with very low levels of PGE2 being observed (430 ng/g). In contrast, NSCLC celliines 
produce very low amounts ofPGI2 [11]. In cultured NSCLC celliines, we found a shift in 
the prostaglandin profile, with very low levels ofPGI2 (333 ng/g) and high levels ofPGE2 

(11,952 ng/g). One explanation for the high PGE2 is constituitively high expression of 
cytosolic phospholipase A2 and COX-2 due to Ki-ras mutations [12]. 

Transgenie mice, with a 50% increase in lung PGIS activity as exhibited by a 1.5-
fold increase in 6-keto PGF1a (the stable metabolite of PGI2) compared to wildtype 
littermates (Figure 1), were exposed to an inflammatory insult. Tg+ and Tg'littermates, 8 
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to 12 weeks of age, were subjected to an intraperitoneal injection of butylated 
hydroxytoluene (BHT) (150-200 mg/kg mouse weight). BHT induces reversible pulmonary 
damage characterized by alveolar type I cell necrosis, selective pulmonary inflarnmation, 
and hyperplasia of alveolar type 11 cells [13]. Controls consisted of mice injected with 
vehicle alone. Experimental mice had bronchoalveolar lavage performed six days after 
BHT treatment. Cell counts (with differentials) and protein concentrations were obtained 
on the lavage fluid. 

Pulmonary 6-keto PGF la Activity Assay 
in Tg+ and Tg-

1500 

P<O.05 
X=1052 

x=715 

Tg+ Tg-
(n=16) (n=20) 

Figure 1. Prostacyclin synthase activity in transgenic and wildtype littermates illustrating 
a signifieant inerease in the trans genie animals (p<O.05). 

T g + animals exhibited a distinet survival advantage compared to Tg- animals. When 
exposed to BHT at a dose of200mg/kg, all ofthe Tg+ survived (12/12) and all ofthe Tg
animals died (8/8). When the dose ofBHT was lowered to 150mg/kg, all the Tg+ (12/12) 
survived, as did the majority (5/8) ofthe Tg-. Bronchoalveolar lavage ofboth groups of 
experimental animals six days after BHT at a dose of 150 mg/kg revealed significantly 
elevated cell counts in the transgenics (14.2 x 108 versus 7.62 x 108, P < 0.05) with> 95% 
macrophages on differential (Figure 2). The significant differences in cell counts were not 
evident three days after the BHT injeetion and there were no significant differences in the 
differentials at any of the time points. Higher cell counts were associated with higher 
protein levels in all animals studied. Whether improved survival in the transgenics is due 
to alterations in macrophage phenotype or to induction ofresistance to lung parenchymal 
injury is not known. 
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Figure 2: Cell counts from bronchoalveolar lavages performed three and five days 
following BHT exposure. On day +5, the transgenic animals had significantly higher cell 
counts (p < 0.05). 

While COX inhibition is a proven anti-inflarnmatory strategy, our findings suggest 
that manipulation of the arachidonic acid pathway downstream of COX by selectively 
increasing pulmonary prostacyclin levels can improve survival after an inflarnmatory insult. 
In addition, this may have effects on other lung disorders in which inflammation is thought 
to playa role, including development of emphysema, bronchitis, asthma, and lung cancer. 
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REACTIVE PRODUCTS OF THE ISOPROSTANE PATHWAY: ISOKETALS AND 

CYCLOPENTENONE AzIJz-IsoPROSTANES 

L. Jackson Roberts, 11, Yan Chen, Olivier Boutaud, Sean S. Davies, Jason D. 
Morrow, John A. Oates, and Cynthia Brame 

Introduction 

Isoprostanes (IsoPs) are prostaglandin-like compounds that are formed non-enzymatically 
by free radical catalyzed peroxidation of arachidonic acid. The archetypical compounds 
discovered to be formed by this pathway were prostaglandin F2-like compounds, F2-IsoPs 
[1]. An important facet of the formation ofIsoPs is that, unlike prostaglandins, they are 
initially formed in situ esterified to phospholipids and then re1eased preformed [2]. Key 
intermediates in the formation of IsoPs, analogous to the formation of prostaglandins via 
the cyc100xygenase pathway, are bicyc1ic endoperoxides PGH2-like compounds (H2-IsoPs). 
H2-IsoPs are reduced to form F2-IsoPs. However, we have found that this reduction is not 
complete1y efficient such that the H2-IsoPs undergo rearrangement in vivo to form 
prostaglandin E2-like and D2-like compounds (E/D2-IsoPs) and thromboxane-like 
compounds (isothromboxanes) [3,4]. 

Formation of Az/Jz-Isoprostanes in Vivo 

The cyc1opentenone (CP) prostaglandins PGA2 and PGJ2 are formed by dehydration of 
PGE2 and PGD2, respective1y. Interest in these compounds sterns from the fact that they 
have been found to exert interesting biological actions such as modulation oftumor cell 
proliferation and activation ofPPARy [5,6]. Although the formation ofPGA2 and PGJ2 can 
be demonstrated to occur in vitro, whether they are actua1ly formed in vivo has been the 
subject of debate for nearly three decades [7-9]. A single report convincingly demonstrated 
the occurrence of bY -PGJ2 in human urine [10]. However, it cannot be conc1uded from this 
finding that f112_PGJ2 was actually formed systemically because it may have arisen from 
dehydration of PGD2 in bladder urine. This possibility is suggested by the finding that 
PGD-synthase, which catalyzes the dehydration ofPGD2, is present in high concentrations 
in human semen and levels of f112_PGJ2 in urine were found to be substantially higher in 
males than in females [11]. 

We initially established that CP-IsoPs were generated during oxidation of 
arachidonic acid in vitro utilizing a number of analytical approaches inc1uding e1ectron 
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impact mass spectrometery [12]. We then explored whether A/J2-IsoPs are also formed in 
vitro and in vivo after treatment of rats with CCI4, a well-established model of free radical 
induced injury to the liver. Analysis ofCP-IsoPs and E/D2-IsoPs was performed following 
TLC purification by GC/MS using [2H4] PGA2 and [2H4] PGE2 as internal standards, 
respectively. The results obtained are shown in Figure 1. CP-IsoPs and E/D2-IsoPs were 
present in detectable quantities esterified in livers from control animals and levels ofboth 
increased dramatically and to a similar extent following administration of CCI4• 
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Figure 1. Levels of A/J2-IsoPs and E/J2-IsoPs esterified in the liver of control rats and rats 
treated with CCI4• 

We then examined the time-course of conjugation of one the A2-IsoPs (15-A2t-IsoP, 
8-iso-PGA2) (Figure 2A) with glutathione in the presence of gluathione S-transferase of and 
its rate of adduction to albumin (Figure 2B). In the absence of glutathione S-transferase, the 
rate of Michael addition with glutathione was neglible over a 30-minute time period. 

Whereas high levels ofE/D2-IsoPs are present in the circulation in rats following 
treatment with CCl4 [3], CP-IsoPs could not be detected even under this situation of severe 
oxidant injury. We hypothesized that this may be attributed to rapid formation of polar 
conjugates of CP-IsoPs, e.g. with glutathione, following their hydrolysis from 
phospholipids. To test this hypothesis, we infused a tracer amount of radiolabelIed 15-A2c 
IsoP into a normal human volunteer and determined the amount of radioactivity excreted 
into the urine that would not extract into methylene chloride. We found that essentially all 
(95%) ofthe radioactivity excreted was not extractable, suggesting a predominance of polar 
conjugates. This finding may explain the failures in the past to provide convincing evidence 
for the formation ofPGA2 and PGJ2 in vivo by attempts to detect these compounds in free 
form. 
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Figure 2. Time-course of conjugation of 15-AZt-IsoP with glutathione in the presence of 
glutathione S-tranferase (A) and adduction to bovine serum albumin (B). 

Formation of Isoketals in Vitro and in Vivo 

Salomon and colleagues had previously described the formation of acyclic y
ketoaldehdyes in vitra as decomposition products PGHz [13]. Therefore, we explored 
whether similar compounds, which we previously termed isolevuglandins but now refer to 
as isoketals (IsoK), are formed as decomposition products ofHz-IsoPs (Figure 3). 
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Figure 3. Formation ofIsoketals as decomposition products ofHz-IsoPs 

Gur interest in IsoKs relates to the fact that these y-ketoaldehydes are extremely 
reactive molecules which rapidly adduct to lysine residues on proteins, which may have 
relevance to the pathobiology of oxidant injury. Using analyses based on GCIMS, we were 
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able to demonstrate the formation of abundant quantities ofIsoKs in vitro during oxidation 
of arachidonic acid in vitro [14]. The amounts formed were intermediate between the 
amounts ofF2-IsoPs and E/D2-IsoPs formed. However, exhaustive efforts to detect these 
compounds during oxidation of even simple biological systems in vitro, e.g. oxidation of 
liver microsomes and LDL, were not successful. We speculated that this may be due to 
rapid adduction of IsoKs to proteins. We tested this hypothesis by comparing the rate of 
adduction ofIsoKs and 4-hydroxynonenal (HNE) to albumin in vitro. HNE is considered 
to be one of the most reactive products of lipid peroxidation that has been identified. 
However, HNE can be detected in free form in biological tissues and fluids. We found that 
a synthetic IsoK adducted to albumin within about 30 seconds whereas about 50% ofHNE 
was still in free unadducted form after 80 minutes of incubation. 

The above finding supported the notion that our failure to detect free IsoKs in free 
form in biological systems was due to rapid adduction to proteins. We therefore undertook 
to elucidate the nature of these protein adducts. We found that IsoKs initially form a 
reversible Schiff base adduct with lysine and then proceeds through a pyrrole, which 
undergoes facile oxidation to lactam and hydroxylactam adducts [14,15]. 

We then developed LCIMSIMS methodology for the detection and measurement 
oflysyl-IsoK Schiff lactam adducts following complete enzymatic digestion ofproteins 
to individual amino acids using pronase and leucine aminopeptidase. U sing this approach, 
lactam adducts were present in detectable quantities in both normal rat and human plasma 
at levels of 199 ± 78 pg/ml and 561 ± 101 pg/ml, respectively. 

In summary, these studies have identified two new classes of reactive compounds 
that are formed in vivo as products ofthe IsoP pathway, namely CP-IsoPs (A/J2-IsoPs) and 
IsoKs. This provides a basis to begin to explore the biological consequences of the 
formation of these novel molecules as it relates to the pathobiology of oxidant injury. 
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INCREASED ISOPROSTANE 8-EPI-PGF2A IN STATIN-INDUCED MYOPATHY 

Helmut Sinzinger, Graziana LupatteIli, Fahdi Chehne 

Introduction 

The most prevalent side effect of statins are muscle pains occurring in presence but also in 
absence [1] of elevated creatine phosphokinase (CK). In one patient statin-induced 
muscular pains improved significantly after vitamin E [2]. Thereafter, examining another 
patient we found forthe first time a pronounced increase in 8-epi-PGF2u, disappearing after 
withdrawal of the respective statin. Earlier it has been reported that rhabdomyolysis is 
associated with an increase in isoprostane (IP) formation [3]. Therefore, we assessed the 
IP 8-epi-PGF 2u in plasma, serum, and urine after extraction and purification using a specific 
immunoassay. 

Material and Methods 

In 30 patients (16 males, 14 females; 34-58 years) with heterozygous familial 
hypercholesterolemia diagnosed receptor positive after radiolabeling of autologous LDL 
with 1 II In (as described by us earlier) prevalues oflP before initiating statin (atorvastatin 
[A], fluvastatin [F], lovastatin [L], pravastatin [P], simvastatin [S]) therapy (-2, -1, 0 days) 
as weIl as after starting or the onset of symptoms or drug withdrawal at daily intervals up 
to 2 weeks and thereafter weekly up to 1 month were obtained. Blood was drawn in the 
morning after an overnight fasting and processed as described [4]. Values are given in 
pg/ml (plasma), pg/ml (serum), and pg/mg creatinine (urine). 

Results 

Our findings indicate that in almost half ofthe patients (n = 13) experiencing muscular side 
effects with or without CK-elevation there is a significant increase in 8-epi-PFG2u, which 
returns stepwise back to prevalues after stopping statin treatment. Withdrawing the drug 
resulted in a stepwise decrease in the respective IP-values, almost normalizing within 2, and 
completely normalizing within 4 weeks. CK (if elevated) rapidly normalized as weIl. This 
effect was seen with all the statins available at the moment, although patients showed the 
increase only with one or the other compound. 

197 

B. Samuelsson et al. (eds.), Advances in Prostagiandin and Leukotriene Research, 197-199. 
© 2001 Kluwer Academic Publishers and Fondazione Giovanni Lorenzini. 



198 

Two patient examples (Figures 1 and 2) show the typical kinetics if 8-epi-PGF2u 

increases upon statin therapy. Other patients (data not shown) do not respond at all (n = 17). 
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Figure 1. A and S, but not P and L are increasing 8-epi-PGF2u in plasma (P) [insert], urine 
(u) and serum (s) (forunits see Materials and Methods). Withdrawal ofthe respective statin 
results in fast normalization ofIP in all the compartments examined. (Patient no. 7, male, 
39 years old; isolated hypercholesterolemia) 
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Figure 2. L but not S and A are causing an 8-epi-PGF2u increase in this patients (for units 
see Materials and Methods). Patient female, 47 years old; isolated familial heterozygous 
hypercholesterolemia) 
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Discussion 

Our findings for the first time show that during the symptomatic period of muscle pains 
with or without concomitant CK-elevation during statin therapy, 8-epi-PGF2a is severely 
increased indicating a significant in vivo oxidation injury [5]. Statins among others inhibit 
several isoprenoid end-products, including ubiquinone, a potent scavenger offree radicals 
and inhibitor oflipid peroxidation. A decrease in plasma, but not in tissue, was found after 
use of various statins. Areversal of symptoms by mevalonate [6], ubiquinone [7], and 
vitamin E [1] has been reported. In our patients we did not determine ubiquinone. To assess 
oxidizability oflipoproteins in this setting is difficult, as the lipid-lowering effect, the drug 
itself as weIl as the lowering of ubiquinone, among others, may contribute. A screening 
investigation exhibited, that in (very few) statin treated patients without any side effect, 
isoprostane 8-epi-PGF2a is elevated (unpublished data). Under normal circumstances 
lipoproteins (at least low density and high density lipoproteins) are becoming more resistant 
to oxidation injury during statin treatment and isoprostanes are decreasing. Apparently, 
oxidation injury is involved in statin-induced myopathy. Background and pathogenesis of 
this phenomenon urgently need to be elucidated. 
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